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Attending,
Hermann Memorial City Hospital,
Houston, Texas.
Thoracoabdominal Aortic Aneurysms

ERIK K. INSKO MD, PHD

Adjunct Assistant Professor of Radiology,
University of Pennsylvania School of Medicine;
Attending,
Hospital of the University of Pennsylvania,
Philadelphia, Pennsylvania;
Director of Cardiovascular Imaging,
Mecklenburg Radiology Associates,
Presbyterian Hospital,
Charlotte, North Carolina.
Magnetic Resonance Imaging and Angiography
OMER IQBAL MD
Assistant Professor,
Department of Pathology,
Hemostasis and Thrombosis Research Program,
Loyola University Medical Center,
Maywood, Illinois.
Normal and Abnormal Coagulation
GLENN R. JACOBOWITZ MD
Associate Professor of Surgery,
New York University School of Medicine;
Attending Physician,
New York University Medical Center,
Bellevue Hospital,
and New York Harbor VA Medical Center,
New York, New York.
Surgical Management of Congenital Vascular Malformations
WALTER P. JESKE PHD

Associate Professor,
Departments of Pathology and Thoracic and Cardiovascular Surgery,
Hemostasis and Thrombosis Research Laboratories,
Loyola University Medical Center,
Maywood, Illinois.
Normal and Abnormal Coagulation

KAJ JOHANSEN MD, PHD

Clinical Professor of Surgery,
University of Washington School of Medicine;
Director of Surgical Education,
Swedish Medical Center,
Providence Campus,
Seattle, Washington.
Vascular Pain; Compartment Syndrome: Pathophysiology, Recognition, and Management; Portal Hypertension: Surgical Management of Its Complications

K. WAYNE JOHNSTON MD, FRCSC

Professor and R. Fraser Elliott Chair in Vascular Surgery,
Department of Surgery,

University of Toronto Faculty of Medicine;
Vascular Surgeon,
Toronto General Hospital,
Toronto, Ontario, Canada.
Ischemic Neuropathy; The Chronically Ischemic Leg: An Overview

PETER G. KALMAN MD, FRCSC, FACS
Professor,
Departments of Surgery and Radiology,
Loyola University Chicago Stritch School of Medicine;
Chief,
Division of Vascular Surgery,
Loyola University Medical Center,
Maywood, Illinois.
Profundaplasty: Isolated and Adjunctive Applications
MANJU KALRA MBBS
Assistant Professor of Surgery,
Mayo Clinic College of Medicine;
Consultant,
Division of Vascular Surgery,
Mayo Clinic,
Rochester, Minnesota.
Management of Perforator Vein Incompetence; Surgical Treatment of Superior Vena Cava Syndrome
VIKRAM S. KASHYAP MD
Associate Professor of Surgery,
Cleveland Clinic Lerner College of Medicine of Case Western Reserve University;
Staff,
Department of Vascular Surgery,
Cleveland Clinic Foundation,
Cleveland, Ohio.
Aortoenteric Fistulae
KARTHIKESHWAR KASIRAJAN MD, FACS
Assistant Professor of Surgery,
Emory University School of Medicine;
Attending Surgeon,
Emory University Hospital,
Atlanta, Georgia.
Acute Limb Ischemia
K. CRAIG KENT MD
Professor and Vice Chairman,
Department of Surgery,
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Weill Medical College of Cornell University;
Professor of Surgery,
Columbia University College of Physicians and Surgeons;
Director,
Vascular Center,
and Chief,
Combined Columbia and Cornell Division of Vascular Surgery,
New York–Presbyterian Hospital,
New York, New York.
Standardized Reporting Practices; Renal Artery Imaging and Physiologic Testing
GEORGE E. KOPCHOK BS (Biomed.Eng.)
Research Associate,
Harbor-UCLA Medical Center,
Torrance, California.
Intravascular Ultrasound
TIMOTHY F. KRESOWIK MD
Professor of Surgery,
University of Iowa Carver College of Medicine;
Attending Surgeon,
University of Iowa Hospitals and Clinics,
Iowa City, Iowa.
Complications Following Carotid Endarterectomy and Perioperative Management

WILLIAM C. KRUPSKI MD

*

Formerly Clinical Professor of Surgery,
University of California,
San Francisco,
School of Medicine;
Attending Vascular Surgeon,
The Kaiser Permanente Medical Group,
San Francisco, California.
Endarterectomy; Cardiac Complications: Screening and Prevention; Indications, Surgical Technique, and Results for Repair of Extracranial Occlusive Lesions; Uncommon Disorders Affecting the Carotid Arteries
BRAJESH K. LAL MD
Assistant Professor of Surgery;
Assistant Professor of Vascular Surgery;
Assistant Professor of Pharmacology/Physiology,
UMDNJ–New Jersey Medical School,
Newark, New Jersey.
The Pathophysiology of Chronic Venous Disorders
GLENN M. LAMURAGLIA MD
Associate Professor of Surgery,
Harvard Medical School;
Attending Surgeon,
Division of Vascular and Endovascular Surgery,
Massachusetts General Hospital,

Boston, Massachusetts.
Anastomotic Aneurysms
W. ANTHONY LEE MD
Assistant Professor of Surgery,
University of Florida College of Medicine,
Gainesville, Florida.
Chronic Mesenteric Ischemia
LEWIS J. LEVIEN MBBCH, PHD, FCSSA

Consultant Vascular Surgeon,
Department of Surgery,
Milpark Hospital,
Johannesburg, South Africa.
Nonatheromatous Causes of Popliteal Artery Disease

PETER H. LIN MD

Associate Professor,
Division of Vascular Surgery and Endovascular Therapy,
Michael E. DeBakey Department of Surgery,
Baylor College of Medicine,
Houston, Texas.
Complications of Endovascular Procedures; Management of Thrombosed Dialysis Access

THOMAS F. LINDSAY MD, MDCM, FRCS, FACS

Associate Professor,
Division of Vascular Surgery,
University of Toronto Faculty of Medicine;
Staff Surgeon,
Division of Vascular Surgery,
Toronto General Hospital,
University Health Network,
Toronto, Ontario, Canada.
Ruptured Abdominal Aortic Aneurysms

PAMELA A. LIPSETT MD, FACS, FCCM

Professor of Surgery, ACCM, and Nursing;
Surgical Critical Care Fellowship Director,
Johns Hopkins University School of Medicine,
Baltimore, Maryland.
Respiratory Complications in Vascular Surgery

EVAN C. LIPSITZ MD

Assistant Professor of Surgery,
Albert Einstein College of Medicine of Yeshiva University;
Attending Surgeon,
Montefiore Medical Center,

Bronx, New York.
Techniques for Thromboembolectomy of Native Arteries and Bypass Grafts; Secondary Arterial Reconstructions in the Lower Extremity
JAYME E. LOCKE MD
Department of Surgery,
Johns Hopkins University School of Medicine,
Baltimore, Maryland.
Respiratory Complications in Vascular Surgery

* Deceased

FRANK W. LOGERFO MD
William V. McDermott Professor of Surgery,
Harvard Medical School;
Chief,
Division of Vascular Surgery,
Beth Israel Deaconess Medical Center,
Boston, Massachusetts.
The Autogenous Vein; Management of Foot Ulcers in Diabetes Mellitus
G. MATTHEW LONGO MD
Instructor,
Department of Surgery,
Northwestern University Feinberg School of Medicine;
Vascular Surgery Fellow,
Northwestern Memorial Hospital,
Chicago, Illinois.
Evaluation of Upper Extremity Ischemia
ROBERT C. LOWELL MD, FACS, RVT
Horizon Vascular Surgery, PC,
Gainseville, Georgia.
Lymphatic Complications of Vascular Surgery
ALAN B. LUMSDEN MD, FACS
Professor and Chief,
Division of Vascular Surgery and Endovascular Therapy,
Michael E. DeBakey Department of Surgery,
Baylor College of Medicine,
Houston, Texas.
Complications of Endovascular Procedures; Management of Thrombosed Dialysis Access
M. ASHRAF MANSOUR MD, FACS
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Associate Professor of Surgery,
Michigan State University College of Human Medicine,
East Lansing;
Vascular Surgery Program Director,
Grand Rapids Medical Education and Research Center,
Grand Rapids, Michigan.
Arteriovenous Fistulae of the Aorta and Its Major Branches
WILLIAM A. MARSTON MD
Associate Professor,
Division of Vascular Surgery,
University of North Carolina at Chapel Hill School of Medicine,
Chapel Hill, North Carolina.
Physiologic Assessment of the Venous System
JON S. MATSUMURA MD
Associate Professor of Surgery,
Division of Vascular Surgery,
Northwestern University Feinberg School of Medicine;
Staff Physician,
Division of Vascular Surgery,
Northwestern Memorial Hospital,
Chicago, Illinois.
Arterial Complications of Thoracic Outlet Compression
KENNETH L. MATTOX MD
Professor and Vice Chair,
Department of Surgery,
Baylor College of Medicine;
Chief of Staff and Chief of Surgery,
Ben Taub General Hospital,
Houston, Texas.
Thoracic Vascular Trauma
JAMES MAY MD, MS, FRACS, FACS
Bosch Professor of Surgery,
University of Sydney Faculty of Medicine;
Vascular Surgeon,
Royal Prince Alfred Hospital,
Sydney, New South Wales, Australia.
Basic Techniques of Endovascular Aneurysm Repair
MICHAEL A. MCKUSICK MD
Assistant Professor of Radiology,
Mayo Clinic College of Medicine,
Rochester, Minnesota.
Principles of Venography
ROBERT B. MCLAFFERTY MD

Associate Professor of Surgery,
Division of Vascular Surgery,
Southern Illinois University School of Medicine;
Memorial Medical Center;
St. John’s Hospital,
Springfield, Illinois.
Revascularization versus Amputation
MARK H. MEISSNER MD
Associate Professor,
Division of Vascular Surgery,
University of Washington School of Medicine,
Seattle, Washington.
Venous Duplex Scanning; Antithrombotic Therapy; Pathophysiology and Natural History of Acute Deep Venous Thrombosis; Clinical and Diagnostic Evaluation of the Patient with Deep Venous Thrombosis
ROBERT R. MENDES MD
Division of Vascular Surgery,
University of North Carolina at Chapel Hill School of Medicine,Chapel Hill, North Carolina.
Physiologic Assessment of the Venous System
LOUIS M. MESSINA MD
Professor of Surgery,
and Chief,
Division of Vascular Surgery,
University of California San Francisco;
Director,
UCSF Heart and Vascular Center,
UCSF Medical Center,
San Francisco, California.
Endarterectomy; Renal Artery Fibrodysplasia and Renovascular Hypertension
CHARLES C. MILLER III PHD

Associate Professor,
Department of Cardiothoracic and Vascular Surgery,
University of Texas at Houston Medical School,
Houston, Texas.
Thoracoabdominal Aortic Aneurysms

JOSEPH L. MILLS SR. MD

Professor of Surgery,
University of Arizona College of Medicine;
Chief,
Division of Vascular and Endovascular Surgery,
University Medical Center,
Tucson, Arizona.
Infrainguinal Bypass

Marc E. MITCHELL MD

Assistant Professor of Surgery,
University of Pennsylvania School of Medicine;
Chief of Surgery,
Philadelphia VA Medical Center,
Philadelphia, Pennsylvania.
Basic Considerations of the Arterial Wall in Health and Disease
J. GREGORY MODRALL MD
Associate Professor,
Department of Surgery,
University of Texas Southwestern Medical Center at Dallas Southwestern Medical School;
Chief,
Section of Vascular Surgery,
Dallas Veterans Affairs Medical Center,
Dallas, Texas.
Traumatic Arteriovenous Fistulae
GREGORY L. MONETA MD
Professor of Surgery,
Oregon Health and Sciences University School of Medicine;
Chief,
Division of Vascular Surgery,
OHSU Hospitals and Clinics,
Portland, Oregon.
Nonoperative Treatment of Chronic Venous Insufficiency

SAMUEL R. MONEY MD, MBA, FACS
Clinical Associate Professor of Surgery,
Tulane University School of Medicine;
Chief,
Vascular Surgery,
Ochsner Clinic Foundation,
New Orleans, Louisiana.
Medical Treatment of Intermittent Claudication
ERIN MARC MOORE MD
Clinical Instructor in Surgery,
University of Kentucky College of Medicine;
Staff,
Department of Surgery,
Section of Vascular Surgery,
University of Kentucky Chandler Medical Center and Veterans Affairs Hospital Lexington,
Lexington, Kentucky.
Treatment of Acute Intestinal Ischemia Caused by Arterial Occlusions
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WESLEY S. MOORE MD
Professor of Surgery,
Division of Vascular Surgery,
David Geffen School of Medicine at UCLA;
Vascular Surgeon,
Division of Vascular Surgery,
UCLA Medical Center,
Los Angeles, California.
Fundamental Considerations in Cerebrovascular Disease; Indications, Surgical Technique, and Results for Repair of Extracranial Occlusive Lesions
MARK D. MORASCH MD
Assistant Professor of Surgery,
Division of Vascular Surgery,
Northwestern University Feinberg School of Medicine;
Attending Surgeon,
Division of Vascular Surgery,
Northwestern Memorial Hospital,
Chicago, Illinois.
Brachiocephalic Vessel Reconstruction; Intestinal Ischemia Caused by Venous Thrombosis; Vertebrobasilar Ischemia: Indications, Techniques, and Results of Surgical Repair
JOHN B. MULLIKEN MD
Professor of Surgery,
Division of Plastic Surgery,
Harvard Medical School;
Director,
Craniofacial Centre,
and Co-Director,
Vascular Anomalies Center,
Children’s Hospital Boston,
Boston, Massachusetts.
Vascular Tumors and Malformations in Childhood
Peter Neglén MD, PHD

Vascular Surgeon,
River Oaks Hospital,
Jackson, Mississippi.
Endovascular Treatment of Chronic Occlusions of the Iliac Veins and the Inferior Vena Cava

MARK R. NEHLER MD

Associate Professor of Surgery,
University of Colorado Health Sciences Center School of Medicine;
Program Director,
Surgical Residency Program,
University of Colorado Health Sciences Center,
Denver, Colorado.
Selection of Patients for Vascular Interventions; Natural History and nonoperative Treatment of Chronic Lower Extremity Ischemia; Amputation: An Overview; Revascularization versus Amputation

AUDRA NOEL MD

Assistant Professor of Surgery,
Mayo Clinic College of Medicine;
Consultant,
Division of Vascular Surgery, Mayo Clinic,
Rochester, Minnesota.
Surgical Treatment of Chronic Lymphedema and Primary Chylous Disorders
PATRICK J. O’HARA MD
Professor of Surgery,
Cleveland Clinic Lerner College of Medicine;
Staff,
Department of Vascular Surgery,
Cleveland Clinic Foundation,
Cleveland, Ohio.
Aortoenteric Fistulae
W. ANDREW OLDENBURG MD, FACS
Associate Professor of Surgery,
Mayo Medical School,
Rochester, Minnesota;
Head,
Section of Vascular Surgery,
Mayo Clinic,
Jacksonville, Florida.
Primary Tumors of Major Blood Vessels: Diagnosis and Management
JEFFREY W. OLIN DO
Professor of Medicine,
Mount Sinai School of Medicine;
Director,
Vascular Medicine,
Zena and Michael A. Wiener Cardiovascular Institute,
Mount Sinai Medical Center,
New York, New York.
Thromboangiitis Obliterans (Buerger’s Disease); Atheromatous Embolization
KENNETH OURIEL MD, FACS, FACC
Professor of Surgery,
Cleveland Clinic Lerner College of Medicine of Case Western Reserve University;
Chairman,
Division of Surgery,
Cleveland Clinic Foundation,
Cleveland, Ohio.
Perioperative Considerations: Coagulopathy and Hemorrhage; Training in Endovascular Surgery; Acute Limb Ischemia
FRANK T. PADBERG JR. MD, FACS
Professor of Surgery,
Division of Vascular Surgery,
UMDNJ–New Jersey Medical School,
Newark;

Chief,
Section of Vascular Surgery,
VA New Jersey Health Care System,
East Orange, New Jersey.
Classification and Clinical and Diagnostic Evaluation of Patients with Chronic Venous Disorders
PETER J. PAPPAS MD
Professor of Surgery,
UMDNJ–New Jersey Medical School;
Director,
Division of Vascular Surgery;
Director,
General Surgery Residency Program;
Director,
Vascular Surgery Residency Program,
UMDNJ–Newark, New Jersey.
The Pathophysiology of Chronic Venous Disorders
JEFFREY D. PEARCE MD
Research Fellow in Vascular Surgery,
Department of General Surgery,
Division of Surgical Sciences,
Wake Forest University School of Medicine,
Winston-Salem, North Carolina.
Renal Complications
WILLIAM H. PEARCE MD
Violet R. and Charles A. Baldwin Professor of Vascular Surgery,
Northwestern University Feinberg School of Medicine;
Chief,
Vascular Surgery Division,
Northwestern Memorial Hospital,
Chicago, Illinois.
Overview [Neurovascular Conditions Involving the Upper Extremity]; Evaluation of Upper Extremity Ischemia

DEBORAH PEATE RVT
Senior Technologist,
David B. Pilcher Vascular Diagnostic Laboratory,
Division of Vascular Surgery,
Fletcher Allen Health Care,
Burlington, Vermont.
The Role of Noninvasive Studies in the Diagnosis and Management of Cerebrovascular Disease
ERIC K. PEDEN MD
Assistant Professor,
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Division of Vascular Surgery and Endovascular Therapy,
Michael E. DeBakey Department of Surgery,
Baylor College of Medicine,Houston, Texas.
Complications of Endovascular Procedures; Management of Thrombosed Dialysis Access
BRUCE A. PERLER MD, MBA
Julius H. Jacobson II Professor of Surgery,
Johns Hopkins University School of Medicine;
Chief,
Division of Vascular Surgery,
Johns Hopkins Hospital,
Baltimore, Maryland.
Overview [Complications of Vascular Surgery and Ischemia: Prevention and Management]
DAPHNE M. PIERRE-PAUL MD
Clinical Assistant Instructor,
Department of Surgery,
Section of Vascular Surgery,
SUNY Upstate Medical University College of Medicine,
Syracuse, New York.
Molecular Biology and Gene Therapy in Vascular Disease
GRAHAM F. PINEO MD
Professor of Medicine,
University of Calgary Faculty of Medicine;
Director,
Thrombosis Research Unit,
Foothills Hospital,
Calgary, Alberta, Canada.
Prevention and Medical Treatment of Acute Deep Venous Thrombosis
FRANK B. POMPOSELLI JR. BS, MD
Associate Professor of Surgery,
Harvard Medical School;
Clinical Chief of Vascular Surgery,
Beth Israel Deaconess Medical Center,
Boston, Massachusetts.
The Autogenous Vein
MARY C. PROCTOR MD
Senior Research Associate,
Department of Surgery,
University of Michigan School of Medicine,
Ann Arbor, Michigan.
Vena Caval Interruption Procedures
WILLIAM J. QUINONES-BALDRICH MD
Professor of Surgery,

Division of Vascular Surgery,
University of California Los Angeles,
Los Angeles, California.
Takayasu’s Disease: Nonspecific Aortoarteritis
JOYESH K. RAJ MD
Attending Surgeon,
Fairview Hospital,
Cleveland Clinic Health System,
Westlake, Ohio.
Upper Extremity Amputation
SESHADRI RAJU MD
Emeritus Professor of Surgery,
University of Mississippi School of Medicine;
Honorary Surgeon,
University Hospital,
Jackson, Mississippi.
Endovascular Treatment of Chronic Occlusions of the Iliac Veins and the Inferior Vena Cava
JOHN E. RECTENWALD MD
Clinical Assistant Professor of Surgery and Radiology,
University of Michigan,
Department of Surgery,
University of Michigan,
Ann Arbor, Michigan.
Vena Caval Interruption Procedures
DANIEL J. REDDY MD, FACS
D. Emerick and Eve Szilagyi Chair in Vascular Surgery,
Henry Ford Health System,
Detroit, Michigan.
Infected Aneurysms
MICHAEL A. RICCI MD
Roger H. Allbee Professor of Surgery,
Division of Vascular Surgery,
University of Vermont College of Medicine,
Burlington, Vermont.
The Role of Noninvasive Studies in the Diagnosis and Management of Cerebrovascular Disease
JOHN J. RICOTTA MD, FACS
Professor and Chair,
Department of Surgery,
State University of New York at Stony Brook School of Medicine;
Surgeon in Chief,
University Hospital at Stony Brook,
Stony Brook, New York.

General Strategies: Choice of Procedure and Technique [Open Vascular Surgery: Basic Considerations]; Vascular Conduits: An Overview
DAVID A. RIGBERG MD
Assistant Professor of Surgery,
Division of Vascular Surgery,
David Geffen School of Medicine at UCLA,
Los Angeles, California.
Takayasu’s Disease: Nonspecific Aortoarteritis
THOMAS S. RILES MD
George David Stewart Professor and Chair,
Department of Surgery,
New York University School of Medicine,
New York, New York.
Surgical Management of Congenital Vascular Malformations
KYUNG M. RO MD
Resident,
Department of Radiology,
UCDavis Medical Center,
Sacramento, California.
Upper Extremity Sympathectomy
SEAN P. RODDY MD
Associate Professor of Surgery,
Albany Medical College;
Attending Vascular Surgeon,
Albany Medical Center Hospital,
Albany, New York.
Arterial Thromboembolism

THOM ROOKE MD
Krehbiel Professor of Vascular Medicine,
Mayo Clinic College of Medicine;
Head,
Section of Vascular Medicine,
Mayo Clinic,
Rochester, Minnesota.
Uncommon Arteriopathies; Nonoperative Management of Chronic Lymphedema
RANDI ROSE MD
Clinical Instructor,
Department of Surgery,
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Mount Sinai School of Medicine;
Staff,
Zena and Michael A. Wiener Cardiovascular Institute,
Mount Sinai Medical Center,
New York, New York.
Atheromatous Embolization
VINCENT L. ROWE MD
Assistant Professor of Surgery,
University of Southern California Keck School of Medicine;
Attending Surgeon,
Los Angeles County–University of Southern California Medical Center,
Los Angeles, California.
Vascular Injuries of the Extremities
C. VAUGHAN RUCKLEY MB, CHM, FRCSE

Emeritus Professor of Vascular Surgery,
University of Edinburgh;
Former Consultant Surgeon,
Royal Infirmary,
Edinburgh, Lothian, Scotland, United Kingdom.
Lower Extremity Amputation: Technique and Perioperative Care

ROBERT B. RUTHERFORD MD, FACS, FRCS (Glasg.)

Emeritus Professor of Surgery,
University of Colorado School of Medicine,
Denver, Colorado.
Essentials of Clinical Evaluation; Selection of Patients for Vascular Interventions; Essential Considerations in Evaluating the Results of Treatment; Basic Vascular Surgical Techniques; Causalgia and Post-traumatic Pain Syndromes; Lumbar
Sympathectomy: Indications and Technique; Overview [Arteriovenous Fistulas, Congenital Vascular Malformations, and Vascular Tumors]; Diagnostic Evaluation of Arteriovenous Fistulas and Vascular Anomalies; Surgical Thombectomy for Acute Deep
Venous Thrombosis

EVA M. RZUCIDLO MD

Assistant Professor,
Department of Vascular Surgery,
Dartmouth Medical School;
Vascular Surgeon,
Dartmouth Hitchcock Medical Center,
Lebanon, New Hampshire.
Arterial Duplex Scanning

HAZIM J. SAFI MD

Professor and Chairman,
Department of Cardiothoracic and Vascular Surgery,
University of Texas at Houston Medical School;
Vascular Surgeon,
Hermann Memorial City Hospital,
Houston, Texas.
Thoracoabdominal Aortic Aneurysms

RUSSELL H. SAMSON MD, FACS, RVT
Former Associate Professor of Surgery,
Albert Einstein College of Medicine of Yeshiva University,
New York, New York;
Staff,
Sarasota Memorial Hospital;
President,
Mote Vascular Foundation, Inc.,
Sarasota, Florida.
Maintaining a Computerized Vascular Registry; Overview: Medical Management in a Vascular Surgery Practice; Hypertension and Patients with Vascular Disorders
MARC L. SCHERMERHORN MD
Assistant Professor of Surgery,
Harvard Medical School;
Chief,
Section of Interventional and Endovascular Surgery,
Beth Israel Deaconess Medical Center,
Boston, Massachusetts.
Abdominal Aortic and Iliac Aneurysms
ALVIN SCHMAIER MD
Professor of Internal Medicine and Pathology;
Course Director,
M2 Hematology Sequence,
University of Michigan Medical School;
Director,
Coagulation Laboratory,
University of Michigan Hospitals and Health Centers,Ann Arbor, Michigan.
Vascular Thromboses Due to Hypercoagulable States
DARREN B. SCHNEIDER MD
Assistant Professor of Surgery and Radiology,
University of California San Francisco;
Attending Surgeon,
Division of Vascular Surgery,
UCSF Medical Center,
San Francisco, California.
Renal Artery Fibrodysplasia and Renovascular Hypertension
JOSEPH R. SCHNEIDER MD, PHD

Professor of Surgery,
Division of Vascular Surgery,
Northwestern University Feinberg School of Medicine,
Chicago;
Senior Attending,
Evanston Northwestern Health Care,
Evanston, Illinois.
Extra-anatomic Bypass

PETER A. SCHNEIDER MD

Vascular and Endovascular Surgeon,
Division of Vascular Therapy,
Hawaii Permanente Medical Group,
Honolulu, Hawaii.
Endovascular Surgery in the Management of Chronic Lower Extremity Ischemia; Endovascular and Surgical Management of Extracranial Carotid Fibromuscular Arterial Dysplasia
JAMES M. SEEGER MD
Professor of Surgery,
University of Florida College of Medicine;
Chief,
Division of Vascular Surgery and Endovascular Therapy,
Shands at UF,
Gainesville, Florida.
Chronic Mesenteric Ischemia
TAQDEES SHEIKH MD
Associate Professor,
Department of Anesthesiology,
Loyola University Health System,Maywood, Illinois.
Normal and Abnormal Coagulation
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ROGER F. J. SHEPHERD MB, BCH
Assistant Professor of Medicine,
Mayo College of Medicine;
Staff,
Gonda Vascular Center,
Mayo Clinic,
Rochester, Minnesota.
Uncommon Arteriopathies; Raynaud’s Syndrome: Vasospastic and Occlusive Arterial Disease Involving the Distal Upper Extremity
KEVIN M. SHERIDAN MD
Resident (General Surgery),
Department of Surgery,
Indiana University Hospital;
Division of Vascular Surgery,
Clarian Health Hospitals,
Indianapolis, Indiana.
The Surgical Treatment of Deep Venous Valvular Incompetence
ANTON N. SIDAWY MD, MPH
Professor of Surgery,
George Washington University School of Medicine;
Chief of Surgery,

VA Medical Center,
Washington, D.C.
Basic Considerations of the Arterial Wall in Health and Disease; Hyperglycemia, Diabetes, and Syndrome X; Strategies of Arteriovenous Dialysis Access; Nonthrombotic Complications of Arteriovenous Access for Hemodialysis
MICHAEL B. SILVA JR. MD
Professor of Surgery,
Texas Tech University Health Sciences Center;
Vice-Chairman,
Department of Surgery;
Chief,
Vascular Surgery and Vascular Interventional Radiology,
University Medical Center,Lubbock, Texas.
Venous Transpositions in the Creation of Arteriovenous Access
JAMES C. STANLEY MD
Professor and Associate Chair,
Department of Surgery,
University of Michigan Medical School;
Co-Director,
University of Michigan Cardiovascular Center,
and Head,
Section of Vascular Surgery,
University Hospital,
Ann Arbor, Michigan.
Arterial Fibrodysplasia; Splanchnic Artery Aneurysms; Renal Artery Fibrodysplasia and Renovascular Hypertension
W. CHARLES STERNBERGH III MD
Clinical Assistant Professor of Surgery,
Tulane University School of Medicine;
Program Director,
Vascular Surgery,
Ochsner Clinic Foundation,
New Orleans, Louisiana.
Medical Treatment of Intermittent Claudication
RONALD J. STONEY MD
Professor Emeritus,
Division of Vascular Surgery,
University of California-San Francisco School of Medicine,
San Francisco, California.
Endarterectomy

EUGENE STRANDNESS JR. MD

*

Formerly Professor of Surgery and Chief,
Vascular Surgery,
University of Washington School of Medicine,
Seattle, Washington.
Pathophysiology and Natural History of Acute Deep Venous Thrombosis

RICHARD J. STRILKA MD, PHD

Division of Vascular Surgery,
Department of Surgery,
University of Maryland,
Baltimore, Maryland.
Endovascular Treatment of Renovascular Disease

TIMOTHY M. SULLIVAN MD, FACS

Associate Professor of Surgery,
Division of Vascular Surgery,
Mayo Clinic,
Rochester, Minnesota.
Carotid Angioplasty and Stenting

DAVID S. SUMNER MD

Distinguished Professor of Surgery Emeritus,
Department of Surgery,
Division of Peripheral Vascular Surgery,
Southern Illinois University School of Medicine,
Springfield, Illinois.
Vascular Physiology: Essential Hemodynamic Principles; Physiologic Assessment of Peripheral Arterial Occlusive Disease; Evaluation of Upper Extremity Ischemia

PETER R. TAYLOR MA, MCHIR, FRCS

Consultant Vascular and Endovascular Surgeon,
Guy’s and St. Thomas’ NHS Foundation Trust,
London, United Kingdom.
Functional Outcome and Natural History of Major Lower Extremity Amputation

THEODORE H. TERUYA MD

Clinical Assistant Professor of Surgery,
University of Hawaii John A. Burns School of Medicine,
Honolulu, Hawaii.
Carotid and Vertebral Artery Injuries

ROBERT W. THOMPSON MD

Professor of Surgery, Radiology, and Cell Biology and Physiology,
Washington University School of Medicine;
Attending Surgeon,
Barnes–Jewish Hospital,
St. Louis, Missouri.
Arterial Aneurysms: Etiologic Considerations; Neurogenic Thoracic Outlet Syndrome

MAHMUT TOBU MD

Department of Pathology,
Loyola University Medical Center,Maywood, Illinois.

Normal and Abnormal Coagulation
JAMES F. TOOLE MD
The Walter C. Teagle Professor of Neurology and Professor of Public Health Sciences,
Wake Forest University School of Medicine;
Past President of the International Stroke Society and the World Federation of Neurology,
Winston-Salem, North Carolina.
Diagnostic Evaluation and Medical Management of Patients with Ischemic Cerebrovascular Disease
J. JEAN E. TURLEY MD, FRCPC
Associate Professor,
Department of Medicine (Neurology),
University of Toronto Faculty of Medicine;
Staff,
St. Michael’s Hospital,
Toronto, Ontario, Canada.
Ischemic Neuropathy

* Deceased

GILBERT R. UPCHURCH JR. MD
Associate Professor of Surgery and Leland Ira Doan Research Professor of Vascular Surgery,
University of Michigan Medical School,
Ann Arbor, Michigan.
Splanchnic Artery Aneurysms
R. JAMES VALENTINE MD
Frank H. Kidd Jr. Distinguished Professor and Vice-Chairman,
Department of Surgery,
University of Texas Southwestern Medical Center,
Dallas, Texas.
Anatomy of Commonly Exposed Arteries
J. HAJO VAN BOCKEL MD, PHD

Professor,
Department of Surgery,
Leiden University Medical Center,
Leiden, The Netherlands.
Lower Extremity Aneurysms

FRANK J. VEITH MD

Professor and Vice Chairman,
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Department of Surgery,
Albert Einstein College of Medicine of Yeshiva University;
William J. von Liebig Chair in Vascular Surgery,
Montefiore Medical Center,
Bronx, New York.
Techniques for Thromboembolectomy of Native Arteries and Bypass Grafts; Secondary Arterial Reconstructions in the Lower Extremity
HEINZ W. WAHNER MD
Professor Emeritus of Radiology,
Mayo Clinic, Rochester, Minnesota.
Clinical Diagnosis and Evaluation of Lymphedema
THOMAS WILLIAM WAKEFIELD MD
S. Martin Lindenauer Collegiate Professor of Surgery,
University of Michigan Medical School;
Staff Surgeon,
Section of Vascular Surgery,
Department of Surgery,
University of Michigan Hospital and Ann Arbor Veterans Administration Medical Center,
Ann Arbor, Michigan.
Arterial Fibrodysplasia; Vascular Thromboses Due to Hypercoagulable States; Vena Caval Interruption Procedures
MATTHEW J. WALL JR. MD
Associate Professor,
Michael E. DeBakey Department of Surgery,
Baylor College of Medicine;
Deputy Chief of Surgery and
Chief of Cardiothoracic Surgery,
Ben Taub General Hospital,
Houston, Texas.
Thoracic Vascular Trauma
DANIEL WALSH MD
Professor of Surgery (Vascular),
Dartmouth Medical School,
Hanover;
Vice-Chair,
Department of Surgery,
Dartmouth-Hitchcock Medical Center,
Lebanon, New Hampshire.
Postoperative Graft Thrombosis: Prevention and Management
MARYANNE WATERS RN, RVT
Instructor in Surgery,
Department of Surgery,
Division of Vascular Surgery,
University of Vermont College of Medicine,
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Preface

Since the publication of the last edition of Vascular Surgery 5 years ago, the changes that have occurred in the practice of vascular surgery have been extraordinary, and their impact on this new edition has been major.
The trend of more vascular surgery being done by fewer but better-trained surgeons, those committed to this field as their primary or sole activity, has continued. We will need to train more vascular surgeons to meet the rapidly increasing elderly population,
as the “baby boomer” population peak carries on into the “Medicare population,” although this may not be as easy to achieve as it once seemed when first predicted by the Stanley and Ernst manpower surveys more than a decade ago. All surgical training
programs, vascular surgery included, have encountered a significant decrease in the numbers of applicants and are having difficulty filling the existing fellowships positions, let alone creating more. Length of training has become an issue with applicants, yet
this comes at an exciting time when the scope and breadth of vascular surgery is rapidly expanding to the point where additional time to train surgeons in this field is being called for.
The development of stent grafts for endovascular repair of aortic aneurysms opened the doors to new horizons in vascular surgery. Having re-acquired and expanded their angiographic skills and techniques of catheter manipulation under fluoroscopic
monitoring, with these procedures vascular surgeons soon embraced many other endovascular procedures. Thus, today’s vascular surgeon not only needs experience in the traditional core of our specialty, open vascular reconstructions and repairs (and now
how to perform some of them using laparoscopic or mini-incision approaches), but also experience in endovascular aneurysm repair, balloon angioplasty, and stenting of occlusive disease in major arteries (extremity, carotid, and visceral), and an array of other
percutaneous procedures. Noninvasive vascular testing (NIT) and vascular imaging, angiography, duplex and computer tomographic (CT) scans, and magnetic resonance imaging and angiography (MRI/MRA) are expanding in versatility and importance in
diagnosing vascular disease. Today’s vascular surgeon needs expertise not only in interpreting them but also in personally performing some of them (e.g., NITs, duplex scanning, angiography). Traditionally, vascular surgeons have played a major role in the
nonoperative management of many vascular conditions (e.g., venous ulcers, deep venous thrombosis [DVT], and claudication). Many also feel a responsibility for risk factor control in their atherosclerotic and venous thromboembolism patients, administering
anticoagulant therapy, as indicated.
Clearly, then, training the “complete vascular surgeon” of today is a time-consuming and challenging process. To enable this without lengthening overall surgical training, the Society of Vascular Surgery and the Vascular Surgery Board of the American Board
of Surgery have obtained approval to formally pursue different training stratagems. In addition to retaining the current, traditional 5 years of general surgery residency followed by 2 years of vascular surgery fellowship, two shorter plans are proposed: 4 rather
than 5 years of general surgery training before vascular surgery fellowship (with a common year devoted largely to vascular surgery) and 3 years of general surgery plus a 3-year vascular surgery fellowship. Should future vascular surgeons be trained in every

aspect of managing vascular disease: open surgery, endoluminal techniques, vascular imaging and noninvasive vascular laboratory methods, and vascular medicine, or is a certain degree of specialization within vascular surgery inevitable? Time will tell, but
this book continues to be geared toward the “complete” vascular surgeon and, as a result, has undergone major changes with this edition.
This very major change in the makeup of the clinical practice of many if not most vascular surgeons is reflected in the increase in chapters on endovascular surgical procedures in this edition and the fact that vascular surgeons now are the authors, for the most
part, of these chapters. Successful endovascular surgery, particularly endovascular AAA repair (EVAR), demands precise imaging, and the applicable vascular imaging techniques have also developed at a rapid rate. This edition’s coverage reflects recognition
of the importance of modern imaging techniques in vascular surgery.
Arteriovenous hemodialysis access continues to play a major role in the practice of many vascular surgeons, often the most common procedure category in many practices. The DOQI guidelines have had a major impact on the practice of access surgery. The
percentage of autogenous accesses will continue to increase; preoperative duplex evaluation has increased vein availability and led to increasing use of vein transposition. Postoperative surveillance is being used increasingly to predict failing access—in time
for rescuing interventions. The importance of employing a sound strategy in selecting access site and configuration cannot be overstated; a chapter dedicated to this subject is included. The emergence of thrombolysis and stenting in the management of failing
or failed access is also addressed in detail.
In dealing with vascular malformations and tumors, the role of surgery has become even more circumspect, limited, for the most part, to clearly resectable lesions. Attempts at hemodynamic control of unresectable lesions by inflow ligation have been
condemned and mostly abandoned, because it cannot achieve control and precludes embolotherapy. Angiography is reserved for cases in which intervention is clearly indicated and imminent. In its place, duplex scan, MRI, and radionuclide AV shunt study
provide more appropriate initial evaluation and follow-up. Embolotherapy/ sclerotherapy continues to improve in technique, available agents, and “cure rate.” Endovascular techniques will provide adequate control and occasional cure for most high-flow
lesions and can and should be used more often as an adjunct to enable resection of lesions previously beyond the limits of safe surgical resection. On the other hand, low flow lesions (venous malformations, microfistulous AVMs) can
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be treated more conservatively, with intervention restricted mainly to localized, superficial “mass lesions” causing symptoms, unacceptable appearance, or significantly interfering with function. This section has been completely revised to reflect these changes.
Carotid endarterectomy (CEA) has survived its challenge from randomized prospective trials versus the best medical therapy, but now has been challenged by carotid artery stenting (CAS). Recent management changes, that is, the use of duplex scanning
instead of arteriography as the preoperative imaging method in the majority of patients, same-day admission for surgery, selective avoidance of monitoring in intensive care units, and discharging a sizable portion of patients from the hospital on the day after
surgery, although instigated by competitive pressures related to increased managed care, have not reduced the safety of carotid endarterectomy while reducing its cost. All of this has improved CEA’s chances of withstanding the new challenge of CAS. The
popularity of CAS has been spurred by a series of industry-driven trials with carefully selected inclusion and exclusion criteria and participating centers, while still waiting for the results of a prospective, randomized trial, like the current CREST trial.
The management of aneurysms has undergone rapid changes with the availability of EVAR and covered stent grafts elsewhere in the arterial tree. Improving technology may ultimately justify EVAR being applied to older “fit” patients and those with more
difficult anatomy using fenestrated or branched endografts. It remains only for the demonstration of a long-term mortality advantage and structural durability. EVAR results are steadily improving, and the results of two recent randomized trials are
encouraging in that regard. EVAR will be increasingly applied to ruptured AAAs and thoracic AAs where there is potentially a much greater mortality advantage. Retroperitoneal and mini-incision approaches have increased in popularity, with the aim of
decreasing the length of hospital stay and morbidity.
In the area of lower extremity ischemia, a number of trends continue. Bypass for claudication is being more strictly limited. Control of arteriosclerotic risk factors, which has been an appallingly low 30%, needs to become routine. Proximal bypass, both direct
and extra-anatomic, has yielded further to PTA/stent, which is now being applied for most TASC C lesions. Prosthetic infrainguinal bypass is being increasingly limited to selected AK fem-pop bypasses, while there has been a further relative increase in crural
and pedal artery bypasses with autogenous vein. In those patients with ischemic ulcers or gangrene and renal failure, the results of infrainguinal bypass are known to be poor. It is now becoming apparent that the results of operations for recurrent bypass
failure, especially when a single length of adequate vein is not available, are also poor, with higher mortality, recurrent failure, and limb loss rates; this, after many years of advocating bypass over amputation. As a result, there may be a shift away from limb
salvage and back to amputation in subgroups like these two, where outcomes are particularly disappointing.
In acute limb ischemia, it is likely that thrombolytic therapy will ultimately prevail over thrombectomy for restoring patency, whereas arterial reconstruction will prevail over stenting for correcting most underlying lesions. Angioplasty and stenting will
continue to be used for discrete lesions, including anastomotic and valvular stenoses (using newer cutting balloons), but, rather than the previously common practice of persisting with the initial mode of therapy, crossover from percutaneous to open
revascularization should become the more common scenario, with vascular surgeons increasingly performing both.
The management of deep venous thrombosis has changed. The use of D-dimer techniques and patient risk profiling will decrease the workload of vascular diagnostic laboratories, inundated by knee-jerk “rule out DVT” requests. Catheter-directed
thrombolysis, aided by debulking thrombus using better percutaneous mechanical thrombectomy (PMT) devices, seems likely to supplant anticoagulant therapy for iliofemoral venous thrombosis in active patients with good longevity outlook, and primary
subclavian venous thrombosis is being increasingly treated—in young healthy patients with a need for active arm use—with thrombolysis, stenting, and first rib removal performed during the same hospital admission. Low-molecular-weight heparin has finally
pushed unfractionated heparin aside, but the ambulatory outpatient treatment of DVT, which it allows, seems better restricted to more distal DVTs. On the other hand, we can expect a new breed of thrombin inhibitors (e.g., Ximelagatran) to compete strongly
with warfarin-like drugs for long-term anticoagulant treatment. Venous thromboembolism is being more aggressively managed, in terms of preventing DVT, not only by antithrombotic therapy in high-risk patients but in IVC filter placement; that is, not only
in those in whom anticoagulants are contraindicated, have caused bleeding, or have failed to prevent PE, but also those at high risk of PE, including trauma patients and others. The categorical indications for prophylactic use have grown, and this use has
outgrown therapeutic indications. They include major trauma, paralyzed or bed-ridden patients, advanced malignancy/chemotherapy, gastric bypass for morbid obesity, protection during venous interventions, and several other situations. Clearly, the duration
of risk differs and needs to be better defined for each category. For those with prophylactic indications, the trend toward greater use of temporary or retrievable filters is likely to continue, particularly in young patients in whom leaving in permanent filters
exposes them to unnecessary risks, such as a higher risk of DVT. Further improvements in filter design allowing longer implantation time before safe removal are needed to support this trend.
In the endoluminal management of varicose veins, the original challenger to high ligation and stripping, radiofrequency ablation, is being given a run for its money by endoluminal laser treatment. Increasingly, varicose vein surgery is being displaced to “vein

clinics.” High ligation may make a comeback if collateral development around the saphenofemoral junction and late recurrence rates prove to be high with the endoluminal techniques. Control of superficial incompetence, by either technique, is being
increasingly applied as initial treatment for varicose veins, with subcutaneous perforator interruption (SEPS) being withheld even if perforator incompetence is demonstrated. Thus, SEPS will most likely be limited to treating those with ulceration.
Reconstructions for valvular incompetence are likely to become even more limited (i.e., for recurrent ulceration, only after failure of procedures to control superficial and perforator incompetence and a proper trial of compression therapy).
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This review is intended to show some of the changes and trends in the 5 years since the last edition of the book. But it has always been a frustration of my colleagues and myself, having worked so hard to produce an up-to-date comprehensive textbook, only to
see fast developing areas of it gradually become out of date as the years pass. Well, finally, the need to lament out-of-date passages will have passed for this textbook, for there will be a Web version with this edition, one that will be systematically updated
throughout its life, giving subscribers an updated version, with new passages and references identifiably highlighted. Despite that new option, the print version of the Sixth Edition has been greatly revised and reorganized to keep up with the changes alluded to
above, and more.
The number of chapters in this edition totals 176, up from 166, but there are more new chapters than the numerical difference would suggest. Some chapters have actually been consolidated, but more than 20 chapters are topically new. There is, as one would
expect, a much greater emphasis on endovascular procedures, and, in addition to a heavier endovascular coverage in many chapters dealing with specific vascular disorders, there are 13 chapters devoted entirely or primarily to endovascular interventions,
including a new section on basic endovascular techniques. There is also a new section on the medical management of patients with vascular disease, 4 of the 6 chapters of which are entirely new. A new section editor has treated even the seemingly stable
subject of amputations to a complete overhaul. In fact, although 4 sections can be identified as being new, there are new section editors for 19 of the 23 sections, which is partly responsible for over 90 chapters being written by new authors or a new primary
author. Many other primary authors have enlisted new coauthors in bringing about major revisions. Thus, more than two thirds of the chapters are new or have been extensively revised, and the remainder have been appropriately updated.
I owe my deep appreciation to the associate and assistant editors who have shared the hard work of putting together yet another comprehensive and thoroughly updated edition. With each new edition, we resist the temptation to cut back and make it a more
comfortable size, for knowledge is increasing and we believe that there should be one text in this field that endeavors to be almost encyclopedic, one in which the reader can expect essentially every aspect of vascular surgery to be covered. As this work is not
meant to be read from cover to cover, there is deliberate repetition in addition to thorough cross-referencing, which saves the reader from having to skip all over to get full coverage of the desired topic.
For those who reserve this book mainly for specific topical reference, yet wish to strengthen their knowledge, there will again be a companion review book, Review of Vascular Surgery, coming out with this edition. It contains close to 600 questions,
approximately three per each chapter topic. Each question has five possible answers, only one of which is correct, with the correct answer and a point-by-point discussion of all the answers appearing separately. It should serve as an excellent teaching vehicle
and study guide, pinpointing topics in which the reader is deficient in knowledge or understanding, and allowing the reader to identify chapters that deserve further study.
The associate and assistant editors join me in thanking each and every author and coauthor of the many chapters. Writing chapters is a difficult and sometimes thankless task, with little reward other than being recognized for one’s expertise and the satisfaction
of contributing to and perpetuating a textbook that has become, and will continue to be, by their efforts and the efforts of past contributors, a valuable resource in one’s chosen field. It is my hope that they all will share my pride in a job well done and that their
unselfish efforts will continue to sustain Vascular Surgery in the role into which it has grown—that of vascular surgery’s leading textbook. We also wish to acknowledge the support of dedicated staff at Elsevier—publishers Natasha Andjelkovic and formerly
Richard Lampert, developmental editor Donna Morrissey, senior project manager Linda Grigg, senior book designer Ellen Zanolle, updates manager Bob Browne, and senior marketing manager Ethel Cathers.
In the final words of the last edition’s preface I implied that the Fifth Edition might be my last, yet here I am again. Maybe the Sixth Edition will be my last, but at least I am assured that this book will live on and some of the associate and assistant editors will
see to it that it goes forth to future editions, with the aid of continual updating via the online version, a process that should pave the way for the next print version.
Robert B. Rutherford
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Section I - BASIC CONSIDERATIONS FOR CLINICAL PRACTICE
Robert B. Rutherford MD
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Chapter 1 - Essentials of Clinical Evaluation

ROBERT B. RUTHERFORD MD

BASIC CONSIDERATIONS
The vascular surgeon is usually consulted in order to establish a diagnosis and to recommend or carry out appropriate treatment. This process involves (1) reaching a presumptive diagnosis on clinical grounds; (2) using noninvasive diagnostic measures to
either confirm the diagnosis or grade the functional severity of the condition; (3) weighing the degree of disability and natural course of the underlying disease, with best medical treatment, against the risk and success rate of various interventional options; and
(4) when necessitated by a likely need to intervene, confirming the diagnosis and the extent and degree of involvement with angiography or some other imaging method that provides sufficiently definitive anatomic information ( Fig. 1–1 ). When
percutaneous, catheter-directed interventions are likely options, tentative arrangements should be made to proceed with an appropriate procedure at the time of angiography to avoid duplication of risk, time, and effort.
One can make the final decision only by combining the sociologic, pathologic, anatomic, and physiologic findings in the individual patient. All but the anatomic details of the responsible lesion should be known after the initial consultation, the assessment of
risk factors, and hemodynamic studies in the vascular laboratory. At this point or at the time of angiography, the surgeon should be prepared to make a definitive recommendation regarding best therapy. With the growing availability of percutaneous
treatments, it is even more important that a basic strategy be worked out before angiography so that a definitive recommendation can be made at that time. Often, if the surgeon makes only a superficial evaluation sufficient to recommend angiography with
subsequent review before final recommendation (a common practice in earlier times), others make the decisions about treatment.
Experience and judgment make this important process of patient evaluation and selection of appropriate therapy relatively straightforward in most cases, but there are always some patients in whom the disease process or its management is neither obvious nor
definitive. There are few areas in medicine in which the conditions encountered lend themselves so readily to diagnosis solely on the basis of thoughtful history and careful physical examination as do vascular diseases. Specialists in this field are often
surprised at their colleagues’ difficulties in assessing peripheral vascular problems and, conversely, surprise their colleagues with their clinical acumen.
The majority of vascular problems are caused, in the Western world at least, by one of two basic disease processes: arteriosclerosis or thrombophlebitis. These processes predominantly affect the circulation of the lower extremity rather than of the upper
extremity or the viscera; the presenting manifestation is pain, some form of tissue loss (ulceration or gangrene), or a change in appearance or sensation (swelling, discoloration, or temperature change). By applying a systematic, problem-oriented approach to
these complaints, clinicians soon find that they can often predict the likely status of the arterial circulation even before examination, recognize the postphlebitic leg at a glance, determine the cause of leg or foot ulcerations from their location and appearance,
and predict the cause of leg swelling on the basis of its distribution and associated skin changes.
Unfortunately, there is a tendency—as the clinician becomes adept at this process, is able to turn the anticipated 1-hour consultation with a new patient into a 15-minute interview and spot diagnosis, and can handle a clinic full of patients with chronic but
familiar vascular problems in an hour or two—to bypass the systematic approach with increasing frequency and to abbreviate consultation notes
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Figure 1-1 This algorithm shows the stepwise evaluation and management of patients presenting with peripheral arterial occlusive disease (PAOD). Note the central role played by noninvasive testing and the relegation of arteriography to therapeutic, not
diagnostic, indications. OP, operative.

Figure 1-2 Diagnostic checklist for vascular evaluation. B.P., blood pressure; CHF, congestive heart failure; CVA, cerebrovascular accident; DOE, dyspnea on exertion/exercise; Ht., height; L, left; MI, myocardial infarction; R, right; Rx, medications; Wt.,
weight.

Figure 1-2 Diagnostic checklist for vascular evaluation. B.P., blood pressure; CHF, congestive heart failure; CVA, cerebrovascular accident; DOE, dyspnea on exertion/exercise; Ht., height; L, left; MI, myocardial infarction; R, right; Rx, medications; Wt.,
weight.

TABLE 1-1 -- Differential Diagnosis of Claudication

CONDITION

LOCATION OF PAIN OR
DISCOMFORT

CHARACTERISTIC
DISCOMFORT

ONSET RELATIVE TO
EXERCISE

EFFECT OF REST
Quickly relieved

EFFECT OF BODY POSITION

OTHER CHARACTERISTICS

None

Reproducible

Intermittent claudication of the
calf

Calf muscles

Cramping pain

After same degree of exercise

Venous compartment syndrome

Calf muscles

Tight, bursting pain

After much exercise (e.g., jogging) Subsides very slowly

Relief speeded by elevation

Typically, heavily muscled
athletes

Venous claudication

Entire leg, but usually worse in
thigh and groin

Tight, bursting pain

After walking

Subsides slowly

Relief speeded by elevation

History of iliofemoral deep
venous thrombosis, signs of
venous congestion, edema

Nerve root compression (e.g.,
herniated disc)

Radiates down leg, usually
posteriorly

Sharp lancinating pain

Soon, if not immediately after
onset

Not quickly relieved (also often
present at rest)

Relief may be aided by
adjustment of back position

History of back problems

Intermittent claudication of the
hip, thigh, buttock

Hip, thigh, buttocks

Aching discomfort, weakness

After same degree of exercise

Quickly relieved

None

Reproducible

Hip arthritis

Hip, thigh, buttocks

Aching discomfort

After variable degree of exercise

Not quickly relieved (and may be
present at rest)

Patient is more comfortable
sitting, with weight taken off legs

Variable; may relate to activity
level, weather changes

Neurospinal root compression

Hip, thigh, buttocks (follows
dermatome)

Weakness more than pain

After walking or standing for
same time

Relieved by stopping only if
position changed

Relieved by lumbar spine flexion
(sitting or stooping forward)

Common history of back
problems; provoked by increased
intra-abdominal pressure

Intermittent claudication of the
foot

Foot, arch

Severe deep pain and numbness

After same degree of exercise

Quickly relieved

None

Reproducible

Arthritic, inflammatory processes

Foot, arch

Aching pain

After variable degree of exercise

Not quickly relieved (and may be
present at rest)

May be relieved by not bearing
weight

Variable; may relate to activity
level
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of valve reflux in patent veins. Severe pain is not a common complaint of patients with primary varicose veins. In fact, one must be suspicious when older patients with varicose veins present because of pain, particularly if the varicosities are of long standing
and have not previously been painful. Such patients may be suffering from extremity pain of another, more obscure etiology, although they blame it on the visible varicosities and lead the physician into the same trap. Occasionally, varicose veins produce a
“pulling,” “pricking,” “burning,” or “tingling” discomfort that is localized to the varicose veins themselves, unlike the diffuse sensation of fatigue or heaviness that is commonly associated with pain and ache in patients with deep venous insufficiency.
Although these symptoms, as with all venous discomfort, are relieved by elevation, the associated tingling and burning sensation often worsens during the initial period of elevation before it subsides.
Venous thrombosis in the lower extremity may cause little or no acute pain unless the associated inflammatory reaction is significant, in which case there may also be localized tenderness along the course of the involved vein. Swelling, either early or later in
the postphlebitic period, is not uncommonly associated with a moderate aching discomfort and a tight or heavy sensation; severe, “bursting” pain, however, is rare unless the patient is spending too much time in the upright position or still has significant
residual obstruction to venous outflow (venous claudication). Although the symptoms associated with venous valvular insufficiency or obstruction (in the absence of associated inflammation) are quite variable, their aggravation by standing and relief by
elevation are consistent, and this relationship should always be explored. The presence of significant discomfort after standing for long periods in chronic venous valvular insufficiency or after walking in venous obstruction stands in marked contrast to the
relative lack of discomfort associated with lymphedema (see later).
Nonvascular Pain Syndromes

Patients with other forms of extremity pain are often referred to the vascular surgeon through the false presumption that the pain is circulatory in origin. Therefore, the vascular surgeon must be able to recognize the nonvascular extremity pain syndromes or at
least the common ones associated with nerve or musculoskeletal derangements. As previously pointed out, the pain of arthritis or sciatica usually is fairly characteristic and is easily distinguishable from that caused by vascular disease. However, two other
conditions cause extremity pain that can masquerade as vascular disease because of associated vascular signs. One is a painful peripheral neuritis commonly seen in diabetics; because their peripheral pulses may be diminished and they may have rubor and
trophic skin changes, the examiner may mistake the problem for arterial insufficiency rather than the early stage of diabetic neuropathy. Later stages of diabetic neuropathy are characteristically painless, and the associated neurologic signs are obvious, but in
the early “neuritic” stages, the neurologic signs may be subtle, often no more than a patchy loss of light touch, vibratory sense, and two-point discrimination.
The other misleading type of extremity pain is reflex sympathetic dystrophy, or minor causalgia. Like the neuritis, the pain this syndrome produces is usually burning in character. Major causalgia, associated with incomplete nerve injury, usually is easily
recognized; the minor variety, which may follow relatively minor trauma or acute circulatory problems such as venous or arterial thrombosis, must always be kept in mind. Similarly, the residual discomfort in a patient who has undergone back surgery (disc
operation, lumbar fusion) is often labeled “arachnoiditis.” However, it is actually a form of causalgic pain resulting from the “trauma” of long-standing nerve compression.
Typically, there are associated signs of autonomic imbalance, the “vascular” signs that originally attracted the attention of the referring physician. The causalgic extremity may be warm and dry initially, but it later becomes cool, mottled, or cyanotic.
Eventually, trophic changes develop that are not unlike those of advanced arterial insufficiency. The pain is not always classically superficial, burning, and localized to the distribution of a somatic nerve as originally described. If there are reasonable grounds
for suspicion after initial evaluation, relief of the pain by a proximal arterial injection of 10 to 15 mg of tolazoline, confirmed later by a paravertebral sympathetic block, establishes the diagnosis (see Chapter 75 ).
Physical Examination

Physical examination of the painful extremity is usually carried out by a “prejudiced” examiner if a careful history has been taken, for the reasons already given, and it is difficult to be systematic when physical findings confirming one’s suspicions
immediately catch the eye. A complete and thorough initial examination, however, should be carried out. Discovery of a previously undetected diastolic hypertension, carotid bruit, fibrillating heart, or abdominal aortic aneurysm may be the dividend of such
thoroughness. Furthermore, documentation of the state of the peripheral pulses may well have future value.
Examination of the abdomen should consist of more than a brief palpation for an occult aneurysm. For example, lower abdominal bruits may provide the only physical clue to aortoiliac occlusive disease in a patient with buttock and thigh claudication, because
(1) there may be no signs of chronic ischemia and (2) a femoral pulse may be readily palpated because a hemodynamically significant iliac artery stenosis may produce a pressure gradient of as little as 10 mm Hg at rest.
If such patients (with “critical” stenoses) exercise to the point of claudication, they usually temporarily “lose” the previously palpable pedal pulses because of the marked decrease in vascular resistance that occurs in exercising muscle distal to an obstruction
and the increased distribution of flow to muscle beds proximal to the obstruction. This is the basis for the practice of monitoring ankle pressure after a standard treadmill exercise (see Chapter 14 ).
Another example of claudication with palpable pulses should be kept in mind. If one elicits a good history of claudication in a young patient with palpable pedal pulses, one should suspect popliteal entrapment (see Chapter 86 )
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and should recheck the pulses during active plantar flexion or passive dorsiflexion.
Palpating Pulses

Femoral pulses may be difficult to palpate in muscular or obese patients unless the hips are externally rotated and the vessels are palpated over the pubic ramus of the ilium, where they lie 1½ to 2 fingerbreadths lateral to the pubic tubercle and are covered by
less fat. Even for the experienced examiner, the popliteal pulses are often difficult to palpate—so difficult, in fact, that the knowledgeable vascular surgeon who feels them too easily usually suspects at once the possibility of a popliteal aneurysm. Holding the
supine patient’s knee partially flexed plus allowing it to fall gently back into the examiner’s hand, which is positioned so that the proximal interphalangeal joints hook the tendons while the fingertips sink gently into the middle of the popliteal space, is just as
effective a means of palpating popliteal pulses as having the patient turn into the prone position with the knee flexed.
The locations of the posterior tibial pulse in the hollow behind the medial malleolus and of the dorsalis pedis pulse along the dorsum of the foot between the first and the second metatarsal bones are well known. It is less well appreciated that one or the other
of these pedal pulses is not palpable in almost 10% of normal persons. In such cases, the lateral tibial artery, the terminal branch of the peroneal artery, should be sought higher in the foot, just below the ankle and medial to the bony prominence of the fibula. A
warm room and a light touch are the best combination for the most accurate detection of pedal pulses. Otherwise, it must be hoped that the examiner’s and the patient’s pulses are distinctly different in rate.
Finally, it is important to listen for bruits over the course of these major arteries, especially at or above the most proximal pulse that feels weaker than normal. It is surprising how often the telltale bruit of an iliac stenosis is not even auscultated.
Signs of Advanced Ischemia
Severe claudication may be associated with atrophy of the calf muscles, but unless this process is unilateral and produces asymmetry, it may escape detection. Loss of hair growth over the dorsum of the toes and foot is another relatively common sign of
arterial insufficiency, and it may be accompanied by thickening of the toenails secondary to slowness of nail growth. More advanced ischemic changes, however, such as atrophy of the skin and its appendages and the subcutaneous tissue, so that the foot
becomes shiny, scaly, and “skeletonized,” usually do not appear in the absence of ischemic rest pain. Delayed return of the capillary blush after pressure on the pulp of the digit and slow venous filling after the elevated extremity is dropped back into the
dependent position are also signs of advanced ischemia.
Buerger’s sign (i.e., cadaveric pallor on elevation and rubor on dependency) occurs with very restricted arterial inflow and chronic dilatation of the peripheral vascular bed beyond, particularly the postcapillary venules. The dependent toes may appear so red
and may refill so rapidly after pressure application that the uninitiated may mistakenly consider this to be evidence of hyperemia rather than an expression of severe ischemia. Localized pallor or cyanosis associated with poor capillary filling is usually a
prelude to ischemic gangrene or ulceration. At this advanced stage of chronic critical ischemia, the foot may be edematous, and the skin tense and shiny, from being continually kept in the dependent position in an attempt to relieve the ischemic pain.
Signs of Venous Insufficiency
As previously stated, lower extremity pain secondary to venous disease is inconstant. In addition, the discomfort caused by venous distention from whatever cause is similar in character, as is its relief by elevation. Therefore, the physical findings associated
with these venous problems may be extremely helpful in differentiating between them. For example, varicose veins may be the result of superficial venous incompetence—primary saphenous incompetence, complete or segmental—or they may be secondary
to deep venous or perforator incompetence or both, which itself may be primary or secondary, that is, post-thrombotic sequelae. In the untreated state, chronic deep venous insufficiency produces brawny edema, stasis dermatitis, and ulceration. By contrast, the
edema associated with primary uncomplicated varicose veins is mild and rarely appears early in the day, dermatitis with pigmentation is usually restricted to the skin immediately overlying prominent varicosities, and ulceration does not occur in early cases.
However it must be understood that primary saphenous incompetence, with time, can lead sequentially to perforator and even deep (usually calf) venous incompetence, so that in late, advanced stages, one might see associated brawny edema, pigmentation,
and ulceration, signs clinically indistinguishable from those seen in chronic deep venous insufficiency. Finally, the distribution of the varicosities may provide an additional clue; primary varicose veins typically involve the main saphenous vein and its major
branches rather than scattered tributaries, and early on, they do not refill quickly upon standing after a tourniquet has been applied to the upper thigh (positive tourniquet test result).
An acutely thrombosed superficial vein feels like a cord; it is tender and may be surrounded by erythema, skin pigmentation, warmth, swelling, induration, and other localized signs of inflammation. Even acute thrombosis of a deep vein, if associated with a
sufficient inflammatory reaction, may result in tenderness along its course. Usually, however, the latter produces a more generalized edema distally. If the deep calf veins are thrombosed, there may be pain on dorsiflexion (Homans’ sign), tenderness on
anteroposterior but not lateral compression of the calf (Bancroft’s sign), and prompt pain in the calf caused by inflation of a sphygmomanometer cuff around it to a pressure of 80 mm Hg (Löwenberg’s sign). Unfortunately, these signs are present in less than a
third of patients with acute deep venous thrombosis (DVT), and their absence is not to be relied on.
The oft-quoted rates of “one-third false-positive” and “one-third false-negative” for diagnosis of thrombophlebitis or DVT, when made on clinical grounds alone, apply more
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to a hospital population of patients at bed rest in whom occult thrombosis is more likely to occur and in whom swelling is more likely to be absent. On the other hand, outpatients with this condition usually present because of signs or symptoms, and therefore,
a higher rate of diagnostic accuracy may be expected in this setting. Nevertheless, this diagnosis can be made confidently on clinical grounds only in cases of extensive, major venous thrombosis (e.g., phlegmasia cerulea dolens or phlegmasia alba dolens) or in
those whose DVT is associated with a marked inflammatory reaction. Fortunately, examination of the leg veins with a color duplex scanner is 95% accurate in diagnosing DVT (see Chapters 17 , 148 ).
The Swollen Leg

After the painful leg, the swollen leg is the next most common problem on which the vascular surgeon is called to consult. In examining the swollen leg, the consultant should remember another “five Ps”:
■ Pressure
■ Protein
■ Permeability
■ Paresis
■ Pendency
Plasma constituents move into the tissues and return to the vascular space normally during circulation, according to Starling’s law. The balance of factors influencing this process is a delicate one, particularly in the lower extremity, where gravity provides an
additional complicating factor. The valved venomotor pump mechanism is presumably an evolutionary adaptation to the assumption of the upright position by humans, for if a normal person were to stand motionless long enough, venous pressures at the ankle
would stabilize in the range of 80 to 100 mm Hg, and swelling and petechial hemorrhages would appear. With a competent venomotor pump mechanism, however, even modest activity of the calf muscles, such as occurs in intermittently shifting one’s weight,
reduces this pressure to 20 to 30 mm Hg, and what little swelling accumulates during the day usually disappears overnight, when the body is horizontal. Patients who do not take advantage of this respite (e.g., those who sleep night after night with their feet
dependent to relieve ischemic pain) experience chronic swelling, as do patients with peroneal palsy or an arthritic or fused ankle, who cannot activate the venomotor pump.
Increased permeability secondary to inflammation results in swelling if the extremity is not kept elevated. Similarly, swelling is seen in secondary aldosteronism. The lymphatics are the route by which extravasated protein is returned to the central circulation.
If the clearance capacity of this system is restricted because it is congenitally hypoplastic, because it is obliterated by episodes of lymphangitis, or because its outflow is obstructed or interrupted by surgery or irradiation, protein-rich lymph will accumulate in
the tissues. A similar mechanism, in reverse, applies in hypoproteinemia, and this occasional cause of swelling should be considered in obscure cases.
High venous pressure is the most common cause of extremity swelling. The source of this increased peripheral venous pressure may be (1) a cardiac condition, as in right-sided heart failure or tricuspid valvular disease; (2) intrinsic venous obstruction, as in
proximal deep venous thrombosis, (3) extrinsic venous compression, as of the left iliac vein by the right iliac artery deep venous valvular insufficiency; or, most commonly, (4) widespread venous valvular insufficiency. In the last instance, the increased
pressure is a result of the unrelenting and unopposed transmission, in the upright position, of gravitational pressure through incompetent valves of the deep and communicating veins to the superficial tissues. Venous hypertension secondary to arteriovenous
fistulae is rarer and seldom causes swelling in the absence of venous obstruction; however, it does cause changes similar to, though more localized than, those generally ascribed to venous “stasis” (discussed later).
Clinically, the differential diagnosis of swelling may be difficult when it is of brief duration; in the chronic state, however, characteristic physical findings appear that greatly simplify matters. When a patient presents with a chronically swollen leg, the
experienced examiner may make the correct diagnosis in more than 95% of cases simply by noting the distribution of the swelling, its response to elevation, and the associated discomfort and skin changes. These and other diagnostic considerations pertinent to
chronically swollen lower extremities are presented in Table 1–2 .
If there are no obvious associated skin changes and the edema “pits” readily on pressure, its cause is usually central or systemic (e.g., heart disease, hypoproteinemia, or secondary aldosteronism). The distribution of this type of swelling, sometimes called
orthostatic edema, is diffuse, but
TABLE 1-2 -- Differential Diagnosis of Chronic Leg Swelling
CLINICAL FEATURE

VENOUS

LYMPHATIC

CARDIAC ORTHOSTATIC

“LIPEDEMA”

Consistency of swelling

Brawny

Spongy

Pitting

Noncompressible (fat)

Relief by elevation

Complete

Mild

Complete

Minimal

Distribution of swelling

Maximal in ankles and legs; feet spared

Diffuse; greatest distally

Diffuse; greatest distally

Maximal in ankles and legs; feet spared

Associated skin changes

Atrophic and pigmented; subcutaneous fibrosis

Hypertrophied, lichenified skin

Shiny, mild pigmentation; no trophic changes

None

Pain

Heavy ache; tight or bursting

None or heavy ache

Little or none

Dull ache; cutaneous sensitivity

Bilaterality

Occasionally, but usually unequal

Occasionally, but usually unequal

Always, but may be unequal

Always
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the swelling is greatest peripherally and, to some extent, also involves the foot. The edema associated with lower extremity venous disease, even in the acute stage, does not pit readily. In the chronic stage, it is frankly “brawny” and is associated with
characteristic skin changes caused by chronic venous hypertension. The breakdown of extravasated red blood cells causes the characteristic pigmentation and, together with increased fibrin in the interstitial fluid, leads to inflammation (“stasis dermatitis”) and
ultimately fibrosis (lipodermatofibrosis) in the subcutaneous tissues. Later, the skin becomes atrophic and breaks down with minor trauma. Pigmentation and inflammatory skin changes (stasis dermatitis or eczema) are not predictive of eventual ulceration, but
subcutaneous fibrosis (lipodermatofibrosis) and skin atrophy (“atrophie blanche”) do correlate with later ulceration.

These components of so-called stasis dermatitis have a “gaiter” distribution ( Fig. 1–3 ), and even in earlier stages, when edema predominates, the feet often are relatively spared compared with the ankles and lower half of the legs. The reason is that this
venous hypertension is transmitted to the superficial veins by incompetent perforator veins located in this gaiter area. Eventually, progression of these chronic changes converts the skin and subcutaneous tissues of the lower leg from a diffusely edematous state
to a pigmented, atrophic, tightly scarred zone, which, when viewed in contrast to the proximal edema, leads to the descriptive term “inverted-champagne-bottle-leg.”
When the vascular surgeon sees a patient with advanced changes of chronic venous insufficiency, it may be impossible, from just looking at the leg, to tell whether these are sequelae of DVT or primary venous valvular incompetence, beginning with varicose
veins. A history of DVT or a family history of varicosities is often lacking. A useful approach is to ask which came first. Because it takes considerable time for saphenofemoral venous incompetence to progress downward to involve the perforator and even
tibial veins, affected patients will answer that they had the varicose veins for many years before swelling and stasis skin changes developed. Patients with post-thrombotic changes may not

Figure 1-3 The “gaiter” distribution of stasis dermatitis and leg ulcers.

TABLE 1-3 -- Differential Diagnosis of Common Leg Ulcers

TYPE

USUAL LOCATION

PAIN

BLEEDING
WITH
MANIPULATION

LESION CHARACTERISTICS

SURROUNDING
INFLAMMATION

ASSOCIATED FINDINGS

Ischemic

Distal, on dorsum of foot or toes

Severe, particularly at
night; relieved by
dependency

Little or none

Irregular edge; poor granulation tissue

Absent

Trophic changes of chronic ischemia; absence of
pulses

Stasis

Lower third of leg (gaiter area)

Mild; relieved by
elevation

Venous ooze

Shallow, irregular shape; granulating base; rounded
edges

Present

Lipodermatofibrosis, pigmentation

Neurotrophic

Under calluses or pressure points (e.g., plantar
aspect of first or fifth metatarsophalangeal joint)

None

May be brisk

Punched-out, with deep sinus

Present

Demonstrable neuropathy
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tissue. The surrounding skin may be pale or mottled, and the previously described signs of chronic ischemia are invariably present. Notably, the usual signs of inflammation one would expect surrounding such a skin lesion are absent, for it is the lack of
enough circulation to provide the necessary inflammatory response for healing that underlies ischemic ulcers. For the same reason, probing or débriding the ulcer causes little bleeding.
Neurotrophic ulcers, however, are completely painless but bleed with manipulation. They are deep and indolent and are often surrounded not only by acute but also by chronic inflammatory reaction and callus. Their location is typically over pressure points or
calluses (e.g., the plantar surface of the first or fifth metatarsophalangeal joint, the base of the distal phalanx of the great toe, the dorsum of the interphalangeal joints of toes with flexion contractures, or the callused posterior rim of the heel pad). The patient
usually has long-standing diabetes with a neuropathy characterized by patchy hypesthesia and diminution of positional sense, two-point discrimination, and vibratory perception.
The so-called venous stasis ulcer, actually due to venous hypertension, is located within the gaiter area (see Fig. 1–3 ), most commonly near the medial malleolus. It is usually larger than the other types of ulcers and irregular in outline, but also shallower and
with a moist granulating base. The ulcer is almost invariably surrounded by a zone containing some of the hallmarks of chronic venous insufficiency—pigmentation and inflammation (“stasis dermatitis”), lipodermatofibrosis, and cutaneous atrophy, as already
described.

More than 95% of all chronic leg or foot ulcers fit into one of these three recognizable types. The remainder are difficult to distinguish, except that they are not typical of the other three types. Leg ulcers may also be produced by (1) vasculitis, (2) hypertension,
and (3) syphilis. Vasculitis often produces multiple punched-out holes and an inflamed indurated base that, on biopsy, suggests fat necrosis or chronic “panniculitis.” Hypertensive ulcers represent focal infarcts and are very painful. They may be located
around the malleoli, particularly laterally. Syphilitic ulcers are uncommon today, but in any atypical ulcer, syphilis and other systemic causes of ulceration, such as tuberculosis and chronic ulcerative colitis with pyoderma gangrenosum, should be suspected.
Long-standing ulcers that are refractory to treatment may represent underlying osteomyelitis or a secondary malignant lesion.
Finally, most patients with ulcers of one of the specific types just described name trauma as the initiating agent. Occasionally, trauma may actually be the primary causative factor, with the chronicity of the ulcer being related (1) to self-inflicted trauma (i.e.,
may be factitious); (2) more simply, to the slow healing that is characteristic of the lower third of the leg; or (3) a possibility to be kept in mind, to a degree of arterial insufficiency that would otherwise be subclinical. Uncomplicated traumatic ulcers often heal
with nonspecific therapy or with the treatment for venous ulcers, with intermittent elevation and application of a compression bandage such as an Unna boot.

SUMMARY
Good vascular consultation is exemplified by the problem-oriented approach to the painful, swollen, or ulcerated leg; by careful interrogation; and by thoughtful examination—all guided by experience and an appropriate index of suspicion. Having completed
the initial assessment at the bedside or in the office, the vascular surgeon must next consider the need to proceed further diagnostically, either for the sake of diagnosis itself or to provide further objective information on which to base therapeutic decisions.
Whether or not the basic diagnosis is obvious, the location and extent of the vascular disease and the degree of circulatory impairment can often be objectively documented by noninvasive diagnostic methods, such as discussed in Chapter 2 , and with the
methods described in Section III.
“Angiographic confirmation” is usually obtained only if needed for major therapeutic decisions, including the relative feasibility of reconstructive vascular surgery or transluminal balloon angioplasty. The choice between interventional therapy and
noninterventional (conservative) treatment (pursued further in Chapter 2 ) often can and should be made before angiographic studies are initiated, and the habitual use of angiography, more common among those less experienced in vascular disease, should be
resisted (see Fig. 1–1 ). The same applies to some of the more expensive imaging techniques, even though their noninvasive nature makes them less objectionable. Simpler noninvasive tests are capable of confirming peripheral arterial occlusive disease and its
degree of severity (see Chapter 14 ).
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Chapter 2 - Selection of Patients for Vascular Interventions

ROBERT B. RUTHERFORD MD
MARK R. NEHLER MD

KEY CONSIDERATIONS IN SELECTION OF PATIENTS
The proper selection of patients for interventional treatment, whether it be endovascular or open surgery, is the cornerstone of clinical judgment, equal in importance to technical skill. This is especially true in vascular surgery, in which a significant number of
procedures are performed for asymptomatic conditions. The process can be viewed as a risk-benefit analysis that must always be settled in the patient’s favor. The key considerations are outlined in Figure 2–1 .
One must weigh carefully both the degree of disability and the natural course of the patient’s underlying vascular disorder with optimal medical management against the risk and projected benefits of the interventions under consideration. However, optimal
medical management in the vascular population is problematic. The majority of operative conditions, aortic aneurysms and critical limb ischemia, for example, do not have reasonable nonoperative alternative therapies. The benefits of the various
interventional options should be considered in terms of both degree and duration; these will vary from patient to patient for the same procedure, but one can estimate them by considering specific variables, such as the morphology of the lesion itself, disease in
adjacent vessels or runoff, clinical class, choice of graft, and other factors known to affect outcome and the risk of early or late failure. The risk of any intervention also clearly varies with the patient. Age, gender, co-morbidities, longevity, and, more recently,
quality of life and function must be considered as well as the intrinsic risk of the procedure to be performed. Finally, patients and their families commonly come to the vascular specialist with a preconditioned attitude about their treatment. For example, they

may have a fear of rupture of an aneurysm regardless of size, may be adamant about undergoing endovascular therapy regardless of the lesion, or may refuse to undergo necessary procedures, such as amputation. Therefore, this decision process must be
individualized, and predicted outcomes—in terms of such end points as mortality and major morbidity, initial and late patency, and functional improvement—must all be adjusted to apply to a given procedure being performed on a particular patient by a
particular surgeon or other interventionist. And patient preferences, once adequately informed, must be taken into account.
Typically, this process begins, as depicted in Figure 2–2 , a more elaborate version of Figure 1–1 (also using surgical intervention for peripheral arterial occlusive disease as the example), with the initial patient interview and examination, complemented by
noninvasive testing when appropriate. This practice often establishes the nature and severity of the vascular problem and determines whether the patient is likely to be a candidate for intervention. Further studies, such as pulmonary function tests, creatinine
clearance measurement, and cardiac stress testing, may be required to evaluate risk; only after these studies are completed and one is still willing to seriously consider an intervention is an angiogram or some other advanced imaging study (e.g., magnetic
resonance angiography, mapping with duplex scanning [duplex ultrasonography]) obtained, to assess the morphologic and anatomic characteristics of the involved vascular segment and, therefore, determine the most appropriate procedure and its technical
feasibility. Obtaining an arteriogram at the end of the evaluation is like buying a road map—one doesn’t need it unless one is going to make the trip! However, the development of percutaneous endovascular approaches to deal with many forms of vascular
disease has led to some modification of this traditional approach. In addition, with widespread access to vascular imaging, many patients present to the vascular surgeon with results of detailed anatomic studies already performed elsewhere. Unfortunately, the
selection of imaging studies by nonvascular specialists frequently leads to unnecessary use of health-care resources.

Figure 2-1 The risk-benefit analysis that underlies the decision to operate requires accurate assessment of the risks of mortality and morbidity for a given operation, the frequency and consequences of technical and hemodynamic failure (longevity, patency
rate), and the likelihood of serious events or sequelae associated with the (medically treated) natural history of the condition.

Figure 2-2 Stepwise approach to the decision to operate, beginning with initial consultation or outpatient visit and ending, after complete evaluation has confirmed the patient to be a surgical candidate with a reasonable operative risk, with arteriography. Fx,
fracture; PAOD, peripheral arterial occlusive disease; Sx, symptom(s).

TABLE 2-1 -- Natural History of Untreated Deep Venous Thrombosis of the Lower Extremity
YEARS AFTER PHLEBITIS
5

10

>10

Incidence of stasis dermatitis (%)

45

72

91

Incidence of ulceration (%)

20

52

79

Adapted from Bauer GA: A roentgenological and clinical study of the sequels of thrombosis. Acta Chir Scand Suppl 74:1, 1942.
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stasis dermatitis and ulceration with the passage of time. Although later studies suggest that the frequency of these post-thrombotic sequelae is probably less,[ ] [ ] all investigators recognize that large numbers of potentially productive members of Western
society are significantly disabled by chronic venous insufficiency after DVT. The indications for operations designed to mitigate these stasis sequelae must not be considered as much in the light of this inevitability, however, as against the established efficacy
of nonsurgical treatment, because it has been shown that stasis dermatitis and ulceration can be completely controlled in compliant patients with uncomplicated venous valvular insufficiency who follow a strict postphlebitic routine of intermittent leg elevation
and use of proper elastic support. This fact underlies the point that one must consider not simply the natural history of the vascular condition in determining the indications for surgical intervention but, rather, the outlook for an affected patient with appropriate
nonoperative therapy. The documented effectiveness of exercise therapy in the claudicant (see Chapter 77 ) and conservative therapy for chronic venous insufficiency (see Chapter 156 ) are two classic examples of this modified perspective.

The natural history of chronic arterial and venous insufficiency of the lower extremities tends to be a continuum, albeit subject to episodic exacerbations. In vascular surgery for other conditions, one may not uncommonly encounter patients with few or no
symptoms, in whom the outlook for serious, even lethal, symptomatic progression is sufficient to warrant prophylactic intervention. Conditions for which the outlook is serious include abdominal aortic aneurysms larger than 5.5 cm in diameter, popliteal
aneurysms, splenic aneurysms in women of childbearing age, post-stenotic subclavian aneurysms secondary to cervical rib compression, popliteal artery entrapment, “critical” stenosis of the carotid or mesenteric artery, traumatic arteriovenous fistulae
involving central vessels, and large “floating tails” of thrombus after DVT. Because of the element of truth in the adage “It is difficult to make an asymptomatic patient better,” the vascular surgeon must be certain of the projections of the threatening natural
history of these and similar conditions and of the relative safety of the proposed intervention. The latter is particularly pertinent, in this era of endovascular procedures that may offer a significantly lower risk than open reconstructions.
Operative Risk and Success Rate
The risk of morbidity and death after vascular surgery must also be weighed. Even though patients with arteriosclerosis are generally at a higher than average risk for their age, they tolerate operations limited to the extremity, neck, or superficial layers of the
trunk relatively well, and vascular procedures confined to these areas carry a relatively small risk if one discounts deaths due to ongoing underlying disease rather than due to new problems precipitated by operation. In patients with limb-threatening ischemia,
this risk is no greater than that attending the major amputation that might be required if arterial reconstruction were not undertaken. In fact, statistics gathered from the major series of amputations for “arterial” gangrene suggest that the risk associated with
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major amputation is greater than that associated with peripheral arterial reconstruction.[ ] [ ] The reason is multifactorial: Patients undergoing amputation frequently have greater co-morbidities than patients undergoing lower extremity bypass. Amputations
are commonly undertaken with junior-level anesthesia and surgical staff, house staff, or both. Perioperative monitoring and care are frequently less intensive in patients undergoing major amputation. Thus, although these risks are not truly comparable because
the patient populations are not comparable, the risks associated with major amputation should not be taken lightly; they are sufficiently significant that peripheral arterial reconstruction should not be abandoned in favor of amputation simply because of a
presumed lesser risk.
These same patients, however, would be exposed to a considerably greater magnitude of surgical stress if arterial reconstruction were performed through the abdominal cavity, as in the case of aortoiliac reconstruction. Even so, mortality rates for those
undergoing infrainguinal bypass are not significantly less than for those undergoing aortic reconstructions. This is because the former population, often heavily “loaded” with diabetic patients, has proportionately much more visceral atherosclerosis (e.g.,
coronary, carotid, renal artery involvement). Most patients with chronic limb-threatening ischemia have multilevel occlusive disease, and typically in this situation, one would expect to find superficial femoral artery occlusion in addition to the proximal
aortoiliac disease. Parallel experience has also taught us that proximal bypass, performed with a concomitant profundaplasty (thus introducing a full head of systemic arterial pressure into the parallel profunda geniculate collateral bed), obviates the need to
deal with the superficial femoral artery occlusion in most cases (i.e., 85% to 90%). Although this greatly reduces the time and extent of the operation required, it does not reduce the major risk that is associated with the transabdominal reconstruction.
Fortunately, this dilemma has been relieved somewhat by the option now provided by the so-called extra-anatomic bypass procedure—the femorofemoral or axillofemoral bypass. Because of these and other “low-risk” alternatives, such as femoral
profundaplasty, it is rare today for the vascular surgeon to have to decline to treat a patient with limb-threatening ischemia due in large part to proximal arterial occlusive disease because of the risk of reconstructive arterial surgery itself. However, the patency
rates of these low-risk alternatives, such as extra-anatomic bypass, do not compare favorably with those for the direct reconstructive procedures and thus are rarely offered to patients who have “good” surgical risk or experience claudication. Furthermore,
these low-risk alternatives often carry paradoxically higher mortality rates than aortoiliac reconstructions in reported comparisons (see Chapter 80 ). The reason
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is that these procedures are often reserved for patients with prohibitive surgical risk; when such patients are removed from the ranks of those undergoing direct aortoiliac reconstruction, the mortality statistics improve reciprocally—similar to what is observed
in the comparison of perioperative mortality of lower extremity bypass with major amputation (see Chapters 79 and 80 ).
When one predicts the risk and success of a vascular operation, the common practice of quoting the “bottom line” results of some major reported series may be misleading, for several reasons. First, in general, the surgical literature is biased toward reporting
good results. Second, the surgeon in question may be less experienced than the authors of reported surgical series, because most surgical literature comes from a minority of university based or affiliated institutions with large volumes and training programs.
Frequently, statewide Medicare surveys do not reproduce the excellent vascular results reported in single series and randomized trials with selected participants.
Third, the particular patient to whom this yardstick is being applied is not likely to exactly fit the profile for the average risk of a particular series. The patient’s risk with the same operation depends on the coexistence of other significant systemic disorders,
such as hypertension, diabetes, and chronic obstructive pulmonary disease, as well as the extent of arteriosclerotic involvement of the coronary and cerebral arteries. The estimation of operative risk clearly must be individualized.
Fourth, the patient is just as unlikely to have the same severity of occlusive disease reflected in the overall data from reported series. These data reflect a mixture of cases with good runoff and poor runoff; the patient in question is likely to have one or the
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other. For example, in one report, the overall 5-year patency rate for axillobifemoral bypass performed for occlusive disease was 47%, but for patients with an open superficial femoral artery, this rate was 92%, and for those with poor runoff, 41%.[ ]

Finally, it is not uncommon for large series to extend back over a decade or more and, therefore, to fail to accurately reflect more recent technical advances or the subtle but cumulative benefits of experience.

In the 1960s, in what has been referred to as “the golden age of vascular surgery,” surgeons were obliged to inform patients of a 5% risk of loss of life and a 10% risk of loss of limb for arterial reconstructive procedures on the lower extremity. Furthermore, in
an additional 10% of cases, the procedure would fail either to relieve the patient’s symptoms or to salvage the limb. The overall initial success rate (survival without major morbidity and a patent arterial reconstruction with symptomatic relief) was then 75%.
Today, these risks have been greatly reduced, and the initial success rate, even with all three adverse risks, is closer to 95%.

Although series that include data from the 1960s and 1970s may not reflect it, most major vascular surgery services can now point to operative mortality rates for elective aortic aneurysmectomy, aortobifemoral bypass, femoropopliteal bypass, and carotid

endarterectomy—four of the most commonly performed vascular operations—in the range of 1% to 3%. These figures reflect (1) the development of methods of avoiding recognized complications, (2) more sophisticated monitoring techniques for directing
intravenous fluid and drug therapy during the perioperative period, and (3) more careful patient selection (e.g., not operating for acute stroke and using extra-anatomic bypass rather than direct aortoiliac reconstruction in high-risk patients). For carotid
endarterectomy to be considered preferable to best medical therapy, the risks of mortality and permanent neurologic morbidity must now be less than 5% for symptomatic patients and less than 3% for asymptomatic patients with severe stenosis. Fortunately,
most specialized centers now report an overall rate of mortality and permanent neurologic morbidity for carotid endarterectomy of less than 2%.
As mentioned earlier, distal arterial reconstructions, which do not invade a major body cavity or cause much blood loss (e.g., femoropopliteal and femorotibial bypasses), and the “low-risk” alternatives, extra-anatomic bypasses and profundaplasty, actually
carry a somewhat higher risk of loss of life or limb, in the range of 2% to 5% and 3% to 7%, respectively. This is because the former procedures are performed in patients with more distally distributed atherosclerosis, which in turn is associated with a
significantly higher incidence of visceral (coronary and carotid) involvement, and the latter two procedures are offered only to poor-risk patients. Furthermore, both are generally reserved for limb salvage situations, in which multisegmental disease and poor
runoff are invariably present.
The 25% to 50% 5-year failure rate commonly cited in the past for arterial prosthetic bypass partly reflected a significant incidence of anastomotic aneurysm and occlusion by sloughing pseudointima or intimal hyperplasia. The abandonment of silk sutures
and tightly woven Dacron grafts in favor of polypropylene sutures and knitted velour and polytetrafluoroethylene (PTFE) grafts, respectively, and the avoidance of prosthetic grafts in peripheral, small-caliber (<6 mm in diameter) reconstructions in which
flexion creases are crossed, runoff is poor, and resting flow rates are slow have contributed to improved results, as have the selective use of antithrombotic drugs and employment of serial graft surveillance protocols. There is no doubt, in the small-caliber, lowflow graft, that saphenous vein grafts (be they in situ, reversed, or translocated in an antegrade orientation after their valves are rendered incompetent) are distinctly superior to any current prosthetic. The rate of failure to use or successfully “harvest” a
saphenous vein graft for femoropopliteal bypass used to be reported as between 20% and 40%. Now, with duplex scanning evaluation of prospective veins and the additional use of lesser saphenous or arm veins, this figure is closer to 5% to 10% for primary
infrageniculate bypass (see Chapters 47 and 81 ). Similarly, the frequency of late occlusion of these vein grafts—because of stricture, proliferative or degenerative changes, atheromatous degeneration, intimal fibrosis, or paravalvular stenosis—once noted to

8
be as high as 28%,[ ] has decreased now that the causes of damage to the vein during its preparation have been recognized and can be avoided.
Finally, technical developments have allowed in situ bypass to be fully utilized in femorodistal bypass. The suitability of the saphenous vein can be established preoperatively by duplex scanning, and because smaller veins can be used and the aforementioned
structural changes are rarer, rates of both vein utilization and patency have been significantly improved. The better results with distal bypass
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using in situ or reversed saphenous veins, augmented by postoperative surveillance programs (with assisted primary patency rates now approaching those achieved with proximal bypass), are in sharp contrast with those achieved with prosthetic or modified
biologic grafts when carried below the knee (<40% for below-knee and <20% for tibial-peroneal [crural] bypass at 5 years). The lack of a small-caliber prosthesis or modified biologic graft that can maintain reasonable patency rates, when anastomosed to the
low-flow, high-resistance arteries of the leg, remains the greatest single barrier to successful limb salvage surgery.
The overall results in this field do not completely reflect the significant advances that have been made, mainly because more difficult cases (which would have called for primary amputation in the past) are now treated with bypass and because of the inability
of most patients who smoke to refrain from tobacco abuse. Nevertheless, the reconstructive procedures, graft choices, and patency rates have changed significantly since the late 1970s. In recommending appropriate therapy, practicing vascular surgeons need
to be as aware of this changing outlook as they are of the technical advances that brought it. Similarly, they must be familiar with changes in other modes of therapy, particularly PTA (PTA here being the generic term for balloon angioplasty with or without
stenting). The low risk and cost of this procedure compensate for its lesser degree and duration of benefit to make it the initial treatment of choice for discrete stenoses, particularly in the larger, proximal arteries. Now used in anywhere from 25% to 40% of
patients requiring intervention, PTA tends to be used more in claudicants with isolated disease and good runoff, whereas bypass surgery still dominates in limb salvage settings. Therefore, PTA is not as much in direct competition with arterial reconstructive
surgery as one might think, and in many situations it is complementary and adjunctive (see Chapter 84 ).
Clearly, it is not possible to predict outcome from past experience; neither should one project outcome on the basis of overall results from others’ series. Rather, such reports should serve as a frame of reference on which to project one’s own results, for all
vascular surgeons should regularly analyze their own experiences (see Chapter 4 ). Furthermore, adjustment should be made not only for the operation and the operator but also for individual considerations, such as associated risk factors, runoff, and types of
graft.

DIAGNOSTIC STUDIES
Assessment of Operative Risk
In this chapter, the preoperative evaluation of patients for vascular surgery, including angiography, is deliberately dealt with after the discussion of case selection to emphasize the sequence of events and priorities that should be observed in clinical practice.
This tentative decision is upheld in most cases, although occasionally, the unexpected discovery of associated disease or discouraging angiographic findings reverses the judgment. Clearly, more is required before surgery than a pertinent history and a physical
examination relative to the vascular problem.
The assessment of operative risk is discussed in greater detail in Section X (see Chapters 56 , 57 , 58 ); only the choice of diagnostic studies required to determine operative risk is considered here. Ordinarily, cardiopulmonary and renal functions are carefully
evaluated. A complete blood count (CBC), urinalysis, blood urea nitrogen (BUN), creatinine level and blood glucose determinations, electrocardiogram (ECG), and chest x-ray films are almost routinely ordered. (Special studies for each condition are
discussed in detail in the chapters dealing with the individual conditions.) Obviously, if the patient’s problem is arteriosclerosis, serum cholesterol and triglyceride levels should be determined and serum lipoprotein electrophoresis should be performed; if the
disorder is thromboembolic, a coagulation profile should be obtained. Any intercurrent disease should be investigated on its own merits. More extensive preoperative evaluations may be ordered along the lines indicated by history, physical examination, or the

results of the previously mentioned routine tests. In patients with known pulmonary problems, abnormal chest x-ray findings, or abnormal blood gas values determined with the patient breathing “room air,” formal pulmonary function studies are ordered. In
patients with an elevated BUN or creatinine level, hydration and renal protective agents may be given prior to angiography with limited contrast agent, or less toxic agents can be used. In patients with ECG abnormalities, cardiac symptoms, or evidence of
such widespread arteriosclerosis that the coronary artery may be involved, radionuclide scanning, Holter monitoring, or both—and, in selected cases, cardiac catheterization and coronary angiography—may be performed to evaluate cardiac perfusion and
function.
Noninvasive Studies
Special diagnostic procedures are discussed in detail in the later sections of this book, but the value of selectively employing objective, noninvasive methods of preoperative and postoperative monitoring is worthy of emphasis here. These studies (1) help the
surgeon avoid misdiagnoses and to gauge the extent and severity of the vascular disease before angiography; (2) enable one to determine the hemodynamic significance of the lesions visualized by angiography and/or pursue additional images (oblique
projections) of areas of interest; and (3) allow angiography to be employed more selectively, potentially limiting the amount of contrast medium used. When the physiologic data and angiographic anatomy are considered together, the surgeon not only can
better choose the most appropriate operation but also can better predict the hemodynamic outcome.
Since the superimposition of color-coded velocity information, duplex scanning has been increasingly used to supply anatomic as well as flow information in carotid, venous, and peripheral arterial disease. In most cases, this modality is used selectively to
augment the indirect physiologic tests, but in many if not most instances, it can provide all the information necessary for planning arterial surgery (see Chapter 16 ).
Computed tomography (CT) and magnetic resonance imaging (MRI) are also being used with increasing frequency to evaluate carotid disease, aortic aneurysms, and congenital vascular disease. Now, in many settings, one or more noninvasive physiologic
tests or imaging modalities can characterize the lesions so well that preoperative arteriography may be obviated. This situation will become more common as newer, improved forms of vascular imaging
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become more widely available (see Chapters 14 , 15 , 16 , 17 and 20 , 21 , 22 for details). Additionally, CT and MRI provide readily available means of objectively assessing the initial and continued success of the procedure itself. Noninvasive monitoring of
the results of vascular interventions has become an accepted part of overall management.
Furthermore, because newer noninvasive modalities can detect and localize lower extremity occlusive lesions, either singly or in combination, with greater than 95% accuracy, unnecessary “diagnostic” arteriography is eliminated; for all intents and purposes,
this latter study is not obtained until the decision has already been made that the patient needs a revascularization procedure and precise anatomic information not supplied by less invasive imaging methods is required before one can determine which is the
most appropriate method. The availability of endovascular interventions has caused this position to be modified somewhat, because arteriography is a prelude to these procedures and monitors their technical and anatomic success.
Angiographic Studies
Equally pertinent to this introductory chapter is a discussion of the strategic use of angiography. Arteriographic and phlebographic studies in selected patients provide invaluable information regarding the location and extent of the disease, and occasionally this
anatomic information is supplemented by qualitative impressions regarding the rate of blood flow. Now, however, it is often possible to confirm the nature and location of the vascular lesion with reasonable certainty by physical examination, supplemented by
some of the newer noninvasive diagnostic methods so that angiography is selectively rather than routinely employed.
Arteriography

Generally, the vascular surgeon obtains an arteriogram to study the condition of the vessels proximal and distal to the lesion rather than the lesion itself. For example, when confronted with superficial femoral artery occlusion, the vascular surgeon wants to
ensure that there is no occult iliac artery stenosis proximally, that the profunda femoris artery is widely patent and providing maximal collateral flow, and that the condition of the popliteal and infrapopliteal arteries into which a graft may be placed is suitable.
Similarly, if an abdominal aortic aneurysm is large enough to be easily felt or if its calcific outline on a cross-table lateral film or ultrasonography indicates that it is 5 to 6 cm in diameter, there is little reason for aortography before open surgical repair unless
significant proximal (e.g., renal or mesenteric artery) or distal (e.g., iliac or femoral artery) occlusive disease is suspected. In fact, because more abdominal aortic aneurysms are lined by intraluminal clot, their internal diameters often appear misleadingly
normal on aortograms. Enhanced CT scanning was traditionally the best overall preoperative imaging modality because it reveals most of the associated disease or anomalies that can complicate repair (e.g., inflammatory aneurysms, horseshoe or ectopic
kidney, vena caval or renal vein anomalies). Ultrasonography is still the most practical method of screening and monitoring for enlargement. However, the preceding position regarding the relative use of CT scans and aortography in evaluating abdominal
aortic aneurysm (AAA) has been greatly modified by the advent of endoluminal-endograft AAA repair (EVAR), for which thin-slice CT scans (often with three-dimensional [3-D] reconstruction) are needed just to screen patients with suitable anatomy for this
technique, and aortography via a calibration catheter is usually obtained prior to deployment. Because patients with significant co-morbidities are more likely to undergo EVAR, the majority of patients with AAAs are now undergoing full imaging before
surgical treatment.
Now that segmental limb pressures and plethysmographic studies are readily obtainable, arteriograms are ordered not for diagnostic curiosity but for therapeutic intent. Good-quality, multiplanar-view arteriograms are valuable in the detailed evaluation of
multisegmental disease. Particularly important in this regard are oblique views of the iliac and proximal profunda femoris arteries and adequate distal visualization of “runoff” vessels.
However if one needs only to establish the most appropriate inflow and outflow vessel for an infrainguinal bypass, color duplex scanning of the arterial tree usually suffices (see Chapter 16 ). By the same token, when one is treating carotid occlusive or
ulcerative lesions, duplex scanning is an adequate preoperative imaging method, and arteriography is obtained only in cases for which duplex scanning is unable to provide the needed information—demonstration of disease in the arch vessels, the ipsilateral

upper carotid or siphon, the vertebral arteries, or the intracranial vessels (see Chapters 136 and 137 ). Finally, in the evaluation of congenital vascular malformations, arteriography and venography are now obtained as only a “prequel” to arterial embolization
or, in rare cases, surgical excision, because clinical decisions can almost always be made on the basis of noninvasive tests, primarily duplex scanning or MR angiography (MRA) (see Chapter 110 ).
Phlebography

Phlebography still suffers from indiscriminate use. It was commonly used during the early 1980s and before to detect DVT, to rule out deep venous insufficiency in candidates for varicose vein stripping, and to localize incompetent perforator vessels in
patients with more advanced disease. These evaluations can nearly always be accomplished with duplex scanning, supplemented if needed by physiologic plethysmographic studies (see Chapters 15 and 17 ).

SUMMARY
It is only after confirming the existence, nature, and extent of a vascular lesion, and balancing the disability it causes, or is likely to cause despite proper nonoperative management, against the feasibility, risk, and anticipated success of alternative surgical,
endovascular, and nonsurgical forms of therapy, that the vascular surgeon is in a position to advise the patient or the referring physician regarding the need for surgical intervention. The manner in which this evaluation is carried out and the judgment that is
applied to this stepwise process are the foundation of a successful practice in vascular surgery.
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Chapter 3 - Essential Considerations in Evaluating the Results of Treatment

ROBERT B. RUTHERFORD MD

Evaluating the results of treatment has become an increasingly important consideration for vascular surgeons. In the 5th edition of Vascular Surgery, this subject merited a large multi-authored chapter that encompassed patient-based outcomes assessment,
standardized reporting practices, and computerized vascular registries. In this edition, each of these components is discussed in detail separately, in Chapters 4 , 5 , 6 . This chapter focuses only on some basic considerations and pitfalls in the evaluation of the
results of treatments, functioning as an overview to tie the three essential components together.

EVALUATING ONE’S OWN RESULTS
It seems axiomatic that vascular surgeons, wherever they practice, should gather, and retain in some readily accessible database, essential information on the procedures they perform and their results, and that this activity should be done in an organized
manner that allows the information to be analyzed and summarized, as needed, on an ongoing basis. This is a considerable undertaking, but one that is essential and worth doing well. Fortunately, today’s computers allow one to use computerized databases
specially designed for this purpose.
The essential considerations in planning and creating a computerized vascular registry are thoroughly discussed in Chapter 4 and so are not reiterated here, but the reasons to commit fully to this practice are worth emphasizing. First, it is important to keep data
that define the nature of one’s practice in order to determine the characteristics of the patients seen over time, their referral sources, the clinical classification of their vascular disease, the treatments employed, and how successful they were. Practices change
with time, and gauging the changes periodically can be valuable in future planning, allowing one to improve one’s practice by responding appropriately to recognized trends. Similarly, combining or comparing practices within a group of vascular surgeons in
this manner can be extremely helpful.
Further, analyzing the experiences of a group, whether the group is clinic- or hospital-based, can be educational and quite revealing for the group itself. If some aspect of the group’s experience is particular noteworthy, documenting it and reporting it to
colleagues can be educational for others as well.
Accurate and well-categorized information about one’s practice, or the group one practices with, serves as a “profile” for that practice. All of us will be required to develop practice “profiles” in the future, if it is not already being done
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for us. Many of the profiles developed by third parties may be inaccurate, if not misleading, and do not support valid judgments. The best answer to this problem is a well-kept, accurate practice database.
Linking disease codes and operative codes to the patient information in the database as well as integrating it with key financial data and dated data on hospital stays and outpatient visits can provide the basis for planning appropriate changes in the practice as
well as for negotiating contracts with so-called health care providers.
Analyzing one’s results and comparing them with the results of others can provide additional insights. Are the results superior, equivalent, or inferior to those generally being attained? Differences in outcome may require further investigation. The published
literature should provide a yardstick against which individual vascular surgical practices and patient outcomes can be measured, and it should serve as a common forum for the comparison of the benefits of different therapeutic approaches. However, unless we
use universally accepted standards in reporting our outcomes, be they related to pharmacologic, endovascular, or open surgical interventions, the yardstick may not be accurate and the forum (the literature) may not provide sufficient commonality to allow
diverse clinical experiences and patient populations to be compared in a valid way. Fortunately, standardized reporting practices have been developed for our specialty over the past couple of decades to allow everyone’s results to be reported in the same
standardized fashion. These standardized reporting practices are discussed in detail in Chapter 6 . Clearly, if one is to analyze one’s results and compare them with those in the literature, the data must be entered so that the endpoints of analysis are comparable
to those in the literature, that is, compatible with accepted standards. Thus, vascular registries should be set up to conform to these reporting practices and allow the analyzed data to support valid comparisons (see Chapter 4 ).

Finally, proper assessment of the effectiveness of vascular intervention not only requires evaluation of those markers of successful outcome now generally recognized by vascular surgeons (e.g., categorical clinical improvement, hemodynamic improvement,
patency, and freedom from amputation, venous ulceration, stroke, aneurysm-related death and other accepted major adverse events) but also needs to include patient-based assessments of changes in functional status and quality of life. Traditional clinical
parameters of success, such as graft patency and limb salvage, continue to be essential for proper evaluation of vascular surgical interventions, but documentation of the effect of the treatment on the patient’s functional activity and quality of life deserves
comparable interest. Vascular treatments may be performed that successfully reduce risk to life and limb and relieve symptoms yet may have little direct impact on the underlying pathologic process—such is the nature of atherosclerosis and thromboembolism.
This drawback does not diminish their benefit, but traditional clinical measures of success and failure represent the physician’s perspective and not necessarily the patient’s. The benefit of an intervention to the patient lies, ultimately, in better function and an
improved quality of life. The latter can, in turn, be related to subtle aspects not taken into account in clinical studies, such as the perceived removal of the threat of an adverse event (rupture of an abdominal aortic aneurysm [AAA]) or relief from surveillance
for it (AAA enlargement), so the two are interrelated. Ordinarily, such patient-based outcomes are not essential information in most practice-based databases, but they should be considered in the data collected in a major clinical study of the efficacy of a
certain treatment, a study that is intended for publication and to show patient benefit. Ultimately, third party payers, and certainly health care agencies, may be swayed more by quality of life data than by patency and limb salvage rates. These issues are
discussed more fully in Chapter 5 .

EVALUATING RESULTS REPORTED BY OTHERS: UNDERSTANDING THE LITERATURE
It is important for vascular surgeons to be able to evaluate the results published in their specialty’s literature as well as the literature of other vascular specialists. Interventional radiologists have adopted many of vascular surgery’s reporting standards and have
developed some useful ones of their own, but the same cannot be said for other vascular specialists. Understandably, vascular internists or angiologists are unlikely to embrace outcomes that are keyed to patency rates, improvements in ankle-brachial index
(ABI), or categorical improvements in clinical status, because many of their treatments can produce improvement without a categorical change in clinical status or an increase in the ABI. For that reason, at least in dealing with peripheral arterial occlusive
disease (PAOD), and particularly patients with claudication, these specialists have used other functional measures of improvement, such as initial or absolute claudication distance (ICD, ACD) and improvements in ambulation documented by the WIQ
(Walking Improvement Questionnaire). Furthermore, these clinically based results need to be augmented by patient-based outcomes, like quality of life studies. These, and other more comprehensive clinical and patient-based measures of outcome, along with
accepted methods of assessing them, are discussed in Chapter 5 . Awareness of these measures is essential to the evaluation of current and future literature. Nevertheless, vascular surgeons will naturally continue to focus on the traditional markers of success
after vascular interventions, be they endovascular or open procedures, and these markers remain the major focus of this chapter.
The results of therapy for vascular diseases have little meaning if presented in isolation, no matter how uniform and valid the criteria used for reporting them. They are intended to be compared with something—the natural (untreated) history, best “medical”
therapy, another competitive treatment, the same therapeutic approach carried out in a different manner, or the same treatment carried out by different vascular surgeons. In a comparison of treatment outcomes, it is not always clear whether reported
differences are due to the method of treatment or to other intrinsic differences that may or may not be apparent, such as differences between the group of patients treated in regard to severity of disease or lesion, to the prevalence of risk factors (patient
severity), or to other factors that could significantly affect outcome, such as differences in operator skill or
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adjunctive therapy. So the proper comparison of outcomes should go much further than simply comparing “bottom line” results.
Even with the aid of uniform reporting standards based on objective criteria, a number of potential causes of variance and confusion exist in our literature that makes its interpretation difficult at times. There are a number of possible explanations for observed
differences in outcome when different surgical procedures or practices are compared, and they deserve consideration in dealing with the literature. Certainly the most obvious reason, and the most commonly offered conclusion, is that a particular procedure, or
some other feature of the therapeutic approach being studied, is intrinsically superior. However, other factors may play a significant, if not the major, role in producing the reported differences. The solution to this dilemma lies in identifying these other factors
and either avoiding them, when possible (as in a well-designed prospective randomized trial), or uniformly reporting them to allow their potential influence on the results being compared to be gauged objectively.
It is understandable why most practitioners tend to focus on, if not accept outright, the “bottom line” results of studies reported in the literature. With so much to be read, it is easier and more efficient to focus on the abstract, the introduction, and then the
results and conclusions rather than reading the entire article. However, at this point, to incorporate the results of this report into his or her fund of knowledge, the reader would do well to ask “Are these results believable?” and “Are they generalizable, that is,
are they applicable to my practice?” Equally important is the question “Are the reported results due to the factors to which the authors attribute them in their conclusions?” And the answers to those questions are best found through examination of the Materials
and Methods section.
The major confounding factors can be categorized and are listed in Table 3–1 and discussed individually here, along with their potential impact. It will be noted that many of the examples selected to illustrate the effect of these various factors have been taken

1
from the (older) literature on extra-anatomic bypass. The author’s reasons for doing this is that the literature on this one controversial area contains excellent examples of many of the different confounding factors and it was this[ ] (and the early literature on

2
balloon angioplasty[ ] ) that first interested the author in the need to develop uniform standardized reporting practices.
Technical Differences
In comparing published outcomes, it is very difficult to determine whether superior surgical skill or judgment of the group of surgeons in one study contributed significantly to better results than those reported by another group. Nevertheless, difference in skill
or judgment is a factor that cannot be dismissed. Success rates with procedures vary from institution to institution (and from surgeon to surgeon) to such a degree that the surgical skill of individual surgeons or groups of surgeons (as in the principal
investigators in a particular trial) must be conceded to be an important factor, one that can significantly alter outcomes. Even in randomized trials, different specialists may be performing competing procedures (e.g., thrombolysis versus surgery for acute limb
ischemia, carotid stenting versus endarterectomy). Their relative skills with the procedure may spell a difference.

The choice of participating centers in randomized clinical trials (RCTs) comparing two treatments may affect the outcome. Their selection in industry-sponsored trials should be scrutinized. Even when the same group, in a single-institution report, performs
both procedures, difference in technical skill may create differences, but these differences are difficult to control and assess without inside knowledge. Therefore, in evaluating outcomes, one must consider the source of a reported experience and the
experience of the operators with the reported procedure (e.g., their case load or volume over the period covered). Part of the controversy about the claimed superiority of in-situ versus reversed vein graft for femorodistal bypass probably revolves around
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significant differences in surgical skill, not only between groups practicing either technique but also between the initial and ultimately acquired skills of the same group.[ ] [ ]
Finally, one must consider the learning curve in evaluating any new technique. A good example is the initial trials of endovascular abdominal aortic aneurysm repair (EVAR), for which the technical success rates (in percentage) have shifted from the high 80s
to the high 90s. In some trials, there are “run-in periods” during which the skill of the participants in new techniques—such as carotid stenting with embolic protection devices in CREST (Carotid Reconstruction Endarterectomy versus Stenting Trial)—is
assessed to ensure good technical results and eliminate the effect of the learning curve on outcomes. Other investigators have imposed strict performance criteria for admission to their trials and have set warning limits on the number of
TABLE 3-1 -- Factors Affecting Observed Differences in the Results of Vascular Interventions
Intrinsically superior approach

Technical differences
Differences in surgical skill or judgment
Differing use of adjunctive and adjuvant therapies
Differences in monitoring
Differences in study design
Independent evaluation of outcome
Statistical artifacts and abuses
Simple misuse or abuse of statistical testing
Artifacts of the life table

Differences in patient populations

Temporal differences
When procedure performed
Duration of follow-up
Selection criteria
Patient exclusions
Prevalence of disease
Severity of disease
Lesion severity
Extent of disease
Associated risk factors including co-morbidities
Indications for surgery

Differing criteria for success or failure

Symptomatic relief
Technical success, confirmed by imaging study
Hemodynamic success
Functional improvement
Patency (primary, assisted primary, secondary)
Survival free of major adverse events
Quality of life improvement
Cost-effectiveness

24

adverse events that trigger re-evaluation of a particular participating center. The results of such trials, from carefully selected centers of excellence, may produce good outcomes, but the results may not be generalizable to wider clinical practice. The EVAR
trials may or may not be found to exemplify this potentially confounding effect.
The EVAR trials also illustrate the effect of improving technology, as most of the dozen or so endografts have been modified at least once, and often only the results with the current commercially available device are reported, eliminating data for both the
learning curve and the first-generation device. This is not to criticize the practice, because it may better reflect the device’s true potential, but to note that this practice may be reflected in the results of some devices and not others, producing an unfair
comparison. Whether the results of such trials are generalizable, that is, reproducible in the community, requires post-marketing studies, after the devices have been approved for use by the U.S. Food and Drug Administration (FDA), when strict trial inclusion/
exclusion criteria are not adhered to. The impetus for these key studies must come from clinical investigators, not industry.
Differences in technical factors that are more easily documented include the use of adjunctive procedures and therapeutic adjuvants that might influence outcome. Examples are the routine use of profundaplasty in association with aortobifemoral bypass

5

performed in the presence of superficial femoral artery occlusion and the routine use of antithrombotic drugs after femorodistal bypass to protect initial patency.[ ] Intraoperative monitoring and surveillance programs, such as routine use of imaging studies to
ensure technical success and periodic surveillance with duplex scanning (duplex ultrasonography), have been shown to affect rates of patency, if it is expressed as assisted primary patency. Such variations may reflect technologic advances more than
philosophical differences in technique, making it important to consider the time span covered by each study, as discussed later.

Differences in Study Design

The primary focus in examining the study protocol in a report is to look for selection bias. Were the cases consecutive, or were they selected in some fashion? Are the selection criteria stated, and are they appropriate for producing a fair comparison? Is this a
prospectively randomized comparison or a retrospective comparison of two procedures using a prospective database or registry? Randomized or not, are the groups being compared truly comparable in terms of the (anatomic and patient risk) factors that
potentially affect outcomes? Is this demonstrated? Were the compared groups treated over the same period, or was one procedure performed in the first period and the second (new) performed after that? Are the factors that are claimed to affect outcome or to
correlate with it properly identified through the use of multivariate and univariate analyses using the Cox hazard regression method? Are the outcome criteria followed over time reported as crude rates or reported using life-table or Kaplan-Meier estimates?
These issues are discussed later.

An equally important question is “Who evaluated the outcome?” Ideally, the surgeon or operator who performs the procedure should not be the one to evaluate its outcome for published reports. Ideally, the evaluation should be performed by an independent
evaluator using a standardized scheme; this practice was a major feature of the carotid endarterectomy (CEA) trials, in which neurologists did the evaluation. For years neurologists complained that they could not trust the exemplary CEA results reported from
centers of excellence. Even though their suspicions about CEA were not borne out by the trials, the principle of independent assessment is correct. In the EVAR trials, core laboratories have been employed to assess the serial images obtained during follow-up.
If an outcome can be judged in a blinded fashion, with the judges unaware of the identity of the case, the operator, or the procedure performed, it should be. Blinded evaluation of outcome is usually possible in comparison of diagnostic test accuracies. In
industry-sponsored trials, typically device or drug trials, for which by necessity the data from multiple centers must be centrally gathered, company statisticians often analyze the data and produce summarized data analysis for the principal investigators to
study. This arrangement represents a clear conflict of interest. Analysis and interpretation of the scientific data from clinical and experimental trials should be the responsibility of the principal investigators, not sponsor-paid personnel. The principal
investigators should have access to the raw data and, at the very least, should conduct independent sample analysis—for example, analyzing their own center’s data and possibly the data from one or more other centers, and comparing those results with what
they have been given by company statisticians. They, not the company, should decide what is to be analyzed and what comparisons are clinically as well as statistically significant. Conflicts of interest are to be expected, and those of the principal investigators
(authors) are now usually openly declared in the published report. The company sponsoring a trial has a conflict of interest in the study outcome that is not declared in the publication, however, even though company statisticians may have performed the data
analyses. What data analyses were performed and who performed them should be clearly stated in the Materials and Methods section of the report. Some of the concerns alluded to in this discussion have been the subject of a number of editorials and position

6 7 8 9
papers.[ ] [ ] [ ] [ ]

Improper Data Analysis

It is likely that a substantial portion of the medical literature contains errors in the use of statistical methods. This portion has been estimated to range from 40% to 60% according to samples reviewed from American, British, and Canadian medical journals.

[10] The more common abuses are multiple comparisons between population stratifications and the reliance on the t-test as a universal “test of significance.” A critique of statistical techniques is beyond the scope of this chapter; an excellent detailed
[11]
discussion of statistical methods can be found in Basic Science of Vascular Disease by Sidawy and colleagues.

In the past, absolute rates of various outcome parameters (mortality, patency, recurrence, etc.) were stated, followed typically by the statement “—in n = X patients, followed for up to Y months/years (mean follow up = Z).” This approach typically overstates
the length of follow-up.
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Estimates of various outcomes, or freedom from a particular adverse outcome or event, are now more properly performed by Kaplan-Meier or life-table analysis. These methods, now accepted into our specialty’s reporting standards (see Chapter 6 ) deserve

12]

elaboration here if the reader is to understand and use them. Although the life-table method was adopted as the method of choice for estimating patency rates in the original reporting standards,[
method. Both methods require clear criteria for withdrawal and failure. The point of “lost to follow-up” or “dead with patent revascularization” occurs at the last objective evaluation.

13]

the revised standards[

also recognized the Kaplan-Meier

The Life-Table Method

14 15

16 17

Historically, the methods of the life-table analysis were described in the 1950s[ ] [ ] but gained a wider appreciation in the medical community when they were described by Peto and associates[ ] [ ] in 1976 to 1977 as a means of measuring survival
of patients with cancer and the effect of therapeutic intervention on that survival. The life-table analysis method has subsequently been adopted by vascular surgeons, among others, to measure other outcome criteria, especially patency. The life-table method
has two characteristic features worth noting. The first is that events on the survival curve (e.g., graft failures) are grouped into intervals. Survival rates are then calculated for each of these intervals and used to generate cumulative patencies that describe the
survival curve. The second is the assumption that any withdrawals during an interval occur at the mid-point of the interval. It is this assumption that leads to the characteristic correction to the calculated failure rate in a given interval, as follows:

This correction assumes that the individuals who withdraw during an interval contribute to the risk pool for half of the interval. The correction is equivalent to increasing the interval failure rate by the number of expected failures in half of the withdrawal
group. Inherent in this correction for censored data is the assumption that the failure rate for each interval is constant over that interval.

With this perspective, the use of the stair-step graphic presentation of the life-table survival curve is, in fact, neither necessary nor appropriate. The life-table graph (but not the Kaplan-Meier graph) is better represented by straight-line connections between
the patency estimates located at the end of each interval. The cumulative patency is thus the resulting conditional probability at the end of the interval based on the failure rate over the entire interval. In this presentation, the only intervals with level lines are

12]

those with no failures. The reader is referred to the original reporting standards for detailed instructions on the calculation of the life-table.[
The Kaplan-Meier Method

The Kaplan-Meier survival estimate, which is also called the product-limit method, is different from the life-table

Figure 3-1 Patency curve by life-table method. (From Rutherford RB, Baker JD, Ernst C, et al: Recommended standards for reports dealing with lower extremity ischemia: Revised version. J Vasc Surg 26:517, 1997.)
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Figure 3-2 Kaplan-Meier patency curve. (From Rutherford RB, Baker JD, Ernst C, et al: Recommended standards for reports dealing with lower extremity ischemia: Revised version. J Vasc Surg 26:517, 1997.)

TABLE 3-2 -- Comparison of 100 Consecutive Femoropopliteal Bypasses Performed for Claudication and for “Limb Salvage”
RISK FACTORS

CLAUDICATION (%)

LIMB SALVAGE (%)

Cardiac disease

36

56

Diabetes

22

44

TIA, stroke

5

10

Pulmonary disease

19

29

Operative mortality

0

3

Survival (5-year)

74

60

Limb loss

3

30

Patency (5-year)

69

46

Risk factors

Outcome

Thus, the indications for surgery, represented in different proportions in different series, can, because of associated differences in severity of disease and risk factors, significantly influence outcome. In the previously cited San Francisco experience with extra-

28]

anatomic bypass reported by Eugene and coworkers,[

[28]

series,

29]

only 12% of patients had surgery for claudication. In contrast, in the Seattle series reported by Ray and colleagues,[

almost two thirds of patients were claudicants. Similarly, in the San Francisco

26
axillofemoral bypass graft was limited, for the most part, to extremely poor-risk patients, but in their Boston series, Johnson and associates[ ] liberally applied axillobifemoral bypass because they “seldom recommended conventional aortoiliac

reconstruction in patients over the age of 65, regardless of risk.”
Therefore, the higher mortality and lower patency rates reported by the San Francisco group are not surprising. However, an even greater contribution to these differences in patency rates was made by the criteria used in their estimation (see later). Whenever
there are major differences between series in the proportions of patients undergoing surgery for claudication and those undergoing surgery for limb salvage, one should also expect differences in survival and patency. In a comparison of recent and earlier

37]

experiences with axillofemoral bypass, in which improved results were attributed to changing to an externally supported prosthesis, the proportion of limb salvage cases also changed from 60% to 24%![

Differing Criteria for Success or Failure

In some articles, the patency of an arterial bypass or reconstruction is considered to end with its occlusion. Other reports treat as patent any graft that is still open even if patency has been achieved by thrombectomy, thrombolysis, transluminal angioplasty,
local revision, extension, or a new inflow source. More recently, these differences have been designated primary patency and secondary patency, respectively, and most reports make this distinction clear. However, the confusion caused by not making the
distinction was tremendous. For example, the “bottom line” 5-year patency rates quoted in the two contrasting reports on axillobifemoral bypass by Ray and Eugene and their colleagues were 77% and 33%, respectively, but the former is a secondary patency

28] [29]

rate and the latter a primary patency rate.[

26]

Johnson and associates,[

in comparing axillobifemoral with aortobifemoral bypass, noted essentially identical patency rates (76.4% versus 76.9%), but the former was achieved with a 43% rate of thrombectomy or revision compared with 9% for the latter.

25]

It is not possible to tell whether any of the 20 successful thrombectomies in the 56 axillobifemoral grafts reported in the companion series by LoGerfo and associates[

were multiple procedures performed on the same graft; if they were not (as implied by

28]

the term “successful”), the primary 5-year patency rate in this experience from Boston University–affiliated hospitals would be not 76%, but instead would be close to the 33% patency rate reported by Eugene and coworkers[
Veterans Hospital.

from the San Francisco

Why should we argue opposing points of view, which maintain either that a thrombosed graft has clearly failed or that a graft whose patency has been maintained by thrombectomy, balloon dilatations, or revision is open and functioning? Well, one reflects the
unmodified natural history of the graft or procedure and the other the ultimate utility that can be achieved by the surgeon’s close surveillance and persistent efforts. No surgeon likes to report a low patency rate, lest it be considered a personal reflection on his
or her ability. Once it becomes more widely appreciated that primary patency reflects mainly the intrinsic merits of the procedure or graft and that secondary patency is more a reflection of the surgeon’s skill and persistence, vascular surgeons will accept the

38]

stricter definitions of primary patency and should be content to let the secondary patency rate speak for their efforts. Clearly, however, both rates should be reported, as in subsequent articles on extra-anatomic bypass by Ascer[
their colleagues, in which the large differences between primary and secondary patency rates are readily apparent.

1
and Rutherford[ ] and

Finally, reports on arterial reconstructive surgery are often unclear about the manner in which patency was determined. The acceptance of the lack of return of limb-threatening ischemia, of clinical notes such as “palpable pulses” or “patient not bothered by
claudication” made by a junior resident, or of other indirect evidence of graft patency is inappropriate. Scientific articles deserve more objective data, and acceptable criteria are recommended later in this discussion.
Some overall clinical measure of success is needed, commonly the combination of continued relief of symptoms or freedom from a major negative endpoint, such as limb loss, venous ulceration, stroke, or AAA rupture. The former measure would apply to the
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claudicant, and limb salvage to patients with ischemic ulcers and digital gangrene, with both applying to patients with ischemic rest pain. Flanigan and associates[ ] reported an 81% 5-year success rate for femorofemoral bypass grafts, considering failure to
be (1) graft thrombosis, (2) amputation, or (3) failure to relieve symptoms. This dual requirement of clinical improvement and patency is admirable, but it brings out the need for objective patency criteria because both symptomatic relief and credit for
avoidance of amputation may be quite subjective, and until recently, patency has not usually been
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TABLE 3-3 -- Variation in Reported Results for Extra-anatomic Bypass
PROCEDURE
Axillo-unifemoral

STUDY

31]

El Massry et al[

29]

Ray et al[

44]

Hepp et al[

OPERATIVE MORTALITY (%)

FIVE-YEAR PATENCY RATE (%)

5
76

*

3

67

5

46

5

38]

Ascer et al[

44
8

25]

LoGerfo et al[

37
NR

45]

Chang[

33

Eugene et al[

8

1
Rutherford et al[ ]

13

31]

5

28]

Axillobifemoral

30
19

El Massry et al[

79

29]

Ray et al[

26]

Johnson et al[

*
*
*
*
*

5

77

2

76

NR

45]

Chang[

*

75

*

8

74

Hepp et al[

5

73

1
Rutherford et al[ ]

11

25]

LoGerfo et al[

44]

62
5

38]

Ascer et al[

50
8

28]

Eugene et al[

33

*
*
*

NR, not reported.

* Primary patency. All others are secondary patency or not defined.

confirmed arteriographically or with some other direct imaging technique.
When an aortobifemoral bypass or iliac balloon angioplasty is performed for aortoiliac occlusive disease associated with a significant distal lesion (e.g., superficial femoral artery occlusion), the evaluation of success becomes more difficult ( Table 3–3 ). One
may have a significantly higher rate of patency, as reflected by persistent elevation of the thigh-brachial index (TBI), than of symptomatic relief, which correlates better with the ABI. Those investigators who require both symptomatic relief and elevation of

40
the ABI as criteria for success after intervention for aortoiliac occlusive disease, rather than elevation of the TBI, may have contributed to the impression that percutaneous transluminal angioplasty (PTA) for iliac stenoses is not very effective or durable.[ ]
In contrast are reports in which technical failures are eliminated and an increase in TBI is accepted as the ultimate criterion of continued success regardless of the ABI and the patient’s symptoms. Using data from a personal experience with PTA, the author

2
and colleagues found that, depending on the criteria chosen, the projected 3-year success rate for iliac dilations varied between 52% and 86%; similarly, with distal PTA, a rate of success as high as 63% or as low as 27% could be claimed.[ ]

In fairness, the same can be said for reported experiences with surgical operations for aortoiliac disease, namely that the patency rates do not reflect the extent of hemodynamic improvement or symptomatic relief attained. In a review of 265 aortobifemoral
graft limbs in which the initial patency rate was 97.7% and the late patency rate was 88%, the author and associates found that in spite of excellent patency, 7.3% of grafts failed to bring about improved inflow (a TBI increase < 0.10) because the iliac disease

41]

on the better side was not very significant in the first place (a preoperative TBI > 0.95), and 9.4% failed to improve the ABI because of the severity of distal occlusive disease.[

In the past, carotid reconstructions have been judged almost exclusively on the basis of continued symptomatic relief; thus, until recently, silent restenosis has not been reported. The vascular laboratory and the use of duplex scanning in particular have

42] [43]

changed surgeons’ perspective of the progression of disease and restenosis of carotid endarterectomies.[

Some older examples have been used in the earlier discussion, mainly because they are exemplary of so many of the confounding factors and poor reporting practices discussed that were once very prevalent. They have been gradually reduced, but, on the basis
of the author’s 6 years as co-editor of the Journal of Vascular Surgery and reading of other vascular surgery journals, they certainly have not been completely eliminated. Readers still need to be aware of them, and investigators need to avoid them. From the
preceding discussion, however, it should also be apparent that the reader should carry away more than a simple “bottom line” result from each report, such as mortality, patency, or stroke rate.

46 47

Fortunately, a number of additional measures of success or failure add to the overall perspective. An excellent example can be seen in assessments of the results of EVAR.[ ] [ ] Freedom from aneurysm-related death may be the best single endpoint, but a
more comprehensive measure of success would also be important to report, one that would include technical success with no endoleak or major adverse events (such as procedure mortality, permanently disabling complications, secondary procedures, AAA sac
enlargement, or conversion to open repair). By the same token, it is not enough to focus on operative mortality and patency rate after lower extremity arterial construction, because hemodynamic improvement, increased walking distance or relief of
claudication, and limb salvage are also important endpoints.
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Chapter 4 - Maintaining a Computerized Vascular Registry

RUSSELL SAMSON MD

GENERAL CONSIDERATIONS
A vascular registry is a clinical and research tool based on the collected clinical data of patients treated by an individual or group of vascular specialists. In its simplest form it may be a box of index cards upon which are written data such as the patient’s name,
age, date of surgery, and procedure performed. When these data are analyzed at a later stage, the surgeon can determine patient volume for a given period, average patient age, and most frequently performed procedures. Such a database is referred to as a flat
database. Flat databases can become extremely complex with thousands of data points recorded, including such variables as risk factors, medications, and surgical techniques (e.g., graft types, suture materials, operative time).
For such complexity, the use of the computer becomes a significant time saver. A computerized database offers many conveniences that will speed up data entry and retrieval and also add the benefit of ensuring uniformity of data collection. For example, entry
of a specific procedure into the database can be achieved by clicking on a dropdown menu that lists alphabetically all the many procedures that the vascular specialist may perform. Typing in the first letter of the procedure takes the cursor directly to the
relevant group of procedures allowing the user, with a single mouse-click, to insert what may be a very complex procedure. This type of entry procedure also prevents users from entering different phraseology for the same procedure at different times which
might, at a later stage, complicate data retrieval. For example, one may refer to a bypass as a “femoropopliteal above-knee bypass” or a “femoral-to-above-knee popliteal bypass”; these two descriptions might be treated as different procedures at data
collection, even though they are the same.
Computers offer an added advantage in that they easily allow creation of what are known as relational databases, whereby two flat databases can be combined to offer extended information. For example, if one wanted to store follow-up data about a patient’s
vascular procedure using the flat database of handwritten index cards, one would probably have to use a separate index card with follow-up information for each case. To make sure that the second card was not filed in the wrong place, one would have to (1)
enter some salient patient demographic data, such as the patient’s name and identity number, on the second card and (2) update the patient’s age for the date of the follow-up. If this information were being kept on a relational database, a new screen of
information would be set up for the follow-up information, allowing one to tie all the previous information together using one key identifying data point, such as an identity number. The computer program could also automatically update information such as
age at follow-up and duration of graft patency whenever new follow-up information was entered.
The major benefit of a computerized database is achieved when one needs to retrieve and analyze data. Sifting through thousands of index cards with hundreds of different data points can be extremely tedious and prone to error. On the other hand, a
computerized registry can be “mined” for data, often in an instant, allowing for the production of data output in multiple formats including spreadsheet tables and life-table graphs.
Some concepts must be defined in order for the user to obtain the full potential benefit from a computerized registry. The data points that the user wants to store are entered into fields. An example of a field is a label marked “GENDER,” where one would
choose from appropriate entries “male” or “female.” In well-programmed computerized registries, data can be entered into a field by choosing from a list of choices in a dropdown menu or by typing the text or a numeral directly. The former is preferred over
the latter technique, because typing errors can lead to mistaken data; for example, the computer program would regard the procedure “aortogram” as being different from “aortagram.” The collection of related fields on the screen is referred to as a form. An

example would be a form to collect patient demographics, such as name, age, sex, address, and insurance carrier. A query is a question one asks of the database. A simple example is “What is the average age of all patients?” However, a query could be as
complex as “What is the 5-year patency of all infrainguinal prosthetic bypasses in male patients with type 2 diabetes and hypertension?” The resultant life-table graph or table is called a report.

DESIGN CONSIDERATIONS
Computer software is available to form the basis for these databases. Such software programs are usually called database management systems. Examples of database software programs are Microsoft Access (Microsoft Corp., Redmond, CA) and FoxPro
(Microsoft Corp., Redmond, CA).
An obvious benefit of establishing one’s own registry is that it can be customized specifically to one’s own desires and requirements. However, a poorly constructed database will provide erroneous information or will not function at
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all, not only proving frustrating but also being costly in terms of wasted financial resources and time. Accordingly, before building a personal, customized database, the surgeon must define all the fields that will be required and set up all relevant relationships.
It will help to determine the most common queries that will be used, since this information will identify the fields that will be needed. Thus, it should be appreciated that relational databases can become very complex and require careful planning. Poorly
designed forms and data input design can prove the aphorism “garbage in, garbage out.” Vascular registries can be especially complex if one needs to establish queries for subjects such as assisted and secondary patency life-tables.
Although it may be obvious that the best constructed registry for the most well-intentioned user is useless if the database is not maintained, poor maintenance is an all too common occurrence. It can be traced to design faults as well as human frailty. A
common error committed by many designers is to include every data point that they can think of even if it will have little clinical relevance. If a database is too large and complex, too much time and effort are needed to enter all the data, resulting in one’s
failure to use it on a regular basis.

1 2

Registries, including some commercial ones, have been available for many years.[ ] [ ] Varying in expense, capabilities, and ease of use, commercial registries may be difficult to evaluate. It is recommended that the potential user evaluate a working copy of
the software before acquiring and committing to use it. Certain key functions should be available. The program must be able to let the user define and add fields, preferably in a manner that will appear on the monitor screen as a dropdown list, allowing mouseclick selection rather than requiring text entry. This will speed data entry and lessen the possibility of typographical error. Similarly, the program should have an ample selection of predefined reports yet allow the user to add his or her own reports to query the
database. Programs that require the software developer, rather than the user, to write the query or generate the report should be avoided unless this process can be achieved in a timely and inexpensive fashion. Because a significant amount of time and energy is
required to enter data, it is imperative that the vendor be stable and able to commit to long-term support and to provide upgrades that can be incorporated without re-entry of previous data. The software should also support networking between computers in the
same location (office personnel, members of a group practice, research assistants) and, preferably, even in geographically differing locations. Some programs may be web-accessible.

RATIONALE FOR COMMITTING TO A REGISTRY
Why should a surgeon invest time or money in a registry? The simple answer is that a registry is a clinical adjunct that may prove to be as important as textbooks and journals. The database not only provides information on one’s own practice patterns but,
most important, it offers a constantly updated evaluation of one’s outcomes. These evaluations can be compared to national or regional norms. On the basis of this information, the surgeon can adjust techniques, modify indications, and, hopefully, improve

3
outcomes over time.[ ]
The importance of using government coding for diseases, procedures, and indications as key relationships needs no emphasis. However, these codes do not necessarily reflect patterns of surgical experience. Hospital, insurance, or government agency databases
that utilize these codes may not be appropriate for measuring outcome for vascular surgery. For example, hospitals and most insurance companies use a single Current Procedural Terminology (CPT) code for femoropopliteal bypass irrespective of whether the
bypass is constructed to the above-knee or below-knee popliteal artery. However, it is well recognized that patency rates for these two variants of infrainguinal bypass grafts differ considerably. Accordingly, patency rates based on such agency data will lack
clinical relevance. A well-constructed vascular surgery database should be able to refine data, thus making the registry more valuable. Also, in an age when third parties such as managed care organizations are assessing one’s outcomes using these less
accurate databases, one’s own registry can be used to deal with possible issues raised by third parties. Including fee and cost data will enhance this capability—that is, the ability to adjust fees and bid for contracts. Furthermore, in a litigious age when informed
consent has become paramount, one can appropriately inform one’s patients about risk based on one’s own outcome statistics. Finally, a registry gets more useful as one’s practice matures because it provides more relevant data as the database grows. Clearly,
the sooner one commits to a computerized registry, the greater the benefit.

REGIONAL, SOCIETAL, AND NATIONAL REGISTRIES
By pooling one’s data with data from other surgeons, regional and national databases can provide information such as prevalence of disease and practice patterns. The larger numbers that such combined registries offer increases the statistical relevance of data

3 4 5
and allows the evaluation of rare diseases or uncommon complications. Several countries have taken the lead in establishing such regional or national vascular registries, including the Swedish and Finnish Vascular Registries[ ] [ ] [ ] and the Melbourne

6
Vascular Surgical Association Audit in Australia.[ ] The Society for Vascular Surgery (SVS) in the United States, through the Lifeline Foundation, has established a registry focused on aortic endografts. Several attempts have also been made by regional
7
vascular associations to form cooperative registries.[ ] Unfortunately, many have failed in their intent because of a lack of enthusiasm from their participants. However, if a relevant regional database is available, one should take its requirements into

consideration when defining the fields required for a personal database. This step will facilitate merging or integrating the two databases at a later stage. The joint vascular societies (Society for Vascular Surgery and American Association for Vascular

8 9 10 11 12 13 14 15 16 17
Surgery), under the leadership of Robert Rutherford,[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] has defined terms for standardized reporting of procedures and outcomes in most
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areas of vascular surgery. Adaptation of these terms for fields in one’s own database should promote uniformity in reporting (see Chapters 3 and 6 ).

MAINTAINING A REGISTRY
The benefit of a vascular registry is its ability to track outcome over time. Knowledge about what type of procedures we are performing may be interesting and is certainly useful to an extent, but the database will really become a valuable clinical tool only
when it provides outcome information, with data on such key outcome parameters as patency, stroke rates, initial and long-term mortality and morbidity, and procedure-specific success rates. Achieving this goal requires a dedication to data entry. Similarly,
erroneous or incomplete data will also negate the benefit of the registry. A registry that is not well maintained will ultimately prove valueless.
Tools have been developed by most commercial registries to facilitate data entry. They include printed forms available in the operating room or clinic that can be completed by personnel there, data from which can be entered into the computer database by a
different person at a different time and place. Computers can also be strategically placed in the operating room or clinic so that the surgeon can enter the data immediately. Some registries instead use personal digital assistants (PDAs). A benefit of these
devices is that fields added on the main program computer are automatically included on the PDA; paper forms must be reprinted every time a new field is added.
No matter which method is used, the surgeon must make a commitment to data entry. Ideally the operating surgeon should enter the data. In a university setting, a qualified resident or fellow may substitute. A research nurse or Physician’s Assistant who is
well versed in the specialty may also be a suitable data entry person. Assigning data collection to an untrained or uninformed person who has to rely on chart review will lead to input of invalid data. Such persons can, however, be used to transfer data from
paper forms into the computer, but data errors can occur even in this process.
The most difficult area for data input occurs with patient follow-up. Often follow-up is done not by the operating surgeon but rather by a resident or nurse. In a busy clinic, time to enter data may be limited. Accordingly, some programs include a vascular
laboratory module that links the reporting of the vascular laboratory study to the registry database so that the technologist can update the follow-up at the time of the vascular laboratory study. This measure provides objective data supporting the clinical
assessment of success or failure. Losing patients from follow-up also negates the value of long-term data. Accordingly, commercial programs should provide a prompting report that identifies patients who have not been seen for follow-up so that they can be
recalled.

UTILIZING THE REGISTRY
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Data in the registry is useless unless it can be queried for information. One might argue that until data are utilized, information does not exist.[ ] Accordingly, it is imperative that extraction of information is easy. Commercial programs should have
constructed preprogrammed reports that will answer most clinical questions. Examples would be life-table curves for patency, stroke rate, and mortality. Well-constructed reports should allow the user to define what fields need to be included in the search. For
example, one should be able to narrow data in the report to operating surgeon, hospital, graft material, site of distal anastomosis, and any other variable that is required. Frequent use facilitates an understanding of the program and the benefits of the
information.

Examples of information that can be gleaned from the registry are:
■ Patients who have not been followed up: This issue is especially important for patients who have had infrainguinal vein grafts, in whom inadequate follow-up and graft surveillance can lead to graft failure and limb loss. Follow-up is also
paramount for aortic endografts, because failure to diagnose endoleak with aneurysm expansion can lead to rupture and death.
■ Comparison of competitive techniques: This capability becomes important in the evaluation of new procedures such as carotid endarterectomy versus carotid stenting, or lower extremity arterial bypass versus angioplasty.
■ Comparison of equipment or devices: One may wish to compare different stents or different vascular conduits.
■ Complication rates: One can calculate rates of complications such as stroke, amputation, renal failure, hematoma, and dissection after angioplasty.
■ Practice management information: In these times of diminished reimbursement, practice management information may be critical to running a viable practice or department. A registry can provide information such as referral volume and patient
demographics. Patient tracking will ensure that patients are not lost from follow-up. Some commercial programs also generate form letters to “lost” patients reminding them of the importance of follow-up care. Marketing opportunities may develop
when exemplary results can be documented. Similarly, substandard results should stimulate an improvement in technique that may lead to higher patient volume.

THE “TEN COMMANDMENTS” OF COMPUTERIZED REGISTRIES
Following are the “dos and don’ts” for using computer registries in vascular surgery:

1. Learn the software before entering patient data. One should be aware of all the features of the software before entering definitive patient data. Accordingly, one must read the instruction manual that comes with the package. Many users have
“jumped right in” without referring to the manual, only to find that their valuable data are not functional. Most programs will require some basic information to be entered before one can enter the first patient’s data. This
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2.
3.

4.
5.
6.
7.
8.
9.
10.

information usually consists of names of involved surgeons and assistants, hospitals, and referring physicians and demographic data about the practice. In order to become well versed in the program, one should try entering some test patient data
using easily identifiable imaginary patient names, then use the “delete-patient”feature to erase the test data before entering actual patient data.
Always back up the program. Data entry should be backed up daily. Most software programs have a backup facility. Ideally, a copy of the data should be maintained in a location away from the facility as well. A simple way of doing this is to copy
the data to a storage medium such as a compact disc that is kept offsite. There are also data storage areas that can be accessed for a fee through the Internet.
Try to live with the software that you buy, and avoid customization if possible. When the software company updates the product or brings out a new version, customized features may not be supported. On the other hand, some programs allow the user
to add fields to collect data or information that the programmers may not have thought of; for example, a surgeon may want to collect information about patients’ cholesterol levels. These are called user-defined fields and will be supported by future
upgrades. The ability to add such fields without assistance from programmers is a very valuable benefit offered by such software. However, before adding such a field, one should always consider the goal of seeking this added information and make
sure to define in advance the choices that can be entered into the field. If only free-form text can be entered, one should always double-check spelling, because just one letter wrong will prevent that data from being retrieved at a later date.
Keep up with the latest software versions. Changes in government coding of diseases, procedures, and indications and new research advances are constantly changing the data environment. Out-of-date software can result in useless information.
Get in the habit of entering the data directly into the computer rather than writing information down and then entering the data later. This practice will prevent transcription errors.
Use the shortcuts that the program may offer. For example, some programs allow old follow-up information to be copied to a new data form when a patient comes back for a follow-up visit. Then only new data or changes need be entered.
Learn to use the keyboard shortcut keys. This issue is especially important for users who are not “mouse” proficient.
Proof your entries. The user should remember the adage “garbage in, garbage out.”
Use all the features that the program provides. Many programs are very sophisticated.
Do not despair when first using these programs. Their use will become second nature with time.

CONCLUSION
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In a recent review of the practice patterns of vascular surgeons in Florida, only 13% of respondents knew their 5-year patency data.[ ] How then do such surgeons inform their patients about potential outcome and benefits or risks? Is it appropriate to rely
solely on other surgeons’ data or on vague suppositions about one’s own experience? If we do not have outcome data, how can we evaluate changes in technique, graft material, or other variables that may affect our procedures? It is to be hoped that adoption
of computerized registries by a majority of surgeons will improve both their own results and vascular surgery as a specialty.
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Chapter 5 - Proper Outcomes Assessment:

Patient-Based and Economic Evaluations of Vascular Interventions

JOHN V. WHITE MD

The evolution of vascular surgery has been rapid, and the development of new diagnostic and therapeutic modalities continues unabated. The goal of these new technologies and techniques is an elevation of the standard of care for patients with vascular
disease. Appropriate patient care practice requires that all vascular surgeons continually renew and refine both their cognitive and technical skills to incorporate proven advances. It is essential, therefore, that these new technologies and techniques are carefully
and completely assessed prior to their adoption.
Complete assessment of the effectiveness of a vascular intervention requires evaluation of not only the change in the patient’s clinical status but also changes in his or her functional status and quality of life. Though clinical parameters of therapeutic success,
such as graft patency and limb salvage, are essential for the evaluation of vascular surgical intervention, documentation of an improvement in patient quality of life and personal productivity is equally important. The operative treatments of aneurysms and
arterial occlusive disease are performed for the reduction of risk to life and limb and the relief of symptoms but have little direct impact on the underlying pathologic process. The benefit of intervention lies, ultimately, in the improvement of the patient’s
quality of life. Integrated, complete evaluation of vascular intervention, then, requires the documentation of both clinical and patient-based measures of outcome.
This approach to patient evaluation has been strongly encouraged by the U.S. government. In 1989, Congress created the Agency for Health Care Policy and Research, charging it with the responsibility to conduct research to identify effective health care,
develop clinical guidelines based on the findings of effectiveness, and disseminate this information to the public. To evaluate therapeutic effectiveness, the government stresses the “use of outcomes measures that assess factors that affect patients directly (e.g.,
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physical and social functioning and pain), rather than intermediate clinical measures (e.g., laboratory test scores).”[ ] The rising costs of health care in the United States mandate that costly interventions that fail to directly increase the well-being and
productivity of patients be eliminated. This mandate underscores the need for properly performed patient-based outcomes assessment for vascular interventions. A patient-based outcomes approach, in conjunction with well-defined clinical endpoints, permits
the identification of technologies and techniques that raise the standard of care and improve patient well-being. This combined evaluative process is essential because the act of surgery itself creates significant difficulties with clinical research.

CLINICAL RESEARCH METHODOLOGIES AND ENDPOINTS

Multiple clinical research methodologies have been constructed to prove the presence or absence of benefit for a given diagnostic or therapeutic modality ( Table 5–1 ). Of these, the prospective, randomized, double-blinded, controlled study has long been
considered the optimal method for identifying the risks and benefits of a new therapeutic modality. Investigator bias is minimized through rigorous standardization of the protocol, the randomization process, and the blinding of both investigator and subject to
the nature of the treatment. This research methodology has been widely employed for the evaluation of nonsurgical treatments, especially pharmacologic therapy. For pharmacotherapeutics, the experimental drug is specifically created to attack the disease in a
consistent and predictable manner.
TABLE 5-1 -- Commonly Used Research Methodologies and Risk of Bias
STUDY TYPE

CONTROLS

LIKELIHOOD OF BIAS

Observational studies
Case report

No

High

Case-control study

Yes

Moderate

Cohort

Yes

Moderate

Nonrandomized clinical trial

Yes

Moderate

Randomized, prospective trial

Yes

Low

Meta-analysis

Yes

Low

Markov analysis

Yes

Low

Monte Carlo simulation

Yes

Low

Experimental studies

Secondary (computer-based) studies

From White JV, Barthel G: Evidence-based medicine: Basic concepts, population dynamics, outcomes analysis. In Hallett JW Jr, Mills JL, Earnshaw JJ, Reekers JA (eds): Comprehensive Vascular and Endovascular Surgery. Philadelphia, Mosby, 2004, pp
45–54.

36

Definitive inclusion and exclusion criteria are established, and the methods of drug administration are standardized to reach target blood levels in all patients. A similar alternative treatment or placebo can be administered to a control group, and comparisons
made over time with minimal bias. Ideally, both the investigators and the subjects are unaware of the therapy being administered until the period of data collection has been completed. The specific endpoints of the study are generally directed toward the
clinical efficacy of the experimental therapy.
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Such methods are frequently not possible when one attempts to demonstrate the benefits of a new surgical procedure.[ ] Unlike drug trials, surgical clinical research must accommodate both the underlying disease process and the physiologic changes induced
by the surgical intervention. In addition to the pathophysiologic process, numerous additional variables—surgical judgment, surgical skill, unquantified physiologic modifiers, and patient collaboration—can affect clinical outcomes. Patient collaboration may
decrease for those assigned to the open surgical category, and patients may withdraw from the study after randomization to push for less invasive therapy even in the absence of demonstrated efficacy of that modality. Assessing the usefulness of randomized,
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controlled trials to evaluate surgical procedures, Solomon and McLeod[ ] noted that 40% of proposed trials would not be possible because of patient preference. The comparison of noninterventional or percutaneous treatments with open surgery often creates
an immediate selection bias. Blinding is impossible; few patients would fail to recognize the presence or absence of an incision. Therefore, it is very important to identify outcomes parameters that can clearly identify the risks and benefits to patients of
vascular surgical intervention.
Using well-established survey tools, patient-based outcomes parameters provide a clear index for the comparison of different diagnostic or therapeutic modalities. These parameters are relatively free of investigator bias and influence and can provide a strong
framework for the assessment of new technologies and techniques. When employed in conjunction with appropriate clinical parameters, patient-based outcomes assessment yields a clear view of the value of a diagnostic or treatment modality.

RELATIONSHIP BETWEEN CLINICAL AND PATIENT-BASED OUTCOMES PARAMETERS
There are numerous parameters by which the treatment of vascular disease can be evaluated ( Table 5–2 ). An optimal technical result represents a step toward the achievement of an improved functional status and better quality of life for the patient. The
achievement and documentation of an excellent technical outcome are unquestionably important but are not synonymous with improvement in the patient’s quality of life. This situation has been documented in several studies evaluating claudicants according
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to walking distance, ankle-brachial index (ABI), and quality of life. Overall, these comparisons have demonstrated a poor or limited correlation between the clinical parameters and quality of life index. Chetter and colleagues[ ] evaluated 235 claudicants with
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treadmill walking distance, ABI, and the EuroQol generic quality of life survey. A poor correlation was found between the clinical parameters of treadmill walking distance and ABI and the measured quality of life. Similarly, Currie and associates[ ] studied
186 patients undergoing treatment for claudication with unsupervised exercise, angioplasty, or surgery. These investigators documented that although angioplasty and surgery improved quality of life scores, the improvement did not correlate with changes in
the ABI. This lack of correlation underscores the difference between clinical and patient-based parameters. Both are essential to determine the effect of vascular disease and its treatment.

PATIENT-BASED OUTCOMES PARAMETERS
Assessment of the therapeutic risks and benefits associated with treatment of vascular disease requires determination of (1) the manifestations of the condition as reported by both the patient and the physician, (2) the impact of the disease upon the patient’s life
and level of functioning, and (3) the effect of the treatment and its adverse consequences on the disease and on the patient’s life and level of functioning. Physicians most commonly use physical findings and laboratory data to characterize a disease process or
condition. This information is essential for appropriate diagnosis and treatment but does not reveal the manner and severity of the symptoms experienced by the patient. Physical examination and laboratory testing cannot measure these patient effects. In broad
population studies, a reduction of the ABI to the level of 0.35 indicates limb-threatening ischemia, but an individual patient with such a level of circulatory impairment may not experience rest pain and may have no ulcerations or ischemic gangrene.
Conversely, a patient with an ABI of 0.7 and an ambulatory distance of two blocks may be functionally very impaired. Thus, documentation of the patient’s manifestations of vascular disease through patient-based reporting improves the physician’s
understanding of the patient’s condition.
Because vascular disease may affect both an end organ, such as the leg, and the overall level of patient function, it is essential that information be collected about the impact of
TABLE 5-2 -- Common Parameters for Assessment of Vascular Intervention
Clinical parameters

Physical examination
Symptomatic measures: Rutherford classification
Objective anatomic and hemodynamic information:
Angiographic information
Ankle-brachial indices
Technical success
Patency of the treated segment
Limb salvage
Procedural morbidity
Procedural mortality

Patient-based parameters

Disease-specific functional status
Quality of life/survival
General health status
Functional status
Perceived health
Psychological well-being
Role functioning
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vascular disease on both. A patient’s level of functioning may be altered not only by the symptoms of vascular disease but also by his or her psychological or emotional response to these physical symptoms. Such responses are unique to individuals and must
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be directly assessed for each patient. Evidence suggests that physicians are not good reporters of symptoms that cannot be easily observed or measured. This possibility was nicely demonstrated by Pell, [ ] who asked 201 claudicants to rate their quality of life
before their first visit with a vascular surgeon. After the visit, the surgeon was asked to rate the patient’s quality of life on the basis of his or her understanding of the patient’s symptoms and examination. The correlation between these two estimates was poor.
Only through an understanding of the specific and overall effects of vascular disease on the patient can physicians develop appropriate therapeutic plans.

Both the beneficial and adverse effects of treatment must be recorded in a similar manner. Scientifically sound therapy may not always produce the extent of patient improvement expected by the surgeon. A patent bypass graft and an improved ABI do not
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ensure an improvement in quality of life for the patient. Schneider and colleagues[ ] evaluated the functional status and well-being of 60 patients who had undergone successful aortobifemoral bypass grafting at least 6 months earlier. These investigators
found that despite patency of the bypass, physical function, role function, and perceived health were worse, and bodily pain greater, in these patients than in patients without symptomatic arterial occlusive disease. An evaluation of outcomes for patients
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undergoing distal revascularization for limb-threatening ischemia has documented that limb salvage resulted in greater mobility and independent self-care but also in more patient anxiety and depression.[ ] Further analysis of the patients treated with
amputation identified a subset of patients, accounting for 22% of the total, who had less mobility but equivalent independent self-care and lifestyle indices compared with patients in whom limb salvage was successful, suggesting that primary amputation may
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be indicated in some patients. A similar study has documented greater anxieties and less satisfaction among patients requiring repeat vascular surgical interventions than in those undergoing a first procedure.[ ] These findings indicate that clinical measures,
such as ABI, patency, and limb salvage, effectively assess the physiologic impact of vascular intervention but do not adequately describe overall patient benefit or adverse effect. The benefits of any proposed therapy must outweigh the risks to the patient’s
overall level of function. Only by documenting all of the benefits and adverse effects of a therapy can a physician evaluate the results of treatment.

Several outcomes parameters have been defined to permit the acquisition of this patient-based information. They are functional status, perceived health, psychological well-being, and role function. Functional status assessment is directed toward the
determination of how well the patient can perform tasks commonly required in daily life, such as climbing stairs, walking across a room, reading a newspaper, and holding a pen; these activities are generic in nature and are independent of gender and
occupation. Perceived health evaluation attempts to define how healthy a person believes he or she is and those aspects of ill-health that most limit the patient. A patient’s perception of his or her health may be adversely affected by disease even after
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treatment. In a study of 56 patients undergoing successful lower extremity revascularization, Gibbons and colleagues[ ] noted that the only independent predictor of improved patient functional status 6 months after surgery was the patient’s perception of his
10

or her health status before surgery. Duggan and associates[ ] evaluated 17 patients who had successful lower extremity bypass procedures and found that, at a mean of 18 months after surgery, there was a decline in perceived health despite a patent bypass.
Psychological well-being assessment identifies how worried, anxious, or depressed a patient is about his or her illnesses and treatment. Perceived health and psychological well-being provide valuable information about the emotional impact of illness and
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insight into the effects of therapy. Although claudication is not a directly life- or limb-threatening disorder, Khaira and associates[ ] documented greater perceived health problems regarding energy, pain, and emotional reactions among claudicants than in a
control group without claudication. Evaluation of role functioning is directed toward the assessment of the effect of a patient’s illness on his or her ability to work and perform obligatory duties. This dimension provides important information for the choice of
treatment for claudication, for example.

GENERIC OUTCOMES ASSESSMENT TOOLS
Several survey instruments are available that are capable of assessing these health dimensions ( Table 5–3 ). Each of these instruments has been broadly applied to large patient populations and has demonstrated both reliability and validity, essential properties
for the acquisition of meaningful information. Reliability refers to the consistency of
TABLE 5-3 -- Generic Quality of Life Instruments
INSTRUMENT

SOURCE

Nottingham Health Profile

Bergner M, Bobbitt RA, Carter WB, et al: The sickness impact profile: Development and final revision of a health status measure. Medical Care 19:787–
805, 1981.

EuroQol

EuroQol Group: EuroQol—a new facility for the measurement of health-related quality of life. Health Policy 16:199–208, 1990.

Sickness Impact Profile

Hunt SM, McEwen J, McKenna SP (eds): Measuring Health Status. Dover, NH, Croom Helm, 1986.

Medical Outcomes Study Short-Form 36-Item Health Survey (SF-36)

Kaplan RM, Bush JW: Health-related quality of life measurement for evaluation and research and policy analysis. Health Psych 1:61–71, 1982.

Quality of Well-Being Scale

Ware JE, Sherbourne CD: The MOS 36-item short-form health survey SF-36-I: Conceptual framework and item selection. Medical Care 30:473–483,
1992.

38

TABLE 5-4 -- Areas of Assessment on the Medical Outcomes Study Short-Form 36-Item Health Survey (SF-36)
Perception of health
Psychological well-being
Role limitations due to physical health problems
Role limitations due to mental health problems

Physical function
Social relations
Pain
Fatigue

measurement of each question within the survey tool. In simplest terms, a reliable question will be answered in the same way by most individuals who have the same overall health condition. Validity implies that each question actually measures what is
intended and that the answers to similar questions are consistent. In the absence of a change in the patient’s condition, answers to specific questions in surveys administered over time should be the same. The most commonly used health assessment tool in the
United States is the Medical Outcomes Study Short-Form 36-Item Health Survey, commonly known as SF-36. This instrument is subdivided into an eight-index set of questions ( Table 5–4 ). For each health dimension, the response scores are coded, summed,
and converted into a scale from 0 to a high of 100.

As measured by the SF-36, physical function, role function, and pain are significantly affected by peripheral arterial occlusive disease ( Fig. 5–1 ). The eight indices can be used individually or as an overall measure of general health status. Because it is a
generic assessment tool, however, the subgroups are not disease specific. Role limitations due to physical health problems, for example, do not specifically identify the effect of claudication on occupation but do manifest the aggregate effect of all co-morbid
conditions on the performance of role-related activities.
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Generic quality of life instruments have been used to assess the quality of life after vascular intervention for both asymptomatic and symptomatic vascular disease. Perkins and associates[ ] used the SF-36 and the York Quality of Life Questionnaire
preoperatively and at 1½, 3, and 6 months postoperatively in order to evaluate 59 patients undergoing open infrarenal aortic aneurysm resection. These investigators noted a return to preoperative baseline values by 3 months after surgery and an improvement
from baseline at 6 months. This finding is worthy of note in light of the fact that the patients were asymptomatic before surgery. The impact of an aggressive approach to the treatment of ruptured aneurysm has also been evaluated from the patient’s perspective
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through the use of generic quality of life instruments. Joseph and associates[

used the SF-36 instrument to evaluate 26 patients who survived repair of a ruptured abdominal aortic aneurysm. These researchers reported postoperative quality of life scores
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equivalent to or above those for age-matched control norms. Korhonen and colleagues[ ] also used the SF-36 to evaluate the recovery of 93 patients who had undergone emergency resection of a ruptured abdominal aortic aneurysm 1 to 5 years previously.
These investigators noted a prolonged or persistent reduction in the physical functioning domain, but the other domains were within the range of norms for age and sex-adjusted controls 1 to 5 years after surgery. These studies

Figure 5-1 Impact of claudication on patient quality of life as assessed by the Rand SF-36 health survey, compared with the general population. (From Bosch JL, Hunink MGM: The relationship between descriptive and valuational quality-of-life measures in
patients with intermittent claudication. Med Decis Making l16:217–225, 1996.)

TABLE 5-5 -- Recommended Parameters for the Evaluation of Lower Extremity Ischemia
Standard clinical parameters
Technical success

*

Morbidity
Mortality
Vascular examination
Ankle-brachial indices
Patency of treated arterial segment
Changes in walking distance as measured by a treadmill protocol
Changes in symptom severity by Rutherford classification
Walking Impairment Questionnaire scores before and after treatment
SF-36

*

quality of life scores before and after treatment

From Dormandy JA, Rutherford RB: Management of peripheral arterial disease (PAD). TransAtlantic Inter-Society Consensus. J Vasc Surg 31:S1-S288, 2000.

* Medical Outcomes Study Short-Form 36-Item Health Study.

critical assessment of the benefit of vascular intervention will confirm not only the technical precision of vascular reconstruction but also the long-term improvement in patient status.

ECONOMIC ASSESSMENT OF VASCULAR INTERVENTION
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As technology advances and the push for better health care moves forward, there is a growing need to identify the economic effect of beneficial intervention.[ ] This is another excellent method for analyzing the impact of vascular therapy. It is especially
important because vascular intervention is directed toward improvement in quality of life. Economic evaluations permit the assessment of the cost for the improvement in life quality. Such values can then be used to compare, in a scientifically valid manner,
the costs of vascular intervention with the costs of any other interventions that may improve quality of life. There are several acceptable methodologies for the performance of economic evaluation ( Table 5–6 ). The goal of these economic analyses is the
determination of the cost to achieve the desired benefit or effect of therapy.

The most commonly employed method for the economic analysis of surgical interventions is a Markov analysis ( Table 5–7 ). This computer-based program tracks the changes in health states of a person after a health care interaction. For example, a patient
with severe claudication secondary to inflow occlusion may undergo balloon angioplasty. After a successful angioplasty, the patient’s stroke symptoms are significantly reduced and the patient’s health state is improved. With time, however, the likelihood of
recurrent stenosis and return of symptoms will rise and the patient’s health state may be reduced. Re-treatment may be required, with the associated risks of a “redo” intervention or conversion to open surgery. By using ranges of data published in the literature
for each possible outcome, a Markov analysis charts the probable changes in health states over time until an endpoint, such as a steady state of perfect health (valued as 1) or death (valued as 0) or amputation, is reached.

The analysis is generally performed on a cohort of hypothetical patients. The status of the hypothetical patient at the onset of the analysis is referred to as the base-case. The base-case attempts to define the type of hypothetical patient used in the analysis
through demographic descriptors. This identifies the actual patient population to which the outcome of the assessment might apply. For the preceding example, the hypothetical base-case may be a 70-year-old man who smokes and has insulin-requiring
diabetes mellitus, controlled hypertension, and an elevated cholesterol value with a prior myocardial infarction and two-block claudication. The Markov analysis describes the outcomes of a large cohort of such patients undergoing treatment for symptoms of
claudication. Through identification of the costs associated with each of the health care interactions the patient may experience, a cost-effectiveness analysis can be developed.

Such methodologies have been used to address issues of vascular intervention that would be difficult to study with conventional methodologies, such as a randomized, prospective trial. Investigators have used economic modeling to
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TABLE 5-6 -- Common Types of Economic Analyses of Diagnostic or Therapeutic Modalities
Cost-benefit

Cost units and benefit units are expressed in monetary terms. The benefit units may be determined by estimating the “willingness” of a payor to pay for a given benefit.

Cost-effectiveness (cost-utility)

A method to compare similar or different therapeutic interventions in which cost units are expressed in monetary terms but effectiveness is expressed in clinical terms, such as dollars per
quality-adjusted life-years (QALYs) saved. For example, coronary bypass grafting yields a cost-effectiveness ratio (CER) of $9000/QALY, whereas hemodialysis has a CER of $53,000/QALY.

Cost-minimization

Monetary comparison of health care strategies that yield clinically similar outcomes to determine which is associated with lower costs over the period of observation.

TABLE 5-7 -- Economic Analysis: Glossary of Common Terms
Cost-effectiveness analysis

An assessment of the cost of an intervention expressed in clinical units, such as a clinical endpoint of limbs salvaged after distal bypass.

Quality-adjusted life-years

A preference-weighted endpoint that indicates the desired outcome, such as carotid endarterectomy without stroke.

Base-case

The target case for the comparison; for example, a 70-year-old man with carotid artery stenosis of more than 70% who is undergoing an intervention.

Sensitivity analysis

Testing a range of values for variables that are not well defined to determine the impact on outcome.

Cost-effectiveness ratio

The additional lifetime cost of an intervention divided by the quality-adjusted life-years saved.

Monetary unit fixation

The definition for the purpose of the study of the monetary unit used (i.e., dollars, pounds sterling) and the year. In studies conducted over several years, it is necessary to establish a single
monetary unit. This is done by noting the base year and calculating all costs in terms of that base year by correcting for inflation in the subsequent years.

Markov analysis

A computer-based analytical tool that identifies the linkage of events using probabilities derived from reports in the literature. Because of the multiple possible outcomes of any vascular
intervention and the range of probabilities that each of the outcomes may occur, the likelihood of an event occurrence cannot be directly evaluated with simple calculations. A Markov model
will evaluate simultaneously all of the possible outcomes and the probabilities that each will occur for a given group of patients.
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ascertain the cost-effectiveness of endovascular aneurysm treatment, to compare the costs of carotid endarterectomy and carotid angioplasty, and to identify the potential benefits of treating small aneurysms. Bosch and associates[ ] used a Markov decision
model to compare the cost-effectiveness of endovascular and open aneurysm repair on the basis of short-term and long-term outcomes. The hypothetical cohort comprised 70-year-old men with asymptomatic infrarenal aneurysms between 5 and 6 cm in
diameter. Costs were fixed to the value of the year 2000 dollar. These researchers calculated an incremental cost-effectiveness ratio (CER) of $9905 per quality-adjusted life-year (QALY) saved, based on an increased survival benefit of endovascular repair
with a small increase in lifetime cost compared with open surgery.
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Patel and coworkers[ ] used similar methodologies to compare endovascular and open surgical aneurysm repair undertaken on a cohort of hypothetical patients who were 70-year-old men with asymptomatic infrarenal aneurysms 5 cm in diameter. The
group calculated a CER for endovascular repair of $22,826/QALY. The cost-effectiveness of endovascular repair was diminished as the morbidity and mortality of open repair were reduced. The differences in the CERs calculated in these two studies can be
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explained by the ranges of probabilities used for each of the possible outcomes in the Markov decision model. Schermerhorn and colleagues[ ] evaluated the cost-effectiveness of surgery for small abdominal aortic aneurysms using data generated in the
United Kingdom Small Aneurysm Trial. On the basis of Markov modeling, these investigators found that surgery for small aneurysms may be cost effective at $10,800/QALY if the patient was younger than 72 years, the aneurysm was at least 4.5 cm in
diameter, and surgical morbidity and mortality were low.

26]

Cronenwett and associates[

used similar methodology to determine the cost-effectiveness of carotid artery surgery for patients with asymptomatic lesions. With a base-case cohort of patients, 66% male, who were on average 67 years of age with an
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asymptomatic lesion of at least 60%, these researchers calculated a CER of $8000/QALY. Kuntz and Kent[ ] compared the treatment of symptomatic and asymptomatic patients with carotid stenosis. With Markov decision modeling, they calculated a CER
of $4100/QALY for symptomatic patients and $52,700/QALY for asymptomatic patients. The CER varied significantly with the assigned perioperative stroke risk for surgery and for medical therapy.
These studies demonstrate that critical issues in vascular surgery can be addressed by advanced computer-based modeling using values of outcomes reported in the literature. In conjunction with patient-based outcomes data, these studies can clearly delineate
the impact of vascular diagnostic and therapeutic endeavors on the health and well-being of patients and on the health care system within which they exist. It is only through application of these outcomes parameters and use of them for decision-making and
decision analysis that the field of vascular surgery can successfully evolve.
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Chapter 6 - Standardized Reporting Practices

RAJEEV DAYAL MD
K. CRAIG KENT MD

There is a clear need for standardized reporting practices in all areas of medicine, including vascular surgery. The task of surveying the literature to assess the current status of a treatment or intervention is daunting enough, but without standardized reporting
practices, there is no sound basis for comparison. Imagine 100 studies of the efficacy of one operation. If the same variables and outcome measures were utilized in all 100 studies, their results are truly comparable, and combining the data through metaanalysis could result in a powerful statement about that procedure. Conversely, if the outcomes and the factors affecting them were gauged differently, not only would it be impossible to reconcile these differences and properly compare the findings but also a
meta-analysis would be of questionable value.
Realizing the importance of reporting standards in vascular surgery, an ad hoc committee of the national vascular societies, under the direction first of this book’s editor and now of this chapter’s senior author (KCK), has developed and promulgated uniform
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reporting standards for many if not most common vascular procedures, for each of the major disease headings: lower extremity,[ ] [ ] extracranial cerebral[ ] and aneurysmal arterial diseases,[ ] and venous disease.[ ] [ ] Reporting standards have also

7
8
9
10
11
been recommended for noninvasive testing of cerebrovascular disease,[ ] some of which is procedure oriented (e.g., vena cava filter placement,[ ] lower extremity endovascular procedures,[ ] hemodialysis access,[ ] and AAA endograft repair[ ]
[12] ). Disease severity scoring schemes have been introduced for venous disease[13]
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and aortic aneurysm repair[ ] to enable more valid comparisons of reports of different interventions, or of the same intervention performed by different vascular surgeons, with consideration of the different patient populations involved; schemes for
operative severity and for carotid and extremity arterial revascularization procedures will also be developed.

15]

In addition, the Society of Cardiovascular and Interventional Radiology (SCVIR) has published reporting standards on the percutaneous treatment of lower extremity arterial disease[

1
(based on the original vascular society reporting standards[ ] ), has

8
16
17
18
jointly reported on vena cava filter placement,[ ] and has recommended reporting standards for the treatment of renal artery stenosis,[ ] percutaneous interventions for dialysis access,[ ] new peripheral arterial revascularization devices,[ ] and
19]

transluminal treatment of acute limb ischemia.[

It is important to distinguish between reporting standards, which recommend uniform practices for reporting on the diagnosis and treatment of vascular diseases in scientific journals, and practice standards, which recommend standards of vascular surgery

20]

care for those diseases. For example, practice standards for the repair of abdominal aortic aneurysms were published in 2003 by an ad hoc committee of the Society for Vascular Surgery.[

These are in contradistinction to reporting standards, which

4
11 12
recommend the variables and outcomes that should be measured by anyone conducting a study of aortic and other aneurysms,[ ] and for endoluminal or endograft (endovascular) aortic aneurysm repair (EVAR)[ ] [ ] along with a grading scheme for
[14]
[12] [14]

On the basis of the last two reporting standards,
all reports of abdominal aortic aneurysm (AAA) repair should include an evaluation of patient co-morbidities and the main anatomic variables, the
patient co-morbidities and anatomic variables.
methods used for repair should be described in detail, and certain endpoints, such as procedural success, overall success, procedural mortality, and AAA-related mortality, should be documented.

Thus, the goal of reporting standards is to provide a uniform structure that investigators can use when they design and report clinical trials. These reports have several common themes. They define essential terms and make recommendations regarding the
following:
■ Clinical classification of disease
■ Criteria for improvement, deterioration, and failure

■ A grading system for risk factors
■ Categorization of operations and interventions
■ Complications encountered with grades for severity or outcome

Recommendations that are common to all reporting standard documents are summarized in the remainder of this chapter.

RISK FACTORS

21

Reports that evaluate procedures or interventions may be difficult to interpret when factors that affect outcome are not identified and graded for severity.[ ] Such factors are (1) diabetes, (2) tobacco use, (3) hypertension, (4) hyperlipidemia, and (5) the
cardiac, renal, or pulmonary status of a patient. These variables should then be analyzed to stratify risk as it relates to procedural outcome. Scoring systems used in other areas of medicine—such as Acute Physiology and Chronic Health Evaluation
(APACHE), Pictures of Standard Syndromes and Undiagnosed Malformations (POSSUM), and Trauma and Injury Severity Score (TRISS)—can be cumbersome to use in clinical practice. POSSUM, for example, employs some parameters that are measured
intraoperatively, such as blood loss, thereby preventing preoperative assessment and prediction of patient risk. Adopting the thesis that a scoring system of pre-intervention risk factors should be simple and practical in its use, developers of the reporting
standards have advocated a grading system for risk factors that involves using a four-level scale with the categories 0 (none), 1 (mild), 2 (moderate), and 3 (severe). For example, hypertension is graded as absent, mild, moderate, or severe according to the level

21]

of blood pressure, the amount of drug therapy needed to control it, or both. Specific and unambiguous criteria for the various degrees of severity must be created, particularly for critical risk factors.[
operation specific, as separately described in the appropriate sections here.

Moreover, there are risk factors that are disease or

REPORTING DEATH AND COMPLICATIONS
Both early (<30 days) and late (>30 days) mortality rates after revascularization procedures should be reported routinely. The late mortality rates may be included as an additional column in the life-table entitled “cumulative mortality.” Late deaths should be
categorized as due to the underlying disease (e.g., atherosclerosis), to delayed complications of surgical management, or to unrelated factors.
Complications of intervention are to be reported as well. A complication grading scale similar to the scale used to grade associated risk factors can be employed: 0 (none), 1 (mild), 2 (moderate), and 3 (severe). When possible, complications should be

22]
provides a more detailed description of methods for reporting complications. Recommendations for the

categorized as systemic/remote, local/ vascular, and local/nonvascular, and should be assigned a level of severity as previously detailed. Rutherford[
reporting of procedure-specific complications are also outlined in this chapter.

DISEASE-SPECIFIC AND PROCEDURE-SPECIFIC REPORTING STANDARDS
Lower Extremity Arterial Disease
Clinical Classification

The outcomes of acute and chronic lower extremity ischemia should not be combined because the results of emergent and elective interventions for the two disease states are influenced by different factors and are not comparable. For chronic ischemia, the
proposed clinical categories are listed in Table 6–1 . It should be noted that these categories are intended for clinical research, and the classic grades 0 to III are intended for clinical practice.
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TABLE 6-1 -- Clinical Categories of Chronic Limb Ischemia
GRADE

CATEGORY

CLINICAL DESCRIPTION

0

0

Asymptomatic: no hemodynamically significant occlusive disease

I

1

Mild claudication

OBJECTIVE CRITERIA
Normal treadmill or stress test result
Patient completes treadmill exercise
less than BP

2

Moderate claudication

Between categories 1 and 3

*

; AP after exercise > 50 mm Hg but 25 mm Hg

3

Severe claudication

Patient cannot complete treadmill exercise; AP after exercise < 50 mm Hg

II

4

Ischemic rest pain

Resting AP < 40 mm Hg, flat or barely pulsatile ankle or metatarsal PVR; TP < 30 mm Hg

III

5

Minor tissue loss; nonhealing ischemic ulcer, focal gangrene with diffuse pedal ischemia

Resting AP < 60 mm Hg; ankle or metatarsal PVR flat or barely pulsatile; TP < 40 mm Hg

6

Major tissue loss; extending above TM level; functional foot no longer salvageable

Same as category 5

AP, ankle pressure; BP, brachial pressure; PVR, pulse volume recording; TM, transmetatarsal; TP, toe pressure.

* Five minutes at 2 miles/hr on a 12% incline.

Ischemic rest pain (category 4) indicates diffuse pedal ischemia and is defined as severe pain localized to the forefoot and toes, made worse by elevation, and improved by dependency. It is usually associated with ankle pressures less than 40 mm Hg and toe
pressures less than 30 mm Hg, so these levels are used as objective criteria for category 4 designations. Nonhealing ischemic ulcer (category 5) indicates that there is inadequate arterial flow to support the additional inflammatory response required for healing.
Therefore, in the presence of a “nonhealing ischemic ulcer” or gangrene, the higher pressure criteria, 60 mm Hg at the ankle and 40 mm Hg at the toe, are not paradoxical but deliberately used.
Treatments are performed for “limb salvage” if they are performed in patients fitting the clinical and noninvasive criteria of category 4 or 5. Successful limb salvage implies that the patient is left with at most a minor amputation, that is, digital amputations no
higher than the transmetatarsal level after the intervention. Most higher forefoot and Syme’s amputations are considered major amputations, and patients with successful amputations at these levels, even though lower than a below-knee amputation, cannot be
included in the designation “limb or foot salvage.” Similarly, a revascularization procedure that results in a below-knee amputation in the patient in whom an above-knee amputation would have been required is also not considered “limb salvage.” Procedures
for “blue toe syndrome” or microembolism do not qualify for the designation “limb salvage” unless there is objective (category 5 or 6) evidence of diffuse pedal ischemia or tissue loss and a proximal occlusive lesion that is corrected. These issues are

23]

addressed separately in more detail in the criteria for chronic critical ischemia issued by the TransAtlantic Inter-Society Consensus (TASC).[
Risk Factors

The standard risk factors discussed previously, such as diabetes and hypertension, should be reported along with the outcomes of revascularization for lower extremity ischemia. In addition, runoff is also thought to contribute to outcome, and a runoff grading

2
system is offered. Further details regarding the current runoff grading scheme may be obtained from the most recent revision of the reporting standards for lower extremity ischemia.[ ]
Outcome Criteria

Various outcomes can be measured after treatment, including patency, limb salvage, clinical status, and quality of life. Moreover, early (<30 days) and late (>30 days) outcomes should also be reported. The criterion for defining the various outcomes should be
clearly established. Authors of scientific articles should not accept patency rates that are not based on objective findings. “No evidence of occlusion” cannot be equated with “patency” for reporting purposes, nor can “palpable pulses” recorded from a clinic
visit, considering the inaccuracy of pulse palpation by relatively inexperienced health care professionals. A bypass graft or otherwise reconstructed arterial segment may be considered patent when any of the following criteria are met:
1. Demonstrated as patent on conventional arteriography or other established imaging technique—e.g., digital subtraction arteriography, duplex ultrasonography (duplex scanning), contrast-enhanced computed tomography (CT) scan, or magnetic
resonance imaging (MRI).
2. Maintenance of the achieved improvement in the appropriate segmental pressure index (i.e., no more than 0.10 less than the highest postoperative index).
3. Maintenance of a plethysmographic tracing distal to the reconstruction that is significantly greater in magnitude than the preoperative value (e.g., + 5 mm or + 50% for pulse volume recording). This criterion is the weakest and is acceptable only
when segmental limb pressures cannot be accurately measured, as in many diabetic patients. In most such cases, however, direct imaging is preferable.
4. The presence of a palpable pulse or the recording of a biphasic or triphasic Doppler waveform at two points directly over a superficially placed graft.
5. Direct observation of patency at operation or postmortem examination.
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Criteria 2 through 4 are less commonly used now with the wide availability of duplex scanning. These criteria, particularly segmental pressure indexes, were routinely used to provide objective proof of patency in the era when serial arteriography was not
appropriate. Nevertheless, pressure or plethysmographic deterioration must be given precedence over the simple demonstration of patency by imaging, and the lack of significant stenosis must be ruled out. Scientific reports of patency deserve precise
documentation.
It is essential to report separate rates for primary patency, assisted primary patency, and secondary patency for vascular reconstructions. A graft is considered to have primary patency if its patency is uninterrupted (i.e., there have been no interval procedures,
such as transluminal dilatation and distal extension from the graft). Dilatations or minor revisions performed for anastomotic or graft stenoses, graft dilatations, or other structural defects before occlusion do not constitute exceptions in defining primary
patency, because they are intended to prevent eventual graft failure. Because the outcome of such interventions to preserve patency of the “failing” graft is markedly different from the outcome of interventions used to restore patency to a thrombosed graft, an

assisted primary patency rate may be quoted as long as the pure primary patency rate is also noted. If graft patency is restored after occlusion by thrombectomy or thrombolysis, or if problems with the graft itself or one of its anastomoses require revision or
reconstruction, it must be listed under secondary patency. However, a reoperation, specifically one that does not preserve flow through most of the original graft and at least one of its anastomoses, is considered a new bypass rather than listed as secondary

2
patency. More detailed descriptions and explanations are provided in the revised version of recommended standards for reports addressing lower extremity ischemia.[ ]

Criteria for establishing changes in clinical status have been defined and are summarized in Table 6–2 . A combination of clinical assessment and segmental pressure index are used to establish whether the patient’s status has improved or deteriorated. For
example, status is defined as markedly improved after revascularization (+3) if there are no ischemic symptoms, the foot lesions have completely healed, and the ankle-brachial index (ABI) has “normalized” (>0.90). This scale has been found useful in
assigning “continuing success” in follow-up reports on both open and endovascular lower extremity arterial procedures through combination of all cases in the +2 or +3 categories and application of either life-table or Kaplan-Meier analysis methods.

Endovascular Intervention for Lower Extremity Arterial Disease

Early reports of the outcomes of endovascular interventions for lower extremity ischemia were lacking in their use of standard reporting criteria. Some of the issues encountered in these early reports were (1) the exclusion of initial failures from estimates of
cumulative success, (2) reporting of only one criterion for success, for example, patency without clinical outcome, (3) the lack of objective, hemodynamic criteria to confirm improvement or patency (e.g., claiming “clinical patency”), (4) absence of a
distinction between primary and secondary patency (e.g., including redilatations without listing their number), and (5) not characterizing or stratifying the anatomy of the lesions treated. Most of the reporting standards previously defined for open intervention
for lower extremity ischemia apply to endovascular interventions. However, a number of variables are unique to percutaneous treatments, as follows:
■ For thrombolysis: agent used, dose and duration of treatment.
■ Description of the underlying lesion (e.g., occlusion versus stenosis, length of treated segment, vessel diameter).
■ Detailed description of the techniques, including size and length of balloon or stent, method of access, adjunctive measures used to maintain patency (e.g., a covered graft).
■ Complications specific to endovascular treatments, including groin hematoma, arterial occlusion, intimal injury/dissection, embolization, arteriovenous fistula, perforation, and/or pseudoaneurysm.

9
18 19
For a more detailed description, the reader should consult Ahn and colleagues[ ] and additional documents of the SCVIR.[ ] [ ]

Cerebrovascular Disease
Clinical Classification

With the introduction of new methods of treating cerebrovascular disease (i.e., carotid stenting), the need for standardizing terminology and measurements of outcomes is critical. The use of inconsistent terminology makes comparison of data difficult if not

3
impossible. A scheme for the clinical classification of cerebrovascular disease is summarized in Table 6–3 .[ ] The CHAT system is based on the
TABLE 6-2 -- Scale for Gauging Change in Clinical Status
+3

Markedly improved

+2

Moderately improved

No ischemic symptoms and any foot lesions completely healed; ABI essentially “normalized” (increased to more than 0.90)
No open foot lesions; still symptomatic but only with exercise and improved by at least one category
more than 0.10

+1

Minimally improved
Greater than 0.10 increase in ABI
more than 0.10

†

*

; ABI not normalized but increased by

but no categorical improvement or vice versa (i.e., upward categorical shift without an increase in ABI of

0

No change

No categorical shift and less than 0.10 change in ABI

−1

Mildly worse

No categorical shift but ABI decreased more than 0.10, or downward categorical shift with ABI decrease less than 0.10

−2

Moderately worse

One category worse or unexpected minor amputation

−3

Markedly worse

More than one category worse or unexpected major amputations

ABI, ankle-brachial index.

* Categories refer to clinical classification as shown in Table

6–1 .
† In cases in which the ABI cannot be accurately measured, an index based on the toe pressure, or any measurable pressure distal to the site of revascularization, may be
substituted.
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TABLE 6-3 -- Clinical Classification Scheme for Cerebrovascular Disease (CHAT)
Current clinical presentation (<1 yr)

0: Asymptomatic
1: Brief stroke (< 24hr):
a: Carotid-ocular
b: Carotid-cortical
c: Vertebrobasilar
d: Other focal
e:Diffuse
2: Temporary stroke with full recovery (24 hr to 1 month):
a, b, c, d, e same as No. 1
3: Permanent stroke (>1 month):
a, b, c, d, e same as No. 1
4: Nonspecific dysfunction
5: Changing stroke:
a: Improving
b: Stable or fluctuating
c: Deteriorating

Past history

0: Asymptomatic
1: Brief stroke (<24 hr):
a: Carotid-ocular
b: Carotid-cortical
c: Vertebrobasilar
d: Other focal
e: Diffuse
2: Temporary stroke with full recovery (24 hr to 1 month):
a, b, c, d, e same as No. 1
3: Permanent stroke (>1 month):
a, b, c, d, e same as No. 1
4: Nonspecific dysfunction

Artery

0: No lesion

1: Appropriate lesion for symptom
2: Lesion in other vascular territory only
3: Combination of 1 & 2
a: Arteriosclerotic plaque
c: Cardiogenic (embolic)
d: Dissection (spontaneous)
e: Aneurysm
f: Fibromuscular dysplasia
r: Arteritis
t: Trauma
o: Other
Target organ (brain)

Territory:
0: No lesion
1: Appropriate lesion for symptom
2: Lesion in other vascular territory only
3: Combination of 1 & 2
Pathology:
h: Hemorrhage
i: Infarct
l: Lacuna
m: Arteriovenous malformation
n: Neoplasm
o: Other

24] [25]

following categories: clinical status, history, arterial lesion responsible, and target organ (brain or eye). The system includes both current clinical status and past clinical status, and the cutoff between current and past is 1 year.[
categories are as follows:

The main clinical

0: Asymptomatic.
1: Brief stroke—full recovery in less than 24 hours (internationally more acceptable than “transient ischemic attack”).
2: Temporary stroke—full recovery in 24 hours to 1 month (often called “resolving ischemic neurologic deficit”).
3: Permanent stroke—symptoms or signs lasting longer than 1 month.
4: Nonspecific dysfunction—allows identification of cases that do not fit into the precise classifications, a regrettable but necessary concession to the realities of clinical medicine.
5: Changing stroke (formerly stroke-in-evolution)—allows for patients in whom therapeutic intervention is applied before the outcome of the current episode is known. For the changing stroke category, additional coding identifies the nature of the
stroke-in-evolution as improving, fluctuating, or deteriorating. After 1 month, a “changing stroke” with residual neurologic signs or symptoms must be reclassified as a “permanent stroke.”
Classification of the arterial segment involved consists of the location and pathologic nature of the lesion. Therefore, the artery is classified as follows:
0: No lesion

1: Lesion appropriate for neurologic event
2: Lesion only in another vascular pathway
3: Combination of 1 and 2

The pathologic process is categorized as arteriosclerosis, cardiogenic embolus, dissection, aneurysm, fibromuscular dysplasia, arteritis, trauma, or other.

Classification of the target organ involved comprises the location and pathologic nature of the ischemic lesion. The target organ is classified as follows:
0: No lesion
1: Lesion appropriate for neurologic event
2: Lesion in another vascular territory
3: Combination of 1 and 2

Additional coding can be used to identify the vascular territory involved, such as carotid-ocular, carotid-hemispheric, vertebrobasilar, other focal, or diffuse. The pathologic process is categorized as hemorrhage, infarct, lacunar, arteriovenous malformation
(AVM), neoplasm, retinal embolism, or other.
Diagnostic and Clinical Criteria

Strokes may be graded as major or minor, and this distinction may suffice for some reports. However, when additional grading criteria are required, the Neurologic Event Severity Scale should be used ( Table 6–4 ). This scale grades strokes from 1 to 11
depending on the extent of impairment in up to five domains (swallowing, self-care, ambulation, communication, and comprehension).
Contrast angiography is the “gold standard” by which other imaging modalities are judged to image the carotid bifurcation. However, over the past several years, duplex scanning, magnetic resonance angiography (MRA), and spiral CT have emerged as
minimally invasive alternatives. Many surgeons now use duplex scanning as the only
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TABLE 6-4 -- Neurologic Event Severity Scale
IMPAIRMENT

SEVERITY GRADE

*

NEUROLOGIC SYMPTOMS

NEUROLOGIC SIGNS

1

None

Present

Absent

2

None

Absent

Present

3

None

Present

Present

4

Minor, in one or more domains

Present

Present

5

Major, in only one domain
NA

†

NA

6

Major, in any two domains

NA

NA

7

Major, in any three domains

NA

NA

8

Major, in any four domains

NA

NA

9

Major, in all five domains

NA

NA

10

Reduced level of consciousness

NA

NA

11

Death

NA

NA

NA, not applicable.
From the EC/IC Bypass Study Group: The International Cooperative Study of Extracranial/Intracranial Arterial Anastomosis (EC/IC Bypass Study): Methodology and entry characteristics. Stroke 16:397–406, 1985. By permission of the American Heart
Association, Inc.

* Impairment in the domains of swallowing, self-care, ambulation, speech, and comprehension. If independence is maintained despite the impairment, deficit is classified as minor; if independence is lost, it is
classified as major.
† Neurologic signs and symptoms are integrated into the higher grades of impairment.

preoperative study. However, before this strategy is adopted, the accuracy of duplex scanning in the laboratory that is performing the study must be proved.
When cerebral angiography is used for imaging, the following definitions regarding degree of stenosis should be used:
■ Normal: < 20% stenosis
■ Mild: 20% to 59% stenosis
■ Moderate: 60% to 79% stenosis
■ Severe: 80% to 99% stenosis
■ Occluded: 100% stenosis
A subcategory defining extent of ulceration should be listed as well; categories are as follows:
0: Normal smooth surface
1: Small ulcer, <2 mm deep or 5 mm long
2: Moderate ulcer
3: Large ulcer, >4 mm deep or 10 mm long
4: Complex ulceration irregularity
The techniques used for determining degree of stenosis with duplex scanning are described in detail in Chapter 138 .
Reporting Results
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With the proliferation of carotid angioplasty and stenting (CAS), it is crucially important that the same standards be applied to endovascular and open techniques.[ ] The results of therapeutic intervention for extracranial arteries are best measured according
to the occurrence (or absence) of stroke (including transient or temporary cerebrovascular symptoms) in the distribution of the treated artery and the recurrence (or relief) of preoperative symptoms. Post-intervention central neurologic complications should be
reported as brief, temporary, or permanent and should be further stratified into major or minor as detailed in the preoperative assessment. These strokes should also be separated into intraprocedural stroke, periprocedural stroke (up to 30 days after procedure),

26 27

and late postprocedural stroke (>30 days after procedure). A second outcome measure that should be assessed is the residual stenosis that exists after the procedure as well as the degree of restenosis that subsequently develops.[ ] [ ] A greater than 50%
lesion is considered to signify recurrent disease or restenosis; it has become increasingly clear, however, that in the absence of symptoms, only restenoses greater than 80% require re-intervention. Thus, measurement of both aspects of recurrent disease is of
use.
Venous Disease
Deep Venous Thrombosis

The associated risk factors for venous disease, summarized in Table 6–5 , are significantly different from those for other forms of vascular disease. These risk factors are graded according to severity in a grading system similar to those used in other disease
states. A composite total score is derived with a maximal score of 28. This composite score allows for the calculation of relative risk for development of deep venous thrombosis (DVT) and enables stratification of studies of DVT prophylaxis and treatment

5 6
according to calculated risk factor score to ensure that the patient groups being compared are equivalent.[ ] [ ]
The clinical classification is based on extent of thrombus and site of involvement. The relevant segments of the deep venous system are tibial-soleal veins, popliteal vein, common or superficial femoral vein, iliac vein, and vena cava. Superficial sites are the
greater saphenous, lesser saphenous, and unnamed cutaneous veins. The following grading system should be applied to the six deep segments and two superficial segments:
0: Patent
1: Nonocclusive thrombus
2: Subsegmental occlusive thrombus
3: Occlusive thrombus throughout the segmental length
When thrombosis is present, it should be described as deep, superficial, or combined, and associated symptoms of pain, erythema, induration, and swelling should be noted.
The methods of detection of DVT should be listed as well, including physiologic tests such as plethysmography and anatomic tests such as contrast phlebography and duplex scanning. Specific details of treatment, such as the use of anticoagulation with
heparin sodium or warfarin and the values for activated partial thromboplastin time (aPTT) and International Normalized Ratio (INR) should be noted. Notes on thrombolytic therapy should include the drug, dosage, and route of administration, and those on
the results of therapy should include the percentage of patients experiencing total thrombus resolution with preservation of valve function. Valvular competence should be determined
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TABLE 6-5 -- Associated Risk Factors for Deep Venous Thrombosis (DVT)
RISK FACTOR
Prior deep venous thrombosis

Immobilization

Anesthesia

Age

Malignancy

SEVERITY SCALE
0

None

1

Suspected

2

Proven

3

Multiple suspected

0

None

1

1–3 days

2

>3 days

3

Paraplegia

0

Local

1

45 minutes general

2

>45 minutes general

3

>3 hr

0

<40 yr

1

40–70 yr

2

>70 yr

0

None

1

Recurrence

Malignant tissue type

Cardiac disease

Limb trauma

Thrombotic tendency

Hormonal therapy?

Pregnancy

Obesity

2

Extensive regional tumor

3

Metastatic

0

Other (see below)

1

Adenocarcinoma

0

New York Heart Association (NYHA) Class 1

1

NYHA Class 2

2

NYHA Class 3

3

NYHA Class 4

0

None

1

Soft tissue injury

2

Fracture of tibia and/or fibula

3

Fracture of femur

4

Fracture of hip or pelvis

0

None suspected

1

Suspected

2

Proven treated

3

Proven untreated

0

No

1

Yes

0

Absent

1

Present

0

Normal to 175% ideal body weight

1

>175% ideal body weight

by duplex scanning, and valvular competence and overall patency should be listed in life-table format. Incomplete resolution of thrombus should be regarded as a treatment failure unless major tributaries are cleared of thrombus. Inability to restore valvular
competence, unless irrelevant because of location (e.g., vena cava), should be recorded as well.

Chronic Venous Insufficiency

Reports dealing with chronic venous insufficiency (CVI) should classify clinical severity as shown in Table 6–6 . This classification system, abbreviated CEAP, utilizes categories for current clinical classification, etiologic classification, anatomic

6
classification, and pathophysiologic classification.[ ] The clinical classification (C0–6 ) uses seven different categories to denote increasing severity from no
TABLE 6-6 -- Overall Classification System for Chronic Venous Insufficiency: CEAP
CATEGORY
Clinical

FINDING

CLASSIFICATION

Asymptomatic

C0

Telangiectasias, reticular veins, malleolar flare

C1

Varicose veins

C2

Etiologic

Anatomic

Edema, no skin changes

C3

Skin changes (pigmentation, venous eczema, lipodermatosclerosis

C4

Skin changes as above with healed ulcer

C5

Skin changes as above with active ulcer

C6

Congenital: present since birth

EC

Primary: undetermined cause

EP

Secondary: known cause (post-thrombotic, etc.)

ES

Superficial veins (AS )
Telangiectasias/reticular veins

AS1

Greater saphenous vein:
Above-knee

AS2

Below-knee

AS3

Lesser saphenous vein

AS4

Nonsaphenous vein

AS5

Deep veins (AD )
Inferior vena cava

AD6

Iliac:
Common

AD7

Internal

AD8

External

AD9

Pelvic; gonadal, broad igament

AD10

Femoral:
Common

AD11

Deep

AD12

Superficial

AD13

Popliteal

AD14

Tibial; anterior, posterior, or peroneal

AD15

Muscular; gastrointestinal, soleal

AD16

Perforating veins (AP )

Pathophysiologic

Thigh

AP17

Calf

AP18

Reflux

PR

Obstruction

PO

Reflux and obstruction

PR,O

evidence of disease to skin changes with active ulceration. The etiologic classification utilizes three mutually exclusive categories to denote congenital (EC ), primary (EP ), and secondary (ES ). The anatomic classification is used to denote whether the

superficial (AS ), deep (AD ), or perforating (AP ) veins are affected, and these notations may be combined to indicate disease in multiple locations. The pathophysiologic classification is used to denote whether venous reflux (PR ) exists in the superficial,

communicating, and deep systems; and to indicate whether a venous outflow obstruction (PO ) exists. Sufficient objective measurements of venous anatomy and hemodynamics should be included in order to document the presence of reflux, obstruction, or

both.

A variety of methods are available to document the extent of reflux and venous outflow obstruction. They include
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measurement of maximal venous outflow (MVO) via plethysmographic techniques to gauge noninvasively the degree of obstruction. Reflux may be measured via Doppler examination coupled with proximal compression, although the use of this method in
reports is discouraged because it is a qualitative test. Venous refill time (VRT), which may be obtained invasively via cannulation of foot veins or noninvasively via photoplethysmography, provides a measure of overall reflux. The venous filling index (VFI) is

28

determined via air plethysmography and delivers a quantitative measure of reflux. Duplex scanning with a venous occluding cuff provides the best method of documenting reflux and may be used to identify reflux in perforating veins as well.[ ] Regardless
of the method used to document the extent of reflux and venous outflow obstruction, the findings should be correlated with the severity of the symptoms and subsequently should be used as an objective measure of success or failure of treatment. To that end,
the suggested method of reporting outcomes is summarized in Table 6–7 . In addition, reports should contain, at minimum, VRT or ambulatory venous pressure, MVO for venous obstruction, and duplex scanning of valvular competence for reports dealing
with procedures that intend to restore competence. The duration of follow-up should be preferably 6 to 12 months, and reports should state whether support stockings were used.

Some measure of disease severity is needed to properly compare the outcomes of the various approaches to treatment of chronic venous insufficiency. The outcomes of two or more different treatments in a clinical trial, or the same treatment in two or more
reports from the literature, cannot be compared with confidence unless the relative severity of the venous disease in each treatment group is known. The CEAP system (see Table 6–6 ) is an excellent classification scheme, but it cannot serve the purpose of
venous severity scoring because many of its components are relatively static and others use detailed alphabetical designations. A disease severity scoring scheme must be quantifiable with gradable elements that can change in response to treatment.

13

The American Venous Forum’s committee on venous outcomes assessment has developed a venous severity scoring system based on the best usable elements of the CEAP system.[ ] Two scores are proposed and detailed in this document. The first is a
Venous Clinical Severity Score, in which nine clinical characteristics of chronic venous disease are graded from 0 to 3 (absent, mild, moderate, severe) with specific criteria to avoid overlap or arbitrary scoring; 0 to 3 points are added for differences in
background conservative therapy (compression and elevation) to produce a 30-point-maximum flat scale. The second is a Venous Segmental Disease Score, which combines the Anatomic and Pathophysiologic components of CEAP. Major venous segments
are graded according to presence of reflux, obstruction, or both. This score is entirely based on findings of venous imaging, primarily duplex scanning but also phlebography. The scoring scheme weights 11 venous segments for their relative importance when
involved with reflux, obstruction, or both, with a maximum score of 10. A third score is simply a modification of the existing CEAP disability score that eliminates reference to work and an 8-hour working day, substituting instead the patient’s prior normal
activities. These new scoring schemes are intended to complement the current CEAP system.

Arterial Aneurysm
Risk Factors

The identification of preoperative risk factors and patient stratification are critical to the assessment of the outcome of open aortic aneurysm repair. Risk factors should be graded as described previously. The anatomy of the aneurysm and the extent of repair
are also important indicators of outcome. For example, the results of pararenal aneurysm repair differ from those of infrarenal AAA repair.
Classification

Arterial aneurysms are defined as focal arterial dilatations with a diameter at least 50% greater than that of the proximal normal arterial segment. Aneurysms may be classified on the basis of several factors, including site, etiology, morphology, and
clinicopathologic characteristics. Each of these classifiers may be more appropriate than others, depending on circumstances. For example, etiology is particularly relevant to anastomotic aneurysms but is unknown for arteriosclerotic aneurysms (see also
Chapter 29 ).
Evaluation of Results

Patency is not the most valid measure of long-term success after prosthetic repair of major or central arterial aneurysms. Patient survival and freedom from significant complications are more important factors. Recurrent aneurysm formation should also be

4
included as a major index of long-term success. A more detailed description of reporting standards for AAA repair has been published by Johnston and associates.[ ]

TABLE 6-7 -- Clinical Outcome for Chronic Venous Insufficiency

*

+3

Asymptomatic

Improved at least one clinical class. Improvement of VRT and AVP to normal or at least +5 seconds, and −10 torr, respectively

+2

Moderate improvement

Continuing mild symptoms with same clinical and VL improvement as in +3

+1

Mild improvement

Improvement in either clinical class or VL tests, but not both. Unchanged clinically or by laboratory tests

−1

Mild worsening

Worsening of either clinical outcome by one category or VL tests

−2

Significant worsening

Both clinical and VL worsening

−3

Marked worsening

Same as −2 accompanied by either new or worsening ankle ulceration

AVP, ambulatory venous pressure; VL, vascular laboratory; VRT, venous refill time.

* Classification for final clinical outcome.
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Endovascular Aortic Interventions
The development and evaluation of a minimally invasive approach to aortic aneurysm repair has led to a plethora of reports of this technique. Inconsistencies in reporting have made it difficult to compare techniques and devices and to gain a full understanding

12]

of the utility of this method of repair. Therefore, in 2002, an ad hoc committee of the Society for Vascular Surgery (SVS) revised and published updated standards for the reporting of outcomes for endovascular aortic aneurysm repair.[

Primary outcome criteria for endovascular aneurysm repair should include overall survival, rupture-free survival, and mortality related to primary or secondary interventions. Secondary outcome measures should include aneurysm enlargement and the
presence of an endoleak.

Primary technical success is defined on an intent-to-treat basis and requires successful (1) access to the arterial system through a remote site, (2) deployment of the endograft, (3) absence of a type I or III endoleak ( Table 6–8 ), and (4) patency of the graft
without evidence of twists, kinks, or obstruction. If an unplanned intervention is required, assisted primary success or secondary technical success should be used.

Clinical success should be reported on an intent-to-treat basis as well and requires that there be no evidence of (1) a type I or III endoleak, (2) graft infection, (3) thrombosis, (4) aneurysm expansion or rupture, or (5) conversion to open repair. Primary clinical
success is clinical success without the need for further intervention. Assisted primary clinical success is used if an additional endovascular procedure is required, and secondary clinical success if an open surgical procedure is necessary. Either life-table or
Kaplan-Meier methods should be used to demonstrate primary, assisted primary, or secondary clinical success.

A number of variables contribute to clinical success. Changes in aneurysm diameter, volume, and length should be reported and followed. Generally, a change in aortic diameter of 5mm or a change in aneurysm volume of 5% is considered significant.
Similarly, changes in aortic neck and iliac artery diameters and tortuosity may occur. Thus, outcomes measures that should be reported include but are not limited to (1) reduction or enlargement of AAA diameter by 5mm or of AAA volume by 5%, (2)
aneurysm resolution, (3) rate of change of aneurysm diameter or volume, (4) prevalence and time of endoleak occurrence (primary, secondary,
TABLE 6-8 -- Classification of Endoleak

TYPE

CAUSE OF PERIGRAFT FLOW

I

a: Inadequate seal at proximal end of graft
b: Inadequate seal at distal end
c: Inadequate seal at iliac occluder

II

Flow from visceral vessel (lumbar, IMA)

III

a: Flow from module disconnection
b: Flow from fabric disruption:
Minor (<2 mm)
Major (≥2 mm)

IV

Flow from porous fabric (<30 days after graft placement)

Endoleak of undefined origin

Flow seen, no source identified

IMA, inferior mesenteric artery.
recurrent), (5) site of endoleak origin (types I to IV), (6) proportion of patients with endoleak and aneurysm expansion, and (7) proportion of patients with endoleak and no aneurysm expansion.
All deaths within 30 days of surgical procedure should be categorized as operative deaths and subcategorized as procedure-related or device-related. Subsequent deaths should be categorized as late deaths, and a relationship to the aneurysm, aneurysm rupture,
or a secondary procedure should be noted. Complications should be reported according to the following scoring system:
1: Mild—spontaneous resolution or minimal intervention with no permanent impairment or increased length of stay.
2: Moderate—significant intervention required with minor permanent disability and increased length of stay.
3: Severe—major surgical or medical intervention required, resulting in permanent disability or death.

12]

All complications should be classified as procedure-related or device-related. A more detailed description of these reporting standards was published by Chaikof and colleagues.[

Renal Artery Stenosis

With the maturation of renal angioplasty and stenting, the number of interventions for patients with asymptomatic and symptomatic renal artery stenosis has grown. Nevertheless, few randomized controlled trials have compared percutaneous renal
revascularization with best medical management or surgical reconstruction. To establish criteria for the evaluation of these techniques, a collaborative group consisting of vascular surgeons, interventional radiologists, and cardiologists published guidelines for

16]

the reporting of renal artery revascularization.[
Clinical Criteria

The indications for renal revascularization should be clearly defined. They are absence of symptoms, hypertension (accelerated hypertension, refractory hypertension, malignant hypertension, or hypertension with intolerance to medication), renal salvage, and
recurrent pulmonary edema not attributable to left ventricular dysfunction or unstable angina.
Methodology

Prior to an intervention, the severity of renal artery stenosis (RAS) should be measured, and when appropriate, a functional evaluation should be performed. These measurements can be obtained from duplex scanning, CT angiography (CTA), magnetic
resonance angiography (MRA), or radionuclide renal scanning. There is institution-to-institution variability in the accuracy of these techniques. Therefore, the accuracy of the chosen method of renal artery imaging should be demonstrated at the outset of the
study. Contrast angiography continues to be the gold standard for the

50

evaluation of RAS. For multicenter trials, images should be made available to a core reference laboratory for review. Percentage stenosis is determined through creation of a ratio between the diameter of the narrowest segment of renal artery and the diameter
of a normal segment of artery either proximal or distal to the stenosis. Hemodynamic measurements should be obtained as well.
Technical details regarding the performance of percutaneous transluminal renal angioplasty (PTRA) and stenting—such as balloon size, size and type of stent, procedure time, and contrast type and volume—should be provided. Angioplasty failures and
whether stenting is provisional or primary should also be recorded. Technical details about treatment of renovascular disease via open surgical techniques should be provided as well; they include type of procedure, type of graft used, donor artery, and type of
anastomoses as well as the need for additional procedures during renal revascularization.
Reporting of Outcomes

Anatomic success for percutaneous reconstruction is defined as a residual narrowing after PTRA or stent placement that is 30% or less. Other outcomes that should be measured are whether or not the lesion has been completely covered and, for ostial lesions,
whether the stent is flush with or protruding 2 mm or less into the aortic lumen. Anatomic success after surgical revascularization should be proved by duplex scanning or angiography rather than visual inspection or manual palpation.
The overall success of procedures for renovascular disease should be gauged through assessment of postprocedural survival, or quality of life, or both. Thus, clinical events should be considered the gold standard for evaluating outcome. This evaluation should
comprise overall mortality, cardiovascular mortality, and rate of nonfatal cardiovascular events, such as acute myocardial infarction, congestive heart failure, unstable angina, pulmonary edema, and cerebrovascular accident.
The impact of treatment of RAS on hypertension should be graded on the following scale:
■ Cure: Patient is not taking antihypertensive medications and has a diastolic BP of 90 mm Hg or less and a systolic BP of 140 mm Hg or less.
■ Improvement: Patient is taking same or reduced amount of medication compared with before treatment and has a diastolic BP 90 mm Hg or less, a systolic BP of l40 mm Hg or less, or patient is taking same amount of medication but shows a
decrease in diastolic BP of 15 mm Hg.
■ Failure: Patient shows no change or inability to meet preceding criteria.
The effect of treatment of RAS on renal function should also be determined. Postprocedural creatinine levels should be measured frequently and reported. Although an improvement in glomerular filtration rate (GFR) (or creatinine level) is an obvious sign of
success, a decrease in the rate of deterioration in renal function may also substitute as success (although this is difficult to measure). Therefore, determining whether the treatment has had any effect on the rate of deterioration of GFR requires more than 5 data
points over a period extending beyond 3 months.
Primary patency, assisted primary patency, and secondary patency outcomes should all be listed. The number and types of procedures required to achieve assisted primary patency and secondary patency and the length of time between procedures should be
documented as well.
Arteriovenous Hemodialysis Access
Despite a plethora of reports, it has been difficult to gain a complete understanding of the outcomes of hemodialysis access procedures because of the lack of standardized terminology. This situation is largely related to the heterogeneity of the patients who
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have been treated and the multitude of different grafts and procedures that can be performed. In an attempt to bring resolution to this problem, Sidawy and coworkers[

have published reporting standards for hemodialysis access.

A number of preoperative factors are important in the determination of the outcome of a particular access procedure. They have been organized into systemic factors, local limb factors, and miscellaneous factors ( Table 6–9 ). The arterial and venous anatomy
clearly affects the outcome of AV access and should therefore be reported in a meaningful way. If this cannot be accomplished by direct clinical examination, noninvasive and invasive testing should be performed. A component-based system has been
designed that can be used to describe the anatomic configuration of arteriovenous reconstructions. The components are as follows:
■ Conduit (autogenous or nonautogenous)
■ Location (body region and arterial/venous sites)
■ Configuration (direct and indirect)

The use of this system allows grouping of procedures and, consequently, a more accurate analysis of outcomes. Numerous complications can occur with these procedures, as detailed in Table 6–10; they should be systematically reported. Primary patency,
assisted primary patency, and secondary patency categories for AV access should also be included in all reports. Definitions for these terms are similar to those used for other revascularization procedures. The surgical and endovascular techniques that are used
to maintain assisted primary and secondary patency should be detailed as well. Lastly, functionality is as important as patency because the access must deliver flow rates of 350 to 400 mL/min in order to allow successful dialysis. A nonfunctional AV access is
one that cannot be used for hemodialysis regardless of whether it is patent. Life-table analysis and Kaplan-Meier survival curves should be used to display patency.

Endovascular Interventions for Arteriovenous Hemodialysis Access

17]

Percutaneous endoluminal interventions are being used increasingly in the treatment of failing AV access for hemodialysis. Recommendations for reporting of these procedures are as follows.[
and extent of the culprit
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TABLE 6-9 -- Grading of Factors that Affect Outcome of Arteriovenous Hemodialysis
RISK FACTOR

SEVERITY SCALE

Systemic factors:
Diabetes

Hypertension

Cigarette use

HIV

Intravenous drug abuse

0

None

1

Adult onset, oral medication

2

Adult onset, insulin

3

Juvenile onset

0

None

1

Controlled with 1 drug

2

Controlled with 2 drugs

3

Uncontrolled

0

None

1

Quit < 10 yr previously

2

<1 pack/day

3

>1 pack/day

0

None

1

CD count > 200 cells/mm3

2

CD count < 200 cells/mm3

3

HIV with current infection

0

None

1

Used in past but not currently

2

Current use, can have AV access

3

Current use, cannot have AV access

0

No stenosis

1

Stenosis < 50%

2

Stenosis > 50%

3

Occluded

0

None

1

1

Limb factors:
Venous outflow track

Previous procedures same limb

The techniques and methods used to determine the location

2

2

3

3 or more

0

3 month before need

1

1 month before need

2

Dialysis imminent

3

Dialysis immediate

0

Arm, autogenous

1

Arm, synthetic

2

Leg, autogenous

3

Leg, synthetic

0

Nondominant arm

1

Dominant arm

2

Leg

3

Body wall

Miscellaneous factors:
Timeliness of referral

Choice of access location and conduit material

Choice of access site

AV, arteriovenous; CD, CD4+ lymphocyte; HIV, human immunodeficiency virus.
lesion should be listed. Lesion location, lesion length, and patency of venous runoff should be detailed. The technical details of the chosen percutaneous intervention should be provided. For example, if a balloon angioplasty is performed, the balloon diameter
and length, duration of inflation, number of inflations, and balloon pressure should be given. Procedure time, lysis time, lytic agent used, and time to hemostasis should be recorded. Success should be listed as both anatomic and clinical, clinical success being
defined as resumption of normal dialysis after treatment. Patency should be reported by means of the Kaplan-Meier method as previously described and should include categories for primary, assisted primary, and secondary patency.
Vena Caval Filters

8
Numerous percutaneous devices that can be used for vena caval interruption are now available. The lack of standardized reporting has made it difficult to compare the outcomes of these various devices. Greenfield and Rutherford[ ] have published standards
developed through a consensus conference on vena caval filters. Their report includes standards for defining technical success and patency, clinical sequelae, filter stability, and inferior vena cava (IVC) patency.
CONCLUSION
Methods of treating vascular disease have changed significantly over the past decade and continue to evolve. Many new and less invasive treatments are now available; however, validation of their efficacy requires rigorous study and comparison with existing
techniques. Reporting standards are now available for the majority of vascular interventions. Routine use of these standards will enhance tremendously our ability to evaluate these new techniques.
TABLE 6-10 -- Grading Severity of Complications of Arteriovenous (AV) Access
COMPLICATION

SEVERITY SCALE

Local access complications:
Bleeding

Infection

Early, postoperative; prolonged bleeding from needle puncture

Early/late; site of infection

0

None

1

Resolves without treatment

2

Medical therapy needed

3

Intervention needed

0

None

1

Observed

Noninfectious fluid collections

Anastomotic complications

Mid-AV access/vein

Access thrombosis

AV access malfunction

Hematoma, seroma, lymphocele

Hemorrhage, pseudoaneurysm, stenosis

Aneurysm, dilation, pseudoaneurysm, stenosis

Early/late; technical cause

Insufficient inflow or outflow; unable to puncture

2

Loss of access

3

Loss of limb

0

None

1

Spontaneous resolution

2

Aspirated

3

Loss of access

0

None

1

Observed

2

Intervention required

3

Loss of access

0

None

1

Observed

2

Intervention required

3

Loss of access

0

None

1

Clot removed

2

Access revised

3

Loss of access

0

None

1

Not corrected

2

Revised access

3

Loss of access

0

None

1

Mild, no treatment

2

Moderate

3

Severe, intervention performed

0

None

1

Mild, no treatment

2

Moderate

3

Severe, intervention required

0

None

1

Mild

2

Moderate

3

Severe

Remote complications:
Steal syndrome

Venous hypertension

Neuropathy

Normal/abnormal vasculature

Stenosis, central thrombosis, or occlusion

Systemic/mechanical

REFERENCES

1. Rutherford RB, Flanigan DP, Gupta SK, et al: Suggested standards for reports dealing with lower extremity ischemia. J Vasc Surg 4:80, 1986.
2. Rutherford RB, Baker JD, Ernst C, et al: Recommended standards for reports dealing with lower extremity ischemia: Revised version. J Vasc Surg 26:517, 1997.
3. Baker JD, Rutherford RB, Bernstein EF, et al: Suggested standards for reports dealing with cerebrovascular disease. J Vasc Surg 8:721, 1988.
4. Johnston KW, Rutherford RB, Tilson MD, et al: Suggested standards for reporting on arterial aneurysms. J Vasc Surg 13:444, 1991.
5. Porter JM, Clagett GP, Cranley J, et al: Reporting standards in venous disease. J Vasc Surg 8:172, 1988.
6. Porter JM, Moneta GL: Reporting standards in venous disease: An update. International Consensus Committee on Chronic Venous Disease. J Vasc Surg 21:635, 1995.
7. Thiele BL, Jones AM, Hobson RW, et al: Standards in noninvasive cerebrovascular testing. J Vasc Surg 15:495, 1992.
8. Greenfield LJ, Rutherford RB: Recommended reporting standards for vena caval filter placement and patient follow-up. J Vasc Interv Radiol 10:1013, 1999.
9. Ahn SS, Rutherford RB, Becker GJ, et al: Reporting standards for lower extremity arterial endovascular procedures. J Vasc Surg 17:1103, 1993.
10. Sidawy AN, Gray R, Besarab A, et al: Recommended standards for reports dealing with arteriovenous hemodialysis accesses. J Vasc Surg 35:603, 2002.
11. Ahn SS, Rutherford RB, Johnston KW, et al: Reporting standards for infrarenal endovascular abdominal aorta aneurysm repair. J Vasc Surg 25:405, 1997.
12. Chaikof EL, Blankensteijn JD, Harris PL, et al: Reporting standards for endovascular aortic aneurysm repair. J Vasc Surg 35:1048, 2002.
13. Rutherford RB, Padberg FT Jr, Comerota AJ, et al: Venous severity scoring: An adjunct to venous outcome assessment. J Vasc Surg 31:1307, 2000.
14. Chaikof EL, Fillinger MF, Matsumura JS, et al: Identifying and grading factors that modify the outcome of endovascular aortic aneurysm repair. J Vasc Surg 35:1060, 2002.
15. Rutherford RB, Becker GJ: Standards for evaluating and reporting the results of surgical and percutaneous therapy for peripheral vascular disease. J Vasc Interv Radiol 2:169, 1991.
16. Rundback JH, Sacks D, Kent KC, et al: Guidelines for the reporting of renal artery revascularization in clinical trials. Circulation 106:1572, 2002.
17. Gray RJ, Sacks D, Martin LG, Trerotola SO: Reporting standards for percutaneous interventions in dialysis access. J Vasc Interv Radiol 15:S433, 2003.

52

18. Sacks D, Marinelli DL, Martin LG, et al: Reporting standards for clinical evaluation of new peripheral arterial revascularization devices. J Vasc Interv Radiol 14:S395, 2003.
19. Patel N, Sacks D, Patel RI, et al: SCVIR Reporting standards for the treatment of acute limb ischemia with use of transluminal removal of arterial thrombus. J Vasc Interv Radiol 12:559, 2001.
20. Brewster DC, Cronenwett JL, Hallett JW, et al: Guidelines for the treatment of abdominal aortic aneurysms. J Vasc Surg 37:1106, 2003.
21. Rutherford RB: Presidential Address: Vascular surgery: Comparing outcomes. J Vasc Surg 23:5, 1996.
22. Rutherford RB: Suggested standards for reporting complications in vascular surgery. In Towne JB, Bernhard WM (eds): Complications in Vascular Surgery, 3rd ed. St. Louis, Quality Medical Publishing, 1991,

p 1.

23. Dormandy JA, Rutherford RB: Management of peripheral arterial disease (PAD). TASC Working Group. TransAtlantic Inter-Society Consensus (TASC). J Vasc Surg 31:S1, 2000.
24. Rutherford RB: Reporting standards for endovascular surgery: Should existing standards be modified for newer procedures? Semin Vasc Surg 10:197, 1997.
25. Rutherford RB: Comparing outcomes of carotid interventions: The importance of standardized reporting practices. In Branchereau A, Jacobs M (eds): New Trends and Developments in Carotid Artery Disease.
Armonk, NY, Futura, 1998, p 1.

26. Zeirler RE, Bandyk DF, Thiele BL, et al: Carotid artery stenosis following endarterectomy. Arch Surg 117:1408, 1982.
27. Ouriel K, Green RM: Clinical and technical factors influencing recurrent carotid stenosis and occlusion after endarterectomy. J Vasc Surg 5:702, 1987.
28. Barnes RW: Noninvasive techniques in chronic venous insufficiency. In Bernstein EF (ed): Noninvasive Diagnostic Techniques in Vascular Disease, 3rd ed. St. Louis, CV Mosby, 1985, p 839.
Section II - BASIC VASCULAR SCIENCE
Anton N. Sidawy MD

53

Chapter 7 - Embryology of the Vascular System

JOSEPH M. GIORDANO MD

It is difficult to imagine a more complex structure with all its organs and systems than the human body. Yet within 40 weeks, the human body develops almost flawlessly from a small clump of cells that appear after conception. For the first 3 weeks, the
embryo receives its nourishment from the yolk sac and through the diffusion of oxygen and nutrients from the maternal circulation. By the end of the third week, a functional vascular system must be present to support the rapidly developing embryo.

INITIAL DEVELOPMENT OF THE VASCULAR SYSTEM
The primitive vascular system forms initially from a clump of mesenchymal cells that separate and form channels. These channels eventually unite to form primitive endothelium-lined vessels that become a functioning vascular network by the end of the third
week ( Fig. 7–1 ). This system then connects to the developing heart that, although it consists only of two tubes, is still capable of effectively circulating blood.
At the beginning of the fourth week, the cardiovascular system consists of two heart tubes connected to a paired dorsal aorta that extends down the entire length of the embryo. The dorsal aortas each have segmental dorsal, lateral, and ventral branches. At the
level of the seventh cervical vertebra, the paired dorsal aortas fuse distally to create the thoracic aorta and abdominal aorta; proximal to the seventh cervical vertebra, however, the paired dorsal aortas persist. As the aortic fusion occurs, the heart tubes fuse to
form the heart. Cephalad to the developing heart, the truncus arteriosus and the aortic sac form. Six pairs of arteries, called aortic arches, develop from the aortic sac, pass laterally around the developing gut, and connect to the paired dorsal aorta.
During the sixth to eighth week of gestation, the six aortic arches along with the seventh segmental dorsal artery from each dorsal aorta develop into the aortic arch and its major branches. It is interesting that the vascular system of aortic arches present at the
beginning of the sixth week of gestation imitates the system found in marine life. Marine animals have a single ventricle. Blood flows from the single ventricular chamber to the aortic sac to the paired aortic arches, which then break up to small capillaries that
receive oxygen from the gills. The capillaries re-form to become major vessels again (like the pulmonary veins in the human) that carry the oxygenated blood to the dorsal aorta and the rest of the body.

For the most part, the vascular system in the human is symmetric, with each side of the body a mirror image of the other. One exception to this observation is the aortic arch, which is different on the two sides. The innominate artery, which divides into the
right carotid artery and the subclavian artery, is not present on the left side, on which the left carotid and subclavian arteries originating from the aortic arch are found. These differences are directly related to the behavior of the left and right aortic arches as
they evolve into the mature thoracic aortic arch in humans. The six pairs of arches (along with the dorsal aorta, truncus arteriosus, and aortic sac) elongate, dilate, regress, and disappear, their configuration changing to become the fully developed aortic arch.
The diagrammatic representation of these changes suggests that the aortic arches are all present at the same time, but this is not the case; some arches are developing while others are regressing.
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Figure 7-1 Initial development of vessels. A, Clumps of cells forms. B, Cavities develop. C, Channels form. D, Channels unite to form primitive endothelium-lined vessels.

Figure 7-2 A, The six primitive aortic arches. The first, second, and fifth arches disappear. The paired dorsal aortas fuse at the level of the seventh cervical vertebra to become the thoracic and abdominal aorta. B, Differentiation of aortic arches. The dorsal
aorta between the third and fourth arches (A) involutes so that blood entering the third arch perfuses the head only. The third arch and its branches become the carotid system. The right dorsal aorta distal to the right seventh intersegmental artery (B) involutes
so that blood entering the right fourth arch perfuses the right upper extremity. This system becomes the right subclavian artery. The distal part of the right sixth arch (C1 ) involutes, but the distal part of the left sixth arch (C2 ) persists, becoming the ductus

arteriosus. C, Development of aortic arches. The right fourth arch, the dorsal aorta distal to the right fourth arch, and the right seventh intersegmental artery become the right subclavian artery (D). The left fourth arch and the left dorsal aorta distal to it become
part of the aortic arch (F). The left seventh intersegmental artery becomes the left subclavian artery. Pulmonary arteries are forming from the sixth arch with the ductus arteriosus (C2 ) present. D, Segments of the aortic arches that produce the adult aortic arch.

The patent ductus arteriosus has become the ligamentum arteriosum.

Figure 7-3 A, Double aortic arch. The aortic arch passes anterior and posterior to the trachea and esophagus, forming a vascular ring. B, Double aortic arch. The right dorsal aorta distal to the right seventh intersegmental artery (A), which normally involutes,
persists to become part of the double aortic arch.

Figure 7-4 A, The right aortic arch. One of the two types in which the right arch passes anterior to the trachea and esophagus so that no vascular ring is formed. If the right arch passes posterior to the trachea and esophagus, the ligamentum arteriosum and the
right arch form a vascular ring. B, Right aortic arch. The right dorsal aorta distal to the right seventh intersegmental artery persists (A), but the left dorsal aorta distal to the left seventh intersegmental artery involutes (B), the opposite of the normal occurrence.

Figure 7-5 A, Retroesophageal right subclavian artery. The right subclavian artery originates distal to the left subclavian artery, reaching the right upper extremity by passing posterior to the trachea and esophagus. B, Retroesophageal right subclavian artery.
The right fourth arch and the dorsal aorta distal to the right fourth arch (A) abnormally involute and, therefore, cannot contribute to the formation of the right subclavian artery. The right subclavian artery is then formed by the right dorsal aorta distal to the
right seventh intersegmental artery (B), which normally involutes (C). This becomes part of the thoracic aorta. C, Retroesophageal right subclavian artery. The left dorsal aorta (C) elongates, enlarges, and moves cranially to become the thoracic aorta. The
right dorsal aorta (B) shortens considerably to become a branch of the thoracic aorta, leading to the subclavian artery (A). This section abnormally involutes.

Figure 7-6 Arterial supply to the left lower extremity. A, Sciatic artery forming as a branch of the umbilical artery initially supplies the entire leg. B, The sciatic artery regresses, and the external artery develops into the common femoral artery to supply the
thigh. Note that the sciatic artery communicates with the popliteal artery just above the knee. C, The sciatic artery disappears, although small portions remain to form the popliteal and peroneal arteries.
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Figure 7-7 Embryologic development of the popliteal artery, as modified from Senior (Am J Anat 25:55, 1919[ ] ). The deep popliteal artery anterior to the popliteus muscle regresses, and the superficial popliteal artery posterior to the popliteus muscle
becomes the mature popliteal artery. (From Gibson MHL, Mills JG, Johnson GE, et al: Popliteal entrapment syndrome. Ann Surg 185:341, 1977.)

Figure 7-8 Venous system of a 4-week-old embryo.

Figure 7-9 A, Development of the superior vena cava and major branches. B, Completed development of the superior vena cava and major branches.

Figure 7-10 Development of the inferior vena cava. A, At 6 weeks of gestation, postcardinal veins are dominant and the subcardinal system is beginning to appear. B, At 7 weeks of gestation, subcardinal veins are dominant, and the supracardinal system
begins to appear. Postcardinal veins are beginning to regress. C, At 8 weeks of gestation, subcardinal veins form the suprarenal inferior vena cava. Supracardinal veins form the infrarenal inferior vena cava. Postcardinal veins regress. D, The adult inferior vena
cava. Portions of the postcardinal veins persist to form the azygos system (a) and the hemiazygos system (b). (From Giordano JM, Trout HH III: Anomalies of the inferior vena cava. J Vasc Surg 3:924, 1986.)
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Chapter 8 - Basic Considerations of the Arterial Wall in Health and Disease

MARC E. MITCHELL MD
ANTON N. SIDAWY MD

A thorough knowledge of the cellular components of the arterial wall and atherosclerotic plaque, the role of growth factors in cell cycle control in health and disease, and the role of risk factors in arterial wall injury is of paramount importance to understanding
the pathogenesis of atherosclerotic vascular disease. Atherosclerotic arterial disease is the primary condition leading to arterial insufficiency. Complications resulting from advanced atherosclerosis are the most common indication for open vascular
reconstructive surgery or endovascular procedures.
Atherosclerosis is a systemic disease affecting the entire arterial tree, but lesions involving the coronary, extracranial cerebral, and lower extremity circulations have the greatest clinical significance for surgeons. The pathogenesis of atherosclerosis involves a
complex series of events with the formation of atherosclerotic plaque as the end result. Injury to the arterial endothelial cell, resulting in endothelial cell dysfunction, is the first step in the process. Activated endothelial cells attract platelets, monocytes, and
vascular smooth muscle cells (SMCs), which accumulate and proliferate in the arterial wall. These cellular components produce an excessive amount of connective tissue matrix. The ultimate endpoint is the formation of a mature fibrous plaque. Symptoms
occur when advanced lesions are complicated by plaque rupture, hemorrhage into the plaque, emboli, or thrombosis.

1
The response to injury theory of atherosclerosis was first postulated by Ross in 1973,[ ] and has become the cornerstone of our current understanding of the pathogenesis of atherosclerosis. The theory states that atherosclerosis is, at least partially, the result of
2 3
the cellular response to some form of endothelial injury. Over the past 30 years, the theory has been modified and refined, resulting in a characterization of the events involved in the formation of atherosclerotic plaque.[ ] [ ] In many ways, this response to
3 4
injury is similar to a chronic inflammatory response. The role of inflammation in atherosclerosis has only recently become evident.[ ] [ ]
The process begins with some sort of endothelial cell injury that leads to endothelial dysfunction. This endothelial dysfunction results in changes in endothelial permeability, adhesive characteristics, and responses to various growth and stimulatory factors.
Endothelial cells and vascular SMCs interact with monocytes, T lymphocytes, and platelets to form the cellular component of the fibroproliferative response, which ultimately results in the formation of atherosclerotic plaque.

DESCRIPTION AND STAGING OF ATHEROSCLEROTIC LESIONS
Classification
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The lesions of atherosclerosis have traditionally been divided into three categories. The fatty streak, the earliest stage of atheroma development, is found in children decades before the onset of symptoms. On gross examination, fatty streaks appear as slightly

5 6
raised yellow discolorations on the intimal surface of the vessel, frequently occurring at branch points. Histologic analysis shows these lesions to consist of lipid-filled macrophages and T lymphocytes.[ ] [ ] These lipid-filled macrophages, also known as
“foam cells,” accumulate in the intima of the vessel wall.
The intermediate or fibrofatty lesion, the next stage of plaque development, consists of layers of macrophages and T lymphocytes alternating with layers of vascular SMCs. The cells are surrounded by a connective tissue matrix of collagen, elastic fibers, and

7
proteoglycans.[ ]
The complicated or fibrous plaque is the advanced stage of atherosclerosis. At this stage, the plaque projects into the arterial lumen to an extent that impedes blood flow and produces symptoms. These lesions consist of a dense fibrous cap composed of
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connective tissue and vascular SMCs. When the lesions are examined by electron microscopy, the vascular SMCs are seen to occupy a lacuna-like space surrounded by multiple layers of dense basement membrane collagen.[ ] Beneath the fibrous cap is a
layer containing vascular SMCs and macrophages along with a core of lipid and necrotic debris. Additional layers of vascular SMCs and connective tissue are present underneath the core. Lesions with thick, dense fibrous caps tend to be stable, whereas those
with irregular, thin caps are more likely to develop complications such as plaque rupture, ulceration, and hemorrhage, which can cause acute symptoms.

Staging
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In 1994, the American Heart Association proposed a staging system ( Figs. 8–1 and 8–2 ) for human atherosclerotic lesions based on histologic composition and structure of the plaque.[ ] [ ] Type I and type II lesions are considered early lesions. They are
the only lesions found in children but may also occur in adults.
Type I lesions are microscopically characterized by an increase in the number of intimal macrophages and the accumulation of lipid droplets within the macrophages to form foam cells. Type II lesions include fatty streaks and are the first lesions to be
visualized grossly. Not all type II lesions are fatty streaks; some lesions meet the microscopic criteria for type II lesions but are still not visible as fatty streaks. Type II lesions consist of layers of foam cells and lipid-containing vascular SMCs. Additionally,
higher numbers of macrophages not containing lipids are present within these lesions. T lymphocytes and mast cells are also seen in type II lesions. The turnover of foam cells, vascular SMCs, and endothelial cells is higher than normal in type II lesions. Most
of the lipid in type II lesions is intracellular, primarily within foam cells, but some widely dispersed extracellular droplets are present in some lesions.

Figure 8-1 Cross-sectional drawings of coronary arteries demonstrating the morphology of lesions ranging from adaptive intimal thickening in lesion-prone locations to type VI atherosclerotic lesions. (From Stary HC, Chandler AB, Dinsmore RE, et al: A
definition of advanced types of atherosclerotic lesions and a histological classification of atherosclerosis. Circulation 92:1355–1374, 1995.)

Figure 8-2 Flow diagram showing the evolution and progression of atherosclerotic lesions. Roman numerals indicate the histologic type of lesion, and the direction of the arrows indicates the usual sequence in which characteristic morphologic changes occur.
The loop between types V and VI illustrates how lesions increase in thickness as thrombotic deposits form on their surfaces. (From Stary HC, Chandler AB, Dinsmore RE, et al: A definition of advanced types of atherosclerotic lesions and a histological
classification of atherosclerosis. Circulation 92:1355–1374, 1995.)

Figure 8-3 Composite electron micrograph of cultured tibial vascular smooth muscle cells demonstrating the different phenotypes. A, Contractile state (passage 3). Note the extent of microfilaments (MF) throughout the cytoplasm and the highly irregular
nuclear shape (N). Solid arrowheads denote dense plaques periodicity along MF. B, Intermediate state (passage 5). Note the increase in number of ribosomes and polyribosomes. C, Synthetic state (passage 7). Microfilaments disappear. LYS, secondary
lysosomes; LP, neural lipids. Magnification: A, ×1450; B, ×3500; C, ×5100. (From Jones BA, Aly HM, Forsyth EA, et al: Phenotypic characterization of human smooth muscle cells derived from atherosclerotic tibial and peroneal arteries. J Vasc Surg
24:883–891, 1996.)

Figure 8-4 The cell cycle and the effects that competence factors and progression growth factors have on the cell as it progresses in the G1 phase of the cycle. The cell must be under the influence of both groups of factors in order to progress to the S phase. In

addition, transforming growth factor-β (TGF-β) exerts a negative effect on the cell in the later part of the G1 phase. IGF-1, insulin-like growth factor-1; EGF, epidermal growth factor; FGF, fibroblast growth factor; PDGF, platelet-derived growth factor.

(From Sidawy AN: Peptide growth factors and their role in the proliferative diseases of the vascular system. In Sidawy AN, Sumpio BE, DePalma RG [eds]: The Basic Science of Vascular Disease. Armonk, NY, Futura Publishing, 1997, pp 127–149.)

Figure 8-5 Depiction of the tyrosine kinase receptor. The N-terminal (N) of the receptor protein molecule is in the extracellular domain, and the C-terminal (C) is located in the intracellular domain. (From Sidawy AN: Peptide growth factors and their role in
the proliferative diseases of the vascular system. In Sidawy AN, Sumpio BE, DePalma RG [eds]: The Basic Science of Vascular Disease. Armonk, NY, Futura Publishing, 1997, pp 127–149.)

Figure 8-6 The three subclasses of the tyrosine kinase receptor. Subclass I is represented by the epidermal growth factor (EGF) receptor containing two cysteine-rich residues in its extracellular domain. Subclass II is represented by the insulin and the insulinlike growth factor-1 (IGF-1) receptors, which are formed of two α and two β subunits. Each α-subunit contains one cysteine-rich residue in its extracellular domain. Subclass III is represented by the platelet-derived growth factor (PDGF) receptor with no
cysteine-rich residue in its extracellular domain. (From Sidawy AN: Peptide growth factors and their role in the proliferative diseases of the vascular system. In Sidawy AN, Sumpio BE, DePalma RG [eds]: The Basic Science of Vascular Disease. Armonk, NY,
Futura Publishing, 1997, pp 127–149.)

Figure 8-7 Once the growth factor (GF) interacts with the extracellular domain of its specific receptor, phosphorylation of the receptor takes place, and the intracellular domains of various receptors interact on the molecular level. This interaction in turn
phosphorylates the src homology-2 (SH-2) or src homology-3 (SH-3) domains located on certain cellular proteins that belong to the signaling cascade, leading to recruitment and binding of proteins carrying these recognition sites. Various proteins that are
involved in these pathways are guanosine triphosphatase–activating protein (GAP), phospholipase-C (PLC), and phosphatidylinositol-3 kinase (PI-3K) binding protein. These cascades of phosphorylation and specific protein binding eventually lead to a
specific function of the growth factor.
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Chapter 9 - Vascular Physiology:

Essential Hemodynamic Principles

DAVID S. SUMNER MD
R. EUGENE ZIERLER MD

ARTERIAL HEMODYNAMICS
Obstruction, or narrowing of the arterial lumen—whether it is the result of atherosclerosis, fibromuscular dysplasia, thrombi, emboli, dissection, trauma, or external compression—interferes with the efficient transport of blood to the peripheral capillary bed.
Within the obstructed vessel, the extent of this interference is related to the degree of narrowing and is determined by strict hemodynamic principles. The actual capillary flow deficit depends not only on the severity of the local obstructive lesion but also on its
location and on the ability of the body to compensate by (1) increasing cardiac work, (2) developing collateral channels, and (3) dilating the peripheral arterioles and precapillary sphincters.
The symptoms and signs of obstructive arterial disease reflect the restriction of blood flow to the capillary bed. With mild obstruction, this restriction is evident only when metabolic demands are increased by exercise, trauma, or infection; with more severe
disease, however, capillary perfusion is compromised even during the basal state. Consequently, the disease may be relatively asymptomatic, symptomatic only during exercise, or responsible for continued rest pain and eventual tissue loss.
Except for clot formation and occasional dissection, aneurysms seldom produce symptoms of obstruction. The tendency to rupture is determined by both the intraluminal pressure and the diameter of the aneurysm.
The first part of this chapter deals with the hemodynamic alterations produced by arterial obstruction, the effects of shear, the rationale for surgical intervention, the elastic properties of the arterial wall, and the stresses that lead to rupture of aneurysms.
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Basic Hemodynamics

The flow of blood in the arterial circulation is governed by the fundamental laws of fluid dynamics. Knowledge of these principles permits a better understanding of the physiologic abnormalities associated with arterial obstruction.

*

Fluid Energy

Pressure is often regarded as the force responsible for the motion of blood. Although pressure is the most obvious and most important of the forces involved, other forms of energy also play a role. With more precision, we can state that blood moves from one

19]

point to another in the vascular system in response to differences in total fluid energy. [

Total fluid energy (E) consists of potential energy and kinetic energy. The potential energy component can be broken down into intravascular pressure (P) and gravitational potential energy. P represents the pressure produced by contraction of the heart, the

58]

hydrostatic pressure, and the static filling pressure of the resting circulation.[

Hydrostatic pressure is proportional to the weight of the blood and is given by:

where ρ is the density of blood (about 1.056 gm · cm−3 ), g is the acceleration due to gravity (980 cm · sec−2 ), and h is the distance in centimeters above a given reference point. In the human body, this reference point is roughly at the level of the right atrium.

[18] Obviously, hydrostatic pressure may be quite large in comparison with the dynamic pressure and cannot be neglected. For example, at ankle level in a standing man 5 feet 8 inches tall, this pressure is about 89 mm Hg:

63]

In contrast, the static filling pressure is quite low, usually about 7 mm Hg.[

This pressure is related to the interaction between the elasticity of the vascular walls and the volume of blood contained within.

Gravitational potential energy (+ρgh) is calculated the same way as the hydrostatic pressure but has an opposite sign. It represents the ability of a volume of blood to do work because of its elevation above a given reference point. In many, but not all,
circumstances, gravitational potential energy and hydrostatic pressure cancel each other out.
Finally, kinetic energy represents the ability of blood to do work because of its motion (½ ρv2 [see Eq. 9.4]).

If we put these values together, an expression for total fluid energy per unit volume of blood can be obtained:

where E is in ergs per cubic centimeter and v refers to the velocity (cm · sec−1 ) of a particle of blood moving steadily in a straight line.
Bernoulli’s Principle

When fluid flows steadily (without acceleration or deceleration) from one point in a system to another farther downstream, its total energy content along any given streamline remains constant, provided there are no frictional losses:

35]

This, the one-dimensional Bernoulli equation, is derivable from Newton’s laws of motion and is a fundamental formula in fluid mechanics.[

Bernoulli’s equation is instructive, in that it establishes a relationship among kinetic energy, gravitational potential energy, and pressure in a frictionless fluid system. Several apparent paradoxes of fluid flow are readily explained by this equation. For example,
in Figure 9–1 A, fluid with the density of blood enters an inclined tube at a pressure of 100 mm Hg and flows out at a pressure of 178 mm Hg. Thus, fluid moves against the pressure gradient from a point of low pressure to a point where its pressure is high.
The total fluid energy remains the same, however, because the gravitational potential energy decreases by an amount exactly equal to the increase in pressure. This situation is analogous to that existing in the arterial tree of a standing person, in whom blood
pressure in the arteries at ankle level is greater than blood pressure in the aortic arch.

Figure 9-1 A, Effect of vertical height on pressure in a frictionless fluid flowing downhill. B, Effect of increasing cross-sectional area on pressure in a frictionless fluid system.
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In Figure 9–1 B, the cross-sectional area of a horizontal tube increases 16 times, resulting in a comparable decrease in fluid velocity. Again, the fluid moves against a pressure gradient, the pressure at the end of the tube being 2.5 mm Hg greater than that at the
entrance to the tube. The total fluid energy remains the same, however, because of the decrease in kinetic energy. This phenomenon is seldom manifested in the human circulation because associated energy losses effectively mask the slight rise in pressure.
Intravascular pressure measurements made with catheters are subject to errors owing to the effect of kinetic energy. If the catheter faces the oncoming blood end-on, the pressure recorded will be too high by a factor of ½ ρv2 . On the other hand, if the catheter

faces downstream, the recorded pressure will be too low by the same factor. At a velocity of 50 cm · sec−1 , these errors would equal about 1.0 mm Hg and would be inconsequential in a high-pressure system such as the aorta. Nevertheless, they could be of

19] [142]

importance in low-pressure, high-flow systems such as the vena cava and pulmonary artery.[
Viscosity and Poiseuille’s Law

The conditions required to fulfill the rigid specifications of Bernoulli’s relationship are never met in the human vascular tree or in any other real fluid system. Mechanical energy is always “lost” (converted to heat) in the movement of fluid from one point to
the next.
Energy losses in the peripheral circulation are related principally to the viscosity of blood and to its inertia. In fluids, viscosity may be defined as the friction existing between contiguous layers of fluid. The friction is due to strong intermolecular attractions;
under these conditions, the fluid layers tend to resist deformation. The familiar equation known as Poiseuille’s law describes the viscous losses existing in an idealized situation:

where P1 − P2 represents the drop in potential energy (dynes · cm−2 ) between two points separated by the distance L (cm); Q is the flow (cm3 · sec−1 ); and V-bar is the mean flow velocity (cm · sec−1 ) across a tube with an inside radius r (cm). The

coefficient of viscosity, η, is expressed in poise (dynes · sec · cm−2 ).

Under conditions in which Poiseuille’s law is operative, the velocities of each concentric layer of fluid describe a parabolic profile, with velocity being highest in the center of the stream and becoming progressively lower toward the inner wall. Blood in
contact with the wall is stationary. The ratio of the change in velocity (∆v) to the change in the radius (∆r) between each cylindrical laminar layer is known as the shear rate (D); the force required to “shear” the fluid is known as the shear stress (τ); and the
coefficient of viscosity (η) is the ratio of the shear stress to the shear rate:

The importance of shear rate and shear stress is discussed later in this chapter.

Because energy losses are inversely proportional to the fourth power of the radius, graphs based on Poiseuille’s law are sharply curved ( Fig. 9–2 ). As the diameter of a conduit is reduced, there is little effect on the pressure gradient until a certain degree of
narrowing is reached; beyond this point, further reductions in diameter cause the pressure gradient to rise precipitously. Although raising the rate of flow shifts the curves to the left and linearly increases the pressure gradient at any given radius, these effects
are much less marked than those due to changes in radius.

Poiseuille’s law applies only to steady (nonpulsatile), laminar flow in a straight cylindrical tube with rigid walls. Furthermore, the tube must be long enough to allow a parabolic flow profile to develop.

When fluid passes from a large container into a smaller cylindrical tube, the velocity profile at the entrance is essentially flat (same velocity all across the tube diameter). Just beyond the entrance, friction between the stationary outermost layer and the
immediately adjacent concentric layer causes the latter to slow down. This layer, in turn, exerts a drag force on the next layer and so on down the tube until the “boundary layer,” where fluid is sheared, extends to the center of the tube. At this point, flow is
said to be fully “developed,” and the profile is truly parabolic. The “entrance length” (Lx ) in centimeters required to develop a parabolic profile depends on the radius of the tube and the Reynolds number (Re), which is described later in this chapter:

(The constant, k, varies but approximates 0.16 for Reynolds numbers greater than 50.)

All along the entrance length, the velocity profile is “blunt” rather than parabolic. At each branch point in the arterial tree, a certain distance is needed before flow is

Figure 9-2 Curves derived from Poiseuille’s law (see Eq. 9.6). The stenotic segment is assumed to be 1.0 cm long. Viscosity is 0.035 poise. ∆P, pressure gradient.

Because ρ is a constant, the quantity that changes is v. Changes in velocity occur when blood is accelerated or decelerated as in pulsatile flow and when blood passes from a vessel of large lumen (where the velocity is low) to one of small lumen (where the
velocity is high), or vice versa. In addition, v is a vector quantity; that is, any change in direction of flow also represents an acceleration.

Flow changes direction whenever the blood vessel forms a curve and at all junctions and branch points. There is also a change in direction when the blood vessel gradually narrows or in pathologic situations in which there is a sudden narrowing and expansion

of the flow stream, as in an atherosclerotic stenosis. Moreover, as a result of the expansile nature of the blood vessel wall, velocity vectors must be directed outward during the systolic portion of the pressure wave and inward during the diastolic portion.

*

According to the equation of continuity (conservation of mass), the product of flow velocity and cross-sectional area (A) is the same at any point along a tube, provided that there are no intervening branches to siphon off the fluid:

Because kinetic energy losses depend on the square of the velocity (Eq. 9.9) and because the velocity in a stenotic segment is inversely proportional to the square of its radius (Eq. 9.10), kinetic energy losses—like those attributable to viscosity—are inversely
proportional to the fourth power of the radius. As illustrated in Figure 9–3 , the curves created display little sensitivity to reduction in radius until a certain point is reached, beyond which energy losses increase rapidly. Increasing the velocity of flow has a
more marked effect on kinetic energy losses than it does on viscous losses (compare Figs. 9–2 and 9–3 ). This conclusion follows from the fact that the velocity term is squared in Equation 9.9 but enters Equation 9.6 only in the first power.
Turbulence

Turbulence, with its random velocity vectors, also depletes the total fluid energy stores. The point at which flow changes from laminar to turbulent is best defined in terms of a dimensionless quantity known as the Reynolds number (Re). Re is proportional to
the ratio of inertial forces acting on the fluid to the viscous forces:

where d is the diameter of the conduit, η is the viscosity, and ν is the kinematic viscosity (ν = η/ρ). When the Reynolds number exceeds 2000, local disturbances in the laminar flow pattern result in fully developed turbulence. With Re less than 2000, local
disturbances are damped out by the viscous forces.

173]
However, turbulence does appear to develop in the ascending aorta during the peak systolic ejection phase
[5] [202]

Because Reynolds numbers are well below 2000 in most peripheral blood vessels, turbulence is unlikely to occur under normal circumstances.[

151

] These turbulent flashes are short-lived. Yet, in spite of the absence of fully developed turbulence, the pattern of blood flow in a large portion of the circulation may be characterized as “disturbed.”
and may persist during deceleration.[
losses calculated with the use of turbulent friction factors may more closely

Figure 9-3 Effect of increasing stenosis and blood flow on inertial losses at the exit of a stenotic segment that leads into a tube with a radius of 0.5 cm. Curves are based on Equation 9.16. An abrupt exit is assumed. ∆P, pressure gradient.
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Figure 9-4 Velocity profiles of steady laminar flow and turbulent flow. Velocity is zero at the tube wall and reaches its peak value in the center. A blunt profile is also typical of flow within the entrance length of a vessel.

Energy

Figure 9-5 Velocity profiles (B) during various phases of a typical femoral arterial flow pulse (A). Letters indicate corresponding points in the pulse cycle. In all profiles, the velocity at the wall is zero. At point b, forward flow is nearly maximal and the
profile is almost parabolic. At the next point, flow near the wall is reversed but that in the center continues forward. Several profiles, both forward and reverse, are quite blunt. (A and B adapted from McDonald DA: Blood Flow in Arteries, 2nd ed. Baltimore,
Williams & Wilkins, 1974.)

Figure 9-6 Pressure drop across a 9.45-cm length of canine femoral artery at varying flow rates. Differential pressure was measured with a specially designed transducer (D. E. Hokanson), and flow, with an electromagnetic flowmeter. Flow rate was varied by
constriction of a distally located arteriovenous fistula. The line that fits the experimental data best (solid line) has both a linear and a squared term, corresponding to Poiseuille’s law plus kinetic energy losses. The pressure-flow curve predicted from
Poiseuille’s law (dashed line) depicts much less energy loss than actually is the case.

It is often convenient to drop the kinetic energy term (½ ρv2 ) in Equation 9.4, because it seldom contributes appreciably to the total energy. Also, calculations are simplified if the assumption can be made that the subject is supine. This permits the
gravitational terms (ρgh) to cancel. Hence, resistance can be approximated by the ratio of the pressure drop (P1 − P2 ) to the flow (Eq. 9.12).

Unlike electric resistance, hemodynamic resistance does not remain constant over a wide range of flows. The minimal possible resistance is given by Poiseuille’s law:

Because of additional energy losses related to acceleration, disturbed flow, and turbulence (all of which are a function of ½ ρv2 ), the resistance of a given vascular segment tends to increase as flow velocity increases, provided that there is no concomitant
change in vascular diameter ( Fig. 9–7 ).

For the purposes of studying arterial and venous flow dynamics in complex hemodynamic circuitry, resistances in series can be added to obtain the total value:

Figure 9-7 Resistance derived from pressure-flow curve in Figure 9–6 . The constant resistance predicted by Poiseuille’s law is depicted by the dotted line. Note that the resistance (R) rises with increasing flow. PRU, peripheral resistance unit.

The dimensions of hemodynamic resistance are dyne · cm−5 · sec. It usually is more convenient, however, to use the peripheral resistance unit (PRU), which is millimeters of mercury per milliliter per minute. Thus, 1 PRU is approximately equal to 8 × 104

dyne · cm−5 · sec.
Hemodynamics of Arterial Stenosis
Most of the abnormal energy losses in the arterial system result from stenosis or obstruction of the vascular lumen. Because atherosclerosis, the pathologic process in the majority of these lesions, has a predilection for larger arteries, surgical or catheter-based
intervention is often possible. Therefore, the study of the hemodynamics of these lesions has a great deal of practical importance.
Energy Losses Associated with Stenoses

In accordance with Poiseuille’s law (see Eqs. 9.6 and 9.13), so-called viscous energy losses within the stenotic segment are inversely proportional to the fourth power of its radius and directly proportional to its length (see Fig. 9–2 ). Thus, the radius of a

22 52 83 110

15] [110] [173] [204]

] In addition, inertial losses, which are related to the square of the velocity of blood flow, are encountered both at the entrance to the stenosis and at its exit.[
stenosis is of much more significance than its length.[ ] [ ] [ ] [
The magnitude of these losses varies greatly with the shapes of the entrance and exit, being much less for a gradual
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Figure 9-8 Diagram illustrating energy losses experienced by blood passing through a stenosis 1 cm long. Flow is assumed to be unidirectional and steady. Very little of the total energy loss is attributable to “viscous” losses. Thus, applications of Poiseuille’s
law greatly underestimate the pressure drop across an arterial stenosis.

In this expression, ∆P represents the energy lost in expansion, vs refers to the mean flow velocity within the stenotic segment, and v refers to the velocity in the vessel beyond the stenosis. Similarly, rs and r indicate the radius of the stenotic lumen and that of

37]

the uninvolved distal vessel, respectively. The constant, k, varies from about 1.0 for an abrupt orifice to less than 0.2 for one that expands gradually at a 6-degree angle.[

These concepts are illustrated graphically in Figure 9–8 . This figure emphasizes the relatively small contribution of viscous losses to the total decrease in available fluid energy produced by the stenosis. Even if the obstruction were diaphragm-like (L in Eq.
9.6 approaching zero), the energy losses would still be 85% of those with the 1-cm-long stenosis; in other words, most of the energy losses can be attributed to inertial effects.
Critical Stenosis

How severe does a stenosis have to be to produce a measurable pressure gradient or a decrease in blood flow or both? This is an important question for the clinician who attempts to assess the severity of an arterial obstruction from its angiographic appearance.
Experimentally, appreciable

Figure 9-9 Relationship of pressure and flow to degree of stenosis in a canine femoral artery. When peripheral resistance is high, the curves are shifted to the right. Percentage change in flow through the stenosis is essentially a mirror image of the percentage
of maximal pressure drop across the stenosis.

Figure 9-10 A, The main components of an arterial circuit containing a stenotic major artery. B, An electric analogue of this circuit. The battery at the top represents the potential energy source (e.g., the heart); ground potential, at the bottom, indicates the
central veins. QT is total flow, QC is collateral flow, and QS is flow through the stenotic artery. Resistances are RC , collateral; RS , stenotic artery; and RP , peripheral “runoff” bed. RC and RS are relatively “fixed”; RP is “variable.”

Figure 9-11 Although blood pressure distal to a critical stenosis falls progressively with growing severity of the stenosis, autoregulation maintains normal blood flow to the tissues until maximal peripheral vasodilatation is reached. Beyond this point, pressure
and flow are linearly related; increasing stenosis results in a marked decrease in both pressure and flow; and the tissues become ischemic. (Compare with Fig. 9–9 .) (From Sumner DS: Correlation of lesion configuration with functional significance. In Bond
MG, Insull W Jr, Glagov S, et al: Clinical Diagnosis of Atherosclerosis: Quantitative Methods of Evaluation. New York, Springer-Verlag, 1983.)

Figure 9-12 Mean blood flow at rest and after exercise in normal subjects and in patients with arteriosclerosis obliterans. Location of occlusion is indicated by the labels on the right. Blood flow was measured in the gastrocnemius muscle via the xenon-133
clearance technique. (Data from Wolf EA Jr, Sumner DS, Strandness DE Jr: Correlation between nutritive blood flow and pressure in limbs of patients with intermittent claudication. Surg Forum 23:238, 1972.)

Figure 9-13 Pressure pulse contours in a normal subject. (From Strandness DE Jr, Sumner DS: Hemodynamics for Surgeons. New York, Grune & Stratton, 1975; redrawn from Remington JW, Wood EH: Formation of peripheral pulse contour in man. J Appl
Physiol 9:433, 1956.)

Figure 9-14 Mean ankle pressure indices (ankle systolic blood pressure ÷ brachial systolic blood pressure) at rest and after exercise in normal subjects and in patients with arteriosclerosis obliterans. Location of occlusion is indicated by the labels on the right.
(Data from Wolf EA Jr, Sumner DS, Strandness DE Jr: Correlation between nutritive blood flow and pressure in limbs of patients with intermittent claudication. Surg Forum 23:238, 1972.)

Figure 9-15 Ankle blood pressure and calf blood flow before and after exercise in a patient with stenosis of the superficial femoral artery. (From Sumner DS, Strandness DE Jr: The relationship between calf blood flow and ankle blood pressure in patients
with intermittent claudication. Surgery 65:763, 1969.)

Figure 9-16 Ankle blood pressure and calf blood flow before and after exercise in a patient with stenosis of the iliac artery and occlusion of the superficial femoral artery. (From Sumner DS, Strandness DE Jr: The relationship between calf blood flow and

ankle blood pressure in patients with intermittent claudication. Surgery 65:763, 1969.)

Figure 9-17 Ankle blood pressure and calf blood flow before and after exercise in a patient with occlusion of the iliac, common femoral, and superficial femoral arteries. This patient had severe claudication and moderate rest pain. (From Sumner DS,
Strandness DE Jr: The relationship between calf blood flow and ankle blood pressure in patients with intermittent claudication. Surgery 65:763, 1969.)

Figure 9-18 Segmental (parallel collateral and main channel) resistance and calf (runoff) resistance in normal individuals and in patients with occlusive disease of the superficial femoral artery. Values at rest and after treadmill exercises are shown. PRU,
peripheral resistance unit. (Data from Sumner DS, Strandness DE Jr: The effect of exercise on resistance to blood flow in limbs with an occluded superficial femoral artery. Vasc Surg 4:229, 1970.)

Now suppose that an obstruction develops in the proximal vasculature, represented by tightening of the screw-clamp ( Fig. 9–19 C and D). The arterioles within the runoff bed dilate enough to compensate for the increase in proximal resistance. Because of this
autoregulatory process, resting blood flow remains within normal limits. However, the resting blood pressure distal to the obstructed segment is lower than normal (60 mm Hg in this example). This is
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simply a reflection of the higher energy losses that occur across the increased resistance (see Eq. 9.17).
With exercise, the intramuscular arterioles dilate fully (see Fig. 9–19 D). Because of the high proximal resistance, the rise in blood flow is inadequate to meet the metabolic demands of the exercising muscle mass, and claudication ensues. In addition, the
blood pressure distal to the obstruction experiences a further drop as a result of the increased rate of flow through the high proximal resistance (see also Fig. 9–15 ).
Finally, an even worse situation is depicted in Figure 9–19 E and F. Here, the proximal obstruction is so severe that blood flow at rest is only two-thirds the normal value (200 mL/min) despite complete peripheral vasodilatation; consequently, the patient
experiences rest pain. Because no further peripheral dilatation is possible, blood flow does not increase with exercise. Blood pressure distal to the obstruction is more profoundly depressed than in the previous examples, because the increase in proximal
(segmental) resistance is proportionally greater than the decrease in blood flow (Eq. 9.17; see also Fig. 9–17 ).
We can summarize these points as follows:

54] [64] [90] [135] [166] [176]
[65] [92] [135] [156] [176] [194]

1. At rest, peripheral blood flow is normal in patients with claudication but is decreased in patients with ischemic rest pain.[

2. During exercise, peripheral blood flow increases in patients with claudication, but the increase is less than that occurring in normal limbs.
flow.

In patients with rest pain, exercise may result in no increase in blood

[176]
23] [176] [194] [199]
24 169]
Exercise ordinarily results in a further decrease in peripheral pressure.[ ] [

3. At rest, blood pressure distal to the arterial lesion is decreased in patients with claudication and even more so in patients with rest pain.[

[176] [194]

Figure 9-19 Hydraulic model of an arterial circuit showing the effect of exercise.

Figure 9-20 Hydraulic model illustrating effect of multilevel arterial obstructive disease.

Figure 9-21 Effect of reflected waves on the contour of arterial flow and pressure pulses. Reflected waves subtract from forward flow waves but add to pressure waves. Reflection is accentuated by vasoconstriction and attenuated by vasodilatation. t, time.
(From Sumner DS: Hemodynamics of abnormal blood flow. In Veith FJ, Hobson RW II, Williams RA, Wilson SE [eds]: Vascular Surgery: Principles and Practice, 2nd ed. New York, McGraw-Hill, 1994.)

Figure 9-22 Fourier analysis of common femoral artery flow waveforms, showing first three harmonics. Upper panel, Normal iliac artery. Lower panel, Iliac artery obstruction. AO , mean velocity or amplitude; vertical arrows indicate maximum “peak-to-

peak” excursion. In comparison with those in the normal pulse, the amplitudes (moduli) of the second and third harmonics in the obstructive pulse are attenuated relative to that of the first harmonic. PI, pulsatility index; PIPP , peak-to-peak pulsatility index.

Figure 9-23 Effect of a stenosis and compliant vessels on the contour of arterial pressure and flow pulses. Mean pressure (dashed line on pressure pulse) is reduced, but mean flow (dashed line on flow pulse) is unchanged. Faucet represents the variable
resistance of the peripheral vascular bed. This, together with the fixed resistance of the stenosis and the compliance of the major arteries, constitutes a model of input impedance. (From Sumner DS: Correlation of lesion configuration with functional
significance. In Bond MG, Insull W Jr, Glagov S [eds]: Clinical Diagnosis of Atherosclerosis: Quantitative Methods of Evaluation. New York, Springer-Verlag, 1983.)

Thus, the shear rate and shear stress at the wall at any instant in the pulse cycle depend on blood viscosity (η) and are directly proportional to the mean velocity of flow and inversely proportional to the inner radius of the vessel. This means that (1) wall shear
increases as the mean velocity increases or the radius decreases and (2) shear decreases as the velocity decreases or the radius increases.

Shear rates at the wall are increased when the velocity profile is blunt, reflecting the shorter radial distance from the wall to the cylindrical plug of maximal velocity flow (see Fig. 9–4 ). When the profile is skewed (as it is at bifurcations and at areas where the

107]

vessel curves), shear is greatest near the wall, where the velocity of flow is highest. In these regions, flow may take on a helical pattern, thereby further complicating the pattern of shear.[

Turbulence not only increases shear stress but also subjects the

129]
88 121] [196]
At the carotid bulb, shear is greatest near the flow divider and least near the opposite wall, where blood flow may be stagnant or reversed during a large part of the cardiac cycle.[ ] [
In this area of “flow
wall to large oscillatory stresses.[
88
[ ]

(Flow is said to be “separated” when the boundary of the main body of flow is no longer attached to the vessel wall
separation,” the direction of shear fluctuates during the pulse cycle, corresponding to the direction of the velocity vectors ( Fig. 9–24 A).
but is isolated from the wall by a region in which the velocity vectors have a different orientation.) Similarly, in aneurysms, the axial flow stream is separated from flow in the dilated area near the wall, where velocities are low and flow reversal occurs ( Fig. 9–

196]

24 B). [

144] [155] [196]

Other regions in which flow separation develops include the lateral walls of the common iliac artery at the aortic bifurcation and just beyond stenoses in atherosclerotic vessels (see Fig. 9–8 ). [

In stenotic arteries, the longitudinal extent of

127]
flow separation depends on the velocity of flow and the degree of narrowing.[

Figure 9-24 Diagrammatic representation of flow streamlines in a carotid arterial bifurcation (A) and an abdominal aortic aneurysm (B). Flow separation and reversal of flow occur in the carotid bulb and in the distended portion of the aneurysm.

Figure 9-25 Hydraulic model contrasting the effects of sympathectomy and bypass grafting on blood flow. A, Faucet represents peripheral resistance, which is maximally decreased by exercise. B, Resistance cannot be further decreased by sympathectomy. C,
Bypass graft circumvents the fixed resistance, permitting increased blood flow even with less peripheral vasodilatation. (From Sumner DS: Pathophysiology of arterial occlusive disease. In Hershey FB, Barnes RW, Sumner DS [eds]: Noninvasive Diagnosis of
Vascular Disease. Pasadena, CA, Appleton Davies, 1984.)

TABLE 9-1 -- Calculated Minimal Pressure Gradients (mm Hg) Across a 40-cm Graft (η = 0.035P)
DIAMETER (cm)
FLOW (mL/min)

0.2

0.3

0.4

0.5

0.6

60

27

5.3

1.7

0.7

0.3

100

45

8.8

2.8

1.1

0.6

150

67

13

4.2

1.7

0.8

300

134

27

8.4

3.4

1.7

500

223

44

14

5.8

2.8

93

154]

become hyperplastic. The protective effect of high shear may be due to suppression of the release of endothelin-1, a peptide found in endothelial cells that acts as a vasoconstrictor and a mitogen for smooth muscle cells.[

214]
Vein grafts with initially high shear rates tend to dilate, but those with low shear rates tend to contract. The diameters of lower extremity vein grafts
[215]

Studies suggest that diameters of human in situ vein grafts change with time to normalize shear stress.[

appear to increase transiently in response to acute increases in blood flow, a response that may be attributed to the release of nitric oxide from the endothelium in response to increased shear stress.

211] [220]
significantly impaired in vein grafts (especially under low-flow conditions), an alteration that may contribute to intimal hyperplasia.[

However, nitric oxide activity has been shown to be

Anastomoses

173

] The greater the angle subtended by the graft
Because any change in the direction of blood flow increases energy losses due to inertial factors, an end-to-end anastomosis is more hemodynamically efficient than a side-to-end or end-to-side anastomosis.[
and host vessels, the greater the energy losses become. Even though energy losses may be increased severalfold by an adverse angle, the increase in pressure drop is only a few millimeters of mercury and is ordinarily of no clinical significance. For example,
from the point of view of transmitting blood efficiently, it makes little difference whether the donor anastomosis of a femoral-femoral graft is made with an angle of 135 degrees (requiring flow to reverse itself) or a more hemodynamically satisfactory angle of
101] [105]

45 degrees.[

9
Energy losses, however, are only part of the story. Any time a graft leaves or enters a host vessel at an angle, flow disturbances are created, resulting in zones of flow separation, stagnation, turbulence, and distorted velocity vectors ( Figs. 9–26 and 9–27 ).[ ]
[32] [101] [128] The “floor” of an end-to-side anastomosis (in the recipient vessel opposite the anastomosis), the “toe” of the anastomosis (on the near wall just beyond the suture line), and the “heel” (on the near wall proximal to the junction) appear to be
[9] [128]

prominent sites of flow separation where shear is low and shear stress fluctuates.

[32] [101] [113] [205]

Low shear and oscillatory shear stresses are conducive to platelet adhesion, intimal hyperplasia, and atherosclerosis, and high shear may result in endothelial damage.

100]
Therefore, the goal, long-term graft patency, is best achieved by construction of an end-to-end anastomosis; when this is not

The ultimate result is endothelial thickening or thrombus formation that may lead to graft failure.[
feasible, an anastomosis with an acute angle is recommended.

217

] Compared with conventional anastomotic
Computer simulations have shown that large shear stress gradients at the toe and heel of end-to-side distal anastomoses are associated with the development of myointimal hyperplasia and atheroma.[
configurations, a Taylor patch reduces these gradients somewhat, especially at high flow rates, but a major (50%) reduction in wall shear stress gradients requires an idealized geometry with a smoothly tapered heel and toe, a graft-to-host diameter ratio of 1.6,
and an anastomotic angle of 10 to 15 degrees.

Figure 9-26 Flow patterns at end-to-side and side-to-end anastomoses. Near the wall, blood flow may reverse and travel circumferentially to reach the recipient conduit. Areas of flow separation are prone to development of neointimal hyperplasia. (From
Sumner DS: Hemodynamics of abnormal blood flow. In Veith FJ, Hobson RW, Russell AW, Wilson SE [eds]: Vascular Surgery: Principles and Practice, 2nd ed. New York, McGraw-Hill, 1994.)

Compliance (C) is the reciprocal of the elastic modulus (1/E). The circumferential stress applied to an arterial wall is a function of the transmural pressure, P (intraluminal pressure minus the extravascular pressure), the inside radius of the artery, ri , and its

137] [173]

wall thickness, δ[

:

Pressure is in dynes · cm−2 , and ri and d are in centimeters. Circumferential strain, ε, is proportional to the ratio of the change in outside radius, ∆ro , to the original outside radius, ro :

94

Therefore, an incremental elastic modulus (Et ) can be obtained by substituting Equations 9.21 and 9.22 in Equation 9.20:

Pulse pressure is represented by ∆P. Although this formula allows a first approximation of the stiffness of the materials composing the arterial wall, it does not take into account the variable stress on the different layers (greatest on the inside and least on the

173]
12
A more precise formula that incorporates these variables has been devised by Bergel[ ] :

outside) and the tendency of the wall thickness to decrease as the radius increases.[

137]
:

Because it is often difficult to obtain accurate measurements of arterial wall thickness, several purely descriptive formulas are in common use, such as[

Compliance (C) is the reciprocal of Ep :

It should be emphasized that Equations 9.25 and 9.26 relate to the behavior of the entire arterial wall, whereas Equations 9.23 and 9.24 describe the stiffness of the materials composing the wall. In other words, two arteries with the same E value (see Eq. 9.24)
would have different Ep values if their wall thicknesses were different.

13

In addition to elasticity, viscosity is also a property of the arterial wall.[ ] Viscosity causes the expansion of the artery to lag behind the change in pressure. As a result, the elastic modulus of the arterial wall appears to increase with rising pulse rate. Wall
viscosity may also account for some of the energy losses in pulsatile flow, because the storage of energy during systole and its release during diastole may be incomplete owing to the friction encountered in expansion and contraction of the arterial wall.
Two fibrous proteins, elastin and collagen, determine the mechanical properties of the arterial wall. At low transmural pressures (<50 to 75 mm Hg), most of the circumferential distending force is sustained by lamellae composed of elastin, which is highly
extensible. At higher pressures, the arterial wall stretches and collagen fibers are gradually recruited to bear an increasingly larger portion of the load. Because collagen is about 1000 to 2000 times stiffer than elastin, arteries (and veins) become very stiff at

40]

high pressures. Therefore, the typical pressure-diameter curve of arteries has two phases: (1) a low-pressure, compliant part and (2) a high-pressure, stiff part.[

The elastic modulus of the arterial wall also increases with aging, fibrosis, and calcification—

122] [173] [222]
factors that often accompany arteriosclerosis.[
42 173

] The effect of muscle contraction becomes evident only in the smaller and muscular arteries
Activation of the smooth muscle within the arterial wall has a complex relationship with the elastic modulus but tends to increase stiffness at a given strain.[ ] [
of the periphery and is most marked in terminal arterioles. In the absence of muscular contraction, all arteries retain a circular cross-section even at zero transmural pressure. Therefore, the phenomenon of “critical closure,” in which small arteries appear to
7
collapse (occlude) at low perfusion pressures, can occur only when there is an increase in smooth muscle tone.[ ]
Table 9–2 lists some of the stress-strain characteristics of atherosclerotic and normal arteries. Most synthetic grafts are stiffer than the arteries they replace, especially after they have been implanted for some time ( Table 9–3 ). This change is due to ingrowth
of fibrous tissue into the interstices of porous grafts and fibrous encapsulation of the grafts.

Figure 9-27 Flow pattern in a three-dimensional model of an end-to-side anastomosis. Note impingement of high-velocity flow on the “floor” of the anastomosis and the helical pattern that develops beyond the anastomosis. Reversal of flow occurs in the
proximal segment of the recipient vessel. A, Model tilted toward observer. B, Model viewed from above. X, Y, and Z represent coordinates for orientation of the model. (From Ojha M, Ethier CR, Johnston KW, Cobbold RSC: Steady and pulsatile flow fields
in an end-to-side arterial anastomosis model. J Vasc Surg 12:747, 1990.)

TABLE 9-2 -- Stress-Strain Characteristics of Human Arteries

LOCATION

CHAPTER REFERENCE

REMARKS

ELASTIC MODULUS (E)
(dynes · cm−2 · 106 )

*

PRESSURE-STRAIN ELASTIC MODULUS
(dynes · cm−2 · 106 )

†

PERCENT COMPLIANCE (C)

‡

NORMALIZED (∆P = 50 mm
Hg)

Infrarenal aorta

173

ASO

26.0 ± 14.5

9.8 ± 3.5

0.8 ± 0.3

Terminal aorta

173

ASO

37.7 ± 17.2

15.1 ± 4.1

0.5 ± 0.2

Common iliac artery

173

ASO

24.7 ± 21.5

14.8 ± 15.8

0.8 ± 0.4

Common femoral artery

122

Age <35 yr

—

2.6 ± 1.3

3.0 ± 1.0

122

Age 35–60 yr

—

3.9 ± 2.0

2.1 ± 0.9

122

Age >60 yr

—

6.3 ± 4.8

1.2 ± 0.9

186

—

—

2.3 ± 0.2

3.0 ± 0.3

ASO, arteriosclerosis obliterans.

* Equation 9.24.

† Equation 9.25.
‡ Equation 9.26.

TABLE 9-3 -- Stress-Strain Characteristics of Various Arterial Grafts

GRAFT MATERIAL

PRESSURE-STRAIN ELASTIC MODULUS
−2 · 106 )

*

(dynes · cm

†

PERCENT COMPLIANCE (C) NORMALIZED (∆P =
50 mm Hg)

CHAPTER REFERENCE

MONTHS IMPLANTED

186

0

3.0 ± 0.6

2.2 ± 0.4

106

>36

4.9 ± 2.0

1.7 ± 1.0

Umbilical vein

186

0

3.5 ± 0.5

1.9 ± 0.3

Bovine heterograft

186

0

5.1 ± 0.6

1.3 ± 0.2

67

12

24.2

0.3

Velour

186

0

7.0 ± 1.1

1.0 ± 0.2

Knitted

67

0

17.8

0.4

67

0

55.5

0.1

67

0

166.6

0.04

PTFE woven

67

0

148.1

0.05

PTFE

186

0

8.3 ± 1.0

0.8 ± 0.1

Saphenous vein

Dacron

Woven

PTFE, polytetrafluoroethylene.

* Equation 9.25.
† Equation 9.26.

Palpable Pulses

Motion of the arterial wall is responsible for the palpable pulses that are so important in the physical examination of the patient in whom arterial disease is suspected. Yet, it is apparent from the values in Table 9–2 that a 7-mm femoral artery in a young subject
would expand only 0.2 mm under the influence of a 50-mm Hg pulse pressure. Older, stiffer arteries would expand even less. It seems doubtful that the finger could reliably detect this degree of motion. Why, then, are pulses ordinarily so easily felt? When the
finger is applied to the skin overlying an artery, the artery is compressed, changing its normally circular cross section into an ellipse. It takes much less energy to bend the wall of an elliptically shaped vessel than it does to stretch the wall of a circular vessel.

[122] Therefore, when the artery is partially compressed, its expansion in the direction of the compression is greatly augmented. Also, as the artery expands longitudinally, the entire vessel moves toward the skin.
As surgeons, we are accustomed to grading the peripheral pulses on an arbitrary scale (e.g., from 0 to 4+) and to estimating the extent of proximal obstruction on the basis of the magnitude of the pulse. This practice is predicated on the assumption that the
strength of the pulse is directly related to the pulse pressure, which should be decreased distal to an obstruction. Stiff, calcified vessels may display little or no pulse, however, even though there is no decrease in pulse pressure. In contrast, relatively good
pulses may be palpated despite a proximal arterial obstruction if the arterial wall is compliant, particularly if the systemic pulse pressure is increased.
Although pulse palpation is a valuable tool for the initial evaluation of the patient with suspected arterial disease, both arteriography and noninvasive tests have repeatedly demonstrated its fallibility.
Stresses at Graft-Artery Anastomoses and False Aneurysms

1 9 67 114] [186] [213]
Coupling a stiff graft to a compliant artery places additional stresses on the suture line, which may lead to intimal hyperplasia or the development of a false aneurysm.[ ] [ ] [ ] [
With the advent of synthetic sutures, most anastomotic

84] [125]

disruptions develop in the arterial wall; the sutures themselves remain intact.[
pressure pulse, whereas the circumference of a

On the basis of the data in Tables 9–2 and 9–3 , the circumference of a young femoral artery measuring 7 mm in diameter would increase 1.32 mm with each 50-mm Hg

96

woven Dacron graft of the same diameter would increase only 0.02 mm, a disparity of 1.30 mm. As these increases are repeated 100,000 times per day, this small difference would result in fatigue of the arterial wall.

133]
have analyzed the stresses produced at an end-to-end anastomosis by a compliance mismatch. Three components of the stress system were identified: axial, hoop, and shear. Of these, shear, which is greatest at the suture lines, is
[85] [133]

Paasche and colleagues[

the most disruptive. Both theoretically and experimentally, stresses can be minimized if the ratio of the diameter of a rigid graft to that of a compliant artery is about 1.4:1.

Because the impedance of a stiff graft is greater than that of a compliant artery, pulsatile energy is reflected at the proximal suture line. When a Dacron graft with an Ep of 55 × 106 dynes · cm−2 is sutured to an infrarenal aorta with an Ep of 9.8 × 106 dynes ·

173]

cm−2 , about 41% of the incident pulsatile energy is reflected.[
anastomosis.

124]

Because this reflection augments the pressure pulsations proximal to the graft, additional stresses are placed on the suture line,[

which may contribute to disruption of the proximal

Shear stresses produced by vibrations generated at end-to-side anastomoses may also contribute to the formation of false aneurysms.
Arterial Wall Stress and Rupture of Aortic Aneurysms

An aneurysm ruptures when the tangential stress within its wall exceeds the tensile strength of the wall at any point.
Tangential stress (τ) within the wall of a cylinder is given by Equation 9.21. This equation explains in part why large aneurysms are more likely to rupture than small aneurysms and why rupture is more common in hypertensive patients than in normotensive

16] [56]

patients.[

Note that Equation 9.21 differs from LaPlace’s law, which usually is stated as follows:

where r is commonly taken as the outside radius (although more properly it should be the inside radius), and T is tension in dynes per centimeter of cylindrical length. LaPlace’s law is truly applicable only to very thin-walled structures, such as soap bubbles,

136]

and should not be employed to describe stresses in arterial walls.[

40]

Because the wall stress in a sphere is half that in a cylinder with the same radius and because the typical configuration of an aneurysm is a cross between a sphere and a cylinder, Equation 9.21 actually overestimates the stress in aneurysm walls.[
however, does not change the essential argument—namely, that wall stress is directly proportional to transmural pressure and to the inner radius of the vessel and is inversely proportional to wall thickness.

This fact,

173 179

][
] The circumferential wall stress within this structure would be 8.0
Figure 9–28 shows a cylinder with an outside diameter of 2 cm and a wall thickness of 0.2 cm. These dimensions are compatible with those found in atherosclerotic terminal aortas.[
× 105 dynes · cm−2 when the internal pressure is 150 mm Hg. If this tube were distended without the volume of material increasing in the wall, the wall would simultaneously become thinner. In the case illustrated, the tube has been expanded to aneurysmal
dimensions, outside diameter 6 cm, and the wall thickness has decreased to 0.06 cm ( Fig. 9–28 , right-hand panel). Tripling the radius and decreasing the wall thickness cause the circumferential stress in the wall of the expanded cylinder to increase to 98.0 ×
105 dynes · cm−2 , provided the pressure remains at 150 mm Hg (see Eq. 9.21). Thus, in this highly artificial model, stress per unit area of wall increases by a factor of 12, even though the arterial diameter has enlarged only three times.
Owing to the sluggish flow and low shear stress on the inner wall of aneurysms, layers of clot develop that tend to maintain the diameter of the lumen near that of the normal artery (see Fig. 9–24 ). This thrombus, by increasing the effective thickness of the
arterial wall (δ), may reduce wall stress and afford some protection against rupture (see Eq. 9.21). On the other hand, the clot might simply transmit pressure undiminished to the wall and may therefore have little effect on wall stress. Because thrombi are

40]

friable and poorly bonded to the inner surface of the residual wall, they may exert little or no retractive force.[

212 216 219

][
][
] These
Findings in computer simulations using the finite element method for analyzing mechanical properties of axisymmetric models of abdominal aortic aneurysms suggest that thrombus may reduce wall stress by as much as 50%. [
studies predict that the protective effect is proportional not only to the thickness of the clot relative to the aneurysm diameter but also to the elastic modulus (Ep ; see Eq. 9.25) of the clot. In other words, the risk of rupture may be lower in aneurysms lined with

stiff, thick clots.

In real life, aneurysms are never truly axisymmetric. As they elongate, they tend to bow forward at the upper end and deviate to the left. Because posterior expansion is limited by the vertebral column, aneurysms are forced to bulge anteriorly. Asymmetry in

225]
This effect is particularly evident in the posterior wall adjacent to the vertebral column and in the anterior wall,

the anterior-posterior plane has been shown by finite element analysis to increase wall stress even when the diameter remains unchanged.[
where the direction of curvature gradually changes from concave outward

Figure 9-28 End-on view of a cylinder 2 cm in diameter before and after expansion to a diameter of 6 cm. Wall area remains the same in the two cases, but wall stress (τ) is greatly increased owing both to the decrease in wall thickness (δ) and to the increase
in inside radius (ri ).

Obviously, this is impossible, because the combined effect of the tissue pressure (5 mm Hg) and the atmospheric pressure would collapse the veins. Thus, venous pressure in a portion of the body above the heart cannot fall below tissue pressure (see Fig. 9–
29 ).
Venous Pressure-Volume Relationships

Because veins are collapsible tubes, a great variation in venous capacity is possible with little change in venous pressure—a property that adapts veins to their unique role as the major storage facility for blood.
Transmural pressure is the difference in pressure between the intraluminal pressure acting to expand the vein and the tissue pressure acting from the outside to collapse the vein. When venous transmural pressure is increased from 0 to 15 mm Hg, the volume

316

] This vast change in volume is due largely to the fact that the cross-section of the venous lumen, which is elliptical at low transmural pressures, becomes circular at higher transmural pressures ( Fig. 9–30 ).
of the vein may increase by more than 250%.[
Little increase in pressure is required to convert a low-volume
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Figure 9-29 Effect of standing position on venous and arterial pressures. Zero pressure is at the level of the right atrium. Dynamic pressure represents that produced by the contraction of the left ventricle. If the subject were horizontal, the total intravascular
pressure would closely approximate the dynamic pressure because there would be little hydrostatic effect.

Figure 9-30 Cross-section of venous lumen at various transmural pressures. At low pressure, the wall collapses into an elliptical configuration; at higher pressures, it becomes circular. Note that the wall also stretches with rising pressure. (Adapted from
Moreno AH, Katz AI, Gold LD, Reddy RV: Mechanics of distention of dog veins and other thin-walled tubular structures. Circ Res 27:1069, 1970. By permission of the American Heart Association, Inc.)

Figure 9-31 Relationship of venous volume to transmural pressure. Veins are very compliant at low pressure but are quite stiff at high pressure.

Figure 9-32 Relationship of flow (Qv ) in a venous segment to venous resistance (Rv ), peripheral venous pressure (Ppv ), and central venous pressure (Pcv ). As flow increases, the vein collapses and pressure (P) in the midportion of the venous segment
decreases. As flow decreases, the opposite occurs: Pressure increases and the vein expands. Increasing pressure is indicated by a clockwise movement of the arrows on the meters. (From Sumner DS: Applied physiology in venous problems. In Bergan JJ, Yao
JST [eds]: Surgery of the Veins. Orlando, Grune & Stratton, 1985, p 3.)

Figure 9-33 Effect of cardiac contraction on venous pressure (Pv ) and venous blood flow (Q). Vertical dashed lines define the period of ventricular systole. First and second heart sounds are indicated by S1 and S2 , respectively. EKG, electrocardiogram.

(From Sumner DS: Applied physiology in venous problems. In Bergan JJ, Yao JST [eds]: Surgery of the Veins. Orlando, Grune & Stratton, 1985, p 3.)

Figure 9-34 Doppler recordings of flow in a brachial vein demonstrating pulsations imposed by cardiac contraction. (From Sumner DS: Noninvasive vascular laboratory assessment. In Machleder HI [ed]: Vascular Disorders of the Upper Extremity, 3rd ed.
Armonk, NY, Futura, 1998, p 15.)

Figure 9-35 A, Model illustrating “collapsible tube” phenomenon. B, Effect of elevating the driving pressure while keeping container pressure and outflow pressure constant. C, Effect of elevating outflow pressure while keeping driving pressure and container
pressure constant. D, Effect of elevating container pressure while keeping driving pressure and outflow pressure constant.

Figure 9-36 Effect of respiration on venous blood from the lower extremity, upper abdomen, and brachiocephalic area. Intra-abdominal pressure (“Pcv ”) increases during inspiration and decreases during expiration. Pcv , central venous pressure; Ppv ,
peripheral venous pressure. (From Sumner DS: Applied physiology in venous problems. In Bergan JJ, Yao JST [eds]: Surgery of the Veins. Orlando, Grune & Stratton, 1985, p 3.)

Figure 9-37 Representation of a longitudinal section through a venous valve, demonstrating the role of sinuses in facilitating opening and closing of valve cusps. (From Sumner DS: Applied physiology in venous problems. In Bergan JJ, Yao JST [eds]:
Surgery of the Veins. Orlando, Grune & Stratton, 1985, p 3.)

Figure 9-38 Operation of the muscle pump. A, Resting. B, Muscle contraction. C, Muscle relaxation. Venous pressure in the distal leg is indicated by the length of the hydrostatic column. (From Sumner DS: Applied physiology in venous disease. In Sakaguchi
S [ed]: Advances in Phlebology. London, John Libbey and Company, 1987, p 5.)

Figure 9-39 Effect of exercise on venous pressure at foot level in a subject 5 feet, 8 inches tall. (From Strandness DE Jr, Sumner DS: Hemodynamics for Surgeons. New York, Grune & Stratton, 1975.)

Figure 9-40 Dynamics of venous blood flow in response to calf muscle contraction in a normal limb. (From Sumner DS: Venous dynamics—varicosities. Clin Obstet Gynecol 24:743, 1981.)

As shown in Figure 9–41 , the mean capillary pressure of +25 mm Hg is exactly balanced by the sum of the other pressures:

*

Thus, in the supine position, there is little or no net pressure gradient across the capillary wall; however, this equilibrium is disturbed in the dependent parts of an upright individual. For example, if the mean capillary pressure, Pc , is assumed to be 25 mm Hg

at ankle level in a supine subject, it would rise to about 127 mm Hg (25 + 102) in the standing subject

245] [360]

* The magnitude of the interstitial fluid pressure (PIF ) has been the subject of considerable debate.[

Although originally PIF was thought to range between +1 and +5 mm Hg,

most current evidence suggests that it is actually subatmospheric, on the order of −2 to −7 mm Hg. Substituting these negative values for PIF in Equation 9.29 gives a value
of +13 to +18 for the intravascular pressure at the midpoint of the capillary (Pc ). Thus, some of the numbers in Figure 9–41 and in the accompanying text are changed;
however, the basic concepts of transcapillary fluid exchange remain the same.
Total tissue pressure is the sum of the interstitial fluid pressure and the “solid tissue pressure” that is exerted by collagen and ground substance. If the structural elements
responsible for solid tissue pressure are compressed, the solid tissue pressure is positive. Consequently, total tissue pressure commonly ranges between +1 and +5 mm Hg. It
is this total tissue pressure that determines the transmural pressure across the capillaries and veins. Total tissue pressure and interstitial fluid pressure become equal when
edema develops.

105

Figure 9-41 Fluid exchange in the capillary bed. Solid arrows indicate the direction of fluid flow. Dashed arrows show the direction of pressure gradients. P, net pressure; Pc , capillary pressure; PIF , interstitial fluid pressure; πC , osmotic pressure of blood;

πIF , osmotic pressure of interstitial fluid. (From Strandness DE Jr, Sumner DS: Hemodynamics for Surgeons. New York, Grune & Stratton, 1975.)

This equation indicates that peripheral venous pressure increases when the central venous pressure rises. Because central venous pressure is usually lower than the intra-abdominal pressure in supine subjects, Pcv can be taken to represent the intra-abdominal

pressure. This is a manifestation of the collapsible tube phenomenon, in which the abdomen acts as a closed container (see Fig. 9–35 ). As discussed earlier, the inspiratory descent of the diaphragm increases intra-abdominal pressure (“Pcv ”), decreases blood

flow temporarily, and then raises the peripheral pressure,

Figure 9-42 Major factors involved in venous return from the legs (see text). Ppv , peripheral venous pressure; Pcv , central venous pressure; “Pcv ,” intra-abdominal pressure; Qv , venous flow; Rv , peripheral venous resistance.

Figure 9-43 Effect of a deep breath on the peripheral venous pressure and volume in the lower extremity. The simultaneous increase in pressure and venous volume is caused by a temporary increase in intra-abdominal pressure that interferes with venous
outflow from the leg. Volume change was measured with a mercury strain-gauge. (From Strandness DE Jr, Sumner DS: Hemodynamics for Surgeons. New York, Grune & Stratton, 1975.)

TABLE 9-4 -- Venous Pressure at Foot Level
PRESSURE (mm Hg)

*

Supine

Standing

Ambulatory

Control

7±1

90 ± 7

35 ± 9

Varicose veins

7±1

87 ± 5

56 ± 11

Acute phlebitis

17 ± 7

93 ± 4

90 ± 18

Postphlebitic

12 ± 5

90 ± 4

84 ± 16

Adapted from Husni EA, Ximenes JO, Goyette EM: Elastic support of the lower limbs in hospital patients: A critical study. JAMA 214:1456, 1970.

* Values are mean ± standard deviation.

become less compliant (see Fig. 9–31 ). Superficial veins become more prominent, providing an excellent diagnostic sign of DVT. Sometimes this dilatation can so stretch the venous wall that valves cannot coapt properly, resulting in venous insufficiency.

340]

Reflux, however, is seldom an impressive finding in acute phlebitis.[

Another clinically important result of increased venous pressure is the concomitant rise in mean capillary pressure. This change upsets the Starling equilibrium (see Eq. 9.29), leading to the formation of edema. Even subclinical venous thrombi may produce
minor swelling that can be detected by careful measurements of limb circumference. In fact, unilateral limb swelling is the best clinical sign of acute venous thrombosis.

263]
found swelling in only 70% of limbs with popliteal or below-knee thrombosis, and in almost all cases the increase in circumference was less than 1 cm at

The extent of swelling is proportional to the elevation in venous pressure. DeWeese and Rogoff[

263

] However, swelling was present in 86% of patients with femoral vein thrombosis and in all patients with iliofemoral thrombosis. The increase in circumference exceeded 1.0 cm at the ankle, 2.0 cm at the calf, and 3.0 cm at the thigh in limbs
the ankle.[
with iliofemoral thrombosis.
Edema formation reaches truly massive proportions in phlegmasia cerulea dolens. In this dreaded condition, which is characterized by near-total thrombosis of all the veins in the involved extremity, together with ipsilateral iliac vein occlusion and obstruction

278]

of pelvic collateral veins, fluid loss may reach 6 to 10 L within 5 to 10 days.[

351]

This massive fluid loss reflects the tremendous elevation in venous pressure, which may reach 16 to 17 times normal values within 6 hours.[

With the rapid formation of

247] [351]
edema, tissue pressures attain values of 25 to 48 mm Hg in 1 or 2 days.[
246]
In addition, a profound circulatory insufficiency develops, characterized by agonizing pain, cyanosis, decreased tissue temperature, absence of pulses, and,
[339]

Shock caused by fluid loss occurs in about one third of patients with phlegmasia cerulea dolens.[

often, gangrene. The exact mechanism of this ischemia is uncertain, but it probably involves shock, increased venous outflow resistance, possible narrowing of the resistance vessels in response to the rise in interstitial pressure, and edema ( Fig. 9–44 ).

[355]
Primary Varicose Veins
Varicosities of the lower limb that develop spontaneously in the absence of DVT or other deep venous abnormalities are referred to as “primary varicose veins.” The greater saphenous vein and its tributaries are the most frequently involved, followed by the
lesser saphenous and pelvic veins.

269]
227] [255] [265] [266] [335]
343] [344]
(2) increased venous distensibility,[
(3) greater blood flow through arteriovenous communications,[

The etiology remains uncertain. Theories include (1) pressure exerted by incompetent perforating veins,[

300]
Although these factors undoubtedly play a role, much of the evidence seems to favor progressive descending valvular incompetence in response to congenital
270
301
304
333
[
][
][
][
]

and (4) preexisting abnormalities of smooth muscle and endothelial cells in vein walls.[
absence or incompetence of the common femoral and iliac valves.

Under these circumstances, the saphenofemoral valve (which lacks
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Figure 9-44 Pathophysiology of increasing severity of venous obstruction. In each diagram, arterial inflow is shown on the left and venous outflow on the right. Black areas indicate the location and extent of thrombus, which is confined to the major venous
channels in phlegmasia alba dolens, involves collateral veins as well in phlegmasia cerulea dolens, and extends to the small veins and capillaries in venous gangrene. Arrow size indicates the magnitude of arterial and venous flow, venous and tissue pressure,
and edema.

Figure 9-45 Primary varicose veins. Dynamics of venous blood flow in response to calf muscle contraction. During relaxation, flow is reversed in the saphenous vein, and circular motion is established through the perforating veins. (From Sumner DS: Venous
dynamics—varicosities. Clin Obstet Gynecol 24:743, 1981.)

Figure 9-46 Blood flow in the greater saphenous vein in a patient with varicose veins. Calf muscle contraction (C) causes blood to flow toward the heart, whereas calf muscle relaxation (R) causes blood to reflux down the leg toward the feet. In the standing
position, reflux flow greatly exceeds forward flow. Recordings were made with the Doppler probe pointed cephalad. (From Strandness DE Jr, Sumner DS: Hemodynamics for Surgeons. New York, Grune & Stratton, 1975.)

Figure 9-47 Flow in an incompetent perforating vein in an erect patient with varicose veins. During walking (dashed lines), flow is directed “in,” that is, from the superficial to the deep veins. Pressure in the greater saphenous vein is only slightly reduced.
Occluding the greater saphenous vein with a “sling” ligature (solid line) causes flow in the perforator to seesaw “in” and “out” and causes the saphenous vein pressure to drop in a nearly normal fashion. (From Bjordal RI: Simultaneous pressure and flow
recordings in varicose veins of the lower extremity: A hemodynamic study of venous dysfunction. Acta Chir Scand 136:309, 1970.)

Figure 9-48 Chronic venous insufficiency, deep venous incompetence, and secondary varicose veins. Dynamics of venous blood flow in response to calf muscle contraction in a postphlebitic limb with residual deep venous obstruction, incompetent
perforating veins, and secondary varicose veins. Note the to-and-fro motion of blood in incompetent perforating veins. (From Sumner DS: Venous dynamics—varicosities. Clin Obstet Gynecol 24:743, 1981.)

Figure 9-49 Effect of exercise on calf volume and venous pressure in a patient with chronic venous insufficiency. (From Strandness DE Jr, Sumner DS: Hemodynamics for Surgeons. New York, Grune & Stratton, 1975.)

TABLE 9-5 -- Change in Radioactivity of Leg Pumping Against Gravity (45-Degree Dependency)
NORMAL
Number of legs

21

Degree of change (%)

−20.5 (± 6.1)

Time required (sec)

0–5.3 (± 2.0)

*
CHRONIC DEEP VENOUS INSUFFICIENCY
13
−10.2 (± 4.8)
12.7 (± 7.9)

−4.6 (± 2.1)

Rate of change (%/sec)

−0.9 (± 0.5)

†
†
†

From Rutherford JB, Reddy CMK, Walker FG, Wagner HN Jr: A new quantitative method of assessing the functional status of the leg veins. Am J Surg 122:594, 1971.

* Values are mean ± standard deviation.
† Degree of significance of difference from normal: P < .001.
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TABLE 9-6 -- Relationship Between Ambulatory Venous Pressure and the Incidence of Stasis Ulceration
AMBULATORY VENOUS PRESSURE (mm Hg)

INCIDENCE OF ULCERS (%)

≤45

0

45–49

5

50–59

15

60–69

50

70–79

75

≥80

80

Data from Nicolaides AN: Noninvasive assessment of primary and secondary varicose veins. In Bernstein EF (ed): Noninvasive Diagnostic Techniques in Vascular Disease, 2nd ed. St. Louis, CV Mosby, 1982, p 575.

234] [256] [268] [299] [355]

that incompetent perforating veins connecting the deep system to the posterior arch vein play a major role by transmitting pressure impulses to fragile superficial veins, causing localized hypoxia and nutritional deficits.[

The

256]
descriptive term ankle blowout syndrome was coined to emphasize the importance of incompetent perforating veins to the genesis of venous stasis changes.[
Distribution of Valvular Incompetence: Relationship to Stasis Changes

The large number of valves in the infrapopliteal veins and the relative paucity of valves above the knee suggest that these structures have evolved to protect against hydrostatic forces imposed by the assumption of an upright posture. Certainly, the distribution
of valves coincides with the hydrostatic pressure to which the veins are subjected. The concentration of valves in the lower leg also implies that they are of major importance to the muscle pump mechanism.
Unlike venous pressure at the ankle, pressure in the popliteal veins decreases relatively little with exercise and reaches essentially the same level in limbs with gross saphenous varices, in limbs with minimal varicose veins, and in normal limbs ( Fig. 9–50 ).

[233] [282] [301] This suggests that the presence or absence of valves above the popliteal vein has little effect on ambulatory venous pressure, whereas valves below the knee play a major role in pressure reduction. These and similar observations prompted
[233] [282]

earlier investigators to speculate that the absence of valves above the knee may be less detrimental to venous function than the absence of valves below the knee.

Isolated proximal venous valvular incompetence is a relatively benign condition. About 15% of normal limbs and the majority of limbs with primary saphenous varicosities have incompetent common femoral valves, as shown by Doppler ultrasonography, yet

270] [333]

cutaneous manifestations of chronic venous insufficiency are rarely seen.[

361]

Furthermore, reflux to the popliteal level during retrograde phlebography commonly occurs in clinically normal limbs.[

Investigators using plethysmographic methods or venous pressure measurements have shown that postexercise peripheral venous refilling times
or calf veins are incompetent than when incompetence is confined to the above-knee

*

are more likely to be accelerated and ambulatory venous pressures are more likely to be elevated when popliteal

Figure 9-50 Pressure in the greater saphenous vein at 5-cm intervals down the leg, starting at the knee (at 40 cm above the medial malleolus) and ending at the ankle (at 5 cm). Symbols indicate normal limbs (closed circles), limbs with minimal saphenous
varices (open circles), and limbs with gross saphenous varices (triangles). Pressures at all anatomic levels are superimposed at rest (upper points). Ambulatory venous pressures (lower points) are identical at the knee but are quite different at the ankle. (From
Ludbrook J: Valvular defect in primary varicose veins: Cause or effect? Lancet 2:1289, 1963.)
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TABLE 9-7 -- Postexercise Venous Recovery Time Versus Distribution of Deep Venous Valvular Incompetence
LOCATION OF INCOMPETENT VALVES

*

RECOVERY TIME (sec)

†

INTERPRETATION

Distal only

16.4 ± 14.0

Abnormal

Distal and proximal

14.1 ± 8.7

Abnormal

Proximal only

43.5 ± 26.8

Normal

No valvular incompetence

42.8 ± 22.4

Normal

Data from Gooley NA, Sumner DS: Relationship of venous reflux to the site of venous valvular incompetence: Implications for venous reconstructive surgery. J Vasc Surg 7:50, 1988.

* Distal is popliteal and below-knee veins; proximal is common and superficial femoral veins.
† Values are mean ± standard deviation.

315]

colleagues[

( Fig. 9–51 ). An additional 23% had isolated below-knee incompetence, for a total of 68% with below-knee involvement.

365

] reported that 76% of limbs with ulcers had above-knee and below-knee incompetence; an additional 8% had isolated distal incompetence, for a total of 84% of limbs with below-knee involvement. Thus,
In another study, van Bemmelen and coworkers[
in these two studies, more than two thirds of limbs with advanced stasis changes had popliteal or below-knee incompetence, either alone or in conjunction with incompetence of the proximal veins.
In limbs with less severe cutaneous manifestations (edema, venous flares), the distribution differs, in that incompetence isolated to the proximal veins is far more common than incompetence confined to the calf veins. In the study by van Bemmelen and

365

365

] 59% of limbs with chronic venous disease but no ulcers had isolated proximal vein incompetence; another 29% had combined proximal and distal incompetence; but only 8% had isolated distal incompetence.[
] This finding suggests that
coworkers,[
proximal venous incompetence alone is not responsible for the development of ulcers. In contrast, the role of popliteal or below-knee valvular incompetence in the genesis of stasis ulcers is supported by reports that the proportion of limbs

Figure 9-51 Distribution of venous valvular incompetence in limbs with stasis ulcers and pigmentation. (From Sumner DS: Pathophysiology of chronic venous insufficiency. Semin Vasc Surg 1:66, 1988.)

TABLE 9-8 -- Postexercise Venous Recovery Time Versus Clinical Signs in Postphlebitic Limbs
SIGN

RECOVERY TIME (sec)

*

LIMBS ABNORMAL (%)

Ulcer, pigmentation

10 ± 7

87

Edema only

26 ± 23

48

None

37 ± 24

27

Present

21 ± 19

68

Absent

39 ± 25

21

Varicose veins

Data from Gooley NA, Sumner DS: Relationship of venous reflux to the site of venous valvular incompetence: Implications for venous reconstructive surgery. J Vasc Surg 7:50, 1988.

* Values are mean ± standard deviation.

315] [317] [318] [365]

with distal incompetence is appreciably higher when ulcers are present (42% to 84%) than when the disease is less severe (3% to 35%).[

Although the significance of distal venous incompetence is widely accepted, the relative importance of superficial and deep venous incompetence remains unresolved. Combined superficial and deep venous incompetence, the most common pattern, is found in

231] [368]

20% to 88% of limbs with ulcers or lipodermatosclerosis.[

In the experience of a number of investigators, incompetence confined to the superficial veins is relatively rare in patients with manifestations of chronic venous insufficiency, occurring in

231] [315] [318] [336] [365]
296] [346] [368]
Others, however, have found incompetence isolated to the superficial veins in the majority (52% to 70%) of patients with severe stasis changes.[
In most cases,
only 0 to 10% of cases (see Fig. 9–51 ).[

when incompetent superficial veins are associated with deep venous insufficiency, they probably represent secondary varicose veins and are unlikely to be directly responsible for the adverse effects of chronic venous insufficiency. This interpretation does not
suffice when the only apparent valvular defects are confined to the superficial system. In these cases, superficial venous incompetence must be solely responsible for stasis changes. Nonetheless, patients with massive, long-standing varicose veins are often
asymptomatic and have normal skin and soft, pliable subcutaneous tissues in the gaiter area. This observation in itself is a strong argument against the theory that superficial venous incompetence alone is sufficient to cause stasis changes.

Analogous to the situation pertaining in the deep system, incompetence of the below-knee greater saphenous vein and lesser saphenous vein, either alone or in conjunction with incompetence of the above-knee saphenous vein, is more strongly associated with

279] [292] [293] [317]

ulceration than is incompetence limited to the proximal superficial veins.[

294]

In one study, only 4% of limbs with isolated above-knee saphenous vein incompetence underwent skin changes, and none had an ulcer.[

Hypothetical Effects of Different Patterns of Venous Incompetence

310]
In normal limbs and in limbs

A mechanism explaining how the location of venous valvular incompetence may affect ambulatory venous pressure is proposed in Figure 9–52 .[
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Figure 9-52 Comparison of the length of the hydrostatic column of blood measured from the ankle after exercise (stippled area) in limbs with no valvular incompetence (NONE), incompetence limited to the proximal deep veins (PROX), incompetence
limited to the distal deep veins (DISTAL), incompetence of both proximal and distal deep veins (BOTH), and incompetence limited to the superficial veins (SAPH). In each diagram, saphenous veins are on the left and deep veins are on the right. Arrows
indicate the direction of flow in perforating veins. (From Gooley NA, Sumner DS: Relationship of venous reflux to the site of venous valvular incompetence: Implications for venous reconstructive surgery. J Vasc Surg 7:50, 1988.)
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hydrostatic column and decrease ambulatory venous pressure but not as efficiently as the multiple competent valves present in normal calf veins, which have the potential of segregating the column of blood into segments only a few centimeters long. Under
some circumstances, however, the margin of relief from ambulatory venous hypertension may be sufficient to permit ulcers to heal.

252] [261] [279] [312]

Stripping of incompetent superficial veins would be effective only when the distal deep veins are competent.[

Pregnancy

288] [357]

When a woman in the third trimester of pregnancy lies on her back, the enlarged uterus may compress the inferior vena cava and the common iliac veins.[

As a result, venous pressure is increased in the legs, and venous flow patterns become less

285] [313]
364]
Interference with venous return reduces cardiac output, sometimes to the extent that hypotension develops.[
All these effects are relieved if the patient turns to her side, allowing the uterus to roll away from the
responsive to respiration.[

pelvic veins.

240]
Together with the increased venous pressure that occurs later in gestation, these factors cause significant venous distention.

Early in pregnancy, well before the uterus enlarges significantly, humoral factors cause the veins to become more compliant.[
Because of these factors, the velocity of blood flow in the leg veins gradually decreases as pregnancy progresses.

Although pregnancy does not cause varicose veins, the increased pressure and venous distensibility exaggerate predisposing factors. Consequently, varicose veins often first appear during pregnancy and become more severe with subsequent pregnancies. In
addition, the sluggish venous flow probably contributes to the development of DVT.
Surgical Venous Interruption

375]
Although most of this initial resistance to blood flow can be attributed to an increase in venous outflow

Ligation of the femoral vein causes a prompt rise in peripheral venous pressure and a significant decrease in femoral artery flow ( Fig. 9–53 ).[

355] [376]
This information may be pertinent to the treatment of combined trauma to arteries and veins. Collateral development rapidly alleviates much of the venous outflow
[334]

resistance, an appreciable portion may be due to reflex constriction of arterioles.[

obstruction, but in the initial period after reconstructive surgery, the patency of the arterial repair may be jeopardized if the accompanying vein is ligated.

Figure 9-53 Effect of femoral vein occlusion (FVO) followed by lumbar sympathectomy on hemodynamics in the canine hindlimb. Peripheral venous pressure was measured from the saphenous vein. Note that occlusion results in a fall in femoral arterial
blood flow, a prompt rise in peripheral venous pressure, and a rise in total limb resistance. Sympathectomy increases femoral flow without changing the peripheral venous pressure appreciably, suggesting that the resistance change occurred primarily in the
arterioles or venules rather than in the larger venous collaterals. PRU, peripheral resistance unit. (From Wright CB, Sayre JT, Casterline PI, Swan KG: Hemodynamic effects of sympathectomy in canine femoral venous occlusion. Surgery 74:405, 1973.)
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Chapter 10 - Artery Wall Pathology in Atherosclerosis

Atherosclerosis is the principal pathologic process affecting the large arteries. A degenerative disease, atherosclerosis is characterized by the accumulation of cells, matrix fibers, lipids, and tissue debris in the intima, which may result in narrowing of the
lumen and obstruction of blood flow or ulceration, embolization, and thrombosis. Intimal plaque deposition may be accompanied by arterial enlargement and thinning of the underlying artery wall. Such enlargement may compensate for the enlarging intimal
plaque and prevent lumen stenosis. It may also, under certain circumstances, lead to aneurysm formation with eventual artery wall rupture. Dissection, arteritis, and other degenerative conditions may also result in similar clinical complications, but they are
rare compared with atherosclerosis and are dealt with elsewhere.
This chapter discusses the problem of atherosclerosis as it relates to the functional biomechanical properties of the artery wall. Both normal and pathologic responses of the artery wall are considered, as are differences in the evolution of atherosclerotic lesions.
Local differences that may account
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for the propensity of certain areas to form extensive and complex plaques or aneurysms are also discussed.

STRUCTURE AND FUNCTION OF THE ARTERY WALL
Arteries are not simply a passive system of tubes of uniform and fixed composition that distribute blood to organs. Investigation has revealed that the major arteries are intricate biomechanical structures well suited to carry out their metabolic and mechanical

1
2
functions under a wide range of conditions.[ ] Arteries respond to acute hemodynamic alterations by changing caliber, through either constriction or dilatation.[ ] Several mechanisms operate to limit hemorrhage in the event of disruptive injury and to restore
3
wall integrity without long-term sequelae.[ ] Arteries also adapt to gradual changes in local hemodynamic stresses and to systemic environmental conditions in order to maintain optimal diameter and mechanical characteristics and to ensure continued
4
adequate blood flow.[ ] The following brief review of the functional microanatomy of the artery wall indicates the range and limits of artery wall adaptability.
Intima
The intima, the innermost layer of the artery wall, extends from the luminal surface to the internal elastic lamina. The luminal surface is lined by the endothelium, a continuous monolayer of flat, polygonal cells. Between the endothelium and the internal
elastic lamina, the intima is normally very narrow, with the endothelium lying directly on the internal elastic lamina and containing only a few scattered leukocytes, smooth muscle cells, and connective tissue fibers. It is in this region that atherosclerotic
lesions develop.
Endothelium

The endothelium rests on a basal lamina that provides a continuous, pliable, and compliant substrate. Changes in cell shape and in the extent of junctional overlap among adjacent endothelial cells occur in relation to (1) changes in artery diameter associated

5
with pulsatile wall motion, (2) changes in configuration associated with bending or stretching, and (3) the intimal accumulation of cells and matrix fibers during the development of intimal atherosclerotic plaques.[ ] These changes act to prevent the
development of discontinuities in the endothelial lining.
6

The endothelium also has numerous focal attachments to the underlying internal elastic lamina.[ ] These relatively tight and rigid junctions contribute to stability by preventing slippage, telescoping, or detachment of endothelial cells and disruption or
denudation by elevations in shear stress or by other mechanical forces. The endothelium presents a thromboresistant surface as well as a selective interface for diffusion, convection, and active transport of circulating substances into the underlying artery wall.

[7]
8
9
Endothelial cells play a critical role in the physiology and pathophysiology of vascular disorders.[ ] They respond to hemodynamic stresses and may transduce an atheroprotective force[ ] by regulating the ingress, egress, and metabolism of lipoproteins and
3 5
other agents that may participate in the initiation and progression of intimal plaques.[ ] [ ]
Endothelial Injury

10] [11]

The endothelial surface can be injured or disrupted by various means but regenerates rapidly after focal denudation. The healing response, if extensive, may be accompanied by smooth muscle cell proliferation and migration and intimal thickening.[
A series of reactions set into motion by focal endothelial denudation has been proposed as the initiating event in the pathogenesis of atherosclerosis.

According to this hypothesis, endothelial injury and desquamation may be caused by (1) mechanical forces, such as elevated wall shear stress and hypertension; (2) metabolic intermediates, such as those that characterize hyperlipidemia; (3) immunologic
reactions; and (4) increased exposure to vasoactive agents. Such endothelial desquamation would expose subendothelial tissues to the circulation and stimulate platelet deposition, the release of a platelet-derived growth factor, cellular proliferation, and

12]

eventual lipid deposition and plaque formation.[

Focal, repeated disruptive endothelial injuries and responses to those injuries would account for the localized nature of plaque deposition.

13]

There is little evidence, however, to support the belief that endothelial injury or disruption in the form of desquamation, with or without platelet adhesion, occurs in regions of the vascular tree at highest risk for future lesion development.[

In addition, there

14
is no direct evidence that experimentally induced endothelial damage or removal results in eventual sustained lesion formation,[ ] even in the presence of hyperlipidemia. On the contrary, evidence has been advanced that the formation of experimental
[15] [16]
[17]
intimal plaques may require the presence of an endothelial covering.

Although platelets may play a role in the transition of early plaques to more complex and advanced forms,

their effect on plaque initiation remains questionable. Platelet-

18
derived growth factor has been isolated from other cellular elements that participate in plaque formation,[ ] and smooth muscle cell proliferation may be an aspect of an overall healing reaction of arteries rather than the underlying primary event in
[19] [20]
atherosclerosis. Later studies have attempted to define injury in terms of functional alterations that may predispose to the formation of atherosclerotic lesions.

Under normal circumstances, the vascular endothelium functions as an antithrombotic surface and contributes to the regulation of vascular tone and artery lumen diameter through the secretion of vasoconstrictors (e.g., angiotensin II) and vasodilators and

21 22

inhibitors of platelet aggregation (e.g., prostacyclin and endothelium-derived relaxing factor).[ ] [ ] Such factors maintain the smooth muscle cells of the media in a contractile, nonproliferative phenotype with low cholesterol ester content. In response to
endothelial cell activation or injury, endothelial cells become increasingly permeable to low-density lipoprotein, have higher replicative rates, develop prothrombotic properties, and express surface glycoproteins that promote the adhesion and ingress of

23]

neutrophils, monocytes, and platelets.[
growth factor production is the

Endothelial cells and monocytes release cytokines, growth factors, and leukotrienes, inducing prostacyclin production, which further promotes monocyte adhesion and diapedesis. The net effect of cytokine and
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Figure 10-1 Transmural organization of the media of large elastic arteries such as the aorta. Groups of smooth muscle cells (C), oriented with their long axes perpendicular to the longitudinal axis of the artery (axis of blood flow), are surrounded by a network
of fine type III collagen fibrils within a matrix of basal lamina (M). They are surrounded by a closely associated system of elastic fibers (E) oriented in the same direction as the smooth muscle cells. Wavy bundles or fibers (F) of type I collagen are woven
between the adjacent large elastic lamellae and provide much of the tensile strength of the media. Elastin fibers allow for compliance and recoil of the artery during the cardiac cycle. (From Clark JM, Glagov S: Transmural organization of the arterial wall:
The lamellar unit revisited. Arteriosclerosis 5:19, 1985.)

Figure 10-2 Transmural organization of a muscular artery. Smooth muscle cells (C) are more numerous and prominent than in elastic arteries (see Fig. 10–1 ) and are organized in groups oriented with their long axes perpendicular to the long axis of the artery.
Contraction or relaxation of smooth muscle cells allows for rapid alterations in lumen diameter. Smooth muscle cells are surrounded by a basal lamina matrix containing a meshwork of type III collagen fibrils (M). Elastin fibers (E) and type I collagen fibers
(F) are present but are less prominent than in elastic arteries. (From Clark JM, Glagov S: Transmural organization of the arterial wall: The lamellar unit revisited. Arteriosclerosis 5:19, 1985.)

Figure 10-3 Comparison of human thoracic and abdominal aortic segments. The thickness of the media of the abdominal aorta is appropriate for its diameter, but the number of its medial lamellar units is relatively low for the diameter compared with the
thoracic aorta. Media total tension of the abdominal aorta is appropriate for its diameter, but tension per lamellar unit is higher than in the thoracic aorta. Furthermore, the abdominal aortic media, only 29 lamellar units thick, is avascular. None of the avascular
aortic medias or avascular zones of vascular aortic medias of mammals studied are as thick as the media of the human abdominal aorta. Other mammals’ aortas that have comparatively elevated tensions per lamellar unit have more than 29 lamellae and vasa
vasorum. LU, lamellar unit. (From Wolinsky H, Glagov S: Comparison of abdominal and thoracic aortic medial structure in mammals: Deviation from the usual pattern in man. Cir Res 25:677, 1969.)

Figure 10-4 Cross-section of a human artery with an advanced atherosclerotic plaque. The fibrous cap (F) is a well-organized layer of smooth muscle cells and fibrous tissue that separates the necrotic core (N) of the plaque from the lumen (L). The media
beneath the plaque may become thin and atrophic (arrow). The lumen contains a gelatin cast used to redistend and maintain lumen contour.

Figure 10-5 Effect of vessel collapse on the luminal surface appearance of atherosclerotic plaques. A, The artery was fixed while collapsed with no distending intraluminal pressure. Note the apparent bulge of the plaque into the lumen. B, The vessel was fixed
while distended with an intraluminal pressure of 100 mm Hg. Note that there is no visible protrusion of plaque into the lumen and that the lumen contour is rounded. Both segments are from the same human superficial femoral artery, and multiple histologic
sections confirm that the two segments have the same volume of intimal plaque.

Figure 10-6 Cross-section of a human left main coronary artery demonstrating atherosclerotic arterial enlargement. Despite an enlarging lesion (Le) area, the lumen (Lu) area is preserved owing to artery enlargement. The lumen contour remains rounded, but
the external artery contour becomes oval because of the eccentric nature of the plaque. When intimal plaque area exceeds 40% of internal elastic lumina area (arrowheads), compensatory enlargement apparently fails and stenosis develops. Enlargement may
occur by dilatation of the uninvolved artery wall segment (asterisk) or atrophy of the media underlying the plaque (arrows). (From Glagov S, Weisenberg E, Zarins CK, et al: Compensatory enlargement of human atherosclerotic coronary arteries. Reprinted
by permission of The New England Journal of Medicine, 316:1371, 1987.)

Figure 10-7 Possible sequence of changes in atherosclerotic arteries in response to enlarging atherosclerotic plaques. In the early stages of intimal plaque deposition, the lumen remains normal or enlarges slightly (left). When intimal plaque enlarges to involve
the entire circumference of the vessel and produces more than 40% stenosis, the artery can no longer enlarge at a rate sufficient to prevent narrowing of the lumen. (From Glagov S, Weisenberg E, Zarins CK, et al: Compensatory enlargement of human
atherosclerotic coronary arteries. Reprinted by permission of The New England Journal of Medicine, 316:1371, 1987.)

Figure 10-8 Axial velocity profiles measured with laser Doppler anemometry in a glass model of carotid bifurcation under conditions of steady flow (Reynolds number, 800; flow division ratio of internal carotid to external carotid, 70:30). The velocity profile
is skewed toward the inner wall of the carotid bifurcation, resulting in a steep velocity gradient and high wall shear stress. Along the outer wall of the internal carotid sinus, the velocity profile is flat and there is an area of flow separation with very low flow
velocities (dotted line) and very low wall shear stress. It is in this region of the human carotid bifurcation that intimal plaques form. (From Zarins CK, Giddens DP, Bharadvaj BK, et al: Carotid bifurcation atherosclerosis: Quantitative correlation of plaque
localization with flow velocity profiles and wall shear stress. Circ Res 53:502, 1983.)

Figure 10-9 Left, Diagrammatic representation of flow features at the carotid bifurcation. Region of flow separation with formation of secondary vortices is present at the low shear position of the lateral wall of the internal carotid artery, whereas flow remains
laminar and mainly unidirectional at high shear flow-divider side. Right, Graphs show changes in wall shear stress in course of cardiac cycle for flow-divider region (upper graph) and for lateral wall (lower graph). At the lateral wall where plaques form, shear
stress is low and oscillates in direction. At the flow-divider side, shear stress varies but remains relatively high and unidirectional. Variations are most marked during systole. (From Ku DN, Giddens DP, Zarins CK, et al: Pulsatile flow and atherosclerosis in
the human carotid bifurcation: Positive correlation between plaque location and low and oscillating shear stress. Arteriosclerosis 5:293, 1985.)

Figure 10-10 Hydrogen bubble flow visualization in a glass model of carotid bifurcation. Streamlines are skewed toward the apex of the carotid flow divider, and in the outer wall of the carotid sinus, there is a zone of complex secondary and tertiary flow
patterns, including flow reversal and counterrotating helical trajectories. However, no random, disordered flow or turbulence is present.

Figure 10-11 Schematic diagram of the human aorta with imaging planes at the supraceliac and infrarenal levels and flow data from a representative healthy subject, aged 59, at rest and during cycling exercise. Blood flow rate waveforms (top) show
significant increases in flow at both the supraceliac and infrarenal levels from rest (left) to exercise (right) throughout the cardiac cycle. Velocity surface plots are shown for the supraceliac and infrarenal levels of the aorta at rest (left) and during exercise
(right) at peak systole (A), end systole (B), and end diastole (C). Blood velocities increase from rest to exercise for all cardiac phases, and most of the negative blood velocities near the walls of the supraceliac and infrarenal levels at end systole (B) at rest (left)
become positive during exercise (right). (Adapted from Cheng CP, Herfkens RJ, Taylor CA: Abdominal aortic hemodynamics in healthy subjects age 50–70 at rest and during lower limb exercise: In vivo quantification using MRI. Atherosclerosis 168:323,

2003.)

Figure 10-12 Evolution of atherosclerotic lesions could lead to different consequences. A, Abdominal aorta with well-built-up plaque (P) and relatively normal media (M). The elastic lamellae in the media are stained dark (Weigert–van Gieson staining).
Arrows indicate the inner margin of the media. The remodeling phenomena are apparent in the bottom part of the intimal plaque with newly formed elastic lamellae. B, Abdominal aorta with large plaque (P) and diminishing thickness of the media (M). The
internal elastic lamellae (IEL) has mostly disappeared, and the inner part of the media has been eroding (arrows). There is little remodeling evidence in the intimal plaque (Weigert–van Gieson staining). (From Xu C, Zarins CK, Glagov S: Aneurysmal and
occlusive atherosclerosis of the human abdominal aorta. J Vasc Surg 33:91, 2001.)

Figure 10-13 Aneurysmal enlargement of the abdominal aorta in a controlled trial of regression of experimental atherosclerosis. Transverse sections of the abdominal aorta from three groups of monkeys are shown. In group I (A), there was moderate plaque
formation after a 6-month diet containing 2% cholesterol and 25% peanut oil. In group II (B), plaques were much larger and the media was slightly thinner after 12 months of the atherogenic diet, but the artery size (internal elastic lumina area) did not change
significantly. After 6 months of the atherogenic diet, followed by a low-cholesterol regression diet (group III, C), plaques were significantly smaller and were absent in some regions. The media was thin, and the artery size (internal elastic lumina area) was
increased twofold. (Weigert–van Gieson; original magnification ×10.) (From Zarins CK, Xu C-P, Glagov S: Aneurysmal enlargement of the aorta during regression of experimental atherosclerosis. J Vasc Surg 15:90, 1992.)

Figure 10-14 Histologic changes in the abdominal aorta of the sections shown in Figure 10–13. After 6 months of the atherogenic diet (group I, A), a moderate amount of plaque formed, with characteristic foam cell prevalence and little change in the media.
After 12 months of the atherogenic diet (group II, B), plaques were complex, with the formation of fibrous caps and evidence of necrosis and cholesterol accumulation. The media appeared normal, with clearly stained elastic lamellae and smooth muscle cells.
After 6 months of the atherogenic diet and 6 months of the regression diet (group III, C), plaques were much smaller and largely fibrotic. The media was thinned, and elastic lamellae were largely inapparent. These histologic changes are similar to those seen
in human aneurysms. (Weigert–van Gieson; original magnification ×75.) (From Zarins CK, Xu C-P, Glagov S: Aneurysmal enlargement of the aorta during regression of experimental atherosclerosis. J Vasc Surg 15:90, 1992.)

Figure 10-15 Three-dimensional imaging of abdominal aortic aneurysm (AAA) by spiral computed tomography (unpublished data).

Figure 10-16 Human abdominal aortic aneurysm. A, A gross specimen of an abdominal aortic aneurysm. The aneurysm is located in the infrarenal segment of the aorta. The longitudinal opening view shows a large atherosclerotic plaque (P) and mural
thrombi (asterisk). There are also numerous atherosclerotic lesions spreading over the aorta. B, A cross-section of an abdominal aortic aneurysm showing large atherosclerotic plaque (P), the reduced media thickness (arrows) beneath the plaque, and large
amount of mural thrombi (asterisk). (From Zarins CK, Xu C: Pathogenesis of aortic aneurysmal disease. In Ballard JL [ed]: Aortic Surgery. Georgetown, TX, Landes Bioscience, 2000, p 1.)

Figure 10-17 Variance in aortic wall motion and wall thickness around the circumference of the porcine thoracic aorta. A shows the magnitude of wall motion, which was 0.6 ± 0.2 mm at the anterior wall (a) and 0.2 ± 0.1 mm at the posterior wall (p). B
shows the wall thickness of the same segment. The wall thickness was 2.2 ± 0.3 mm at the anterior wall (a) and 1.6 ± 0.2 at the posterior wall (p). There is a significant correlation between the wall motion and wall thickness (r = 0.7891).
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Chapter 11 - Intimal Hyperplasia:

Basic Response to Arterial and Vein Graft Injury and Reconstruction

MARK G. DAVIES MD, PHD

Intimal hyperplasia, the universal response of vessels to injury, describes a chronic structural change occurring in denuded arteries, arterialized veins, and prosthetic bypass grafts. Its development can be subdivided chronologically into hyperacute, acute, and
chronic stages. Intimal hyperplasia may be further defined as the abnormal migration and proliferation of vascular smooth muscle cells (SMCs) with the associated deposition of extracellular connective tissue matrix, which is then followed by remodeling of

this new tissue ( Table 11–1 ). In this respect, the biology of intimal hyperplasia has many of the hallmarks of wound healing. Macroscopically, the chronic lesion appears firm, pale, and homogeneous. The involved area is smooth and uniformly located
between the endothelium and the internal elastic lamina of an artery or between the endothelium and the medial SMC layer of a vein graft. The distribution pattern of intimal hyperplastic lesions may be diffuse throughout a vessel, focal at an anastomosis, or
focal within the body of the vessel.
The introduction and widespread use of endoluminal therapies (angioplasty and intravascular stenting) and the subsequent reports of high restenosis rates have heightened awareness of the significance of intimal hyperplasia in the current interventional
environment. As a result, there has been a greater stimulus to study the biology and pathophysiology of a vessel’s response to injury. Because of the particular relevance of intimal hyperplasia to endovascular surgery, techniques of arterial denudation using a
balloon catheter have been the most popular experimental models. Systematic classification of arterial intimal injuries has revealed a spectrum of vascular wall injuries from type I (functional alterations without significant morphologic change) to type II

1

(endothelial denudation without intimal and medial damage) to type III (endothelial denudation with intimal and medial damage).[ ] Both angioplasty and arterial endarterectomy constitute type III vessel wall injuries, in that both the endothelium and the
media of the vessel are damaged. Venous bypass grafts experience a generalized type I and II injury and focal type III lesions at the anastomoses or in areas of injudicious manipulation. The biology of a vessel’s response to injury is complex and has many
biologic tangents that testify to the therapeutic dilemma which controlling vessel injury poses. Arterial injury and venous injury have many common mechanisms (coagulation, inflammation, cell proliferation, cell migration, proteases and extracellular matrix,
and remodeling) but should be considered distinct pathobiologic processes.

TABLE 11-1 -- Stages of Intimal Hyperplasia Development
VESSEL LUMEN
Stage 1: Hyperacute (minutes–hours)

VESSEL WALL

Endothelial cell denudation

SMC injury

Platelet aggregation

Activation of SMCs

Release of growth promoters

Proto-oncogene expression
Release of growth promoters

Stage 2: Acute (hours–weeks)

Organization of thrombosis

Medial SMC replication

Endothelial cell ingrowth

Medial SMC migration

Release of growth inhibitors

Infiltration of leukocytes

Progenitor cell deposition

Infiltration of adventitial cells
Infiltration of progenitor cells
Synthesis of growth promoters
Synthesis of growth inhibitors

Stage 3: Chronic (weeks–months)

Re-endothelialization

Intimal SMC replication

Change of luminal dimensions

Intimal SMC synthesis of ECM
Remodeling of ECM
Synthesis of growth inhibitors
Vessel remodeling

ECM, extracellular matrix; SMC, smooth muscle cell.
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RESPONSE OF THE ARTERY TO INJURY
Angioplasty is a controlled injury to the vessel wall ( Figs. 11–1 , 11–2 , 11–3 , 11–4 ). Although there is no apparent loss of cells from the media of the vessel wall after balloon injury, studies show that approximately 20% of total wall DNA is lost. Some of

2
3
this loss is of endothelial origin, but a considerable amount reflects injury to the underlying medial SMCs.[ ] In the immediate aftermath of angioplasty, apoptosis can be identified at 1 to 2 hours and appears to disappear by 4 hours.[ ] No apoptosis can be
identified in the wall after injury at 3 days, but by day 7, 50% of the cells again show signs of apoptosis, and by day 14, the number of apoptotic cells is again markedly decreased.

2 4 5
Proliferation of SMCs within the media, which normally account for less than 1% of cells, raises the proportion to more than 20% within 48 hours after angioplasty.[ ] [ ] [ ] The fraction of cells proliferating reaches a maximum between 3 and 7 days and
6 7

occurs as a synchronous wave of entry into the S phase of the medial SMCs.[ ] [ ] This first phase of SMC proliferation appears to be driven by basic fibroblast growth factor (bFGF) released from dead and damaged cells in the vessel wall after balloon
injury, and approximately 80% to 90% of this response can be prevented by inhibition with bFGF antibodies. Four weeks after injury, the medial proliferative response returns to baseline levels. Intracoronary irradiation after angioplasty inhibits this first wave

8

of cell proliferation and prevents adventitial proliferation.[ ] By day 8 after the injury, SMCs are observed on the luminal side of the internal elastic lamina; they appear to have migrated to the luminal surface through fenestrations in the internal elastic
lamina. The number of SMCs in the intima reaches a maximum at 2 weeks after injury, and about 30% of medial SMCs may migrate from the media to the intima. This migration of cells requires the degradation of the cage of matrix surrounding each cell by

9
proteases and the synthesis of new matrix molecules. Migration of the SMCs from the media to the intima across the internal elastic lamina is mediated in part by platelet-derived growth factor (PDGF).[ ] Migration of SMCs is unaffected by irradiation and
antimitotic drugs. Once within the intima, approximately 50% of the SMCs proliferate (a second phase of mitosis).

Figure 11-1 Pathobiology of the injury response after angioplasty. Flow diagram demonstrating the key elements in the vessel’s response to arterial injury. Endothelial cell (EC) injury leads to luminal thrombosis, inflammatory cell infiltration, cellular
proliferation, and clearance of the thrombotic material on the surface with development of a neo-endothelium. Injury to smooth muscle cells (SMC) and adventitial cells leads to cell proliferation and migration. Progenitor cells are recruited to the vessel wall.
With the migration of proliferation of SMCs and adventitial cells, the appearance of progenitor cells, and the deposition of extracellular matrix (ECM), intimal hyperplasia develops. Over time, this lesion remodels and may either remain stable or demonstrate
positive remodeling, with an increase in luminal diameter, or negative remodeling, with a decrease in luminal diameter. These chronic changes in the intimal lesion can lead to continued patency, restenosis, or occlusion.

Figure 11-2 Photomicrographs of cross-sections from a control iliac artery of an atherosclerotic cynomolgus monkey. Serial sections were stained with Verhoeff–van Gieson stain (A) or immunostained (dark red reaction product) with antibodies to SMC
(smooth muscle cell) and actin (B and C), macrophage CD68 (D and E), or endothelial cell von Willebrand factor (vWF) (F). Sections B through F were also stained with an antibody to BrdU (black nuclear reaction product) to label proliferating cells. A, A
plaque is shown overlying the media. Calcification (arrows) is seen deep in the plaque, and a cellular region in the base of the plaque (arrowhead) is composed primarily of macrophages (D) covered by more fibrous-appearing tissue containing SMCs (B). C
and E are magnified views of the regions outlined in B and D, respectively. A number of black BrdU-labeled nuclei co-localize to the region of CD68 staining, indicating macrophage proliferation in this region of the uninjured plaque. Staining for vWF (D)
shows endothelial cells overlying the plaque and in microvessels of the adventitia. Microvessels can also be seen coursing through the media and inner plaque (small arrowheads). (A, B, D, and F, ×100; C and E, ×400.) (From Geary RL, Williams JK, Golden
D, et al: Time course of cellular proliferation, intimal hyperplasia, and remodeling following angioplasty in monkeys with established atherosclerosis: A nonhuman primate model of restenosis. Arterioscler Thromb Vasc Biol 16:34–43, 1996.)

Figure 11-3 Photomicrographs of representative cross-sections from injured common iliac arteries of atherosclerotic cynomolgus monkeys. A, Angioplasty commonly causes fracture and dissection of preexisting atherosclerotic plaque (arrowhead) and,
rarely, luminal thrombosis (t). The yellow-staining thrombus (t) can also be seen within the injured media underlying the dissection. B, An uninjured iliac artery from another monkey with plaque (p) overlying the media. C, The contralateral iliac artery is
shown from the same animal as in B 14 days after angioplasty. Neointimal ingrowth (n), composed of smooth muscle cells (SMC-actin staining not shown) and extracellular matrix, is seen filling in the site of plaque fracture (arrowheads) and has begun to
overgrow the primary atherosclerotic plaque (p). D, An iliac artery is shown from a third monkey 28 days after angioplasty. A significant accumulation of neointima (n) is seen overlying the primary atherosclerotic plaque (arrowhead). The extracellular matrix
of the neointima appears homogeneous compared with the underlying plaque, and the pale staining suggests a composition rich in proteoglycans. Microvessels can be seen coursing within the adventitia, media, and primary atheroma but not in the neointima.
E, A magnified view of the region outlined in D shows the plaque microvessels in more detail. Erythrocytes (arrowheads) can be seen within the lumina and adjacent to vasa cut in cross-section. (A, ×40; B, C, and D, ×100; E, ×400.) (From Geary RL,
Williams JK, Golden D, et al: Time course of cellular proliferation, intimal hyperplasia, and remodeling following angioplasty in monkeys with established atherosclerosis: A nonhuman primate model of restenosis. Arterioscler Thromb Vasc Biol 16:34–43,
1996.)

Figure 11-4 Photomicrographs of control iliac arteries (left) and arteries that have undergone angioplasty (right) from three monkeys 28 days after unilateral iliac angioplasty. The lesions depicted are representative of the variation in primary iliac
atherosclerosis (left) and of the injury response after 28 days (right) in this model. In animal A, despite fracture of the plaque and media, artery is similar in size to the control artery, and significant neointimal hyperplasia (n) has decreased lumen caliber. In
animal B, large eccentric plaques with regions of necrosis and calcification (asterisk) are present in both arteries. Angioplasty fractured and dissected the plaque, resulting in a complex lumen channel that has been partly filled in with neointima (n). Lumen
area is similar. In animal C, fracture of the plaque and media led to the formation of a very large neointima (n). Although the EEL appears intact, artery size and lumen caliber have both increased. (×40.) (From Geary RL, Williams JK, Golden D, et al: Time
course of cellular proliferation, intimal hyperplasia, and remodeling following angioplasty in monkeys with established atherosclerosis: A nonhuman primate model of restenosis. Arterioscler Thromb Vasc Biol 16:34–43, 1996.)

Figure 11-5 Consequences and cures of angioplasty. Flow diagram demonstrating the outcomes of a vessel’s response to balloon angioplasty and the therapeutic maneuvers to correct the adverse outcomes. If a technical failure occurs after angioplasty because
of elastic recoil or dissection, a stent is placed. If there is concern for the development of intimal hyperplasia, brachytherapy or cryotherapy may be applied. Sudden occlusion is corrected with thrombolysis or primary stenting. Remodeling is influenced by
placement of stents, drug-eluting stents, brachytherapy, and cryotherapy.

Figure 11-6 Photomicrographs of stented vessel. A, Atherogenic diet–induced complex intimal lesions shown in uninjured iliac artery. B, Contralateral iliac artery was removed 35 days after experimental angioplasty. Angioplasty has fractured the preexisting
plaque (p; arrowheads) and injured the overlying media, with neointimal ingrowth (n). C, Palmaz stents were deployed in the proximal left subclavian artery, and after 35 days, neointimal ingrowth has covered the underlying plaque and stent struts. (Verhoeff–
van Gieson stain. A and B, ×40; C, ×100.)(From Deitch JS, Williams JK, Adams MR, et al: Effects of β3-integrin blockade (c7E3) on the response to angioplasty and intra-arterial stenting in atherosclerotic nonhuman primates. Arterioscler Thromb Vasc Biol
18:1730–1737, 1998.)

Figure 11-7 Photomicrographs of stented vessel. Composite photomicrograph demonstrates a typical response 4 weeks after angioplasty and stenting. A and B show the uninjured and injured common iliac arteries, respectively, and C shows the stented
external iliac artery. Animals consumed an atherogenic diet for 2.5 years, thus creating complicated plaques (p). B shows fractured plaque (p) and overlying media that have healed with neointimal ingrowth (n). C shows a stented external iliac artery with a
typical neointimal lesion (n). Vessels were from a single treated animal. (A and B, Verhoeff–van Gieson stain; C, trichrome stain; original magnification, ×40.) (From Cherr GS, Motew SJ, Travis JA, et al: Metalloproteinase inhibition and the response to
angioplasty and stenting in atherosclerotic primates. Arterioscler Thromb Vasc Biol 22:161–166, 2002.)

Figure 11-8 Pathobiology of the vein graft response after angioplasty. Flow diagram demonstrating the key elements in the vein’s response to being inserted into the arterial circulation. Denudation of the endothelium depends on the degree of implantation
injury. Endothelial cell (EC) injury leads to luminal thrombosis, inflammatory cell infiltration, cellular proliferation, and clearance of the thrombotic material on the surface with restoration of the endothelium. If this fails to progress adequately, graft
thrombosis may occur. Injury to smooth muscle cells (SMCs) leads to cell proliferation and migration. Progenitor cells are recruited to the vessel wall. With proliferation and migration of SMCs, the appearance of progenitor cells, and the deposition of
extracellular matrix (ECM), intimal hyperplasia develops to re-establish the tangential stress across the wall. Over time, this lesion remodels and may produce a stenotic lesion due to the bulk of neointima or due to negative remodeling restenosis. This may
result in graft occlusion.
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Chapter 12 - Molecular Biology and Gene Therapy in Vascular Disease
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In the half century that has passed since the identification of deoxyribonucleic acid (DNA) as the molecular basis of heredity, the entire breadth of medical science and practice has been revolutionized. Advances in genetics and molecular biology, highlighted

1

by the almost incomprehensible accomplishments of the Human Genome Project,[ ] have ushered in the era of true “molecular medicine.” The use of genetic approaches in animal models of atherosclerosis, intimal hyperplasia, vein grafting, and angiogenesis
has broadly advanced the field of vascular biology by defining the role of specific genes in normal cardiovascular function as well as disease. Increasingly, genomic and proteomic approaches are being used to examine the clinical variability in human disease
and responses to therapy. Currently, the function of approximately 50% of human genes has been uncovered, and as the role of more genes is discovered, countless targets for treating disease will be unmasked. A broad understanding of the molecular events
underlying alterations in cellular function is central to the development of new, more powerful, and more specific approaches to prevent and treat cardiovascular disease. In this chapter we review the basic principles of molecular biology that are requisite for
an understanding of this biotechnology revolution and discuss the fundamental
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precepts of gene-based therapies as they apply to vascular disease. The initiation of cardiovascular gene therapy trials during the last several years has made these topics relevant to all vascular specialists.

BASIC PRINCIPLES OF MOLECULAR BIOLOGY
Gene Structure and Basic Concepts of Heredity
Reproduction is the most elementary characteristic of all living things. All offspring inherit the genetic information that determines their structure and function from their parents. Because all cells derive from preexisting cells, the genetic blueprint must be
accurately copied before it can be passed on to daughter cells. Molecular biology is the study of how genetic information is transmitted. At the heart of molecular genetics is the central dogma of biologic information flow: from chromosomal DNA, through the
intermediate step of ribonucleic acid (RNA), messenger RNA (mRNA), by way of transcription, to protein by way of translation. Proteins are the fundamental building blocks of cells, and their structure, organization, and function largely determine cellular
behavior. When one is viewing this process from the global standpoint of information flow within the cell at any moment in time, as opposed to focusing on a single gene, it is useful to use the terms genome (total content of chromosomal DNA), transcriptome
(total population of mRNA species present), and proteome (total population and state of cellular proteins).

2 3

DNA, the fundamental component of genes, is a long polymer of linked nucleotides, with deoxyribose as their sugar.[ ] [ ] The four nucleic acids that compose DNA are two purines, adenine (A) and guanine (G), and two pyrimidines, cytosine (C) and
thymine (T). DNA exists as two complementary strands held together by hydrogen bonds between specific base pairs, forming a double-helix configuration with the sugar-phosphate backbone located on the outside. This base pairing (Watson-Crick) between
strands is constant and specific, with A always binding to T and G always binding to C, and this specificity lies at the heart of accurate replication and transmission of the genetic blueprint.
A gene is the complete sequence of nucleic acids required for the synthesis of a functional protein. It comprises not only the nucleotides that code for the amino acid sequence of a protein but also the sequences necessary for building specific RNA transcripts.

2

The regions of the gene that encode protein are known as exons. In most cases, exons are interrupted by longer noncoding regions called introns. [ ] Within the exons, each consecutive trinucleotide sequence (known as a codon) specifies a unique amino acid
(building blocks of proteins), and the sequence of amino acids determines the nature of the protein encoded. The assignment of each unique trinucleotide sequence to an amino acid is known as the genetic code. This code, which specifies 20 unique amino
acids from a total of 64 trinucleotide combinations, is degenerate primarily in the third nucleotide of each codon; thus, isolated mutations of this position may often not produce a change in amino acid composition. It also includes three specific codons
instructing for translation “stop.” All eukaryotic proteins begin with the ATG codon, which specifies the amino acid methionine.

4

In eukaryotes, a portion of the introns is composed of long stretches of nucleotides termed spacer sequences.[ ] These spacer sequences and the remainder of the noncoding sequences combined represent a majority of the genome in higher organisms. This
arrangement explains why the number of genes in a simple organism is more similar to that in a more complex one than would be expected. Many of these noncoding regions, in higher organisms, contain a variety of highly repeated sequences, including
simple-sequence DNA (5 to 200 nucleotides) and satellite DNA (repeated millions of times in a genome). A cluster of genes involved in related functions forms a transcription unit termed an operon. Simple operons encode a single protein, whereas complex
operons, extremely common in multicellular organisms, contain several different exons that lead to the production of a variety of proteins.
In eukaryotes, genes are arranged into chromosomes in a fashion that is species-specific. The macromolecular organization of chromosomes is complex and involves specific protein molecules called histones. The intergenic areas of the chromosome do not
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code for protein but can influence gene expression by affecting the formation of chromatin. Chromatin refers to the combination of substances present in chromosomes.[ ] In its most basic form, it comprises DNA and proteins (e.g., histones) around which
DNA is wrapped to create structures called nucleosomes. Chaperones are catalysts that are needed to assemble nucleosomes but do not become a part of the final product. Euchromatin (open chromatin) is necessary for gene expression, whereas
heterochromatin (closed chromatin) is transcriptionally silent. Thus the macromolecular structure of chromatin and DNA-protein interactions are critical to the regulation of gene expression.

Genotype is the total set of genes carried by an organism, whereas phenotype refers to the structural or functional trait (e.g., eye color) displayed. A major difference between organisms is based on the number of copies of each chromosome they contain.
Haploid organisms (e.g., bacteria) have a single set of chromosomes, whereas diploid organisms have two. Different forms of a gene (normal or variant) are called alleles. Diploid organisms, because they have two copies of each gene, may be homozygous
(carry identical alleles) or heterozygous (carry different alleles). The complete set of alleles defines an organism’s genotype (or genetic composition); phenotype is often determined by a complex relationship between individual genotype and environmental

6

influences. Phenotypes can be divided into discontinuous and continuous types.[ ] In the discontinuous phenotype, a characteristic exists in a population in at least two distinct forms. The genotype is able to create a range of phenotypes based on the abovementioned interactions, called the norm of reaction. In many instances, norms of reactions of different alleles do not overlap, leading to a predictable relationship between genotype and phenotype under almost all conditions. This discovery has enabled
geneticists, through the use of discontinuous variation, to identify numerous alleles and their function. Mendel exploited this relationship when studying genes controlling flower color in peas. Continuous variation of a characteristic is represented
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by uninterrupted phenotypes, such as height, weight, and color intensity, in the population. In continuous variation, both genetic and environmental influences lead to the differences expressed. In contrast to the discontinuous type, norms of reaction in the
continuous type are complex, and the one-to-one relationship between genotype and phenotype does not exist, making the study of these genes more difficult.
In nature DNA may be altered, and even individuals among a given species demonstrate variability in traits. Individuals of a species show significant variability in the exact sequence of their DNA, and common variants in sequence are referred to as
polymorphisms. Mutations are uncommon alterations in the genome that can be passed on from one generation to the next. Understanding what mutations are and how they arise is critical, because many common human diseases are due to mutations of
individual genes. Additionally, inheritance patterns for genetic diseases vary according to the nature of the mutations that cause them. Mutations can induce changes in the structure of proteins, depress or completely inhibit their expression, or both. A
recessive mutation means both alleles must be mutant to express the mutant phenotype, whereas in a dominant mutation, only one allele needs to be mutant. Recessive mutations lead to a loss of function of the protein. Alternatively, dominant mutations
generally result in a functional gain that increases the activity of a gene product or induces expression at an inappropriate time or location. In some cases, however, dominant mutations may cause a loss of function, when a mutant phenotype results from
removal of one allele. These are called haplo-insufficient genes.

7

A point mutation is a change in a single base pair in a gene sequence that usually affects the function of an individual gene.[ ] This base pair switch can yield one of three mutations: missense, nonsense, or frameshift. A missense mutation occurs when one
amino acid is substituted for another, whereas a nonsense mutation involves replacement of an amino acid codon with a stop codon that terminates translation prematurely. In a frameshift mutation, an unrelated amino acid is incorporated into the protein
followed by a stop codon. Chromosomal mutations are a second category of mutations. These mutations involve deletion or insertion of several contiguous genes, inversion of genes, or an exchange of large segments of DNA between chromosomes. These
abnormalities lead to extensive changes in chromosome structure and influence the function of multiple genes, inducing major phenotypic differences. Mutations can arise spontaneously at a low rate because of chemical instability or as a result of exposure to
environmental factors such as ultraviolet light and chemical carcinogens.
Cell replication by mitosis requires accurate replication of the genetic blueprint, and the process of DNA replication in the nucleus of cells is tightly regulated by a family of enzymes involved in the unwinding (helicase) and replication by complementary
strand synthesis (DNA polymerase) as well as other critical enzymes that perform editing functions as control for accuracy. The regulation of this process is obviously critical for development, growth, and tissue repair, and thus, environmental toxins that
affect DNA replication may have profound effects.

Southern Blot

8

A common technique for the analysis of DNA from cells and tissue is known as Southern blot or Southern hybridization.[ ] In this analysis, genomic DNA is harvested and exposed to a restriction enzyme that digests the long stretches of DNA to produce
fragments of varying size. The fragments are then separated according to size by electrophoresis on an agarose gel. After separation, the fragments are transferred and irreversibly bound to a solid support (a nitrocellulose microfilter) and hybridized with a
specific complementary DNA (cDNA) probe that is radiolabeled. If the probe finds any complementary strands of genomic DNA, it binds to them, and the results are examined by exposing the filter to x rays. This technique can be used to determine the
presence of a specific DNA segment (or cloned gene) in the genomic DNA of the tissue of interest.
Gene Expression and Its Regulation
Gene expression is the process by which the genetic information is converted into protein, and it has two components, transcription (the transfer of information from DNA to mRNA) and translation (assembling of a specific amino acid sequence based on the

5
codon sequence in mRNA).[ ] Mechanisms that influence transcription, and its inhibition, are discussed next, followed by a brief discussion on translation and the processing of RNA. Molecular techniques commonly performed to study these processes are
listed in Figure 12–1 .
Transcription is a tightly regulated process that functions as a primary site of control for the cell. Transcription of a gene requires a coordinated series of molecular events involving DNA-binding proteins and the enzyme RNA polymerase, which synthesizes
mRNA as a complementary strand from the DNA template. The assembly and activation of this transcription complex offer numerous steps for control of the process to achieve either increased or decreased expression of a gene at any one point in time.

9

One important group of proteins involved in gene regulation is transcription factors (TFs).[ ] TFs can be divided into categories on the basis of similarities in structure, including common organization in their DNA-binding sites. Three domains constitute
these proteins. The DNA-binding domain recognizes a specific DNA sequence, whereas the trans-activating domain activates or suppresses transcription of the gene. The final region is the protein-protein interaction domain, which enables the TF’s activity to
be modulated by similar proteins. TFs control gene expression by binding to chromosomal DNA at certain promoter or enhancer sites, thereby activating or repressing an adjacent gene.
A promoter site is a short DNA sequence, generally upstream from the “start” codon of a gene, that binds regulatory proteins and leads the RNA polymerase enzyme complex to the transcription start site. Promoters must interact with a TF to be functional.
The majority of these TF proteins induce initiation, but a few suppress transcription of the target gene. The specific DNA-binding sites for TFs are often short nucleotide sequences that may be present in the promoter regions of several related genes, enabling
the
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Figure 12-1 Flow of biologic information in the cell. A and B, DNA is transcribed into messenger RNA (mRNA), and mRNA is translated into protein (C). For each step, common techniques used to study these processes are listed. cDNA, complementary
DNA; ELISA, enzyme-linked immunosorbent assay; tRNA, transfer RNA; TUNEL, terminal deoxyribonucleotidyl transferase (TDT)–mediated deoxyuridine triphosphate (dUTP)–digoxigenin nick-end labeling.

Figure 12-2 Quantification of a specific protein by means of enzyme-linked immunosorbent assay (ELISA). This schematic demonstrates exposure of immobilized antigen (Ag) to primary protein-specific antibody and an enzyme-linked secondary antibody.
Conversion of a substrate molecule to product by the enzyme is quantified by a colorimetric assay and related to the amount of bound protein.

Figure 12-3 Cloning of DNA. Processes involved in the cloning of a segment of forming DNA by way of a viral vector are illustrated. (From Berg P, Singer M: Dealing with Genes: The Language of Heredity. New York, WH Freeman, p 93.)

Figure 12-4 Transgenic technology: Creation of knockouts and knockins for the study of specific gene influences. Recombination between a target allele and an endogenous allele yields a mutant allele. Knockouts involve the insertion of a selection cassette
into the endogenous allele, whereas knockins incorporate genetic information from the target vector and express this new sequence rather than their endogenous genes. ATG, adenine-thymine-guanine codon; Stop, stop codon. (From Babinet C, CohenTannoudji M: Genome engineering via homologous recombination in mouse embryonic stem (ES) cells: An amazingly versatile tool for the study of mammalian biology. An Acad Bras Cienc 73:365–383, 2001.)

Figure 12-5 Cartoon illustrating two therapeutic strategies for gene blockade, antisense oligonucleotides and transcription factor (TF) decoys. The TF decoy oligodeoxynucleotide prevents TF activation of a family of genes that constitute a cellular response to
a stimulus such as growth factor signaling. Antisense oligonucleotides bind and inactivate specific messenger RNA (mRNA) species, preventing their translation into protein.

Figure 12-6 Gene delivery to a target cell by means of a recombinant viral vector (adeno-associated vector shown for illustration). Engineered viral particle containing the genetic information of interest (“transgene”) enters the cell by way of viral receptors
that normally mediate virus infection. After processing into a double-stranded DNA (dsDNA) template, the transgene is transcribed and translated into the desired protein product by host cell machinery. mRNA, messenger RNA; ssDNA, single-stranded DNA.

TABLE 12-1 -- Characteristics of an Ideal Vector for Vascular Gene Therapy
Safety: elicits minimal host inflammatory response or toxicity
Easily produced, handled, and stored in clinically relevant concentrations
Capable of rapid and efficient delivery of genes to nondividing cells
Confers stable or regulatable levels of gene expression
Flexible to accommodate genes of all sizes

is a significant hurdle, particularly within the temporal constraints of an intraoperative strategy or one that employs temporary flow occlusion. The “ideal vector” for this purpose has yet to be defined but would have the desirable attributes listed in Table 12–
1 . Safety concerns are paramount; the vector employed should induce little or no host inflammatory response, and its distribution should be ideally restricted to the target tissue of interest. The much publicized, unfortunate death of a patient in a gene therapy

33]
The unique properties of different vectors, as well as the mode of delivery employed, determine the nature and

trial in 1999 appears to have resulted from a massive inflammatory response after hepatic artery administration of an adenoviral vector.[
magnitude of the host response, mandating that each approach undergo appropriate preclinical evaluation in suitable animal models.

For clinical applications, a vector must be produced in relevant concentrations with reproducible quality and must be stored and handled easily without loss of potency. For blood vessels, the target cells—endothelial cells (ECs) and smooth muscle cells
(SMCs)—are essentially quiescent in the normal state, so the ability of a vector to efficiently transduce nondividing cells is critical. To minimize acute adverse effects on the vessel, the vector and delivery method should preserve endothelial integrity and
function. Stable transgene expression, for weeks if not months, may be desirable for many potential molecular targets involved in the generalized vascular injury response. Ideally, the clinician would be able to control the kinetics and magnitude of target gene
expression, implying a fully regulatable vector system. Finally, the optimal vector would be flexible to accommodate genes of all sizes without difficulty. Currently available systems involve compromises of all of these aspects to varying degrees, and the
success of ongoing efforts in vector technology is critical to realizing the full potential of genetic therapies.
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Gene delivery vectors may be divided into two categories, viral and nonviral. For a more complete review of vectors, the reader is referred to a number of excellent treatments of this topic.[ ] [ ] [ ] [ ] Naturally occurring viruses have evolved
elaborate strategies for efficient gene delivery and expression in host cells. The genetic engineering of viruses into therapeutic vectors requires the ability to segregate genetic elements required for new virus production from coding sequences. The recombinant
virions thus generated contain the genetic information of interest inserted in place of the native viral sequences, serving as molecular “Trojan horses” (see Fig. 12–6 ). These re-engineered viruses are defective in that they are unable to replicate in host cells,
and therefore cannot propagate in vivo to infect neighboring cells. The ability to generate such recombinants is limited by the innate complexity of a particular virus. The general approach is to delete as much of the native genetic information as possible, given
that most of the pathologic consequences of virus infection are due to the expression of these viral genes. The amount of residual viral genes varies for different vector systems and is a major focus of research and development in this field. For most clinically
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Nonetheless, direct cytotoxicity and host immunologic responses may occur both as a result of viral gene products as well as the viral particle itself.

relevant systems, exposure to these agents is well tolerated, and tissue toxicity is minimal.[

Nonviral methods of gene delivery have also been a focus of intense development and progress. Naked plasmid DNA, ligand-DNA, and DNA-liposome complexes are all capable of transferring genetic sequences, albeit at relatively low efficiency (high
number of particles required per target cell). Conversely, they offer the potential advantages of excluding exogenous (i.e., viral) genetic information, relaxing gene size constraints, having technical simplicity, and inducing less host immune response.
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Mechanical force (e.g., pressure) may facilitate DNA transfer, although the mechanisms remain unclear.[ ] In some cell types (e.g., skeletal muscle) long-term expression has been documented with nonviral transfer. It is notable that smaller molecules such
as oligonucleotides, as previously mentioned, are more easily taken up by target tissues in simple solution and may not require vectors to achieve adequate delivery.
Retroviral Vectors

38

Recombinant retroviral vectors were the first to be developed into clinically usable gene delivery agents.[ ] These vectors require active division of the target cell to integrate their genetic material into the chromosome, and thus are best suited to in vitro
gene transfer under culture conditions in which target cell division can be manipulated. Such ex vivo approaches have utility for hematopoietic disorders and have also been considered for blood vessels, vascular grafts, and ischemic muscle using a cell seeding
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approach.[

Given the requirement for target cell proliferation, retroviral vectors are not well suited for direct transfer of genes to intact blood vessels or end organs.

Adenoviral Vectors

44]

Adenoviruses are common causes of non-neoplastic human diseases, particularly in the upper respiratory and digestive tracts. Recombinant adenoviruses have become the most widely used viral vectors for in vivo gene transfer[

and have been used
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extensively in experimental cardiovascular systems.[ ] [ ] [ ] [ ] They have also been employed in clinical trials for a variety of conditions ranging from cystic fibrosis to therapeutic angiogenesis. Adenoviruses can infect nondividing cells effectively

and generally do not integrate into the host genome. These vectors can achieve relatively efficient gene transfer to quiescent vascular tissue, but transgene expression is transient in nature. For example, brief (30 minutes) exposure of a vein graft to an

47] [49]

adenovirus (Ad) vector typically results in fairly uniform gene delivery to the endothelium and adjacent SMCs on the luminal aspect of the media, with maintenance of high-level gene expression for 1 to 2 weeks.[

Depending on the process being
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targeted, this time window may or may not be adequate to achieve a therapeutic result.
The host immunologic response to Ad vectors has been a source of considerable concern. Removal of all native viral genes from the vectors has been a difficult task, and most available systems have low-level but detectable expression of remaining viral
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Despite this hypothesis, subsequent generations of Ad vectors with additional deletions of viral genes have not yet demonstrated prolongation of gene

genes. This feature is likely to be one important cause of cell-mediated immune responses.[

52] [53]

expression in blood vessels.[

The possibility for recombination events to yield replication-competent Ad (RCA) has been greatly reduced in current production methods but remains a safety concern that mandates appropriate testing of every batch

produced for clinical use.

54] [55]

Inflammatory responses to high concentrations of the viral particle are another important mechanism. In blood vessels, local inflammation and neointima formation have been observed after Ad exposure and appear to be dose-related.[

These
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potentially undesirable effects on vessels are reduced at lower Ad concentrations (< 1010 plaque-forming units/mL)[ ] and, importantly, have not mitigated the benefits observed after delivery of therapeutic transgenes in animal models of intimal
hyperplasia in both arteries and vein bypass grafts (see later).
Adeno-Associated Virus Vectors
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Recombinant adeno-associated virus (AAV) vectors have been under investigation since the early 1980s.[ ] [ ] AAV, a member of the parvovirus family, is nonpathogenic in humans. Wild-type AAV requires both host cell factors and co-infection with
other viruses (e.g., adenovirus, herpesvirus) to cause a productive infection. In the absence of such helper viruses, AAV can integrate stably into the host cell DNA. Studies in immunocompetent animals have documented persistent transgene expression in a

58] [59] [60] [61]
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Cardiovascular studies have been limited to date.[ ] [ ] [ ] [ ] AAV vectors are being employed in clinical trials (e.g., muscular dystrophy), and their

variety of tissues (muscle, liver, and central nervous system) to beyond 1 year.[
application is likely to grow.

In vivo, recombinant AAV-mediated gene expression is delayed in onset, with a lag phase of 2 weeks or longer following exposure before appreciable levels are detected in target tissues. These kinetics have been observed in a variety of organs, including
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blood vessels,[ ] constituting an important limitation for any clinical strategy in which high levels of gene expression are desired quickly. An important advantage of the AAV vector, in addition to its long-term persistence, is its lack of immunogenicity.
Unlike Ad vectors, AAV vectors contain no viral coding sequences. The major current limitations of AAV for vascular therapy relate to size, transduction efficiency, and production. Limitations of transgene size in AAV vectors to approximately four
kilobases is adequate for many relevant genes, but not for larger structural or matrix proteins. Efficiency of transduction with AAV is particularly low in endothelial cells. Production of AAV vectors remains cumbersome, and better methods are required to
yield consistent, higher-titer preparations for clinical use. An additional consideration is that soluble heparin is a competitive inhibitor of AAV (serotype 2) infection at clinically relevant concentrations; modifications of the AAV capsid protein may decrease
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the heparin sensitivity and improve cellular targeting of the vector.[
Other Viral Vectors

Lentiviral vectors are under active preclinical investigation for gene therapy. These vectors, based on human immunodeficiency virus type 1 (HIV-1) as well as other, nonhuman lentiviruses, are efficient at integrating into nondividing cells and offer potential
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Herpes simplex virus type 1 (HSV-1) has been investigated as a vector system primarily in central nervous

long-term expression in target tissues. Experience with these vectors in cardiovascular tissues has been reported in scant fashion thus far.[
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Of interest, live attenuated HSV-1 has also been employed as a cytotoxic strategy in both tumors and intimal hyperplasia. In this strategy, tissues infected with HSV-1 are then
69
[ ]

tissue or in tumor models, with very limited reports of cardiovascular models.[

treated with systemic acyclovir, which eradicates the HSV-1–bearing target cells.
Potential Complications of Therapeutic Gene Transfer

Potential adverse effects associated with gene transfer may be grouped into those associated with the delivery method and those related to the effects of the genetic material itself within target tissues. Viral vectors may induce cellular and humoral host
responses that vary according to the dosage and route of administration but tend to be characteristic for the type of virus employed, as described in the preceding paragraphs. Acute toxicity from systemic or local exposure to the foreign viral particles may
occur, with total dose and prior exposure history being important individual modifiers. In this context, minimizing systemic exposure is an important parameter of clinical gene therapy protocols. In addition to triggering immune system activation, the viral
particles may cause direct inflammatory activation of the target cells themselves (e.g., ECs), inducing a deleterious change in cellular function. Cell-mediated immune responses can be directed against the transduced cells and can trigger secondary cascades of
local inflammation. Humoral responses to the therapeutic gene product, particularly if it relates to an exogenous gene, may also occur. Concern regarding the in vivo mutagenic potential of certain vectors that integrate into the chromosome has been validated
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by the occurrence of leukemias in two patients who had been treated with retroviral transduction of hematopoietic cells for the correction of enzyme deficiencies.[ ] Finally, the potential for unwanted effects on germ cells after systemic exposure to these
agents is an important safety and ethical concern. Nonviral gene delivery and oligonucleotide-based strategies offer the intrinsic advantage of avoiding viral exposure.
Summary of Current Gene Delivery Systems for Vascular Gene Therapy

At present, Ad vectors are the only agents capable of reproducible, high-efficiency gene delivery to a meaningful percentage of cells in the blood vessel wall within a
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clinically relevant period of exposure. For delivery of genes to ischemic cardiac or skeletal muscle (i.e., therapeutic angiogenesis), where temporal and bulk flow constraints are far less stringent than in vessels, nonviral delivery approaches (including “naked”
plasmid DNA) may provide an adequate solution. In the uniquely controlled, ex vivo setting of vein graft treatment, the risks of dissemination or toxicity from systemic vector exposure appear minimal. An important unknown is the potential proinflammatory
effects of Ad in the vessel wall, even at concentrations in the lower effective range. The short window of Ad-mediated gene expression is likely to limit this approach for the targeting of some processes but may be adequate for others. AAV vectors offer
important potential advantages, but practical limitations remain significant. Though considerable progress has been made, and clinically usable systems are already available, further development of vector technology is needed to optimize therapeutic gene
delivery for the cardiovascular system.

SPECIFIC GENE-BASED THERAPEUTIC APPROACHES IN VASCULAR DISEASE
Disease states based on well-defined single-gene defects are intrinsically attractive targets for genetic therapies. In cardiovascular disease, such disorders are exceedingly rare, but syndromes of abnormal lipid metabolism, blood pressure control, and
thrombosis regulation have been identified and considered as possible scenarios for systemic gene correction. However, improved understanding of altered patterns of gene expression in complex diseases such as atherosclerosis, coupled with the predilection
for local complications of the disease to occur at specified sites, suggests a much broader potential opportunity for genetic interventions. Atherosclerotic plaque progression or rupture, intimal hyperplasia at sites of angioplasty or bypass grafting, and endorgan ischemia all provide targets for consideration of local genetic therapies to stabilize or reverse the underlying pathophysiology ( Table 12–2 ).
Monogenic Disorders
Familial hypercholesterolemia is a rare disorder characterized by severe, premature coronary atherosclerosis and marked elevations in plasma levels of low-density lipoprotein (LDL) in individuals who are homozygous for dysfunctional mutations in the LDL
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Other uncommon monogenic causes of dyslipidemia are mutations in the apolipoprotein B-100 gene and other proteins

receptor (LDLR) gene. A gene correction approach based on delivery of the LDLR gene to liver has been under active investigation.[

72]

involved in cholesterol transport.[
intervention.

Single-gene defects leading to disorders of coagulation, including bleeding disorders (factor defciencies) and prothrombotic states (e.g., prothrombin mutations, factor V Leiden mutation) are also candidates for genetic

Intimal Hyperplasia: Control of the Vascular Injury Response
The cellular response to vascular injury involves a complex interplay between resident cells of the vessel wall (ECs, SMCs, and adventitial cells) and circulating blood elements (platelets, inflammatory cells, progenitor or stem cells) that are recruited to
participate in the healing response. Regardless of the mode of vascular injury—lipid accumulation (atherogenesis), mechanical stretch (after angioplasty), prosthetic grafting, or vein arterialization (surgical bypass)—a common paradigm of intimal hyperplasia
ensues. This healing process, when excessive, can lead to progressive occlusion of native vessels and failure of all types of vascular reconstructions. The limited long-term patency of interventions in small to medium-sized arteries (i.e., coronary and
infrainguinal atherosclerosis) remains a major cause of morbidity and mortality.
The search for therapies to control the vascular injury response has evolved from bench to bedside as basic investigations have illuminated an enlarging array of molecular targets. Although each of these clinical scenarios (angioplasty restenosis, prosthetic and
vein graft failure) share certain pathophysiologic features, namely, a component related to intimal hyperplasia, it may be an oversimplification to regard them as a single therapeutic target. Systemic pharmacotherapies, by and large, have yielded minimal
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results. The definable spatial localization of these processes has engendered great interest in locally delivered therapies, including drugs, biologicals (cells, proteins, peptides), irradiation, and genetic interventions.[

The cell and molecular biology of intimal hyperplasia have been best characterized in the context of acute arterial injury such as balloon angioplasty (for review, see Chapter 11 ). However, important parallels to arterial intimal hyperplasia have been
documented in animal models of vein and prosthetic graft intimal hyperplasia, particularly with regard to SMC activation, migration, and proliferation. In its most virulent form, intimal hyperplasia produces a flow-restricting lesion at the site of vascular
injury. In vein grafts such lesions may occur diffusely throughout the bypass conduit
TABLE 12-2 -- Molecular Targets for Genetic Interventions in Vascular Disease
PROCESS

MOLECULAR TARGET(S)

REFERENCES

Thrombosis

Antithrombotics, thrombolytics

[79] [80] [81] [82] [83] [84] [85] [86]

Cell proliferation

Cell cycle genes, NOS, pro-apoptotics

[100] [101] [102] [103] [104] [105] [106] [107]
[108] [109] [110] [114] [115] [116] [117] [118]
[119] [120] [121] [122] [123] [124] [125] [126]
[127] [128] [129] [130] [131] [132] [133] [134]

Cell migration/matrix remodeling

TIMPS, plasminogen activators, matrix genes

[136] [137] [138] [139] [140] [141] [142] [143]
[144]

Ischemia/reperfusion, inflammation, oxidative stress

Cytoprotectants (NOS, SOD, HO-1)

[89] [90] [91] [92] [93] [96] [97] [98]

Angiogenesis

VEGF, FGF, HGF, HIF1-α, angiopoietin

[114] [165] [166] [167] [168] [169] [170]

FGF, fibroblast growth factor; HGF, hepatocyte growth factor; HIF1-α, hypoxia-inducible factor 1-α; HO-1, heme oxygenase-1; NOS, nitric oxide synthase(s); SOD, superoxide dismutase(s); TIMPs, tissue inhibitor(s) of matrix metalloproteinases; VEGF,
vascular endothelial growth factor.
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or, more commonly, at focal sites near anastomoses or in the body of the graft. In addition to the development of a proliferative neointima, other critical events, including local thrombus generation and active matrix metabolism, simultaneously occur and play
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important roles in the remodeling vessel. In post-angioplasty arteries, constrictive remodeling (“shrinkage”) has been linked to adventitial changes and, in particular, collagen deposition.[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] These
studies have refocused attention on the role of adventitial cells, particularly myofibroblasts, in neointima formation, matrix synthesis, and perivascular fibrosis. Parallel studies examining the role of the adventitia in vein graft remodeling have suggested
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similarities.[ ] [ ] [ ] The complexity of the vascular healing response yields a broad spectrum of potential molecular targets, with a rationale that improved control (rather than complete abrogation) of the process may be adequate to yield meaningful
clinical benefit. A brief consideration of each of these pathophysiologic components ensues.
Cell Proliferation

SMC proliferation is the hallmark of intimal hyperplasia after both arterial injury and vein grafting. A family of cell cycle proteins has been identified as part of the normal feedback control system for cell division, and genetic manipulation of these pathways
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can induce growth arrest.[

These critical cell cycle proteins include the retinoblastoma (Rb) protein as well as members of the Cip/Kip family (p21 and p27) and p53. Each of the aforementioned inhibitory proteins has been explored through the use of

21] [91] [92] [93] [94] [95]
Conversely, inhibition of genes that promote cell cycle progression, including cyclin-dependent kinases (cdks), proliferating cell nuclear
[96] [97]

direct gene transfer to achieve local overexpression in artery or vein graft models.[

There is some suggestion that inhibition strategies targeting multiple cell cycle genes offer an advantage over single-target
antigen (PCNA), and proto-oncogenes (c-myc, c-myb), through the use of antisense oligonucleotides has also been explored.
approaches. Rabbit vein grafts treated simultaneously with antisense ODN to PCNA and cell division cycle (cdc)-2 kinase demonstrated a more adaptive remodeling response, with marked attenuation of neointima formation and medial hypertrophy, and were

98]
Remarkably, this cell cycle inhibition was also associated with better endothelial function, as measured by vasomotor responses, adhesion molecule expression, and

less prone to late (6 months) atherosclerotic changes in hypercholesterolemic animals.[
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monocyte binding in comparison with untreated and control ODN-treated grafts.[
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Further downstream, the transcription factor E2F induces the coordinated expression of a number of critical cell cycle genes leading to progression to mitosis, including PCNA, cdk 1, cdc 2 kinase, c-myc, and c-myb.[

[101] [102] [103]

noted, have been implicated in intimal hyperplasia by investigations using antisense molecules. E2F function is necessary for normal cell cycle progresion,

Several of these genes, as

and the antiproliferative activity of Rb appears to depend on its ability to inhibit
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A 14–base pair ODN that mimics the consensus binding site for E2F
E2F. A transcription factor decoy approach targeting E2F markedly inhibited intimal hyperplasia in both a rat carotid injury model and a rabbit vein graft model.[

was employed. Rabbit vein grafts demonstrated improvements in neointima formation, wall remodeling, and resistance to plaque formation similar to those seen with the two-target antisense strategy previously described. These preclinical studies formed the
basis for proceeding to clinical evaluation of the E2F decoy strategy. A pilot study conducted in patients undergoing lower extremity vein bypass employed ex vivo incubation of the graft with the E2F decoy ODN in a chamber using nondistending pressure

107]

( Fig. 12–7 ).[

This study demonstrated safety and feasibility for the intraoperative approach and was followed by a phase 2 study in coronary bypass grafting, for which intravascular ultrasound and angiographic follow-up showed promising preliminary

[108]

Currently, a phase 3 program (co-sponsored by Corgentech, Inc., and Bristol-Myers-Squibb, Inc.) for evaluation of the E2F decoy (edifoligide) in both lower extremity and coronary vein grafting is under way, with results expected in early 2005.

results.

A number of growth factors have been hypothesized to play important roles in the development of intimal hyperplasia after arterial injury and in vein grafting. They include platelet-derived growth factor (PDGF), basic fibroblast growth factor (bFGF), insulin-

109 110

111

112 113

][
] via a transcription factor–decoy approach,[
] or by targeting of receptors such as G-proteins,[
][
] which transduce
like growth factor (IGF), and angiotensin. Growth factor targeting may be accomplished via an antisense approach,[
the signals into cellular responses. In general, owing to the multiplicity of mitogens available in the vessel wall after injury, targeted inhibition of an individual growth factor is likely to be intrinsically less efficient than targeting of events further downstream
(cell cycle). An alternative growth factor–based strategy is to enhance endothelial recovery using specific endothelial mitogens such as vascular endothelial growth factor (VEGF). Clinical trials have been initiated to examine the utility of this approach in
114]

reducing post-angioplasty re-stenosis[

115]

and distal anastomotic hyperplasia in prosthetic dialysis access grafts.[

Secreted or diffusible mediators with antiproliferative properties are particularly attractive because the efficiency limitations of gene transfer are lessened by the potential local effect on neighboring cells (“bystander effect”). The prototype molecule is NO, and

116] [117] [118] [119] [120] [121] [122]

indeed, all three of the NOS isoforms (endothelial, neuronal, and inducible) have been investigated for therapeutic gene transfer to arteries and vein grafts.[

Significant inhibition of graft neointima formation has

been reported (range 30% to 50%). The antiproliferative effects of NO are complemented by its additional vasculoprotective properties (antimigratory, reduced platelet aggregation and leukocyte adhesion, vasodilatation), making it an extremely attractive

123]

target. A current clinical trial is examining the effects of liposome-mediated inducible NOS gene transfer to coronary arteries after angioplasty for the prevention of re-stenosis.[

Whereas the strategy of cell cycle inhibition may be viewed as “cytostatic,” cytotoxic approaches have also been considered. Delivery of tk, a gene from the herpes simplex virus, followed by administration of the drug ganciclovir leads to death of the tk-

20] [124]

expressing cells.[

A similar approach, utilizing the bacterial enzyme cytosine deaminase
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Figure 12-7 Ex-vivo treatment of human lower extremity vein grafts with the E2F decoy oligodeoxynucleotide (ODN) (edifoligide). A, Photograph of the graft transfection device. B, Cannulated vein is placed inside of the chamber and exposed to ODN
solution at 6 PSI (0.4 atm), nondistending pressure, for 10 minutes, to achieve delivery of the agent into the graft wall. (A, courtesy of Corgentech, Inc, South San Francisco, CA.)

TABLE 12-3 -- Overview of Phase 1–Phase 2 Clinical Trials Involving Gene Transfer in Cardiovascular Disease
GENE(S)

DISEASE

VECTOR(S)

VEGFs

CAD, PAD, restenosis

Plasmid, adenovirus

FGFs

CAD, PAD

Plasmid, adenovirus

HIF1-α

CAD, PAD

Adenovirus

iNOS

Re-stenosis, arteriovenous graft failure

Plasmid, adenovirus

HGF

CAD, PAD

Adenovirus

Del-1

CAD, PAD

Plasmid

PDGF

Extremity ulcers

Adenovirus

CAD, coronary artery disease; Del-1, developmental endothelial locus-1; FGF, fibroblast growth factor; HGF, hepatocyte growth factor; HIF1-α, hypoxia-inducible factor 1-α; iNOS, inducible nitric oxide synthase; PAD, peripheral arterial disease; PDGF,
platelet derived growth factor; VEGF, vascular endothelial growth factor.
From Committee N.R.D.A: NIH RAC Online Database. 2001, Office of Biotechnology Activities. Available at www4.od.nih.gov/oba/rac.
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][
][
] A number of phase 1–phase 2, corporation-sponsored clinical trials have already been undertaken in both the coronary and peripheral
the ischemic tissue or a cell transplantation approach with precursor cells that are genetically modified.[
circulations ( Table 12–3 ). Both naked DNA and Ad vectors have been employed to deliver VEGFs, FGFs, HGF, and other angiogenic constructs in patients. In general, these studies have largely revealed minimal toxicity and, in some cases, have reported
modest improvement in surrogate endpoints such as pain, ulcer healing, and perfusion imaging. This area of investigation remains at a very early stage. Proof of therapeutic efficacy clearly will require randomized, blinded, placebo-controlled studies, and
many questions remain about the nature of the induced vessel growth as well as the optimal dosing, mode of delivery, and choice of target gene. Much additional basic, animal, and clinical investigation will be required before definitive phase 3 studies are
likely to be conducted.
CONCLUSION
Dramatic advances in genetics as well as in cellular and molecular biology have set the stage for a new era of cardiovascular therapeutics. These approaches are based firmly on a better understanding of the molecular mechanisms of complex disease states
such as atherosclerosis and intimal hyperplasia. Better characterization of the genetic basis for variable disease phenotypes among patients, made possible by the success of the Human Genome Project, will allow for improved risk stratification and targeting of
these novel therapies. Continued basic and translational research, coupled with the conduct of carefully designed clinical trials, will enable the full potential of this biotechnology revolution to improve the health of patients with vascular diseases.
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Chapter 13 - The Vascular Laboratory

J. DENNIS BAKER MD

THE NONINVASIVE TESTS
Like many technical fields in medicine, noninvasive vascular testing had modest origins. The earliest efforts at objective assessment of vascular phenomena date to the days when sympathectomy was the only surgical treatment for vascular insufficiency.
Measurement of changes in skin temperature or electrical resistance was used to demonstrate changes in sympathetic activity. The 1940s and 1950s saw the introduction of plethysmographic devices to record pulse pressure waveforms. These early tools were
used to measure extremity pressures and to estimate blood flow. Methods included application of a variety of pneumatic and strain gauge sensors. These early devices evolved through the years and in some cases are still used. For example, the Windsor
pneumatic plethysmograph was followed by the pulse volume recorder, which continues to be used today. Further applications of pneumatic plethysmography were the Cranley Phleborheograph, Gee’s Ocular Pneumoplethysmography (OPG), and, more
recently, Air Plethysmography as developed by Nicolaides. Other techniques included recording and analysis of vascular bruits, electrical impedance plethysmography (IPG) (such as described by Wheeler for detection of deep venous thrombosis) and
photoplethysmography (PPG).
The application of ultrasound techniques to vascular diagnosis has played a major role in the field. In 1958, Satomura reported using Doppler signal processing for transcutaneous detection of blood flow. His work led to the development of the early
nondirectional continuous-wave detectors. The initial application was in the form of a simple ultrasonic stethoscope, with limited qualitative interpretation of signals. Problems with the subjective nature of this assessment led to the measurement of extremity
pressures and the recording of analog tracings of the Doppler velocity signals. Technical improvements included the design of directional detectors and later the evolution of processors to measure the frequency characteristics of the Doppler-shifted signals.
More than any other device the continuous-wave Doppler velocity detector was responsible for the rapid growth in noninvasive testing in the 1970s.
A parallel development was seen in the ultrasound imaging of blood vessels. Initially, the equipment only provided static, low-resolution images. Technologic improvements provided real-time imaging, analogous to fluoroscopy. The great leap forward came
in 1972, when Strandness and his associates developed the duplex scanner, combining both flow and image information in the same examination. By the early 1980s, the duplex scanner became widely used. The initial application was the examination of the
carotid artery and its branch vessels. Subsequently, there was expansion into peripheral arterial and venous applications and later, investigation of abdominal visceral vessels. The most important recent development has been color-flow encoding, which has

simplified or shortened many of the difficult or tedious examinations. Current researchers are investigating the clinical applications of ultrasound contrast agents and three-dimensional image reconstructions.

EVOLUTION OF THE VASCULAR LABORATORY
The initial noninvasive studies were performed in a few hospitals as part of research efforts. The first identifiable vascular laboratory was set up by Linton at the Massachusetts General Hospital in 1946. Because the focus at that time was on sympathetic
activity, one can understand why skin temperature and electrical resistance were the measurements performed. During the ensuing decade a few additional pioneer efforts appeared. The growth of arterial
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reconstruction procedures in the 1960s stimulated interest in clinical investigation by physiologists and vascular surgeons. Publications from research laboratories stimulated the interest in the clinical applicability of the techniques, and by the early 1970s there
was increasing use of the tests in decisions about patient management. Where research laboratories existed, they expanded to accommodate the growing demand for clinical testing. In institutions where there had been no research efforts, new facilities were
established for the primary purpose of providing routine testing. Another phenomenon was the introduction of noninvasive testing into the office setting. As vascular surgeons became acquainted with different testing modalities, these became firmly
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incorporated into routine practice. In 1976, a task force of the American Heart Association, the Intersociety Commission for Heart Disease Resources, published a report on testing for peripheral vascular disease.[ ] The group concluded that a clinical vascular
laboratory was desirable in institutions treating vascular disease (including venous thromboembolism).

The growth in noninvasive testing required training people to carry out the examinations. Much of the work in the original research groups was performed by the doctors who developed the tests. With time, other physicians studied and duplicated the work
reported in early publications, but the problem came when clinicians decided to create new testing facilities without going through the learning curve experienced by the researchers. In some cases, interested physicians visited established laboratories for brief
periods to learn techniques and pick up practical tips. Lectures and dedicated courses helped to school many in the basics of the new field. There was growth of the complexity of the tests and the time required for examinations, exceeding the time which
physicians could dedicate to the studies. Increasingly, technologists were recruited from a variety of backgrounds including nurses, physicians’ assistants, catheterization laboratory or operating room technicians, and a variety of research assistants. Special
courses were developed to help teach these people the relevant vascular anatomy and physiology as well as the specifics of the different examinations. By the 1980s, almost all vascular laboratory tests in the United States were being done by technologists
under the direction of physicians.

Most of the development of the early physiologic tests was carried out by surgeons and other researchers in the field of vascular disease. As technologic improvements made ultrasound imaging a clinical reality, there came increasing interest by radiologists.
By the mid 1980s, there was an explosion in noninvasive testing and other specialties became involved including neurology, neurosurgery, cardiology, and urology. Currently, testing is performed in a wide variety of settings ranging from solo practitioners
doing the tests themselves in their office to large hospital or clinic departments to far-ranging mobile units. Although there is no accurate count, I estimate that there are at least 10,000 separate facilities performing noninvasive vascular tests in the United
States.

The role of the vascular laboratory has undergone major changes when compared with the original research facilities that started the work in this field 5 decades ago. The primary goal of noninvasive testing has always been to refine the clinical assessment of
vascular disease by providing objective techniques. In the early days, the testing assisted physicians in their physical assessment and helped select patients for more complete evaluation, usually involving contrast angiography. In the past 15 years, the
improvement in the techniques, especially the duplex scan, has resulted in the noninvasive laboratory providing the definitive diagnosis for a number of conditions. In the 1980s, the venous scan became the primary test for acute deep venous thrombosis. More
recently, there has been a growing practice of recommending carotid endarterectomy based solely on the ultrasound studies, without subjecting the patient to a routine angiogram. A similar approach is currently being studied in patients requiring lower
extremity revascularization. These changes have elevated the importance of the vascular laboratory for patient care.

THE QUEST FOR QUALITY
The increasing reliance being placed on the results of the vascular laboratory demands that the studies have high accuracy. Through the years, reports in the literature from major research centers have emphasized the good correlation that can be obtained when
noninvasive tests are compared with angiography or with some other reference standard. It is important that every facility strive to achieve similar good results with the routine work. The quality of testing depends on several factors: the physicians, the
technologists, and the ongoing evaluation of results.
The Physician
All laboratories need a physician to provide direction and supervision. This director has several roles including establishing the tests to be performed, selection of diagnostic criteria, interpretation of tests, and monitoring of the quality of the work. In 1988,
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Rutherford addressed the qualifications for a medical director.[ ] The most basic is a sound understanding of the clinical principles of vascular disease. Other important areas include (1) knowledge of the principles and the limitations of the equipment, (2)
familiarity with the testing procedures, (3) understanding of the diagnostic criteria and (4) experience with the validation of test results. Although other physicians involved with a laboratory may only perform test interpretation, they need similar qualifications.
In the past, vascular surgeons had the clinical knowledge as the result of training and practice and acquired much of the technical background by attending formal courses and reading books and articles on the testing procedures and their interpretation. Other
specialists such as radiologists may have had the background in ultrasonography but needed to spend time learning about peripheral vascular disease. In recent years, most vascular surgery fellowships have included the teaching of principles of noninvasive
testing together with specific time spent in the laboratory. Residents often interpret large numbers of tests under faculty supervision. These efforts were reinforced in 1996, when the Association of Program Directors in Vascular Surgery published a Core
Curriculum for Resident Training in the Vascular Diagnostic Laboratory, thus making this experience a formal part of all approved programs. Noninvasive testing techniques still evolve at a rapid pace, so it
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is important for all physicians in the field to continue to update their knowledge through reading and attending educational courses
For a number of years, the issue of physician credentialing or certification has been debated. In some centers, there are battles over who should be allowed to run a vascular testing facility or to participate in the interpretation of tests. More often than not, local
guidelines for privileging are written which define entry-level knowledge of vascular disease and experience in testing and interpretation. In an effort to establish credibility in noninvasive testing, some physicians have obtained the registered vascular
technologist (RVT) credential from the American Registry of Diagnostic Medical Sonographers (ARDMS). Although the examination is not designed to evaluate physician knowledge and skills, passing it at least requires a basic knowledge of ultrasound
physics and technology. In 2003, 600 physicians held RVT certificates. The only credential currently designed to identify physician expertise is issued by the American Society of Neuroimaging. The organization has created a written examination, and the
certification can be sought by any physician with the requisite education in neuroimaging and prior experience in interpretation of these studies. In response to the interest in having a certifying process that is appropriate for physicians, the ARDMS has
announced that it will develop such an examination. Plans call for the process to be available in summer 2005.
The Technologist
The sonographer who performs the examination is likewise a critical element in the laboratory. This is especially true in view of how operator dependent many of the tests are. Knowledge of the relevant anatomy and physiology together with understanding of
the common vascular disease processes is essential. In addition, the examiner needs to understand the physical principles and limitations of the techniques being used. Although there was a rapid growth of vascular testing in the 1980s, there remains a paucity
of educational opportunities for people interested in entering the field. After more than 2 decades of growth of noninvasive testing, there are only a few associate degree programs and one bachelor level program in the country. Most of the people in the field
are still trained by a combination of didactic courses, hands-on instruction, and supervised clinical experience. In 1977, the Society of Noninvasive Vascular Technologists (subsequently to become the Society for Vascular Technology [SVT] and most recently
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the Society for Vascular Ultrasound [SVU]) was formed.[ ] [ ] One of its goals was to provide relevant courses in the field and to assist members in finding educational opportunities. Unfortunately, there remains great variability in the knowledge and
experience of technologists practicing in the field, and some laboratory staff have simply been taught the mechanics of conducting specific examinations.
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One of the ways of improving the education of technologists is to define entry level knowledge and experience, so in 1979 the SVT formed a committee to study the issue of voluntary certification.[ ] [ ] The decision was made to work with the ARDMS to
develop a certifying process. This organization had existed since 1975 and administered examinations for sonographers covering different areas of ultrasound testing. A new examination was developed and the first RVT credentials were issued in 1983. The
basic requirements include 2 years of formal education after high school and 24 months of full-time clinical work in a vascular laboratory. The two-part written examination covers a clinical section and a technical section on vascular physics and
instrumentation. Once credentialed, the person is required to accumulate 30 hours of continuing education credits every 3 years to maintain active status. In 2003, there were 12,000 active RVTs. More recently, Cardiovascular Credentialing International, an
organization that initially focused primarily on certifying technicians working in invasive and noninvasive cardiac laboratories, extended its process by establishing the credential of registered vascular specialist.
Credentialing was established as a voluntary process, and technologists have participated for a variety of reasons. In some cases, the certificate has led to higher pay scales. Through the years, the number of credentialed workers has been only a fraction of
those performing vascular testing. This situation is in the process of changing. A recent phenomenon has been the interest by third-party payers in the quality of the testing and the perception that credentialed technologists represent proof of baseline
experience. As of 1998, seven Medicare carriers required that vascular laboratories have credentialed technologists performing the tests or directly supervising all tests as a condition for reimbursement. Additional carriers have announced similar requirements.
This trend will likely continue to expand and will be a widespread incentive for technologists to become credentialed.
Quality Control
From the earliest days, the results of noninvasive tests have been validated by comparing with some accepted reference standard, often the contrast angiogram. It was necessary to determine the criteria for separating normal from “abnormal” or for defining
different categories or degrees of severity of disease. To a great extent, the acceptance of the vascular laboratory test depended on how well these correlated with other diagnostic procedures. In many cases, the early validation work contributed to
improvements through refinements in technique and diagnostic criteria. Once a technique gained acceptance, laboratories would incorporate it, usually buying the same or similar equipment and adopting the published criteria. A common problem arose from
the fact that laboratories often modified or combined diagnostic criteria from different sources. Any time that criteria are combined or modified, the effects on accuracy need to be confirmed against a reference standard. Laboratory directors need to be familiar
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with the methodology for comparing test results to reference standards.[ ] [ ]
A standard assumption is that if one duplicates the equipment and adopts published criteria, the clinical accuracies achieved will be similar to those quoted in the literature. An inherent problem in many noninvasive procedures is that the accuracy is heavily
operator dependent. This is particularly true with duplex scanning and transcranial Doppler sonography. A great deal of the accuracy potential depends on the knowledge and experience of the examiner and the care with which each examination is conducted.
A separate
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issue is that similar devices may yield somewhat different objective data. It is the responsibility of each laboratory to determine what its results really are through a formal quality assurance program. Comparing the final interpretation of a study with a “gold

standard” is the best way to evaluate the quality of work done.
An important problem is that there are some studies for which we lack a good reference standard. Duplex scanning for the detection of deep venous thrombosis is a good example of this dilemma. Early studies comparing scans with contrast phlebograms
showed such good correlation that now the ultrasound study has become the primary diagnostic tool. In most centers there are few, if any, venograms done to permit contemporary comparisons. Several options are currently being assessed to address this
problem, including the possibility of using outcome studies to define the accuracy of testing.
Another issue of quality control, especially in the larger facility, is the consistency of testing procedures. The investigators who developed the tests recognized the need to minimize variability and went to great efforts to standardize the test procedures. This is
why it is important to have carefully developed written protocols to be followed. There should be a policy in place to evaluate how closely each examiner adheres to the established instructions. Another way to look for potential testing variability is to have
two or more people examine the same patient without knowledge of previous findings. This duplicate test process may help identify weaknesses, especially when the routine quality assurance process has identified problems.
Accreditation
Over the past decade, there has been a growing concern about the variable quality of studies performed in vascular laboratories. Surgeons are constantly confronted with the problem of finding major discrepancies between studies done by unknown facilities
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and the results obtained when the study is repeated. The Intersocietal Commission for the Accreditation of Vascular Laboratories (ICAVL) was established in 1991 with the goal of creating standards and establishing a voluntary review process for the field.[ ]
[8] The commission had wide support from specialty groups involved in vascular testing. The initial sponsors included the American Academy of Neurology, the American College of Radiology, the American Institute of Ultrasound in Medicine, the
International Society for Cardiovascular Surgery (North American Chapter), the Society for Vascular Surgery, the Society for Vascular Medicine and Biology, the Society of Diagnostic Medical Sonographers, and the Society of Vascular Technology. The first
group of applications was approved in January 1992 and in 2003 1200 laboratories held ICAVL accreditations.
ICAVL took care in writing the standards to be as inclusive as possible. The standards allow applications by everything from large ultrasonography departments in major medical centers to small laboratories in low-population areas. The emphasis of the
accreditation review is on the background and experience of the personnel involved and the quality of the work performed. Some of the problems identified in the review of applications include (1) inadequacy of experience, training, or in keeping up to date
with appropriate continuing medical education (all personnel are required to have completed 15 hours of courses dedicated to vascular testing every 3 years); (2) lack of formal examination protocols or failure to adhere to these; (3) use of multiple sets of
diagnostic criteria for a given test; (4) failure to apply the diagnostic criteria to interpretation of studies; and (5) absence of quality control with comparison studies. The process of preparing the ICAVL application provides the laboratory a thorough selfassessment of all aspects of its organization and function and identifies areas for improvement. Accreditation is provided for 3 years, and the experience has been that laboratories have shown improvement when reviewed for reaccreditation.
The accreditation was set up as a voluntary process, and the number of laboratories that have participated is a testimony to the interest in the ICAVL goals. The accreditation is now being taken to a higher level. Unlike in the past, medical insurance programs
are becoming interested in the quality of medical testing for which they are paying. They see ICAVL standards as providing an entry level screen for facilities. Starting in 1998, the Medicare carrier for Virginia required ICAVL accreditation as a condition for
payment. Six other carriers have required either accreditation or technologists’ certification starting in 1998. Since then, other carriers have been added to the list. In 2003, 23 states required accreditation or certification and carriers in another 13 states
recommended such a practice. So even if there is no current requirement for accreditation, directors of vascular laboratories should work toward completing the process both to improve current quality of work and to prepare for future mandates.
Over the past 5 decades we have seen the growth of noninvasive testing into a mature part of the evaluation of vascular disease. Many of the early tests have been phased out, replaced by techniques yielding more detailed and accurate information. The
vascular laboratory procedures are not limited to screening tests but often end up providing the definitive diagnosis on which the clinician will act. As a result, all involved with this testing must have a strong commitment to quality of the product. Appropriate
training and education of all personnel must be combined with an ongoing quality control program to offer the optimal product to the medical community and their patients.
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Chapter 14 - Physiologic Assessment of Peripheral Arterial Occlusive Disease

R. EUGENE ZIERLER MD
DAVID S. SUMNER MD

CLINICAL ROLE OF PHYSIOLOGIC TESTING
Interventions for peripheral arterial occlusive disease should be designed to treat a physiologic rather than an anatomic defect. No matter how aesthetically unappealing an arteriosclerotic plaque becomes, it is of no consequence if it does not restrict blood
flow. Therefore, the surgeon who evaluates peripheral arterial disease must focus on the physiologic defects that the lesions produce. Although the surgeon gains an appreciation of how these defects limit the patient’s activities from the history, the
interpretation of symptoms is highly subjective. Beyond an estimate of the physiologic limitations imposed by claudication or the suffering due to ischemic rest pain, the history yields nothing measurable.
The physical examination provides more objectivity, in that pulses can be graded, ulcers measured, gangrenous areas delineated, and pallor, dependent rubor, and skin temperature observed. Even the most skilled surgical diagnostician makes some errors,
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Thus, the physical examination frequently fails to provide an accurate and objective assessment of the severity of arterial disease.
however, and the nonspecialist physician makes many more.[ ] [ ] [
14]
In general, these tests are designed to answer the following questions:

After the history and physical examination, the next logical step in the evaluation of a patient for arterial occlusive disease is physiologic testing.[
1.
2.
3.
4.
5.

Is significant arterial occlusive disease present?
If so, how severe is the physiologic impairment?
Where are the responsible lesions located?
In multilevel disease, which arterial segments are most severely involved?
In limbs with tissue loss, what is the potential for primary healing?

Once these questions are answered, the surgeon is better able to decide whether the deficit is severe enough to warrant more detailed testing, such as arteriography, as a prelude to intervention. There are also a number of clinical problems that are not easily
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] Patients with demonstrable arterial disease may have
resolved, even with the help of arteriography. For example, patients with pseudoclaudication may be identified by physiologic testing and spared further vascular evaluation.[ ] [ ] [ ] [
concomitant orthopedic or neurologic problems. With the help of physiologic testing, the physician can determine the relative magnitude of the deficit caused by each of these conditions and advise the patient accordingly. In limbs with multilevel disease, it is

3 16 21 105] [115] [147] [161]
usually possible to identify which of the lesions is most significant, allowing the surgeon to focus on the more critical lesion.[ ] [ ] [ ] [

68] [121]

Physiologic tests are helpful in determining whether an ulcer is due to neuropathy, venous stasis, or ischemia and in deciding whether foot pain is primarily neuropathic or ischemic.[

They may also enhance the ability of the surgeon to assess the

11 20 66 100] [159]
In cases of suspected vascular trauma, physiologic findings, if negative, may avert an unnecessary vascular exploration or, if positive, may alert the surgeon to the need for
healing potential of a foot lesion or amputation.[ ] [ ] [ ] [
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[10]

Similarly, the recognition and evaluation of suspected iatrogenic vascular injuries, such as those that follow cardiac catheterization or interventional radiologic procedures, are facilitated by physiologic testing.
Physiologic tests
immediate operation.
are uniquely applicable to the diagnosis of intermittent arterial obstructions, such as those arising from entrapment syndromes, and for distinguishing between fixed arterial obstructions and obstructions due to vasospasm. These are but a few of the many areas
in which physiologic tests complement the information gleaned from the routine history, physical examination, and anatomic imaging studies.
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A comprehensive evaluation of peripheral arterial occlusive disease requires the integration of physiologic, anatomic, and clinical information. This chapter reviews the theory, methods, interpretation, and applications of the various physiologic arterial tests
available in the vascular laboratory (see Chapter 13 ). The use of duplex scanning for assessment of arterial disease is considered in Chapter 16 .

PRESSURE MEASUREMENT
Measurement of pressure has distinct advantages over measurement of flow for identifying the presence of arterial disease and for assessing its severity. Even though resting flow levels may remain in the normal range, there is almost always a pressure drop

27] [145] [155] [164] [166]

across a stenotic lesion that increases resistance to arterial flow.[

Pressure measurements can be made more sensitive by augmentation of blood flow through a stenotic segment. This can be accomplished by exercise, the
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induction of reactive hyperemia, or the intra-arterial administration of vasodilating drugs. With increased blood flow, pressure drops are greater, and even those that were not noticeable under baseline conditions become evident (see Chapter 9 ). [ ] [ ] [ ]
[138] [166]
Ankle Pressure
Of all the noninvasive tests available for evaluating the functional severity of peripheral arterial disease, none is more useful than measurement of systolic blood pressure at the ankle. This test not only provides a simple, reliable means of diagnosing
obstructive arterial disease but is also readily applicable to follow-up studies.
Systolic ankle pressure is measured as follows:
1. A pneumatic cuff is placed around the ankle just above the malleolus.
2. A Doppler ultrasound probe is placed over the posterior tibial artery, and the pressure is measured at this site.
3. The Doppler probe is placed over the dorsalis pedis artery, and the pressure is measured at this site.

27]

In normal individuals, the pressure measured at these two sites should differ by no more than 10 mm Hg. A pressure difference greater than 15 mm Hg suggests that there is a proximal occlusion or stenosis in the artery with the lower pressure.[
pressure at the site giving the higher value is taken as the ankle pressure.

The

Occasionally, no audible Doppler flow signal can be obtained over either the posterior tibial or the dorsalis pedis artery. In these cases, a careful search often reveals a peroneal collateral signal anteriorly, near the lateral malleolus. When no Doppler signal can
be found, the ankle pressure can often be measured with a plethysmograph placed around the foot or applied to one of the toes.

18] [28] [92]
This difference reflects the augmentation of systolic pressure that occurs as the pressure wave travels peripherally (see Chapter 9 ). Distal to a

Normally, the systolic pressure at the ankle exceeds that in the arm by 12 ± 8 to 24 ± 9 mm Hg.[

18] [142] [145] [146]
Usually, a single stenosis that decreases arterial diameter by 50% or more, or multiple mild irregularities of the arterial lumen, reduce the ankle
[145]

hemodynamically significant lesion, the ankle pressure is almost always decreased.[

127]
Typical ankle-arm pressure gradients are (1) isolated superficial femoral obstruction, 53 ± 10 mm Hg; (2) isolated aortoiliac obstruction, 61 ± 15 mm Hg; and (3) multilevel obstruction, 91 ± 23 mm Hg.

pressure by at least 10 mm Hg.[
Ankle-Brachial Index

26] [27] [162] [168]

Because the ankle systolic blood pressure varies with the central aortic pressure, it is convenient to normalize these values by dividing the ankle pressure by the brachial blood pressure.[

This ratio, which is commonly referred to as the
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ankle pressure index or ankle-brachial index (ABI), normally averages about 1.1 when the well-rested subject is lying supine ( Table 14–1 ). Although the ABI in an occasional patient with functionally significant arterial stenosis exceeds 1.0,[ ] [ ] [ ]
[112] [168] the resting index in most patients with arterial disease is much lower.[1] [37] [164] [167] [168] In fact, an ABI less than 1.0 is highly suggestive of functional arterial obstruction[26] [27] [37] [166] [167] ; only rarely does a normal limb
[58] [112]
have an index less than 0.92.

145] [164] [167]
Values tend to be highest when the lesion is confined to the popliteal or below-knee arteries and lowest in limbs with

As shown in Figure 14–1 and Table 14–2 , the ABI varies somewhat with the location of the arterial obstruction. [

90] [126] [164] [168]

multilevel disease.[

27]

Carter[

found that the ABI exceeded 0.50 in 85% of patients with a single level of obstruction but was less than 0.50 in 95% of

TABLE 14-1 -- Segmental Pressure Indices in Normal Subjects (Mean ± SD)
AUTHOR (YEAR)

THIGH

ABOVE KNEE

—

26]

Carter (1968)[

1.16 ± 0.05

§

*
BELOW KNEE

ANKLE

—
1.15 ± 0.08

‡

166] [167]

—

—

—

1.11 ± 0.10

164]

—

—

—

1.09 ± 0.08

Yao (1970, 1973)[
Wolf et al (1972)[

49]

1.34 ± 0.27

37]

1.53 ± 0.17

Fronek et al (1973)[

Cutajar et al (1973)[

58]

Hajjar and Sumner (1976)[

126]

Rutherford et al (1979)[

1.37 ± 0.20
1.28 ± 0.17

‖

1.32 ± 0.23

†

1.26 ± 0.24

‖

—

†
†

‖

1.17 ± 0.13
1.26 ± 0.11
1.24 ± 0.17

†
†

1.16 ± 0.10
1.16 ± 0.17

‡
†
†

1.08 ± 0.10
1.08 ± 0.09
1.08 ± 0.08
1.08 ± 0.17

‡
‡
†
†

* Pressure index equals systolic pressure at site of measurement divided by brachial systolic pressure.
§ Cuff 15 × 45 cm.
‡ Cuff 12.5 × 30 cm (standard).
‖ Cuff 17 × 50 cm.
† Cuff 10 × 40 cm.
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Figure 14-1 Resting ankle blood pressure indices (ankle systolic/arm systolic) measured in normal limbs and in limbs with arterial obstruction localized to different anatomic levels. (From Strandness DE Jr, Sumner DS: Hemodynamics for Surgeons. New
York, Grune & Stratton, 1975; data from Wolf EA Jr, Sumner DS, Strandness DE Jr: Correlation between nutritive blood flow and pressure in limbs of patients with intermittent claudication. Surg Forum 23:238, 1972.)

Figure 14-2 Relationship of ankle pressure index to functional impairment produced by the occlusive process. (From Yao JST: Hemodynamic studies in peripheral arterial disease. Br J Surg 57:761, 1970.)

TABLE 14-2 -- Segmental Pressure Indices in Patients with Occlusive Arterial Disease of the Legs (Mean ± SD)
LOCATION OF OBSTRUCTION
Aortoiliac

AUTHOR (YEAR)

ABOVE KNEE

BELOW KNEE

ANKLE

0.72 ± 0.25

0.70 ± 0.24

0.62 ± 0.21

0.57 ± 0.18

0.81 ± 0.25

0.76 ± 0.25

0.71 ± 0.25

0.68 ± 0.32

120]

0.81 ± 0.27

0.72 ± 0.25

0.59 ± 0.22

0.54 ± 0.22

49]

1.26 ± 0.39

0.92 ± 0.39

0.73 ± 0.30

0.51 ± 0.28

1.25 ± 0.27

0.86 ± 0.22

0.75 ± 0.18

0.65 ± 0.18

120]

1.19 ± 0.21

0.87 ± 0.23

0.70 ± 0.18

0.60 ± 0.19

49]

0.97 ± 0.34

0.79 ± 0.32

0.61 ± 0.28

0.48 ± 0.31

0.89 ± 0.17

0.72 ± 0.17

0.58 ± 0.17

0.53 ± 0.28

0.79 ± 0.21

0.62 ± 0.17

0.49 ± 0.15

0.39 ± 0.15

49]

Fronek et al (1973)[

126]

Rutherford et al (1979)[
Ramsey et al (1979)[
Femoropopliteal

Fronek et al (1973)[

126]

Rutherford et al (1979)[
Ramsey et al (1979)[
Combined aortoiliac and femoropopliteal

Fronek et al (1973)[

126]

Rutherford et al (1979)[

120]

Ramsey et al (1979)[

UPPER THIGH

*

* Pressure index equals systolic pressure at site of measurement divided by brachial systolic pressure.
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Figure 14-3 Relationship of ankle pressure index to the severity of the occlusive process. Note that the index exceeds 1.0 in all normal limbs in this series. (From Yao JST, Hobbs JT, Irvine WT: Ankle systolic pressure measurements in arterial diseases
affecting the lower extremities. Br J Surg 56:676, 1969.)

Figure 14-4 Results of femorotibial and femoroperoneal grafts. Ankle pressure indices before and after 31 bypass grafts from femoral to tibial, peroneal, or dorsalis pedis arteries. Open circles indicate grafts that failed within 30 days. Mean and standard
deviations of the patent grafts are indicated. (From Sumner DS, Strandness DE Jr: Hemodynamic studies before and after extended bypass grafts to the tibial and peroneal arteries. Surgery 86:442, 1979.)

Figure 14-5 Identification of aortofemoral obstruction. Upper thigh index in normal limbs and in limbs with arteriosclerotic disease of the aortofemoral segment. Grading of aortofemoral disease is as follows: I, less than 50% diameter stenosis; II, more than
50% diameter stenosis; and III, occlusion. Grades II and III are hemodynamically significant.

TABLE 14-3 -- Pressure Gradients in Normal Subjects (Mean ± SD)
AUTHOR (YEAR)

162] *

Winsor (1950)[

13] †

Bell (1973)[

58] ‡

Hajjar and Sumner (1976)[

126] ‡

Rutherford et al (1979)[

ARM– UPPER THIGH

UPPER THIGH– ABOVE KNEE

ABOVE KNEE– BELOW KNEE

BELOW KNEE– ANKLE

−22

13

11

8

−6 ± 12

2±8

—

—

−46 ± 24

13 ± 19

12 ± 4

10 ± 9

−35 ± 18

5 ± 12

10 ± 15

11 ± 15

* Cuff 13 cm width.
† Cuff 18 × 60 cm.
‡ Cuff 10 × 40 cm.
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TABLE 14-4 -- Typical Segmental Systolic Arterial Pressures (mm Hg)

ARTERIAL DISEASE
LOCATION

NORMAL

Iliac

Superficial Femoral

Iliac and Superficial Femoral

Below Knee

Arm

120

120

120

120

120

Upper thigh

160

110

160

110

160

Above knee

150

100

100

70

150

Below knee

140

90

90

60

140

Ankle

130

80

80

50

90

TABLE 14-5 -- Accuracy of Segmental Pressures for Locating Arterial Obstructive Disease
DIAGNOSIS BASED ON SEGMENTAL PRESSURE DATA (%)
ARTERIOGRAPHIC
DIAGNOSIS

Normal

Aortoiliac

Aortoiliac and Superficial
Femoral

Superficial Femoral

Superficial Femoral and
Popliteal

Popliteal

97.2

1.4

—

—

1.4

—

12.5

75.0

12.5

—

—

—

6.3

6.3

78.0

3.1

6.3

—

Superficial femoral

15.0

—

10.0

55.0

15.0

5.0

Superficial femoral and

8.0

—

4.0

24.0

60.0

4.0

57.0

—

7.0

—

—

36.0

Normal
Disease
Aortoiliac
Aortoiliac and superficial
femoral

popliteal
Popliteal

*
*

Modified from Rutherford RB, Lowenstein DH, Klein MF: Combining segmental systolic pressures and plethysmography to diagnose arterial occlusive disease of the legs. Am J Surg 138:211, 1979.

* Popliteal includes popliteal artery or two or more of the peroneal-tibial arteries.

Values lower than this at any level in the leg imply significant obstructive disease in the proximal arteries. Theoretically, by making both longitudinal and horizontal comparisons of the segmental pressures or indices, the examiner should be able to locate the
site or sites of arterial obstruction and obtain some idea of their functional significance. Idealized values illustrating this point are shown in Table 14–4 .
Isolated disease in the aortoiliac or superficial femoral segments can usually be identified, but in limbs with multilevel disease, identification is frequently less reliable. For example, superficial femoral obstructions may not produce an abnormal gradient in

63]

limbs with aortoiliac disease, iliac stenoses may not be recognized in limbs with superficial femoral disease, and below-knee disease is commonly misdiagnosed or overlooked when there is concomitant superficial femoral obstruction ( Table 14–5 ).[

[126]
94

Indirect blood pressure measurements have been used in patients with extremity trauma to avoid unnecessary arteriography and determine the need for surgical exploration. Lynch and Johansen[ ] obtained Doppler cuff pressures in 100 injured limbs of 93
trauma victims who also underwent arteriography. An arterial pressure index (systolic pressure distal to the site of injury divided by brachial systolic pressure in an uninvolved arm) greater than 0.90 was considered normal. Compared with the arteriographic
findings, the arterial pressure index had a sensitivity of 87%, specificity of 97%, and overall accuracy of 95% for detecting arterial injuries. When the results of two false-positive arteriograms were excluded, the sensitivity, specificity, and accuracy of the
arterial pressure index increased to 95%, 98%, and 97%, respectively. Using an arterial pressure index of less than 0.90 to select trauma patients with possible occult vascular injuries for arteriography was prospectively evaluated in 100 limbs of 96 patients.

[71] Among the 17 limbs with a decreased arterial pressure index, arteriograms were abnormal in 16, and 7 underwent arterial repair. For the 83 limbs with a normal arterial pressure index, follow-up evaluation revealed six minor lesions but no major injuries.
Although the arterial pressure index is a simple, rapid, and clinically valuable screening test for arterial injuries, it has several important limitations. This approach cannot be used in cases in which extensive wounds prevent placement of a pneumatic cuff on

the injured extremity. In addition, the arterial pressure index does not distinguish between an intrinsic arterial lesion, extrinsic compression, and vasospasm. Finally, distal limb pressure measurement does not detect non–flow-limiting lesions or injuries to
nonaxial arteries such as the profunda femoris.
The location and severity of lower extremity arterial lesions can be directly assessed by duplex scanning, as discussed in Chapter 16 .
Technical Errors

Cuff width is an important consideration for accurate measurements of limb blood pressure. The use of a cuff that is relatively small compared with the size of the limb results in a falsely high pressure reading, or “cuff artifact.” This effect is minimized when
the cuff width is at least 50% greater than the diameter of the limb where the pressure is
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being measured. As noted for upper thigh pressure measurements with the four-cuff technique, the magnitude of the cuff artifact can generally be anticipated.

64

55

In an effort to achieve a more accurate assessment of the thigh pressure, some investigators have advocated using a single wide (19-cm) cuff rather than two narrower (10-cm) cuffs.[ ] Gray and colleagues[ ] compared thigh pressures obtained with a wide
cuff and direct measurements of femoral arterial blood pressure in an effort to see how accurately the noninvasive pressure predicted the presence of aortoiliac disease. A thigh-brachial index exceeding 0.90 was generally reliable in ruling out inflow disease,
with only 13% false-negative results. The thigh pressure was spuriously low in 59% of the studies, however, implying the presence of aortoiliac disease when in fact there was none. All of these false-positive results occurred in limbs with occlusions of the
superficial femoral artery. Thus, it would appear that the wide cuff is less accurate than the narrow cuff for diagnosing aortoiliac stenoses.

63]

Moreover, Heintz and associates[

have shown that detection of superficial femoral disease by means of the “wide cuff to below-knee pressure gradient” is considerably less accurate than it is with the narrow cuff technique, which allows gradients across

45] [125]

both the thigh and the knee to be analyzed. Other workers have reached similar conclusions.[

Occasionally, the pressure gradient between two adjacent segments of the leg may appear to be reversed. For example, the above-knee pressure may exceed the pressure recorded at the upper thigh or the below-knee pressure may be greater than the pressure

1 48
recorded at the above-knee level. This reversal of the normal pressure pattern is usually due to local arterial incompressibility or to varying relationships between the size of the cuff and the limb.[ ] [ ] In hypertensive patients, the gradient between any two
162]

adjacent levels may be increased. On the other hand, when the cardiac output is low, the pressure drop may be diminished.[

Normal blood pressure gradients may be obtained in limbs with arterial obstructions when collateral channels are quite large. These findings do not really constitute errors because the measurements are designed to reveal functional rather than anatomic

139]

obstruction.[

1 67 93 129] [139]
For example, the pressure gradient from the below-knee level to the ankle is typically normal when either the anterior tibial or the posterior tibial artery is patent.[ ] [ ] [ ] [
1 26

Isolated obstructions of arteries that are not directly responsible for perfusion of the distal leg, such as the internal iliac or profunda femoris artery, cannot be detected by segmental pressure measurements.[ ] [ ] As pointed out earlier in this chapter,
occlusions of the profunda femoris artery become evident only if the superficial femoral artery is also occluded. In these cases, the profunda femoris artery constitutes the major collateral channel supplying the lower leg and foot. Therefore, if both of these
arteries are obstructed, the upper thigh pressure is abnormally low, even though the aortoiliac segment is completely patent.
Finally, because the ankle is the most distal site of pressure measurement, routine segmental pressures do not detect arterial occlusive lesions distal to the ankle. Lesions involving the plantar or digital arteries, such as vasculitis or microembolism, may be
identified by toe pressure measurement or digital plethysmography, as discussed later in the chapter.

9 21 43 99 157]
Direct pressure measurements are also subject to
Because of the errors inherent in noninvasive assessment of the upper thigh pressure, direct femoral artery pressure measurements, as discussed later, are being used more frequently.[ ] [ ] [ ] [ ] [
23]
118] [126]
Many vascular laboratories also use segmental plethysmography or Doppler flow signal analysis to supplement segmental pressure studies.[

errors; most systems, for example, are underdamped, giving spuriously high systolic pressures.[

Toe Pressure

36] [56] [91] [107]

Toe pressures are measured with a pneumatic cuff of appropriate width (about 1.2 times the diameter of the digit) wrapped around the proximal phalanx, with a flow sensor applied distally.[

Although mercury strain-gauges work well for

this purpose, photoplethysmographs, which are more stable and occupy less space on the tip of the digit, are generally more convenient to use. The systolic blood pressure measured at toe level is usually lower than the brachial or ankle pressure, probably

107]

related to measurement techniques. According to Nielsen and associates,[

pressures in the toes of young normal individuals in the supine position average less than those in the arm. In older subjects, toe pressures are less than arm pressures. Because

13] [30] [107]
Ankle-toe gradients that exceed 44 mm Hg in young patients or 64 mm Hg in older patients are abnormal.
[121]

normal ankle pressure exceeds brachial pressure, normal toe pressures average 24 ± 7 to 41 ± 17 mm Hg less than ankle pressures.[

[107] The toe-ankle index, obtained by dividing the toe pressure by the ipsilateral ankle pressure, averages 0.64 ± 0.20 in asymptomatic limbs, 0.52 ± 0.20 in limbs with claudication, and 0.23 ± 0.19 in limbs with ischemic rest pain or ulcers.
[160]

These

findings suggest that obstruction of the pedal or digital arteries plays a major role in causing gangrene or ischemic rest pain.

121

] No asymptomatic patient had a toe pressure less than 50 mm Hg, and only 11% of those whose complaints were limited to claudication had toe pressures
Figure 14–6 shows the distribution of toe pressures in 296 limbs with arteriosclerosis obliterans.[
less than 30 mm Hg. In contrast, 81% of the limbs with ischemic rest pain had toe pressures less than 30 mm Hg, and none had toe pressures exceeding 40 mm Hg. In 81% of the limbs with toe pressures less than 30 mm Hg and in almost all of those with
30] [68] [121] [156]

pressures less than 15 mm Hg, there were ischemic symptoms at rest. Patients with rest pain usually have toe pressures less than 20 to 30 mm Hg.[

Toe indices (toe pressure divided by brachial pressure) of patients with arteriosclerosis obliterans are listed in Table 14–6 according to the severity of their symptoms. It is noteworthy that there is little difference between the mean values of diabetic and
nondiabetic patients. Spuriously high ankle or segmental pressures due to arterial calcification, which are common in diabetic patients, seldom occur at toe level. For this reason, toe indices are reliable indicators of the physiologic severity of arterial occlusive

160]

disease and should be used when there is any doubt about the validity of the ankle pressure.[

49]
In limbs with ischemic ulcers or gangrene, normal ankle

Toe pressures are particularly valuable for demonstrating arterial disease confined to the pedal or digital arteries.[
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Figure 14-6 Toe blood pressures grouped according to symptoms and presence of diabetes in patients with arterial disease. Mean and standard deviations for the nondiabetic and diabetic subgroups and for the two groups combined are indicated by vertical
bars. (From Ramsey DE, Manke DA, Sumner DS: Toe blood pressure: A valuable adjunct to ankle pressure measurement for assessing peripheral arterial disease. J Cardiovasc Surg 24:43, 1983.)

TABLE 14-6 -- Toe Indices in Patients with Arterial Disease (Mean ± SD)
ISCHEMIA

CLAUDICATION
AUTHOR (YEAR)

NO SYMPTOMS

Nondiabetic

Diabetic

Nondiabetic

*
Diabetic

30]

Carter and Lezack (1971)[

0.91 ± 0.13

†

160]

0.89 ± 0.16

121]

0.72 ± 0.19

Vollrath et al (1980)[
Ramsey et al (1983)[

0.43 ± 0.17

0.42 ± 0.16

0.24 ± 0.14

0.47 ± 0.24

0.60 ± 0.17

0.19 ± 0.15

0.19 ± 0.10

0.16 ± 0.13
0.35 ± 0.15

0.38 ± 0.15

0.11 ± 0.10

‡

0.12 ± 0.09

* Ischemic rest pain, ulcers, or gangrene.
† Normal subjects, 52 ± 6 years old; 21 ± 4 years old: 0.86 ± 0.12.
‡ Diet-controlled; insulin-dependent: 0.23 ± 0.15.
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Figure 14-7 Comparison of ankle and toe pressures in 58 limbs with healed or nonhealing ischemic ulcers or toe amputations. Note that a toe pressure of 30 mm Hg provides good separation between those limbs that healed and those that did not. (From
Ramsey DE, Manke DA, Sumner DS: Toe blood pressure: A valuable adjunct to ankle pressure measurement for assessing peripheral arterial disease. J Cardiovasc Surg 24:43, 1983.)

Figure 14-8 Treadmill walking times in patients with occlusive arterial disease. Normal subjects almost always can exceed 5 minutes (300 seconds). Treadmill is set at 2 mph, 12% grade. (From Strandness DE Jr, Sumner DS: Hemodynamics for Surgeons.
New York, Grune & Stratton, 1975.)

Figure 14-9 Different patterns of flow velocity waveforms. A, Normal. B, Atherosclerotic changes causing turbulence during systolic phase (high frequency). C and D, Loss of reverse flow due to increasing degree of stenosis. E–H, With increasing arterial
stenosis, the flow velocity waveform becomes progressively damped. (A–H, From Johnston KW, Maruzzo BC, Kassam M, et al: Methods for obtaining, processing, and quantifying Doppler blood velocity waveforms. In Nicolaides AN, Yao JST [eds]:
Investigation of Vascular Disorders. New York, Churchill Livingstone, 1981, p 543. )

TABLE 14-7 -- Typical Pulsatility Indices (PIpp ) and Inverse Damping Factors (DF−1 )
LOCATION OF ARTERIAL OBSTRUCTION
None
RECORDING SITE

PIpp

Aortoiliac
DF−1

PIpp

Superficial Femoral
DF−1

2.4

PIpp

Aortoiliac and Superficial Femoral
PIpp

DF−1

Common femoral

13.0

Popliteal

16.7

1.3

2.7

1.1

4.4

0.7

2.4

0.8

Dorsalis pedis

17.7

1.1

5.6

2.1

5.6

1.3

3.7

1.5

Posterior tibial

18.0

4.6

6.1

DF−1

3.1

4.6

3.1

Data from Johnston KW, Maruzzo BC, Cobbold RSC: Doppler methods for quantitative measurement and localization of peripheral arterial occlusive disease by analysis of the blood velocity waveform. Ultrasound Med Biol 4:209, 1978.
of the systolic forward-flow wave at the peak or in the early deceleration phase ( Fig. 14–9B ). With increasing proximal stenosis, the reverse-flow component is damped and then disappears entirely ( Fig. 14–9C and D). As the stenosis becomes more severe,

142]

progressing to total occlusion, the rate of acceleration of the forward-flow wave decreases, the peak becomes rounded, and the wave becomes continuous and less pulsatile ( Fig. 14–9E through H).[

Proximal to a stenosis or occlusion, the waveform may have a nearly normal contour, especially when (1) the disease process is located well below the site being evaluated and (2) there are large outflow branches that serve to reduce the peripheral resistance.

106A

] For example, recordings made
However, it is not uncommon to find that the contour is modified perceptibly by increased input impedance and that the resulting wave takes on some of the characteristics commonly associated with proximal stenosis.[
from common femoral arteries proximal to superficial femoral artery occlusions often resemble the waveforms in Figure 14–9C and D, even in the absence of any significant iliac stenosis. One must keep this fact in mind when attempting to use the contour of
the common femoral waveform to detect inflow disease.

By comparing the contours of the Doppler waveforms obtained from the common femoral, popliteal, and pedal arteries, one can usually identify the presence of hemodynamically significant disease and can often localize the disease to the aortoiliac,
superficial femoral, or below-knee segment. The presence of multilevel disease is implied when severely dampened waveforms, such as those shown in Figure 14–9F through H, are recorded from the pedal arteries. Absence of a recordable Doppler signal
from any of the pedal arteries indicates severe arterial disease.
Quantitative Analysis

3 4 70 75 130] [161]
A variety of methods have been proposed for quantitative analysis of Doppler velocity waveforms,[ ] [ ] [ ] [ ] [
including
■ Peak-to-peak pulsatility index
■ Laplace transform
■ Power frequency spectrum analysis
■ Pulse transit time
Few of these techniques, however, have been widely applied in the clinical setting. Many are little better than simple qualitative analysis, despite the aura of accuracy that numbers convey. A major problem is that most such methods derive their information
from sites that are remote from the principal lesion, where flow patterns have reverted towards a more normal configuration. For this reason, direct investigation of the artery at the site of the lesion, as accomplished by duplex scanning, is the preferred

87]

noninvasive method for evaluating peripheral arterial disease.[

One method that has proved to be of some value is the peak-to-peak pulsatility index (PIpp ), which can be defined as the peak-to-peak frequency difference of the Doppler waveform divided by the mean frequency. In normal lower extremities, the PIpp

76] [77]

increases as the recording site moves from proximal to distal portions of the limb, being greatest in the dorsalis pedis and posterior tibial arteries and least in the common femoral artery.[
occlusion, the PIpp value obtained below the involved segment tends to decrease ( Table 14–7 ).

76] [89]

To further quantify these changes in PIpp and permit localization of arterial lesions, the use of a damping factor or inverse damping factor has been proposed.[

However, when there is an intervening arterial stenosis or

The damping factor (DF) is defined as proximal PIpp divided by distal PIpp ; the inverse

1
damping factor (DF–[ ] ) is defined as distal PIpp divided by proximal PIpp . The DF increases and the DF−1 decreases across segments with significant arterial disease.
The common femoral PIpp has been advocated as a method for determining the presence or absence of iliac artery or inflow disease. As shown in Table 14–8 , mean values obtained by several investigators agree reasonably well for the various categories of

disease severity; however, the standard deviations are large, and data from adjacent categories frequently overlap. When arteriography is used as the “gold standard,” the sensitivity of the common femoral PIpp for identifying reductions of the iliac artery
greater than 50% of the diameter (hemodynamically significant stenoses) varies from 41% to 100%, depending on the laboratory making the measurements and the value of the index chosen as the dividing point between positive and negative results ( Table
14–9 ). Specificities are equally variable. Similar data are reported when the pressure drop across the aortoiliac segment, a physiologic gold standard, is substituted for the arteriographic image ( Table 14–10 ).

In general, assessment of the hemodynamic status of the iliac artery seems to be more accurate in the absence of concomitant disease in the ipsilateral superficial femoral
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TABLE 14-8 -- Common Femoral Pulsatility Indices (PIpp ) in Limbs with Aortoiliac Occlusive Disease (Mean ± SD)

SEVERITY OF DIAMETER STENOSIS
Normal

Minimal

Less Than 50%

Greater Than or
Equal to 50%

Occluded

Johnston et al (1978)[

9.6 ± 2.8

8.1 ± 2.8

4.9 ± 1.3

2.3 ± 1.2

1.6 ± 0.7

7
Baker et al (1984)[ ]

8.3 ± 7.9

7.6 ± 5.0

3.9 ± 1.2

2.4 ± 0.8

1.8 ± 1.1

AUTHOR (YEAR)

76]

7.1 ± 1.8

5.7 ± 3.2

2.8 ± 1.1

1.6 ± 0.9

Ward and Martin (1980)[

11.1 ± 5.4

4.1 ± 1.8

3.0 ± 1.0

1.9 ± 0.7

3
Baird et al (1980)[ ]

11.8 ± 5.3

7.4 ± 1.6

59]

Harris et al (1974)[

161]

3.6 ± 1.6

6.1 ± 2.3

2
Aukland and Hurlow (1982)[ ]
8.0 ± 2.3

64]

Hirai and Schoop (1984)[

6.1 ± 3.0

4.3 ± 2.0

1.3 ± 0.6

3.7 ± 1.6

2.0 ± 0.4

TABLE 14-9 -- Accuracy of Femoral Pulsatility Indices (PIpp ) for Detecting ≥ 50% Diameter Stenoses of the Aortoiliac Arterial Segment

AUTHOR (YEAR)

SUPERFICIAL FEMORAL ARTERY

PIPP CRITERION

*
SENSITIVITY, %

SPECIFICITY, %

Flanigan et al (1982)[

—

2.5

70

81

3
Baird et al (1980)[ ]

—

3.0

41

55

7
Baker et al (1984)[ ]

—

3.0

76

81

Johnston et al (1984)[

—

3.0

95

97

3
Baird et al (1980)[ ]

—

4.0

55

71

7
Baker et al (1984)[ ]

—

4.0

94

66

—

4.0

92

75

Occluded

5.0

90

95

—

5.5

100

53

Patent

7.6

78

89

42]

75]

25]

Campbell et al (1984)[

78]

Junger et al (1984)[

7
Baker et al (1984)[ ]
78]

Junger et al (1984)[

* PIpp below which ≥ 50% stenosis is predicted.

TABLE 14-10 -- Accuracy of Femoral Pulsatility Indices (PIpp ) for Detecting Hemodynamically Significant Pressure Drops across the Aortoiliac Segment

AUTHOR (YEAR)

CRITICAL PRESSURE DROP, mm Hg

DISTAL ARTERIES

42]

5

—

74]

10

Flanigan et al (1982)[

Johnston et al (1983)[

151]

Thiele et al (1983)[

SPECIFICITY, %

2.5

62

69

Patent

5.5

95

100

10

Occluded

5.3

92

92

10

Patent

4.0

95

82

10

Occluded

4.0

96

45

†

Patent

4.0

92

92

†

Occluded

4.0

92

51

4.5

94

100

20

19]

*
SENSITIVITY, %

20

Bone (1982)[

PIpp CRITERION

10%

—

‡

* PIpp below which pressure drop exceeding the critical value is predicted.
† Critical pressure drop during papaverine-induced hyperemia.
‡ Critical drop in femoral-brachial index after reactive hyperemia.

41] [122]

artery.[

Distal arterial obstruction tends to lower the femoral pulsatility index in limbs with no stenoses or with low-grade stenoses of the iliac arteries, thereby increasing the number of false-positive results and reducing specificity (see Table 14–

7 41 75 122] [151] [161]
2 19 74 75 78
However, some investigators maintain that distal arterial obstruction has little effect on accuracy.[ ] [ ] [ ] [ ] [ ]
10 ).[ ] [ ] [ ] [

In theory, simple objective measurements such as the PIpp should be relatively consistent from one laboratory to the next. Since pulsatility indices are independent of heart rate and probe angle, there is no obvious explanation for the observed differences other

3 56 75 78 122]
Nonetheless, the assumption that a normal femoral
than biologic variability. It is difficult, therefore, to reconcile the disparate opinions expressed in the literature concerning the value of the PIpp for detecting iliac stenosis.[ ] [ ] [ ] [ ] [
151]
151]
An abnormal index, on the other hand, must be interpreted cautiously, particularly in the presence of infrainguinal obstructive disease.[

pulsatility index (e.g., >4.0) probably rules out significant iliac stenosis is consistent with many reports.[

59]
to be 9.3 ± 3.6, with a range of 4 to 20. In limbs with femoropopliteal disease, mean indices for stenoses less than 50% are reported to be 5.9 ± 3.2 and 7.7 ±
[2] [59]

The mean popliteal artery pulsatility index in normal limbs was found by Harris and associates[

1.1; for hemodynamically significant stenoses, they are 4.7 ± 4.0 and 5.9 ± 1.2; and for occlusion, they are reduced to 1.6 ± 0.9 and 2.3 ± 0.2.
possible to distinguish between occlusion and no stenosis.

Obviously, there is a great deal of overlap between values for different grades of disease, but it is usually
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76]
1
found that a DF–[ ] less than 0.9 indicated superficial femoral occlusion. Aukland and Hurlow reported DF values of 0.8 ± 0.1, 1.3 ± 0.2, and 2.1 ± 0.2
[2]

Calculation of damping factors may provide somewhat better discrimination. Johnston and coworkers[

for minimal disease, hemodynamically significant stenosis, and occlusion of the superficial femoral artery, respectively.

2
Pulsatility indices obtained from the dorsalis pedis or posterior tibial arteries at the ankle are probably of little practical value in the assessment of below-knee arterial disease. According to Aukland and Hurlow,[ ] the mean index in limbs with patent
59]

popliteal-tibial segments (6.5 ± 1.4) did not differ significantly from that in limbs in which these arteries were occluded (4.1 ± 0.8). Although Harris and associates[

found a significant difference between the pedal indices in normal limbs (8.3 ± 3.1), and

in limbs with below-knee disease, there was no statistically significant difference between any of the angiographic grades (<50% stenosis, 3.1 ± 2.9; >50% stenosis, 1.9 ± 2.4; occlusion, 1.1 ± 0.6).

PLETHYSMOGRAPHY
Although direct noninvasive testing by duplex scanning has assumed a more prominent role in recent years, plethysmography remains a valuable noninvasive diagnostic technique. Several types of plethysmographic instruments are available, but they all
measure the same physiologic parameter: a volume change. Although the division may be somewhat arbitrary, it is convenient to discuss segmental plethysmography and digital plethysmography separately.
Segmental Plethysmography
Although mercury or indium-gallium strain-gauges are quite sensitive and provide excellent recordings of limb volume changes, the air plethysmograph, owing to its rugged construction and the ease with which it is used, has become the standard instrument
for segmental plethysmography. The impedance plethysmograph has been useful for diagnosing deep venous thrombosis, but it has not proved to be a reliable tool for studying peripheral arterial disease.
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] who called their specific instrument the pulse volume recorder (PVR), and this term has now become almost synonymous with segmental
Much of the original work with the air plethysmograph was done by Raines and colleagues,[ ] [
plethysmography. Their approach has been to apply pneumatic cuffs to the upper thigh, calf, and ankle. Larger cuffs are used around the thigh (bladder = 18 × 36 cm) and smaller cuffs around the other two sites (bladder = 12 × 23 cm). The cuffs are inflated to
65 mm Hg, a pressure that should require about 400 ± 75 cc of air for the thigh cuff and 75 ± 10 cc of air for each of the other two cuffs. Recordings are then made successively from each site. Measurements may be repeated after the patient has exercised on a
treadmill.
Pulse Contour

38]

The normal segmental volume pulse contour is characterized by a steep upstroke, a sharp systolic peak, a downslope that bows toward the baseline, and a prominent dicrotic wave approximately in the middle of the downslope ( Fig. 14–10 ).[

Figure 14-10 Normal and abnormal pulse volume contours recorded at ankle level. Normal form shows a prominent dicrotic wave on the downslope. Cuff pressure, 65 mm Hg; cuff volume, 75 cc.

TABLE 14-11 -- Definition of Pulse Volume Recorder Categories
PULSE VOLUME RECORDER
CATEGORY

DV, mm3

CHART DEFLECTION, mm
Thigh and Ankle

1
>15
2
>15

*
†

Calf

Ankle

Calf

Thigh

*

>160

>213

>715

†

>160

>213

>715

>200
>20

3

5–15

5–20

54–160

54–213

240–715

4

<5

<5

<54

<54

<240

5

Flat

Flat

0

0

0

DV, maximal segmental volume change per heart beat.

* With reflected wave.
† No reflected wave.
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amplitude at the ankle uniformly diminishes after exercise in limbs with arterial disease, however, owing to the diversion of blood to the proximal musculature.[
Analysis of Pulses

Pulse volume recordings are generally reported to be reasonably accurate for detecting and localizing arterial obstructions in the lower extremity. Typical tracings from normal limbs and from those with various combinations of peripheral arterial disease are

126]
When disease is confined to the aortoiliac segment, pulse contours at all levels are abnormal, but the amplitude of the calf pulse exceeds that of the thigh pulse (a manifestation of the augmentation phenomenon). Although pulse

shown in Figure 14–11 .[
contours

Figure 14-11 Pulse volume recorder tracings from normal limbs and from limbs with various combinations of peripheral vascular disease. AI, aortoiliac; SF, superficial femoral; PT, popliteal-tibial. (From Rutherford RB, Lowenstein DH, Klein MF:
Combining segmental systolic pressures and plethysmography to diagnose arterial occlusive disease of the legs. Am J Surg 138:216, 1979.)

Figure 14-12 A mercury strain-gauge applied to the second toe.

Figure 14-13 Reactive hyperemia test: digit pulse, second toe. Digit pulse volume more than doubles in the normal response (upper panels). Little change in pulse volume is evident in abnormal response (lower panels). A, Normal circulation (pressure: arm,
130 mm Hg; ankle, 140 mm Hg). B, Superficial femoral occlusion (pressure: arm, 100 mm Hg; ankle, 80 mm Hg). C, Diabetes for 20 years (pressure: arm, 135 mm Hg; ankle, 135 mm Hg). D, Iliac and superficial femoral arterial disease (pressure: arm, 118
mm Hg; ankle, 46 mm Hg). Attenuation of recorder: A, ×10; B–D, ×20.

Figure 14-14 The configuration of the toe plethysmogram is closely correlated with the toe pressure but is poorly correlated with the ankle pressure or ankle index. Upper tracing implies good digital artery perfusion; middle tracing, borderline perfusion;
lower tracing, ischemia. (From Sumner DS: Rational use of noninvasive tests in designing a therapeutic approach to severe arterial disease of the legs. In Puel P, Boccalon H, Enjalbert A [eds]: Hemodynamics of the Limbs, 2nd ed. Toulouse, France,
GEPESC, 1981, pp 369–376.)

TABLE 14-12 -- Pulse-Reappearance Time After Release of Arterial Occlusion (sec)
LOCATION OF OCCLUSIVE DISEASE
No occlusions

PULSE-REAPPEARANCE TIME

TIME REQUIRED TO REACH HALF CONTROL VOLUME

0.2 ± 0.1

3.4 ± 0.8

Aortoiliac

7.2 ± 4.0

23.9 ± 6.7

Femoropopliteal

3.7 ± 3.7

26.5 ± 12.7

Popliteal trifurcation

15.2 ± 9.3

23.9 ± 9.4

Multilevel

45.3 ± 5.5

71.2 ± 5.5

Modified from Fronek A, Coel M, Bernstein EF: The pulse-reappearance time: An index of over-all blood flow impairment in the ischemic extremity. Surgery 81:376, 1977.
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Table 14–12 ). Bernstein and colleagues[ ] found that the functional results of aortofemoral bypass procedures can be predicted quite well by determining the time required for the pulse to reach half the control volume. Of limbs in which this time was less
than 10 seconds, 63% became asymptomatic and 37% were improved. Of limbs in which the time exceeded 90 seconds, however, only 10% became asymptomatic and 50% improved.
The relative increase in pulse volume during reactive hyperemia is an excellent indicator of the functional severity of an arterial obstruction. As discussed in Chapter 9 , the peripheral vascular bed is nearly maximally dilated in limbs with severe ischemia, and
little further vasodilatation is possible (see Fig. 14–13 ). Approximately 85% of limbs with obstruction confined to a single segment (e.g., aortoiliac, femoropopliteal, or popliteal trifurcation) display at least a 25% increase in the volume of the toe pulse during

47]

reactive hyperemia.[

In contrast, only about half of the limbs with multilevel disease show a response of this magnitude. Because of preferential flow to the proximal limb, the toe pulse volume in such limbs may remain decreased for a long period after

144]

reactive hyperemia and may never exceed the value recorded during the control period.[

Experience has shown that surgical sympathectomy is most likely to provide a satisfactory result if the peak reactive hyperemia toe pulse is twice the size of the control pulse. If less dilatation is seen, it is much less likely that sympathectomy would increase
peripheral blood flow. Because reactive hyperemia can occur in a fully sympathectomized extremity, the reactive hyperemia test reveals nothing about the integrity of sympathetic innervation; what the test does is to substantiate the ability of the peripheral
vessels to dilate in response to a release of vascular tone.

40

The deep-breath test or one of its modifications is necessary to demonstrate continued function of the sympathetic nervous system.[ ] In response to a deep breath, the pulse volume temporarily decreases provided that sympathetic innervation is intact.
Absence of this response implies impairment of sympathetic activity and should be considered a contraindication to surgical sympathectomy.

TRANSCUTANEOUS OXYGEN TENSION
Unlike the methods previously discussed, which are sensitive to hemodynamic changes, transcutaneous oxygen tension (tcPO2 ) measurements reflect the metabolic state of the
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target tissues. Although the technique is susceptible to a host of confounding variables, the potential importance of the information derived is so great that the method deserves close attention.
Measurements may be obtained from almost any area of interest, but common locations for assessment of lower extremity arterial perfusion are the following:
■ Dorsum of the foot
■ Anteromedial calf about 10 cm below the patella
■ Thigh about 10 cm above the patella
The chest in the subclavicular region is often used as a reference site.

24] [34] [96]
With increasing age, tcPO2 tends to decrease, paralleling a similar decline in arterial PO2 .

In normal limbs, most investigators have observed a modest decrease (5 to 6 mm Hg) in tcPO2 from the more proximal parts of the leg to the foot.[

[34] [54] [62] [103] [110] For this reason, Hauser and Shoemaker[62] have advocated dividing the tcPO measured in the limb by that measured at the subclavicular region to obtain a regional perfusion index (RPI) that is independent of age, cardiac
2
24] [34] [103]
Values for tcPO2 also depend on the vertical distance between the measurement site and the heart, decreasing

output, and arterial PO2 . Others maintain that this calculation does not significantly enhance the predictive value of the test.[

24] [46] [61] [62] [96]

when the limb is elevated and increasing when the limb is dependent.[

46]

In addition, there may be some increase in tcPO2 with elevations in venous pressure.[

Measured tcPO2 values depend on the following:

■ Cutaneous blood flow
■ Metabolic activity
■ Oxyhemoglobin dissociation
■ Oxygen diffusion though the tissues

Changes are not ordinarily perceptible in limbs with mild degrees of arterial disease, because the oxygen supplied far exceeds that required to meet metabolic demands. Under conditions of stress, however, the metabolic demands may use a larger portion of

the available oxygen, thereby reducing the measured tcPO2 . In cases of severe arterial obstruction, oxygen delivery is often marginal, and the quantity of free oxygen reaching the sensor is reduced, leading to an abnormally low tcPO2 value. Thus, tcPO2 is

97]
97
The tcPO2 may fall to zero in areas where cutaneous blood flow is still detectable by other methods.[ ] This

most sensitive to higher grades of arterial obstruction. Even at low levels of perfusion, tcPO2 values are not linearly related to blood flow.[

23] [34] [46]

value does not mean that no oxygen is reaching the tissue but rather implies that all available oxygen is being consumed and none remains for diffusion to the sensor.[

154]
34 46
Because the results are not affected by arterial calcification, this test is particularly valuable for evaluating diabetic vascular disease.[ ] [ ]

The most appropriate clinical role for tcPO2 measurements is to assist in the assessment of severe ischemia.[

[61] [80]
Resting Values
Representative tcPO2 values obtained from resting supine subjects are given in Table 14–13 . The tendency for the values to decrease from the more proximal to the more distal parts of the lower limb is minimal in normal limbs but becomes more

pronounced with increasing severity of disease. Irrespective of the site of measurement, normal tcPO2 values are approximately 60 mm Hg. Measurements in normal younger subjects are usually about 10 mm Hg higher than those given in Table 14–13 ,

34] [62] [103]
34
In general, a tcPO2 greater than 55 mm Hg may be considered normal at any measurement site regardless of age.[ ] The average

which correspond to the values observed for patients in the age groups most susceptible to atherosclerosis.[

62]

normal RPI is about 90%.[

Peripheral measurements reflect the deleterious effects of increasing obstructive disease more dramatically than more proximal measurements. For example, there is little difference among the thigh tcPO2 values for any of the disease groups listed in Table

14–13 . Although statistically significant differences are often demonstrated between the values of normal extremities and extremities with claudication, and between extremities with claudication and those with rest pain, there is enough overlap to prevent

34]
24
Many patients with claudication have resting tcPO2 values in the normal range, even at foot level.[ ] However, values in limb-threatening ischemia are significantly

individual tests from discriminating accurately among the various disease categories.[

24] [34] [109]
165]
In the series reported by Wyss and coworkers, [
46% of nondiabetic limbs with tcPO2 values less than 20

reduced. At foot level, tcPO2 values are usually less than 20 mm Hg in legs with severe rest pain, ischemic ulcers, or gangrene.[

mm Hg required amputation.

TABLE 14-13 -- Representative Transcutaneous Oxygen Tension (tcPO2 ) Values at Rest, Supine Position (mm Hg, Mean ± SD)

NORMAL
AUTHOR (YEAR)

35]

Clyne et al (1982)[

*

CLAUDICATION

REST PAIN

Foot

Calf

Thigh

Foot

Calf

Thigh

Foot

Calf

Thigh

59 ± 4

63 ± 5

64 ± 6

51 ± 10

64 ± 9

67 ± 9

36 ± 16

50 ± 16

55 ± 18

Hauser and Shoemaker

59 ± 10

56 ± 10

64 ± 7

46 ± 12

49 ± 9

57 ± 9

—

—

—

64 ± 4

64 ± 4

—

46 ± 5

55 ± 4

—

17 ± 4

42 ± 6

—

60 ± 7

63 ± 8

66 ± 8

56 ± 4

59 ± 5

66 ± 7

4±4

29 ± 20

50 ± 14

37 ± 12

48 ± 10

20 ± 16

29 ± 20

—

[62]

(1983)

34]

Cina et al (1984)[

†
24]

Byrne et al (1984)[

54 ± 7
47 ± 12

89]

Kram et al (1985)[

53 ± 15

—

33 ± 14

37 ± 13

—

‡

* Older subjects.
† Values estimated from published graphs.
‡ More severe claudication.
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Enhancement Procedures
Recordings of tcPO2 may be made

■ After exercise
■ Following a period of ischemia
■ During oxygen inhalation
■ With the legs in a dependent position

These are among the various modifications of the basic measurement procedure that have been advocated to enhance the discriminatory ability of tcPO2 values.

Dependent Position

46]

Franzeck and colleagues[

observed an average increase of 15 ± 7 mm Hg in the tcPO2 on the dorsum of the foot in normal subjects when they moved from a supine to a sitting position. In the sitting position, the sensor was 54 cm below the heart. With

standing, which extended the distance to 84 cm, the tcPO2 rose by an average of 28 ± 14 mm Hg. The increase in tcPO2 that accompanies standing occurs at all levels of the leg but is most evident at foot level, where the hydrostatic pressure is greatest.

24]
noted an average increase of 20 mm Hg in limbs with rest pain compared with an average increase of 10 mm Hg in normal limbs. On

In general, this augmentation in tcPO2 is directly proportional to the severity of limb ischemia. Byrne and associates[

the basis of their data, tcPO2 rises by about 18% in normal limbs; by 22% in limbs with claudication and normal resting tcPO2 values; by 58% in limbs with claudication and abnormal resting tcPO2 values; and by 88% in limbs with rest pain. Oh and

109]

associates[

retrospectively separated severely ischemic extremities into two groups according to the change in tcPO2 that occurred with standing: Group I was defined by a tcPO2 increase of less than 15 mm Hg (average 4 ± 5 mm Hg), and group II, by

an increase of more than 15 mm Hg (average 36 ± 11 mm Hg). Despite the fact that both groups had similar supine tcPO2 values (4 ± 5 mm Hg and 6 ± 5 mm Hg, respectively), the manifestations of disease were more severe in group I limbs (61% ulcers or

gangrene, 48% rest pain, and 39% claudication) than in group II limbs (29% ulcers or gangrene, 46% rest pain, and 68% claudication).

The increase in oxygen tension that occurs when a patient with an ischemic limb sits or stands may explain how dependency relieves rest pain. As discussed in Chapter 9 , elevation of the hydrostatic pressure dilates capillaries and other resistive vessels,
thereby permitting more blood to flow at the same arteriovenous pressure gradient. In addition, any muscular activity with the leg dependent may decrease venous pressure and increase the arteriovenous pressure gradient. With the increase in capillary blood
flow, more oxygen is delivered to the tissues. In the most severely ischemic extremities, these physiologic compensatory mechanisms are nearly exhausted, and the increase in blood flow is inadequate to provide relief.
Exercise

In limbs with restricted arterial inflow, the dilatation of intramuscular vessels induced by exercise diverts blood away from cutaneous vascular beds, causing tcPO2 to fall. In normal limbs, this “steal” is not evident because arterial inflow is adequate to supply

98]

both vascular beds. Therefore, it is not surprising to find that postexercise/pre-exercise ratios of ankle pressures and ankle tcPO2 values are highly correlated (r = .918), as demonstrated by the treadmill studies of Matsen and associates.[

24]

Byrne and associates[

observed that tcPO2 values measured on the dorsum of the foot during treadmill exercise remained at about the same level as those obtained during quiet standing; however, during the period following exercise, after the subjects had

resumed a supine position, the tcPO2 values fell in all patients with significant arterial obstruction, even in those with normal resting values ( Table 14–14 ). No fall in tcPO2 values was evident in normal subjects. Similar but less marked changes occurred at

calf level. These researchers concluded that postexercise tcPO2 measurements accurately distinguished between subjects with intermittent claudication and those who were normal.

62]

Hauser and Shoemaker [

found that the chest tcPO2 value increased during exercise in patients with claudication, perhaps explaining the failure of limb values to decrease. However, the RPI (limb tcPO2 /chest tcPO2 ) at foot level did decrease during

exercise, even in normal extremities. When RPI values obtained during exercise were compared with values obtained when the patient was standing, a decrease of more than 10% at the thigh or more than 15% at the calf was found to be highly specific for
intermittent claudication. Normal limbs measured at these levels demonstrated no fall in RPI. After exercise, the RPI at the foot in normal limbs always returned to pre-exercise values within 1 minute. In limbs with claudication, the average time to recover one
half of the exercise drop was about 4 minutes.

TABLE 14-14 -- Effect of Exercise on Foot Transcutaneous Oxygen Tension (tcPO2 ) (mm Hg, Mean ± SD)
tcPO2 VALUES
TYPE OF OBSTRUCTION
Normal
Claudication

†

Claudication
Rest pain

Postexercise

Supine

Standing

Exercise

60 ± 7

71 ± 7

75 ± 9

69 ± 7

56 ± 4

58 ± 8

53 ± 10

33 ± 16

37 ± 12

58 ± 12

49 ± 18

23 ± 20

4±4

25 ± 20

26 ± 26

5±7

Data from Byrne P, Provan JL, Ameli FM, et al: The use of transcutaneous oxygen tension measurements in the diagnosis of peripheral vascular insufficiency. Ann Surg 200:159, 1984.

* Postexercise measurements made with patient supine.
† Claudicators with normal resting tcPO2 values.

218

TABLE 14-15 -- Postischemic Transcutaneous Oxygen Tension (tcPO2 ) Recovery Rate (T½ ) (sec)

*

NORMAL
AUTHOR (YEAR)

CLAUDICATION

REST PAIN

Foot

Calf

Foot

Calf

Foot

Calf

Franzeck et al (1982)[

87 ± 27

60 ± 15

136 ± 73

131 ± 69

—

—

34]

49 ± 6

—

114 ± 2

—

—

—

66 ± 18

48 ± 18

156 ± 60

126 ± 42

204 ± 78

126 ± 66

46]

Cina et al (1984)[

89] *

Kram et al (1985)[

* Based on limb-to-chest tcPO2 ratio.

TABLE 14-16 -- Laser Doppler Measurements from the Big Toe (Mean ± SD)
BASELINE VALUES, mV

REACTIVE HYPEREMIA TEST
Peak/Baseline Ratio

*

Time to Maximal Velocity, sec

Velocity

Pulse Amplitude

Normal

197 ± 174

77 ± 63

3.1 ± 0.9

18 ± 7

Ischemic

67 ± 42

5±4

1.7 ± 1.6

150 ± 48

Data from Karanfilian RG, Lynch TG, Lee BC, et al: The assessment of skin blood flow in peripheral vascular disease by laser Doppler velocimetry. Am Surg 50:641, 1984.

* Ratio of peak postischemic to preischemic velocity.

Reactive Hyperemia

In the reactive hyperemia test for tcPO2 , inflation of a pneumatic cuff to more than systolic pressure is followed by a rapid decline in the tcPO2 measured more distally on the leg. When the cuff is deflated after a period of ischemia (usually ≅ 4 minutes), the

tcPO2 rapidly returns to precompression levels in normal extremities. In limbs with occlusive arterial disease, the rate of recovery is much slower. Recovery rates are usually expressed as the time required for the tcPO2 to return to one half of the

precompression value (T½ ).

34]

Representative results are shown in Table 14–15 . Cina and coworkers[

88]

reported a range of 43 to 60 seconds in normal limbs and 75 to 150 seconds in limbs with claudication; there were no overlapping values. Kram and associates[

found that

[88] [89]

postischemic recovery times based on the RPI were more diagnostic of arterial disease than toe pulse recovery times. Values for T½ in excess of 84 seconds at the calf and 102 seconds at the foot were considered to indicate disease.
Oxygen Inhalation

110]
reported that pretibial values increased from (1) 70 ± 9 to 365 ± 87 mm Hg in normal legs; (2) 34 ±

Inhalation of pure oxygen markedly augments the tcPO2 in normal limbs but has less effect in limbs with severe arterial occlusion. Ohgi and associates[

60]

33 to 115 ± 109 mm Hg in legs with chronic occlusion; and (3) 23 ± 30 to 96 ± 57 mm Hg in legs with acute occlusion. According to Harward and colleagues,[

oxygen inhalation.

LASER DOPPLER VELOCIMETRY

the prediction of amputation healing based on tcPO2 determinations may be enhanced by

A relative index of cutaneous blood flow can be obtained with the laser Doppler velocimeter. The output of this instrument, which is expressed in millivolts (mV), is roughly proportional to the average blood flow in a 1.5-mm3 volume of skin lying 0.8 to 1.5

79]

mm below the skin surface. According to Karanfilian and associates,[

tracings from normal skin exhibit the following major characteristics:

1. Pulse waves that coincide with the cardiac cycle
2. Vasomotor waves that occur four to six times per minute
3. A mean blood flow velocity that is represented by the elevation of the tracing above a zero baseline
In the leg, the highest velocities are obtained from the skin of the big toe, followed, in descending order, by velocities from the skin of the plantar surface of the foot, dorsal foot, distal leg, thigh, and proximal leg.

80]
The reactive hyperemic response to a period of cuff-induced ischemia is diminished, and the time

In limbs with peripheral vascular disease, pulse waves are attenuated, mean velocities are decreased, and vasomotor waves may disappear ( Table 14–16 ).[

80

80

to reach maximal hyperemia is markedly delayed (see Table 14–16 ).[ ] Karanfilian and associates [ ] investigated the ability of laser Doppler studies to predict healing of ulcers or forefoot amputations in a series of ischemic limbs. In limbs in which the
mean velocity recorded from the plantar aspect of the foot or big toe exceeded 40 mV and the pulse wave amplitude exceeded 4 mV, 96% of the lesions or amputations healed. In contrast, in limbs in which these criteria were not met, 79% of the lesions or
amputations failed to heal. These results were not quite as good as those obtained in the same extremities through the use of tcPO2 .

The laser Doppler velocimeter can also be used in conjunction with a pneumatic cuff to estimate skin blood pressure at almost any level of the upper or lower extremities. These measurements are made with the probe (which merely serves as a flow sensor)

32]

placed under the pneumatic cuff. Castronuovo and associates[

obtained cutaneous pressure in normal subjects averaging 47 ± 28 mm Hg in
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forearms and thighs and 73 ± 28 mm Hg in the plantar skin of the big toe; these pressures are similar to those in precapillary vessels. Much lower values were found in the plantar skin of the toe (17 ± 15 mm Hg) and in the dorsal skin of the foot (10 ± 10 mm
Hg) in limbs with rest pain, ulceration, or gangrene.
Although laser Doppler velocimetry is a valid physiologic test, it has not been widely used in vascular laboratories. Results cannot be calibrated in terms of actual blood flow, and much of the information that the test provides can be obtained with more
established and commonly available techniques.

SUMMARY

14

Although many different methods for studying the arterial circulation have been discussed in this chapter, not all are indicated in the evaluation or follow-up of every patient.[ ] Some tests are not as accurate as others, some are more difficult to perform, and
many provide overlapping information or information that is not pertinent to the clinical questions being asked. The best policy is to select those modalities that (1) supply the most relevant information, (2) have been shown to be reliable by critical prospective
evaluation, and (3) are known to be economical in terms of both time and cost.
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Chapter 15 - Pysiologic Assessment of the Venous System

ROBERT R. MENDES MD
WILLIAM A. MARSTON MD

The development of therapies for patients with chronic venous insufficiency (CVI) has been historically hampered by inadequate tools for noninvasive anatomic and hemodynamic evaluation of the venous system. Just as in arterial treatment, it is critical to
develop information concerning both the anatomic sites of disease and the hemodynamic significance of these lesions. This chapter focuses on techniques of evaluating the hemodynamic significance of venous insufficiency, including the techniques
themselves and the indications for their use.
As duplex ultrasound has gained acceptance in the diagnosis of venous disease, it has become routine to perform extensive scanning of the lower extremity veins identifying the sites of disease. Using various techniques outlined in Chapter 17 , the physician
can gain extensive knowledge concerning the anatomic sites of disease noninvasively. Rarely is venography required for the diagnosis and treatment of venous disease. Many physicians perform only duplex evaluations and base their decisions on anatomic
information alone. However, in the evaluation of peripheral arterial disease, the same physicians would rarely make recommendations without hemodynamic information concerning the significance of those anatomic lesions. A patient with claudication who
has an ankle-brachial index (ABI) of 0.8 often is treated different from a patient with an ABI of 0.5, and a patient who complains of typical claudication symptoms but has a normal ABI even with exercise would lead the physician to consider other potential
causes of the symptoms. Likewise, prediction of a patient’s potential for further limb complications can be made based on the ABI. Also, most surgeons performing endovascular or surgical revascularizations think it is important to gain a hemodynamic
measure of the adequacy of revascularization. After an iliac angioplasty, for example, abolition of a pressure gradient is usually documented, as well as a postprocedure ABI. After surgical bypass, a postprocedure ABI is obtained, and significant improvement
is expected. If not, the graft is typically evaluated for the reason it did not result in hemodynamic improvement.
In venous disease, several noninvasive techniques are available to evaluate the global hemodynamic function of the venous system. However, none has gained widespread use in the evaluation and management of venous disease. But the same considerations
are important in the diagnosis and management of venous disease that exist in arterial disease. Therefore, we believe hemodynamic evaluation in the diagnostic process and the documentation of the hemodynamic results of surgery should be routinely
performed. For clinical research on the treatment of venous disease, hemodynamic evaluation should be a mandatory expectation in reporting standards.

ANATOMIC EVALUATION OF VENOUS FUNCTION
Duplex Ultrasound

1
Imaging techniques using ultrasound combined with Doppler interrogation of the venous system have been validated as sensitive methods of diagnosis of deep venous thrombosis (DVT).[ ] The standard method of duplex examination for DVT is performed
2

in the supine position with 30 degrees of reverse Trendelenburg ( Fig. 15–1 ) and relies on vein compressibility and Doppler velocity changes in response to augmentation maneuvers for diagnosis.[ ] In patients with CVI this technique is useful in detecting
the presence or absence of venous obstruction or other changes typical of previous DVT. This information helps determine whether the patient’s CVI is due to obstruction, reflux, or both (pathophysiology). However, the assessment of reflux is limited to
qualitative information. Valsalva maneuvers or manual compression may be performed with the patient supine to look for reflux in the common femoral vein or saphenous vein, but these are not reproducible quantitative tests of venous reflux.

To fully define the anatomy of venous reflux in patients with CVI using noninvasive techniques, a two-part venous duplex evaluation is required. First, a standard supine examination is performed as outlined above. The presence or absence of previous DVT is
noted, and an assessment of outflow obstruction is performed using augmentation distal to the transducer site. In addition to an examination of the deep and superficial systems, the perforator veins are carefully examined for evidence of incompetence ( Fig.

3
15–2 ). Commencing at the saphenofemoral junction, the deep, superficial, and perforating veins are assessed with Doppler flow patterns and B-mode imaging as described in Chapter 17 .[ ]

Second, venous reflux in the deep and superficial venous systems is evaluated with the patient in the standing position

224

Figure 15-1 Position for lower extremity deep venous thrombosis examination.

Figure 15-2 B-mode imaging of incompetent perforating vein (upper) and Doppler waveform identifying reverse flow in the perforator vein (lower).

Figure 15-3 Position for standard standing reflux examination with a rapid inflation/deflation cuff positioned below the level of vessel interrogation.

Figure 15-4 A, Standing reflux tracing with cuff deflation in normal limb. Note minimal reflux time. B, Standing reflux tracing with cuff deflation in abnormal limb with venous reflux. Reflux time is prolonged to more than 10 seconds.

TABLE 15-1 -- Prevalence of the Sequelae of Venous Disease in Relation to VFI in 134 Limbs with Venous Disease Studied with Air Plethysmography
VFI, mL/sec

SWELLING, %

SKIN CHANGES, %

ULCERATION, %

<3

0

0

0

3–5

12

19

0

5–10

46

61

46

>10

76

76

58

VFI, venous filling index.
From Christopoulos D, Nicolaides AN, Szendro G: Venous reflux: Quantitation and correlation with the clinical severity of chronic venous disease. Br J Surg 75:352, 1988.

differences in the AVP based on the anatomic pattern of venous reflux. Patients with deep venous insufficiency had higher AVP than those with superficial insufficiency. Perforator incompetence and outflow obstruction also increased the AVP, with the
highest AVP reported in patients with deep valvular incompetence and proximal obstruction. However, overlap can exist between the AVP values of normal limbs and those of varying clinical categories of CVI, as one study identified 20% to 25% of patients

11]

with ulcerations to have AVP values within normal limits.[

Although AVP is generally perceived to be the gold standard measure of venous function, its direct measurement is an invasive, time-consuming procedure that may be difficult in patients with venous disease, particularly those with active ulcers. Severe
edema obscures the pedal veins, making access difficult, and associated dermal changes often result in thickened or inflamed skin on the feet of patients with more advanced CVI. Therefore, in an attempt to circumvent these issues, several techniques to
measure venous hemodynamics noninvasively have been developed. They all use a protocol of calf contracture and resting similar to that described for AVP measurement but with a noninvasive technique to estimate the refill rate and AVP in the limb.
Plethysmography
Plethysmography is a noninvasive way of determining blood volume changes in an extremity. This method is based on the hemodynamic principles of venous capacitance and volume displacement. The basic physiologic principles rely on the fact that lower
extremity veins are not filled to the maximum capacity when the patient is in the supine position. With positional changes the venous system can accommodate an increased volume before reaching maximal venous capacitance. Patients with normal venous
outflow demonstrate rapid emptying of the lower extremity veins with positional changes or with the release of an externally inflated pressure cuff. In the presence of venous outflow obstruction, or venous insufficiency, the baseline venous volume (VV) is
elevated. Also, the volume changes in response to positional variations or pressure cuff maneuvers are significantly altered. Several plethysmographic techniques have been described, including strain-gauge plethysmography, impedance plethysmography,
photoplethysmography (PPG), and air plethysmography (APG).
Strain-Gauge Plethysmography
The technique of strain-gauge plethysmography employs a Silastic conductor tube connected to a plethysmograph via electrical contacts. As the gauge is stretched by a change in calf circumference, the resistance increases in the conductor and a voltage
change is recorded. The strain-gauge is calibrated such that a 1% increase in voltage corresponds to a 1% change in limb volume. The VV is defined as the difference between baseline volume and the volume at peak venous capacitance, whereas the maximal
venous outflow (MVO) is measured from the steepest portion of the outflow curve.
Strain-gauge plethysmography has primarily been used in the diagnosis of DVT, based on evaluation of the MVO.
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Figure 15-5 A, Standard position for photoplethysmograph (PPG) examination with the photo transducer located above the medial malleolus. B, Tracing of PPG refill time in patient with chronic venous insufficiency. Note rapid refill time indicating abnormal
venous function. C, Repeat test with thigh tourniquet in place indicating the correction of refill time to normal. This suggests that venous reflux is limited to the superficial system.

Figure 15-6 A, Patient demonstrating tiptoe maneuver during air plethysmograph (APG) test protocol. Note the cuff on the lower leg and the use of a walker to allow the limb under examination to remain relaxed. B, Calibration of the APG with the patient
supine and the leg elevated to minimize venous volume.

Figure 15-7 Air plethysmograph data obtained from tracings. VV, venous volume; VFI, venous filling index; EF, ejection fraction; RVF, residual volume fraction; EV, ejected volume; RV, residual volume; VFT, venous filling time. (From Christopoulos DG,
Nicolaides AN, Szendro G, et al: Air plethysmography and the effect of elastic compression on venous hemodynamics of the leg. J Vasc Surg 5:148–159, 1987.)

Figure 15-8 Correlation of residual volume fraction (RVF) to ambulatory venous pressure (AVP). SVI, superficial venous incompetence; DVD, deep venous disease. (From Nicolaides AN, Sumner DS [eds]: Investigation of Patients with Deep Vein
Thrombosis and Chronic Venous Insufficiency. London, UK, Med-Orion, 1991, pp 39–43.)

Figure 15-9 Correlation of venous filling index (VFI) at early postoperative follow-up to symptom score at late follow-up. Mean values and numbers in each group are shown. CEAP, clinical, etiologic, anatomic-physiologic. (From Owens LV, Farber MA,
Young ML: The value of air plethysmography in predicting clinical outcome after surgical treatment of chronic venous insufficiency. J Vasc Surg 32:961–968, 2000.)

Figure 15-10 Typical outflow fraction tracing obtained with air plethysmography. After venous congestion is created with an inflated cuff, rapid deflation allows venous emptying. The outflow fraction (OF) is obtained by dividing the amount of venous
volume emptied in 1 second (V1 ) by the venous volume (V) and multiplying by 100.
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calculated outflow fraction. Dividing the outflow volume at 1 second by the VV gives the outflow fraction (OF).
[33]

An outflow curve could then be constructed by plotting resistance against pressure for a large number of patients. Nicolaides and Sumner[
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Nicolaides[ ] discovered the OF should be higher than 38% in limbs with normal venous outflow, 30% to 38% in patients with partial obstruction, and lower than 30% for limbs with severe obstruction. Nicolaides and Sumner
resistance curves at various degrees of obstruction and found correlation with the arm-foot pressure gradient classification established by Raju ( Fig. 15–11 ).
Evaluation of Perforating Veins

also plotted pressure-

The normal direction of blood flow in perforating veins is from the superficial to the deep venous system and occurs during muscle relaxation. Perforating veins may have between one and three valves, all located deep to the fascial layer; however, small

34] [35] [36]
37
Currently, there is no universally accepted definition of an incompetent perforating vein (IPV). Hanrahan and associates[ ] used
[35]

perforators (<1 mm) commonly have no valves and therefore demonstrate physiologic bidirectional flow.[

duplex scanning to identify IPVs based solely on vessel size. Still others believe that outward flow after release of distal compression provides accurate identification of IPVs.

The hemodynamic significance of IPVs also remains controversial, as many perforators currently defined as IPVs probably have little clinical importance. Zukowski and colleagues evaluated limbs with IPVs using AVP and reported that 30% of IPVs were
hemodynamically insignificant,
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Figure 15-11 Relationship between outflow curves and Raju’s classification of outflow obstruction (I to IV). More severe forms of outflow obstruction demonstrate a higher resistance (R) at any given venous pressure. A steeper slope is seen in patients with
more severe outflow obstruction (grades III and IV). (From Nicolaides AN, Sumner DS [eds]: Investigation of Patients with Deep Vein Thrombosis and Chronic Venous Insufficiency. London, UK, Med-Orion, 1991, pp 39–43.)

TABLE 15-2 -- Approximate Time Required for Experienced Registered Vascular Technician to Perform Noninvasive Venous Studies

TEST

EXPERIENCED TECHNICIAN TIME (PER LIMB), min

PPG

5–10

APG

15–20

Duplex
Supine

15–30

Standing

20–40

PPG, photoplethysmograph; APG, air plethysmograph.
results in a large use of vascular technician time, a resource that may be in short supply in some situations. Therefore, studies should be ordered only when the information generated is important to the management of the patient. Some patients are technically
poor candidates for study. Morbidly obese patients with suspected venous disease are poor candidates for APG due to cuff size limitations. These patients can generally be studied by PPG, but the results may be less reliable. Duplex examination is more
difficult in patients with obesity, but some reflux information can usually be generated, particularly in the lower leg. Patients who have difficulty standing without assistance are occasionally unable to perform proper tiptoe movements, rendering some APG
and PPG measurements unreliable. These patients can often have a VFI performed with APG if they can move from a lying to standing position with assistance. In our clinic population we estimate that 25% to 35% of patients with venous leg ulcers are unable
to comply with the requirements for a full venous duplex and APG evaluation, including calf muscle exercises.
If the only question asked is whether or not venous disease is present, and no details concerning anatomy or severity of CVI are necessary, PPG is a reasonable choice. It can determine the presence or absence of venous disease and is relatively rapid to
perform. But if the primary question concerns the anatomic site of reflux to plan intervention, a supine and standing duplex evaluation should be performed. If the primary question concerns the severity of CVI or whether improvement has occurred after
intervention, APG measurements should be performed.
Noninvasive Evaluation Based on the CEAP Clinical Severity Criteria
CEAP Classes 0 (Normal) and 1 (Reticular Veins and Telangiectasias)

These patients have no evidence of swelling or limb changes and typically require no further testing prior to treatment of their veins, which usually involves sclerotherapy or other dermal techniques.
CEAP Class 2 (Varicose Veins, No Swelling)

This group requires further evaluation only if sclerotherapy or surgical varicose vein removal is under consideration. Duplex reflux examination greatly assists in determining the contribution of greater or lesser saphenous reflux, branch reflux, or other
abnormal venous contribution to the development of the
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varicosities, allowing treatment of these abnormalities when present. This should improve long term results from vein removal or ablative treatment. Plethysmographic studies would likely add little information in this group of patients.
CEAP Classes 3 and 4 (Varicose Veins, Limb Swelling, or Skin Changes)

In clinical class 3, symptoms are somewhat subjective and depend primarily on the patient’s history. Pain is clearly subjective, and swelling is variable and may not be present at the time of the physician’s examination. In clinical class 4, changes are noted on
physical examination and are less subjective. In these groups, supine and reflux duplex examination are recommended to determine the sites of reflux, evaluate the deep and perforator systems for reflux or obstruction, and guide the selection of surgical or
ablative intervention. PPG or APG can provide evidence of global venous dysfunction, separating class 2 patients with a primarily cosmetic problem, from classes 3 and 4 patients with more significant venous dysfunction. APG is recommended particularly to
document the severity of CVI in patients considering intervention and to document improvement and predict long-term outcome after intervention.
CEAP Classes 5 and 6 (Healed or Active Leg Ulcer)

Patients in these categories should undergo evaluation with duplex as outlined for classes 3 and 4 patients to determine whether they are candidates for corrective venous surgery to aid in ulcer healing and reduce the risk of ulcer recurrence. Patients with
superficial and/or perforator incompetence who do not have deep venous obstruction are good candidates for surgical correction. Patients with deep venous abnormalities may benefit from surgery if they have severe recurrent ulceration. Most should undergo
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venography prior to surgical reconstruction as outlined by Raju.[

APG measurements are helpful in predicting patients at high risk for recurrent ulceration and should be performed for patients undergoing venous intervention.

Specific situations in which hemodynamic measurement of venous function are important in clinical management are the following:
■ Differentiation of venous symptoms from other causes such as arthritic pain
■ Evaluation of the hemodynamic significance of IPVs
■ Evaluation of the improvement in venous hemodynamics in a patient with multisystem valvular incompetence after intervention to correct one area of incompetence
■ Prediction of long-term outcome after surgical or endoluminal venous procedures

SUMMARY
The goal in diagnosis and management of patients with CVI is to use the history and physical examination, supplemented by noninvasive venous evaluation in the vascular laboratory to provide the information required to optimally manage patients at all
levels of disease. This often requires detailed anatomic and hemodynamic testing that cannot be obtained with a handheld Doppler or supine duplex examination. The use of standing duplex evaluation with cuff deflation provides an accurate method of
diagnosing the anatomic sites of venous incompetence. Venography is rarely necessary in patient management, unless specific preoperative information is required prior to perforator ligation or deep venous reconstruction. PPG provides gross information
about the presence of venous dysfunction, and APG provides a quantitative measure of the severity of CVI. Both the severity of reflux and the calf muscle pump function can be measured and used for predictive and monitoring purposes in the management of
surgical and nonsurgical patients with CVI.
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Chapter 16 - Arterial Duplex Scanning

EVA M. RZUCIDLO MD
ROBERT M. ZWOLAK MD, PHD

Duplex ultrasound scanning is an integral part of vascular surgery practice. Carotid duplex scan continues to be the standard initial evaluation of patients with extracranial cerebrovascular disease, and many surgeons use duplex as the only preoperative
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examination before carotid endarterectomy (CEA).[ ] Renal and mesenteric duplex scanning are gaining widespread acceptance as screening studies for arterial occlusive disease. Clinicians have come to rely on duplex scanning for postprocedural evaluation
of surgical and interventional procedures on the carotid, renal, and mesenteric vessels, and reports now show that duplex information is valuable in predicting a positive clinical response to surgical or interventional treatment in renovascular disease. Aortoiliac
and femoropopliteal scanning are gaining widespread use in planning percutaneous intervention. Finally, as experience accrues with endovascular aneurysm surgery, surgeons have found duplex ultrasound scanning to be one means of evaluating the
hemodynamic integrity of these reconstructions. Overall, arterial duplex scanning is an increasingly important tool for the vascular surgeon. This chapter provides basic principles, currently accepted diagnostic thresholds, and indications for study.

PRINCIPLES OF ARTERIAL DUPLEX
Current sophisticated duplex scanners provide three types of information: gray-scale B-mode imaging, color-flow imaging, and pulsed-Doppler spectral waveform analysis. Although an increasing amount of information may be gained from review of the Bmode and color-flow images, most duplex algorithms for estimation of arterial stenosis are still based on evaluation of blood flow velocity. The
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pulsed-Doppler has the ability to sample flow in a small volume of tissue, guided in real time by the B-mode and color-flow images. Velocity values are derived from the Doppler frequency shift of the reflected ultrasound waves, and current scanners
automatically convert the frequency shift data to blood flow velocity if the angle between the transmitted ultrasound beam and the blood flow channel can be determined. Duplex provides a remarkably complementary package of anatomic and physiologic
information that is unrivaled by other modalities.
Because duplex-derived velocity measurements depend on accurate estimation of the Doppler angle, this modality remains significantly operator dependent. Doppler angle must be maintained at 60 degrees or less to minimize angle correction error. The
velocity calculation is a function of the cosine of the angle between the ultrasound beam and the blood flow. At angles greater than 60 degrees, the cosine value changes rapidly; an increasingly greater potential for error accrues with small error in angle. A 2degree angle measurement error results in a 6% velocity error if a 58-degree angle is incorrectly estimated as a 60-degree angle, but a 17% velocity error results if a 2-degree angle measurement error occurs between 78 degrees and 80 degrees.
To determine the degree of arterial stenosis from duplex data, investigators have drawn correlations between duplex-derived velocities and angiogram stenosis measurements. The implications of this relationship between new technology and the established
“gold standard” are manifold. One of the most important has to do with the two-dimensional nature of angiographic images, limiting stenosis measurements to diameter reduction, rather than area reduction. All major duplex publications express results in
terms of diameter reduction, although the velocity information obtained by the duplex is ideally suited to the more important parameter of cross-sectional area stenosis. In the clinical setting, this is more than a trivial mathematical relationship because
atherosclerotic plaque accumulates in an asymmetric pattern. When duplex and arteriographic stenosis categories disagree, it may be due to inherent limitations of the arteriogram rather than inaccuracy of the duplex.

CEREBROVASCULAR DUPLEX
Extracranial Carotid Arteries

Noninvasive evaluation of extracranial cerebrovascular disease was the first widespread application of duplex scanning. The initial diagnostic criteria developed by investigators at the University of Washington are still used by many laboratories ( Table 16–

2 3 4

5 6

1 ). [ ] [ ] [ ] Publication of the North American Symptomatic Carotid Endarterectomy Trial (NASCET) in 1991 and the Asymptomatic Carotid Artery Surgery (ACAS) trial results in 1995 created new challenges for carotid duplex, however.[ ] [ ] First,
the NASCET study adopted a technique for interpretation of angiographic stenosis severity not commonly employed before publication of that trial. All duplex criteria published before that date used a different angiographic scale by which to correlate stenosis
categories. Second, NASCET and ACAS identified surgical benefit at stenosis thresholds not routinely identified by existing duplex algorithms, and subsequent publications have suggested interpolated criteria to identify these clinically important stenosis
levels. These issues are addressed in the following sections.
Carotid Duplex Technique

4

For routine carotid duplex examination, a 4- to 7-MHz Doppler probe is appropriate.[ ] Starting in a transverse plane, B-mode and color-flow are used to identify the common carotid artery (CCA) at the base of the neck, and the carotid is followed distally to
the bifurcation. Occasionally the carotid bifurcation may be seen in its entirety as the classic “tuning fork” image ( Fig. 16–1 ). The internal and external carotid artery (ICA, ECA) branches are identified. Although this identification is usually straightforward,
the distinction between the ICA and ECA must be absolute in every study. The ICA is usually the posterior branch and reflects a low-resistance (more diastolic flow) Doppler flow signal, whereas the ECA is typically anterior with a high-resistance signal (less
diastolic flow). In unusual cases, the relative locations and the Doppler signal characteristics may vary. When the ICA and ECA are severely stenotic, establishing their identity becomes more difficult. Two characteristics can be used to identify the ECA. The
first is the presence of branches; the ICA almost never has extracranial branches. The second is the “temporal tap” maneuver. Gently tapping the temporal artery near the zygomatic arch causes a reflected wave that is visible in the ECA Doppler spectrum.
Color-flow imaging also may be helpful in situations in which the ICA is tortuous, kinked, or coiled ( Fig. 16–2 ). The

TABLE 16-1 -- University of Washington Updated Internal Carotid Stenosis Grading Criteria Based on European Method of Angiographic Stenosis Measurement
PERCENT DIAMETER REDUCTION
Normal

*

CRITERIA
PSV <125 cm/sec
No visible plaque, smooth arterial walls
Boundary layer separation in bulb

1–15

PSV <125 cm/sec
Minimal spectral broadening

16–49

PSV <125 cm/sec
Marked spectral broadening throughout cardiac cycle, no systolic window

50–79

PSV ≥125 cm/sec
EDV <140 cm/sec
Marked spectral broadening

80–99

EDV ≥140 cm/sec
Poststenotic turbulence

Occlusion

No internal carotid flow signal; flow to zero in common carotid artery

EDV, end-diastolic velocity; PSV, peak systolic velocity.
Data from Primozich JC: Extracranial arterial system. In Strandness DE (ed): Duplex Scanning in Vascular Disorders. Philadelphia, Lippincott Williams & Wilkins, 2002, pp 191–231.

* Criteria based on a pulsed Doppler with a 5-MHz transmitting frequency, a small sample volume relative to the internal carotid artery, and a 60-degree beam-to-vessel angle. Approximate angle-adjusted velocity
equivalents are: 4 kHz = 125 cm/sec and 4.5 kHz = 140 cm/sec.
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Figure 16-1 Color-flow duplex image of normal carotid bifurcation. The superior thyroid branch is visible originating from the external carotid. A small region of color-flow reversal in the carotid bulb is a normal finding in carotid bifurcations entirely free of

atherosclerosis.

Figure 16-2 Color-flow facilitated anatomic definition and Doppler angle correction of a tortuous ICA. Subsequent Doppler sampling through the entire length of the ICA failed to identify significant stenoses.

Figure 16-3 Identification of carotid stenosis is best performed using angle-corrected Doppler velocity and spectral analysis. In this study, the sample volume is placed in a region of disordered blood flow indicated by the focal color variation in the color-flow
inset. Recorded PSV of 458 cm/sec and EDV of 180 cm/sec fall well above thresholds for 70% stenosis on all published grading scales. CCA PSV of 65 cm/sec (not shown) produced calculated ICA/CCA PSV ratio of 7, also indicating greater than 70%
stenosis by all published grading scales.

Figure 16-4 Examination of the carotid bifurcation with gray-scale B-mode imaging is the best method to evaluate atherosclerotic plaque characteristics. A, The Doppler spectral window is clear, and velocities are minimally elevated. Color-flow gain is well
adjusted, and by visual interpretation the far wall plaque is unremarkable. B, The same carotid bifurcation is examined using magnified B-mode without color flow. A focal, bulky plaque is apparent.

TABLE 16-2 -- Carotid Duplex Peak Systolic Velocity Diagnostic Thresholds Based on NASCET Angiogram Measurements

PERCENT STENOSIS
50

AUTHOR

20]

Grant et al[

11]

Faught et al[

17]

AbuRahma et al[

VELOCITY THRESHOLD (cm/
sec)

*

INSTRUMENT

ACCURACY (%)

125

Consensus panel

130

Siemens

97

140

ATL

93

150

Acuson

95

170

Hewlett-Packard

92

200

Acuson

240

ATL

91

Acuson/ATL

90

210

Siemens

93

16]

229

Acuson

87

Grant et al[

20]

230

Consensus panel

9
Huninck et al[ ]

230

Acuson

>85

250

Acuson

80–99

270

Acuson

88

325

Acuson

88

340

ATL

92

18]

Filis et al[
60

13]

Carpenter et al[

18]

Filis et al[

15]

Fillinger et al[

14]

Moneta et al[
70

260

11]

Faught et al[
Kuntz et al[

18]

Filis et al[

12]

Neale et al[

10]

Moneta et al[

16]

Kuntz et al[

†

80–99

ATL, Advanced Technology Laboratories; EDV, end-diastolic velocity; PSV, peak systolic velocity.

* Reported only for reports listing overall accuracy >85%. Presented in order of ascending PSV.
† Moneta et al required addition of EDV >70 cm/sec to reach maximal accuracy of 90%. PSV >260 cm/sec (without additional EDV data) produced highest PSV accuracy of 88%.

TABLE 16-3 -- Carotid Duplex Diagnostic Thresholds Using Internal Carotid Artery End-Diastolic Velocity and Angiogram Measurements Performed by NASCET Convention
PERCENT STENOSIS

AUTHOR

VALUE (cm/sec)

INSTRUMENT

*
ACCURACY (%)

50

Carpenter et al[

40

Hewlett-Packard

86

60

—

—

—

—

70

Kuntz et al[

63

Acuson

88

Siemens

95

110

Acuson

93

130

Acuson

86

13]

16]
11]

Faught et al[

12]

Neale et al[

10]

Moneta et al[

100

†

16]

Kuntz et al[

131

ATL

89

ATL, Advanced Technology Laboratories; EDV, end-diastolic velocity; PSV, peak systolic velocity.

* Presented in order of ascending EDV.
† Faught also required PSV >130 cm/sec in addition to stated EDV value to reach stated accuracy.

patients. The ultimate value of carotid stenting depends on immediate and long-term results of clinical trials, and carotid duplex is the obvious modality of choice to follow these stented arteries over time. Studies reviewing Doppler velocities within stented
carotids are just starting to emerge. Interpretive criteria may differ from criteria of unstented carotid arteries.
Carotid Duplex Caveats, Pitfalls, and Special Issues
Instrument Variation

As indicated in Tables 16–2 and 16–3 , different authors identified strikingly different threshold velocity values for the same degree of ICA stenosis. This issue is crucial because the randomized trials focus almost exclusively on ICA stenosis in determining
which patients should undergo endarterectomy. Commonly obtained velocities may fall above or below surgical thresholds depending on the grading scale used by the interpreting physician ( Fig. 16–5 ). Although ultrasound has always been an operatordependent technology, several publications document machine-to-machine variation as

13]

Figure 16-5 The Doppler spectrum in this image was obtained at the region of highest velocities. With angle-corrected PSV of 205 cm/sec and EDV of 45 cm/sec, this lesion would be interpreted as greater than 60% stenotic by some published scales,[

14 15
less than 60% by others.[ ] [ ] The example reinforces the need for local validation of whichever scale is chosen for interpretation.

Figure 16-6 Transverse view of aorta, right renal artery (RRA), left renal vein (LRV), and origin of left renal artery (unlabeled). This is a typical color-flow landmark enabling the examiner to begin Doppler spectral data collection in the renal arteries.

but

Figure 16-7 Color-flow image of left renal artery from aorta to renal pelvis. After location of artery, the entire length is sampled for Doppler velocities and spectra.

Figure 16-8 Normal Doppler spectrum sampled from proximal right renal artery. The waveform has rapid upstroke and high flow throughout diastole. This low-resistance morphology indicates normal low resistance of renal parenchyma.

Figure 16-9 Abnormal right renal artery with PSV 350 cm/sec. Aortic PSV was 70 cm/sec resulting in RAR of 5. Stenosis subsequently was confirmed by angiogram. This image shows the importance of accurate angle correction in tortuous renal arteries.

Figure 16-10 Mean (± SE) changes in creatinine clearance after the correction of renal artery stenosis, according to the renal resistive index before revascularization. Asterisks indicate a significant difference (P< .05) between the two groups.

Figure 16-11 Normal, fasting, high-resistance waveform in SMA. Angle correction is crucial as the SMA curves sharply beyond its origin from the aorta.

Figure 16-12 A, Color-flow appearance of celiac axis and bifurcation into splenic and common hepatic artery. B, Normal celiac Doppler spectrum shows sharp systolic upstroke and low-resistance flow throughout cardiac cycle.

Figure 16-13 A, Bypass graft Doppler spectrum proximal to stenosis reveals a PSV of 139 cm/sec with a clear systolic window. B, Region of bypass stenosis with markedly elevated PSV (725 cm/sec), spectral broadening, and tissue vibration indicated by
color pixels outside the flow channel.

Figure 16-14 Pseudoaneurysm (PSA) arising from superficial femoral artery (SFA) just beyond femoral bifurcation. PSA is partially thrombosed. Swirling blood is seen in remainder. Thrombin injection is frequently successful in achieving complete
thrombosis.
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Chapter 17 - Venous Duplex Scanning

MARK H. MEISSNER MD

62 133

] Accurate diagnosis of DVT is important because improper withholding of anticoagulation is associated with
Approximately 1 million patients annually undergo investigation for suspected acute deep venous thrombosis (DVT) in North America.[ ] [
the well-recognized risk of pulmonary embolism, and inappropriate treatment carries the inconvenience, expense, and risks of anticoagulation. Clinical diagnosis of DVT is inaccurate: The classic findings of pain, swelling, and tenderness are equally common
8 25 44 61
in limbs with and without objectively confirmed thrombosis.[ ] [ ] [ ] [ ] The diagnosis of DVT requires confirmatory testing, and several diagnostic modalities have been used clinically.
55]
Venography is invasive, is not easily repeatable, may be impossible to perform or interpret in 9% to 14% of patients, and may be associated with interobserver
[21]

Ascending venography historically has been the “gold standard” for diagnosis for acute DVT.[

31] [35] [98] [128] [151]

disagreements in 4% to 10% of studies.[

All venous segments are not visualized in 10% to 30% of studies, and the profunda femoris and iliac veins are frequently not seen.

In the upper extremity, venography does not show

11 34
18
the internal jugular vein and frequently fails to identify venous segments beyond an obstruction.[ ] [ ] The use of contrast agents is associated with occasional allergic reactions and may induce thrombosis in 8% of cases.[ ] Impedance plethysmography

(IPG), which correlates a reduced rate of venous outflow with proximal thrombosis, was previously the most widely used noninvasive test. Because IPG is insensitive to isolated calf vein and nonocclusive proximal thromboses, however, negative test results
require serial follow-up examination. IPG cannot provide precise anatomic localization of an occluding thrombus.

136]

The use of real-time ultrasonography, as described by Talbot in 1982,[

has overcome many of these limitations and provides an accurate, noninvasive, and portable means of confirming venous thrombosis in the upper and lower extremities. Uniformly
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] Accurate localization of thrombus to specific venous segments also has enabled the course of
high sensitivities of 93% to 97% and specificities of 94% to 99% have been reported for the ultrasound diagnosis of proximal DVT.[ ] [ ] [ ] [
thrombosis to be followed serially, permitting more precise characterization of the natural history of acute DVT. Because anatomic obstruction and valvular reflux can be evaluated with duplex ultrasonography, similar techniques can be used in the diagnosis
of acute DVT and the characterization of chronic venous disease.
ULTRASOUND APPLICATIONS IN ACUTE DEEP VENOUS THROMBOSIS
Instrumentation

132]
Although acute and chronic venous disease can be diagnosed based on aberrant venous flow, continuous wave Doppler does not allow selective

Continuous wave Doppler ultrasound has been used in the diagnosis of acute DVT since the early 1970s.[

70]

interrogation of vessels within a large sample volume.[

Real-time B-mode ultrasonography relies on gray-scale imaging and the absence of venous compressibility as the primary diagnostic criteria for acute DVT. Although accurate in the diagnosis of

proximal thromboses, compression ultrasonography provides no information regarding venous flow. Real-time gray-scale imaging and Doppler flow are combined in duplex and color-flow instruments. Duplex instruments include a range-gated pulsed

70

Doppler, allowing flow to be characterized at precise anatomic locations defined by the B-mode image, whereas color-flow Doppler superimposes a color map of the Doppler shift on the real-time gray-scale image.[ ] Modern equipment for venous
applications includes high-resolution B-mode ultrasound with “slow flow” color Doppler ultrasound capable of detecting low venous flow velocities. These technologic advances have made the study less operator dependent and have improved the

157]

identification of difficult-to-visualize venous segments. Color-flow Doppler may permit identification of flow in vessels smaller than the limits of gray-scale resolution[

92]

and is particularly useful in imaging the calf and iliac veins.[

70

Because axial resolution and tissue penetration are inversely related,[ ] the highest frequency transducer capable of visualizing the venous segment under study should be used. The iliac veins require a 3- to 3.5-MHz ultrasound probe capable of imaging the
depths of the pelvis, whereas a 5- to 7.5-MHz imaging transducer is adequate for the deep veins of the upper and lower extremities. A higher frequency probe (10 MHz) is helpful for imaging the superficial veins of the lower extremity and the upper extremity
veins. A pulsed Doppler frequency of 3 MHz is suitable for the iliac veins, and 5 MHz is acceptable for the upper and lower extremity veins. The dynamic range, gray-scale gain, and time gain compensation should be adjusted to minimize intraluminal
artifacts, while providing good definition of the venous walls. The color velocity scale and gain should maximize the detection of low venous flow velocities while confining color flow within the sample box to the vessel lumen.
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A low wall filter setting facilitates detection of low-flow velocities. As a convention, many laboratories adjust the spectral display to show prograde venous flow below the baseline.
Examination Technique
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][
] complete examination involves interrogation of the lower extremities from the inferior vena cava to the tibial veins. At each site, venous compressibility and the presence of
Although more limited examinations have been proposed,[ ] [ ] [
echogenic thrombus are evaluated on the B-mode image, while the Doppler is used to assess venous flow characteristics. The deep veins are assessed in transverse and longitudinal views. Initial transverse scanning allows identification of the superficial and
104]
Gentle pressure on the scan head is required to avoid venous occlusion, particularly in evaluation of the superficial veins. Compression maneuvers,

deep veins in relation to adjacent arterial structures and facilitates recognition of duplicated veins.[

146

] are performed every 1 to 2 cm from the inguinal ligament to the calf. Complete coaptation of the venous walls with gentle probe pressure excludes the presence of a thrombus.
performed in transverse view to avoid lateral displacement of the transducer,[
Moving to a longitudinal view, spectral Doppler signals and color-flow images are obtained from the venous segment being interrogated. Color-flow Doppler may assist in longitudinal tracking and in identifying the luminal encroachment of echolucent
thrombus.
To facilitate lower extremity venous filling, the venous duplex examination is performed with the head elevated in 10- to 20-degree reverse Trendelenburg position. The examination is begun in the lower abdomen and pelvis, where Doppler flow evaluation is
often possible, even though compressibility may be limited and bowel gas may obscure complete visualization of the inferior vena cava and iliac veins. On crossing the inguinal ligament, the origins of the greater saphenous and profunda femoris veins can be
identified in transverse section. The veins of the thigh are examined with the leg slightly flexed and externally rotated to avoid compression of the popliteal vein. The superficial femoral vein is imaged from an anteromedial approach and followed to the distal

104

] and requires a critical assessment of the Doppler spectrum and color-flow image at the adductor canal, where it may be
third of the thigh, where it moves deeply through the adductor canal. The superficial femoral vein is frequently duplicated[
incompressible. The popliteal vein is examined most easily with the patient prone or resting on the side opposite that being examined with the hip and knee slightly flexed. The lesser saphenous vein is identified as it courses from the saphenopopliteal junction
to a position just above the fascia, whereas the gastrocnemial veins can be observed to penetrate the muscle.
After examination of the distal popliteal vein, the patient is returned to the supine position for examination of the posterior tibial and peroneal veins. The calf veins alternatively may be studied with the patient sitting, a technique that may facilitate venous

9 32
filling and visualization.[ ] [ ] The paired posterior tibial veins are identified adjacent to the artery between the medial malleolus and the Achilles tendon at the level of the ankle. Moving cephalad, the paired peroneal veins are identified along the medial
139]
In the presence of thrombus, the soleal veins may be distended and readily apparent. Isolated calf vein thrombosis most often involves the peroneal veins followed by
[86] [87] [111] [123]

border of the fibula, although a posterior approach may be necessary in a large calf.[

the posterior tibial veins; isolated anterior tibial thrombosis is distinctly unusual.
may be unnecessary.

Visualization of the posterior tibial and peroneal veins is required to achieve acceptable sensitivity, although routine scanning of the anterior tibial veins

Examination of the upper extremity and the thoracic inlet is performed with the patient supine, the neck turned slightly away from the side being examined, and the upper extremity abducted to facilitate access to the axilla. The internal jugular vein is identified
in the neck and followed centrally to image the medial subclavian and innominate veins from a supraclavicular approach. The subclavian vein laterally and axillary vein are visualized from an infraclavicular approach. Overlying bone and muscle prevent

41] [42]

routine use of compression in evaluating the innominate and the subclavian and axillary veins medially; color-flow Doppler and the venous response to inspiration may be particularly useful in these areas.[
medial aspect of the arm, with evaluation of the axillary, paired brachial, basilic, and cephalic veins. The paired radial and ulnar veins are assessed in the forearm.

If required, examination proceeds down the

Diagnostic Criteria for Acute Deep Venous Thrombosis
A complete venous ultrasound evaluation incorporates information from the B-mode image, Doppler spectrum, and color-flow image. Diagnostic criteria for acute DVT include an evaluation of venous compressibility, intraluminal echoes, venous flow

characteristics, and luminal color filling ( Table 17–1 ). Venous incompressibility is the most widely used diagnostic criterion for acute DVT. Normal venous walls completely coapt, obliterating the venous lumen, with gentle probe compression ( Fig. 17–1 ).

48]
137]
Acute thrombus is usually less echogenic than older thrombus,[
however, and may be visible in

Adjunctive gray-scale findings include the appearance of echogenic thrombi within the vein lumen and dilatation of an acutely thrombosed segment.[

32] [64] [107]

only 50% to 90% of acute DVTs.[

The Doppler spectrum and color-flow image further support the diagnosis, increase accuracy in regions that are ordinarily difficult to compress, and permit differentiation of occlusive from nonocclusive thrombi. Above the popliteal
TABLE 17-1 -- Venous Duplex Ultrasound Criteria for Acute Deep Venous Thrombosis
DIAGNOSTIC CRITERIA

ADJUNCTIVE CRITERIA

Venous incompressibility

Increased venous diameter

Thrombus visualization

<50% diameter increase with Valsalva maneuver

Absent or diminished spontaneous venous flow

Immobile venous valves

Absence of respiratory phasicity
Absent or incomplete color filling of lumen
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Figure 17-1 Compression ultrasonography. A, Transverse image of a normal popliteal artery and vein. The normal popliteal vein is larger than the corresponding artery. B, With gentle probe compression, the lumen of the normal vein is obliterated, while the
popliteal artery remains uncompressed.

Figure 17-2 Doppler spectrum popliteal vein. Antegrade flow in the popliteal vein is displayed below the baseline. Unobstructed venous flow in the proximal veins is spontaneous with respiratory variation. Flow velocity increases with a reduction in intra-

abdominal pressure during expiration and is damped or ceases during inspiration.

TABLE 17-2 -- Analysis of Venous Duplex Criteria
CRITERIA

*

SENSITIVITY (%)

SPECIFICITY (%)

PPV (%)

NPV (%)

Thrombus visualized

50 (34–66)

92 (62–98)

95 (69–100)

37 (14–59)

Incompressibility

79 (66–92)

67 (40–93)

88 (67–95)

50 (18–82)

Absent spontaneous flow

76 (63–90)

100 (88–100)

100 (85–100)

57 (29–85)

Absent phasic flow

92 (79–97)

92 (62–98)

97 (81–99)

79 (41–92)

NPV, negative predictive value; PPV, positive predictive value.
From Killewich LA, Bedford GR, Beach KW, Strandness DE: Diagnosis of deep venous thrombosis: A prospective study comparing duplex scanning to contrast venography. Circulation 79:810–814, 1989.

*Values in parentheses are 95% confidence intervals.

central thrombosis from intrinsic stenosis or extrinsic compression, however.
In contrast to other noninvasive modalities, occlusive and nonocclusive thrombi can be differentiated on the basis of these criteria. Although it does not influence initial treatment, this distinction is important in following the course of a thrombus and defining
recurrent thrombotic events. A patent segment is fully compressible, has no pathologic intraluminal echoes, shows complete color filling of the lumen, and has spontaneous flow that varies with respiration and augments with distal compression. A segment
with nonocclusive thrombus may have a visible thrombus within the lumen and is not completely compressible, but has flow present either spontaneously or with augmentation. A segment with an occlusive thrombus has similar B-mode characteristics but has

78]

no flow present either spontaneously or with augmentation. At the time of presentation, 73% to 94% of thrombi are occlusive.[

1
Although the American Institute of Ultrasound in Medicine recommends evaluation of the real-time image and venous flow signals,[ ] use of these diagnostic criteria varies among laboratories. Venous incompressibility is the most widely used criterion and
73]

has excellent sensitivity and specificity for the detection of DVT in the common femoral and popliteal veins. It is also among the most objective of these criteria, with interobserver agreement reported to be 100%.[
other diagnostic elements are equally sensitive in detecting acute venous thrombus at all levels of the venous system. In considering B-mode incompressibility, visualization of

Neither venous compressibility nor the

Figure 17-3 Partially occlusive popliteal vein thrombosis. Echogenic thrombus encroaches on the color flow Doppler image.

TABLE 17-3 -- Sensitivity and Specificity of Combined Diagnostic Variables
VARIABLES

*

SENSITIVITY (%)

SPECIFICITY (%)

T+P

95 (82–98)

83 (52–95)

T+F+P

95 (82–98)

83 (52–95)

T + F + P + VC

95 (82–98)

58 (30–86)

F+P

92 (79–97)

92 (62–98)

F+T

87 (76–98)

92 (62–98)

T + F + VC

87 (76–98)

67 (40–93)

F + VC

84 (73–96)

67 (40–93)

T + VC

82 (69–94)

67 (40–93)

F, absence of spontaneous flow; P, absence of phasic flow with respiration; T, visualization of thrombus; VC, venous incompressibility.
From Killewich LA, Bedford GR, Beach KW, Strandness DE: Diagnosis of deep venous thrombosis: A prospective study comparing duplex scanning to contrast venography. Circulation 79:810–814, 1989.

*Values in parentheses are 95% confidence limits.
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110]
Among patients followed with duplex ultrasonography for a mean of 7 days after identification of a free-floating thrombus, 55% showed
[7]

and specificity of color-flow duplex scanning compared with venography have been reported to be 68% and 86%.[

attachment of the free-floating tail, 24% showed partial or complete resolution of the tail, 9% showed an increase in the size of the free-floating component, and 12% had no change in thrombus characteristics.

Some authors have suggested that these

43] [105]
110]
whereas others have recommended anticoagulation alone[
or filter placement only for patients failing to show

nonadherent thrombi are associated with an increased risk of pulmonary embolism and warrant placement of a vena cava filter,[

17]

thrombus attachment within 10 days.[

105]

In a small venographic series including five free-floating thrombi, the risk of embolism after anticoagulation was significantly higher in patients with free-floating iliofemoral thrombi (60%) than in patients with occlusive thrombi (5.5%).[

Others have

7 17 145]
Among these patients, most of whom received anticoagulation, only 3% to 10% sustained a pulmonary embolus after institution of treatment. Two
reported, however, that most emboli associated with free-floating thrombi occur before therapy.[ ] [ ] [
[95]

prospective series employing routine lung scanning also have reported conflicting results. Monreal and associates

found recurrent pulmonary embolism despite anticoagulation in 21% of patients with free-floating iliofemoral thrombosis compared with

110]
the incidence of pulmonary embolism after the institution of therapeutic anticoagulation being similar in patients with (3.3%) and without
5% of patients with adherent thrombus. A more benign prognosis was suggested by Pacouret and colleagues,[
(3.7%) free-floating elements. The clinical relevance of these findings is controversial, and no randomized trials comparing management options have been performed. In addition, such trials are not likely forthcoming in that the incidence of clinically
significant pulmonary emboli after initiation of adequate anticoagulation is so low that such a trial powered to detect meaningful endpoints would have to be so large as to preclude feasibility.
Limitations of Venous Ultrasonography

74 138

] Technical
Despite its utility, duplex ultrasonography does have some well-recognized limitations in the diagnosis of acute DVT. Among studies limited to the proximal veins, the results are indeterminate or nondiagnostic in 1% to 6% of patients.[ ] [
considerations, such as the presence of bandages, casts, massive obesity, severe swelling, and patient intolerance of compressive maneuvers, may place limits on the performance of the examination. These technical problems and anatomic factors that may
limit visualization of the pelvic, superficial femoral, calf, and thoracic inlet veins must be considered when interpreting the results of venous ultrasound studies. Imaging of the inferior vena cava and iliac veins may be precluded by overlying bowel gas, and
their deep location often prevents assessment of compressibility. Difficult compressibility similarly may limit evaluation of the superficial femoral vein at the adductor canal. Adequate evaluation of the tibial and peroneal veins may be impeded by large calf
size, edema, or operator inexperience. Compression of the medial axillary, subclavian, and innominate veins may be prevented by overlying musculoskeletal structures, whereas acoustic shadowing may prevent visualization of the subclavian vein directly
beneath the clavicle. Although occasionally visible with a small footprint transducer in the suprasternal notch, the central innominate vein and superior vena cava often are not routinely able to be imaged with ultrasonography. Interpretation of indirect Doppler
evidence also has some limitations because the absence of respiratory phasicity and augmentation may be due to proximal extrinsic compression rather than thrombosis.
92

Color-flow technology has improved the evaluation of these segments, although assessment of the calf and iliac veins does require more time and technologist experience. Messina and colleagues[ ] reported adequate visualization of the common and the
external iliac veins in 47% of patients and of the external iliac alone in 79%. Despite being incompressible in most cases, the color-flow and Doppler spectra are frequently sufficient to exclude occlusive thrombus in these segments. The absence of complete
iliac obstruction can be inferred by a spontaneous and phasic common femoral Doppler signal in more than 90% of cases. Continuous common femoral vein flow that does not change with a Valsalva maneuver is highly specific for proximal iliac or caval

5
obstruction, although this finding cannot differentiate occlusive DVT from external compression by adenopathy, pelvic masses, or postoperative changes.[ ] Spectral flow characteristics also are unable to exclude a nonocclusive proximal thrombus. Using
86] [92]

color-flow Doppler with slow-flow capabilities, technically adequate studies of all three paired tibial veins have been reported in 72% to 94% of symptomatic extremities.[

56]
Such symptoms may result from persistent obstruction early after an acute event, late manifestations of valvular
[89] [119]

Recurrent symptoms of pain and edema are common after an episode of acute DVT and are a challenge for most diagnostic tests.[

incompetence, or recurrent DVT. Identification of recurrent thrombosis is particularly important because the risks of pulmonary embolism and more severe post-thrombotic manifestations

may require a change in treatment. Variable degrees of

29] [78] [97]

residual occlusion, partial recanalization, intimal thickening, and collateral formation may mask new intraluminal filling defects on venography and limit the utility of duplex ultrasonography in this setting.[

66] [90] [97] [117] [143]

Despite early recanalization in most patients,[

12] [78] [97] [117]

compression ultrasound studies may remain abnormal in 50% of patients after 6 months and in 27% to 70% of patients after 1 year.[

Thrombus echogenicity and

97
heterogeneity tend to increase with thrombus age. Marked variation in thrombus echogenicity occurs, however, and this has not proved consistently useful for differentiating acute from chronic thrombus.[ ] Despite these limitations, color-flow
[15]

ultrasonography may be more useful than venography in identifying some characteristics of chronic thrombosis versus recurrent acute DVT ( Table 17–4 ).

48] [97] [108]

segments is reduced.[

Acutely thrombosed segments tend to be dilated, whereas the diameter of chronically thrombosed

134]
In contrast, the presence of venous collaterals and multiple flow channels within the lumen is more consistent with chronic thrombosis.

A free-floating tail, if present, also tends to suggest an acute thrombus.[
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TABLE 17-4 -- Ultrasound Characteristics of Acute Versus Chronic Thrombus

DIAGNOSTIC CRITERIA

ACUTE THROMBUS

CHRONIC THROMBUS

Incompressibility

Spongy

Firm

Vein diameter

Dilated

Decreased

Echogenicity

Echolucent

Echogenic

Heterogeneity

Homogeneous

Heterogeneous

Luminal surface

Smooth

Irregular

Collaterals

Absent

Present

Flow channel

Confluent

Multiple

Free-floating tail

May be present

Absent

Several strategies have been proposed to increase the utility of venous ultrasonography in the setting of recurrent symptoms. A baseline venous duplex examination obtained 3 to 6 months after an acute event may be useful in defining recurrent episodes of

12] [97] [117]

acute DVT.[

117]

Compared with previous examinations, a 2-mm or greater increase in compressed thrombus thickness has been reported to have a sensitivity and specificity of 100% for recurrent proximal venous thrombosis.[

8 56
Demonstration of activated coagulation or new fibrin deposition also may be useful as an adjunct to indeterminate ultrasound findings. Imaging with radioactive iodine (125 I)–labeled fibrinogen has previously been useful in this regard,[ ] [ ] although its
39]

use is limited by the risk of viral transmission. Strategies incorporating markers of acute intravascular thrombosis, such as D-dimer cross-linked fibrin degradation products, may be a useful alternative,[
recurrent DVT.

but have not been evaluated in the setting of

Extent of Examination

Despite anatomic limitations, the frequency of multisegmental involvement affords duplex ultrasonography a high sensitivity for the diagnosis of acute DVT. The sensitivity of ultrasonography in detecting thrombus within an entire limb is higher than the
sensitivity in an individual venous segment. These considerations and the operator experience and time required to perform a complete venous duplex examination have prompted some laboratories to limit examination to the common femoral and popliteal
veins in symptomatic patients. Abbreviated studies often include compression in the region of the saphenofemoral junction, including the deep and superficial femoral vein confluences, and the popliteal vein, including the saphenopopliteal junction and tibial

115]

vein confluences.[

99] [133]

Spectral and color-flow Doppler analysis is not routinely performed. Although shorter complete examination times are achievable,[

in direct comparison these abbreviated studies reduced examination time from 18

113] [115] [153]
115]
Compared with a complete color-flow duplex examination, Poppiti and coworkers[
reported a sensitivity of
(unilateral proximal examination) to 57 minutes (bilateral examination including iliac and tibial veins) to 5 to 10 minutes.[
[24] [73] [153]

100% and specificity of 98% for limited compression examination of the proximal veins. Other investigators have achieved nearly identical levels of sensitivity and specificity for limited compression studies.

113]
other data suggest that this approach may overlook thrombi isolated to the iliac veins in 2% to 5% of cases and to the
[121]

Despite reports that more than 99% of proximal thrombi involve segments examined by limited compression ultrasonography,[

31] [38] [79] [92] [127] [146]

superficial femoral vein in 5% of patients.[

As untreated proximal vein thrombosis is associated with a 20% to 50% risk of recurrent venous thromboembolism,

this small percentage cannot be entirely discounted as

61
insignificant. The clinical relevance of thrombosis confined to the calf veins is more controversial. Most early postoperative thrombi begin in the calf veins,[ ] whereas clinical series of largely symptomatic patients have reported isolated calf vein
[26] [86] [88] [106]
[21] [31] [91] [119]

and 9% to 46% of thromboses diagnosed with venography.
Although the incidence of major pulmonary embolism and late postthrombosis to account for 12% to 33% of ultrasound-documented thromboses
thrombotic symptoms is less than after proximal venous thrombosis, isolated calf vein thrombi may not be clinically insignificant. Concurrent pulmonary embolism has been reported in approximately 10% of patients when clinical suspicion is supplemented

88] [91] [111]

by objective tests[

87] [88]

edema during follow-up.[

68] [96]
Approximately one fourth of patients with isolated calf vein thrombosis have persistent symptoms of pain and

and in 33% of patients when routine ventilation-perfusion (V/Q) lung scans have been obtained.[

61] [71] [77] [88]
with an associated increase in the risk of symptomatic pulmonary embolism. Although management of isolated calf vein
[53] [57] [121]

More important, approximately 20% of such thrombi propagate proximally[

These considerations would favor routine color-flow
thrombosis remains controversial, many authors have concluded that the benefits of treatment exceed the risks and inconvenience of anticoagulation in patients without contraindications.
evaluation of the calf veins. Restricting studies to the proximal veins requires that calf vein thrombi be considered clinically insignificant and that serial testing be performed to exclude proximal propagation. A single, technically adequate examination
including the calf veins could potentially eliminate the need for serial studies in many patients, although the safety of this approach has not been prospectively evaluated in a study large enough to have sufficient endpoints for analysis.

30 76

The finding that 32% of venous thrombi may be bilateral has prompted many laboratories to perform bilateral studies on all patients referred for suspected acute DVT.[ ] [ ] Bilateral examination is clearly appropriate for patients with bilateral symptoms,
patients undergoing postoperative screening, and patients with suspected pulmonary embolism. A positive venous ultrasound study in an asymptomatic extremity contralateral to a symptomatic extremity without DVT is uncommon. Strothman and associates

[133] found a contralateral thrombus in 22% of patients with acute DVT in a unilaterally symptomatic extremity. Thrombi in the asymptomatic extremities were always associated with DVT in the symptomatic extremity, however. Because identification of

27] [130] [133]
Other authors have reached the opposite conclusion, finding a thrombus isolated to the contralateral

thrombus in the asymptomatic limb does not change the management, the need for routine bilateral ultrasonography has been questioned.[
limb in 1% of patients referred for unilateral symptoms and in 5% of patients with
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TABLE 17-5 -- Duplex Ultrasound for Symptomatic Proximal Deep Venous Thrombosis
AUTHOR

YEAR

METHOD

N (% POSITIVE

*

)

SENSITIVITY (%)

SPECIFICITY (%)

Cronan et al[

1987

Compression

51 (47)

93

100

2
Appelman et al[ ]

1987

Compression

112 (46)

96

97

107]

1988

Duplex

50 (48)

92

96

73]

1989

Compression

220 (30)

100

99

1990

Color Doppler

75 (35)

96

100

1991

Duplex

64 (35)

96

85

Cogo et al[

24]

1993

Compression

158 (30)

100

100

4
Aronen et al[ ]

1994

Compression

119 (29)

97

100

74]

1994

Color Doppler

103 (20)

95

99

28]

O’Leary et al[
Lensing et al[

123]

Rose et al[

94]

Mitchell et al[

Lewis et al[

*Percentage of venograms positive for proximal deep venous thrombosis.

99]

unilateral symptoms and documented thrombosis.[

A selective approach to the issue has been recommended by some investigators, with bilateral scans limited to patients with bilateral symptoms, pulmonary embolism, and ongoing thrombotic risk factors.

[27] [104]

56

Such approaches do not consider the potential value, however, of a complete baseline study in the event of future thromboembolic symptoms.[ ] In addition, modern imaging equipment allows a well-trained technologist to perform a bilateral
examination, including the calf veins, with a minimum of increased total patient time. A reasonable approach is the routine performance of bilateral examinations in patients with unilateral symptoms, unless technical or patient difficulties severely limit the
quality of the data to be obtained in the contralateral asymptomatic extremity.

Accuracy of Venous Ultrasonography

The potential morbidity of pulmonary embolism and recurrent thrombosis mandates a high sensitivity for any diagnostic test for DVT, whereas the risks of inappropriate anticoagulation require that specificity also be high. Evaluation of the sensitivity and

14] [72]
To eliminate bias, these criteria require that consecutive patients with suspected DVT prospectively undergo ultrasonography and venography with
[62] [152] [155]

specificity of venous ultrasound traditionally has been with comparison with venography.[
independent, blinded interpretation of the results according to explicitly defined standards.

Although not uniformly conforming to these criteria, more than 60 published studies have evaluated the sensitivity and specificity of ultrasound,

30
with or without spectral Doppler and color-flow imaging, for the detection of DVT.[ ] Results indicate that the sensitivity and specificity of venous ultrasound depend on the population studied. The sensitivity for evaluation of symptomatic patients is
substantially higher than for surveillance screening of asymptomatic high-risk patients. Even among symptomatic patients, the sensitivity of venous ultrasound depends on the pretest probability of disease. A sensitivity of 91% may be achieved in patients with

40] [151]

a high pretest probability of disease, in whom thrombi are presumably larger and more frequently proximal in extent, compared with a sensitivity of only 67% among patients with a low pretest probability.[

Similar factors presumably account for

53] [85]

the reduced sensitivity in asymptomatic patients undergoing screening examinations.[

62]
14
and the sensitivity and specificity for symptomatic proximal venous thrombosis are uniformly high. In reviewing 15 early studies, Becker and colleagues[ ]
[155]

More than 80% of symptomatic venous thrombi involve the easily interrogated proximal veins,[

noted a

reported a mean sensitivity of 96% and a mean specificity of 99% for the detection of thigh and popliteal thromboses. Among four studies enrolling consecutive patients with blinded interpretation of diagnostic tests, White and colleagues

62
sensitivity of 93%, a specificity of 98%, a positive predictive value of 97%, and a negative predictive value of 93%. In an analysis of 18 studies using a variety of ultrasound techniques, Kearon and coworkers[ ] reported a weighted mean sensitivity and

specificity of 97% and 94% with mean positive and negative predictive values of 97% and 98% for proximal DVT. The sensitivity and specificity for the detection of proximal DVT in selected studies with prospective enrollment of consecutive patients and

14] [74] [153]

blinded interpretation are shown in Table 17–5 . The sensitivity and specificity of compression, duplex, and color Doppler ultrasound studies for proximal DVT are similar.[

Because duplex ultrasonography is less sensitive for isolated calf vein thrombosis than for femoropopliteal thrombosis, the sensitivity of ultrasonography within an entire lower extremity is less than for proximal DVT alone. Depending on the incidence of

4 73 74 94 123]
Few studies have systematically evaluated the calf veins beyond their
isolated calf vein thrombosis, the sensitivity of proximal venous ultrasonography for detection of DVT within an entire extremity is reduced to 68% to 91%.[ ] [ ] [ ] [ ] [
62]
In contrast to the proximal veins, adequate evaluation of the calf veins is difficult without color imaging. Limited data suggest that normal calf veins are more
[9]

confluence, however, and many of these have employed only B-mode compression or duplex.[

10]

reliably visualized by color-flow duplex than by venography.[

In color-flow duplex studies of symptomatic patients, the sensitivity and specificity have varied from 95% and 100% in patients with proximal and distal thromboses

to 88% and 96% in

156]
86 123]
Edema, calf size, collateral veins, and anatomic inaccessibility may limit visualization of the tibial veins,[ ] [
however, and sensitivity in this region highly depends on the technical adequacy of the study.
patients with isolated calf thrombosis.[
[123]
In laboratories experienced in color-flow Doppler, technically adequate

Sensitivity and specificity for calf vein thrombosis may be 95% to 100% for technically adequate studies compared with 30% to 70% for technically limited studies.
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9 139]
86 123]
studies of the paired tibial veins have been reported in 100% of normal extremities[ ] [
and 60% to 94% of symptomatic limbs.[ ] [
152]

Because ultrasound is noninvasive and easily repeatable, it also has been used to screen asymptomatic patients at high risk for DVT. Populations considered for routine screening have included patients undergoing elective orthopedic[

and neurosurgical

[36] procedures, patients hospitalized in the intensive care unit,[46] [52] and high-risk trauma patients.[20] The accuracy of duplex ultrasonography in screening asymptomatic patients is substantially less than for symptomatic patients. This is not
[85]

surprising because such thrombi are presumably smaller, more often nonocclusive, confined to fewer segments, and more frequently isolated to the calf veins than thrombi that give rise to symptoms.
ultrasound access to all venous segments.

Postoperative swelling and wounds may also limit

152

] Among studies enrolling consecutive patients and using blinded
Most screening studies have been performed after elective orthopedic surgical procedures, and this literature has been critically reviewed in a meta-analysis by Wells and associates.[
interpretation, the sensitivity and specificity of ultrasound for proximal DVT were 62% and 97%. These results were substantially worse than the sensitivity of 95% and specificity of 100% reported in less methodologically rigorous trials. Other authors have
72]

noted similar differences between studies.[

The clinical relevance of asymptomatic thrombi overlooked by ultrasonography is unknown. It is possible that small, nonocclusive thrombi confined to the calf veins may never cause clinical symptoms. Such

61]
Pending prospective studies regarding the outcome of negative examinations in asymptomatic patients, however, the

thrombi may be analogous to thrombi detected by 125 I-labeled fibrinogen, 35% of which spontaneously resolve within 72 hours.[

152]

sensitivity and specificity of ultrasound must be regarded as only moderate.[

42]

Duplex ultrasonography also has proved to be sensitive for the diagnosis of upper extremity thrombosis. Among 13 patients with effort thrombosis, Grassi and Polak[

reported no false-negative or false-positive findings with color-flow imaging. Overall

11]

sensitivity and specificity of 89% and 100% for axillary-subclavian stenosis or occlusion also have been reported among symptomatic dialysis patients with previous central venous catheterization.[

In a prospective evaluation of 58 symptomatic patients,

118]
reported sensitivities and specificities of 96% and 93.5% for compression ultrasonography and 100% and 93% for color-flow imaging. Reports of lower sensitivity and specificity have been associated with errors secondary to
Prandoni and colleagues[
[69]

superior vena cava or central innominate vein thrombosis, inadequate imaging of the subclavian vein, and inability to differentiate extrinsic compression from thrombosis.
as abnormal respiratory variation or prominent venous collaterals, suggests a proximal thrombosis despite an otherwise negative ultrasound examination.

Venography may be warranted when clinical suspicion or indirect evidence, such

Clinical Utility of Venous Ultrasonography

94]
whereas the high sensitivity for proximal thrombosis makes it possible to withhold anticoagulation if serial examinations are negative. Three
[23] [47]

The high specificity of ultrasonography allows anticoagulation to be instituted without confirmatory venography,[

percent to 7% of documented thromboses have an initial study that is negative for proximal thrombosis, however, and if limited to the proximal veins, serial examinations are required.

Initial diagnostic failure rates may be higher among inpatients

131] [138]
47 62
The incidence of thromboembolism within 6 months of serially negative ultrasound examinations is less than 2%,[ ] [ ] and withholding anticoagulation in symptomatic patients with two negative
and patients with persistent symptoms.[
[19] [23]

ultrasound examinations 5 to 7 days apart has proved safe.

16]
In a cost-effectiveness analysis of several strategies, venous duplex of the proximal veins was associated with an average of 4.53 deaths per 1000 patients at
[51]

Venous duplex ultrasonography may also be more cost-effective than other diagnostic strategies.[

Addition of a second duplex study 5 to 7 days after a negative study decreased the death rate to 3.79 per 1000, but at a high incremental cost of $390,000
an average cost of $2138 per patient compared with 4.44 deaths and $2437 for routine venography.
per life saved. Strategies employing venous ultrasonography were more cost-effective than venography as long as the sensitivity and specificity remained greater than 93%.

39

Alternatives to serial duplex scanning have been proposed, but their cost-effectiveness is unknown. Among these, the combined use of D-dimer measurements and noninvasive studies may eliminate safely the need for serial studies if both are negative.[ ]
D-dimer may be an effective screening modality for outpatients with a clinically low probability of DVT. The test lacks specificity in an inpatient population. D-dimer frequently is elevated in postsurgical patients, elderly patients, trauma patients, cancer
patients, and patients with disorders associated with inflammation. A complete, technically adequate examination including the calf veins also might be more cost-effective if the safety of withholding anticoagulation after a single negative study were known.
It is common practice, however, unsupported by data, to regard a single negative and technically adequate duplex examination that includes the calf veins as adequate justification to withhold anticoagulation in a patient with a low probability of venous
thromboembolism.

Indications for Venous Ultrasonography

The accuracy, availability, and noninvasive nature of venous duplex ultrasonography have led to its widespread clinical application in a variety of symptomatic and asymptomatic patients. Compared with historical requests for venography, Glover and Bendick

[40] noted a sixfold increase in the yearly number of lower extremity venous duplex studies. Criado and Burnham[26] further estimated that approximately 7 venous duplex scans are performed for each DVT diagnosed. Despite the recognized inaccuracy of
clinical presentation, concerns about overuse and misuse of limited vascular laboratory resources have forced some consideration of the appropriate indications for venous duplex scanning. Although clinical evaluation cannot confirm or exclude the diagnosis
of DVT with absolute accuracy, it can be used to stratify patients into patients with a high or low pretest
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151]

probability of disease. Based on the presence of thrombotic risk factors, clinical signs and symptoms, and the possibility of alternative diagnoses, high-risk and low-risk groups can be defined with an 85% and 5% prevalence of DVT.[

The value of clinical screening before duplex scanning seems to be more clearly defined for symptomatic outpatients than for inpatients. The overall prevalence of acute lower extremity DVT in outpatient vascular laboratory referrals varies from 12% to 25%.

[26] [40] [50] [80] [99] [106] The prevalence of positive outpatient studies increases from 2.1% in patients without swelling or thrombotic risk factors, to 13% in patients with thrombotic risk factors but no swelling, to approximately 50% in patients with
[40]
[26] [40]
acute unilateral swelling.

Among outpatients, the negative predictive value of the absence of unilateral swelling or an existing thrombotic risk factor is greater than 97%.

Chronic unilateral swelling and bilateral swelling are associated with a

40
significant prevalence of chronic findings, although an acute DVT may be found in less than 1%.[ ] Other common indications for vascular laboratory referral, such as joint pain or cellulitis in the absence of thrombotic risk factors, are associated with an
[40]
[26] [40] [50] [106]
[26]
exceedingly low prevalence of acute DVT.

The prevalence of positive studies is higher among inpatient referrals (range 16% to 31%).

Bilateral DVT, accounting for 35% of positive inpatient studies,

and co-morbid medical

106]
Among symptomatic inpatients, acute DVT not only has been identified in 55% of patients with the acute
problems also are more common in this population. It is more difficult to define the factors that are associated with a negative inpatient study.[

onset of unilateral swelling, but also in 20% of patients with bilateral swelling.

Although the absence of acute unilateral limb swelling and recognized risk factors may identify an outpatient population with a low prevalence of positive scan findings, restricting studies to patients meeting these criteria misses 2% to 5% of patients with an

40] [151]

acute DVT.[

37] [40] [74]
and findings such as Baker’s cyst, muscle hematoma, popliteal aneurysm, joint effusion, or lymphadenopathy in 5% to 18% of
[14] [30] [131] [138] [155]

Ultrasonography also is useful for the identification of chronic DVT in 5% to 10%[

symptomatic outpatients, which may explain their clinical presentation and assist in management.

The true utility of such clinical criteria may be in selecting studies and maximizing the efficiency of scarce vascular laboratory

154

] High negative predictive value in populations with a low probability of disease and high positive predictive value among
resources. The positive and negative predictive value of any diagnostic test depends on the probability of disease in a population.[
populations with a high probability of disease justify management of negative and positive findings in these groups based on noninvasive studies alone. Ultrasound findings that contradict clinical impressions must be regarded with suspicion, however.

Venous duplex ultrasonography also frequently is employed in the evaluation of patients with suspected pulmonary embolism. Although most pulmonary emboli arise from the deep veins of the lower extremities, there are few data to support ultrasound as the
initial diagnostic test for suspected pulmonary embolism. Venous duplex is not sufficiently accurate to be used as the sole diagnostic test for pulmonary embolism. Compared with pulmonary angiography, the sensitivity and specificity of lower extremity

65

129

]
venous duplex are only 44% and 86%.[ ] Such figures are similar to the 38% sensitivity of other noninvasive lower extremity studies (pulse-volume plethysmography and continuous wave Doppler) for the diagnosis of pulmonary embolism.[
Thrombus associated with a documented pulmonary embolism may have completely embolized or involved segments such as the upper extremity, abdominal, iliac, or profunda veins that were not interrogated. Although a normal duplex scan cannot reliably
33] [37] [40] [75] [84]

exclude pulmonary embolism, initial identification of an acute DVT theoretically could avoid further diagnostic evaluation in some patients. Only 9% to 14% of venous duplex studies disclose an acute DVT in this setting, however.[

33]
40
and 1.6% of patients with neither leg symptoms nor thrombotic risk factors.[ ] In contrast, 25% to 35% of pulmonary

Positive duplex scans may be present in 40% of patients with unilateral leg symptoms but only 5% of patients without leg symptoms[

33] [84]
Most investigators have previously recommended V/Q scanning as the initial diagnostic test for suspected pulmonary embolism,

V/Q scans are either high probability or normal and require no further diagnostic testing unless clinical suspicion is low.[

[63] with lower extremity ultrasound reserved for nondiagnostic scintigraphy. Initial V/Q scanning followed by venous duplex for nondiagnostic studies and pulmonary angiography if the ultrasound study is normal are theoretically associated with the lowest
[109]
morbidity, mortality, and number of patients in whom anticoagulation is inappropriately withheld and are supported by data.

Initial venous duplex might be appropriate for patients with concurrent unilateral leg symptoms, although this presentation

33
accounts for less than 10% of patients with suspected pulmonary embolism.[ ] Although noninvasive venous testing after a diagnostic (high probability or normal) V/Q scan may be useful as a baseline for future events, this approach changes management in
[75]
only 4% of patients and has been questioned as a routine measure.

V/Q scanning has been largely replaced in most hospitals with use of computed tomography (CT) for detection of pulmonary emboli. Multidetector CT scans are readily available in most hospitals and are highly accurate for detection of proximal pulmonary
emboli. Data are so far limited, but a negative CT scan for pulmonary embolism in patients with respiratory symptoms and suspected pulmonary embolism predicts with high specificity a lack of subsequent detection of pulmonary embolism over the next 30
days. In addition, CT scanning in the setting of suspected pulmonary embolism frequently reveals chest pathology that may be clinically important and is not evident on routine chest radiograph. For patients without contraindications to contrast administration,
CT is likely to become the first-line test for patients with suspected pulmonary embolism. The low yield of ultrasound studies of the lower extremity veins in which the indication for the examination is respiratory symptoms combined only with the accuracy of
CT for proximal pulmonary emboli strongly suggests a transition from lower extremity ultrasound to chest CT in patients with respiratory symptoms and clinical suspicion for pulmonary embolism.

263

ULTRASOUND APPLICATIONS IN CHRONIC VENOUS DISEASE

116]

Chronic venous disease may result from primary venous valvular insufficiency or a previous episode of acute DVT and includes a spectrum of clinical problems ranging from telangiectasias and varicose veins to venous ulceration.[

[67]

underlying the severe manifestations of swelling, hyperpigmentation, and ulceration are similar: Valvular reflux or retrograde flow through damaged or absent valves leads to the development of ambulatory venous hypertension.

[59] [60]

obstruction also plays a role in the post-thrombotic syndrome, a combination of reflux and obstruction being more common than either abnormality alone in patients with skin changes and ulceration.

The hemodynamics

Residual venous

Despite the well-characterized hemodynamics,

125]
whereas edema occurring after an episode of DVT
however, clinical manifestations such as pain, swelling, and ulceration are not specific for venous disease. Only two thirds of patients with chronic leg ulcers have objective evidence of venous disease,[

may be due to either residual venous obstruction or the development of valvular incompetence and ambulatory venous hypertension. Evaluation of the venous system may be important in establishing an etiology for such nonspecific complaints and in defining
the severity and anatomic location of reflux and obstruction, selecting patients for extirpative or reconstructive procedures, assessing hemodynamic improvement after such procedures, and establishing the natural history of chronic venous disease.

Diagnostic Tests for Chronic Venous Disease

The ideal diagnostic test for chronic venous disease should be capable of defining the presence of residual venous obstruction and valvular incompetence, localizing these abnormalities to precise segments of the superficial and deep venous systems, and
quantifying the degree of abnormality in a manner that correlates with the clinical severity of disease. The ideal test should provide anatomic and hemodynamic information, for which descending phlebography and ambulatory venous pressure (AVP)
measurements are considered the standard reference test. In addition to their invasive nature, however, both of these studies have limitations. Competent proximal valves may prevent venographic assessment of distal reflux, whereas hyperbaric contrast

6
medium may stream past normal valves in the relaxed leg. Evaluation of the greater and lesser saphenous veins also may be limited with this technique.[ ] AVP measurements reflect the global hemodynamics within an extremity and show a linear
103] [112]

relationship with the prevalence of ulceration.[

AVP cannot localize the hemodynamic aberrations beyond the superficial or deep venous systems, however, and is influenced by reflux and obstruction. Photoplethysmography and air

13] [102] [120] [142] [149] [150]

plethysmography are other commonly used noninvasive tests for the evaluation of chronic venous disease, but they have their own specific limitations (see Chapter 15 ).[

All provide only an indirect assessment of global

venous hemodynamics, however, without precise characterization of the underlying abnormalities. Because reflux at multiple levels may be required to be hemodynamically significant, these measurements may be insensitive to isolated segmental reflux.

[120]
In contrast, duplex ultrasonography has the potential to provide anatomic and physiologic information. Valvular reflux can be identified by Doppler spectral analysis, whereas the B-mode image allows localization of anatomic obstruction and reflux to precise
segments of the venous system. Duplex scanning not only provides the anatomic information lacking in global hemodynamic tests, but also avoids the venographic limitations of proximal valve competence and hyperbaric contrast medium, while permitting

100]
6
Accordingly, it may be the most accurate test for identification of isolated but hemodynamically significant reflux in the distal deep venous segments.[ ]

valve function to be evaluated under conditions that simulate normal calf muscle pump function.[

[124]
Duplex Scanning for Chronic Venous Disease
Duplex scanning is capable of characterizing partial and complete anatomic obstruction and valvular incompetence in the deep, superficial, and perforating veins. The criteria for the diagnosis of obstruction are similar to criteria described for the evaluation of
acute DVT. Several methods of assessing valvular incompetence in the deep and superficial venous systems have been proposed, and selection of an appropriate technique requires consideration of the mechanism of valvular closure.

140 141

][
] the lower extremity valve cusps remain open while the patient is resting in the supine position. Valve closure is initiated by reversal of the resting antegrade transvalvular pressure gradient. As the
As described by van Bemmelen and associates,[
pressure gradient is reversed, there is a short period of retrograde flow, or reflux, until the gradient becomes sufficient to cause valve closure. Valve closure requires not only the cessation of antegrade flow, but also a brief retrograde flow interval of sufficient
velocity to coapt the valve cusps ( Fig. 17–4 ). At low velocities, reverse flow may persist even in the presence of competent valves. The determination of valvular incompetence requires that pathologic retrograde flow be shown in response to maneuvers that
consistently generate an adequate reverse flow velocity. Because clinically relevant reflux occurs during calf muscle contraction and relaxation in the erect position, these maneuvers should approximate the conditions of upright exercise as closely as possible.
Methods used to elicit reflux with duplex ultrasonography include the Valsalva maneuver, manual proximal compression or distal compression release, and standardized cuff compression proximal to or cuff deflation distal to the venous segment of interest. In
addition to the theoretical considerations discussed earlier, the ideal method of eliciting reflux would distinguish clearly competent from incompetent venous segments by providing a short duration of reverse flow in normal subjects and a prolonged duration

3
of reflux in symptomatic patients with incompetent valves. Although all techniques may be performed either supine or standing, the upright position is preferred because the time required for valve closure in normal subjects is greater in the supine position.[ ]
[141] With respect to the individual
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Figure 17-4 Duplex detection of valvular reflux. With reversal of normal antegrade flow, there is a brief interval of retrograde flow before valve closure. A, In the presence of a competent valve, valve closure appears as a clearly demarcated period of
retrograde flow (above the baseline) of less than 0.5 second’s duration. B, In the presence of valvular incompetence, the duration of reverse flow is prolonged.

TABLE 17-6 -- Sensitivity and Specificity of Supine Maneuvers Versus Standing Distal Cuff Deflation for Detecting Venous Reflux
METHOD (%)
Valsalva

Combined

Manual Compression

*

SEGMENT

Sensitivity

Specificity

Sensitivity

Specificity

Sensitivity

Specificity

CFV

75

86

21

98

79

86

GSV

67

100

10

100

67

100

SFV

83

97

50

97

88

93

PPV

49

98

73

88

76

88

PTV

20

99

30

92

30

92

CFV, common femoral vein; GSV, greater saphenous vein; PPV, popliteal vein; PTV, posterior tibial vein; SFV, superficial femoral vein.
From Markel A, Meissner MH, Manzo RA, et al: A comparison of the cuff deflation method with Valsalva’s maneuver and limb compression in detecting venous valvular reflux. Arch Surg 129:701–705, 1994. Copyright 1994 American Medical Association.

*Combined Valsalva and manual compression maneuvers. Reflux is considered to be present if the result of either individual maneuver is positive.
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Figure 17-5 Reflux determination using standing distal cuff deflation. The patient stands with his weight supported on the contralateral extremity. Inflation pressure is adjusted according to the hydrostatic pressure at the level of the segment being imaged

using a 24-cm cuff (Hokanson, Bellevue, Wash) inflated to 80 mm Hg for the thigh, a 12-cm cuff inflated to 100 mm Hg for the calf, and a 7-cm cuff inflated to 120 mm Hg for the foot.

Figure 17-6 Duration of reflux in individual venous segments of 30 normal extremities in response to distal cuff deflation in the standing position. The duration of retrograde flow, or reflux, is less than 0.5 second in 95% of venous segments. cfv, common
femoral vein; sfv, superficial femoral vein; prf, profunda femoris vein; pop, popliteal vein; ptc, posterior tibial vein, calf; pta, posterior tibial vein, ankle. (From van Bemmelen PS, Bedford G, Beach K, et al: Quantitative segmental evaluation of venous
valvular reflux with duplex ultrasound scanning. J Vasc Surg 10:425–431, 1989.)
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Chapter 18 - Principles of Arteriography

JUAN AYERDI MD
KIM J. HODGSON MD

Noninvasive imaging modalities, such as duplex ultrasonography, computed tomography (CT), arteriography, and magnetic resonance angiography, have gained wide acceptance in recent years because of their high diagnostic accuracy and clinical utility.
Nevertheless, arteriography remains the “gold standard” by which all other vascular imaging modalities should be judged because of its superb resolution and minimal artifactual degradation. Since publication of the previous edition of this book, arteriography
is being performed by an increasing number of vascular surgeons. Preprocedural, perioperative, and postoperative arteriography studies are an essential part of practically all of the ever-expanding number of endovascular therapeutic procedures that vascular
surgeons increasingly are incorporating into their practices. Consequently, it is imperative that vascular surgeons appreciate the techniques involved in performing arteriography and the incumbent complications and sources of error that might mislead the
diagnosis and compromise the treatment rendered to patients.
This chapter reviews the general principles applicable to arteriography, including the design of radiologic equipment, operation of radiographic gear, contrast agents, filming procedures, and the related topics of renal protection and radiation safety. Emphasis
also is placed on basic methods to improve angiographic imaging. Specific endovascular techniques relevant to angiographic procedures, such as obtaining vascular access, use of catheters and guide wires, and associated interventional procedures, are
reviewed elsewhere in this book.

BASIC CONCEPTS OF RADIOGRAPHIC IMAGE RECORDING

In its most basic form, the “cut film” radiograph, arteriographic imaging is achieved by performing radiographic exposure of a sheet of x-ray film through an anatomic region positioned between the x-ray source and the film while a relatively radiopaque agent
is within the vessel of interest. The disparate radiodensities of the contrast-filled vessel and the surrounding tissues yield an image of the contours and characteristics of the inside of the vessel. Although surgeons routinely perform “single-shot” completion
arteriograms to evaluate newly created bypass grafts, comprehensive diagnostic arteriography requires the recording of a series of images obtained while the contrast agent passes through the vessel lumen. To achieve this with cut film requires a mechanism to
move a series of x-ray films under the anatomic area of interest as the x-ray exposure is made. Such rapid-sequence film changers can transport 30 individual films at rates of 6 films per second. Viewing the results of the series of angiographic images requires
waiting for the films to be developed, which considerably prolongs the angiographic examination, particularly if subsequent interventions are performed and further angiographic re-evaluation is needed. Cut-film angiography requires the patient to be
repositioned over the film changer after catheter placement has been effected under the fluoroscopic x-ray source and image intensifier. This additional step adds time, complexity, and potential for catheter dislodgment during or before the examination.
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Other methods of recording angiographic images during contrast passage include video radiography, whereby the fluoroscopic images are recorded on videotape for later review, and cineradiography, in which the recording medium is motion picture film.
Both of these methods have inferior image resolution compared with cut-film radiography and the newer technique of digital subtraction angiography (DSA) (discussed later) and are generally considered to be inadequate peripheral vascular imaging
modalities by today’s standards. Cineradiography continues to be the mainstay of coronary angiography archival imaging, however, because the high-speed filming produces the best possible images of the heart and its vessels, which are in constant motion.
Review of each coronary contrast injection during the procedure to determine whether adequate visualization occurred typically employs videoradiography because it would be impractical to develop the cine film after each filming run.
Intra-arterial Digital Subtraction Angiography
Advances in computer data processing power have led to the development of DSA, which provides images of comparable quality to conventional film angiography. DSA involves a recording technique whereby the fluoroscopic image is amplified and
digitized, allowing for subsequent processing by many means that can enhance visualization of the structures of interest. Perhaps the most powerful of these is the “subtraction” of the radiodensities of the surrounding tissues and vessel wall from the images
obtained after contrast material has been introduced into the lumen of the vessel. Typically the computer “subtracts” the pixels of the first image of the series, referred to as the mask image, from the subsequent images. As long as there has been no movement
between the time the mask image was obtained and contrast material filled the vessel, the result is an image derived solely from the column of contrast within the lumen of the vessel without the image degradation frequently caused by the contrasting
radiodensities of the surrounding tissues. Any skeletal or visceral movement that has occurred can degrade the image substantially. Any image of the series can be designated as the mask image, however, frequently allowing the undesirable consequences of
movement occurring before the arrival of the contrast agent to be mitigated by selecting a new mask image that had been exposed after the movement occurred, but either before or after the contrast agent was within the vessel of interest ( Fig. 18–1A and B).
Consequently, when movement is observed during the filming process, filming should be continued until after the contrast agent has cleared the vessel so that these late images also are available to be used as masks to be subtracted from the contrast-enhanced
images.
A variety of other postprocessing capabilities are now commonplace on DSA equipment, permitting the trained operator to “clean up” the angiographic images substantially to yield the best possible angiographic visualization. One such capability is the
combination of multiple images to show contrast throughout the length of a vessel when any single image alone would have shown only contrast within a limited area ( Fig. 18–2 ). Using another helpful feature, the effect of movement occurring after contrast
material has entered the field of view often can be minimized by “pixel shifting” the image, whereby the mask image is slid vertically or horizontally (or both) over the contrast image to “realign” the two, negating the degrading effect of movement (see Fig.
18–1B and C). Subtraction also can be turned off so that the native image with radiographic landmarks is easily visible, a technique that aids in the performance of subsequent selective catheterizations or interventions (see Fig. 18–1D ).
The technique called road mapping allows an image of the contrast-filled vessel (the “road map”) to be displayed on the fluoroscopy monitor while a real-time image of any changing radiodensities, such as the passage of a guide wire, is visualized within the
road map. This technique can facilitate the passage of catheters and guide wires through diseased or tortuous vessels, but is sensitive to any movement of the patient that severely degrades the image. At times, fluoroscopic visualization through the road map is
suboptimal in resolution. Some radiographic units have a “fade in anatomic background” feature, which allows the density of the road map to be faded in and out to improve fluoroscopic visualization when the road map is not needed, yet maintaining the
ability to recall the captured and stored road map later, as long as the table, image intensifier, or patient has not moved in the interim. This technique allows the operator to fade in and out the anatomic background from the stored road-map run, using the road
map to see where he or she is when needed without having to endure the sometimes confounding effects of even minor movement throughout the manipulation.
Last, with DSA, image contrast, brightness, edge enhancement, sharpness, and even the color of the contrast agent (image invert) can be modified before storing or printing the image on x-ray film. Laser film printers are essential for high-quality archival
image and provide a variety of film formats, from 1 large image to 15 smaller images on a standard 14 × 17 inch sheet of film. Consequently, with only the most revealing of the images being printed, there is considerable savings in film and storage costs over
traditional cut-film angiography. Because the DSA format is digital, a newer and better storage alternative consists of storing the processed images and entire angiographic runs on digital media, such as a computer hard drive or individual CDs or DVDs.
In addition to the myriad of postprocessing capabilities, many other advantages of DSA have resulted in its supplanting cut-film angiography as the standard format in use for peripheral vascular angiographic imaging today. Because “filming” is done using
the same x-ray source and image intensifier used for fluoroscopy, there is no need to reposition the patient between catheter placement and image acquisition as required for cut film recording; this significantly expedites the examination, as does the fact that
the images obtained can be viewed immediately, without having to wait to develop the films. Any dislodgment of the catheter is immediately apparent and often can be corrected before contrast injection, avoiding unnecessary repetition of filming runs and
injection of additional contrast material. Additionally, optical and digital amplifications combined with image subtraction allows for adequate opacification with reduced volume and concentration of contrast, reducing patient discomfort (by way of reduced
contrast
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Figure 18-1 A, Image degradation caused by patient movement, most of which occurred before the arrival of contrast, permitting selection of a new mask image to minimize the effect of the movement. B, Image improvement due to new mask image
selection, choosing one closer in time to the arrival of the contrast agent. C, Further improvement obtained by pixel shifting of the image. D, Subtraction can be turned off to reveal anatomic landmarks.

Figure 18-2 A, Aortogram image early after contrast injection with good opacification of the upper aorta and renal arteries. B, Aortogram image late after contrast injection with poor proximal but good distal visualization. C, View-traced image of aortic
injection created by combining early and later images to display all regions of the vasculature despite different times of opacification.

Figure 18-3 A, Power aortogram with a 40-cm image intensifier shows bilateral renal artery stenosis. B, Magnified 20-cm view shows better definition and allows for better wire control to cross the right stenotic lesion. C, Completion aortogram after renal
dilatation with a 6 × 20 mm balloon expandable stent.

Figure 18-4 A, Single-injection, multiple-field digital subtraction angiography showing delayed opacification of the right popliteal region compared with that of the left. B, Differential opacification becomes a severe impediment to adequate visualization of
the trifurcation region on both sides. C, Selective catheterization of the external iliac artery with hand injection of contrast material produces the greatest degree of opacification and the greatest detail. Shown here is the popliteal region. D, Selective injection
of trifurcation region. E, Selective injection of trifurcation region with digital subtraction on.

Figure 18-5 A, Selective injection into the distal superficial femoral or popliteal artery may be required to image the distal runoff. B, Imaging the right leg in the right anterior oblique projection opens the interosseous window between the tibia and fibula
bones demonstrating single-vessel distal runoff with a mid-stenotic segment. C, A lateral right foot projection confirms the peroneal artery as the patent vessel with distal reconstitution of the dorsalis pedis and the posterior tibial arteries via small collaterals.

Figure 18-6 Rotational three-dimensional arteriogram of the abdominal aorta shows an infrarenal saccular abdominal aortic aneurysm.

Figure 18-7 A, Preoperative angiogram reveals abrupt occlusion of the mid-popliteal artery in a patient with acute ischemic symptoms suggestive of embolization. B, Deformation of the embolectomy balloon is noted in the popliteal region during extraction
of the thrombus suggesting an underlying stenotic lesion. C, On-table digital subtraction angiogram after embolectomy reveals the suspected mid-popliteal artery stenosis. D, Completion arteriogram after balloon dilatation of the mid-popliteal artery stenosis.

TABLE 18-1 -- Characteristics of Commonly Used Contrast Agents

CONTRAST AGENT

MANUFACTURER

STRUCTURE

IODINE CONTENT (mg/mL)

OSMOLALITY (mOsm/kg)

AVERAGE WHOLESALE
COST ($/50 mL)

Hexabrix

Mallinckrodt Medical

Ionic dimer

320

600

$53.50

Ioxlian 350

Cook Corporation

Non-ionic

350

695

$50.00

Isovue-200

Bracco Diagnostics

Non-ionic

200

413

$53.75

Isovue-300

Bracco Diagnostics

Non-ionic

300

524

$57.49

Isovue-370

Bracco Diagnostics

Non-ionic

370

796

$62.50

Optiray 160

Mallinckrodt Medical

Non-ionic

160

355

$33.00

Optiray 320

Mallinckrodt Medical

Non-ionic

320

702

$48.00

Omnipaque 140

Amersham Health

Non-ionic

140

322

$38.94

Omnipaque 300

Amersham Health

Non-ionic

300

672

$54.00

Omnipaque 350

Amersham Health

Non-ionic

350

844

$58.81

Renografin-60

Bracco Diagnostics

Ionic

292

1549

$13.35

RenoCal-76

Bracco Diagnostics

Ionic

370

2188

$18.80

Ultravist 150

Abbott Hospitals

Non-ionic

150

774

$32.06

Ultravist 150

Abbott Hospitals

Non-ionic

300

774

$42.75

Visipaque 270

Amersham Health

Non-ionic

270

290

$56.71

Visipaque 320

Amersham Health

Non-ionic

320

290

$61.75

Adapted from Drug Topics Red Book 2003. Montvale, NJ, Thompson, PDR, 2003.
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stent grafting.[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] This modality is a valuable alternative to iodinated contrast medium in selected cases, primarily owing to the absence of allergic reactions and nephrotoxicity. In addition, owing to its low viscosity,
it can be delivered through microcatheters (3F), minimizing the risk of arterial injury. Because it does not mix with blood, CO2 has no direct effect in osmolarity, minimizing the risk of fluid overload seen with the use of hyperosmolar agents in patients with

congestive heart failure. It does not produce the discomfort associated with the administration of hyperosmolar contrast agents, and it is inexpensive.

In general, the image quality achieved with CO2 is inferior to that obtained with the use of iodinated contrast agents and progressively degrades in the circulation below the inguinal ligament. Nevertheless, in most cases, clinically useful information can be

obtained. Because bowel gas interferes with CO2 angiography to a higher degree than with conventional imaging, it is imperative to take all potential measures to minimize bowel gas. The authors’ preference for abdominal aortography is to allow a clear

liquid diet the previous day, overnight fasting, and a dose of 80 mg of simethicone 30 minutes before the examination. If there is significant bowel gas artifact, an intravenous bolus of 0.5 mg of glucagon may be given. The commercially available CO2

14]

delivery system has multiple check valves and a two-way distal stopcock to ensure appropriate administration of CO2 and prevent an explosive delivery of the gas (AngioDynamics, Glen Falls, NY).[

The CO2 setup is connected to a gas tank and primed at

least three times to ensure a system that is free of air and liquid ( Fig. 18–8 ). Extreme care should be taken to avoid withdrawal of room air because the nitrogen content is not soluble and can lead to gas embolization. The use of aluminum CO2 tanks (CMD,

Gainesville, Fla) or a microfilter is recommended to prevent contamination of the system with rust formed in the tank.

The DSA image acquisition settings should be changed to subtract radiopaque adjacent structures from the relatively radiolucent CO2 -filled vessel. Because of the normal rapid dissolution of CO2 , no maximal dose recommendations exist, and clinical

judgment should be applied on an individual basis. The currently available gas bags (Angioflush III fluid collection bag; AngioDynamics, Glen Falls, NY) accommodate 1500 mL of CO2 ; larger volumes should rarely be needed (see Fig. 18–8 ). The volume

of CO2 infused is usually around 60 to 70 mL for an aortogram and iliac vessels and 30 to 40 mL for the femoral and distal vessels ( Table 18–2 ). Care should be taken to avoid underfilling of a vessel with CO2 , which can lead to overestimation of the degree

15]

of stenosis.[

CO2 may be injected rapidly by a hand technique or by a designated pump system; the injections should be spaced 3 to 5 minutes apart. For vessels less than 10-mm inner diameter, the recommended flow rates are 20 to 30 mL/sec. For larger

15]

arteries, imaging may be improved by intermittent flow with large bubbles.[

For renal CO2 angiography, the flank from the kidney to be studied should be elevated above the level of the catheter during imaging, and the patient should be placed back in the

supine position

Figure 18-8 CO2 system connected to a diagnostic catheter. The delivery system uses a three-way stopcock; a single check valve with CO2 delivery port; and a filter port, which is connected to the gas tank for filling the bag (not shown). A 1500-mL bag is

attached to the delivery system with low-pressure tubing and a two-way stopcock equipped with gas fitting. A large Luer-Lok syringe (30 to 70 mL) is required for hand insufflation.

TABLE 18-2 -- Flow Rates and Volume Infusion Guidelines for Carbon Dioxide Angiography at Various Vascular Regions
LOCATION

SUGGESTED CATHETER POSITION

INJECTION RATE (mL/sec)

TOTAL VOLUME (mL)

Abdominal aorta

At interface of L1-2

40–80

60–100

Iliac and femoral

Distal aorta or iliacs

40

40–80

Popliteal and distal

Proximal to target vessel

40

40–80

Renal and mesenterics

Selective

20–30

30–60

Inferior vena cava

Proximal vena cava

40–60

40–60

rapidly to expedite gas clearance and to minimize the risk of gas trapping. For mesenteric angiography, the supine position is favored. In lower extremity imaging, intra-arterial injection of vasodilators and elevating the extremity or placing the patient in a
slight Trendelenburg position may help because it slows the flow rate and the breakup of the gas column as it moves distally. Patient repositioning can be obtained most expeditiously with tiltable x-ray tables.

16]

Complications from CO2 angiography are extremely rare but potentially serious. Arteriographic CO2 gas infusion is best avoided above the diaphragm because of the concern of neurotoxicity. Coffey and associates[

found direct injection of CO2 in the

carotid circulation in albino rats disrupted the blood-brain barrier, resulting in multifocal ischemic infarcts and neurologic deficits. Two other studies injecting CO2 in the thoracic aorta and in the carotid arteries of dogs and rabbits did not produce any clinical,

7 17
electroencephalographic, magnetic resonance, or pathologic changes.[ ] [ ] Additional potential risks of CO2 angiography include gas trapping; embolization to the cerebral, coronary, and splanchnic circulations; and gas contamination.
14]

In one institution experience with more than 1600 arteriograms using CO2 , the only complication attributable to CO2 was a transient episode of ischemic colitis.[

This patient had received more than 2000 mL of CO2 in less than 1 hour and developed

trapping of CO2 gas in a large infrarenal aortic aneurysm, which prevented flow from going into the inferior mesenteric artery. For this reason, repeated injections should not be done when there is the possibility of CO2 gas trapping. One case of livedo

18]

reticularis, rhabdomyolysis, and fatal mesenteric ischemia in a patient who probably had a delayed CO2 clearance from the mesenteric and peripheral circulation has been described, perhaps affected by congestive heart failure.[

The authors of this report

19]
Occasional reports of patients developing transient hypotension, tachypnea, and tachycardia perhaps

warned about the use of this technique in patients with congestive heart failure. Other additional cases of mesenteric ischemia have been reported.[

11] [20]
This complication may be minimized by spacing out the injections and imaging the heart to rule out an outflow-tract vapor

secondary to pulmonary embolism or hypercarbia caused by inefficient respiratory excretion of CO2 have been published. [

10]

lock. Rare, but serious, complications, such as respiratory arrest and myocardial infarction, also have been described.[
Gadolinium Angiography

Options for angiographic evaluation of patients in whom iodinated dye contrast material needs to be minimized and in whom CO2 angiography is not an option or has provided suboptimal characterization are limited. Small-volume contrast arteriography may
be feasible in certain situations; however, in the presence of chronic renal insufficiency, the risk of contrast-related nephropathy with the administration of iodinated contrast material is increased, and even small amounts of iodinated contrast material (30 to

9 21 22
100 mL) may worsen renal function.[ ] [ ] [ ] Under these circumstances, additional information may be obtained using IVUS or gadolinium arteriography or both. IVUS usually requires larger access sheaths, does not provide direct interventional

feedback, and is not widely available.
Gadolinium is a rare earth metal that is extremely toxic in its unbound form. When bound to chelators, however, it is highly stable and has minimal toxicity. Currently, three gadolinium-based contrast agents are approved by the U.S. Food and Drug
Administration (FDA) for intravenous use ( Table 18–3 ): gadodiamide (Omniscan; Nycomed Amersham, Princeton, NJ), gadoteridol (ProHance; Bracco Diagnostics, Princeton, NJ), and gadopentetate dimeglumine (Magnevist; Berlex, Princeton, NJ).

23]

Omniscan and ProHance are low-ionic, low-osmolar agents; Magnevist is an ionic, high-osmolar contrast preparation. Less injection-related pain with the use of low-ionic, low-osmolar contrast agents may help minimize patient motion.[

The cost of these

24 25
agents can be a factor in their use (see Table 18–3 ), however. Conceivably the same concerns about renal toxicity related to the ionic composition and osmolality of standard contrast agents may apply to the use of gadolinium.[ ] [ ] Gadolinium-enhanced
arteriography has been performed successfully in a wide variety of clinical settings, including arteriography of the cerebrovascular, abdominal aorta, renal, mesenteric, and peripheral vascular circulations; for inferior vena cava filter placement; and for

8 9 26 27 28 29 30
evaluation of renovascular disease in patients with unexpected worsening of a preexisting kidney transplant.[ ] [ ] [ ] [ ] [ ] [ ] [ ]
The maximal FDA-recommended intravenous doses of gadolinium are 0.3 to 0.4 mmol/kg, which translates into 10 to 50 mL of solution, for a normal–body weight person. The intra-arterial use of gadolinium represents an off-label use of
TABLE 18-3 -- Characteristics of Food and Drug Administration–Approved Gadolinium Agents for Intravenous Use
AGENT

MANUFACTURER

OSMOLALITY (mOsm/kg)

AVERAGE WHOLESALE COST ($/10 mL)

Omniscan

Nycomed Amersham

789

$68.24

ProHance

Bracco

630

$77.50

Magnevist

Berlex

1960

$73.03

Adapted from Drug Topics Red Book 2003. Montvale, NJ, Thompson, PDR, 2003.
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an FDA-approved medication. Consequently, there is no agreement as to the maximal doses for intra-arterial administration. Complete angiographic evaluations and most interventions usually would require doses of gadolinium that exceed the FDA

26

recommendations for venous use, and even though larger doses have been well tolerated,[ ] the amount used should be kept close to the recommendations, using it as an iodinated contrast adjunct, rather than a total substitute. Gadolinium can be
administered by a power injection or by hand injection. Owing to dose limitations, however, careful planning is vital. A variable filming program with a frame rate of two to three images per second for 3 seconds and one to two images per second for 5

30] [31]

seconds with a higher kVp, according to the system specifications, may be advantageous.[

The best clinical arteriographic use of gadolinium is in clinical situations in which the preliminary angiographic planning has been performed with CO2 arteriography or IVUS, image angulations have been defined, and selective catheterization has been

performed. Then the target pathology is confirmed, and therapy is carried out with gadolinium assistance. Exclusive gadolinium arteriograms may be desirable in lieu of CO2 in patients requiring cerebrovascular or upper extremity imaging or patients with
large abdominal aortic aneurysms requiring aortic or mesenteric angiography because of the potentials for cerebral air embolization and mesenteric gas trapping ( Fig. 18–9 ). Intra-arterial gadolinium is easily visualized and provides better opacification than

30]

CO2 . Although the overall vessel enhancement with gadolinium is inferior to that of regular iodinated contrast material, this is usually of no practical significance. Spinosa and colleagues[

found that the image quality from a power aortogram of the

abdominal aorta and main renal arteries is comparable using half-strength iodinated contrast material or full-strength gadolinium. There are significant quality differences between these agents, however, regarding opacification of segmental renal branches.
This limitation can frequently be overcome with selective infusions ( Fig. 18–10 ).

8 9 26 27 28 29 30
The most commonly reported adverse events with gadolinium include nausea, headache, and dizziness. Clinically significant changes in vital signs or cardiovascular, neurologic, or liver functions have not been reported.[ ] [ ] [ ] [ ] [ ] [ ] [ ]
[32] [33] [34] Allergic reactions to gadolinium have been estimated at only 0.016%.[35] As with other radiographic contrast agents, gadolinium may cause nephrotoxicity by the combined effects of direct cellular toxicity and hyperosmolarity. Gadolinium

is thought to be much less toxic to renal tubular cells, however, compared with iodinated agents, despite their similar excretory profiles. Most of the renal complications associated with high doses of gadolinium have been transient, suggesting a nonspecific
osmotic response, and all of them have occurred in patients with underlying renal insufficiency. Consequently, when using gadolinium, the same prophylactic measures to prevent contrast-induced nephropathy used with iodinated contrast agents should be
applied.

8 9 26 27 28 29 30

32 36

Clinically, renal function with gadolinium usually has been well preserved even at high doses.[ ] [ ] [ ] [ ] [ ] [ ] [ ] Only rare cases of renal failure or acute pancreatitis have indirectly been attributed to its arteriographic use.[ ] [ ] In one
retrospective review of patients with chronic renal insufficiency, defined by a creatinine clearance of less than 80 mL/min/ 1.73 m2 , only 3.5% (7 of 195) of patients who received intravenous or intra-arterial doses of gadolinium greater than 0.25 mmol/kg

37]

developed acute renal failure.[
(9.5% versus 1.9%).

In this series, higher doses of gadolinium were administered during arteriography than during standard magnetic resonance imaging, and patients receiving it intra-arterially were more likely to develop acute renal failure

CONTRAST-RELATED TOXICITY
The toxicity of contrast agents, and specifically iodinated agents, is thought to be principally due to their hyperosmolality. Other factors, such as the side chains on the benzene ring, do exert an influence on the toxicities of these agents, but these differences
are fairly minor. Predisposing factors to the development of iodinated contrast agent side effects include advanced or very young age, dehydration, renal disease, history of previous contrast reactions, asthma or bronchospasm, other allergies (e.g., seafood and

1 38
hay fever), hematologic and metabolic conditions (diabetes, sickle cell anemia, polycythemia, myeloma, and pheochromocytoma), medications (metformin, beta blockers, interleukin-2, aspirin, and nonsteroidal anti-inflammatory drugs), and anxiety.[ ] [ ]
[39] Adverse events from contrast agents can be considered in two distinct categories: general and organ-specific toxicities.
General Contrast-Related Toxicity
The pathophysiology of acute or delayed side effects from iodinated contrast material has not been well defined and most likely is multifactorial. Most of these reactions are considered to be idiosyncratic (a genetically determined, qualitatively abnormal
reaction to a drug related to a metabolic or enzymatic deficiency) or pseudoallergic (an immunologically mediated reaction, which differs from an allergic one in that it lacks immunologic specificity, resulting in nonspecific complement activation and

40

40

nonspecific histamine release).[ ] They are unpredictable; are dose independent; and may involve the liberation of histamine and other humoral mediators, including serotonin, prostaglandins, bradykinin, leukotrienes, adenosine, and endothelin.[ ] The
most common acute general side effects of contrast injection are nausea, vomiting, and discomfort in the distribution of the vascular bed into which the contrast agent is infused. The discomfort is largely related to the osmolality of the contrast agent, with

23

38

hyperosmolar agents causing greater discomfort.[ ] Below a threshold level of 400 to 500 mOsm, patients usually do not experience any significant discomfort. Nausea and vomiting also are thought to be related to the osmolality of the agent used.[ ] For
a given osmolality, non-ionic agents tend to produce less nausea and vomiting than ionic agents. Because anxiety and apprehension have been associated with an increased incidence of adverse reactions, efforts should be made to keep patients calm and
comfortable. Intravenous analgesics and sedatives, such as midazolam (Versed) (1 to 2 mg IV), nalbuphine (Nubain) (5 to 10 mg IV), fentanyl (25 to 100 μg IV), and morphine (5 to 10 mg), may be administered as needed to achieve the desired degree of
patient comfort.
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Figure 18-9 A, Gadolinium selective right carotid angiography confirmed high-grade early restenosis in a patient with significant chronic renal dysfunction. B, Predilatation of the right internal carotid artery stenosis with a 4-mL puff hand injection of
gadolinium. C, Completion gadolinium arteriogram after deployment of a nitinol self-expanding 7 × 30 mm stent.

Figure 18-10 A, Selective gadolinium angiogram of a recurrent ×2 in-stent restenosis of the left renal artery in a patient with flush pulmonary edema. B, Completion gadolinium angiogram after angioplasty of the left renal artery stent with a 14 × 15 mm
cutting balloon.

TABLE 18-4 -- Medicare-accepted Indications for Use of Non-ionic Contrast Media
Previous history of contrast reaction (beyond a sensation of heat, flushing, or a single episode of nausea or vomiting)
History of asthma
History of other allergies (e.g., foods, drugs, pollens)
Presence of significant cardiac dysfunction (e.g., recent cardiac decompensation, unstable angina, severe arrhythmia, recent myocardial infarction, pulmonary hypertension)
Presence of generalized severe debilitation (e.g., diabetes mellitus, renal failure, multiple myeloma, shock, respirator dependency, paralysis, cachexia, dehydration, leukemia, COPD)
Presence of sickle cell anemia
COPD, chronic obstructive pulmonary disease.
Adapted from the Medicare Hospital Manual, Section 443g 1 and 2. Available at http://www.cms/gov/manuals/10_hospital/ho441.asp.

including Medicare, are becoming more insistent on documentation of “need” to justify the use of non-ionic agents. Although “acceptable” indications may vary from provider to provider, Table 18–4 lists conditions generally believed to justify the use of non-

108]

ionic contrast preparations.[

From the clinician’s perspective, non-ionic agents are also the agents of choice because patient comfort during the procedure translates to an easier and less stressful examination. Contrast-related pain, “hot flashes,” and muscle spasm often result in patient
movement with resultant image degradation. This degradation can be particularly problematic during filming of diseased distal lower extremity vasculature where transit times are slow. Movement occurring after contrast material has entered the field of view
is difficult to negate by remasking or pixel shifting. Stepped or staged multiple-field DSA studies, by virtue of the time span between procurement of the contrast material and mask images, may be impossible to perform because of excessive movement. Last,

24

the reduction in overall adverse reaction rates with non-ionic, iso-osmolar agents simplifies the physician’s role and facilitates the conduct of an expeditious examination. A meta-analysis[ ] of pooled data from 31 clinical trials evaluating the nephrotoxicity
of high-osmolality versus low-osmolality radiographic contrast agents found the use of low-osmolality agents to be beneficial to patients with renal insufficiency. More recently, a randomized, prospective, multicenter study comparing two low ionic agents,

25

one an iso-osmolar agent and the other a low-osmolar medium, showed a significant reduction of CN with the use of the iso-osmolar agent in patients with chronic diabetic nephropathy.[ ] These authors found that use of the iso-osmolar contrast agent was
associated with a 3% incidence of CN, defined by an increase in serum creatinine of at least 0.5 mg/dL, versus 26% with the use of a low-osmolar agent. Lowering the threshold for the definition of CN to 1 mg/dL, the incidence of CN was 0% in the iso-

25]

osmolar group and 15% in the low-osmolar group.[

Consequently, low ionic, iso-osmolar agents should be the preferred angiographic medium for high-risk patients.

CONTRAST ADMINISTRATION
Angiographic evaluation of large high-flow vessels, such as the aortic arch, abdominal aorta, or vena cava, requires relatively large volumes of contrast material infused over a brief period. Full-strength contrast material typically is required in these locations
because of the dilutional effect of the bloodstream. Consequently, it is not generally feasible to inject the necessary quantities of relatively viscous dye by hand, and a power injector is used. These devices allow infusion of pre-set volumes of contrast material
over selected periods, typically large volumes within several seconds. Pressure limits also can be set to ensure that an inappropriately forceful and potentially injurious jet of contrast material is not injected or to prevent catheter rupture in the event of a kink in
the catheter. Typical contrast injection volumes, methods, and rates are detailed in Tables 18–5 and 18–6 . In contrast to angiography of high-flow vessels, in which power injection is typically required, the reduced volume and concentration of contrast
material needed for selective catheter studies makes hand injection feasible and offers several advantages. Chief among these is the efficiency of effecting catheter placement and proceeding directly with filming rather than having to switch from the hand-held
syringe to the power injector each time a filming run is performed, while still allowing for heparinized flushing of the catheter after contrast injections if a manifold system is being used ( Fig. 18–11 ). This is particularly advantageous with tenuous
catheterizations in which delays and extraneous movements may result in dislodgment of the catheter. Hand injection allows the
TABLE 18-5 -- Typical Contrast Injection Volumes, Methods, and Rates for Various Vascular Regions
LOCATION

SUGGESTED METHOD

INJECTION RATE (mL/sec)

TOTAL VOLUME (mL)

Aortic arch

Power injection

20

40

Selective carotid

Hand or power

5–10

10

Selective vertebral

Hand injection

3–5

5

Selective subclavian/brachial

Hand or power

5–10

10

Abdominal aorta

Power injection

20

40

Renal/mesenteric

Hand injection

5–10

10

Iliac artery

Hand or power injection

10

10

Infrainguinal segments

Hand or power injection

5–10

10

Aorta to pedals, stepped run

Power injection

20
90

* Full-strength contrast agent; all others typically performed with half-strength contrast agent when using digital subtraction angiography. Gadolinium injections are usually full strength.
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TABLE 18-6 -- Recommended Radiographic Filming Projections for Optimal Branch Separation
LOCATION

RECOMMENDED FILMING PROJECTION

Aortic arch

30° left anterior oblique

Cervical carotids

AP and lateral

Intracranial carotids

AP and lateral

Vertebrobasilar system

AP and lateral

Right subclavian

Right anterior oblique

Renal artery origins

AP ± 10°

Celiac/SMA origins

Lateral

Iliac bifurcation

20° contralateral anterior oblique

*

Femoral bifurcation

20° ipsilateral anterior oblique

Trifurcation and tibials

Anatomic AP (or 20° ipsilateral anterior oblique with feet in the neutral supine position)

AP, anteroposterior; SMA, superior mesenteric artery.

contrast volume and infusion rate to be varied during the examination as needed to achieve the desired opacification. An additional advantage is the ability to vary the concentration of contrast material used with each injection by mixing different proportions
with saline when refilling the syringe. Because power injectors generally hold 200 mL of contrast solution, when they are filled, it is more difficult to alter the concentration from run to run. As with all selective catheter injections, care must be taken during
hand injections to ensure that the force of the stream of dye exiting the end of the catheter does not propel the catheter out of the selected vessel or cause injury to the vessel by the jet effect of fluid out the distal end-hole. The chief disadvantage of hand
injection angiography in situations suitable for either power or hand injection is the increased radiation exposure to the physician who is in closer proximity to the x-ray source than would be necessary with the power injection technique.

For distal evaluations using a proximally placed catheter, pre-injection of contrast before image acquisition can reduce radiation exposure by eliminating pointless filming before the arrival of the contrast agent. The delay between contrast injection and
initiation of filming depends on the severity of intervening occlusive disease and the cardiac output of the patient. The location of the catheter relative to the area of interest is another variable to take into consideration, with more selective (distal)
catheterizations resulting in earlier and more complete vascular opacification. Ultimately, judgment about the significance of each of these factors and their effect on contrast transit time develops with experience and guides the angiographer’s decisions about
proper timing of the injection and filming. Even with selective catheterization, more concentrated dye may be required to achieve adequate opacification of distal vessels, particularly if there is significant upstream occlusive disease that slows contrast transit
and permits greater contrast dilution during transit through collateral vessels. If opacification remains suboptimal despite use of full-strength contrast media and a selectively positioned catheter, visualization may be enhanced by larger dye loads, mechanical
or pharmacologic reactive hyperemia, or occlusion balloon angiography. These techniques are described in Chapter 51 .

Figure 18-11 Rapid and convenient setup for selective angiography contrast mixing and delivery. The control syringe and manifold setup facilitate reloading after each contrast injection with one hand operating the syringe and the other regulating the
proportions of contrast material and saline in the final mixture via the stopcocks on the manifold. Between injections, the saline line can be left on flush to keep the catheter irrigated. The third three-way stopcock allows continuous pressure monitoring when
connected to a transducer and alternatively may be used to fill the contrast container in a retrograde fashion from remnants of contrast material in the power injector. After the contrast container is reloaded, the system is connected back to pressure.

Figure 18-12 A, Completion aortic endograft angiogram in the anteroposterior projection giving the appearance of overriding of the endograft on the left renal artery. B, Unsubtracted visualization of the endograft stent rings revealing them to be out of
alignment, consistent with anterior angulation of the aortic neck. C, Completion angiogram obtained in the 36-degree cranial projection, which aligns the front and back apices of the endograft and reveals that the endograft is well clear of the left renal artery.

Figure 18-13 Pelvic arteriogram taken in the 30-degree right anterior oblique position, which splays out the contralateral iliac and ipsilateral femoral bifurcations.

Figure 18-14 A, Aortic arch arteriogram with 30-degree left anterior oblique angulation displays a high-grade innominate artery stenosis. The origin of the right subclavian artery is obscured by the common carotid artery. It is essential to obtain a run with a
right anterior oblique angulation to display the origin of the right subclavian artery. B, Completion arteriogram after angioplasty and stenting of the innominate with an 8 × 20 mm balloon expandable stent and cerebral protection with a surgical cut-down
occlusion of the common carotid artery for right-hand claudication.

Figure 18-15 A, Anteroposterior aortogram shows a prominent splenic vessel and readily apparent superior mesenteric artery arcade. No apparent meandering mesenteric artery or large collateral between the mesenteric circulations was appreciated. Note
patent bilateral common iliac stents and absent flow through the hypogastric arteries bilaterally. B, A lateral aortogram reveals a patent celiac axis with an approximately 50% to 60% stenosis at its origin. The superior mesenteric artery shows no significant
occlusive disease. The inferior mesenteric artery is not visualized. C, Anteroposterior arteriogram shows single renal arteries to both kidneys. The inferior mesenteric artery is noted with large collaterals to the marginal artery of Drummond and a prominent
ascending meandering artery of Riolan. The distal superior mesenteric artery appeared to reconstitute at the mid-portion by retrograde filling from ileal and jejunal branches. D, Lateral mesenteric view shows occluded celiac and superior mesenteric vessels.
The celiac stump can be identified by the presence of heavy calcific plaque in its anatomic position.

Figure 18-16 A, CT scan shows right and left renal arteries arising off of the anterior surface of the aorta. The best radiographic view for each of these would be the 10- to 15-degree contralateral anterior oblique position. B, Flush aortogram in the
anteroposterior position suggesting a right renal artery (large arrow) stenosis at the renal orifice. Also noted is a branch vessel (small arrow), which, in this view, appears to arise from the aorta itself. C, Flush aortogram in the 15-degree left anterior oblique
position to evaluate better the origin of the right renal artery. This projection reveals that the right renal artery (large arrow) stenosis is not truly orificial, suggesting that the branch vessel (small arrow) arises from the renal artery directly. D, Selective right
renal angiogram obtained in the 15-degree left anterior oblique position, producing the best opacification and characterization of the renal artery stenosis and delineation of the origin of the branch vessel.

Figure 18-17 A, Left iliac angiogram obtained after aortic endografting, with an Amplatz super-stiff guide wire in place through the iliac system. Forced straightening of the external iliac artery produces the appearance of multiple luminal stenoses. B, Same
left iliac angiogram immediately after removal of the guide wire shows that when the iliac arteries resume their natural configuration, the “stenoses” resolve.
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Chapter 19 - Principles of Venography

LOWER EXTREMITIES
Ascending Venography

19]

The diagnosis of lower extremity deep venous thrombosis (DVT) was largely a clinical one until the 1960s, when contrast venography became a part of standard medical practice.[

17

7
First introduced by Berberich and Hirsch[ ] in 1923, lower extremity
35

5

venography was used by dos Santos[ ] in 1938 to confirm a clinically suspected diagnosis of DVT. The technique evolved over many years and became the “gold standard” for the diagnosis of DVT.[ ] In 1940, Bauer[ ] published details of normal
venographic anatomy and of the venographic appearance of acute and chronic DVT ( Figs. 19–1 , 19–2 , 19–3 , 19–4 , 19–5 , 19–6 ). Early leg venography required venous cut-down for access to the deep venous system, but this technique was modified by

39]

Welch and coworkers,[

who recommended contrast injection into a superficial vein in the foot with a tourniquet applied above the ankle to prevent filling of the superficial veins, which often obscured the deep system. Diagnostic criteria for DVT were

16]

established in 1963 by DeWeese and Rogoff,[

who reported their review of 100 positive leg venograms.

18] [23] [26] [27] [32] [35]
Even as the technique has been refined and the examination has been made safer and less painful with the use of

In past decades, the technique used for lower extremity ascending venography has been modified many times.[
modern contrast agents, it remains a
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Figure 19-1 Normal right leg venogram. A, Lateral calf projection. B, Anteroposterior knee. Anterior tibial veins (small arrow), peroneal veins (short arrow), posterior tibial veins (arrowhead), gastrocnemius veins (open arrow), great saphenous vein (curved
arrow), and popliteal vein (long arrow).

Figure 19-2 Acute thrombus in the deep femoral and great saphenous veins. The deep femoral vein (short arrows) and great saphenous vein (long arrow) are shown. The femoral vein is occluded.

Figure 19-3 Acute thrombosis of the soleal veins. Arrows indicate fresh thrombus filling the soleal veins.

Figure 19-4 Subacute thrombus in the popliteal vein. Arrows denote retracted thrombus indicating subacute thrombosis.

Figure 19-5 Chronic popliteal venous thrombosis. Note extensive recanalization of the popliteal vein (open arrows) and relatively large caliber of the great saphenous vein (solid arrow).

Figure 19-6 Chronic deep venous thrombosis. Note extensive collateral channels and nonvisualization of normal deep venous structures.

Figure 19-7 Incompetent medial calf perforating veins. Single-frame image of a videotape shows free flow of contrast material from the posterior tibial vein through the incompetent perforating veins (arrows) into the superficial varicose veins.

Figure 19-8 A-C, Descending left leg venogram shows grade 4 reflux. Note lack of valves in the femoral vein (solid arrow) and the large caliber of the popliteal vein (arrowhead). The deep femoral vein (open arrow) is shown.

TABLE 19-1 -- Venographic Categories of Deep Venous Reflux
GRADE
0

Normal valvular function with no reflux

1

Minimal reflux confined to the upper thigh

2

More extensive reflux, which may reach the lower thigh; a competent valve is present in the popliteal vein, and there is no reflux to the calf level

3

Reflux as above, but associated with popliteal valvular incompetence and leakage of contrast material into the calf veins

4

Virtually no valvular competence with immediate and dramatic reflux distally into the calf; this type of reflux often opacifies incompetent calf perforators

From Kistner RL, Ferris EB, Rawdhawa G, et al. A method of performing descending venography. J Vasc Surg 4:464–468, 1986.
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iliac vein. The catheter is fixed to the groin with sterile adhesive strips to prevent dislodgment when the patient is upright. The contralateral leg is supported with a small platform, as with ascending venography, so that no weight is borne on the limb to be
examined.

With the patient in the semi-upright position, contrast material is injected by hand through the femoral catheter. Iodinated contrast, 20 to 30 mL, with a concentration of 200 mgI/mL is used. As the contrast material is injected, the patient is asked to perform a
sustained Valsalva maneuver to enhance evidence of valvular incompetence. We record the study by videotaping the live fluoroscopic examination as the patient undergoes evaluation from the femoral region to the knee and below. Specific areas of interest
can be studied further with sequential contrast injections to optimize image capture of valve location and function and extent of reflux. The videotape format is ideal for this examination, and we no longer take spot films during descending venography.

UPPER EXTREMITY VENOGRAPHY
Venography of the upper extremity is normally performed for evaluation of the central veins of the arms and chest. Although primary axillary-subclavian vein thrombosis is relatively uncommon (<2% of all DVT), the incidence of central venous occlusion is

15] [33] [38]

still rising because of the increasing use of long-term central venous catheters and transvenous cardiac pacers ( Fig. 19–9 ).[

Figure 19-9 Chronic thrombosis of the superior vena cava, the innominate veins, and the subclavian veins caused by cardiac pacer wires. Chronic subclavian venous thrombosis (long arrow), innominate vein (short arrow), and expected location of the
superior vena cava (wide arrow) are shown. Note reflux of contrast material up the left internal jugular vein (open arrow).

Figure 19-10 Acute thrombosis of the left brachial vein. Arrows denote fresh thrombus in the brachial vein.

Figure 19-11 Bilateral upper extremity venogram in a patient with bilateral thoracic outlet syndrome. A, Neutral position. Note chronic thrombosis of left subclavian vein (arrow). B, Abduction view. Arrowhead denotes impingement of the right subclavian
vein at level of the first rib.

Figure 19-12 Normal inferior vena cavogram. A, Note wash-in of unopacified blood from the renal veins (long arrows) and the left ascending lumbar veins (small arrow). B, Selective left renal venogram confirms location of the renal vein. C, Selective left
lumbar venogram.

Figure 19-13 Inferior vena cavogram. Arrows indicate extension of a thrombus from the left common iliac vein into the inferior vena cava.

Figure 19-14 Chronic occlusion of the inferior vena cava. Note extensive recanalization of the inferior vena cava and large ascending lumbar collateral channels (arrows).

Figure 19-15 Digital subtraction right hepatic venogram. Note the main right hepatic vein (large arrow) and detail of the hepatic venous branches (small arrows).

Figure 19-16 Budd-Chiari syndrome. Right hepatic venogram shows occlusion of the central hepatic venous channel with multiple intrahepatic collaterals.
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Chapter 20 - 3D Image Processing

HUGH G. BEEBE MD

Blood vessels and the lesions that affect them exist in three dimensions. Ideal imaging methods for vascular diagnosis or therapeutic procedure guidance ought to provide three-dimensional (3D) representations for clinical and research activities. Since

November 1895, when Roentgen made pictures of his wife’s hand by x-ray beams, two-dimensional (2D) imaging has flourished using ionizing radiation and a variety of other methods. This practice has long worked well when such 2D images were
interpreted by physicians well trained in recognizing and overcoming their limitations. What enhanced value does 3D image processing provide that makes it worth the time, trouble, and cost? Among the advantages of 3D image processing are the following:
1.
2.
3.
4.
5.

Intuitively more obvious images that can be understood and evaluated with greater ease and efficiency by the observer
Reduced requirements for professional trainees learning image interpretation for the purpose of clinical decision making
Greater accuracy for measurement of lesions or disease effects on blood vessels
New imaging interpretation and analysis methods that are not possible without 3D data
Potential improvement of endovascular procedures by making them more intuitively familiar and less subject to artifacts and errors of 2D images

To achieve 3D graphic presentation of indirectly visualized structures requires processing acquired imaging data into a subsequent form by a variety of methods. Today the availability of computer programs to accomplish this is widespread, but there must be
careful and sophisticated evaluation of the process of transforming images into 3D models to validate the process. It is not correct to assume that a 3D result is useful for medical purposes without proof through empirical testing that what is shown accurately
represents anatomic structures. The borderline between “art” and science can be approached when competition between commercial enterprises results in marketing efforts that may degrade anatomic truth in favor of visually appealing images. The clinician or
researcher evaluating image processing must evaluate proof of accuracy in addition to other features, such as image quality and measurement tools.
This chapter reviews 3D image processing from a clinical perspective as it is currently used to enhance the value of vascular images generated from radiographic, magnetic resonance, and ultrasound sources. This chapter should be read in conjunction with
Chapter 21 , which has a more technical focus, but also gives examples of 3D imaging. These examples illustrate general principles that apply to other sources of medical imaging data as well.

REAL 3D VERSUS “FAKE” 3D
An image may be “3D” in perspective without truly being 3D, and it is important for clinicians to distinguish images that present length, breadth, and depth appearance but really lack 3D data. One of the easiest ways to understand this distinction and its
significance for clinical use is to consider two images both of which appear to be 3D, but one of them is not.
Consider first an image created by a 19th-century stereoscope. This simple device uses a pair of 2D photographs, each taken from the same point but at a slightly different angle. When placed side-by-side and viewed through a simple lens system similar to
binoculars, the images can be caused to align in register even though seen separately by each eye. The observer’s brain processes these image data as if he or she were looking at the natural object with physiologic parallax, and it appears to be a 3D image
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Figure 20-1 This 19th-century device, called the “stereoscope,” used 2D images of a single object with parallax differences. A 3D impression was achieved by introducing the images separately into each eye. In effect, the visual cortex of the brain is doing 3D
processing when the images are perceived as one.

Figure 20-2 The appearance of an aortic aneurysm with a stent graft as it is rotated within 3D processing software on a personal computer. Assembling the 2D axial CT data to create a “rotatable object” enables the anatomy to be viewed continuously from
any angle.

Figure 20-3 A, An axial CT slice shows a large abdominal aortic aneurysm with thrombus filling most of the lumen (arrows). B, An image of this aorta processed by shaded surface display shows an aneurysm that is intuitively obvious. The extent of the
aneurysm is not accurately shown because of arbitrary selection of image processing variables.

Figure 20-4 These two MIP images of a normal pulmonary circulation show the striking effect of slice thickness on the information conveyed by the image. A, A 1-mm-thick reconstruction of the CT scan shows relatively little of the blood vessels within the
lung. B, An 8-mm-thick slice shows a more accurate depiction of the vasculature by including a large tissue volume with an appropriately chosen radiodensity window.

Figure 20-5 A still image from an endoluminal motion series shows the aortoiliac segment of a patient with abdominal aortic aneurysm. The relationship between visceral artery branches at the level of the proximal infrarenal aorta can be readily appreciated.
LRA, left renal artery; RRA, right renal artery; SMA, superior mesenteric artery.

Figure 20-6 A, Schematic representation of the usual way in which an ultrasound transducer is moved during image acquisition by rocking back and forth to change the beam angle. B, Schematic representation of the problems in image registration created
when acquiring an ultrasound image using “freehand” motion over a region.

Figure 20-7 A 3D image of a carotid artery bifurcation created by freehand scanning with position registration together with software that “stacks” transverse ultrasound images to create a 3D object. One representative slice is shown in the model.

Figure 20-8 This 3D model of a carotid artery with a localized lesion was created by moving the ultrasound transducer on a motorized gantry across the region of interest. With precise image acquisition, plaque volume can be measured.

Figure 20-9 These images of an abdominal aortic aneurysm after endografting were made by external ultrasound by stacking a series of transverse images. On the left is the abdominal aortic aneurysm sac, in the middle is a surface display of the endograft, and
on the right is a mesh view created by computerized image processing that shows the stent graft within the abdominal aortic aneurysm.
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Chapter 21 - Computed Tomography, CT Angiography, and 3D Reconstruction for the Evaluation of Vascular Disease

1
Since the 1990s, there has been a trend in preoperative imaging for vascular surgery primarily toward less invasive techniques. It was previously believed that preoperative angiography was necessary for repair of abdominal aortic aneurysms (AAAs),[ ] but

2 3
technologic advances ultimately led many surgeons to perform open AAA repair on the basis of computed tomography (CT) alone.[ ] [ ] Ironically the less invasive technique of endovascular aneurysm repair led to a new requirement for preoperative
4
angiography, but this problem also has been solved by advanced imaging techniques.[ ] Similar trends toward eliminating preoperative angiography have occurred (or are occurring) with carotid endarterectomy and lower extremity arterial bypass procedures.
[5] [6] As with many technologic advances, however, the process of image creation continues to become more difficult for the average end-user to understand. Although the typical vascular surgeon can perform clinical evaluation and decision making
without an understanding of the basic principles behind CT, these concepts remain important. A firm grasp of the basic concepts of CT technology is necessary so that the limitations, artifacts, and opportunities for image optimization are not overlooked. A
better grasp of the image creation process and terminology also aids collaboration between radiologists creating the images and the surgeons who use the images to plan surgical intervention. Last, an understanding of the basic concepts enhances the ability of
the surgeon to understand technologic advances as they become the new standard of care.

BASIC CONCEPTS AND TECHNOLOGY
Conventional CT
Computed tomography is aptly named—a structure is mapped and displayed as graphic “slices” with the assistance of computer technology. Work in the 1960s by Hounsfield eventually led to production of the first clinical CT scanner, produced by Elector-

7

Musical Instruments Limited and installed in Atkinson Morleys Hospital, Wimbledon, England, in 1971.[ ] Many of the principles used in this “first-generation” CT scanner are still in use today and provide a framework for understanding the technology. As
with most imaging modalities, the fundamental unit for this CT scanner consists of an emitter and a detector—an x-ray beam is transmitted through the tissue and detected on the other side. The emitter produces a thin (highly collimated) x-ray beam that
sweeps in linear fashion across the body cross-section ( Fig. 21–1 ). The detector moves simultaneously with the emitter as a unit, recording data from 160 separate, parallel, and immediately adjacent beams. The emitter and detector units are mounted within a
gantry, which is rotated 1 degree before another linear, transverse sweep takes place. This process is repeated through 180 degrees of rotation, producing the data necessary to form a 160 × 160 matrix for a single cross-sectional image.

The data collected by the detector is the attenuation of the x-ray beam. Attenuation is the rate of reduction of x-ray energy recorded at the detector. Attenuation increases with increased thickness, density, or atomic number of the material the beam passes
through, and attenuation decreases with increased peak kilovoltage (kVp) of the x-ray beam. X-ray energy interacts with tissue to produce attenuation by means of atomic ionization events via the photoelectric and Compton effects. The importance of these
effects is beyond the scope of this text, but suffice it to say that the energy levels used in CT indicate that soft tissue interactions involve primarily the Compton effect. Images are mostly a result of the physical density and electron density of the tissue being
imaged and the energy of the x-ray beam. The CT number was defined to simplify quantification of the linear attenuation coefficient (μ) produced by a tissue at a given x-ray beam energy by normalizing it against the attenuation coefficient of water. The CT
number is defined as: K(μ − μ H2 O) /μ H2 O, where K is a constant, μ is the attenuation coefficient of the tissue, and μ H2 O is the attenuation coefficient of water. When a scaling constant (K) of 1000 is used, the CT number is said to be expressed in
Hounsfield units (H).

8
Clinically, CT numbers range from the extremes of air (−1000 H) to dense bone (1000 H), but fat (−20 to −100 H), water (0 H), and muscle and blood (40 to 60 H) tend to lie in a much narrower range.[ ] Differences in factors such

Figure 21-1 Principle of operation for a first-generation CT scanner.
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Figure 21-2 Principle of operation for a third-generation CT scanner.

Figure 21-3 Data acquisition versus data display.

Figure 21-4 Conventional versus spiral CT scan gantry motion.

Figure 21-5 A and B, Discontinuous versus continuous data for conventional and spiral CT.

Figure 21-6 A-C, Because spiral CT data are acquired and stored over a continuous volume, they can be used to create axial, coronal, and sagittal sections. For display purposes, the nonuniform voxel can be interpolated into a cube, but the quality of the data
still depends on the length of the original voxel (which is determined by the collimation). Reformatting CT data into coronal, sagittal, or other nonaxial planes is often referred to as multiplanar reformatting.

Figure 21-7 Clinical examples of multiplanar reformatting. A, Coronal reformat displaying the aorta of a patient with an infrarenal aneurysm. The more proximal aorta is not seen because it is out of the plane of this CT slice. The renal arteries are seen, but it
is unclear whether they are stenotic or whether the origin of both renal arteries would be seen in a different section (hence the need to view multiple coronal and axial CT slices). The left renal artery origin is actually stenotic, but the right is not. B, Sagittal
reformat of the abdominal aorta, showing the celiac artery. The superior mesenteric artery is seen in a different sagittal section. C, Curvilinear reformat. To see a long segment of the aorta and the right iliac artery together on one CT slice, the data are
reformatted along a warped plane corresponding to the lumen. A cursor is used to plot a line through the tortuous lumen of the aorta seen in A, and the data are reformatted along this highly curved plane (inset). D, Magnified view of the inset from C, showing

how tortuous the reformatted CT plane would appear if viewed “end on” from a coronal section. The curvilinear reformat can produce a helpful display but must be interpreted with caution because tortuous structures appear to be relatively straight, and
surrounding structures are distorted (note the lumbar spine moving in and out of the reformatted plane).

Figure 21-8 Computer-generated SSD of CT data. The 3D relationships of the aneurysm and surrounding structures are immediately apparent in these anteroposterior and left lateral views. In this typical single-object 3D SSD, the threshold for reconstruction
is the density of contrast-enhanced blood. Because calcified plaque is denser than contrast-enhanced blood, it is included in the reconstruction. The spine was removed electronically before making the 3D reconstruction. An infinite number of views are
possible on the workstation used to create the views, but a limited number of views are printed as hardcopy to show the anatomy.

Figure 21-9 MIP images of the same AAA shown in Figure 21–8 , anteroposterior (left) and left lateral (right) views. This reconstruction represents a 2D projection of the structure along a line defined in 3D space so that the MIP appears similar to an
arteriogram. Only the structure with maximum intensity is projected, so calcified plaque is displayed prominently. MIP images display calcified plaque well, but this same feature can obscure the residual lumen in locations where the vessel is heavily calcified
(note the iliac arteries in particular).

Figure 21-10 Multiple-object SSD, anteroposterior (left) and left lateral (right) views of the same AAA seen in Figures 21–8 and 21–9 . Contrast-enhanced blood flow is displayed in red, thrombus and noncalcified plaque are yellow, and calcified plaque is
white. In this type of 3D reconstruction, all the components of the aneurysm are seen. Multiple views are helpful, and it is preferable if the display can be rotated and viewed at will on a computer screen. This type of display is most helpful in determining the
true extent of an aneurysm because thrombus is clearly visible.

Figure 21-11 Multiple-object SSD from Figure 21–10 with all structures made invisible except blood flow, using the same anteroposterior (left) and left lateral (right) views. With calcified plaque made invisible, the degree of occlusive disease becomes
apparent in the iliac arteries. A key point is that calcified plaque was modeled separately and has been made invisible so that this 3D reconstruction does not have the same appearance as the typical single-object SSD shown in Figure 21–8 . For surgical
planning, it is preferable if the objects can be made visible or invisible at will on a computer screen. An alternative is to print hardcopy images in multiple views with the various components sequentially highlighted, transparent, or invisible.

Figure 21-12 Multiple-object SSD with a CT slice displayed in the context of the model in 3D space. The right renal artery aneurysm is displayed with its branches heading toward the CT display of the right kidney. The central branch exiting the aneurysm is
cut off as it disappears into the CT slice.

Figure 21-13 Importance of slice thickness (collimation) with regard to quality of multiplanar reformat. In this sagittal section, three “spirals” are apparent. The spiral in the central third of the scan has 3-mm collimation, and the spiral in the proximal third of
the scan has 7-mm collimation (in the thoracic aorta, where the longitudinal resolution is less crucial in this patient). Note the difference in resolution and clarity for the spine and disk spaces. The transition point between these two spiral acquisitions was
planned above the celiac axis so that potential motion artifact would be less likely to affect the quality of MPRs in a key location. Also note the motion artifact at the skin surface, which does not affect the relatively fixed aorta. The celiac and superior
mesenteric artery origins are well seen, and the apparent narrowing at the celiac artery origin is not artifact—it is also seen in other CT slices.

Figure 21-14 Importance of slice thickness with regard to detection and display of small vessels. A, Schematic diagram of a branch vessel arising from the aorta. B, The same vessels depicted during data acquisition using thin collimation (left) or thicker
collimation (right). C, Axial display of the data acquired in B. The branch vessel is seen clearly when it is in the center of a CT slice with thin collimation (left) because there is minimal averaging with data from low-density soft tissue in the same slice (right).

Figure 21-15 Clinical example of the effects of collimation for the display of small vessels. A, Small lumbar artery is seen easily in a CT slice at a location where the collimation is 3 mm (arrow). The contrast density is similar to the aorta. B, This larger
lumbar artery (arrow) should be more prominent relative to the contrast within the aortic lumen, but at this location the collimation is 7 mm. With 7-mm or thicker collimation, a small lumbar artery or a small accessory renal artery can be missed easily.

Figure 21-16 The decrease in the time needed for a spiral CT scan to cover the volume of interest decreases motion artifact, which distorts the object of interest. B, Without motion, the structure of interest is depicted clearly. C, If motion occurs, overlapping
slices are less helpful because the organ, tumor, or vessel of interest has moved from one cross-sectional scan to the next, resulting in a distorted representation of the object. This type of motion can create a distortion of the aorta that can be mistaken for an
intimal flap or dissection.

Figure 21-17 CT artifacts. A, Motion artifact described schematically in Figure 21–16 is shown here in the thoracic aorta creating the impression of an intimal flap or dissection (longer arrow). The position of these artifacts is usually due to aortic motion from
the left anterior to the right posterior position. Streak artifact also is seen arising from dense contrast within the superior vena cava. The longer streak is clearly artifact because it extends beyond the vessel wall (shorter arrow), but the shorter streak could be
misinterpreted as an intimal flap. One clue is the appearance of an obvious streak artifact in the same vessel. Another clue is the interface between structures with large differences in density. Other clues to the true nature of the aorta come from the benign
patient history and the immediately adjacent CT slice. B, The apparent pathology (artifacts) shown in A is not present in this immediately adjacent CT slice. C, Intracranial streak artifact can make it difficult to detect infarcts in locations surrounded by dense
bone. Beam-hardening artifact also is common on head CT and occurs when low-energy portions of the x-ray beam are absorbed by thick, dense structures, such as the skull. The residual beam that proceeds through the dense bone has a higher energy and may
cause a small area of adjacent tissue to appear less dense (darker) than it should be. This can create an artifact resembling an ischemic infarct immediately adjacent to the skull. D, Stair-step artifact creates a stepped appearance in the vessel (see text). This
artifact is unique to spiral or helical CT.

Length of helical exposure: >30 seconds
Pitch: 1:1
Collimation and sequence: First scan with no contrast, 7-mm collimation, 100 mA to localize the celiac artery, then two to three spirals of varying technique depending on the volume covered:
First spiral: 3 mm—celiac artery to below renal arteries (90 mm distance)
Second spiral: 7 mm—distal aorta to common femoral or external iliac arteries
Third spiral: 7 mm—thoracic aorta above celiac artery (optional)
Patient instructions: Coached with hyperventilation. Breath-hold in mid-inspiration; breathe slowly if necessary (with breathing pause mid-scan when using split helix)
Contrast: non-ionic 300 mg/mL
Contrast volume: 140 mL (more may be acceptable)
Route of administration: IV, arm vein
Rate: 2 to 2.5 mL/sec
Scan delay: 25 seconds (or use SmartPrep or similar utility)
Reconstruction algorithm: standard
Reconstruction interval: 1 or 2 mm
FOV: ≥28 cm FOV for entire scan—must ensure inclusion of external iliac or common femoral arteries or both distally

An alternative might be to use a pitch of 2:1 with 3-mm collimation to scan from the celiac artery to the pelvis. If necessary, a second spiral at 5-mm collimation could be added at a pitch of 1.5 to 2 and lower power (e.g., 200 to 220 mA). In each case, the
tradeoff is between collimation (beam thickness) and pitch (ratio of table speed to collimation) to cover the distance necessary before the emitter tube overheats. Changes in FOV can affect other parameters as well, but the ability to change this is limited by the
structure to be imaged. The FOV also could be reduced to 22 cm, but likely would need to increase to 28 cm on the distal (second) spiral to ensure inclusion of both external iliac arteries. For comparison, following is a protocol for a multidetector scanner (for
four rows or arrays):
Scan parameters: 120 KVp, 320 mA, auto mA
Length of helical exposure: 20 to 25 seconds
Pitch: 6
Speed: 15
Collimation and sequence: First perform anteroposterior and lateral scout views. Scan 2.5-mm images from the dome of the diaphragm through the symphysis pubis
Patient instructions: Breath-hold

Contrast: non-ionic 350 mg/mL
Contrast volume: 140 mL (more or less may be acceptable)
Route of administration: IV, arm vein
Rate: 3 to 5 mL/sec
Scan delay: use SmartPrep or similar utility
Reconstruction algorithm: standard
Reconstruction interval: 2 mm
FOV: ensure inclusion of both common femoral arteries distally

The multidetector scanner covers the same distance (or volume) in less time despite a narrower collimation. Recalling the basic principles already outlined, this results in better ability to discriminate small structures, shorter
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breath-hold for the patient, less motion artifact, and higher quality multiplanar reformats and 3D reconstructions.
Contrast Material

Notably, the rapid infusion of contrast material and the large distances covered for CTA generally requires a significant infusion of contrast material. A typical CTA study from the celiac artery to the external iliac arteries may require 120 to 180 mL of 60%

9

ionic or 300 mg/mL non-ionic contrast,[ ] which is similar to the dose of contrast material for an aortogram with runoff. Although the risk of renal damage may be less than for direct aortic injection of full-strength contrast material through a catheter
positioned adjacent to the renal arteries, it is nonetheless a limitation for patients with significant renal impairment. For patients with a creatinine level that is twice normal, the protocol can be performed in a well-hydrated patient with lower doses of lowosmolar contrast, and less clarity can be accepted in the iliac arteries (where adjunctive duplex ultrasound can be used if necessary). Diabetes and preexisting renal disease are clear risk factors for contrast-induced renal dysfunction. If the creatinine is 2.5 to 3
times normal, a “screening” CT scan can be performed without contrast, or MR angiography (MRA) with gadolinium contrast is used. We have performed CT with gadolinium, but gadolinium is expensive, and the enhancement is notably less than with
iodinated contrast material. In selected cases, however, gadolinium can provide acceptable imaging if the goal is simply to differentiate the lumen from thrombus (which is frequently all that is necessary). In some cases, MRA cannot be used (e.g., if the patient
is claustrophobic or has an implanted device). The distance covered also is limited with current magnetic resonance technology, and resolution is approximately half that of CT, but good delineation of anatomy and useful 3D reconstructions usually can be
obtained. Patients on dialysis can have contrast-enhanced CT if it is timed with dialysis to prevent problems from the volume load. For patients with chronic renal insufficiency (creatinine >2.4 mg/dL), the use of N-acetyl cysteine before and after the

25

procedure has been shown to prevent the reduction in postprocedure renal function secondary to the iodinated contrast material.[ ] It is proposed that the antioxidant effect of N-acetyl cysteine counters the toxic effect of the contrast material on the nephrons.
Because of the almost nonexistent side effects of this protocol and the potential benefits for patients, we routinely use this protocol in patients “at risk” before contrast-enhanced CT or conventional angiography.
The other limitation for iodinated contrast material is allergic reactions, but true allergic reactions to contrast material are extremely rare. Severe reactions (hypotension, dyspnea, loss of consciousness) occur at a rate of approximately 0.22% with ionic contrast

26

material and 0.04% with non-ionic contrast material.[ ] Reactions requiring hospitalization or the care of an anesthesiologist are even less frequent (0.04% with ionic contrast and 0.004% with non-ionic contrast). Patients with allergies to other substances or
asthma are approximately twice as likely to have a contrast reaction, and patients with a previous contrast reaction have roughly five times the average risk. Clinical judgment is required, but in most cases of suspected allergy, pretreatment with antihistamines

27]
Although the dosing recommendation varies, currently published guidelines recommend methylprednisolone (or equivalent), 32 mg orally

and corticosteroids can reduce the incidence of reactions significantly, even if non-ionic contrast material is used.[

28]

12 and 2 hours before contrast administration.[

Using these techniques, most patients can undergo a contrast-enhanced CT scan safely.

CLINICAL APPLICATIONS
The role of CT in the evaluation and treatment of vascular disease has changed dramatically since the 1990s. The advent of improved computer software and hardware for CT scanners has led to CTA and capture of vascular contrast with adequate resolution
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for evaluating occlusive disease. Sophisticated postprocessing computer modeling software allows a more accurate depiction of the 3D vascular anatomy, relationships of intra-abdominal structures, and simulation of endovascular interventions.[ ] [ ] [ ]
[30] [31] All of these changes are revolutionizing the noninvasive evaluation of patients with vascular disease. Anomalies and complicated anatomy that previously were difficult to trace on the axial slices of a CT scan, such as aneurysms, aortoiliac
occlusive disease, and renal or visceral artery stenosis, now can be visualized with clarity and understanding. To display and discuss clinical applications, it is probably best to cover them in anatomic “compartments,” at least to a degree.

Head and Neck
Intracranial Hemorrhage Versus Infarction

The first clinical application of CT was for the evaluation of intracranial structures, and CT continues to have an important role in this area. Differentiation of cerebral infarction from intracranial hemorrhage has important diagnostic and therapeutic
implications for patients presenting with acute neurologic symptoms. In the treatment of an acute stroke, most therapeutic agents require administration as quickly as possible, making rapid diagnosis crucial. Thrombolytic therapy must be administered within

32]
Acute intracranial hemorrhage is a contraindication to thrombolytic therapy, however, and must be ruled out before initiating therapy.

3 hours to achieve a favorable balance between decreased rates of infarction versus increased intracranial hemorrhage.[
It also is important to rule out intracranial hemorrhage when a neurologic deficit occurs after carotid endarterectomy.

33 34

CT has a diagnostic accuracy of approximately 90% in the evaluation of acute intracranial hemorrhage, whereas the changes associated with intracranial hemorrhage on MRI take several days to develop.[ ] [ ] Conversely, CT changes associated with
acute ischemic infarction may take several days to develop, and only larger infarcts are apparent within the first 24 hours. The relative sensitivity for infarction within the first 24 hours after the clinical event is approximately 50% for CT and 80% for MRI.

[35] MRI also seems to be more sensitive to late changes associated with infarction and hemorrhage[34] [35] [36] and less affected by bone-related artifacts when evaluating lesions in the brainstem or cerebellum. For acute presentations, CT remains a

more rapid and less expensive diagnostic test that is applicable in most clinical situations. Acute hemorrhage is determined on a CT
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scan without IV contrast and should not be confused with “luxury perfusion” around an infarct or contrast enhancement of a tumor ( Fig. 21–18 ). Acute intracranial hemorrhage is detected on CT without IV contrast because the intact red blood cells initially
have a high protein content, are more dense than the surrounding structures, and produce a high-density lesion (see Fig. 21–18 ). In later stages after the acute hemorrhage, the red blood cells lyse and lose hemoglobin, and the area becomes isodense with the
surrounding tissue on CT (MRI is more useful at this point).
Intracranial and Extracranial Vasculature

9
Although MRA has been more popular for imaging intracranial vasculature, the advent of spiral CT with CTA and 3D reconstruction has made it possible to obtain useful images of intracranial and extracranial vessels as well.[ ] Imaging of the intracranial
37]

circulation with CT is made more difficult by contrast timing and interference from dense bone in some areas, but with some effort, useful images can be produced. Spiral CT is extremely accurate in detecting cerebral aneurysms greater than 3 mm in size[

[38] and can be useful in following intracranial dissections.[39] For extracranial vessels, excellent CT scans can be obtained without exceptional difficulty. CT scanning for extracranial vessels is easier than for intracranial vessels because
1.
2.
3.
4.

The carotid arteries are not contained within dense bone structures.
Contrast timing for scans from the upper thorax to the skull base is not too difficult.
The FOV is small.
The vessels are oriented perpendicular to the axial plane.

40]

MRA has been relatively popular for the evaluation of extracranial cerebrovascular occlusive disease, but it tends to overestimate the severity of stenoses to some degree.[

CT for evaluation of carotid occlusive disease has not been studied as extensively,

41
42
but in 1982, Riles and coworkers[ ] showed that spiral CT could be more accurate than angiography for carotid occlusions. More recently, it has been shown that spiral CT has a high degree of accuracy in determining the degree of carotid stenosis,[ ] and
[43]
this accuracy may be enhanced using CT reformats perpendicular to the vessel lumen.

In addition to providing a familiar display, 3D reconstruction portrays more than just the vessel lumen, making it easy to assess rapidly the extent of disease at the

44]

carotid bifurcation ( Fig. 21–19 ). Despite the utility of the images, 3D reconstructions should be used to enhance, not replace, evaluation and measurements from the source (CT) images. [

Most surgeons use the carotid duplex as the sole preoperative imaging modality before performing a carotid endarterectomy. The duplex results depend, however, on the skill of the technician and the patient’s anatomy. Ultrasonography can fail to provide
accurate results in the presence of a high carotid bifurcation, a short neck, abundant calcifications, or a tortuous course of the internal carotid artery. It is routinely difficult for ultrasonography to interrogate intrathoracic lesions that may alter the carotid flow
characteristics. These situations impede the ability of the ultrasonographer to obtain accurate velocity measurements, making determination of the degree of stenosis difficult. Spiral CT offers an operator-independent modality to visualize this difficult
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anatomy. Current spiral CT techniques provide excellent correlation with ultrasound findings and the degree of stenosis.[ ] At the cost of a contrast injection for the patient, CT can be used in a complementary fashion to ultrasonography in atypical clinical
situations. This complementary study may directly guide surgical planning and approach. The relationship of the carotid bifurcation to bone structures (e.g., the cervical vertebrae) can reveal preoperatively potential difficulties with surgical exposure ( Fig. 21–

46] [47]

20 ). [

Proximal Lesions (Arch Vessel Disease)

Although angiography remains the “gold standard” for evaluating intracranial and aortic arch occlusive disease, improvement in CT (and MRI) is leading to strategies that provide a more thorough vascular evaluation than duplex ultrasound without the
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morbidity or cost of angiography.[ ] As a result of improvements in noninvasive imaging modalities and a stroke risk of 0.6% to 1.2% with angiography,[ ] [ ] the role of diagnostic angiography before carotid endarterectomy is becoming limited.[ ]
Figure 21–21 compares arteriography, MRI, and CT with 3D reconstruction for an innominate artery lesion and shows some of the potential benefits of CT for arch lesions. This case also illustrates the problem of detecting calcified lesions on MRI and MRA.
Nonetheless, caution should be used when evaluating arch lesions on CT because of the potential for motion artifact from aortic pulsation and streak artifact from concentrated contrast infusion in veins immediately adjacent to suspected occlusive disease.
Some of these problems can be avoided by using lower concentrations of contrast material and infusions into the upper extremity opposite from the suspected arterial lesion. Infusion of contrast material into a lower extremity vein can be used if necessary, but
is less appealing.

Thorax
Aortic Arch and Thoracic Outlet

Clinical applications for CT of the thorax include every major vessel in the chest. Imaging of the aortic arch vessels can be useful for the evaluation of occlusive disease, as shown in Figure 21–21 ; CT also can show important arch anomalies. The utility of
these images continues to improve with refinement of scanning protocols for these vessels. We have found that CT can show relatively subtle lesions, such as arteritis of the subclavian arteries, if caution is used to avoid artifact from IV infusions of contrast
material. Because the subclavian arteries generally travel perpendicular to the direction of table movement, spiral CT is needed to evaluate these lesions using multiplanar reformats or 3D reconstructions. CT protocols for evaluation of the thoracic outlet have

51]

shown the arterial and venous deformation that occurs with upper extremity abduction, and this may become a useful study for patients with suspected thoracic outlet syndrome ( Fig. 21–22 ).[
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Figure 21-18 Demonstration of lesions on head CT that can be misinterpreted without expert help. A, Head CT without IV contrast shows hemorrhage in a patient with severe hypertension. B, A much larger intracranial hemorrhage with a midline shift and
blood in the ventricle on a CT scan, again without IV contrast. A CT scan without IV contrast is the imaging modality of choice when acute hemorrhage is suspected. C, Right middle cerebral artery distribution ischemic infarct on a head CT scan with no IV
contrast. The lesion is relatively subtle. D, The same infarct shown in C, but this time IV contrast was used. This contrast enhancement is characteristic of an ischemic infarction and is classically gyriform. It is generally thought to be due to breakdown of
capillary barriers with leakage of contrast material or due to “luxury perfusion” around the infarct itself. This finding is usually absent 3 to 6 months postinfarction. E, Another hypodense lesion on a non–contrast-enhanced CT. This is not an ischemic
infarction, but rather edema from a tumor. F, IV contrast enhancement of the tumor (longer arrow) helps show the large amount of edema characteristic of an intracranial neoplasm. The shorter arrow points to another lesion in this patient with metastatic lung
cancer. It is less dense in this CT slice because it is smaller and not in the center of the slice (it is well seen in an adjacent slice).

Figure 21-19 Demonstration of carotid artery disease. A, Angiogram of an internal carotid artery stenosis. B, 3D reconstruction of blood flow (red) in the same location. C, 3D reconstruction of blood flow and plaque/thrombus (yellow). D, Intraoperative

photograph of the same location. There is a striking similarity despite rotation of the head and neck in the operative photograph.

Figure 21-20 Multiple-object 3D reconstruction can show the relationship of the extracranial vessels and the bony structures as an aid to surgical planning. Although previously tedious and difficult, such images now are much easier to create with
commercially available postprocessing software.

Figure 21-21 Comparison of CT, MRI, CT with 3D reconstruction, and arteriography for an innominate artery lesion. A, Axial CT scan shows two areas of dense calcification within the innominate artery (arrow and thin circle). The contrast-enhanced lumen
at this location is extremely small. B, Axial MRI at the same location illustrates the problem of detecting the calcified lesions at the same location on MRI (arrow). Note the density of surrounding bony structures. C, Multiple-object 3D reconstruction with all
objects invisible except contrast-enhanced blood flow. The innominate artery stenosis is shown. The irregularity of the adjacent arch is mostly due to defects from plaque that were made invisible on the computer-generated display. D, The resolution and
location of the plane of reconstruction on gadolinium-enhanced MRA results in a less accurate depiction of the anatomy. E and F, Arch aortogram shows the innominate lesion, with such slow flow that the carotid bifurcation could not be visualized well
despite selective injection (F). The carotid bifurcation is better visualized in C and was relatively free of disease, as depicted on the 3D reconstruction.

Figure 21-22 3D reconstruction of the bony and vascular structures of the thoracic outlet.

Figure 21-23 Dissection of the thoracic aorta. A, Axial CT scan shows dissection within the descending thoracic aorta. Compare this picture with the artifacts in Figure 21–17 . CT artifacts can create the impression of a dissection, but these usually can be
distinguished from genuine pathology. B, Coronal reformat shows the dissection in a consistent manner over a long segment of aorta. C, 3D reconstruction depicts the blood from the true lumen supplying the celiac artery, superior mesenteric artery, and left
renal artery (red); blood from the false lumen involving the left subclavian artery and supplying the right renal artery (magenta); and thrombus (yellow). This shows how a 3D reconstruction can convey a large amount of information rapidly. A coronal CT
slice has been placed within the model at the appropriate location to lend context.

Figure 21-24 Traumatic aortic injury. A, Dissection beginning at the level of the left subclavian artery. B-D, Continuation of the dissection or transection and apparently abnormal dilatation of the aorta (especially inferomedially). E, The more distal
descending aorta appears relatively normal, although the associated atelectasis, effusion, and mediastinal hematoma are still present. F, Aortogram shows the aneurysmal portion of the injury.

Figure 21-25 A, Aneurysm of the thoracic aorta shown using 3D reconstruction with simultaneous display of a sagittal CT slice to lend context. Motion artifact is much greater around the heart and proximal ascending aorta. The focal blebs displayed in the
model were verified at the time of surgery. B, Intercostal arteries are marked on the CT slices and are displayed on the 3D model using interactive software (blue marks). The red marks were placed to denote the top of the 8th thoracic vertebra (T8) and the
bottom of the 12th thoracic vertebra. The large intercostal artery near the top of T8 was identified and preserved at the time of operation.

Figure 21-26 Pulmonary embolus as seen with spiral CT cross-sectional imaging (arrow). 3D reconstruction of the pulmonary arteries is not needed for routine pulmonary embolus studies.

Figure 21-27 A and B, Anteroposterior aortogram (A) and lateral aortogram (B) of what appears to be an infrarenal AAA. The right renal artery is occluded, and the left renal artery has a mild stenosis. C and D, Anteroposterior and lateral 3D reconstruction of
only the contrast-enhanced blood flow shows the same findings. E, Multiobject 3D reconstruction with calcified plaque (white) and thrombus (yellow) made visible shows that the AAA actually involves the suprarenal aorta, including the origin of the superior
mesenteric artery. This was confirmed at operation. This view of the reconstruction was useful for determining a good location for the aortic cross-clamp (proximal to the celiac artery) and determining that a beveled anastomosis would be performed along the
relatively normal aorta. The left renal artery was reimplanted on an aortic patch after endarterectomy of the plaque at the renal artery origin. F, Celiac artery stenosis is shown on a magnified and rotated 3D reconstruction with only blood flow made visible.
The lesion was confirmed at operation. The celiac stenosis was missed by angiography because it overlapped the superior mesenteric artery on the lateral view.

Figure 21-28 Iliac artery occlusive disease. Compare the right common iliac artery occlusive disease shown on this arteriogram with the multiple-object 3D reconstruction from a CT scan of the same patient (see Fig. 21–11 ). The angiogram catheter is in the
right common iliac artery, and the lesion also can be seen on the lateral view. The right common iliac artery occlusive disease is displayed appropriately using the 3D reconstruction technique in Figure 21–11 , but the inclusion of calcified plaque in a singleobject SSD produces a less accurate representation of the anatomy (see Fig. 21–8 ).

Figure 21-29 Variations in aneurysm pathology. A, Inflammatory AAA. In this case, there is a thickened wall (or rind) that shows mild contrast enhancement. Even when the rind is only mildly enhanced as in this case, it is distinctly different than the
intraluminal thrombus within the AAA. B, Mycotic right common iliac artery aneurysm. There also is inflammation around mycotic aneurysms, but in this case it is more diffuse and blurs the surrounding tissue planes. Note the irregular, ulcerated lumen. C,
Ruptured AAA. Blood and water-density material associated with a ruptured aneurysm also may blur soft tissue planes, but frequently the blood dissects extensively through the soft tissue. A focal rupture of the aortic wall may be seen if there is calcification
within the wall of the AAA, but often the precise point of rupture is not easily identified. D, Focal outpouching from an aneurysm wall commonly called a bleb or blister. Absence of calcification is noted in this portion of the aortic wall, but this patient was
completely asymptomatic at elective referral more than 1 week after the CT scan.

Figure 21-30 A, Infrarenal aortic dissection with calcified web shown on axial CT. This dissection extended into both common iliac arteries. B, Isolated left common iliac artery dissection (arrow) on a CT slice reformatted perpendicular to the vessel. There
was no aortic dissection in this patient, and the isolated iliac artery dissection was not seen on standard CT reformats. The dissection was confirmed at the time of operation. If a reformat perpendicular to the vessel had not been obtained, the patient would
have had an aortic tube graft AAA repair instead of an aorto-bi-iliac repair.

Figure 21-31 Spiral CT with 3D reconstruction for the evaluation of renal artery stenosis. A, Axial CT scan suggests a left renal artery stenosis, but multiple slices above and below this location must be reviewed because the apparent discontinuity also could
be caused by a tortuous artery moving in and out of the plane of the axial CT slice. B, Coronal reformat suggests stenosis also, but multiple slices must be reviewed because the apparent stenosis could be caused by the artery moving in and out of the plane of
the reformatted CT slice. C, 3D reconstruction shows a stenosis in the lower left renal artery near its origin. A left upper pole accessory renal artery and two right renal arteries also are seen. The stenosis and the multiple renal arteries were confirmed by
reviewing the entire set of CT slices (as would be done normally when evaluating this type of stenosis). The depiction of the stenosis cannot be assumed accurate until it is confirmed by the CT review, but when this is accomplished the 3D reconstruction is
excellent for preoperative planning because it can be viewed from any desired angle on the computer screen. D, Angiogram depicts the left lower renal artery stenosis, the left upper pole accessory renal artery, and two right renal arteries.

Figure 21-32 Several abnormalities on one 3D reconstruction are shown, highlighting the utility of multiple views and a multiple-object display. This study was obtained to evaluate a possible infrarenal AAA and revealed a celiac artery aneurysm, a replaced
right hepatic artery arising from the superior mesenteric artery, multiple iliac artery aneurysms, and a right internal iliac artery occlusion. The various abnormalities are best understood by rotating the model and changing the visibility of thrombus, which can
be done in real time on a workstation or a personal computer with specialized software. A, Anteroposterior view of a multiple-object 3D reconstruction with blood flow (red), thrombus/noncalcified plaque (yellow), and calcified plaque (white) all included in
the model. B, 3D reconstruction with thrombus made invisible shows the right internal iliac artery occlusion. C, Oblique view of the 3D reconstruction shows the celiac artery aneurysm and the replaced right hepatic artery better than other views. D, The
outflow branches of the left internal iliac artery aneurysm are best seen on a posterior view with thrombus made transparent.

Figure 21-33 A, Horseshoe kidney on axial CT. B, The portion of the horseshoe kidney that crosses the midline is often relatively thin, but in this case the parenchyma does not appear to be attenuated. C, 3D reconstruction with the horseshoe kidney and
associated complex blood supply clearly visible. The reconstruction is rotated slightly to show a stenosis in the lowest midline renal artery near its origin. A large amount of information is learned rapidly using this technology, as it would be extremely difficult
to trace the renal arteries through their course on CT slices. Angiography does not provide a 3D perspective of the renal parenchyma. D, Anteroposterior view of the 3D reconstruction with the kidney made invisible, showing a small AAA arising just distal to
the lowest renal artery (which is in the midline).

Figure 21-34 Duplicate vena cava seen on axial CT slice (arrow).

Figure 21-35 Aortocaval fistula associated with AAA on axial CT. The key to detection of an aortocaval fistula is to appreciate the dramatic change in contrast within the inferior vena cava at the site of the fistula and at more proximal locations. A, The vena
cava is dramatically enhanced by intravascular contrast material, even at locations quite proximal to the fistula. B, Central portion of the AAA shows continued bright enhancement of the vena cava and an aortic web or dissection. C, Axial CT just proximal to
the site of the fistula. The aortic web is still present, and the contrast enhancement of the vena cava is still similar to that of the aorta. D, Axial CT just distal to the fistula. The bowel opacification has not changed, so the dramatic change in intraluminal
contrast is not due to a change in the CT window level. If the change in contrast were due simply to poor timing of the IV contrast bolus, the aortic contrast might decrease suddenly, but there would not be a simultaneous change from dense contrast to dilute
contrast within the vena cava at the same location.

Figure 21-36 Diameter measurement issues and solutions using CT. A, 3D reconstruction with simultaneous display of CT slices in 3D space. The CT slices shown here are a standard axial reformat and a reformat perpendicular to the aorta. The 3D model
was rotated to show the intersection of the two CT slices at the same location on the aorta. B, The same axial CT slice shown in A. The axial slice does not intersect the aortic neck perpendicular to its axis, creating an elliptical cross-section. Although the
smaller diameter (minor axis of the ellipse) is usually similar to the true diameter, elliptical cross-sections also occur in noncylindrical vessels and at the margins of aneurysms. Viewing multiple cross-sections in sequence can help with this problem, but
evaluation is still difficult. C, The CT slice reformatted perpendicular to the aorta (shown in A) accurately depicts the essentially circular lumen and provides a diameter measurement without ambiguity. This cross-section of the aorta also provides a more
correct impression of thrombus thickness, which is artifactually enhanced on an elliptical cross-section. The renal vein and vertebrae help verify the magnification, location, and orientation of the slices.

Figure 21-37 Use of CT with 3D reconstruction and specialized software in endovascular AAA repair. A, Preoperative 3D reconstruction shows contrast-enhanced blood flow (red) and calcified plaque (white). Owing to the accuracy of this technique,

preoperative angiograms are not necessary. B, Angiogram performed on the operating table at the time of the procedure is necessary to deliver the device even if a preoperative angiogram had been performed. Note the similarity to the 3D reconstruction. C,
Preoperative 3D reconstruction including thrombus shows the need for CT before endovascular repair. The iliac arteries are aneurysmal proximally, especially on the left. The endograft cannot be implanted into thrombus and must be long enough to achieve a
seal in the normal common iliac artery. D, Preoperative planning with a “virtual graft,” which is displayed in bright yellow. The brighter yellow of the simulated endograft protrudes beyond the red blood flow and the lighter yellow of the thrombus for
sufficient lengths proximally and distally so that this 3D reconstruction shows that the proposed graft is appropriately oversized to achieve a seal at the neck of the infrarenal aorta and in the iliac arteries. This view rapidly provides a check to ensure that the
proposed endograft is not too small or excessively oversized. It also graphically shows the quality and length of the “seal zone.” E, Preoperative simulation using the virtual endograft, in this case with thrombus invisible and blood flow made transparent to
show better the anticipated course of the proposed endograft. The prediction here is that the endograft will dilate as it exits the aortic neck (consistent with the degree of oversizing) and deviate slightly at the same location because it must follow the aortic
lumen. It is anticipated that some deviation and constriction of the limbs will occur at the aortic bifurcation, but this does not appear to be excessive. This same technology and display is used to evaluate graft length along the centerline of the lumen or along a
user-defined path. In this case, the length and diameter of the endograft were simulated to coincide with an available graft size. An endograft of this length is anticipated to end just above the left internal iliac artery origin and extend beyond the right iliac
artery stenosis if it is deployed appropriately (with the proximal endograft just below the renal arteries). F, Completion angiogram at the time of the procedure verifies the accuracy of the preoperative computer simulation. The endograft was deployed just
below the renal arteries and ends just above the left internal iliac artery origin. The endograft also extends beyond the right iliac stenosis, which is no longer apparent.

Figure 21-38 Abdominal air 1 week after suprarenal AAA repair via a left retroperitoneal approach (arrows). This finding may represent trapped air in the early postoperative period after an AAA repair, but it should be taken seriously. In this case, it was due
to a perforation in the sigmoid colon. The air surrounding Gerota’s fascia anterior to the kidney is in a tissue plane that was not dissected at the time of initial surgery.

Figure 21-39 Perigraft flow (endoleak) after endovascular AAA repair, as displayed on 3D reconstruction (A) and axial CT (B). The 3D reconstruction (created from the CT data) is rotated to a posterolateral view. Multiple-object 3D display includes the
densities consistent with contrast-enhanced lumen (red), thrombus and noncalcified plaque (yellow, made transparent to display the endoleak), calcified plaque and metallic stent (white), and contrast-enhanced endoleak (magenta). The 3D display shows that
the endoleak is associated with a patent lumbar artery and a patent inferior mesenteric artery (IMA). The axial CT cross-section shows the endograft, contrast enhancement outside the lumen of the endograft (endoleak), the patent lumbar connecting to the
endoleak, and a contrast-enhanced IMA. From a single axial slice, it is impossible to decipher the connection to the IMA, which could be filling via collateral flow. The 3D reconstruction immediately conveys the relationship of the endoleak to the other
structures in a much more intuitive way than scrolling through multiple CT slices.

Figure 21-40 Bilateral popliteal aneurysms. A, The lumen can have a variable appearance, as shown by the eccentric cross-section on the patient’s left (right side of the illustration). B, This axial CT cross-section shows a more characteristic circular lumen
with circumferential thrombus (patient’s right, which is the left side of illustration). As with other aneurysms, the diameter of the contrast-enhanced lumen does not correlate with the outer diameter of the vessel, making angiography a poor diagnostic
modality. C, Posterior view of the 3D reconstruction with only the contrast-enhanced blood flow (red) and bones (white) made visible. This view is similar to an angiogram and would not depict the full extent of the aneurysms. The patient had no occlusive
disease by ultrasound or ankle-brachial indices. D, This posterior view of the 3D reconstruction with thrombus and plaque added depicts the full extent of the aneurysms. In this case, bypass of the lesions could be performed without angiography.

Figure 21-41 Adventitial cystic disease. Sequential axial CT slices through the popliteal fossa reveal the varied appearance of adventitial cystic disease in a single patient. Some locations have a circular cross-section with the cyst surrounding the entire
circumference, giving the appearance of a popliteal aneurysm. In other locations, the cysts have a characteristic multiloculated appearance. The panel in the second row, far right, shows a portion of the cyst extending toward the joint space. Bony structures and
the joint space are at the top in each panel.

Figure 21-42 3D stress map on an AAA created from an AAA finite element model of wall stress using CT data. Stress is mapped onto the surface of the 3D reconstruction using color gradients to represent stress gradients. The highest stresses are shown in
red, and the lowest stresses are shown in blue.
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Chapter 22 - Magnetic Resonance Imaging and Angiography

ERIK K. INSKO MD, PHD
JEFFREY P. CARPENTER MD

1 2 3
Over the past several years, magnetic resonance imaging (MRI) and angiography (MRA) have become standard methods of evaluation for several vascular disorders. The most common indications for MRA are evaluation of renovascular disease[ ] [ ] [ ]

4 5 6 7 8 9
and peripheral vascular disease.[ ] [ ] [ ] [ ] [ ] [ ]
1 2 5 7 8
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MRA has become an accepted standard of evaluation for renovascular and peripheral vascular disease because it has been demonstrated to be accurate,[ ] [ ] [ ] [ ] [ ] cost-effective,[ ] and increasingly available and simple to perform. The
11] [12] [13]

complications associated with catheter angiography are well known.[

incidence of allergic reactions.

[14] [15] [16] [17] [18]

MRA has the advantage of being entirely noninvasive. In addition, this modality utilizes a contrast agent that is non-nephrotoxic and is associated with a much lower

19]
Other differences in the method of image formation allow MRA to be even more accurate than catheter

Finally, with MRA, ionizing radiation and its possible complications are avoided.[

20]

angiography in the identification of patent runoff vessels.[

As a result of the accuracy and ease of the MRA examination, in combination with its advantages over traditional catheter angiography, MRA is establishing itself as a standard method of evaluation for many other types of vascular disease. They include such

21] [22] [23] [24]

common disorders as carotid stenosis[

28] [29]

usefulness in the evaluation of central venous thrombosis,[

transplant grafts.

[38] [39]

25] [26] [27]
In addition to these more common disorders, MRA and magnetic resonance venography (MRV) have also demonstrated
[30] [31] [32]
[33]
[34]
[35]
[36] [37]

and thoracic and abdominal aneurysms or dissections.[
deep venous thrombosis (DVT),

mesenteric arterial

and venous disease,

thoracic outlet syndrome,

potential renal donors,

and postoperative

40
41
42 43
Even more esoteric diseases, such as large-vessel vasculitis,[ ] connective tissue disorders, [ ] and pulmonary arteriovenous malformations (AVMs),[ ] [ ] can be accurately diagnosed and assessed by MRA.

If noninvasive and rapid methods of imaging vascular disease can yield accurate diagnostic information, the role of invasive forms of diagnostic vascular evaluation may diminish. Catheter angiography will rightfully remain the “gold standard” for evaluation
of vascular disease, but its complications, combined with the power of MRA, predict that the use of catheter angiography for purely diagnostic purposes may soon be outdated.

MAGNETIC RESONANCE IMAGING
Creating MR Images
MRI is performed with the use of a large external magnetic field, external magnetic field gradients, and an applied oscillating magnetic field known as the radiofrequency field or RF field. The combination of these three types of applied magnetic fields allows
the operator to produce signals from inside patients that, in turn, can be used to create MR images.
The details of the external magnetic field, the magnetic field gradients, and the RF field determine many of the characteristics of MR images. The goal of the external magnetic field is to magnetize the subject by making the protons within the subject align
parallel with the external field. The physical characteristics of the protons and the size of the external magnetic field define the resonance frequency of the proton. If the external magnetic field is uniform, all the protons resonate at the same frequency.
Most MRI machines operate with an external field strength of 1.5 tesla (T). Systems with lower field strength (less than 1.0 T) tend to produce images at a slower rate or a lower resolution than is typically desirable. Generally, higher field strengths are
desirable, but imagers with field strengths higher than 3.0 T have other technical problems beyond the scope of this discussion.
The magnetic field gradients are used to alter the otherwise uniform external magnetic field in a linear fashion in any one of three directions. The gradients “ramping” on and off produce the noise heard when an MR image is being made. When the gradient
fields are applied, the protons resonate at a frequency that is now a function of its position. This is exactly analogous to the frequency of a radio station corresponding to a specific position on a radio’s dial.
The speed and strength of the gradients determine the size of the images and may be a rate-limiting step in imaging speed. For angiographic imaging, it is generally true that faster and stronger gradients are a desirable feature of the MRI system.
Resonant coils placed adjacent to the region of interest produce the RF field. These fields are tuned to match the resonant frequency of the protons inside the patient. The applied RF in combination with the gradients is used to manipulate the protons inside the
patient to produce a signal. This signal is detected with a receiver RF coil also tuned to the resonant frequency of the protons. Once detected, the signal is sent to an amplifier and receiver, where it is digitized and processed with a mathematical algorithm
known as a Fourier transform to produce the MR image.
Characteristics of MR Images
The contrast in MR images depends on the characteristics of the object being imaged as well as on the specifics of the
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sequence itself. Images are typically referred to as either T1- or T2-weighted. T2-weighted images display simple fluids such as urine, bile, and cerebrospinal fluid as bright and other tissues with lower signal. T2-weighted imaging is one of the basic
sequences for tumor imaging but is not used for angiographic imaging. MRA and MRV examinations are performed with T1-weighted image sequences. Things that are bright on T1-weighted images are often seen on MR angiographs as well; examples are
fat, methemoglobin, flow effects, and MRI contrast agent.
MR Pulse Sequences
The MR pulse sequence is a label that refers to the particular combination of RF and gradients that are used to create the image. There are a disturbing number of acronyms for MR pulse sequences, but it is nearly true that all MR images are variations of either
a spin-echo sequence or a gradient-echo sequence. The spin-echo pulse sequence methods utilize RF alone to produce the MR signal or echo. Gradient-echo pulse sequences, however, use RF and the applied gradient field to produce the echo signal. As a
rough generalization, spin-echo pulse sequences are used to produce T2-weighted images, and gradient-echo sequences are used to create T1-weighted images. In particular, MRA and MRV typically are performed with T1-weighted, gradient-echo pulse
sequences.
Pulse Sequence Parameters

The characteristics of a tissue that determine its appearance on MR images are the T1 and T2 values of the tissue. Some tissues are bright on T1-weighted images, and others on T2-weighted images. How then do we create a T1- or T-weighted image? All
pulse sequences have fundamental parameters, known as echo time (TE) and repetition time (TR), that determine the image contrast. T2-weighted images have a longer TE, in the range of 80 milliseconds (msec) or greater. These sequences also have a longer
TR time, in the range of several seconds or more. Because TE and TR times are both longer, these sequences are slower and are not appropriate for contrast-enhanced angiography. T1-weighted images have very short TR and TE times. The TE may be close
to 1 msec or even less, and the TR may range from hundreds of milliseconds to less than 10 msec for angiographic sequences. T1-weighted gradient-echo sequences are fast and are used for angiographic examinations.

Other parameters used in all MR image sequences are the field-of-view (FOV) and the image matrix. The FOV is the size of the imaged region. In a two-dimensional image, it may be 40 by 30 cm with a slice thickness of 5 mm. The resolution of the image in
that 5-mm slice then depends on the number of pixels within the 30 × 40-cm region. The number of pixels is the image matrix. The image resolution (voxel size) for an image matrix 256 by 192 pixels would be 1.56 mm (40 cm ÷ 256) by 3.26 mm (30 cm ÷
192). Usually, however, MRA is performed with a three-dimensional (3D) image sequence. In that case the FOV is specified with three dimensions as 40 cm by 30 cm by 30 cm. For an image matrix of 256 by 192 by 64 pixels, the voxel size is 1.56 mm by
3.26 mm by 4.7 mm. Image postprocessing is usually performed on 3D data to make the last dimension twice as small as specified by the pulse sequence. In this case, such processing would yield a voxel size of 1.56 mm by 3.26 mm by 2.35 mm.

MAGNETIC RESONANCE ANGIOGRAPHY AND VENOGRAPHY
Time-of-Flight MR Angiography
MR angiography and MR venography are performed with T1-weighted gradient-echo pulse sequences. The angiographic methods may be divided into two basic categories, noncontrast methods and contrast-enhanced methods. The noncontrast methods
include phase contrast and time-of-flight (TOF) angiography. Phase contrast is not commonly used in clinical practice and is not addressed here. TOF imaging, however, is often utilized in clinical practice even though contrast-enhanced MRA has proved itself

1 39 44 45 46
superior in most cases.[ ] [ ] [ ] [ ] [ ]

TOF angiography utilizes a rapid T1-weighted pulse sequence in either sequentially acquired 2D slices or a 3D imaging slab. For purposes of description, we will concentrate on the 2D TOF sequence, which is the most commonly used. In a single-slice image
for which data are gathered rapidly, the protons within the slice lose much of their magnetization. Thus, there is much less signal from those protons, and the corresponding tissues are not well seen. The rapid imaging does not degrade any protons outside the
slice, however. When those fully magnetized protons in a vessel flow into the slice of interest, they produce much greater signal than the surrounding tissue. The result is an image in which the blood flowing into the slice is very bright and the surrounding
tissue is relatively dark.

For example, if the image is obtained in an axial slice through the midabdomen, the aorta and inferior vena cava (IVC) as well as some of the mesenteric arteries and veins are bright. In order to remove either the arteries or the veins, a special RF pulse is
applied to the tissue either above or below the slice; this eliminates magnetization from the tissue. If an inferior saturation pulse is utilized in this example image, only the protons flowing into the slab from above (the aorta and mesenteric arteries) are bright. A
series of such images obtained sequentially produce a 2D TOF abdominal angiogram.

1 39 44 45 46
TOF imaging is becoming less useful as contrast-enhanced methods become more and more sophisticated.[ ] [ ] [ ] [ ] [ ] However, TOF is a robust method that can be used in cases in which contrast agent cannot be administered or as a
complementary method to contrast angiography.

Contrast-Enhanced MR Angiography

All currently approved MR contrast agents are variants of Gd-DTPA, in which the rare earth element gadolinium (Gd) is chelated with diethylenetriaminepentaacetic acid (DTPA). These agents are designed to shorten the T1 value of the protons in the local
vicinity, thereby making them more conspicuous on T1-weighted imaging sequences.
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There are several important differences between MR contrast material and the iodinated contrast material used for computed tomography angiography (CTA) or catheter angiography. First, as suggested, MRI is designed to image not the agent itself but its
effect on the protons in the surrounding water. This fact has a subtle implication that is important in certain circumstances. That is, a very small amount of MR contrast agent may be detected from its effect on multiple water molecules, whereas an equivalently
small amount of iodinated contrast agent is simply not detectable directly on CTA or catheter angiography. This is one reason why the volume of MR contrast agent can be much smaller than that of an iodinated contrast agent used in CTA or a diagnostic

14] [15] [16] [17] [18]

angiogram. Other advantages of gadolinium-based contrast agents are decreased nephrotoxicity and a lower incidence of reactions to the contrast agent, as mentioned earlier.[
Three-Dimensional Image Reconstruction

Contrast-enhanced MRA is performed as a 3D imaging sequence. 3D imaging sequences are typically faster and have higher resolution than 2D, noncontrast angiograms with the same coverage. A 3D image can be viewed as a stack of 2D images, but the
higher resolution of 3D methods allows for the use of multiplanar reformatting (MPR). MPR is a manipulation of the data to create images from multiple views that optimize the visualization of anatomy or disease. Images can be processed with many types of

47]

algorithms to display the 3D data to best advantage. Because contrast within vessels is designed to have the highest intensity, an algorithm that displays the maximum intensity of the voxels, known as maximum intensity projection[
commonly used algorithm for reconstructing 3D MRA images.

Clinical Applications of MR Angiography

(MIP), is the most

48

49

The primary use of MRA is to detect and assess the complications of atherosclerotic disease. MRA has become a standard method to evaluate both renal artery stenosis[ ] and peripheral vascular disease.[ ] Increasingly, MRA is becoming an accepted
standard for evaluation of carotid atherosclerosis as well. MRA has become a standard diagnostic test for atherosclerotic disease because it has continued to improve in diagnostic performance. In the realm of atherosclerosis, there is no sign that this

24] [50]
has the potential to elevate the care of patients with atherosclerosis to a new level.

improvement is slowing. Current MR research into atherosclerosis and particularly into the detection of unstable plaques[
Renovascular Disease

48]
The most common such disease is atherosclerotic renal artery stenosis. As MRA has matured as a technique, however, it has shown itself to be a
[1]

3D gadolinium-enhanced MRA has become a clinical standard for the evaluation of renovascular disease.[

The detection of accessory arteries is particularly important for the assessment of potential living

powerful technique for evaluating more subtle renal vascular conditions, such as fibromuscular dysplasia, renal artery aneurysms, and accessory renal arteries.

kidney donors.

[36] [37]
51]
Renal artery stenosis is the most common cause of secondary hypertension, and approximately 1% of people with

Approximately 25% of the middle-aged white and African-American populations in the United States have high blood pressure.[

52]

hypertension have renal artery stenosis.[

53] [54] [55]
appropriate screening tests for those at risk are critical. A large meta-analysis demonstrated that 2D TOF MRA of the renal

Because renal artery stenosis is so common and potentially curable,[

1
arteries has a sensitivity of 94% and a specificity of 85% compared with catheter angiography.[ ] 3D contrast-enhanced MRA, however, is even better, with a sensitivity of 94% and a specificity of 93%. In addition, it has been shown that when MRA is used
56]

to plan a renal artery intervention, both the number of pretreatment angiograms and the total amount of contrast agent are reduced.[

57]
As methods for 3D contrast-enhanced MRA have improved, diseases that are not typically near the renal artery origin have been

As shown in Figure 22–1 , the majority of renal artery stenoses are in the ostial or proximal segments of the renal arteries.[

58] [59]
( Fig. 22–2 ).

more commonly diagnosed by MRA. They include another curable cause of hypertension, fibromuscular dysplasia[

1
60
2D MRA, although 82% sensitive for the detection of accessory renal arteries, does not match the sensitivity of the higher-resolution 3D MRA (95%).[ ] Accessory renal arteries occur in nearly 45% of cases,[ ] and their detection can be important in the
36] [37]

screening of candidates for kidney donation.[

61]

MRI and MRA have been shown to be very cost-effective methods of evaluating potential kidney donors.[

Figure 22-1 Coronal 3D MR angiogram showing an ostial renal artery plaque (arrow).

Figure 22–3 demonstrates an individual with a total of six renal arteries.

Figure 22-2 Coronal 3D MR angiograms. A, Subtle fibromuscular dysplasia can be seen (arrowheads). Note that the disease is isolated to the distal portion of the main renal artery. B, Right-sided fibromuscular dysplasia (arrowheads) and a left-sided renal
artery aneurysm (arrow). Renal artery aneurysms may occur in patients with fibromuscular dysplasia.

Figure 22-3 Coronal 3D MR angiogram showing two main renal arteries and four accessory arteries (arrowheads). Note that accessory arteries may enter the renal hilum or perforate the cortex.

Figure 22-4 Coronal 3D MR angiogram stepping table examination showing bilateral iliac disease (A) within the right external (arrowhead) and left external (arrow) iliac arteries. Note the excellent detail in the thigh (B) and calf (C) stations of the
examination.

Figure 22-5 A, 3D MR angiogram showing high-grade stenosis in the above-knee popliteal artery. B, There is excellent correlation between findings of the pretreatment MR angiogram and DSA. C, An excellent result has been achieved by angioplasty.

Figure 22-6 A five-station stepping table examination showing (A) normal inflow vessels to the lower extremities, (B) normal thigh vessels, (C) normal calf vessels, and (D) normal vessels in both feet. The high-resolution 3D data allow for reformatting of
the circulation of each foot in the sagittal plane (E and F), showing a patent plantar arch in each.

Figure 22-7 A, Thigh-station coronal 3D MR angiogram of a femoral-to-popliteal bypass graft. Note the contralateral disease of the superficial femoral artery. B, An oblique reformatted image shows the normal touchdown of the graft.

Figure 22-8 A, Thigh-station coronal 3D MR angiogram of a femoral-to-popliteal bypass graft. Note the contralateral disease of the superficial femoral artery. B, An oblique reformatted image shows the narrowing at the touchdown of the graft (arrow).

Figure 22-9 A, Thigh-station coronal 3D MR angiogram of a left femoral-to-popliteal bypass graft. Note the contralateral disease of the superficial femoral artery and the visualization of multiple collateral vessels above the patient’s right knee. B, An oblique
reformatted image shows the distal end of the graft. C, Another oblique reformatted image shows a likely pseudoaneurysm at the origin of the graft.

Figure 22-10 Coronal 3D MR angiograms. A, Bilateral common femoral disease (arrowheads) and the origin of a right saphenous vein graft. B, The origin of the graft and disease in the distal common femoral artery. C, The course of the vein graft, thighstation image. D, The touchdown of the graft on the posterior tibialis artery, calf-station image.

Figure 22-11 A, Coronal 3D MR angiogram of the carotid and vertebral arteries. B, Oblique sagittal reformatted image showing the high-grade narrowing (arrow) at the origin of the left external carotid artery and mild disease of the left internal carotid artery.
C, Oblique sagittal reformatted image showing the right carotid bifurcation with only mild disease in the proximal right internal carotid.

Figure 22-12 Sagittal oblique reformatted MR angiograms. A, A normal aortic arch. B, A bovine arch. C, A very rare arch anomaly, bicarotid truncus. In this anomaly, all four vessels arise separately from the arch, carotids anteriorly and the subclavians
posteriorly.

Figure 22-13 A, Sagittal oblique reformatted MR angiogram showing a type B dissection. The origin of the flap and filling of the proximal false lumen can be seen. A separate origin of the left vertebral artery from the aortic arch can also be seen (arrow). B,
Coronal 3D MR angiogram obtained during the same examination at the chest station using the stepping table technique. The dissection flap (arrowheads) terminates just above the origin of the right renal artery.

Figure 22-14 Coronal 3D MR angiogram in a patient with suspected Ehlers-Danlos syndrome. Saccular aneurysms from the upper abdominal aorta and both renal arteries can be seen. An irregular fusiform aneurysm of the left common iliac is also present.

Figure 22-15 A, Arterial-phase sagittal 3D MR angiogram at end-expiration showing the impression of the arcuate ligament just proximal to the origin of the left gastric artery. Note the quality of the evaluation of the proximal superior mesenteric artery as
well. B, Venous-phase sagittal 3D MR angiogram at end-inspiration showing no narrowing of the proximal celiac axis. During the delayed phase, the contrast enhancement within the aorta and branch vessels is adequate for visualization.

Figure 22-16 2D, T1-weighted post–contrast enhancement MR images A, Portal venous thrombus (arrow). B, Splenic venous thrombus (arrow). C, Superior mesenteric vein (SMV) and inferior mesenteric vein (IMV) thrombus (arrows). D, Small distal
branches of the SMV and IMV filled with thrombus (arrows).

Figure 22-17 A through D, 2D, T1-weighted, post–contrast enhancement MR image showing thrombus in the inferior vena cava (IVC) in and superior to an IVC filter. E, Coronal maximum intensity projection of the corresponding stack of 2D TOF images
again showing the IVC filter below the left renal vein and the thrombus as a filling defect in the flow extending superiorly.

Figure 22-18 Coronal 3D MR angiograms of thoracic outlet syndrome. A, Normal right subclavian vein with the patient’s arm lowered. B, Occlusion of the subclavian vein near the junction with the axillary vein (arrow). Note the pooling of very concentrated
contrast agent in the arm.

Figure 22-19 Coronal 3D MR angiograms of a pancreatic transplant graft. A, The anastomosis between the donor external iliac limb of the y-graft and the donor splenic artery that feeds the pancreatic body can be seen (arrow). B, Angiogram performed later,
during transplant rejection, shows the narrowing of the donor splenic artery (arrow). A renal transplant can be partially seen in the left hemipelvis.

Figure 22-20 Coronal 3D MR angiograms. A, Bilateral narrowing of the proximal common iliac arteries (arrow and arrowhead). B, Complete resolution of the left common iliac narrowing with residual disease in the right common iliac (arrow).

Figure 22-21 Coronal 3D MR angiogram showing a large right-sided pulmonary arteriovenous malformation (AVM) and several smaller left sided AVMs.

Figure 22-22 A, Axial 2D, post–contrast enhancement, fat-saturated, T1-weighted MR image showing no contrast within the left subclavian and left common carotid arteries in a patient with a type A dissection. B, Axial, T2-weighted, dark blood image
showing a flow void within the left subclavian but signal within the left common carotid, indicating thrombosis.

Figure 22-23 A, Arterial-phase coronal 3D MR angiogram showing apparent stenosis (arrow) in the right subclavian artery. Note that the signal from the pure contrast agent in the left subclavian vein (arrowheads) is not as high as the signal from the dilute
contrast agent in the adjacent artery. B, Delayed-phase 3D MR angiogram showing no stenosis in the subclavian artery (arrow). Note that the signal from the dilute venous contrast agent is now much higher than that from the pure contrast agent (arrowhead).

Figure 22-24 A, Coronal T1-weighted pre–contrast enhancement MR image showing high intravascular signal from a thrombosed femoral bypass graft. The high signal is from methemoglobin in the thrombus. B, Coronal 3D MR angiogram showing the
signal from the thrombus as high as signal in the contralateral superficial femoral artery. There are signal voids at the origin and touchdown of the graft, which suggest stenosis, but in fact, the entire graft is occluded. C, Subtraction image, consisting of the
arterial phase image minus the pre-contrast image, showing only the contrast-enhanced arteries.
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Chapter 23 - Intravascular Ultrasound

GEORGE E. KOPCHOK BS
RODNEY A. WHITE MD

1

The concept of catheter-based ultrasound imaging was first introduced in the early 1970s.[ ] Since its inception, the catheters and computer-driven imaging platforms have transformed the technology into a user-friendly tool. Today’s catheters are designed to
track over conventional guidewires and require minimal preparation. Likewise, the intravascular ultrasound (IVUS) images produced by the new software make image interpretation easier for the novice. In this chapter, we describe the different IVUS catheters
available to the clinician as well as the clinical utility of the modality during endovascular interventions. It is our hope that clinicians will explore the technology to gain experience that will enable them to use and interpret the technology in more difficult and
sometimes troublesome cases. We believe that IVUS is an important adjuvant in any endovascular specialist’s armamentarium.

INTRAVASCULAR ULTRASOUND IMAGING
Ultrasound consists of the transmission of sound energy through a medium. The frequency of the sound wave is a function of the transmission speed through a given medium. The relationship between speed of transmission on any given medium and the
frequency is as follows:

2
In air, the speed of sound is 330 m/sec. In saline and collagen, the speeds are 1560 m/sec and 1680 m/sec, respectively.[ ] Ultrasound utilizes a very high frequency, 0.5 to 40 MHz.
Once an ultrasonic pulse is emitted from a transducer, the amplitude or intensity of the reflected signal depends on the interference or echo of a given tissue type. With A mode ultrasound imaging, this reflection is converted into a pulse that identifies
amplitude and distance from the transducer ( Fig. 23–1 ). B mode scans are obtained by converting the A mode signal into a signal that replaces amplitude with brightness. The resultant differences in individual intensities of dots forms the black-white shading
known as gray scale. In order to obtain a 360-degree cross-sectional image, the ultrasound beam is scanned through a full circle, and the beam’s direction and deflection are synchronized on the radial display. This can be achieved by mechanically rotating the
imaging elements or by using electronically switched arrays.

Spatial or image resolution is the ability to distinguish between two points along the ultrasound beam and is a direct function of transducer frequency. It is approximately equal to one half of the pulse width. Therefore, a higher-frequency signal will have a
shorter pulse width and greater resolution. The limitation with this relationship is that the depth of tissue penetration is inversely proportional to the transducer frequency. Thus, the higher the frequency, the shallower the tissue penetration. The current 8- to 30MHz IVUS transducers used to image large to medium-sized vessels have a resolution of approximately 0.1 to 0.15 mm and a radial depth of penetration from 40 to 10 mm, respectively. For aortic type procedures, 8- to 12-MHz catheters are normally required
to visualize the entire aortic circumference; 20- and 30-MHz catheters are normally used for iliac and cardiac vessels, respectively. Newly developed 40- to 50-MHz transducers provide resolution of less than 100 μm and are normally limited to coronary
procedures because of the limited depth of penetration. With
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Figure 23-1 Different tissue types reflect the ultrasound signal at different amplitudes. The image on the right is a sample of the raw radiofrequency information corresponding to the white line on the left image. (From Yock PG, Fitzgerald PJ, Sudhir K, Ports
TA: Clinical applications of intravascular ultrasound imaging. In Bernstein EF, et al [eds]: Vascular Diagnosis. Chicago, Mosby-Year Book, 1993.)

Figure 23-2 The Volcano Visions PV8.2F catheter, a phase-array, 8.2 Fr, 10-MHz IVUS catheter, over an 0.035-inch guidewire. The catheter tracks concentrically over the guidewire, thus eliminating guidewire image interference and improving tractability.
The gold band near the tip of the catheter houses 64 linear array crystals. (Courtesy of Volcano Therapeutics, Rancho Cordova, CA.)

Figure 23-3 Color flow IVUS image demonstrating restenosis of a stent at 1 year. Image produced with a Visions PV0.018 FX catheter (Volcano Therapeutics, Rancho Cordova, CA). (Courtesy of EB Diethrich, Arizona Heart Hospital, Phoenix, AZ.)

TABLE 23-1 -- Intravascular Ultrasound Catheters for Peripheral Vascular Imaging
MANUFACTURER

SIZE (French)

FREQUENCY (MHz)

GUIDEWIRE LUMEN (Inches)

*

20

0.018

* †

10

0.038

†

15

0.035

†

9

NA

3.2

20

0.018

12.5

0.035

20

0.035

Volcano Therapeutics, Rancho Cordova, CA, USA
3.4
8.2

,

Boston Scientific, Natick, MA, USA
8
9

6

†

6

* The only peripheral catheter currently available with color-flow imaging; the 8.2F catheter is currently under investigation for color-flow utility.
† Catheters commonly used for aortic endovascular interventions.

the issues. The IVUS catheters utilized for most aortic and iliac procedures can be advanced over a 0.0350-inch guidewire. The catheters range in size from 6 to 8 Fr and in frequency from 8 to 20 MHz. For aortic procedures, the clinician should stick to a
frequency range of 8 to 12 MHz to ensure adequate circumferential imaging. Table 23–1 lists the currently available catheters applicable to peripheral vascular procedures.
Image quality is best when the catheter is parallel to the vessel wall, that is, when the ultrasound beam is directed at 90 degrees to the luminal surface; minor angulations may affect the luminal shape and dimensional accuracy. Eccentric positioning causes the
vessel wall nearer the imaging chamber to appear more hyperechoic than the distant wall, resulting in an artifactual difference in wall thickness. Angulations may also result in an elliptical image of the vessel lumen, especially in tortuous aortas and the

8 9
thoracic arch. When this occurs, the minimal diameter (minor axis) should be used as the vessel diameter. In two studies, investigators have demonstrated that the minor axis is an accurate measurement in angled images or tortuous anatomy.[ ] [ ]
INTERPRETATION OF IMAGES
The images produced by IVUS catheters not only outline the luminal and adventitial surfaces of normal arterial segments but also have the potential to discriminate between normal and diseased vessel wall.

10]

In muscular arteries, distinct sonographic layers are visible, with the media appearing as an echolucent layer sandwiched between the more echodense intima and adventitia.[

The internal and external elastic laminae and adventitia are considered the

11
backscatter substrates for the inner and outer echodense zones.[ ] Smooth muscle in the media is echolucent, whereas collagen in the adventitia and elastin in the intima are echodense. Small intimal lesions are also quite well-defined in muscular arteries
because of the fibrous tissue content, although large or complex plaques may compress or shadow the medial detail. The three-layer vessel image seen in muscular arteries may be lost in smaller distal arteries and larger elastic arteries, because the higher
elastin content makes the media echodense. In medium-sized
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Figure 23-5 (Figure Not Available) IVUS image of abdominal aortic aneurysm demonstrating normal and calcified wall as well as thrombus in the aneurysmal sac. Image produced with the Galaxy 2 System and an
Atlantis PV mechanical rotating catheter. (Courtesy of John Tirado, Boston Scientific, Natick, MA.)
vessels such as the femoral artery, the media is visible but is thinner than in more central vessels.

11]

Gussenhoven and colleagues [

have described four basic plaque components that can be distinguished with 40-MHz intravascular ultrasound in vitro:

■ Echolucent—lipid deposit, lipid “lake”
■ Soft echoes—fibromuscular tissue, intimal proliferation, including varying amounts of diffusely dispersed lipid
■ Bright echoes—collagen-rich fibrous tissue
■ Bright echoes with acoustic shadowing—calcified tissue
In addition to characterization of atherosclerotic plaque, intravascular ultrasound can frequently distinguish thrombus from normal vessel wall or minimal occlusive disease. Fresh thrombus usually appears as a highly echogenic homogeneous mass with
varying shadowing (image attenuation) beyond its location. Older thrombus can be difficult to differentiate from a fibrous atheromatous lesion but is usually less echogenic and very homogeneous.

12

For soft tissue, the absorption coefficient for ultrasound energy is proportional to the frequency, whereas for hard tissue, the coefficient is proportional to the square of the frequency.[ ] Intravascular ultrasound devices therefore are sensitive in
differentiating calcified and noncalcified vascular lesions. Because the ultrasound energy is strongly reflected by calcific plaque, it appears as a bright image with dense acoustic shadowing behind it (Fig. 23–5 (Figure Not Available) ). For this reason, the
exact location of the media and adventitia cannot be seen in segments of vessels containing heavily calcific disease, and dimensions must be estimated by interpolation of adjacent size data.

Dimensional Morphology and Lesion Distribution

Several investigators have observed that intraluminal ultrasound determines the dimensions of the luminal diameters and wall thickness of normal or minimally diseased arteries both in vitro and in vivo and have found the method to be accurate within 0.05

10] [11] [12]

mm.[

Determination of the outside diameter of the vessels may be less accurate, with a margin of error in some cases being 0.5 mm. Additional studies have compared the ability of intravascular ultrasound and uniplanar angiography in

13] [14]
Uniplanar angiography can be quite accurate in defining vessel lumen cross-sectional area if the vessel is circular, as it is in most normal and mildly
[15]

determining the luminal dimensions of normal and moderately atherosclerotic human arteries.[

diseased arteries. Clinically significant atherosclerotic occlusive diseased is usually eccentrically positioned in the arterial lumen, and the lumen may be either circular or elliptical, although most are circular.

In instances in which the lumen is elliptical,

16
biplanar angiograms are needed to more accurately define luminal cross-sectional areas and calculate a percentage area stenosis.[ ] In elliptical lumina, the cross-sectional area calculated from angiograms is usually greater than that measured with

intravascular ultrasound.

In addition to the limitations of angiography in defining luminal dimensions of elliptical vessels, the modality gives no information about vessel wall morphology aside from calcification or aneurysms visualized on the plain radiographs.

Clinical Applications
Diagnostic

IVUS is an invasive procedure. Thus, it is normally limited to functioning as an adjuvant to other procedures, such as contrast angiography and balloon angioplasty. However, when contrast agents are contraindicated or contrast-enhanced computed
tomography (CT) scans are inconclusive, IVUS can serve as a useful tool for prediagnostic evaluation. This is especially true for evaluating patient suitability for abdominal or thoracic endoluminal graft (ELG) procedures. Figure 23–6 shows a longitudinal
gray-scale image of a patient being evaluated for treatment of a thoracic aneurysm in whom use of a contrast agent was contraindicated. The IVUS pull-through identifies the diameter and length of the proximal and distal graft fixation points as well as the
overall length between the origins of the subclavian artery and celiac artery. On the basis of this information, the patient was successfully treated with an aortic ELG.
Balloon Angioplasty

IVUS can provide useful information for both preprocedural and postprocedural assessment of balloon angioplasty. It provides intraluminal cross-sectional measurements along with precise determination of the arterial morphology and lesion pathology.

Postprocedural assessment also yields an accurate evaluation of the end result and may help determine whether a stent is needed to improve the overall result. In one study showing that postprocedural assessment with IVUS improves the overall results of

17]

percutaneous coronary angioplasty, IVUS guidance during percutaneous coronary interventions improved long-term outcome and cost-effectiveness of the procedure.[
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Figure 23-6 Evaluation of proximal and distal fixation points for treatment of thoracic aneurysm. A, A real-time longitudinal reconstruction of the thoracic aorta demonstrating the subclavian orifice (B), the proximal fixation point (C), and the aneurysm (D).
Images produced with a Visions PV8.2F catheter. (Courtesy of Volcano Therapeutics, Rancho Cordova, CA.)

Figure 23-7 IVUS images of a maldeployed iliac stent. On angiography (left) the contrast agent conformed to the outer walls, demonstrating a well-apposed stent. IVUS evaluation (right) revealed poorly apposed stents, which were further dilated to maximize
wall apposition. Images produced with a Visions PV8.2F catheter. (Courtesy of Volcano Therapeutics, Rancho Cordova, CA.)

Figure 23-8 A, The IVUS catheter is located at the right renal artery (RR) and left renal artery (LR). B, The exact location relative to the patient, when centered on the fluoroscopic screen, is 13 cm. C, The determined location is recorded on the schematic.
The catheter is very slowly withdrawn until the full aortic circumference is visualized. This serves as the proximal fixation point. The location and diameter are recorded on the schematic.

Figure 23-9 A, Healthy aortic wall at level of right renal orifice (RR). The renal vein (RV) is located posterior to the renal arteries. B, Calcified aortic wall at the level of the renal orifices. C, Pseudoaneurysmal wall at the level of the right and left renal
orifices. On the basis of spiral CT findings, the patient was an ideal endovascular graft candidate. The IVUS evaluation, however, revealed a pseudoaneurysm at the infrarenal aorta. The procedure was abandoned and the patient underwent an open repair at a
later date. Images produced with a Visions PV8.2F catheter. (Courtesy of Volcano Therapeutics, Rancho Cordova, CA.)

Figure 23-10 A, Endoluminal graft covering the right renal orifice. On angiogram, the right renal artery was patent, but slow filling, due to graft porosity. B, The endoluminal graft was pulled distally with an over-the-bifurcation technique, and the renal
ostium was re-evaluated with IVUS.

Figure 23-11 Heavy plaque burden at the level of the proximal neck may raise risk of embolic complications.

Figure 23-12 Major vessels can be readily evaluated to determine source of blood flow. If necessary, IVUS can also be used to evaluate the location for fenestration of dissection flaps as well as to provide real-time guidance of the fenestration device.

Figure 23-13 A, IVUS image demonstrates the dissection flap at the celiac orifice. Note that the true and false lumina are supplying blood to the artery. B, IVUS image of the proximal entry point of the flap of the dissection (arrow). In real-time imaging,
these flaps were pulsating independently. C, An endoluminal graft was placed across the dissection flap, and its placement confirmed with IVUS.

Figure 23-14 IVUS image of the entry point of a thoracic dissection. In this case, the guidewire continually advanced into the false lumen. The IVUS catheter was introduced and used to sequentially guide the guidewire into the true lumen. Image produced
with Visions PV8.2F catheter. (Courtesy of Volcano Therapeutics, Rancho Cordova, CA.)

Figure 23-15 A, Fluoroscopic image demonstrating the position of the guidewire and IVUS catheter within the endoluminal device. B, IVUS image demonstrating that the guidewire and IVUS catheter are between the device and aortic wall. Image produced
with Visions PV8.2F catheter. (Courtesy of Volcano Therapeutics, Rancho Cordova, CA.)

Figure 23-16 A, IVUS image of the vena cava, demonstrating the posterior renal artery (RA). B, The renal veins are usually within close proximity to the renal artery. L-RV, left renal vein. Image produced with Visions PV8.2F catheter. (Courtesy of Volcano
Therapeutics, Rancho Cordova, CA.)

Figure 23-17 The frequency shift of the IVUS image can be interpreted as different tissue types, and a color assigned to each type. This approach may enable clinicians to identify troublesome plaque burdens. (Courtesy of Volcano Therapeutics, Rancho
Cordova, CA.)

Figure 23-18 Optical coherence tomography (OCT) measures the intensity returning from a tissue. The OCT image of a coronary artery (A) demonstrates 10-μm resolution, compared with resolution of 100 to 150 μm for the IVUS image (B). (Courtesy of
G. J. Tearney, MD, PhD, I. K. Jang, MD, PhD, and B. E. Bouma, PhD.)
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Section V - ARTERIAL DISEASES: BASIC CONSIDERATIONS
R. James Valentine MD
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Chapter 24 - Atherosclerosis:

Plaque Characteristics and Concepts of Evolution

RALPH G. DePALMA MD, FACS

Vascular and cardiac surgeons treat patients with complicated atherosclerotic plaques that cause limb loss, stroke, and myocardial infarction. This chapter describes evolution, pathology and theories of pathogenesis, characteristics, and localization of
atherosclerotic plaques. Medical treatment for atherosclerosis is discussed elsewhere; however, in considering surgical interventions, surgeons recognize that an understanding of plaque morphology and natural history is critical for making treatment choices.
For example, a stenotic lesion composed of smooth muscle and collagen that is located in the superficial femoral artery at the adductor hiatus is a “safer” lesion than the typical carotid or coronary plaque with an unstable core of atheromatous debris beneath a

1 2
tenuous cap. Variations in the patterns, stages, and rates of lesion progression[ ] [ ] have important therapeutic implications as well.
This overview cannot consider atherosclerosis as comprehensively as might be wished; several thousand citations appear each year in the literature. Describing a common pathway of evolution to a stereotypic lesion is a convenient oversimplification. Several
pathways likely lead to atherosclerotic lesions. This chapter describes concepts of plaque evolution from early to later stages. Considering atherosclerosis as a single entity is also convenient for describing its evolution; however, owing to its complex and

3 4
variable pathology and related variable clinical presentations, some authorities have described atherosclerosis as a polypathogenic process encompassing a group of closely related vascular disorders.[ ] [ ] Growing familiarity with the pathology of this
disease, along with advances beyond arteriography in imaging plaques in the arterial wall, promise a better understanding of plaque evolution and opportunities for more precise treatment options.
PATHOLOGY
Atheroma is derived from the Greek athere, meaning porridge or gruel. Sclerosis means induration or hardening. Arterial plaques typically have a gruel-like color and a soft consistency, with variable amounts of induration or hardening that differ among

5

patients, individual plaques, and stages of disease. In 1755, von Haller[ ] first applied the term atheroma to a common type of plaque that, on sectioning, exuded yellow pultaceous content from its core. Figure 24–1 illustrates a typical fibrous plaque
containing a central atheromatous core beneath a fibrous or fibromuscular cap, macrophage accumulation, and round cell adventitial infiltration. This lesion characterizes disease in its active phase and may be more common in younger rather than older
individuals, whose lesions are more likely to be fibrotic and calcified. Although a classic definition of atherosclerotic plaque described a “variable combination of changes in the intima of arteries consisting of focal accumulation of lipids, complex

6

carbohydrates, blood and blood products, fibrous tissue and calcium deposits,” [ ] this outdated description fails to encompass the spectrum of atherosclerotic lesions. The process involves the entire arterial wall. Advanced plaques invade the media, and
atheromas at certain stages tend to produce bulging or even enlarged arteries. Round cell infiltration, medial changes, and neovascularization characterize advanced atherosclerotic lesions. The descriptions that follow consider
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Figure 24-1 Schema of prototypical atheroma type IV lesion. Note the central lipid core, the fibrous cap, the macrophage accumulations, and the zone of synthetically active muscle at the shoulders of the lesion. Lymphocytic infiltration in adventitia is usually
more marked than shown. (Modified from DePalma RG: Pathology of atheromas. In Bell PRF, Jameson CW, Ruckley CV [eds]: Surgical Management of Vascular Disease. London, WB Saunders, 1992, p 21.)

Figure 24-2 Simplified schema of plaque evolution from fatty streak to complicated plaque, indicating potentially reversible early stages.

Figure 24-3 Anatomic patterns of infrarenal aortic and lower extremity atherosclerosis. Group A is principally aortic atherosclerosis, group C is a combined pattern, and Group L is atherosclerosis principally of the lower extremity. (From Rosen AB, DePalma
RG, Victor Y: Risk factors in peripheral atherosclerosis. AMA Arch Surg 107:303, 1973.)

TABLE 24-1 -- Comparison of Normal, Minimally Involved, and Severely Involved Profunda Femoris Artery in Nondiabetic and Diabetic Patients
NONDIABETIC PATIENTS

DIABETIC PATIENTS

Severely Involved

*

Normal or Minimally Involved

Severely Involved

*

ZONE

Normal or Minimally Involved

PVALUE

1

27

11

32

10

.7191

2

23

17

10

32

.0716

3

38

0

37

5
.0002

4

36

2

37

5
.0119

5

38

0

39

3
.0238

6

38

0

37

54
.0043

7

38

0

38

—
.0015

†
†
†
†
†

Adapted from DePalma RG: Patterns of peripheral atherosclerosis: Implications for treatment. In Shepard J: Atherosclerosis: Developments, Complications, Treatment. New York, Elsevier, 1987, p 161.

* Stenosis greater than 50% or occlusion.
† Difference significant between diabetics and nondiabetics on basis of chi-square test.
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The organism Chlamydia pneumoniae or its DNA has been detected in atherosclerotic plaques, with varying frequency. The reliability of detection of the organism depends on careful sampling technique requiring a minimum of 15 sections to ensure a 95%

127]

chance of detecting all true-positive cases.[

128]
leading to the hypothesis that macrophages infected with C. pneumoniae, upon entering the intima, mediate

Chlamydial heat shock protein colocalizes in plaques with C. pneumoniae–specific antigen,[

129 130

][
] In addition to C. pneumoniae, cytomegalovirus, Helicobacter pylori, and herpes virus have been proposed to play a role in the pathogenesis of
inflammatory and autoimmune responses by producing chlamydial heat shock protein-60.[
atherosclerotic plaques. The deleterious effects of infection presumably relate to inflammation and bacterial heat shock proteins that produce arterial inflammatory and autoimmune reactions. Antibiotic trials testing these hypotheses are in progress; some trials
131]

suggest benefit,[

132]

but results of others are equivocal[

133]

or negative. [

Treatment Implications of Plaque Studies

90 96

The concept of the unstable plaque is important for medical and surgical decision-making about treatment,[ ] [ ] but application of imaging techniques to detect unstable plaques remains far from routinely available. At present, the decision to select
conservative versus operative intervention relies on clinical judgment using concepts based on theory. Plaques that produce symptoms are considered to be unstable, requiring prompt surgical intervention. Inflammation predisposes to progression and
complications independently of blood lipid levels. These new concepts provide insights into the benefits of aspirin as an inflammatory inhibitor and into the deleterious effects of tropical oils, which stimulate inflammatory responses. Recently recognized

134

] ; individuals capable of mounting brisk pro-inflammatory responses are more susceptible to atherosclerosis. The
genetic variants of toll-like receptors confer differences in the inflammatory responses elicited by bacterial lipopolysaccharides[
inflammatory cascades include interactions of pro-inflammatory and anti-inflammatory cytokines within the arterial wall. Specific means of influencing these responses have yet to be discovered. However, inhibition of MMP activity using tetracycline-like
135] [136] [137] [138] [139] [140]

derivatives to retard aneurysmal dilatation, reported within the last decade,[

is a novel effort based on experimental data that awaits final judgment. Tissue studies have shown successful inhibition of glucose and

141]
Although this finding has important implications for diabetics, the hypothesis has yet to be tested clinically.
insulin-mediated growth of infragenicular arterial smooth muscle cells.[
The ability to lessen the burden of the lipid core with treatment at particular stages of atherogenesis is a salient finding. A randomized, placebo-controlled trial of simvastatin showed reduction of adverse cardiovascular outcomes when the agent was used for

142]

both primary and secondary prevention. The beneficial effect extended to patients without abnormal elevations of lipid concentrations, presumably owing to lessened inflammation.[

The anti-inflammatory effect of statins has been documented by

143]
Thus, lipid reduction and reduced inflammation support the utility of statin treatment of established atherosclerotic plaques within the crucible of the clinical trial. Similar rationale at the tissue
decreased levels of CRP, independent of LDL reduction.[
[144]
level exists for clinical treatment using angiotensin-converting enzyme (ACE) inhibition; angiotensin II, a pro-inflammatory mediator, acts at several steps in plaque development.

Angiotensin II induces the inflammatory cytokine IL-6, which co-

145]
In many ways, the novel findings of cell biology in plaque pathology point the way to and reinforce biologically plausible treatment selections for testing in clinical trials.
localizes with angiotensin receptors at strategic sites within coronary plaques.[
[146]
[147]
CRP itself,
Other means of reducing pro-oxidant stress, for example from ferrous iron,
more challenging and may be as important as the dynamics of plaque lipid core.

and cytokines promoting formation of peroxidases, need investigation at the tissue level. The delineation of these reactions, occurring in nanoseconds, will be
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Chapter 25 - Thromboangiitis Obliterans (Buerger’s Disease)

JEFFREY W. OLIN DO

Thromboangiitis obliterans (TAO) is a nonatherosclerotic, segmental inflammatory disease that most commonly affects the small and medium-sized arteries and veins in the upper and lower extremities. Although it is classified pathologically as a vasculitis,
TAO differs from the more commonly encountered vasculitides in the following three important ways:
1. There is often a highly inflammatory thrombus with relative sparing of the blood vessel wall.
2. Acute phase reactant levels are normal except in the presence of acute infarction.
3. Markers of immunoactivation are absent.
In the early published reports, TAO was most commonly encountered in young men. However, in the later Western literature, the incidence of TAO appears to be rising in women. Virtually all patients are users of tobacco, usually cigarettes.

1
In 1879, von Winiwater[ ] reported pathologic findings in a 57-year-old man with a 12-year history of foot pain that eventually progressed to gangrene and amputation. The pathologic specimen demonstrated intimal proliferation, thrombosis, and fibrosis.
1

2

von Winiwater[ ] was the first to suggest that the endarteritis and endophlebitis present in the amputated specimen were distinct from atherosclerosis. Twenty-nine years, later Leo Buerger[ ] (born the year von Winiwater’s original report was published)
provided a detailed and accurate pathologic description of the endarteritis and endophlebitis in 11 amputated limbs. On the basis of his pathologic examination, Buerger called the disease “thromboangiitis obliterans.” He emphasized the differences in the
clinical and pathologic features of TAO from those of atherosclerosis.

3
4
Shortly after the publication of Buerger’s comprehensive monograph,[ ] Allen and Brown[ ] reported on 200 cases of TAO evaluated at the Mayo Clinic from 1922 to 1926. Most of their patients were Jewish men who were heavy cigarette smokers. These
4
investigators noted that these patients experienced foot claudication as well as trophic changes “such as excessive callosities in the weight bearing areas, or … gangrenous ulcers of the digits or gangrene involving the toes or the entire foot.”[ ] Although

4
pathologically the description was identical to that in Buerger’s original report, Allen and Brown[ ] suggested that TAO was a disease of infectious origin, a hypothesis that has never been proved.
EPIDEMIOLOGY

5 6

Buerger’s disease has a worldwide distribution, but it is more prevalent in the Middle East, Near East, and Far East regions than in North America and Western Europe.[ ] [ ] The incidence of Buerger’s disease has declined in the United States and Europe,
possibly owing to the adoption of stricter diagnostic criteria. At the Mayo Clinic, the prevalence rate of patients with the diagnosis of Buerger’s disease has steadily declined from 104 per 100,000 patient registrations in 1947 to 12.6 per 100,000 patient

5 6
registrations in 1986.[ ] [ ]
There are widely varying prevalence rates of Buerger’s disease in patients with peripheral arterial disease in Europe and Asia. For example, the rates of TAO among all patients with peripheral arterial disease have been reported as 0.5% to 5.6% in Western

7 8
European countries, 3% in Poland, 6.7% in East Germany, 11.5% in Czechoslovakia, 39% in Yugoslavia, 80% in Israel (Ashkenazim), 45% to 63% in India, and 16% to 66% in Korea and Japan.[ ] [ ] These rates were calculated from highly selected series
of patients treated at specialized institutions, not from the general population.
9

In 1973, Hill and colleagues[ ] described an analysis of 106 patients with Buerger’s disease in Java, Indonesia. All patients were cigarette smokers from the lowest socioeconomic sector of the community; only one was a woman. The researchers concluded
that the environmental factors of significance in this disease as it occurred in Java appeared to be tobacco, cold injury, and a previous history of mycotic infection.

10]
analyzed 3034 patients( 2930 men and 104 women) with the disease from all over Japan and estimated its incidence to be about 5 per 100,000 population.
[11]

In 1976, the Buerger’s Disease Research Committee of the Ministry of Health and Welfare of Japan[

and that the
In 1986, the Epidemiology of Intractable Disease Research Committee of the Ministry of Health and Welfare of Japan estimated that 8858 patients with the disease were treated at various medical institutions (5 per 100,000 population)
prevalence among manual laborers was not significantly greater. The number of new patients with Buerger’s disease in Japan seems to be decreasing slightly, but the number of the patients under the care of a physician remains almost unchanged owing to

11] [12]

frequent recurrences.[

Buerger’s Disease in Women
The reported incidence of Buerger’s disease in women was 1% to 2% in most published series of cases before 1970. In
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13]

the 1990s, several large series demonstrated a much higher occurrence in women. Women accounted for 26 (23%) of 112 patients with Buerger’s disease evaluated between1970 and 1987 at the Cleveland Clinic Foundation.[

From 1988 to 1996, an

14
15
additional 40 patients with Buerger’s disease were treated, 30% of whom were women.[ ] Other series have confirmed the higher female prevalence in TAO; women accounted for 12 (11%) of 109 cases from 1981 to 1985 in Rochester, Minnesota [ ] ; 5
[16]
[17]
[18]
(19%) of 26 patients in a 1987 study from the University of Oregon

; 48 (14%) of 355 cases from 1975 to 1984 in Yugoslavia

; and 12 (22.6%) of 53 patients in a Swiss study.

The reason for the apparent increase in number of women with

12]

Buerger’s disease is unknown, but the rise in the number of women smokers is a likely cause. The prevalence of Buerger’s disease in Japanese women remains relatively low compared with the higher number of female smokers,[

patients from Hong Kong all were men.

[19]

and in a study of 89

The problem with all of these statistics is that prevalence of TAO in a given population varies with the criteria used to make the diagnosis.

ETIOLOGY AND PATHOGENESIS

20

The etiology of Buerger’s disease is unknown. Although TAO is a type of vasculitis,[ ] important features distinguish Buerger’s disease from other forms of vasculitis. Pathologically, the thrombus in TAO is highly cellular, with much less intense cellular
activity in the wall of the blood vessel and a preserved internal elastic lamina. In addition, TAO differs from many other types of vasculitis in that the usual immunologic markers—elevation of acute phase reactants such as Westergren sedimentation rate and
C-reactive protein, circulating immune complexes, and autoantibodies such as antinuclear antibody, rheumatoid factor, and complement levels—are usually normal or negative.
Smoking

13] [14]
21
Kjeldsen and Mozes[ ] have demonstrated that patients with TAO have higher tobacco consumption and carboxyhemoglobin levels than patients with atherosclerosis
[22] [23] [24]

There is an extremely strong association between heavy tobacco use and TAO.[

and than control subjects without vascular disease. There have been occasional cases of TAO in users of smokeless tobacco or snuff.

It is possible that there is an abnormal sensitivity or allergy to some component of tobacco and that this

25 26 27
sensitivity in some way leads to an inflammatory small vessel occlusive disease.[ ] [ ] [ ] The incidence of TAO is higher in countries where the consumption of tobacco is large. There is a higher incidence of TAO in India among individuals of a low
[27] [28]

In a case-control study in Bangladesh, 35% of patients with TAO and 69.1% of controls were cigarette smokers, while 65% of TAO cases and 30.1% of control subjects were
socioeconomic class who smoke bidis (unprocessed, low-grade tobacco).
bidi smokers. With the use of logistic regression analysis and the smoking of approximately 10 cigarettes per day as a reference, people who smoked more than 20 bidis per day (odds ratio [OR] = 34.76; 95% confidence interval (CI), 6.11–197.67) or 11 to 20

29]

bidis per day (OR = 7.12; 95% CI, 2.35–21.63) had a greater risk of TAO after adjustment of data for confounding factors.[

It is not known whether cigarette smoking causes or only contributes to the development of Buerger’s disease. However, tobacco use is a major factor in disease activity. The progression and continued symptoms associated with TAO are closely linked with

8
continued use of tobacco.[ ] Although passive smoking (secondary smoke) has not been shown to be associated with the onset of TAO, it may be an important factor in the continuation of symptoms during the acute phase of Buerger’s disease. Matsushita and
30]

associates[

have shown a very close relationship between active smoking and an active course of Buerger’s disease, using the urine level of cotinine (a metabolite of nicotine) as a measurement of active smoking.

31

Virtually all investigators believe that smoking or tobacco use in some form is a requirement for the diagnosis of TAO. There has never been a well-documented case of TAO occurring in the absence of tobacco use. Lie[ ] described one case of
pathologically proven Buerger’s disease affecting the upper extremities of a 62-year-old man who had “allegedly” discontinued smoking 15 years earlier. However, this report did not contain measurements of urinary nicotine or serum cotinine or
carboxyhemoglobin. Therefore, it is possible that the subject of this report was still smoking.

32

33

Purified tobacco glycoprotein (TGP) could be related to changes in vascular reactivity that may occur in cigarette smokers.[ ] Papa and colleagues[ ] demonstrated that there was no difference in the humoral response among patients with TAO, healthy
smokers, and nonsmokers, and that the two groups of smokers had the same cellular response to tobacco glycoprotein antigen but nonsmokers did not respond at all.
Tobacco use or exposure is central to initiation and progression of the disease. However, only a small number of smokers worldwide eventually have TAO; therefore, other etiologic factors must play roles as triggering mechanisms for the development of
TAO in susceptible individuals.
Genetics
There may be a predisposition to development of TAO, although no gene has been identified to date. There is no consistent pattern in HLA haplotypes among patients with Buerger’s disease. In the United Kingdom, there was a preponderance of HLA-A9 and

34] [35] [36] [37]
This finding may be based on genetic differences in various populations as well as methodologic differences in

HLA-B5 antigens, whereas other HLA haplotypes were more common in patients with TAO from Japan, Austria, and Israel.[

33]

each of the studies cited.[

16]

Mills and colleagues[

performed HLA testing in 11 patients with TAO and could not identify a distinctive pattern.

Hypercoagulability

38] [39] [40] [41]

Although some studies have failed to identify a specific hypercoagulable state in patients with Buerger’s disease, others have shown one or more abnormalities.[
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40

Choudhury and colleagues[ ] demonstrated that the level of urokinase-plasminogen activator was twofold higher, and that of free plasminogen activator inhibitor I was 40% lower in patients with TAO than in healthy volunteers. After venous occlusion,
tissue plasminogen activator antigen was increased in patients with Buerger’s disease and in healthy volunteers, but the increase was much more pronounced in the control group. This finding suggests some form of endothelial derangement in patients with
Buerger’s disease, characterized by greater urokinase-plasminogen activator release and reduced plasminogen activator inhibitor I release.

17

42

An increased platelet response to serotonin is described in patients with Buerger’s disease.[ ] Platelet contractile force (PCF) was found to be 82% higher in one TAO patient than in a normal control, and 340% higher in a second patient.[ ] Elevated PCF
has been seen in a variety of conditions, such as coronary artery disease and diabetes mellitus, in which endothelial function is abnormal. Whether high PCF values play a role in the pathogenesis of these diseases or simply serve as markers of enhanced
platelet function, endothelial dysfunction, or both, is not known.

43

Brodmann and colleagues [ ] reported the presence of factor V Leiden mutation in 2 of 28 (7.1%) of patients with TAO compared with 9 of 262 (3.4%) of controls (P= .65) and prothrombin gene mutation 20210A in 1 of 28 (3.6%) of patients with TAO
compared with 25 of 262 (9.4%) of controls (P= .48). However, another case-control study demonstrated that the odds ratio for prothrombin 20210A allele compared with G allele was 7.98 (95% CI, 2.45–25.93). This mutation was the only prothrombotic

44] [45]

genetic factor associated with a risk of TAO (P = .032).[

14] [46]

Interest has grown in two other factors that may predispose to abnormal thrombosis. Elevated plasma homocysteine has been reported in patients with TAO.[

This rise may be related to the high prevalence of heavy cigarette smoking or may in some

14

way be directly connected to the disease itself. Patients with TAO who have elevations of homocysteine may also have a higher amputation rate than those who have normal homocysteine levels.[ ] There have been several reports of increased
anticardiolipin antibody titers in patients with Buerger’s disease. A study involving patients with TAO (n = 47), patients with premature atherosclerosis (pASO) (n = 48), and otherwise healthy individuals (n = 48) demonstrated a higher prevalence of elevated

47]
Patients with TAO and high antibody titers tended to be younger and to suffer a significantly higher rate of major
[48]
[14]

anticardiolipin antibody titers in patients with TAO (36%) than in patients with pASO (8%; P= .01) and healthy individuals (2%; P< .001).[

amputations than those without the antibody (100% versus 17%; P = .003). Because there were several methodologic problems with this study, further research is needed to confirm this observation.

Another study did not show such findings.

Endothelial Dysfunction

49

Eichhorn and associates[ ] measured a panel of autoantibodies—antineutrophil cytoplasmic antibodies against proteinase 3 (cANCAs), ANCAs against myeloperoxidase (pANCAs), antinuclear antibodies, anti-Ro antibodies, and anticardiolipin antibodies—
in 28 patients with TAO. These autoantibody levels were normal in all patients. However, 7 patients with active disease had anti–endothelial cell antibody (AECA) titers of 1857 ± 450 arbitrary units (AU) compared with 126 ± 15 AU in 30 normal control
subjects (P < .001) and 461 ± 41 AU in 21 patients with TAO in remission (P < .01). Antibodies from the sera of patients with active disease reacted not only with surface epitopes but also with sites within the cytoplasm of human endothelial cells. If these
findings are corroborated, assays that measure AECA titers may prove to be useful in following disease activity in patients with TAO.

50

Makita and colleagues[ ] demonstrated impaired endothelium-dependent vasorelaxation in the peripheral vasculature of patients with Buerger’s disease. Forearm blood flow (FBF) was measured plethysmographically in the nondiseased limb after the
infusion of acetylcholine (endothelium-dependent vasodilator), after infusion of sodium nitroprusside (endothelium-independent vasodilator), and after occlusion-induced reactive hyperemia. The rise in FBF response to intra-arterial acetylcholine was lower in
patients with TAO (14.1 ± 2.8 mL/min per dL of tissue volume) than in healthy controls (22.9 ± 2.9 mL/min per dL) (P < 0.01). There was no significant increase in FBF response to sodium nitroprusside (13.1 ± 4 mL/min per dL in patients with TAO; 16.3 ±
2.5 mL/min per dL in controls). Also there was no significant difference between the two groups after reactive hyperemia. These data indicate that endothelium-dependent vasodilatation is impaired even in the nondiseased limb of patients with TAO.
Immunologic Mechanisms

51

Several studies have examined the immunologic mechanisms in patients with TAO. Adar and colleagues[ ] studied 39 patients with Buerger’s disease and measured the cell-mediated sensitivity for type I and III collagen using an antigen-sensitive thymidine
incorporation assay. They found higher cellular sensitivity to type I and type III collagen (normal constituents of human arteries) in patients with TAO than in patients with atherosclerosis and healthy male controls. There was a low but significant level of

52] [53]

anticollagen antibody in 7 of 39 serum samples from patients with TAO, whereas this antibody was not detected in the control group of patients. Circulating immune complexes have been found in the peripheral arteries of some patients with TAO.[

[54]
54

Additional data from three publications suggest that immunologic activation may, at least in part, be an important pathogenetic factor in TAO. Roncon de Albuquerque and coworkers[ ] analyzed the arteries of 9 patients with Buerger’s disease (33
specimens) histologically, including immunophenotyping of the infiltrating cells, to elucidate the nature of this unusual type of vasculitis. The general architecture of vessel walls was well-preserved regardless of the stage of disease, and cell infiltration was
observed mainly in the thrombus and the intima. Among infiltrating cells, CD3+ T cells greatly outnumbered CD20+ B cells. CD68+ macrophages or S-100+ dendritic cells were detected, especially in the intima during acute and subacute stages. All but one
case showed infiltration of the intima by the

407

HLA-DR antigen–bearing macrophages and by dendritic cells. Immunoglobulin (Ig) G, IgA, IgM, and complement factors 3d and 4c (C3d, C4c) were deposited along the internal elastic lamina. These investigators concluded that Buerger’s disease is an

55]

endarteritis that is introduced by T cell–mediated cellular immunity and by B cell–mediated humoral immunity associated with activation of macrophages or dendritic cells in the intima.[

56

Lee and associates[ ] performed immunohistochemical and terminal deoxyribonucleotidyl transferase (TDT)– mediated deoxyuridine triphosphate (dUTP)–digoxigenin nick-end labeling (TUNEL) studies in specimens from 8 patients with TAO (7 occluded
arteries and one patent artery) (1) to phenotype the infiltrating cells with CD4 (helper T cell), CD8 (cytotoxic T cell), CD56 (natural killer cell), and CD68 (macrophage); (2) to identify cell activation with vascular cell adhesion molecule-1 (VCAM-1) and

56

insoluble nitric oxide synthase (i-NOS); (3) for identification of cell death with TUNEL analysis; and (4) to detect inflammatory cytokine with reverse transcriptase– polymerase chain reaction (RT-PCR).[ ] The T-cell infiltration was localized mainly in
thrombus, intima, and adventitia. Among infiltrating cells, CD4 T cells greatly outnumbered CD8 cells. VCAM-1 and i-NOS were expressed in endothelial cells around the intima (patent segment) or vaso vasorum (occluded segment). On the basis of these

56]

data, Lee and associates[

concluded that T cell–mediated immune inflammation is a significant event in the development of TAO.

57]
conducted histochemical light and electron microscope analysis to investigate the presence of tumor necrosis factor-α (TNF-α) and

In surgical biopsy specimens obtained from femoral and iliac arteries of patients with TAO, Halacheva and colleagues[

57

expression of intercellular adhesion molecule-1 (ICAM-1), VCAM-1, and E-selectin.[ ] Expression of ICAM-1, VCAM-1, and E-selectin was increased on the endothelium and some inflammatory cells within the thickened intima in all specimens. The
authors further report the following: “Ultrastructural immunohistochemical analysis revealed contacts between mononuclear blood cells and ICAM-1–, and E-selectin– positive endothelial cells. These endothelial cells showed morphologic signs of activation.

The present data indicate that endothelial cells are activated in TAO and that vascular lesions are associated with TNF-α secretion by tissue-infiltrating inflammatory cells, ICAM-1, VCAM-1, and E-selectin expression on endothelial cells and leukocyte

57]

adhesion via their ligands. The preferential expression of inducible adhesion molecules in microvessels and mononuclear inflammatory cells suggests that angiogenesis contributes to the persistence of the inflammatory process in TAO.”[

In summary, no single etiologic mechanism is present in all patients with TAO. Tobacco seems to play a central role in both the initiation and continuation of the disease. Other etiologic factors, such as genetic predisposition, immunologic mechanisms,
endothelial dysfunction, and coagulation abnormalities, may play a role in some patients.

PATHOLOGY
In Buerger’s disease, an inflammatory thrombosis affects both arteries and veins. The histopathology of the involved blood vessels varies according to the chronologic age of the disease at which the tissue sample is obtained for examination. The
histopathology is most likely to be diagnostic at the acute phase of the disease. At the intermediate or subacute phase, histopathologic changes evolve, being consistent with or suggestive of the disease in the appropriate clinical setting; however, the

2 6 58 59 60
histopathology becomes virtually indeterminate at the end-stage or chronic phase, when all that remains is organized thrombus and fibrosis of the blood vessels.[ ] [ ] [ ] [ ] [ ]
60

Dible [ ] stated that the pathologic diagnosis of Buerger’s disease was by no means always secure: “There is so much variation from case to case, depending upon the stage of the disease and the characteristic capriciousness of the lesions, that it is difficult
to give a succinct account of the histology.” Nevertheless, Dible believed that the histologic distinction between Buerger’s disease and atherosclerosis was so clear-cut that a differentiation could be made with a high degree of accuracy through simple

61]

examination of tissue sections containing digital arteries and veins. The small blood vessels in the hand and foot are not usually affected by atherosclerosis. A 2000 review reinforces some of the concepts that Dible described 40 years ago.[

The acute phase lesion is characterized by acute inflammation involving all coats of the vessel wall, especially of the veins, in association with occlusive thrombosis. Around the periphery of the thrombus, there are often polymorphonuclear leukocytes with
karyorrhexis, the so-called microabscesses, in which one or more multinucleated giant cells may be present ( Fig. 25–1 ). This histologic finding

Figure 25-1 A, Typical acute histologic lesion of Buerger’s disease in a vein with intense thromboangiitis (H&E staining; ×64). B, Close-up of the boxed area in A, showing microabscess in the thrombus and two multinucleated giant cells (H&E; ×400).
(From Lie JT: Thromboangiitis obliterans [Buerger’s disease] revisited. Pathol Annu 23:257–291, 1988.)

Figure 25-2 Digital artery (A) and digital vein (B) of intermediate stage in Buerger’s disease. Note the prominent inflammatory infiltrate and early organization of the thrombus (H&E; ×64). (From Lie JT: Thromboangiitis obliterans [Buerger’s disease]
revisited. Pathol Annu 23:257–291, 1988.)

Figure 25-3 Chronic phase lesion of Buerger’s disease in a radial artery. Note the extensive recanalization of the organized thrombus with prominent vascularization of the media, intact internal elastic lamina, and some residual lymphomononuclear cell
infiltrate. (A, H&E, ×64; B, elastin–Van Gieson stain; ×64). (From Lie JT: Thromboangiitis obliterans [Buerger’s disease] revisited. Pathol Annu 23:257–291, 1988.)

TABLE 25-1 -- Thromboangiitis Obliterans: Demographic Characteristics, Presenting Symptoms, and Signs in Patients from 1970 to 1987*
Patients (n)

112

Mean age (years)

42

Men

86 (77%)

Women

26 (23%)

Intermittent claudication

70 (63%)

Rest pain

91 (81%)

Ischemic ulcers

85 (76%)

Upper extremity

24 (28%)

Lower extremity

39 (46%)

Both

22 (26%)

Thrombophlebitis

43 (38%)

Raynaud’s phenomenon

49 (44%)

Sensory findings

77 (69%)

Abnormal Allen test

71 (63%)

Data from Olin JW, Young JR, Graor RA, et al: The changing clinical spectrum of thromboangiitis obliterans (Buerger’s disease). Circulation 825(Suppl):IV3–IV8, 1990.

410

Figure 25-4 Ischemic ulcer on the distal portion of the right great toe in a young man with acute Buerger’s disease. Note the superficial thrombophlebitis on the dorsum of the foot (arrow) with marked erythema around the phlebitis. (From Olin JW, Lie JT:
Thromboangiitis obliterans [Buerger’s disease]. In Cooke JP, Frohlich ED [eds]: Current Management of Hypertensive and Vascular Disease. Philadelphia, BC Decker, 1992, pp 265–271.)

Figure 25-5 A, Allen’s test with occlusion of the radial and ulnar pulse by compression. The pressure on the ulnar pulse is released, while the radial is still compressed. B, The hand does not fill with blood; note the paleness of the hand on the right compared
with the left, indicating occlusion of the ulnar artery. (From Olin JW, Lie JT: Thromboangiitis obliterans [Buerger’s disease]. In Cooke JP, Frohlich ED [eds]: Current Management of Hypertensive and Vascular Disease. Philadelphia, BC Decker, 1992, pp
265–271.)

TABLE 25-2 -- Angiographic Findings in Thromboangiitis Obliterans
Involvement of small and medium-sized vessels:
Digital arteries of fingers and toes
Palmar, plantar, tibial, peroneal, radial, and ulnar arteries
Segmental occlusive lesions: diseased arterial segments interspersed with normal-appearing segments
More severe disease distally
Collateralization around areas of occlusion: “corkscrew collaterals”
Normal proximal arteries: no atherosclerosis
No source of embolus

8

Proximal arteries should show no evidence of atherosclerosis, aneurysm, or other source of proximal emboli. The disease has been rarely reported in the proximal arteries,[ ] but in most cases, the proximal arteries should be normal. A pathologic specimen is
needed to diagnose Buerger’s disease in cases of proximal artery involvement. As noted previously, the disease is confined most often to the distal circulation and is almost always infrapopliteal in the lower extremities and distal to the brachial artery in the
upper extremities. Involvement of small and medium-sized vessels affects such locations as the digital arteries in the fingers and toes, the palmar and plantar arteries in the hand and foot, and the tibial, peroneal, radial, and ulnar arteries ( Figs. 25–6 and 25–7 ).

[63] [87] Because diabetes is exclusionary for the diagnosis of TAO (in the absence of a pathologic

Figure 25-6 There is bilateral disease of the popliteal and infrapopliteal arteries in a patient with thromboangiitis obliterans. In the patient’s right leg, the anterior tibial artery (small arrow) and the posterior tibial artery are occluded at their origin. The
peroneal artery is patent (large arrow). In the patient’s left leg, the anterior tibial artery is patent (large arrow), but the posterior tibial and peroneal artery (small arrows) are occluded proximally. (From Olin JW, Lie JT: Thromboangiitis obliterans [Buerger’s
disease]. In Cooke JP, Frohlich ED [eds]: Current Management of Hypertensive and Vascular Disease. Philadelphia, BC Decker, 1992, pp 265–271.)

Figure 25-7 Arteriogram of the hand demonstrating multiple digital artery occlusions with collateralization (“corkscrew collaterals”) (arrow) around areas of occlusion. (From Olin JW: Thromboangiitis obliterans [Buerger’s disease]. In Coffman J [ed]:
Peripheral Arterial Disease: Diagnosis and Treatment. Totowa, NJ, The Humana Press, pp 303–318.)

TABLE 25-3 -- Diagnostic Evaluation for Thromboangiitis Obliterans (TAO)
1. Confirmation of tobacco use.
2. Distal extremity ischemic symptoms and signs:
a. Claudication.
b. Ischemic rest pain.
c. Ischemic ulcerations.
d. Gangrene.

3. Documentation of distal nature of disease:
a. Segmental blood pressures and pulse volume recordings.
b. Magnetic resonance angiography (MRA).
c. Computed tomography angiography (CTA).
d. Intra-arterial digital subtraction angiography (IADSA).
4. Laboratory tests to exclude connective tissue diseases and hypercoagulable states.
5. Exclusion of proximal sources of emboli:
a. MRA.
b. CTA.
c. IADSA.
d. Echocardiography (transthoracic and transesophageal).
6. Consistent arteriographic findings.
7. Treatment for TAO. Biopsy indicated only for unusual features:
a. Age >45 years at onset.
b. Disease in unusual location:
i. Proximal disease.
ii. Central nervous system disease.
c. History of tobacco use not consistent with diagnosis.

93

24

Buerger’s disease.[ ] Mills and Porter[ ] have proposed major and minor diagnostic criteria for the diagnosis of Buerger’s disease. Their major criteria include the following: onset of distal extremity ischemic symptoms before age 45 years; tobacco abuse;
undiseased arteries proximal to the popliteal or brachial level; objective documentation of distal occlusive disease by four-limb plethysmography; arteriography, histopathology, or both; and exclusion of proximal embolic sources, trauma, autoimmune
diseases, hypercoagulable states, and atherosclerosis (diabetes, hyperlipidemia, renal failure, hypertension). Their minor criteria included migratory superficial phlebitis, Raynaud’s syndrome, upper extremity involvement, and instep claudication.
Classifying the criteria as major and minor serves no useful purpose. It does not help diagnose TAO or enhance understanding of the pathophysiology or formulation of a treather tment plan. In addition, a growing number of patients fulfill all of the major
criteria for TAO but also have the exclusionary criteria for hypertension or hyperlipidemia. Some of these individuals may develop typical atherosclerosis 15 or 20 years after the original diagnosis of TAO. Therefore, if patients meet the criteria of distal
extremity involvement, tobacco use, exclusion of a proximal source of emboli or atherosclerosis, in the absence of a definable hypercoagulable state, the finding of hyperlipidemia or hypertension should not exclude the diagnosis of TAO ( Table 25–4 ).

DIFFERENTIAL DIAGNOSIS
The diagnosis of TAO should not be difficult if diseases that mimic TAO are excluded. The most important diseases to exclude are atherosclerosis, emboli, and autoimmune diseases, as discussed previously. Under most circumstances, atherosclerosis and
emboli can be excluded on
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TABLE 25-4 -- Criteria for the Diagnosis of Thromboangiitis Obliterans

12]

13]

SHIONOYA CRITERIA [

OLIN CRITERIA[

Onset before age 50

Onset before age 45

Smoking history

Current (or recent past) tobacco use

Infrapopliteal arterial occlusions Upper limb involvement or phlebitis
migrans

Distal extremity ischemia (infrapopliteal and/or infrabrachial), such as claudication, rest pain, ischemic ulcers, gangrene documented with noninvasive testing

Absence of atherosclerotic risk factors other than smoking

Laboratory tests to exclude autoimmune or connective tissue diseases and diabetes mellitus
Exclude a proximal source of emboli with echocardiography and arteriography
Demonstrate consistent arteriographic findings in the involved and clinically noninvolved limbs

A biopsy is rarely needed to make the diagnosis unless the patient presents with an unusual characteristic, such as large artery involvement or age greater than 45 years.
Adapted from Olin JW: Current treatment of thromboangiitis obliterans (Buerger’s disease). Harrison’s On Line, 2001. Available on line at www3.accessmedicine.com/updatesContent.aspx?aID=395615&search Str=olin#searchTerm.

echocardiography and arteriography with a high degree of clinical certainty.

The diagnosis in patients who have scleroderma or the CREST syndrome is usually obvious from a clinical examination of the skin, a history of the other systemic features that occur in these diseases, and the presence of serologic markers such as SCL-70 or
anticentromere antibodies. Nail-fold capillaroscopy is usually quite distinctive in patients with CREST or scleroderma.

A careful search should be undertaken to exclude systemic lupus erythematosus, rheumatoid arthritis, mixed connective tissue disease, antiphospholipid antibody syndrome, and other types of vasculitis. Serologic markers often help eliminate the possibility of
these conditions. Patients with the antiphospholipid antibody syndrome may present with evidence of both arterial and venous thrombotic events. These patients may have a prolonged activated partial thromboplastin time, a positive test result for circulating
“lupus type” anticoagulant, high titers of anticardiolipin antibodies, or a combination of these findings. Several cases of typical Buerger’s disease have been encountered with elevated anticardiolipin antibody levels, but the pathogenetic significance of such a

14] [38] [47] [48]

finding is uncertain.[

A pathologic specimen would clearly differentiate these two entities, because antiphospholipid antibody syndrome is a vasculopathy, signified by thrombus with no inflammatory components as opposed to the typical

14

highly inflammatory thrombus of Buerger’s disease. The author and colleagues[ ] have also demonstrated that some patients with Buerger’s disease have markedly elevated levels of plasma homocysteine; preliminary data suggest that elevated
homocysteine levels may be a poor prognostic sign and may identify cases that ultimately require amputation.
It should not be difficult to differentiate patients with TAO from those with Takayasu’s arteritis or giant cell arteritis. Whereas patients with TAO manifest distal extremity ischemia, patients with Takayasu’s arteritis or giant cell arteritis present with proximal
vascular involvement. The arteriographic features of Takayasu’s arteritis or giant cell arteritis are very distinctive. Many patients with Takayasu’s arteritis have elevations of acute phase reactants (erythrocyte sedimentation rate and C-reactive protein), but this

94]

finding is not invariable and may not correlate with disease activity.[

In the presence of lower extremity involvement, the possibility of popliteal artery entrapment syndrome or cystic adventitial disease should be considered, both of which should be readily apparent on arteriography, computed tomography, or magnetic
resonance imaging. An aneurysm of the popliteal artery should be easily diagnosed by physical examination.
A careful history should be taken for the possibility of ergotamine use (abuse), which may cause severe distal ischemia in multiple limbs. Like TAO, ergotamine ingestion may cause both lower and upper extremity ischemia. Even if the patient denies a history
of migraine headaches or previous ergotamine use, ergotamine blood measurements should be obtained in some patients to exclude this condition. If there is isolated involvement of the upper extremity, occupational hazards such as use of vibratory tools and
hypothenar hammer syndrome should be considered.

95] [96] [97] [98]
97
Marder and Mellinghoff [ ] published a detailed case report of heavy cocaine use masquerading as
[98]

An emerging body of literature demonstrates that ischemia induced by cocaine and cannabis ingestion can closely mimic TAO.[

Buerger’s disease. In addition to the other serologic tests already recommended, blood tests for cocaine, amphetamine, and cannabis may be indicated in the evaluation of some patients. Disdier and associates

reported on 10 men with a mean age of 23.7

[98]

Two of the patients also presented with venous thrombosis, and three patients had
years in whom subacute distal ischemia of lower or upper limbs developed, leading to necrosis of toes, fingers, or both and even to distal limb gangrene in some patients.
Raynaud’s phenomenon. Arteriographic evaluation in all cases revealed distal abnormalities in the arteries of feet, legs, forearms, and hands resembling those seen in Buerger’s disease. All patients were moderate tobacco smokers and regular cannabis users.
Despite treatment, five amputations were necessary in four patients. It has been shown that ∆8- and ∆9-tetrahydrocannabinols may induce peripheral vasoconstrictor activity. Cannabis arteritis resembles Buerger’s disease or may in fact be a precipitating factor
in addition to tobacco use. Therefore, all patients should be questioned about cannabis use.

THERAPY
Various therapies available for the treatment of TAO are shown in Table 25–5 . However, the cornerstone of therapy is the complete discontinuation of cigarette and cannabis smoking or of the use of tobacco in any form. It has been demonstrated in many case
reports and series that complete
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TABLE 25-5 -- Treatment of Thromboangiitis Obliterans
1. Patient to discontinue using tobacco in any form and to avoid passive smoking as much as possible.
2. Treatment of local ischemic ulcerations and pain:
a. Foot care:
i. Lubrication of skin with moisturizer.
ii. Lamb’s wool between toes.
iii. Avoidance of trauma (heel protectors, orthotics for shoes).
b. If vasospasm present, trial of dihydropyridine calcium channel blocker, such as amlodipine or nifedipine.
c. Trial of cilostazol (Pletal) in attempt to heal ischemic ulcers.
d. Prostaglandin analogue (PGI or PGE).
e. Revascularization (via percutaneous transluminal angioplasty or surgery) if anatomically feasible and patient has stopped smoking completely.
f. Sympathectomy.

129]

g. Intermittent pneumatic compression pump.[
3. As last resort before amputation:
a. Implantable spinal cord stimulator or

b. Entry of patient into a therapeutic angiogenesis trial.
4. Treatment of cellulitis with antibiotics and superficial phlebitis with nonsteroidal anti-inflammatory agents.
5. Amputation if all else fails.

13] [99] [100]
Even one or two cigarettes a day is enough to keep the disease active. In patients with documented TAO, smokeless
22
[ ] [23]

abstinence from tobacco is really the only way to halt the progression of Buerger’s disease and avoid future amputations.[

tobacco (chewing tobacco or snuff) has also been reported to cause Buerger’s disease and to keep it active once symptoms have occurred.

Of 152 patients with Buerger’s disease treated at the Cleveland Clinic from 1970 to 1996, adequate long-term

13 14
follow-up was obtained in 120 patients ( Fig. 25–8 ).[ ] [ ] Fifty-two patients (43%) discontinued cigarette smoking. Patients who did not have gangrene when they discontinued smoking did not require amputation; overall, 49 patients (94%) avoided
13]

amputation in the ex-smoking group. Of the 68 patients who continued smoking, 29 patients (43%) required one or more amputations. The mean follow-up in the original series was 91.6 ± 84 months (range 1 to 460 months),[

and the mean follow-up in a

14
13
further 40 patients was 31 months (range 1.6 to 89.7 months).[ ] Chi-square testing showed these data to be highly significant.[ ]
24]
The author has found that it may be easier to persuade patients with Buerger’s disease to stop smoking than patients with atherosclerosis. As
13
[ ] [14]

Some researchers have suggested that it is extremely difficult to get patients with TAO to discontinue smoking.[

The correlation of smoking cessation with disease activity (healing of ischemic ulcerations and avoidance of amputation) is so strong
noted, 43% of the 120 patients with long-term follow-up at the Cleveland Clinic were able to discontinue smoking.
that if a patient claims to have stopped using tobacco products but still has active disease, urine nicotine and cotinine levels should be measured to determine whether the patient is being truthful about the claim or is being exposed to large amounts of
environmental (secondary) tobacco smoke. One can tell from the level of urine nicotine and cotinine whether a patient is still smoking. These tests can also determine whether a patient is using other nicotine products, such as nicotine gum or patches, or is in

30]

an environment with high levels of smoke.[

In addition, such patients should be investigated for cannabis or cocaine use.

Because smoking cessation is so closely tied to disease activity and future amputation, it is extremely important for the physician to educate and counsel the patient on the importance of discontinuing the use of all tobacco products ( Fig. 25–9 ). Some

22]

investigators have recommended using anecdotes or photographs of patients who have undergone amputations or having the patient attend group meetings with other patients with TAO to persuade the patient to stop smoking.[

Education is probably the

8
most important aspect of this issue. Patients can be reassured that if they are able to discontinue tobacco use, the disease will remit and amputations will not occur as long as critical limb ischemia (gangrene and tissue loss) has not already occurred.[ ]
However, if arterial segments are occluded, patients should understand that they may continue to have intermittent claudication, Raynaud’s phenomenon, or both.

It is unclear whether involuntary smoking (secondary smoke) can cause TAO. The author recommends that patients with active TAO avoid as much involuntary smoking as possible until the disease becomes quiescent.

101

] conducted a prospective, randomized, double-blind trial comparing a 6-hour daily infusion of iloprost (a prostaglandin analogue) with aspirin. All
Forms of therapy other than discontinuation of cigarette smoking are palliative. Fiessinger and Schafer[
patients entered into the study had critical limb ischemia—defined as ischemic rest pain in a limb with or without tissue necrosis for which continuous analgesics in the hospital were required for at least 7 days. Iloprost was superior to aspirin at 28 days in
achieving total relief of rest pain and complete healing of all trophic changes. At 6 months, 88% of the patients receiving iloprost showed response to therapy compared with 21% of those receiving aspirin. Only 6% in the iloprost group ultimately required
amputations, compared with 18% in the aspirin group. Thus, iloprost appears to be useful in helping patients with critical

Figure 25-8 Smoking status related to amputation. (Adapted from Olin JW, Young JR, Graor RA, et al: The changing clinical spectrum of thromboangiitis obliterans [Buerger’s disease]. Circulation 82[Suppl]:IV3-IV8, 1990; and Olin JW, Childs MB,
Bartholomew JR, et al: Anticardiolipin antibodies and homocysteine levels in patients with thromboangiitis obliterans. Arthritis Rheum 39:S-47, 1996.)

Figure 25-9 The foot of a patient who underwent a transmetatarsal amputation in the past. He continued to smoke, and several areas of ischemic ulceration have now developed on the foot. (From Olin JW, Lie JT: Thromboangiitis obliterans [Buerger’s
disease]. In Cooke JP, Frohlich ED [eds]: Current Management of Hypertensive and Vascular Disease. Philadelphia, BC Decker, 1992, pp 265–271.)
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Chapter 26 - Takayasu’s Disease:

Nonspecific Aortoarteritis

DAVID A. RIGBERG MD
WILLIAM QUINONES-BALDRICH MD

Takayasu’s arteritis (TA) is a disease of unknown etiology with a constellation of clinical findings primarily resulting from effects on the aorta and its branches. TA varies geographically in incidence, distribution, and presentation, and these differences affect

1 2 3
4
the treatment and prognosis of patients.[ ] [ ] [ ] Although TA is classified pathologically as a giant cell vasculitis, there is no pathognomonic histopathologic finding.[ ] Various names used to describe the condition have been based on associated clinical
5

findings: middle aortic syndrome, “pulseless” disease, young female arteritis, nonspecific aortoarteritis, and aortic arch syndrome.[ ] TA is not common, and the diagnosis is often delayed or unclear at the time of referral. Vascular surgeons should be familiar
with the condition because it can manifest as arterial occlusions, stenoses, or aneurysms that require treatment. The systemic nature of the process must be recognized and adequately managed while these local issues are addressed.

HISTORY AND CRITERIA FOR DIAGNOSIS

6
Takayasu’s arteritis is named in honor of Dr. Mikito Takayasu, a Japanese ophthalmologist who in 1908 presented his findings of arteriovenous changes of the ocular papilla in a 21-year-old woman.[ ] Interestingly, two other physicians at the same meeting

7
presented similar findings, noting also the absence of radial pulses in their patients.[ ] Yasuzo Shinmi gave credit to Takayasu and used the name Takayasu’s
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TABLE 26-1 -- Original Criteria for Takayasu’s Arteritis
CRITERIA

DEFINITION

All patients < 40 years old

Age < 40 years at diagnosis or at onset of symptoms

Two major criteria:
(1) Left mid–subclavian artery lesion

Severe stenosis or occlusion in midportion from 1 cm proximal to the vertebral artery origin to a point 3 cm distal to the origin

(2) Right mid–subclavian artery lesion

Severe stenosis or occlusion in the midportion from right vertebral artery origin to a point 3 cm distal to the origin

Nine minor criteria:
(1) Elevated erythrocyte sedimentation rate (ESR)

Unexplained ESR > 20 mm/hr

(2) Carotid tenderness

Unilateral or bilateral tenderness of common carotid artery on palpation; differentiate from muscle tenderness

(3) Hypertension

Persistent elevation of blood pressure, 140/90 mm Hg (brachial) or 160/90 mm Hg (popliteal)

(4) Aortic regurgitation/annular disease

By auscultation, echocardiography, or angiography

(5) Pulmonary artery disease

Lobar or segmental artery occlusion or equivalent; stenosis, aneurysm, luminal irregularity in pulmonary trunk or pulmonary arteries

(6) Left mid–common carotid lesion

Severe stenosis or occlusion in midportion 5 cm in length from a point 2 cm distal to its origin

(7) Distal brachiocephalic trunk lesion

Involves distal third

(8) Descending aortic lesion

Narrowing, dilatation or aneurysm, luminal irregularity, or combination of these findings involving thoracic aorta

(9) Abdominal aortic lesion

Narrowing, dilatation or aneurysm, luminal irregularity, or combination of these findings involving abdominal aorta plus the absence of distal aortic (last 2 cm) and
iliac disease

Adapted from Ishikawa K: Diagnostic approach and proposed criteria for the clinical diagnosis of Takayasu’s arteriopathy. J Am Coll Cardiol 12:964–972, 1988; and Vanoli M, Bacchiani G, Origg L, Scorza R: Takayasu’s arteritis: A changing disease. J
Nephrol 14:497–505, 2001.

6
8
arteritis in describing a patient in 1939.[ ] In 1969, Ueda and colleagues[ ] suggested both the autoimmune component of the disorder and the nature of the aortitis in these cases. In 1975, the Japanese Department of Heath and Welfare officially bestowed
6
the name Takayasu’s arteritis on the disorder (the reader is referred to Dr. Numano’s excellent review of this history[ ] ).
Because of the syndromic nature of TA as well as the absence of pathognomonic findings, several sets of diagnostic criteria have been used over the last two decades. Ishikawa’s criteria, published in 1988, have been used, albeit in a modified form, by many
clinicians ( Table 26–1 ). He based them on a Japanese patient population, limiting their application in other geographic areas. To be diagnosed with TA in this schema, patients must be younger than 40 years old and have any combination of the following:

9
both of the major criteria (midsubclavian lesions), one major criterion and 2 minor criteria, or four minor criteria only.[ ]
10]
One point of difference is the absence of age younger than 40 as an obligatory finding for the diagnosis ( Table 26–2 ). Many

In 1990, The American College of Rheumatology published a similar system based on findings in North American patients.[

11

writers believed that this system was too restrictive, and Sharma and associates[ ] published their modifications of the original Ishikawa system in 1995 ( Table 26–3 ). Of note, the age criterion was removed from this list entirely, a change that could
possibly lead to overlap of patients with TA and those with temporal arteritis. It is not entirely clear at this time which system is best, and the choice of system most likely depends on the population being evaluated. Several comparisons of the classification

12] [13]

systems have been published, and efforts to evaluate the criteria are ongoing.[

PATHOGENESIS

14]

Although it is not fully understood, many observations have been made regarding the pathogenesis of TA. From a clinical standpoint, the process is focused on the aorta and great vessels, although involvement of other vessels is sometimes seen.[
histologic level, TA is a process that appears to begin with destruction of the elastic component of the

TABLE 26-2 -- American College of Rheumatology Criteria for Takayasu’s Arteritis (TA)
CRITERIA

At the

*

DEFINITION

Age at disease onset in years

Symptoms/findings of TA at < 40 years

Claudication

Lower or upper extremity muscle fatigue during exercise

Decreased brachial artery pulse

Unilateral or bilateral

Blood pressure (BP) difference > 10 mm Hg

Measured systolic BP between upper extremities

Bruit over subclavian arteries or aorta

One or both subclavians or abdominal aorta

Angiographic abnormalities

Narrowing or occlusion of aorta, primary branches, or the large arteries in proximal extremities; must not be secondary to arteriosclerosis, fibromuscular dysplasia, or other causes; usually
focal or segmental

Adapted from Arend WP, Michel BA, Bloch DA: The American College of Rheumatology 1990 criteria for the classification of Takayasu’s arteritis. Arthritis Rheum 33:1129–1134, 1990; and Vanoli M, Bacchiani G, Origg L, Scorza R: Takayasu’s arteritis:
A changing disease. J Nephrol 14:497–505, 2001.

* If three or more of these criteria are present, Takayasu’s arteritis can be diagnosed with a specificity of 97.8% and a sensitivity of 90.5%.
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TABLE 26-3 -- Sharma’s Criteria for Takayasu’s Arteritis
CRITERION

*
DEFINITION

Three major criteria:
(1) Left mid–subclavian artery lesion

Severe stenosis or occlusion in midportion from 1 cm proximal to the vertebral artery origin to a point 3 cm distal to the origin

(2) Right mid–subclavian artery lesion

Severe stenosis or occlusion in the midportion from right vertebral artery origin to a point 3 cm distal to the origin

(3) Characteristic signs and symptoms of at least 1 month’s duration

May include the following: claudication, decrease/absence of pulses, > 10 mm Hg blood pressure (BP) differences between limbs, fever, neck pain, amaurosis fugax,
blurred vision, syncope, dyspnea, palpitations

Ten minor criteria:
(1) Elevated erythrocyte sedimentation

Unexplained ESR > 20 mm/hr rate (ESR)

(2) Carotid tenderness

Unilateral or bilateral tenderness of common carotid artery on palpation; differentiate from muscle tenderness

(3) Hypertension

Persistent elevation of BP, 140/90 mm Hg (brachial) or 160/90 mm Hg (popliteal)

(4) Aortic regurgitation/annular disease

By auscultation, echocardiography, or angiography

(5) Pulmonary artery disease

Lobar or segmental artery occlusion or equivalent; stenosis, aneurysm, luminal irregularity in pulmonary trunk or pulmonary arteries

(6) Left mid–common carotid lesion

Severe stenosis or occlusion in midportion 5 cm in length from a point 2 cm distal to its origin

(7) Distal brachiocephalic trunk lesion

Involves distal third

(8) Descending aortic lesion

Narrowing, dilatation or aneurysm, luminal irregularity, or combination of these findings involving thoracic aorta

(9) Abdominal aortic lesion

Narrowing, dilatation or aneurysm, luminal irregularity, or combination of these findings involving abdominal aorta

(10) Coronary artery lesion

Angiographically documented in patient < 30 years old and without risk factors such as hyperlipidemia and diabetes mellitus

Adapted from Sharma BK, Iliskovic NS, Singal PK: Takayasu’s arteritis may be underdiagnosed in North America. Can J Cardiol 11:311–316, 1995; and Vanoli M, Bacchiani G, Origg L, Scorza R: Takayasu’s arteritis: A changing disease. J Nephrol
14:497–505, 2001.

* Diagnosis of TA requires two major elements or one major and two minor elements or four minor elements.

15]

media and subsequent fibrosis of the medial smooth muscle. The “pan-arteritic” nature of the lesion is reflective of extension of the process to the other layers of the arterial wall.[

One explanation for the formation of aneurysms in TA is that the

16
destructive process in the media occurs too rapidly, before fibrosis of smooth muscle can develop.[ ]
17]

Many of the steps in the pathophysiologic process have been elucidated. Although inflammation initially involves the vasa vasorum, studies have shown early infiltration of the media by lymphocytes, granulocytes, and other inflammatory cells.[

The

18
19
subsequent elaboration of pro-inflammatory cytokines has also been characterized.[ ] Noris and coworkers[ ] demonstrated increased levels of interleukin-6 (IL-6) in patients with active stage TA compared with controls; these levels were further found to
[19]

correlate with the level of disease activity. RANTES (regulated on activation, normal T cell expressed and secreted) is another chemokine whose expression correlates with disease activity.
assessing disease activity.

Measurements of these substances may become useful tests for

20] [21]

At the levels of cellular and humoral immunity, there are several interesting findings in TA. Affected patients have elevated numbers of activated lymphocytes, although the significance of this finding is not clear.[

These cells play a role in blood

22
vessel destruction and are in all likelihood directed and bound by activated endothelial cells in an HLA-dependent process.[ ] The steps leading to this endothelial cell activation are not well understood, but endothelial cell antibodies are elevated in patients
[23]

with TA, suggesting that these antibodies may play a pivotal role in the process.

The autoimmune nature of TA is further suggested by associated conditions. For example, several rheumatologic disorders have been linked to TA, including Still’s disease,

24] [25] [26] [27] [28]
29
Idiopathic conditions with colitis (ulcerative colitis and Crohn’s disease) have also been linked.[ ] In most cases, however, TA

rheumatoid arthritis, ankylosing spondylitis, Cogan’s disease, and systemic lupus erythematosus.[
occurs as an isolated disease.

30]
There is also geographic diversity in the reported HLA findings. For example, HLA-B39.2 is expressed
[32] [33]

The aforementioned HLA associations imply a genetic component to TA. This issue has been investigated, but no clear consensus has been reported.[

29 31

frequently in Asian patients but not in Western patients.[ ] [ ] Finally, several other conditions have been inconsistently linked to TA, including tuberculosis, rheumatic fever, and other streptococcal infections.
associations has not been established but does suggest the possibility that multiple insults may be capable of triggering TA in the susceptible patient.

The significance of these

INCIDENCE AND DEMOGRAPHICS

31] [34]

TA is an uncommon disease, although its incidence depends highly on geography. In the United States, an accepted figure is 2.6 cases per 1 million people, whereas Japanese autopsy data reflects a number of 1 case per 3000.[

[35] [36]

Africa and Europe have also been published.

Reports of TA in

37]

In all published series, there are more women than men with the disease, although the ratio of women to men also depends on the region studied. Several series have reported 100% female patients,[

[38] whereas the series
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39]

reported by Kumar and associates[

from India had just over 25% male patients.

40]

Although the majority of patients present before age 40, slightly more than 10% present after this age. Data from a National Institutes of Health (NIH) study in the United States showed that 13% of patients present after age 40.[

Deletion of age as a

41]
Differences in age of presentation are also subject to geographic diversity. In the United States, the only ethnic group with a disproportionate prevalence of
[42]
[38]

diagnostic criterion has led to increased sensitivity, but decreased specificity in diagnosis of TA.[

39

TA is Asian Americans.[ ] In a review of 44 consecutive patients with TA from Mexico, 43 were Mexican mestizos, and the remaining patient was white.
patients was from hypertension and cardiac compromise.

Most of the patients in this series were women,

and most of the serious morbidity in these

PRESENTATION
A variety of clinical syndromes are attributable to TA. In a global sense, prior consensus held that TA had a predictable course with three identifiable stages: (1) an early systemic phase characterized by vague malaise and constitutional symptoms, (2) a phase
marked by vascular inflammation leading to vessel damage, and (3) the “burned out” phase. This pattern of disease is not the rule. For example, it has been demonstrated that biopsy specimens from patients with “inactive” disease often demonstrate active

43

39

inflammation.[ ] In addition, a sizable minority of patients never report undergoing the initial systemic phase of TA.[ ] Finally, when erythrocyte sedimentation rate (ESR) is used to assess disease activity, it is elevated in only 72% of patients with active
inflammation but also in 56% of patients with clinically “inactive” disease. Despite these factors, it is useful to consider the different phases to aid in the differential diagnosis for a variety of clinical situations.

44]
Thus, the presentation depends on the arteries involved, and this feature varies considerably from series to series. Again, the pattern of disease also varies with geography. In
[45] [39]
[46] [47]

The diagnosis of TA is usually made after arterial damage has become manifest.[

Review of series of patients with TA from India and China shows more involvement of the distal aorta.

this regard, patients in the United States and Japan are similar, with mostly upper extremity and cerebrovascular manifestations.
reasons underlying these differences are not known.

The

Upper extremity arterial insufficiency may be the most common manifestation, and this possibility is supported by angiographic evidence of disease distribution. The left subclavian artery is most often involved, with some series reporting as many as 90% of

48]

patients having such a lesion.[

49]
Some investigators believe that subclavian steal symptoms are rare because the lesions usually affect the
[50]

This involvement may manifest as a decreased pulse (73%) or even upper extremity “claudication” (52%).[

demonstrated that almost 80% of left subclavian lesions were proximal to the vertebral

subclavian vessel both proximal and distal to the origin of the vertebral artery. However, angiographic evidence from a series reported by Yamato and colleagues

51]

artery origin. Cerebrovascular involvement in the form of carotid or brachiocephalic disease is common ( Fig. 26–1 ). A review of NIH data showed that 20% of patients with TA initially presented with stroke.[
visual changes, fleeting blindness, syncope, or dizziness.

Likewise, patients can also present with

32 52 53

Hypertension is a common presenting factor, affecting more than 70% of patients in some series.[ ] [ ] [ ] Interestingly, bilateral subclavian artery lesions can commonly mask the diagnosis of hypertension; therefore, the clinician should also check
lower extremity pressures in patients in whom TA is suspected. Most cases of hypertension in TA are due to renal artery stenoses, although aortic coarctation should be considered if there is no evidence of renal disease. Aggressive treatment of hypertension in

45

TA is clearly indicated, because the sequelae of hypertension in this disease can be devastating. In a 14-year follow-up of patients with TA, Ishikawa and Maerani[ ] reported overall survival as 96% in patients judged to be free of major disease
complications, compared with 66% in those with complications. Of these complications, hypertension was a key factor, as were retinopathy and aortic incompetence, both of which are adversely affected by hypertension.

54

Lower extremity claudication secondary to infrarenal aortic disease is another, albeit less common, presenting complaint ( Fig. 26–2 ).[ ] The lesions of TA typically do not lead to rest pain or tissue loss, although the claudication can be particularly severe
in young and otherwise active patients. TA lesions usually spare the distal aorta, iliac arteries, and runoff vessels. No data are available to indicate whether conservative treatment methods can improve exercise tolerance in patients with TA and claudication.
Clinicians usually treat the condition more aggressively than would be expected in the presence of atherosclerotic disease, likely because of the younger age of these patients.

51]
This involvement is not commonly symptomatic and is an unusual initial presentation. However, pulmonary hypertension may be

Involvement of the pulmonary arteries in TA is common, with angiographically evident disease in roughly 50% of patients.[

55]

encountered and can be quite severe.[

Aneurysmal degeneration is often reported in patients with TA, although the frequency with which this complication occurs is unclear. There is geographic diversity in the incidence of aneurysmal TA, which appears to be particularly unusual in the United

50]

States.[

56] [57]
54
The risk of rupture of these aneurysms is not known, although it is probably lower than that for typical nonarteritic aneurysms.[ ]
[58]
[59]

In contrast, series from both South Africa and Japan report incidences of 70% and 32%, respectively.[

For unknown reasons, common carotid aneurysms have a predilection for the right side.
Although aneurysms of the aorta are most common, there are reports of degeneration of the arch branches and iliac, renal, and visceral vessels.
situation in which a patient’s initial presentation is aneurysmal disease, it is important to rule out other causes, such as syphilis, bacterial and giant cell arteritis, and Reiter’s syndrome, with appropriate laboratory and pathologic studies.

40] [60]

Visceral artery involvement is seen in 20% to 30% of patients with TA, although the incidence of clinically significant disease is substantially lower ( Fig. 26–3 ). [

61] [62] [63]

aortic insufficiency with resultant congestive heart failure.[

Coronary arteritis is not common but, when present, tends to affect the ostia.

In the unusual

TA can have numerous cardiac sequelae, including direct coronary involvement and
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Figure 26-1 Preoperative films from a 35-year-old woman with TA and bilateral common carotid occlusions. A, The vertebral arteries can be seen at their origins from the aortic arch. B, On a delayed film, distal reconstitution of the common carotids can be
seen. C and D, Reconstruction was performed via a Dacron aorto–bicarotid bypass with a 14 by 7–mm graft.

Figure 26-2 A, Abdominal aortogram in a 43-year-old woman with claudication and renal failure requiring hemodialysis. Note occlusion of the superior mesenteric artery as well as of the bilateral renal and iliac arteries. The patient underwent aortobifemoral
grafting both to treat her symptoms and to allow an inflow source for a subsequent renal transplant. B, Note the reconstitution of the iliac arteries via hemorrhoidal and mesenteric collateral vessels.

Figure 26-3 A, Aortogram from a 54-year-old woman with mesenteric steal who experienced abdominal pain with ambulation. Note lesions of both renal arteries, superior mesenteric artery, and celiac and iliac arteries. B and C, Intraoperative photographs.
Reconstruction via aorto–bi-iliac bypass grafting was carried out with separate limbs to each of the diseased branches. This patient also had aortic arch disease, which was asymptomatic and so was not addressed.

TABLE 26-4 -- Comparison of Various Classification Systems for Takayasu’s Arteritis
Ueno classification:
Type I

Disease of the aortic arch and its branches

Type II

Disease confined to the descending thoracic and abdominal aorta

Type III

Combination of types I and II

Type IV

Any of the above features with pulmonary artery involvement (Lupi-Herrera
modification)

Nasu classification:
Type I

Disease limited to vessels originating from the aortic arch

Type II

Also involves aortic root and arch

Type III

Localized to subdiaphragmatic aorta

Type IV

Entire aorta and its branches involved

Tokyo International Conference on Takayasu’s Arteritis classification

*

:

Type I

Aortic arch branches alone

Type IIa

Ascending aorta, arch and branches

Type IIb

IIa plus descending thoracic aorta

Type III

Descending thoracic aorta and abdominal aorta/branches

Type IV

Abdominal aorta/branches

Type V

Entire aorta and branches

* Modification of any with C(+) for coronary and P(+) for pulmonary artery involvement, respectively.

detecting TA. Before there are obvious stenotic, occlusive, or aneurysmal changes, the earliest radiographic finding is thickening of the involved vessel walls. Cross-sectional images obtained by both computed tomography (CT) and magnetic resonance

48]

imaging (MRI) can demonstrate these changes.[

71] [72]

In addition, both of these techniques can be used during medical therapy of TA to assess response to treatment.[

These findings are usually present in the aorta, the pulmonary artery, or both.

Once arterial lesions have progressed, angiography, CT, MRI, and ultrasound all have applications. CT and MR angiography (MRA) can commonly be used in place of formal angiography or as screening tests before catheter angiography is contemplated.
Duplex scanning has also been found useful in the diagnosis and evaluation of TA, particularly in patients with carotid artery involvement. Common carotid disease with homogeneous, long, and concentric lesions that spare the bifurcation is highly suggestive

73] [74]

of TA.[

75]

Cantu and associates[

evaluated 21 consecutive patients with TA using a combination of MRA, duplex imaging, and transcranial Doppler ultrasound examination. These investigators were able to demonstrate at least one
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Figure 26-4 Magnetic resonance angiography studies obtained for diagnostic purposes in an otherwise asymptomatic 47-year-old patient. A, Note the multiple lesions on the angiogram of the aortic arch. B, Note also the tapered appearance of the abdominal
aorta.
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Chapter 27 - Arterial Fibrodysplasia

JAMES C. STANLEY MD
THOMAS W. WAKEFIELD MD

Arterial fibrodysplasia encompasses a heterogeneous group of nonatherosclerotic occlusive and aneurysmal diseases. Principal forms of arterial fibrodysplastic stenoses include (1) intimal fibroplasia, (2) medial hyperplasia, (3) medial fibroplasia, and (4)

129

] The first two entities represent distinctly different pathologic processes, whereas the latter two appear to represent a continuum of disease. Compounding this classification are hypoplastic dysplastic vessels occurring as true
perimedial dysplasia.[
developmental lesions. Various combinations of dysplastic lesions exist, as do other less easily categorized vessel wall derangements. It is important to distinguish primary arterial dysplasia from secondary dysplasia associated with earlier inflammatory
events, physical insults, and other distinct disease entities.
Dysplastic diseases are known to affect the following:
■ Renal arteries
■ Extracranial and intracranial cerebral arteries
■ Axillary, subclavian, and brachial arteries
■ Celiac, superior mesenteric, and inferior mesenteric arteries and their branches
■ Iliac, femoral, popliteal, tibial, and peroneal arteries
■ Aorta

36] [56] [105]
11
Dysplastic disease of the pulmonary arteries has been reported and is exceedingly rare.[ ] Existence of primary venous

Venous involvement has been reported in the superficial veins of the lower extremity, as well as in the renal vein.[
fibrodysplasia is controversial.

Complications of arterial fibrodysplasia, namely macroaneurysms, dissections, and arteriovenous fistulae, should be classified as “secondary” events and differentiated from the primary fibrodysplastic lesion. Arterial dysplasia, or the predisposition to this

73] [74]
The purpose of this chapter is to present salient pathologic and clinical features of arterial

disease, represents a systemic arteriopathy in most instances, although discussions on this subject usually focus on the specific vessels involved.[
fibrodysplasia in specific vessels. Treatment options are considered elsewhere in this text.

RENAL ARTERIES
The renal artery is the most common site of arterial dysplasia. The precise incidence of renal artery dysplastic disease in the general population is unknown, but it generally has been said to be less than 0.5%. The frequency among black hypertensive patients

108]
Differences in the definition of this disease may explain variances in reported estimates of its frequency. In a review of otherwise healthy candidates to become kidney donors, the incidence of fibromuscular dysplasia was 4.4%.

appears to be even lower.[

[4] One might anticipate that the incidence of renal artery dysplasia in patients with hypertension would be even greater.

64]

Renal artery dysplasia, first described in 1938,[
fibrodysplasia warrant separate consideration.

is second only to atherosclerosis as the most common cause of surgically correctable hypertension. The entire spectrum of dysplastic disease affects the renal artery. The specific types of renal artery

Forms of Renal Artery Fibrodysplasia
Intimal fibroplasia of the renal artery affects male and female patients with equal frequency. This lesion accounts for approximately 5% of all dysplastic renal artery stenoses and is observed in infants, adolescents, and young adults more often than in older
people. Primary intimal fibroplasia is usually unilateral and most often affects the main renal artery, usually occurring as a smooth focal stenosis ( Fig. 27–1 A). Segmental vessel involvement is a less common manifestation of intimal disease. The latter
usually presents as weblike lesions ( Fig. 27–1 B). Primary intimal fibroplasia is characterized by subendothelial mesenchymal cells that are irregularly arranged within a loose matrix of fibrous connective tissue and project into the vessel lumen ( Fig. 27–2 ).
The internal elastic lamina, although occasionally disrupted, is always identifiable. Primary intimal proliferation is usually circumferential. The cause of primary intimal fibroplasia is unknown. In some cases, it appears to represent persistent fetal arterial
musculoelastic cushions, similar to the intimal cushions occurring at cerebral artery bifurcations in adults. Lipid-containing foam cells and inflammatory cells are not part of this disease. Medial and adventitial tissues are usually normal in these dysplastic
vessels.
Secondary intimal fibroplasia is often difficult to differentiate from primary intimal disease. Some secondary lesions occur with developmental ostial lesions or advanced medial dysplasia as a likely consequence of altered flow through these stenoses ( Fig. 27–
3 ). More than half these lesions are bilateral. Blunt vascular trauma or intraluminal insults following thrombosis may contribute to other secondary lesions, with medial and adventitial structures in such cases appearing relatively uninvolved ( Fig. 27–4 ).
Long, tubular stenoses may represent secondary disease occurring as a consequence of recanalization of a previously thrombosed artery ( Fig. 27–5 ). In this regard, certain cases
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Figure 27-1 Primary intimal fibroplasia. A, Focal stenosis of the mid-portion of the main renal artery in a young adult. B, Intraparenchymal weblike stenosis of a segmental artery in a child. (A, From Stanley JC, Fry WJ: Renovascular hypertension secondary
to arterial fibrodysplasia in adults: Criteria for operation and results of surgical therapy. Arch Surg 110:922–928, 1975. B, From Stanley JC, Fry WJ: Pediatric renal artery occlusive disease and renovascular hypertension: Etiology, diagnosis, and operative
treatment. Arch Surg 116:669–676, 1981.)

Figure 27-2 Primary intimal fibroplasia. A, Subendothelial mesenchymal cells within a loose fibrous connective tissue matrix are noted above an intact internal elastic lamina, a normal media, and normal adventitial tissues (×100). B, Luminal encroachments
by this primary form of intimal fibroplasia are usually circumferential (×35). (A and B, Hematoxylin & eosin.) (A, From Stanley JC: Morphologic, histopathologic, and clinical characteristics of renovascular fibrodysplasia and arteriosclerosis. In Bergan JJ,
Yao JST [eds]: Surgery of the Aorta and Its Body Branches. New York, Grune & Stratton, 1979, pp 355–376. B, From Stanley JC: Pathologic basis of macrovascular renal artery disease. In Stanley JC, Ernst CB, Fry WJ [eds]: Renovascular Hypertension.
Philadelphia, WB Saunders, 1984, pp 46–74.)

Figure 27-3 Secondary intimal fibroplasia. Cellular subendothelial tissue in an artery exhibiting advanced medial fibroplasia (Masson, ×80). (From Stanley JC: Pathologic basis of macrovascular renal artery disease. In Stanley JC, Ernst CB, Fry WJ [eds]:
Renovascular Hypertension. Philadelphia, WB Saunders, 1984, pp 46–74.)

Figure 27-4 Secondary intimal fibrodysplasia. Marked intimal thickening in an otherwise relatively normal vessel, consistent with the organization of prior intraluminal thrombus (Movat, ×40).

Figure 27-5 Secondary intimal fibroplasia. Long tubular stenoses (arrows) in the main distal renal arteries of an infant. (From Whitehouse WM Jr, Cho KJ, Coran AS, Stanley JC: Pediatric arterial disease. In Neiman HL, Yao JST [eds]: Angiography of
Vascular Disease. New York, Churchill Livingstone, 1985, pp 289–306.)

Figure 27-6 Medial hyperplasia. Focal stenosis (arrow) affecting the mid-portion of the main renal artery.

Figure 27-7 Medial hyperplasia. Unusual dysplastic lesion with excessive medial smooth muscle in an otherwise normal vessel (Hematoxylin & eosin, ×120). (From Stanley JC: Morphologic, histopathologic, and clinical characteristics of renovascular
fibrodysplasia and arteriosclerosis. In Bergan JJ, Yao JST [eds]: Surgery of the Aorta and Its Body Branches. New York, Grune & Stratton, 1979, pp 355–376.)

Figure 27-8 Medial fibrodysplasia. Serial stenoses alternating with mural aneurysms, producing a string-of-beads appearance in the mid-portion and distal main renal artery. (From Stanley JC, Graham LM: Renovascular hypertension. In Miller DC, Roon AJ
[eds]: Diagnosis and Management of Peripheral Vascular Disease. Menlo Park, CA, Addison-Wesley, 1981, pp 231–235.)

Figure 27-9 Medial fibrodysplasia. A, Gross appearance of mural aneurysms characteristic of this type of renal artery dysplasia. B, Internal appearance of webs projecting into the lumen of an excised main renal artery specimen. (A and B, From Stanley JC:
Pathologic basis of macrovascular renal artery disease. In Stanley JC, Ernst CB, Fry WJ [eds]: Renovascular Hypertension. Philadelphia, WB Saunders, 1984, pp 46–74.)

Figure 27-10 A, Peripheral form of medial fibrodysplasia. Dense fibrous connective tissue in the outer media, with disordered inner medial smooth muscle and normal intimal tissues. B, Diffuse form of medial fibrodysplasia. Total replacement of the media
by disorganized cellular tissue (myofibroblasts) surrounded by fibrous connective tissue (Masson, ×120). (A and B, From Stanley JC: Morphologic, histopathologic, and clinical characteristics of renovascular fibrodysplasia and arteriosclerosis. In Bergan
JJ, Yao JST [eds]: Surgery of the Aorta and Its Body Branches. New York, Grune & Stratton, 1979, pp 355–376.)

Figure 27-11 Diffuse form of medial fibrodysplasia. Amorphous appearance of excessive ground substances and fibrous connective tissue throughout the media (Masson, ×80, longitudinal section). (From Stanley JC: Pathologic basis of macrovascular renal
artery disease. In Stanley JC, Ernst CB, Fry WJ [eds]: Renovascular Hypertension. Philadelphia, WB Saunders, 1984, pp 46–74.

Figure 27-12 Diffuse form of medial fibrodysplasia. Regions of excessive fibroproliferation with intervening area of medial thinning (Masson, ×60, longitudinal section). (From Stanley JC: Morphologic, histopathologic, and clinical characteristics of
renovascular fibrodysplasia and arteriosclerosis. In Bergan JJ, Yao JST [eds]: Surgery of the Aorta and Its Body Branches. New York, Grune & Stratton, 1979, pp 355–376.)

Figure 27-13 Medial fibrodysplasia. Extensive fragmentation and distortion of the internal elastic lamina with dissection (Movat, ×160).

Figure 27-14 Dissections complicating medial fibrodysplasia. A, Intramedial dissection with limited hemorrhage (arrow) (×120). B, Deep medial dissection with large intramural hematoma (arrow) compressing the vessel lumen (×60). (A and B, Hematoxylin
& eosin.) (A and B, From Stanley JC: Pathologic basis of macrovascular renal artery disease. In Stanley JC, Ernst CB, Fry WJ [eds]: Renovascular Hypertension. Philadelphia, WB Saunders, 1984, pp 46–74.)

Figure 27-15 Macroaneurysms and medial fibrodysplasia. Large macroaneurysm (arrow) at a bifurcation of the renal artery. (From Ernst CB, Stanley JC, Fry WJ: Multiple primary and segmental renal artery revascularization utilizing autogenous saphenous
vein. Surg Gynecol Obstet 137:1023, 1973.)

Figure 27-16 Perimedial dysplasia. A, Multiple stenoses without mural aneurysms in the mid-portion of the renal artery are characteristic of these lesions. B, These stenoses are due to excessive accumulations of elastic tissue at the medial-adventitial junction
(Verhoeff, ×120). (A and B, From Stanley JC: Morphologic, histopathologic, and clinical characteristics of renovascular fibrodysplasia and arteriosclerosis. In Bergan JJ, Yao JST [eds]: Surgery of the Aorta and Its Body Branches. New York, Grune &
Stratton, 1979, pp 355–376.)

Figure 27-17 Perimedial dysplasia. Homogeneous collar of elastic tissue adjacent to the outer media is the dominant feature of this lesion (Hematoxylin & eosin, ×80). (From Stanley JC: Pathologic basis of macrovascular renal artery disease. In Stanley JC,
Ernst CB, Fry WJ [eds]: Renovascular Hypertension. Philadelphia, WB Saunders, 1984, pp 46–74.)

Figure 27-18 Smooth muscle cell. A, In a region of minimal fibrodysplasia, a relatively normal ultrastructure is seen, except for the focal reduction in myofilaments and the appearance of perinuclear, sublemmal, and cytoplasmic vacuoles (×18,000). B, In a
region of moderate fibrodysplasia, more extensive perinuclear and peripheral vacuolation is evident. Loss of organelles and basement membrane and indistinct myofilaments characterize this type of cell (×12,000). (A and B, Transmission electron
microscopy.) (A and B, From Stanley JC: Pathologic basis of macrovascular renal artery disease. In Stanley JC, Ernst CB, Fry WJ [eds]: Renovascular Hypertension. Philadelphia, WB Saunders, 1984, pp 46–74.)

Figure 27-19 A, Smooth muscle cell in an area of advanced fibrodysplasia. Isolation of slender cytoplasmic processes by excesses in ground substances and pyknotic nuclei are typical of these markedly abnormal cells (×6000). B, Myofibroblast associated
with medial fibroplasia. The convoluted nucleus is typical of smooth muscle, but increased numbers of centrally located organelles reflect the change in function from one of contractility to secretion (×8000). (A and B, Transmission electron microscopy.) SM,
smooth muscle; GS, ground substance; CP, cytoplasmic processes; mf, myofilament; DB, dense body; RER, rough endoplasmic reticulum; MF, myofibroblast; GC, Golgi complex; BM, basement membrane. (A and B, From Sottiurai VS, Fry WJ, Stanley JC:
Ultrastructure of medial smooth muscle and myofibroblasts in human arterial dysplasia. Arch Surg 113:1280–1288, 1978.)

Figure 27-20 Myofibroblast in a region of extensive fibroplasia, exhibiting exopinocytotic secretion of proteinaceous matter (arrow) (transmission electron microscopy, ×25,000). (From Stanley JC: Pathologic basis of macrovascular renal artery disease. In
Stanley JC, Ernst CB, Fry WJ [eds]: Renovascular Hypertension. Philadelphia, WB Saunders, 1984, pp 46–74.)

Figure 27-21 Medial fibrodysplasia manifesting as irregular narrowings (arrows) affecting the mid-portion of the main renal arteries to ptotic kidneys, which appear stretched during upright aortography.

Figure 27-22 Developmental renal artery stenoses. A, Proximal stenosis (arrow) in a patient with neurofibromatosis. B, Proximal stenosis (arrow) in a patient with multiple renal arteries and mid-abdominal coarctation. C, Multivessel stenoses (arrows) in a
patient with aortic hypoplasia. D, Bilateral proximal stenoses (arrows) in a patient with focal infrarenal aortic coarctation (bracket). (A, From Stanley JC, Fry WJ: Pediatric renal artery occlusive disease and renovascular hypertension: Etiology, diagnosis,
and operative treatment. Arch Surg 116:669–676, 1984. B and C, From Graham LM, Zelenock GB, Erlandson EE, et al: Abdominal aortic coarctation and segmental hypoplasia. Surgery 86:519, 1979.)

Figure 27-23 Hypoplastic developmental renal artery stenoses. A, Secondary intimal fibroplasia, fragmentation of the internal elastic lamina, and diminutions in medial tissue are typical features of this stenotic lesion. The greatest luminal dimension is 2 mm
(×80). B, Marked fragmentation and duplication of the internal elastic lamina and attenuation of medial tissues characterize this vessel. Intimal fibroplasia encroaches on the vessel lumen, which is less than 1 mm in diameter. Adventitial elastic tissues appear
excessive (×100). C, Diminutive paired renal arteries at their aortic origin exhibiting deficient media (×100). (A–C, Movat.) (A and B, From Stanley JC, Graham LM, Whitehouse WM Jr, et al: Developmental occlusive disease of the abdominal aorta,
splanchnic, and renal arteries. Am J Surg 142:190, 1981.)

Figure 27-24 Medial fibrodysplasia of the extracranial internal carotid artery adjacent to the second and third cervical vertebrae, with characteristic serial stenoses alternating with mural aneurysms. (From Stanley JC, Fry WJ, Seeger JF, et al: Extracranial
internal carotid and vertebral artery fibrodysplasia. Arch Surg 109:215–222, 1974.)

Figure 27-25 Medial fibrodysplasia of the extracranial internal carotid artery. Operative exposure of the artery reveals an external beaded appearance due to serial narrowings.

Figure 27-26 Medial fibrodysplasia of the extracranial internal carotid artery with angulation (arrow) affecting a tortuous elongated segment. (From Stanley JC, Fry WJ, Seeger JF, et al: Extracranial internal carotid and vertebral artery fibrodysplasia. Arch
Surg 109:215–222, 1974.)

Figure 27-27 Medial fibrodysplasia of the vertebral artery with irregular stenoses (arrows).

Figure 27-28 Medial fibrodysplasia of the vertebral artery. A, Isolated saccular intramural aneurysm (arrow). B, Multiple lesions (arrows) suggesting dissection and aneurysm formation. (A and B, From Stanley JC, Fry WJ, Seeger JF, et al: Extracranial
internal carotid and vertebral artery fibrodysplasia. Arch Surg 109:215–222, 1974.)

Figure 27-29 Medial fibrodysplasia of the external iliac artery. A, Multiple stenoses with intervening mural dilations. B, Irregular proliferative changes within the media and minimal intimal fibroplasia (elastic van Gieson, ×20, longitudinal section). (A and B,
From Walter JF, Stanley JC, Mehigan JT, et al: External iliac artery fibrodysplasia. AJR Am J Roentgenol 131:125, 1978.)
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Chapter 28 - Uncommon Arteriopathies

ROGER F. J. SHEPHERD MB, BCH
THOM ROOKE MD

A busy vascular specialist encounters a wide range of arterial disease. In most patients the underlying disorder is atherosclerosis resulting from risk factors of advancing age, complications of obesity with diabetes and dyslipidemia, and nicotine dependence.
Some patients, however, present with unusual and puzzling arterial disorders, raising the question of an uncommon arteriopathy.

The uncommon arteriopathies are a vast and diverse group of primarily nonatherosclerotic disorders that cause arterial disease. Despite different etiologies, these disorders have in common similar consequences, including (1) arterial obstruction (causing tissue
and organ ischemia) and (2) arterial expansion (with risk of dissection and rupture). This chapter deals with some of the less common but fascinating disorders that can cause arterial disease ( Table 28–1 ) and focuses on the following: Marfan syndrome,
Ehlers-Danlos type IV, pseudoxanthoma elasticum, neurofibromatosis type 1, Behçet’s disease, unusual presentations of vasculitis, and drug- and radiation-induced arterial disease. Established diagnostic criteria are outlined for each disorder and salient
features are discussed, including the genetic etiology for all inherited arteriopathies, typical clinical features, unusual vascular manifestations, and guidance in the management of disease complications.
In general, one should consider unusual arteriopathy in a patient who is young or does not have traditional cardiovascular risk factors for atherosclerosis. For example, the finding of an ascending aortic aneurysm or spontaneous arterial dissection in a
previously healthy patient should arouse suspicion of a collagen disorder such as Marfan syndrome. A positive family history of death at an early age from arterial dissection or aneurysm rupture also suggests an inherited arteriopathy. A pediatric patient with
severe arterial hypertension might have renovascular disease,
TABLE 28-1 -- Incidence of Some Uncommon Arteriopathies
ARTERIOPATHY

INCIDENCE

Heritable collagen vascular disorders
Marfan syndrome

1:5,000–10,000

Ehlers-Danlos type IV

1:5000 (estimated)

Pseudoxanthoma elasticum

1:70,000–160,000

Neurofibromatosis
With vascular disease
Behçet’s disease

1:3000
1:60,000
<1:100,000

Adapted from Shepherd RFJ, Rooke T: Uncommon arteriopathies: What the vascular surgeon needs to know. Semin Vasc Surg 16:240–251, 2003.

perhaps due to congenital renal artery dysplasia. Unusual patterns or location of occlusive disease in arteries may reflect an uncommon arteriopathy. A young smoker with Raynaud’s syndrome and digital artery occlusions raises the question of
thromboangiitis obliterans. An unusual aneurysm, such as one involving the pulmonary arteries in a young adult, may be due to Behçet’s disease or Takayasu’s arteritis. Occlusive or aneurysmal arterial disease in the setting of a multisystem illness should lead
to the consideration of a systemic cause such as unusual infection, vasculitis, or paraneoplastic syndrome.

Whenever a vascular clinician encounters something out of the ordinary, a rare arteriopathy should be considered. However, patients with uncommon arterial disorders often present to the vascular specialist with common problems such as intermittent
claudication, stroke, myocardial infarction, renovascular hypertension, Raynaud’s phenomenon, and aneurysmal disease. Failure to consider the diagnosis of a less common arteriopathy may lead to a delay in care for the patient or lead to suboptimal therapy
and poor surgical outcomes. The clinician needs to be aware of the natural history of the disease; the risk of disease recurrence; and specific indications for anticoagulation, immunosuppression, and surgical intervention. For example, patients with Behçet’s
disease are at increased risk of native artery and bypass graft occlusion, but anticoagulation can lead to death from fatal hemoptysis associated with an undetected pulmonary artery aneurysm. Preoperative immunosuppression should be considered to reduce
complications in a patient with active giant cell arteritis; unfortunately, the diagnosis is sometimes missed until the time of surgery.

Compared to patients with atherosclerosis, those with uncommon arteriopathies are more likely to present with life-threatening conditions such as spontaneous arterial dissection or aneurysm rupture. Arterial surgery may be associated with significant
operative risk. For example, aneurysm repair in a patient with a connective tissue disorder can be fraught with the technical difficulties of reconstructing fragile tissues. Patients with uncommon arteriopathies are not only more likely to need prophylactic
elective surgery but also they are high-risk surgical patients with an increased risk of native artery and bypass graft obstruction. In every case, the natural history of the disease needs to be carefully balanced against the surgical risks and expected outcomes of
the procedure. This review emphasizes the differential diagnoses to be considered when encountering an unusual vascular case. For purposes of discussion, these disorders are grouped into the following
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categories: (1) diseases that cause premature atherosclerosis in the absence of traditional risk factors, (2) drug-induced arterial insufficiency, (3) uncommon causes of aortic aneurysms, (4) unusual presentations of vasculitis, and (5) rare causes of renovascular
disease.

DISEASES THAT CAUSE ATHEROSCLEROSIS IN THE ABSENCE OF TRADITIONAL RISK FACTORS
Arteriopathies in the absence of traditional risk factors can be classified as inflammatory, noninflammatory, inherited, congenital, and acquired. Acquired causes may be traumatic or drug-, radiation-, or environmentally induced. The present section deals with
radiation arteritis and pseudomyxoma elasticum. Inflammatory, congenital, and drug-induced arteriopathies are discussed later in this chapter. Other uncommon arteriopathies such as those associated with homocystinemia and hypercoagulable states are
discussed elsewhere in this text.

Radiation Arteritis

1 2

Arteritis may develop as a late sequela of radiation therapy for treatment of malignancy. There is often a latency period of more than 10 years before symptoms of vascular damage become apparent.[ ] [ ] Any major vessel that happens to be in the irradiated
field may be affected. Aortic, renal, and mesenteric arterial damage may result from abdominal or pelvic radiation for treatment of abdominal malignancy such as lymphoma. External iliac disease may occur after therapeutic radiation for cervical cancer.

1 2 3 4 5 6 7
Subclavian, axillary, innominate, and carotid artery injury can result after radiation treatment for breast cancer, lymphoma, or lung cancer ( Fig. 28–1 ).[ ] [ ] [ ] [ ] [ ] [ ] [ ] Radiation-induced vascular damage causes premature atheromatous changes
2

that may be indistinguishable from other causes of atherosclerosis. Endothelial damage from radiation may make the artery more susceptible to hypercholesterolemia, hyperglycemia, tobacco, and other risk factors, leading to accelerated atherosclerosis.[ ]
Histologic features of radiation arteritis include injury to the vasa vasorum with ischemic necrosis of the vessel wall, fibrosis of the internal elastic lamina, fibrin deposition, and thickening of the adventitia and vessel wall with luminal narrowing or obliteration.

[8] The angiographic appearance of radiation-induced arteritis ranges from focal irregularity to diffuse arterial stenosis and occlusion. Radiation-induced arteritis may mimic large-vessel vasculitis with long, smooth, tapered stenosis. Arterial encasement from
recurrent tumor may have a similar angiographic appearance. Radiation can be implicated as the primary cause of accelerated atherosclerosis when the site of disease is limited to the field of radiation and the location is atypical for atheromatous disease.

9
Clinical manifestations are similar to those associated with atherosclerotic arterial occlusive disease, including claudication of an extremity, stroke, and hypertension. Severe disease with friable plaque also predisposes to distal microembolization.[ ]
Radiation-induced stenosis of the coronary arteries can present with unstable angina in a

Figure 28-1 Angiogram of a 66-year-old patient presenting with acrocyanosis of the fingers and livedo of the skin occurring 21 years after local adjuvant radiation therapy for breast adenocarcinoma. This view of the aortic arch and right upper extremity
demonstrates radiation-induced atherosclerosis with an ulcerated plaque at the origin of the subclavian artery (arrows) with diffuse atheromatous changes in the area of prior radiation (arrowheads). (From Rubin DI, Schomberg PJ, Shepherd RF, Panneton
JM: Arteritis and brachial plexus neuropathy as delayed complications of radiation therapy. Mayo Clin Proc 76:849–852, 2001.)

Figure 28-2 Radiation-induced coronary, carotid, and subclavian disease occurring 12 years after radiation treatment for lymphoma in a 35-year-old patient. The angiogram shown was obtained after a left aortic arch-to-carotid artery bypass (arrow).

Figure 28-3 In the same patient as in Figure 28–2 , right common carotid artery stenosis was successfully treated with percutaneous transluminal angioplasty and stent (arrow).

Figure 28-4 Pseudoxanthoma. Multiple small, slightly raised, whitish to yellow papules are typically seen along the lines of skin flexion in the neck (A) and the cubital fossa of the elbow (B).

Figure 28-5 Ergonovine-induced constriction of the right coronary artery before (A) and after (B) intracoronary administration of ergonovine. (A and B, From Bove A, Viletstra R: Spasm in ectatic coronary arteries. Mayo Clin Proc 60:822–826, 1985.)

Figure 28-6 A 54-year-old woman with migraine headaches treated with Cafergot presented with sudden lower extremity numbness and cyanosis with absent pulses. The angiogram demonstrated severe vasospasm of the infrapopliteal arteries. Nitroprusside is
the agent of choice in severe ischemia due to ergot, but it may take more than 24 hours for full reversal of the arterial vasospasm. (From Shepherd RF: Ergotism. In White RA, Hollier LH [eds]: Vascular Surgery: Basic Science and Clinical Correlations.
Philadelphia, JB Lippincott, 1994, pp 177–191.)

Figure 28-7 Inflammatory aortitis causing inferior vena cava (IVC) obstruction. Note the thick rind of tissue around the abdominal aorta and the IVC filter.

Figure 28-8 Ascending aortic aneurysm associated with bicuspid aortic valve and progressive aortic valve regurgitation.

TABLE 28-2 -- Diagnostic Criteria for Marfan Syndrome
ORGAN SYSTEM

MAJOR CRITERIA

Genetic findings

Fibrillin 1 mutation known to cause Marfan syndrome

Skeletal

At least 4 of the following needed for a major criteria:

*
MINOR CRITERIA

Pectus carinatum

Pectus excavatum

Pectus excavatum—requiring surgery

Joint hypermobility

Upper segment-to-lower segment ratio <0.86

High arched palate

Arm span-to-height ratio >1.05

Facial appearance

Wrist or thumb signs
Scoliosis
Reduced elbow extension
Pes planus
Protrusio acetabulae
Lumbosacral dural ectasia

Ocular

Lens dislocation

Flat cornea
Increased axial length of globe with myopia

Cardiovascular

Dilation of aortic root

Mitral valve prolapse

Dissection of ascending aorta

Calcified mitral annulus
Pulmonary artery dilation

Others

—

Pulmonary
Spontaneous pneumothorax
Apical blebs
Skin
Stria atrophicae
Recurrent or incisional hernia

Adapted from De Paepe A, Devereuz RB, Dietz HC, et al: Revised diagnostic criteria for the Marfan syndrome. Am J Med Genet 62:417–426, 1996.

* Requires one major criteria in two organ systems and involvement of a third system.
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compliance with increased distensibility and a lower pulse wave velocity. In other studies of short- and long-term administration of beta blockers, the results are less clear with a heterogeneous response; short-term administration may actually increase aortic

61] [62]

stiffness in some patients with more dilated aortas.[

In clinical trials, prophylactic β-adrenergic blockers have been shown to reduce the rate of aortic dilation and the risk of aortic dissection in patients with Marfan syndrome. In the only randomized, prospective trial of beta-blocker treatment in Marfan
syndrome, 32 patients were treated with propranolol and 38 did not receive the drug. Both groups were followed for 10 years. Endpoints were aortic root dimensions and clinical events including dissection, surgery, and death. The study showed that the rate of

63]

aortic dilation was lower in the propranolol treatment group (5 with clinical endpoints versus 9 in the untreated group). Risk of aortic dissection was reduced by half (4 patients in the control group and 2 in the propranolol treatment group).[
retrospective studies (using historical controls) have also found a reduced rate of aortic root dilation in patients treated with atenolol or propranolol, and it is likely other beta blockers will have similar benefit.

Other

63 64

The long-term benefit of beta blockers is greatest in young patients with Marfan syndrome who have only mild to moderate dilation of the aortic root.[ ] [ ] Early institution of beta blockade is therefore recommended in Marfan patients, because there
may be less benefit in those with more severely dilated aortic roots and with aortic regurgitation. There is no evidence that beta blockers decrease aortic incompetence once it develops. Lifelong prophylactic therapy with beta blockers is recommended for all
patients with Marfan syndrome, even after surgical repair, owing to the risk of recurrent aneurysms. Relative contraindications to beta blockers include a history of asthma, conduction system disease, and severe bradycardia. Most beta blockers are generally
well tolerated with few side effects. Adverse symptoms such as fatigue can be minimized by using selective beta blockers and avoiding maximal dosages.
A number of other pharmacologic agents may prove to be of benefit in Marfan syndrome. Vascular remodeling of aortic aneurysms may involve smooth muscle cell apoptosis. Angiotensin-converting enzyme inhibitors and angiotensin II receptor blockers

65]

inhibit smooth muscle cell apoptosis in cultured aortic media cells from patients with Marfan syndrome; these agents may prove to have a beneficial role in Marfan syndrome.[
Surgical Management

54]

Advances in medical and surgical management have markedly improved the longevity of patients with Marfan syndrome. Before the advent of open heart surgery, most patients with Marfan syndrome died from rupture of the aorta before 40 years of age.[

Aortic root dilation is progressive in all patients; the risk of dissection and rupture increases as the aorta expands. Aneurysms of 6 to 6.9 cm have an 8.8-fold higher risk of rupture compared with aneurysms of 4.0 to 4.9 cm. In one review, of 675 patients at 10

54]
There is general consensus that patients with Marfan syndrome should undergo elective replacement of ascending aorta and aortic sinus

surgical centers, almost half of patients presenting with acute dissection had aortic diameters of 6.5 cm or smaller.[

54] [66]

when the aortic root diameter in an adult reaches 5 to 5.5 cm.[
expansion, or contemplated pregnancy.

Earlier repair should be considered in higher-risk individuals, in particular those who have a strong family history of sudden death due to dissection at a young age, rapid aortic aneurysm

Aortic dilation usually begins at the sinus of Valsalva and usually does not extend past the proximal ascending aorta. Surgical repair usually requires replacement of the aortic root with a composite graft or else there is a risk of recurrent aneurysm with
continued aortic root dilation ( Fig. 28–9 ).

54] [67]
Operative mortality is much higher for patients presenting with acute dissection. In one large multicenter review, the mean age of patients requiring surgical repair
[54]

Elective operations have been associated with a mortality rate as low as 2% or less.[

was 34 years but ranged from 4 to 73 years. Twelve percent also needed mitral valve repair. Following aortic repair, the overall 10-year survival was 75% and was 59% at 20 years.

68

In 1968, Bentall and De Bono[ ] reported a technique for replacement of the ascending aorta and aortic valve using a composite graft anastomosed to the aortic annulus. In this technique, the coronary arteries were reimplanted, and the aortic valve was
replaced and sewn into the lower end of the graft. The Bentall procedure with a composite valve graft has the benefit of completely removing the aortic root segment that is most prone to dissection and rupture. In the 1990s, aortic valve-sparing operations

69

were introduced. Preservation of the native aortic valve avoids the need for long-term anticoagulation. These procedures either remodeled the aortic root or resuspended the native aortic valve in the Dacron graft.[ ] Remodeling of the aortic root corrects
aortic incompetence; however, in some studies, the aortic annulus diameter continues to expand after repair. Resuspension of the native aortic valve in the ascending aortic graft has proved to be highly successful. Excellent results have been reported: up to

70]
A Mayo Clinic study of 71 patients undergoing aortic root reconstruction with either preservation or reimplantation of the aortic valve found both techniques
[71]

96% of patients survived the aortic valve-sparing procedures over 10 years without reoperations.[

to be successful. Sixty-three of 71 patients had normal valve function or only mild aortic regurgitation. A higher failure rate was found among those with a large annulus (>25 mm) and those needing aortic cusp repair.

With severe aortic regurgitation due to valve degeneration, valve-sparing techniques may not be possible, and a mechanical valve is necessary. Postsurgical follow-up for all Marfan patients should include a full clinical examination done at least annually with
history, examination, and serial transthoracic echocardiogram. Reoperation may be necessary in up to 70% of patients due to development of a second aneurysm. Avoidance of contact sports and avoidance of isometric exercise such as weight lifting is advised.
Marfan Syndrome and Pregnancy

There are several special concerns for patients with Marfan syndrome who become pregnant. The risk of aortic dissection is significantly increased during pregnancy. Aortic root enlargement greater than 4 cm during pregnancy or rapid aortic dilation during

72]

pregnancy is associated with increased rupture risk.[

This may be due to relaxation of tissues or hyperdynamic
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Figure 28-9 A 45-year-old woman with Marfan syndrome, after repair of type I ascending aortic dissection with composite graft and aortic valve replacement. The patient’s brother had previously died of aortic rupture.

TABLE 28-3 -- Classification of Ehlers-Danlos Syndrome
VILLEFRANCHE
CLASSIFICATION (1997)
Classic type

BERLIN (1988)
I Gravis

CLASSIFICATION CLINICAL FEATURES

*

INHERITANCE

MOLECULAR DEFECTS

Skin hyperelasticity; joint hypermobility; easy bruising; thin, atrophic
scars; varicose veins; thin face

AD

Mutation in COL5A1 or COL5A2 gene that codes for alpha-1(V) and
alpha-2(V) chains of type V collagen

II Mitis
Hypermobility type

III

Large joint hypermobility

AD

Not known

Vascular type

IV Arterial-ecchymotic

Thin, translucent skin with visible veins; easy bruising; characteristic
facies; arterial, bowel, and uterine rupture

AD

Mutations in COL3A1; abnormal type III collagen synthesis, secretion

Kyphoscoliosis type

VI

Scoliosis; muscle hypotonia; joint laxity; hyperextensible skin

AR

Lysyl-hydroxylase deficiency or absence of procollagen peptidase
prevents cleavage of procollagen chain

Arthrochalasia type

VIIA, VIIB Arthrochalasia
multiplex

Congenital hip dislocation; severe joint hypermobility; soft skin with or
without abnormal scarring

AD

Mutation in COL1A1 (type A) or COL1A2 (type B) gene

Dermatosporaxis type

VIIC

Severe skin fragility; sagging, redundant skin

—

Recessive mutations in type 1 collagen N-peptidase

AD, autosomal dominant; AR, autosomal recessive.
Adapted from Beighton P, de Paepe A, Steinmann B, et al: Ehlers-Danlos syndromes: Revised nosology, Villefranche, 1997. Ehlers-Danlos National Foundation (USA) and Ehlers-Danlos Support Group (UK). Am J Med Genet 77:31–37, 1998.

* Includes rare forms (types V, VIII, and X) from the 1988 Berlin classification that have been described in only a few families.[

76]

18

types of EDS but is the major cause of mortality in EDS due to associated aneurysmal dilation and arterial rupture.[ ] Inheritance is autosomal dominant. EDS type IV is caused by a mutation of the COL3A1 gene
that encodes for the proα1(III) chain resulting in abnormal or reduced secretion of type III collagen. Type III collagen is composed of a triple helix of three procollagen (alpha) chains, each containing 1029 amino
acids. EDS type IV has been associated with single or multiple exon deletions in addition to numerous different single-point mutations that result in the substitution of another amino acid for glycine in the triple helix.
In one study of 135 patients with EDS type IV, most were found to have many different point mutations leading to substitution of an amino acid in the helical chain. A single-exon deletion accounted for 41

79]

mutations. There was no correlation between the nature of the mutation and the type of complications.[

The net result of the myriad genetic abnormalities is reduced or abnormal production of type III collagen.

74] [78]

Defective synthesis of type III collagen causes decreased tissue strength; this results in fragile blood vessels and leads to the vascular complications associated with EDS type IV.[
Clinical Features and Diagnosis

The diagnosis of EDS type IV is made on the basis of clinical features and confirmed by laboratory testing ( Table 28–4 ). Diagnosis of EDS type IV requires the presence of at least two of four major diagnostic criteria: thin, translucent skin; rupture of
arteries, intestine, or uterus; easy bruisability; and a characteristic facial appearance. The diagnosis should be confirmed by DNA studies that document a mutation in the COL3A1 gene or by skin biopsy for cultured fibroblasts that demonstrate production of

76] [79]

abnormal type III procollagen.[

Typical facial features in EDS type IV may be present with thinness of the face, hollow cheeks due to lack of subcutaneous adipose tissue, prominent eyes, thin lips, and a narrow nose. EDS type IV patients have thin, translucent skin and visible veins. The
venous pattern may be most marked over the chest.
Easy bruisability due to tissue fragility occurs in 66% of individuals. Spontaneous ecchymoses often recur in the same area and can be a lifelong tendency. It is important to exclude an inherited coagulation factor deficiency in anyone with spontaneous
hemorrhage; however, in EDS type IV, coagulation testing is normal. Scars may widen with a thin, atrophic “cigarette paper” appearance; wound healing is impaired. Hypermobility of the joints in EDS type IV is limited to the fingers, and hyperelastic skin

76]

may be less prominent.[

Complications in other organ systems are common: patients are prone to intestinal perforation (especially rupture of the sigmoid colon), uterine rupture, spontaneous pneumothorax, and musculotendinous disruption. Vascular

80] [81]

complications include varicose veins, peripheral arteriovenous fistula, carotid-cavernous fistula, and large artery rupture.[

EDS type IV should be suspected when a young patient presents with multiple arterial aneurysms or spontaneous arterial rupture. Arterial rupture is the most common cause of death, and the peak incidence of this complication is seen in the 2nd to 3rd decade

82]
Another study reported that one fourth of patients had their first complication by age 20 years, and 80%

of life. In one review of 36 patients, the mean age at presentation of aneurysm or rupture was 26 years; two thirds were younger than 30 years of age.[

79]

had a major complication by age 40 years. Median survival was age 48 years.[

Simple procedures may precipitate arterial rupture. For example, fatal arterial rupture has occurred after reduction of a dislocated shoulder. Arterial dissection is a major concern during any arterial instrumentation. Rupture of the gastrointestinal tract is likely
to occur at an earlier age than arterial rupture. Many patients with EDS type IV, however, are not aware of their disease until catastrophic spontaneous rupture of an artery or intestine occurs. Only 16% of patients
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TABLE 28-4 -- Diagnostic Criteria for Ehlers-Danlos Syndrome (EDS) Type IV (Vascular Type)
Major criteria: Two or more is highly indicative of EDS type IV
Arterial rupture or intestinal, uterine rupture
Extensive bruising

*

Thin, translucent skin
Characteristic facial appearance
Minor criteria
Acrogeria
Hypermobility of small joints (fingers)
Tendon and muscle rupture
Clubfoot
Varicose veins of early onset
Arteriovenous malformation
Carotid-cavernous sinus fistula
Pneumothorax or hemothorax
Positive family history of sudden death
Adapted from Beighton P, de Paepe A, Steinmann B, et al: Ehlers-Danlos syndromes: Revised nosology, Villefranche, 1997. Ehlers-Danlos National Foundation (USA) and Ehlers-Danlos Support Group (UK). Am J Med Genet 77:31–37, 1998.

* The diagnosis of EDS type IV is made on the basis of clinical features and should be confirmed by obtaining a skin biopsy for cultured fibroblasts to document production of abnormal type III procollagen or the
presence of mutations in the COL3A1 gene.

had symptoms suggesting EDS before a vascular event occurred.
Medium-sized arteries are most commonly involved, but any-sized vessel can rupture. Approximately 50% of patients have underlying aneurysms, but in others dissection of normal-sized vessels is a prominent feature. Many sites of arterial rupture or
hemorrhage have been reported, including the abdominal aorta and iliac, femoral, popliteal, subclavian, brachial, carotid, and vertebral arteries. Visceral vessels including splenic, hepatic, renal, celiac, and mesenteric arteries can spontaneously dissect and

80] [82] [83]

rupture.[

Acute abdominal, flank, or back pain with cardiovascular collapse may herald arterial rupture and requires urgent evaluation ( Figs. 28–10 , 28–11 , 28–12 ).

80]
Peripheral rupture may be associated with the development of unusual compartment syndromes such as sciatic neuropathy after gluteal artery rupture. Carotid artery
[81]

Peripheral rupture often manifests with localized pain, hematoma, and ecchymosis.[

rupture is a frequent complication of EDS type IV. This can result in a carotid-cavernous fistula associated with the sudden onset of retro-orbital pain, proptosis, periorbital edema, and visual loss.

Patients with EDS type IV should be evaluated with MRI or CT. Arterial punctures should be avoided because of high risk of uncontrolled bleeding and retroperitoneal hematoma. In one report, arteriography was associated with a 67% complication rate in 8

82]

of 12 patients and a 17% mortality rate![

82]

Catheter-induced arterial damage in patients with EDS type IV has included false aneurysm formation, intimal flaps, fatal dissection of the ascending aorta, and renal artery rupture.[

82

The prognosis in spontaneous arterial perforation is poor, with 44% of patients dying before any surgical procedure; 19% die during or after the operation, for a total mortality of 63%.[ ] When surgical intervention is unavoidable for a vascular emergency,
ligation of an aneurysm or bleeding vessel is preferable to arterial bypass. Conventional arterial repair with suture or graft may be difficult: sutures often tear through the arterial wall, preventing creation of

Figure 28-10 Spontaneous left iliac artery dissection in Ehlers-Danlos syndrome.

Figure 28-11 Right renal artery dissection in Ehlers-Danlos syndrome managed conservatively.

Figure 28-12 Coil occlusion of hepatic artery aneurysm in a patient with multiple aneurysms and clinical diagnosis of Ehlers-Danlos type IV, shown before (A) and after (B) the coil occlusion.

TABLE 28-5 -- Classification of Vasculitis
SIZE OF VESSEL INVOLVED
Large

*

ANCA NEGATIVE
Takayasu’s arteritis

ANCA POSITIVE
—

Giant cell arteritis
Medium

Kawasaki’s disease

Churg-Strauss angiitis

Polyarteritis nodosa
Behçet’s disease
Drug abuse vasculitis
Small

Henoch-Schönlein purpura

Wegener’s granulomatosis

Essential cryoglobulinemia

Microscopic polyangiitis

Arteritis of connective tissue
From Jayne D: Update on the European Vasculitis Study Group Trials. Curr Opin Rheumatol 13:48–55, 2001.

* Classification by size of vessel and antineutrophil cytoplasmic antibody (ANCA) status.

92]

ischemia. A retrospective review at the Mayo Clinic showed that patients with active arteritis can safely undergo aortic valve replacement with good outcomes as long as the patient receives adequate steroid suppression during the postoperative period.[

The pulmonary arteries may be involved in Takayasu’s arteritis, and this should be suspected in a patient with unexplained exertional dyspnea ( Fig. 28–14 ). The diagnosis of pulmonary arteritis may be missed unless specifically evaluated. In the past,
pulmonary angiography was the most definitive imaging modality for the pulmonary arteries, but this has largely been replaced by CT and MR angiography.

93]
In a Mayo Clinic study of 248 patients with temporal arteritis, 34 were found to have vasculitis involving the aorta

Temporal (giant cell) arteritis can manifest as a localized stenosis or occlusion in the brachial or superficial femoral artery ( Fig. 28–15 ).[

94]

or its branches. The diagnosis of temporal arteritis was made at autopsy in 4 patients who died of aortic rupture.[

Figure 28-13 Takayasu’s arteritis involving aortic arch vessels, including both carotid and subclavian arteries.

Figure 28-14 Stenoses of pulmonary artery branches due to Takayasu’s arteritis.

Figure 28-15 Giant cell arteritis of the right subclavian and axillary artery. Note collateral refilling of the brachial artery.

TABLE 28-6 -- Criteria
DIAGNOSTIC CRITERIA

*

for the Diagnosis of Behçet’s Disease

†

CLINICAL FINDINGS

Mandatory for diagnosis:

Painful, shallow oral ulcer with round, sharp erythematous border and yellow fibrinous base, which recurred at least three times over a 12-month period

Recurrent oral ulceration
Minor criteria (need two):
Recurrent genital ulceration

Aphthous ulceration/scarring

Eye lesions

Anterior or posterior uveitis or retinal vasculitis

Skin lesions

Erythema nodosum, pseudofolliculitis, or papulopustular lesions; or acneiform nodules

Pathergy

Sterile pustule at the site of a needle stick occurring 24–48 hours after injury

Adapted from MacCormack M, Phillips T: Behçet’s disease: A clinical review. Wounds 14:275–283, 2002.

* The diagnosis of Behçet’s disease is based on clinical criteria established by the International Study Group for Behçet’s Disease.[

148]

There is no specific laboratory test for Behçet’s disease, and

there are no serologic markers.
† Diagnosis requires recurrent oral ulcerations and two minor criteria.

Vascular Involvement

101]

Vascular involvement in Behçet’s disease ranges between 7.7% and 60% of affected patients. Lesions can result in both venous and arterial manifestations.[

The risk of thrombosis is markedly increased in Behçet’s disease. In one report, 27% of patients

[103]

with Behçet’s disease had arterial or venous thrombosis.
Venous Thrombosis

104]
Thrombosis can involve the superficial and deep veins of the lower and upper extremity but may also involve central large veins, especially the superior and inferior
[103]

Up to 50% of patients with Behçet’s disease have a history of prior venous thrombosis.[

vena cava. Less common manifestations include hepatic vein thrombosis causing Budd-Chiari syndrome, mesenteric vein thrombosis, renal vein thrombosis, and intracranial thrombosis involving the dural sinus.

intracardiac thrombus have also been reported.

[105]

Pulmonary artery thrombosis and

The increased thrombogenicity in patients with Behçet’s disease has been attributed to prothrombotic states, endothelial injury, and defective fibrinolysis. A wide range of coagulation abnormalities have been reported in patients with Behçet’s disease. Factor
V Leiden mutation appears to be more frequent in patients with Behçet’s disease and has been found in 37% of affected patients with a history of venous thrombosis. Prothrombin gene G20210A has been found in 31% of patients with thrombosis. In one

106]

study, 40% of patients had elevated IgG anticardiolipin antibodies.[
associated with Behçet’s disease.

Although all these may be contributing factors to an underlying prothrombotic state, no single abnormality has been consistently identifiedto explain the prothrombotic tendency

Aneurysms and Occlusive Disease

Both occlusive arterial disease and aneurysm formation occur as manifestations of Behçet’s disease. Aneurysms are especially concerning due to the increased risk of rupture and sudden death. Although the frequency of arterial involvement in Behçet’s

107] [108]
107] [109] [110]
Arterial disease usually manifests 3 to 8 years after the initial diagnosis, at a mean age of 30 years.[
Vascular complications occur

disease has been reported to range from 2% to 34%, the true incidence may be less than 5%.[
less frequently in pediatric patients.

Occlusive arterial disease can involve both upper and lower extremities. When indicated, surgical revascularization such as iliofemoral or femoropopliteal bypass can be successful in relieving symptoms of limb ischemia. However, there is increased risk of

107]

graft failure due to thrombosis. This concern should not be considered a contraindication to surgery. Bypass patency using either prosthetic or autologous grafts can be enhanced by the use of postoperative anticoagulation.[

Behçet’s disease is also well known for its propensity for unusual arterial aneurysms of systemic and pulmonary arteries. Arterial aneurysms are often multiple and are characterized by a saccular configuration with increased risk of unexpected rupture,

111]

thrombosis, and aneurysm recurrence. Occlusive lesions have a better prognosis than aneurysms, but arterial aneurysms occur more frequently than occlusive disease.[
decreasing order by the pulmonary, femoral, popliteal, brachial, and iliac arteries. Rare cases involving the carotid, vertebral, and coronary arteries have been reported.

The abdominal aorta is the most common site of aneurysm formation, followed in

Patients with pulmonary artery aneurysms can present with symptoms of dyspnea, cough, chest pain, and hemoptysis. Pulmonary artery aneurysms are frequently multiple and are especially worrisome because they can lead to massive and fatal hemoptysis.

108]

Aneurysm rupture is the leading cause of death in patients with Behçet’s syndrome. In one literature review of 42 patients with pulmonary artery aneurysms, one third of patients died of fatal pulmonary hemorrhage within 2 years after diagnosis.[

Behçet’s disease has been associated with intracranial aneurysms. In one report a 38-year-old man presented with a subdural hematoma due to a ruptured 5-mm fusiform aneurysm of the superior cerebellar artery. The diagnosis of Behçet’s disease was made 5
months after repair of the

469

ruptured aneurysm when he presented with painful oral aphthae and genital ulcers. He was subsequently found to have a pulmonary artery aneurysm on CT scan. Another 55-year-old man presented with a subarachnoid hemorrhage due to a dissecting

112]

pseudoaneurysm of the vertebral artery. Both were successfully treated with endovascular artery occlusion.[

The indications for surgery are similar to the indications with other aneurysms: repair of systemic aneurysms should be considered based on aneurysm size, rapid growth, or symptoms. Surgical treatment may be complicated by recurrent aneurysms in the
operated artery or in arteries adjacent to arterial bypasses. Reoperation is frequent in Behçet’s disease due to the occurrence of anastomotic aneurysms and thrombosis. In some series more than one half of patients required another operation within 4 years.
Arterial aneurysms may also occur after minor arterial trauma such as arterial puncture for angiography.
Immunosuppressive Therapy

Initially, the histology of Behçet’s disease is characterized by an active vasculitis stage with inflammatory cell infiltration in the media and adventitia. This is later replaced by a scar stage with fibrous thickening and loss of elastic and muscle fibers.

113]

Immunosuppression is clearly indicated for ophthalmic and neurologic complications of Behçet’s disease; however, there is no consensus regarding the optimal pharmacologic treatment, and therapy remains empirical.[
follow to assess disease activity and severity.

There are no serologic markers to

The benefit of using prophylactic immunosuppression in asymptomatic patients is less clear. Postoperative corticosteroid therapy (initial dose 0.5 to 1 mg/kg/day) may prevent recurrent arterial lesions, but 86% of treated patients have been reported to relapse

107]

by 6 years.[

107]

Combining therapy with corticosteroids and immunosuppressant agents (especially azathioprine) has been advocated in some patients.[

As in other forms of vasculitis, the mainstay of medical therapy for Behçet’s disease is high-dose corticosteroids (1 mg/kg/day in single or divided doses). Not all patients respond to corticosteroids, and many need a second or alternative agent. Large-vessel
arteritis is treated with corticosteroids in combination with cytotoxic and immunosuppressive drugs (azathioprine, chlorambucil, cyclophosphamide, and methotrexate). Although these agents have been shown to induce and maintain remissions, relapses are

108] [114]

frequent, and the drugs have potential side effects that may be severe.[

Despite treatment with corticosteroid and immunosuppressive therapy, the mortality rate remains high.

115] [116]
113]
Cyclosporine may be of benefit in patients who are refractory to steroids.[
Close monitoring is necessary for common adverse effects including severe
117
[
]

A number of newer pharmacologic agents may have promise in Behçet’s disease.[

hypertension and nephrotoxicity. Thalidomide is effective for oral and genital ulcers and has been approved for treatment of Behçet’s disease.

Owing to the risk of teratogenicity and birth defects, use in female patients should be limited to those who

118]
There is little information with regard to the use of thalidomide in vascular disease. Newer agents that may have potential benefit in Behçet’s disease but have not
have undergone hysterectomy or tubal ligation. Polyneuropathy can occur in up to 50%.[
yet been studied include tacrolimus and siroliminus.
Polyarteritis Nodosa

Polyarteritis nodosa (PAN) is a systemic necrotizing vasculitis of medium- and small-sized arteries. It can cause aneurysms, thrombosis, hemorrhage, and tissue infarction in almost every organ. Abdominal pain due to visceral ischemia is a common symptom

119

] Laboratory tests demonstrate hepatitis B antigen in 30% of patients with PAN. The sedimentation rate is typically elevated, and
in young adults. Affected patients may present with manifestations of appendicitis, cholecystitis, or intestinal perforation.[
ANCA is negative. The disease should be suspected clinically, but confirmation of the diagnosis often requires biopsy of affected tissue. Angiography documenting multiple small aneurysms in the mesenteric and parenchymal renal arteries may also be
diagnostic.
120]
HIV infections may also be associated with vasculitis. Although large-vessel involvement is uncommon, HIV can present with multiple
[32]

Drugs of abuse including intravenous cocaine and methamphetamine can cause a panarteritis that resembles PAN.[

aneurysms or occlusions of carotid, femoral, and popliteal arteries. Although some of these aneurysms are caused by opportunistic infections associated with HIV, aneurysm wall cultures are negative for infection in others.
Kawasaki’s Disease

Kawasaki’s disease is a vasculitis affecting infants and children younger than 5 years of age. It was first described in Japan in 1967 but now is found worldwide with an incidence of 10.3 per 100,000 in the United States. It is well known as a cause of coronary
aneurysms. These occur in 20% to 30% of patients and can cause other cardiac manifestations including pericardial effusion, mitral incompetence, and cardiac failure. As the child grows up, aneurysms may be found involving the aorta and iliac, axillary,

121]

brachial, mesenteric, or renal arteries.[
Wegener’s Granulomatosis

Wegener’s granulomatosis is characterized by a necrotizing or granulomatous vasculitis affecting small- to medium-sized vessels that classically involves the kidney along with the upper and lower respiratory tract. These patients may present to the vascular
surgeon with an ischemic digit and clinical signs of nail fold infarcts and digital ulcerations. In Wegener’s granulomatosis, c-ANCA is positive in 90% with active disease. Microscopic polyangiitis and Churg-Strauss syndrome are associated with a positive p-

84] [122] [123]

ANCA.[

RARE CAUSES OF HYPERTENSION AND RENOVASCULAR DISEASE
Fibromuscular Dysplasia
Fibromuscular dysplasia (FMD) is a noninflammatory abnormality that affects medium-sized arteries and is the

Figure 28-16 Medial fibromuscular dysplasia involving the right renal artery.
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Figure 28-17 Intimal fibromuscular dysplasia involving the right renal artery in a 20-year-old patient with severe hypertension cured by surgical revascularization.

Figure 28-18 Aortic coarctation causing severe hypertension.

Figure 28-19 Neurofibromatosis with multiple thoracic and abdominal aneurysms in a young patient. Arterial hypertension can result from suprarenal aortic stenosis (as in this patient) or from renal artery stenosis.
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Chapter 29 - Arterial Aneurysms:

Etiologic Considerations
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Aneurysm is a more or less impaired or wholly suspended cohesion, at some point, of the contractile villi that compose the texture of the arteries … from which cause there arises either a pulsating tumor of the artery or a violent efflux of
blood out of the artery. But since the weakened cohesion of these fibers may come about in many ways, I consider that, to ensure clear instruction about this, we must divide this class of malady into its differing species and then subdivide

1
them.Giovanni Maria Lancisi, De Aneurysmatibus (Aneurysms), 1745 [ ]

Arterial aneurysms have captured the attention of physicians and surgeons for centuries. An arterial aneurysm is a pathologic entity strictly defined by a gross measurable anatomic change in the geometry of the blood vessel wall, namely localized dilatation.
The precise amount of dilatation necessary for a definition of “aneurysm” is of some debate, but it is generally held to require an increase in arterial diameter of at least 50% compared to a “normal” baseline. The nature of this dilation may be either fusiform or
saccular, but it involves the entire wall of the vessel. These lesions are therefore distinguished from “pseudoaneurysms,” which result from a transmural disruption of the arterial wall with blood contained by periarterial tissues.

The etiology of arterial aneurysms is extremely diverse, but it has become clear that there are a number of fundamental pathologic changes that can be considered common to aneurysms in general. Most aneurysms develop slowly over a period of years and are
clinically silent until late in their natural history, with symptoms arising only from dramatic complications, such as rupture, dissection, thrombosis, embolization, and compression or erosion of adjacent structures. The propensity for any of these complications
to develop in a particular aneurysm is partly the result of the anatomic location of the aneurysm and the underlying pathophysiologic process driving the disease. The purpose of this chapter is to review current knowledge of the pathophysiologic processes
responsible for aneurysm disease, both in the abdominal aorta as well as in other locations.

GENERAL PATHOPHYSIOLOGIC CONSIDERATIONS
Arterial Architecture
The central function of the aorta and all muscular arteries is to act as an efficient and durable conduit for pulsatile blood flow. As such, these vessels must preserve a nonthrombogenic lumen free of obstruction and maintain their structural integrity over a
lifetime of cyclic hemodynamic stresses. The loss of structural integrity is the fundamental cause of aneurysm formation and ultimate rupture. Unlike occlusive atherosclerotic disease, development of an arterial aneurysm involves changes in all three layers of
the arterial wall. To understand the etiopathology of arterial aneurysms, it is therefore necessary to consider the microscopic anatomy of not just the intima, but the media and adventitia—the outer layers of the arterial wall responsible for maintaining tensile
strength.
The media of muscular arteries is dominated by extracellular matrix elements and vascular smooth muscle cells (SMCs). The matrix components include well-organized bundles of elastin, collagen, and proteoglycans. Microscopically, this arrangement is
characterized by concentric layers of elastic fibers organized into thick lamellae, alternating with layers of vascular smooth muscle. As originally described by Wolinsky and Glagov, each layer of elastic fibers and its associated SMCs constitute a “lamellar

2
unit” of medial structure.[ ] This organization gives the vessel the necessary degree of circumferential resilience to resist permanent deformation under normal hemodynamic stresses.
The adventitia is composed of a loose network of interstitial collagen fibers and fibroblasts, as well as nerves and capillary-sized blood vessels. Although adventitial collagen fibers do not appear to be under maximal tension during normal physiologic
conditions, they undergo more linear alignment with the development of aneurysmal dilation. This observation suggests that increased wall stress in aneurysms leads to stretch of adventitial collagen fibers to the limits of their tensile strength.
In normal vessels, the elastic media likely bears most of the stress of pulsatile blood pressure. Moreover, the inherent structure of the aortic wall provides a substantial amount of biomechanical reserve and reparative capacity. Although it
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is possible to remove a substantial portion of the media during endarterectomy without causing aneurysm formation or arterial wall failure, disruption of the normal structure of elastin and collagen in the outer arterial wall is central to the pathologic alterations
that lead to aneurysm development. This suggests that two events must occur for an aneurysm to develop: (1) there must be a near complete loss of the normal medial lamellar structure and (2) there must be interruption of the normal compensatory and
reparative mechanisms that maintain vascular wall integrity.
Elastin

3
The elastic fiber is the most stable extracellular matrix component in the arterial wall, with a biologic half-life typically measured in decades.[ ] Elastin is also extremely durable in physical terms, and it can withstand the harsh chemical and thermal
4 5

4 5

techniques required for its isolation.[ ] [ ] Elastic fibers are composed of amorphous elastin and an array of microfibrils measuring 10 to 12 nm in diameter.[ ] [ ] Microfibrils appear earlier during development than amorphous elastin and are typically
oriented along the length of the growing elastic fiber; thus, they are thought to serve as a biologic scaffold for proper elastic fiber assembly. Elastin undergoes little if any metabolic turnover in the adult, and it remains unclear whether the synthesis and
assembly of elastic fibers are necessary once development is complete, or even if these events can occur in a biologically efficient fashion in adults.

Tropoelastin messenger RNA (mRNA) (3.5 kilobase [kb]) is derived from a 45-kb gene on human chromosome 7 (ELN) and is subject to extensive alternative splicing. Because the coding sequences for the cross-linking and hydrophobic domains of

6 7
tropoelastin are encoded by separate exons, the primary transcript can be spliced in cassette-like fashion while maintaining the correct reading frame.[ ] [ ] The rubber-like biophysical properties of elastin are attributed to the hydrophobic regions in
4 5

polymerized tropoelastin.[ ] [ ] Polymerization of tropoelastin allows cross-linking of individual monomers through oxidative condensation of lysine residues on adjacent molecules. This reaction is catalyzed by lysyl oxidase, and results in the modified
amino acids, desmosine and isodesmosine, which are unique to elastin.

Although there is no evidence that inherited defects in elastin result in arterial aneurysms, recent studies demonstrate that elastin has a significant impact on arterial development and function. Humans with a hemizygous deficiency of ELN develop a syndrome

8
associated with supravalvular aortic stenosis.[ ] Both in patients and in genetically engineered mice with a similar defect (ELN+/− ), the elastin content of the aortic wall is reduced to only 50% of normal, and the thickness of each elastic lamina is reduced to a

8
similar extent.[ ] Nevertheless, developmental compensation results in an increased number of elastic lamellae, which serve to maintain normal arterial integrity.
Collagen

Collagen accounts for approximately 20% of the total protein in the normal aorta. Most aortic wall collagen is made up of type I (75%) and type III interstitial collagens. Additional collagen is present in arteries as type IV collagen occurring within the

9 10
endothelial basement membrane and surrounding SMCs and fibroblasts. Interstitial collagens are responsible for maintaining aortic wall tensile strength, and they are organized into discrete fibrillar bundles that range from 10 to 200 nm in diameter.[ ] [ ]
[11]
9 10 11 12
Individual procollagen molecules are composed of three intertwined polypeptide (α) chains assembled within the cell to form a stable triple-helix.[ ] [ ] [ ] [ ] Type I collagen consists of two α1 (I) procollagen chains coupled with one α2 (I)

procollagen chain, whereas type III collagen contains three identical α1 (III) procollagen chains. A large fraction of the proline residues are converted to hydroxyproline by the action of proline hydroxylase. The assembly of procollagen α chains is initially

9 10 11
mediated within the cell by interactions between the aminoterminal and carboxyterminal globular domains of each procollagen molecule.[ ] [ ] [ ]

After secretion, nascent procollagen chains undergo extensive intermolecular cross-linking in the extracellular space. These cross-links are formed at hydroxyproline and lysine residues through the action of lysyl oxidase. This cross-linking results in a rigid
fiber, which contributes to the high tensile strength and minimal elasticity of collagen in tissue. Inhibition of lysyl oxidase results in immature, poorly cross-linked collagen fibers and blood vessel fragility. This can be accomplished pharmacologically with

13] [14] [15]

lathyrogens such as beta-amino-propionitrile, forming the basis for some early animal models of aneurysm development.[
Smooth Muscle Cells and Fibroblasts

Not to be overlooked in the anatomy of the normal artery are the mesenchymal cells responsible for producing the exquisitely organized extracellular matrix. Although the matrix itself is responsible for maintaining arterial wall integrity, maintenance of the
matrix falls on the resident SMCs and fibroblasts. This is exemplified by attempts to use decellularized arterial conduits in vascular reconstruction. Although such vessels may serve as useful replacements in the arterial system, they eventually undergo
progressive dilation and ultimate aneurysm formation.

CLASSIFICATION OF ANEURYSM DISEASE
Arterial aneurysms have historically been classified by a combination of their anatomic location and associated clinical diseases. This system is inadequate because it does not take into account pathologic patterns that occur in different types of aneurysms.
This has limited our ability to devise novel forms of therapy. Although novel classification systems are being developed to reflect current understanding of the pathologic basis of aneurysms, classification of aneurysm disease remains a challenge for several
reasons. First, aneurysms occur in a diverse array of clinical settings and anatomic locations. Second, many types of aneurysms are quite rare and tissue is scarce, making it difficult to provide precise classifications based solely on pathologic criteria. Third,
even the most well-studied forms of aneurysm disease appear to result from a complex interaction of
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genetic, local, and systemic factors, frustrating attempts to define a single or unifying etiology.
Despite these limitations there are some underlying pathologic consistencies that appear to be central to aneurysm development. For example, in most arterial aneurysms there are extensive matrix changes within the media and adventitia of the vessel, with
particularly severe damage to the elastic lamina. There is also prominent inflammatory cell infiltration, a factor believed to be associated with the elaboration of matrix-degrading enzymes. Finally, there is frequently depletion of the mesenchymal cell
populations generally responsible for matrix repair. Each of the processes affects other pathways in such a way that once established, these pathophysiologic changes are progressive and likely to be self-propagating ( Fig. 29–1 ). Because the most common
form of aneurysm disease occurs in the infrarenal aorta, abdominal aortic aneurysms (AAAs) are the most thoroughly investigated form of aneurysm disease. The pathologic features of AAAs thereby serve as a basis by which to evaluate and compare less
common aneurysms occurring in other locations.
Many different events have been proposed to initiate the cycle of matrix injury and inflammation involved in aneurysm formation. The aneurysms arising from these diverse mechanisms can be divided into several groups. As seen in Figure 29–1 , mechanical
injury of the vessel wall, such as post-stenotic aneurysms or aneurysms associated with an arteriovenous fistula, can lead to direct injury to the extracellular matrix, but mechanical injury also appears to affect the function and viability of mesenchymal cells

within the arterial wall. Congenital defects in structural matrix proteins can also predispose to aneurysm development, as is the case with inherited diseases such as Marfan syndrome (MFS) (fibrillin-1) and type IV Ehlers-Danlos syndrome (EDS) (type III
procollagen). Infections and other inflammatory conditions can also predispose to arterial aneurysms as a direct result of inflammatory cell recruitment into the vessel wall. In many common types of aneurysm disease, including infrarenal AAAs, these
processes appear to be initiated by several different mechanisms.

ABDOMINAL AORTIC ANEURYSMS
Because AAAs are the most common type of aneurysm disease and because AAAs cause the greatest disability to the population, research efforts to determine the pathobiology of arterial aneurysms have focused primarily on this problem. As noted earlier, the
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pathobiology of AAAs also serves as a useful reference point for studies on other types of aneurysms. Since the first investigations on AAAs as a disease process potentially distinct from atherosclerosis over 20 years ago,[ ] [ ] there has been an
exponential increase in our understanding of the pathobiology underlying AAAs. This has been due to increasingly detailed study of human AAA tissues and facilitated by development of successful animal models that rapidly recapitulate a disease that

18] [19]

otherwise takes many years to develop in humans. Based in part on work done in these models, we are already on the threshold of establishing new medical therapies for early stages of aneurysm disease that were unthinkable a short time ago.[

Figure 29-1 The interrelationship of pathophysiologic features of aneurysmal degeneration. Boxed diseases represent potential entry points into the cycle. EDS, Ehlers-Danlos syndrome; AAA, abdominal aortic aneurysm; AVF, arteriovenous fistula.

TABLE 29-1 -- Epidemiologic Factors Associated with Abdominal Aortic Aneurysms (AAAs)
FACTORS

ODDS RATIO

Permissive
Ever smoked
Current smoker
Age (per 7-year increase)

5.1
7.4
1.7

Age 75–84 years

3.3

Family history of AAA

1.9

Symptomatic atherosclerosis

1.7

Hypercholesterolemia

1.4

Protective
Female sex

0.2

Black race

0.5

Diabetes mellitus

0.5

researchers, with a major effort directed toward identifying the specific proteinases responsible for elastin degradation in AAAs.

16]

Both constitutive and inducible production of elastolytic enzymes can be identified within human AAA tissues. Following initial observations by Busuttil and associates,[

early studies attributed the primary elastolytic activity in AAAs to one or more

40
serine proteases.[ ] It is now clear that enzymes of the matrix metalloproteinase (MMP) family likely make an even greater contribution to the elastolytic process seen in aneurysm tissues.
Matrix Metalloproteinases in Aortic Aneurysms

41

MMPs are a structurally-related family of connective tissue-degrading enzymes implicated in a variety of normal and pathologic tissue remodeling processes, including embryonic development, wound healing, cancer, and arthritis.[ ] The members of the
MMP family (of which there are now > 25) are characterized at the protein level by several similarities, including a signal peptide, an aminoterminal propeptide, and a catalytic domain featuring a zinc-binding site. Individual MMPs are named and
characterized in part by their substrate specificities, but acting together they can degrade virtually all stromal, structural, and basement membrane proteins of the extracellular matrix. Several MMPs are known for their activity against interstitial collagen fibers,
including fibroblast collagenase (MMP-1), neutrophil collagenase (MMP-8), and the more recently described MMP-13. At least four MMPs are capable of degrading cross-linked elastin fibers, including the 72-kd and 92-kd gelatinases (MMP-2 and MMP-9,
respectively), matrilysin (MMP-7), and macrophage metalloelastase (MMP-12).

MMPs are secreted as zymogens (pro-MMPs) and are maintained in an inactive state by the presence of the aminoterminal propeptide domain. Enzymatic cleavage of the propeptide is the most likely mechanism of MMP activation in vivo, indicating that
extracellular processing of pro-MMPs is required to achieve full catalytic activity. Various proteases have been implicated in this process, such as plasmin, urokinase plasminogen activator (u-PA), and other MMPs. In some cases, spontaneous autoactivation

42]

can occur (e.g., macrophage elastase).[

41 43 44

The regulation of MMP activities is critical to prevent widespread tissue destruction, both in normal tissues undergoing remodeling and in disease.[ ] [ ] [ ] MMPs are thereby controlled at several levels, including the induction and suppression of
MMP gene transcription, extracellular activation, and interaction with natural inhibitors. Inflammatory mediators such as cytokines play an important role in the modulation of MMP gene transcription as well as in the transcriptional induction of their
inhibitors and activators.
Elastolytic MMPs

Gelatinase A (MMP-2) is constitutively expressed by a variety of mesenchymal cell types, such as vascular endothelium, SMCs, and fibroblasts. Its expression can be further induced in and by inflammatory cell types (i.e.,
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mononuclear phagocytes and lymphocytes). The principal matrix substrates of MMP-2 include type IV (basement membrane) collagen and denatured interstitial collagens (gelatin), although MMP-2 is also capable of acting on intact elastin. Recent evidence
also indicates that MMP-2 can act as an interstitial collagenase. Increased expression of MMP-2 is associated with aortic aneurysms, atherosclerosis, and intimal hyperplasia, and it has been suggested that MMP-2 activity is required for SMC migration across

45]

elastin-rich matrices.[
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The presence of elevated amounts of immunoreactive MMP-2 in human AAA tissue was first demonstrated by Vine and Powell,[ ] followed by a series of reports confirming and extending this observation. Freestone and colleagues[ ] reported that MMP2 may be particularly elevated in small AAAs, suggesting a potential role in early stages of aneurysmal degeneration. MMP-2 production was also spatially associated with the inflammatory response, an observation consistent with evidence that fibroblasts

48

49]

and SMCs produce increased amounts of MMP-2 in response to inflammatory cytokines and other macrophage products.[ ] In a recent study using sequential extraction of aortic tissues with different solvents, Davis and coworkers[
amounts of MMP-2 are bound to the extracellular matrix. A large portion of this matrix-bound MMP-2 is found in the activated form, suggesting that MMP-2 is activated in AAAs and tightly sequestered within the extracellular space.

showed that large

50] [51] [52] [53] [54] [55]
50 56 57
MMP-9 has attracted particular interest because it can degrade elastin fibers[ ] [ ] [ ]

Gelatinase B (MMP-9) is one of the most prominently expressed MMPs in aortic aneurysms and other inflammatory conditions.[

[58] and because it is abundantly produced by human AAA tissues in vitro.[54] Although protein studies have demonstrated that MMP-9 is selectively increased to a greater extent in AAAs than in atherosclerotic disease, MMP-9 mRNA is also expressed by
[53] [54]
Studies using mice with targeted gene deletion of MMP-9 indicate that this enzyme plays a critical role in experimental aneurysmal degeneration.

aneurysm-infiltrating macrophages located at the site of tissue damage ( Fig. 29–2 B).

59]
55 60
and the level of MMP-9 expression in tissue and circulation appears to be proportional to aneurysm size.[ ] [ ] These observations have fostered the idea
[61] [62]

Elevated levels of MMP-9 have been shown to occur in the circulation of patients with AAAs,[

that MMP-9 (and perhaps other metalloproteinases) might provide useful biologic markers of aortic aneurysm disease, as well as potential targets for pharmacologic therapy in patients with small asymptomatic AAAs.

63]

Stromelysin-1 (MMP-3) is not elevated to as great an extent in aneurysms as that of other proteases, but this enzyme may play a specific role in activating the proenzyme form of other MMPs, particularly MMP-9.[

AAAs by immunoblotting and mRNA analysis,

[51] [52] [64] [65]

Stromelysin has been detected in human

but its exact role in aneurysm development remains unclear.

66] [67]
Macrophage elastase accounts for at least half of the elastolytic activity secreted by human alveolar macrophages obtained from

Human macrophage elastase (HME; MMP-12) is a recently described homolog of mouse macrophage elastase (MME).[

66]

cigarette smokers[

68]
Unlike other MMPs, there is evidence that pro-HME can undergo spontaneous autocatalytic conversion to its activated form. In addition, it degrades

and is essential for macrophage-mediated proteolysis and matrix invasion in vitro.[

69]

a particularly broad spectrum of other matrix substrates.[

These diverse functions of HME have resulted in studies that have suggested that macrophage expression of HME may have an important role in pulmonary emphysema and other

Figure 29-2 Histologic and zymographic evidence of representative active enzymes of the matrix metalloproproteinase (MMP) family in human aneurysm wall. A, Presence of MMP-12 (arrows) by immunohistology, in-situ hybridization, and casein
zymography. B, Presence of MMP-9 (arrows) by immunohistology, in-situ hybridization, and gelatin zymography.

TABLE 29-2 -- Summary of Western Blot Data by Schonbeck and Colleagues

*

WESTERN BLOT
ANTIGEN

Carotid

AAA

IL-4

0

+++

IL-5

+

++

IL-10

+

+++

IL-2

+++

0

IL-12

+++

+

IL-15

++

+

IL-18

+++

+

INF-γ

++

+

AAA, abdominal aortic aneurysm; IL, interleukin; INF, interferon.

* Schonbeck U, Sukhova GK, Gerdes N, Libby P: TH 2-predominant immune responses prevail in human abdominal aortic aneurysm. Am J Pathol 161:499, 2002.
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matrix degradation. Neoepitopes include elastin peptides, which can accelerate an immune response.[

The immune response in AAA results from a complex interplay of enzymes, soluble mediators, and cellular responses. The result is a histologically diverse infiltration of inflammatory cells and variable matrix destruction. General interruption of the
inflammatory response is successful in preventing animal models of aneurysms; however, this does not appear to be the case with human aneurysms. Therapies that target immune mechanisms specific to AAA may be more successful.
Smooth Muscle Cell Loss
Increased proteolytic activity is now widely accepted as a major factor in the pathogenesis of AAAs. However, it is also becoming apparent that impaired connective tissue repair may be of equal importance, either in the gradual progression of disease or in
precipitating aneurysm rupture. The stability of established AAAs is likely to be dependent on a substantial increase in collagen production, given the enormous increase in tensile wall stress as the aorta dilates. Adventitial fibroblasts and medial SMCs are the
principal collagen- and elastin-producing cell types within the aortic wall, and several recent studies have emphasized that depletion of medial SMCs may be a previously overlooked factor in aneurysmal degeneration.

140]
demonstrated that medial SMC density was not significantly different between normal aorta and atherosclerotic occlusive disease, but it was
[141]

Initial evaluation of the medial SMC population in human aortic specimens by Lopez-Candales and colleagues[

reduced by 74% in AAA. Light and electron microscopy revealed ultrastructural changes consistent with SMC apoptosis, and up to 30% of SMCs in AAAs exhibited fragmented DNA. Henderson and coworkers
higher levels of DNA fragmentation in AAAs than in controls, with AAAs containing more cells bearing markers of apoptosis than normal aorta.

extended these observations, finding

142

] Although
In a separate study, tissue samples of aneurysmal, occlusive, and normal human infrarenal aorta were evaluated by methods to detect DNA fragmentation. Immunohistochemistry was also used to measure SMC density and apoptotic cell death.[
SMC density was only slightly lower in aneurysmal aortas compared with control tissues, SMC apoptosis was threefold greater within AAAs (11.7 ± 1.5 cells per high-powered field [HPF]) compared with both occlusive aortas (3.3 ± 0.8 cells per HPF) and
normal aortas (3.75 ± 4.6 cells per HPF). Collectively, these observations suggest that macrophages and T lymphocytes infiltrating the aneurysm wall can produce cytotoxic mediators such as cytokines, perforin, and Fas/FasL. These death-promoting products
141] [143]

of activated immune cells may contribute to elimination of SMCs.[

144

] cultured medial SMCs from 15 patients undergoing AAA repair and compared them with SMCs obtained from a segment of the adjacent
It also appears that the remaining cells within the aneurysm wall do not replicate normally. Liao and associates[
(nonaneurysmal) inferior mesenteric artery as a control. Explantation of these cells suggested abnormal SMC growth, because sustainable cultures were established from all inferior mesenteric artery explants but from only 9 of 15 AAAs. The interval required
to achieve primary explant growth was longer for AAAs than inferior mesenteric arteries (16.4 ± 2 vs. 6.4 ± 1 days) Serum-stimulated uptake of radiolabeled thymidine was also reduced by 54.9% ± 7% in AAA-derived SMCs, but flow cytometry revealed no
differences in SMC viability, apoptosis, or necrosis. These differences appear to reflect an intrinsic alteration in SMC growth capacity that is independent of age alone.
Hemodynamics and Abdominal Aortic Aneurysms
Elastin and collagen determine the passive mechanical properties of the aorta. Vascular smooth muscle has the capacity to contract and relax in response to various stimuli and to thereby modulate aortic wall mechanics; however, this appears to be of little

145] [146]
The more distensible elastin is the principal load bearer at low pressures and small distentions; both elastin and the stiffer collagen are load bearing at higher
[17] [38]

practical importance with respect to aortic function, at least in the abdominal segment.[

pressures and large distentions. In a series of elegant and influential studies, Dobrin and associates examined the relative contributions made by elastin and collagen to the biophysical properties of the aortic wall.
notion that elastin degradation plays a key step in the development of aneurysmal dilation but that collagen degradation is ultimately required for aneurysm rupture.

These findings have fostered the

Hemodynamic forces can exert diverse effects on the arterial wall. The unique anatomy of the infrarenal aorta results in increased hemodynamic stress and decreased shear stress. This leads to the potential for wall weakening and aneurysm development. The
localization of hemodynamic stress in the infrarenal aorta is due to three factors: (1) distal tapering of the aorta, (2) progressive stiffening of the aortic wall, especially as it enters the abdomen, and (3) the additive effects of retrograde pressure waves reflecting

147 148

][
] These hemodynamic characteristics thereby contribute to a region of relatively high hemodynamic stress in the infrarenal aorta. At the same time, the infrarenal
from the iliac bifurcation combining with the incoming antegrade pressure wave.[
aorta has a reduced capacity to withstand pulsatile load because there are fewer elastic lamellae relative to the wall thickness at this level. These considerations may result in direct matrix injury secondary to the high stress load per unit of matrix.
149] [150] [151]

Hemodynamic forces can also directly affect cellular physiology. Cultured vascular SMCs undergo specific phenotypic changes in response to reductions in antegrade and oscillatory shear conditions.[

These changes can include increased

152]

expression of proinflammatory and oxidative mediators as well as reductions in cellular viability. In animal models of AAA, increased local shear stress results in smaller aneurysms and increased cellularity of the aneurysm wall.[

Aneurysms under

153]
increased shear stress also appear to reduce the expression of reactive oxygen species that are thought to be proinflammatory.[
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Animal Models of Aortic Aneurysms
Difficulties in studying human tissue, including sample procurement, has led to the development of animal models of AAA. These models have been important in generating new insights into aneurysm development, particularly in the past decade. These
experimental systems have also provided essential tools to evaluate the potential for new therapeutic strategies to suppress aneurysmal degeneration in vivo.
Direct injury of rat or mouse aorta has been the primary means of modeling aneurysm development. These models are generally characterized by a single intervention resulting in mild matrix injury but are adequate to initiate the cycle of inflammation,
mesenchymal cellular changes, and matrix loss similar to the changes seen in human disease. Although these represent the best studied models to date, the development of murine genetic mutants prone to aortic aneurysmal degeneration will likely result in
new insights as they become better characterized.
Elastase-induced Abdominal Aortic Aneurysm in the Rat and Mouse

154]

Short perfusion of an isolated segment of rat aorta with a dilute elastase solution was shown by Anidjar and coworkers to result in progressive aneurysmal dilation over about a week.[

The delayed onset of aneurysmal dilation appears to be associated

155]
initially examined the potential role of endogenous proteinases in experimental aneurysm
with the development of a chronic (mononuclear) inflammatory response and subsequent degradation of the medial elastic lamellae. Halpern and associates[

development. These investigators demonstrated that elastase perfusion induces the sequential production of several different metalloproteinases within the elastase-injured rat aorta. The production of endogenous proteinases was temporally correlated with the
onset of aortic wall inflammation.

Others have also demonstrated that the endogenous proteinases produced in elastase-induced AAAs are equivalent to the elastolytic and collagenolytic MMPs produced by infiltrating macrophages in human aneurysms. The most prominent of these is MMP-9.

[156] Petrinec and colleagues[157] subsequently used the elastase-induced rat model to provide the first experimental evidence that pharmacologic inhibition of MMPs with doxycycline has the potential to suppress aneurysmal degeneration in vivo. These
investigations and others have stimulated interest in the clinical evaluation of MMP inhibitors, particularly tetracyclines, to potentially reduce aneurysm expansion in patients with small AAAs.

This model also recapitulates the inadequate reparative capacity of the aortic mesenchymal cells once the aneurysm cycle is established. To assess the functional importance of connective tissue repair during experimental aneurysmal degeneration, Huffman

158

] examined a series of rats undergoing elastase perfusion. In one group, aortic diameter was measured before elastase perfusion and up to 14 days later, and aortic wall concentrations of desmosine (Des) and hydroxyproline (OHP) were
and coworkers[
measured at each interval. The expression of tropoelastin (TE), α1 (I) procollagen (PC), and lysyl oxidase genes was also evaluated by RT-PCR. This study demonstrated that aortic wall Des concentration decreases markedly during aneurysm development,

reaching as low as 3% of normal by day 14. Aortic wall OHP decreases to only 68% of normal at the same interval. TE and PC expression were undetectable in healthy aorta, but they both increased by day 7; while TE expression decreased again by day 14,
PC continued to rise. Lysyl oxidase expression progressively decreased at all intervals after elastase perfusion. These findings indicate that the development of elastase-induced AAAs is accompanied by an active process of connective tissue repair that is
ultimately insufficient to prevent aneurysm progression.

159

] This model has now been applied to genetically altered animals deficient in the murine
This model has now been adapted to the mouse with aneurysmal development and similar histologic changes occurring within 14 days of elastase perfusion.[
−/−
homologs of the matrix enzymes associated with human aneurysm disease. Mice with targeted deletion of the MMP-9 gene (MMP-9
) exhibit a significant suppression of aneurysmal dilation as compared to wild-type (MMP-9+/+ ) background controls.
Although this reduction in AAAs was associated with preservation of the medial elastic lamellae by light microscopy, there was no demonstrable suppression of inflammatory cell infiltration into the aortic wall. This finding supports the notion that MMP-9
plays a critical role in matrix degradation. A similar inhibition of aneurysm development was not seen with animals lacking the MMP-12 gene.
Transplantation Models

160

] Similar to other models, aneurysm development in this model is accompanied by loss of elastin,
Allaire and colleagues developed a novel model of guinea pig to rat aortic xenografts to examine the mechanisms underlying aneurysmal degeneration.[
medial invasion by mononuclear inflammatory cells, and MMP upregulation. Transfection with a retroviral vector encoding TIMP-1 resulted in local overexpression of TIMP-1, as well as a decrease in MMP-9, the activated fraction of MMP-2, and a 28-kd
83]

elastolytic activity corresponding to MMP-12. Moreover, TIMP-1 overexpression was associated with preservation of medial elastin, and it prevented aneurysmal degeneration or rupture.[
Genetic Alterations of Mice and Model Aneurysms

A number of recent mouse models based on genetic alterations have become especially informative regarding the molecular mechanisms involved in aneurysmal degeneration. Certain alterations are designed to mimic specific human arterial diseases with
known inherited defects of the extracellular matrix, such as MFS and EDS. Also coming to light are several genetic mutants without a known human correlate that result in aneurysm formation.

161]
established heat shock protein (HSP)-47 knockout mice and found that these animals are severely deficient in the mature, propeptide-processed form

Nagai and associates[
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of α1 (I) collagen and fibril structures in mesenchymal tissues. The molecular form of type IV collagen was also affected, and basement membranes were discontinuously disrupted in the homozygous deficient mice. The homozygous mice did not survive

beyond 11.5 days of embryonic development, displaying abnormally orientated epithelial tissues and rupture of blood vessels.

162

162

] In early studies characterizing this model, Nakashima and colleagues[
] noted that the complex atherosclerotic plaques were often
Induced mutations in the apoE protein have provided an invaluable mouse model of complex atherosclerosis.[
associated with aortic wall infiltration by foamy macrophages, fracturing of the elastic lamellae, and mild aneurysmal dilation. Daugherty and associates have recently expanded the role of the apoE knockout mouse to develop a particularly interesting model
163

] ApoE-deficient mice infused with AT-II developed pronounced aortic aneurysms located in the suprarenal portion of the abdominal
of AAAs, based in part on the role of angiotensin (AT)-II in promoting atherogenesis and vascular wall inflammation. [
aorta. These AAAs exhibited two major histopathologic characteristics: (1) an intact artery surrounded by a large remodeled adventitia and (2) medial breaks with pronounced dilation and more modestly remodeled adventitial tissue.
Summary of Abdominal Aortic Aneurysm Pathology
The development of the AAA results from three pathologic insults: (1) unique transmural matrix disruption, (2) inflammatory infiltration, and (3) depletion of mesenchymal cells. The mechanisms of interplay are beginning to be understood in greater detail,
especially with the development of murine models of aneurysm development. Specifically, the activity of matrix metalloproteases and their regulation are likely to play a central role in aneurysm development.

THORACIC AORTIC ANEURYSMS

164]

Aneurysms of thoracic aorta have not been studied in the same detail as those of the infrarenal aorta, and some investigators have implied that similar processes may be occurring in the two diseases.[

In general, detailed descriptions of thoracic aortic

aneurysm pathology is sparse. There is some evidence that aneurysms of the proximal aorta, from the aortic valve to the origin of the brachiocephalic artery, may be unique. For example, it is well recognized that there are certain genetic and anatomic

165]
166]
and those that occur in association with a bicuspid aortic valve (BAV).[

associations that form subsets of these ascending thoracic aortic aneurysms (ATAAs), in particular those that are secondary to MFS[

167]

In MFS, the genetic defect is known to occur in the gene for fibrillin-1, an important component of the extracellular matrix participating in the organization of elastin into elastic fibers and in collagen networks (see later).[

Like MFS, aortic disease

168]
This has been described microscopically as a localized loss of elastic fibers that are replaced by a disorganized matrix lacking cellular structures.
associated with a BAV has also been associated with the histologic finding of “cystic medial necrosis.”[
169
170
[
][
]
Another similarity between MFS and BAV is the relatively frequent occurrence of intramural dissection of the aorta—a feature not seen with AAA, where frank rupture is the rule.

167]

Although the histology has been qualitatively described in some detail, little has been done to quantify changes in specific elements of the aneurysmal wall in patients with ATAA.[

Defects in fibrillin production and their impact on the aortic wall are

171]
172]
Cattell,[
and their colleagues have previously identified significantly decreased collagen and elastin concentrations in areas of
becoming better understood, but less is understood about the changes found in ATAA associated with BAV. Whittle,[
[173]
dissection of the thoracic aorta obtained from autopsy in patients with fatal dissections. More recently, a link between the similar histology of MFS and BAV was presented by Nataatmadja and colleagues.

This group was able to demonstrate increased

173]

accumulation of extracellular matrix proteins within the resident SMCs and increased levels of SMC apoptosis. This suggested that there may be a defect in extracellular matrix protein transport that links these two diseases.[

One recently published paper has led to improved understanding of the association between abdominal and thoracic aneurysm development. Using specimens of normal aortic tissue and aneurysms of the ascending thoracic aorta and the infrarenal aorta, a

174

] In this study, differential expression of more than 100 genes was seen in the aneurysm tissue when compared with normal aortic tissue. However, only four of these genes were concordantly
complementary DNA array analysis was performed.[
differentially expressed in both AAA and ATAA: MMP-9, v-yes-1 oncogene, mitogen-activated protein kinase 9, and intracellular adhesion molecule-1. This suggests that although some central commonalities may exist, there may be significant heterogeneity
in the pathogenesis of these aneurysms, even within different areas of the aorta.
ILIAC-FEMORAL-POPLITEAL ANEURYSMS
Aneurysms of the iliac, popliteal, and femoral arteries (in descending frequency) are clinically well-described entities with a close clinical association with aneurysms of the abdominal aorta. Despite the frequent association of aneurysms of the common and

175]

internal iliac arteries with AAA, it is exceedingly rare to develop an aneurysm of the external iliac artery either in isolation or in association with an AAA. The basis for resistance of the external iliac artery to aneurysmal degeneration is not known.[

[176]
Because of the close clinical association of these peripheral aneurysms with AAA, it has been presumed that the etiology is similar. Histologically, these aneurysms are characterized by elastin fragmentation, inflammatory cell infiltrate, and loss of SMCs;

143] [177]

however, they have not been studied to the same level of detail as AAAs.[

MESENTERIC ANEURYSMS
Aneurysms of the mesenteric circulation are rare, and pathologic study of these aneurysms has not been performed in a systematic way. Aneurysms can occur in the renal,
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178]

splenic, hepatic, superior mesenteric, inferior mesenteric, and celiac arteries.[

However, certain of these aneurysms have a known etiology or clinical association. For example, most aneurysms of the superior mesenteric artery are mycotic. In addition,

178] [179]

aneurysms of the renal and splenic circulation are seen more frequently in association with women of childbearing age, and these aneurysms have much increased risks of rupture during pregnancy.[

ARTERITIS-ASSOCIATED ANEURYSMS
Several diseases are known to affect large arteries with a direct inflammatory response, and some are believed to be autoimmune in origin. In Takayasu’s disease, the most frequently involved vessels are the aorta and its branches. Although the disease is

180]

characterized primarily by stenoses, aneurysms can also occur in up to 31% of patients. Pathologically, the disease is associated with chronic inflammatory infiltrates, medial elastin loss, neovascularization, and loss of SMCs.[

Studies of the immunology

181] [182] [183]

of Takayasu’s disease suggest that the 65-kd HSP is strongly expressed in aortic tissue. It is also recognized that there is restricted usage of the VγVδ genes associated with infiltrating γδT cells that are known to respond to this HSP.[

Giant cell and temporal arteritis are pathologically similar diseases that can also result in aneurysm formation. In general, there is destruction of the normal structure of the large elastic arteries associated with a chronic inflammatory cellular infiltration. It has

184]
The explanation for the peculiar anatomic predilection of these various arteritides has yet to be discovered.

been suggested that uncontrolled activation of local dendritic cells may be important to the maintenance of this persistent inflammatory state.[

Other inflammatory processes that can involve the arterial system and result in aneurysm formation include Behçet’s syndrome, periarteritis nodosa, and Kawasaki’s disease. These diseases are quite rare; in fact, immunoinflammatory responses in the arterial

185 186

][
] recently reported a series of experiments in mice with immunocompromise due to INF-γ receptor deficiency.
media are quite unusual, both in clinical vascular disease and in experimental models. In light of this, Dal Canto and associates[
Following infection with murine gamma-herpesvirus (γ–HV)-68, these animals developed a chronic viral arteritis specifically localized—and restricted—to the great elastic arteries. These lesions were associated with pronounced inflammatory infiltrates in the
185

] Immunocompetent wild-type animals also developed a similar pattern of great vessel arteritis
intima and adventitia, similar to the lesions seen in Takayasu’s arteritis and Kawasaki’s disease, and they exhibited prolonged viral infection in medial SMCs.[
with γ–HV-68, albeit with much larger inoculating doses of the virus, as well as persistent SMC infection lasting up to 5 months. In additional studies, it was demonstrated that persistence of viral disease in the great vessels is due to inefficient clearance of
186

] These findings suggested for the first time that the elastic media of the great
viral infection from the elastic media compared with other organs and tissues; this is associated with failure of macrophages and T cells to enter the virus-infected elastic media.[
vessels might actually be an “immune-privileged” site. Because this phenomenon appears to be based on a limited capacity of inflammatory cells to enter the normal elastic media, this observation may have important implications for the cellular mechanisms
underlying the development of chronic inflammation in AAAs, where the elastic lamellae are destroyed and the immunoinflammatory response is particularly well localized to the aortic media.
INFECTIOUS (MYCOTIC) ANEURYSMS
Although it has been suggested that the development of an arteritis is secondary to a viral infectious source, it has long been clear that bacterial infections of an artery can lead to aneurysm formation. Historically, bacterial endocarditis and syphilis were the
most common causes of mycotic aneurysms; however, in the modern antibiotic area, direct trauma of the arterial wall is a more common means of bacterial seeding of an artery. This has been termed microbial arteritis with aneurysm to distinguish it from the

187]

embolic sources of infected aneurysms. Approximately 1% of all aortic aneurysms are associated with an arterial infection.[

In the setting of an arterial infection, aneurysms apparently develop secondary to local matrix destruction. The source of the responsible enzymes originates partially from the acute inflammatory response, but matrix destruction may also be due to degradation

188]

of the tissues by bacterial enzymes. In contrast with the metalloproteases of a typical AAA, one study has shown that the predominant enzyme species found in mycotic aneurysms are serine proteases released from neutrophilic infiltration.[

As noted earlier, penetrating arterial trauma is now the most common source of arterial infection. This is related to the use of arterial cannulation by narcotic users and the several-fold increase in procedures performed via a transarterial puncture in modern

189

190

] The predominant organisms in these cases are gram-positive cocci of Streptococcus and Staphylococcus species.[
] Septic emboli, generally from an intracardiac source, can also be a source of arterial infection. Direct extension of a local
practice.[
infectious process to an adjacent large vessel can also result in aneurysm formation. The organisms in these cases can be varied and can include gram-negative and anaerobic organisms, as well as occasional yeast and fungi in immunocompromised patients.
Mycotic aneurysms that result from noncontinuous and nonembolic sources are termed cryptogenic mycotic aneurysms. The propensity of Salmonella species to establish an infection that leads to aneurysm formation is particularly noteworthy. In one clinical

191]

study, up to 10% of patients older than 50 years of age with Salmonella bacteremia can be expected to develop an arterial infection.[

ANEURYSMS ASSOCIATED WITH INHERITED MATRIX DEFECTS
Aneurysms associated with inherited matrix defects result from intrinsic or mechanically acquired defects in the extracellular matrix structure of the artery. The two classic acquired matrix deficiencies that result in aneurysm formation are MFS and EDS.
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Marfan Syndrome
MFS is a connective tissue disorder that results in a heterogeneous clinical picture. Generally, MFS affects the musculoskeletal, ocular, and cardiovascular organ systems. Noncardiovascular abnormalities include limb disproportion, arachnodactyly, and
hypermobile joints; many affected individuals have ectopic lenses. The cardiovascular complications of MFS represent a significant source of mortality in these patients. These include aortic aneurysms, aortic dissection, mitral valve prolapse, and aortic
valvular incompetence. Aortic aneurysms can form anywhere, but these lesions are usually first noted in the ascending aorta.
MFS underscores the complex interplay of proteins that is required in the development of a functionally normal extracellular matrix. MFS is the prototype for a group of diseases that result from defects in fibrillins. Fibrillins comprise a group of matrix

glycoproteins that form the microfibrillar network in the extracellular space. This extracellular network provides signals and scaffolding for the orderly deposition of collagen and elastin. Microfibrils may also be load bearing. MFS results from mutations in
the fibrillin-1 gene, which disrupts the extensive scaffolding of proteins and prevents the orderly deposition of collagen and elastin into functional units. The fibrillin-1 gene lies on the long arm of chromosome 15, and more than 500 mutations in the gene have

192]

been identified in patients diagnosed with MFS.[

Animal models of mutations in the fibrillin-1 gene exhibit disruption and disorganization of the medial elastic lamellae. The animals often succumb to aortic dissection. Ultrastructural analysis reveals loss of connections between elastic fibers and medial
SMCs, and the aortic disease is accompanied by chronic inflammation. These findings suggest a pattern of aortic disease that is surprisingly similar to that of degenerative AAA and implies a role for chronic inflammation and proteolytic degradation of aortic
elastin.
The variability in clinical presentation of patients with MFS can partially be explained by the diversity of genetic mutations. However, MFS remains a clinical diagnosis requiring a specific set of clinical and/or genetic traits. The presence of a fibrillin-1 defect
is not necessary nor specific for MFS, because some patients who carry a diagnosis of MFS do not have fibrillin-1 defects. Similarly, other diseases may also be associated with defects in fibrillin-1. For example, isolated thoracic aortic aneurysms in some

193] [194]

patients may result from inherited mutations in fibrillin-1.[
Ehlers-Danlos Syndrome and Others

EDS comprises a family of heritable disorders of extracellular matrix characterized by hyperextensible skin, tissue fragility, and joint hypermobility. Individuals with EDS type IV (vascular EDS) have a propensity for vascular fragility and aneurysm
formation. Spontaneous rupture of vessels in the thorax, abdomen, or extremities can occur with or without prior aneurysmal development. These patients are also prone to spontaneous ruptures of the colon or uterus. The skin in these patients is not as

195]

extensible as in classic EDS.[

A defect in type III collagen production or deposition is the common denominator for all patients with vascular EDS. Type III collagen is a homotrimer of α1 (III) procollagen and an essential component of the walls of arteries and intestine. The single gene

encoding for α1 (III) procollagen is on the long arm of chromosome 2 and is known as COL3A1. Proper production of type III collagen requires that all strands have equal lengths of their triple-helix domain. Therefore, errors in production of α1 (III) from one

195] [196]

allele affect the total production of type III collagen, making this a dominantly inherited trait. Nevertheless, up to 50% of cases are the result of new mutations of COL3A1. [

197

] inactivated the COL3A1 gene in embryonic stem cells by homologous recombination. About 10% of the homozygous mutant animals survived to adulthood, but these animals had a much shorter life span compared with wild-type
Liu and coworkers[
mice. The major cause of death in mutant mice was rupture of the major blood vessels, similar to patients with type IV EDS. Ultrastructural analysis of tissues from mutant mice also revealed that type III collagen is essential for normal collagen type I
fibrillogenesis in the cardiovascular system and other organs.
Several other diseases that appear to generate defects in extracellular matrix rarely may be associated with the development of arterial aneurysms. These include tuberous sclerosis, gonadal dysgenesis, and Menkes’ kinky hair syndrome.

MECHANICAL FORCE-RELATED ANEURYSMS
As noted for AAA, the mechanical forces applied to the infrarenal portion of the aorta may be large relative to the wall structure, suggesting an anatomic and hemodynamic contribution to aneurysm development in this region. The direct impact of

198

] At 6 weeks of age, experimental mice and
hemodynamic changes on the matrix has not been well characterized. Some indirect evidence of the association of hypertension and aneurysm development has been seen in a mouse that overproduces AT-II.[
controls were given either 1% sodium chloride (“salt-loaded’’) drinking water or tap water for 30 days. Salt-loaded experimental mice, but not controls, suffered frequent thoracic or abdominal cavity hemorrhage. The mortality after 7 days of salt loading was
23%; after 30 days of salt loading, mortality rose to 67%. Hemorrhage was due to rupture of aneurysms that developed at the aortic arch or in the aorta near the renal arteries. These aneurysms were associated with structural degeneration of the aortic media.

In addition, there is a group of aneurysms that develop primarily in response to abnormal mechanical forces applied to the artery. These aneurysms include those produced in response to proximal stenoses, and those that result from changes in wall stress for
other reasons. One of the first aneurysm models relied on surgical creation of an arterial stenosis to induce the formation of a post-stenotic aneurysm. It has been well documented that arterial dilations can develop after flow-limiting stenoses. Many of these
dilations remain asymptomatic. One exception is subclavian artery aneurysms that develop distal to an extrinsic compression of the subclavian artery associated with thoracic outlet syndrome. The specific pathophysiology of these aneurysms is not well

199]

described, although histologically there is medial elastin degeneration and usually an intimal ulcerative lesion.[

SUMMARY
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The pathobiologic changes associated with aneurysms are diverse, but some important universal characteristics are beginning to be better understood. Common to all aneurysms is a degradation of the arterial extracellular matrix associated with a dysfunction
of the normal counter-regulatory and synthetic mechanisms. In general, immune recruitment and activation appear to be either a primary or secondary event in aneurysmal development as well. The anatomic localizations of individual aneurysms and their
peculiar clinical manifestations have not been well understood, in part because many aneurysms are rare and tissue has been difficult to obtain. As our understanding of these processes continues to improve, we can look forward to the development of novel
diagnostic and therapeutic modalities.
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OVERVIEW OF BLOOD COAGULATION
Hemostasis as defined by Virchow in the last century is a fine balance among blood flow, humoral factors, and cellular elements of the vascular system. Today, molecular and cellular biology has advanced our understanding of the thrombotic and hemostatic
processes and their regulation. Thrombotic and bleeding disorders are the most frequent causes of death. To manage thrombosis, heparin and warfarin have remained the sole antithrombotic agents. However, specific sites in the thrombotic network at both
plasmatic and cellular sites can now be targeted, and specific drugs based on the inhibition of factors Xa and IIa have been developed. Antibodies against specific platelet receptors as well as specific antitissue factor, antithrombin, and anti-Xa agents are being
developed. Mutations of endogenous inhibitors have been identified as causes of congenital thrombophilias. The use of heparin has also greatly advanced with the availability of low-molecular-weight heparins (LMWHs). Several newer approaches to treat
bleeding diatheses, including the use of recombinant factors VIII and VIIa, have evolved. Heparin is no longer solely a surgical anticoagulant but is used to treat a variety of conditions including venous thrombosis, unstable angina, and myocardial infarction
and in procedures such as angioplasty and stent implantation. The mechanism of heparin’s action has become more complex with the discovery of tissue factor pathway inhibitor (TFPI), thrombin-activatable fibrinolytic inhibitor (TAFI), selectins, and other
cellular targets where the drug is able to produce its effects.
Blood normally is maintained in the fluid state so that nutrients can be delivered to the various tissues of the body. When the integrity of the vascular system has been compromised, it becomes necessary for the blood to clot. As shown in Figure 30–1 , the
initial response to a break in the continuity of the vasculature is the formation of the platelet plug. Platelets in the flowing blood rapidly adhere to the exposed subendothelial vessel wall matrix and become activated. During this activation process, components
of the platelet α and β granules (adenosine triphosphate [ATP], adenosine diphosphate [ADP], factor V, 5-hydroxytryptamine [5-HT]) are released, causing further platelet aggregation. Also during these morphologic changes, activated platelets express
protein and cell receptors and procoagulant phospholipids are expressed on their surface. The damaged
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Figure 30-1 Formation of the platelet plug. TFPI, tissue factor pathway inhibitor; 5-HT, 5-hydroxytriptamine; TAT, thrombin-antithrombin complex; FPA, fibrinopeptide A; PF4, platelet factor 4; C5a, complement 5a; LT, leukotriene; P-AP, plasminogen-γantiplasmin complex; PAI-1, plasminogen activator inhibitor 1; TAFI, thrombin activatable fibrinolytic inhibitor; TF, tissue factor.

Figure 30-2 Coagulation cascade. Protease network in coagulation, fibrinolysis, and kallikrein-kinin systems. HMWK, high-molecular-weight kininogen; AT-III, antithrombin III; TF, tissue factor; TFPI, tissue factor pathway inhibitor; HC-II, heparin cofactor
II; FDPs, fibrinogen degradation products; PAI, plasminogen activator inhibitor; sc-uPA, single-chain urokinase plasminogen activator; APC, activated protein C; tPA, tissue plasminogen activator.

TABLE 30-1 -- Incidence of DVT in Various Patient Groups
PATIENT GROUP

DVT INCIDENCE, %

Stroke

56

Elective hip replacement

51

Multiple trauma

50

Total knee replacement

47

Hip fracture

45

Retropubic prostatectomy

32

General surgery

25

Spinal cord injury

35

Neurosurgery

22

Gynecologic surgery, malignancy

22

Myocardial infarction

22

General medical

17

Gynecologic surgery

14

Geriatric

9

Transurethral prostatectomy

9

DVT, deep venous thrombosis.
Data from Collins R, Scrimgeour A, Yusuf S, Peto R: Reduction in fatal pulmonary embolism and venous thrombosis by perioperative administration of subcutaneous heparin: Overview of results of randomized trials in general, orthopedic, and urologic
surgery. N Engl J Med 318:1162–1173, 1988.

patients who need anticoagulation reversal for an operative procedure. Neuraxial anesthesia should be well timed and delayed for at least 24 hours after the last subcutaneous administration of LMWH. For patients with renal dysfunction (≥ 2.0 serum
creatinine levels), the LMWH clearance is delayed. Hence neuraxial anesthesia should be delayed longer for these patients such that the anti-Xa level is not higher than 0.1 IU/mL.

Inferior Vena Caval Interventions in Thromboembolic Disease

Inferior vena caval filters were designed to prevent a thrombus embolizing from the deep veins of the legs to the pulmonary vessel causing pulmonary embolism. Pulmonary embolism is the third leading cause of death in the United States. Most filters are
placed in the inferior vena cava, but they may also be placed in the superior vena cava. Anticoagulation is used to treat the underlying DVT and to prevent the hypercoagulable state and the development of clots in the filter. Temporary filters are being
evaluated for their safety. There might be some patients who cannot for some reason receive the anticoagulation, and for such patients these temporary filters may be placed until anticoagulation becomes safe for them. The tethered filters and the retrievable
filters are the two main temporary filters available. Temporary filters with trapped emboli may pose a problem. Lysis of the thrombus before removal of the thrombus and placement of a permanent filter above the temporary one may be tried.

Surgery and Thrombosis

Surgery and trauma could increase the risk of thrombosis up to 100-fold. Patients with thrombophilic conditions are more prone to develop postsurgical thrombosis, whereas hemophiliac patients may bleed profusely from surgical interventions. Tables 30–1 ,

166 167 168 169

][
][
][
] Several factors contribute to this risk, which is
30–2 , 30–3 , 30–4 provide data from the International Consensus Statement on patients who undergo surgical interventions and the relative risk of thromboembolic complications.[
increased by age, obesity, malignancy, thrombophilic states, varicose vein, and previous history of thrombosis. This risk is also increased by the duration of surgery, type of anesthetic used, presurgical and postsurgical immobility, level of hydration, and the
170]

presence of sepsis and inflammation.[

Results of the studies in patients who have undergone general surgery and arthroplasty indicate

TABLE 30-2 -- Frequency of Proximal DVT in the Absence of Prophylaxis Diagnosed by Surveillance with Objective Methods
PATIENT GROUP

*

DVT INCIDENCE, %

General surgery

6.9

Elective hip surgery

23

Total knee replacement

7.6

DVT, deep venous thrombosis.
Date from Clagett GP, Reisch JS: Prevention of venous thromboembolism in general surgical patients: Results of meta-analysis. Ann Surg 208:227–240, 1988.

* Fibrinogen uptake test or phlebography.
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TABLE 30-3 -- Frequency of Clinical Pulmonary Embolism in the Absence of Prophylaxis
PATIENT GROUP

DVT INCIDENCE, %

General surgery

1.6

Elective hip surgery

4

Traumatic orthopedic surgery

6.9

DVT, deep venous thrombosis.
Data from Bergentz SE: Dextran in the prophylaxis of pulmonary embolism. World J Surg 2:19–25, 1978; Colditz GA, Tuden RL, Oster G: Rates of venous thrombosis after general surgery: Combined results of randomised clinical trials. Lancet 2:143–146,
1986; and Gallus AS: Anticoagulants in the prevention of venous thromboembolism. Baillieres Clin Haematol 3:651–684, 1990.

that the thrombotic risk remains even after hospital discharge. Thus, prolonged thromboprophylaxis with anticoagulants may decrease the venographically detected DVT.

Pharmacologic Management of Thrombosis

171 172

][
] These drugs include the new
Over the past decade, interest in anticoagulant and thrombolytic drugs has grown dramatically as evidenced by a continual increase in the number of drugs introduced for both preclinical and clinical development.[
heparins, synthetic heparinomimetic agents, antithrombin agents, anti-Xa agents, biotechnology-derived antithrombotic proteins, antiplatelet drugs, and novel thrombolytic agents. The newer drugs represent a wide array of chemical and biologic classes with
both structural and functional diversity, as shown in Figure 30–3. T he outstanding scientific research and development activities in the academic centers and pharmaceutical industry have resulted in a steady flow of many of the new products.
Third-party validation of developed products and extensive clinical trials have been carried out globally to validate the claims on the safety and efficacy of the newer
TABLE 30-4 -- Frequency of Fatal Pulmonary Embolism Without Prophylaxis
PATIENT GROUP

DVT INCIDENCE, %

General surgery

0.87

Elective hip surgery

1.65

Fractured neck of femur

4.0

DVT, deep venous thrombosis.
Data from Bergentz SE: Dextran in the prophylaxis of pulmonary embolism. World J Surg 2:19–25, 1978; Colditz GA, Tuden RL, Oster G: Rates of venous thrombosis after general surgery: Combined results of randomised clinical trials. Lancet 2:143–146,
1986; and Gallus AS: Anticoagulants in the prevention of venous thromboembolism. Baillieres Clin Haematol 3:651–684, 1990.
drugs. The results of these studies constitute a significant portion of the progress reported at various scientific forums. Through their fast track and revised policies, the regulatory bodies such as the European Medicine Evaluation Agency, the FDA, and other

regional agencies have continually contributed to the timely evaluation and approval of new drugs by providing input at various stages of drug development. Such close interactions have clarified various issues related to drug development and in fact have
accelerated the approval process of many new drugs such as LMWHs, synthetic heparin pentasaccharide (fondaparinux [Arixtra]), newer antithrombin agents, and activated protein C (Xigris). Many of the new antiplatelet drugs and thrombolytic agents have
also gained approval for multiple indications. The concept of polytherapy including combination of different drugs has been introduced.
Owing to the dramatic development and the relatively defined chemical and biologic profile of the newer drugs, it is now widely believed that the conventional anticoagulants such as the heparins, warfarin, and aspirin will eventually be replaced by newer
drugs. This is partly due to the problems with their use and the associated adverse reactions.

Figure 30-3 Anticoagulant and antithrombotic drugs. TFPI, tissue factor pathway inhibitor; LMWH, low-molecular-weight heparin; TAFI, thrombin-activatable fibrinolytic inhibitor; PAI-1, plasminogen activator inhibitor-1.

TABLE 30-5 -- Aspirin Versus ADP Receptor Inhibitors
ASPIRIN

ADP RECEPTOR INHIBITOR

Polypharmacologic effects

Single-receptor targeting agent

Produces both platelets and vascular effects

Produces only platelet-mediated responses

Multiple actions (analgesic, anti-inflammatory)

Produces only inhibition of platelets

ADP, adenosine diphosphate.

their clinical spectrum without aspirin will be limited, and the same is true for the phosphodiesterase inhibitors.

The coming years will witness dramatic developments in the management of thrombotic and cardiovascular disorders. Synthetic and recombinant approaches will provide cost-effective and clinically useful drugs. LMWHs and synthetic heparin analogs are
expected to have significant effects on the overall management of thrombotic and cardiovascular disorders. Factors such as managed care, regulatory issues, polytherapy, and combined pharmacologic and mechanical approaches will redirect the focus in
management of DVT, myocardial infarction, and thrombotic stroke. The direct antithrombin agents such as hirudin and bivalirudin (Angiomax) will be of great value for surgical anticoagulation and various acute indications. Postsurgical control of thrombotic
processes may require combination therapy and heparin-derived agents such as pentasaccharide and nonheparin glycosaminoglycans such as dermatan sulfate. Biotechnology-derived heparin analogs will also be developed as potential replacements for
heparins.

It is now widely believed that the days for the classic anticoagulants are numbered, and in the foreseeable future these drugs may not exist. However, this is not the case when one reads the recommendations of the American College of Chest Physicians

173

] Considering the results of several new clinical trials, the ACCP and the International Union of Angiology consensus conferences on antithrombotic therapy have included definitive recommendations on the
(ACCP) and the approval labels for the drugs.[
clinical effectiveness of the classic drugs in both arterial and venous diseases. In addition, these recommendations include specific guidelines on additional indications for these drugs. Thus, it is highly likely that heparin, warfarin, and aspirin will continue to
be important drugs in the treatment of hematologic and oncologic disorders for some time.
When the classic anticoagulants are described in some of the recent publications, they are often labeled as “bad” drugs with many adverse effects. In fact, the classic anticoagulants may not have any more adverse effects than the new drugs. Needless to say, all
pharmacologic agents have their limitations. Heparin, aspirin, and warfarin certainly have issues, some of which have already been addressed, and improvements have been made.
The development of LMWHs is an example of the optimized use of a pharmacologic agent. Their use has nearly eliminated the risk of HIT, and these drugs have achieved standard of care status for many venous and arterial thrombosis indications. LMWHs
have gradually replaced heparin in subcutaneous indications and are currently being examined for their effectiveness as surgical and interventional anticoagulation. Improved monitoring and dosage optimization are currently being pursued. Another example is
the Stroke Prevention Using Oral Thrombin Inhibitors in Atrial Fibrillation (SPORTIF) trial in which the oral anticoagulant warfarin was found to be essentially equivalent to the new oral antithrombin agent ximelagatran, but without risk of significant
bleeding. Moreover, warfarin use was not associated with elevation of liver enzyme levels.
Despite the reported problem of HIT, heparin has remained the drug of choice for surgical anticoagulation.
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TABLE 30-6 -- Key Questions on the Fate of Conventional Anticoagulants and Antithrombotics
QUESTION

ANSWER

Will aspirin be replaced by newer antiplatelet drugs or drug combinations?

No—aspirin will remain the no. 1 antiplatelet drug for some time

Will warfarin be replaced by oral antithrombin and anti-Xa agents?

Only in some qualified indications

Will unfractionated heparin use be obsolete in the near future?

Unlikely—it will remain an anticoagulant of choice for surgical and interventional use

This is due to the high bleeding risk associated with the new antithrombin agents when used at higher doses coupled with the lack of an antagonist. To the contrary, the heparin-protamine combination has been used with much success for many years.
Therefore, currently unfractionated heparin is the only reliable anticoagulant that can be used in surgical and interventional indications.

Thrombosis is a polycomponent syndrome that optimally requires a multitarget therapeutic approach. However, with the advanced understanding of the molecular and vascular biology of thrombotic disorders, only monotherapeutic drugs that have a single
target of action have been developed. These monotherapeutic agents such as fondaparinux, ximelagatran, and clopidogrel are molecularly and functionally defined. Their applications have been validated in well-designed, sponsored clinical trials for specific
indications. But, like the classic drugs, these new drugs were also found to have adverse effects. Bleeding and lack of dose response as well as monitoring and antidotes for overdosage remain problematic issues.

Table 30–6 shows some of the key questions on the fate of these conventional drugs. Conventional drugs such as heparin, oral anticoagulants, and aspirin will remain the “gold standard” despite their known drawbacks. They require further optimization and
can be used for various indications in a cost-effective manner. The newer drugs, however, provide alternatives that in the next few years may lead to improved, cost-compliant treatments. The actions of the non-anticoagulant drugs such as the cholesterollowering agents (statins), specific inhibitors of cyclooxygenase, drugs capable of donating nitric oxide or upregulating its mediators, and drugs modulating endothelial function will also impact the combination therapy of thrombotic and cardiovascular diseases.

SUMMARY
The process of blood coagulation is no longer considered to be a simple transformation of fibrinogen to fibrin by the action of thrombin. Rather, this remarkably complex process is a result of several transformations that are mediated by enzymes, activators,
inhibitors, and cellular contributors. The process of coagulation contributes significantly to thrombogenesis; however, it is no longer considered to be the sole event. The role of platelets, leukocytes, and endothelial cells has gradually been accepted to be
crucial in the overall regulation of thrombogenesis.
Surgical interventions inflict a major stimulus for coagulation through the release of large amounts of tissue factor, enzyme, and platelet activation from the extracorporeal circulation and endothelial distress resulting in a procoagulant environment. This
necessitates the use of anticoagulant and antithrombotic agents to keep blood coagulation under control. The understanding of the activation processes has led to the development of newer approaches to inhibit the coagulation process. Furthermore, the
physiologic means such as hypothermia and blood salvage techniques have added to the restoration approaches during cardiovascular surgical procedures. Endogenous inhibitors such as antithrombin, protein C, and TFPI have also played a major role in the
control of thrombogenesis. Heparin and warfarin have been crucial in controlling the thrombotic process both during and after surgical procedures. Alternate anticoagulant drug development will continue to provide new drugs to control the coagulation
process. However, clinical studies on the long-term safety and efficacy will be needed prior to replacement of the conventional anticoagulants such as heparin and oral anticoagulant drugs.

Bleeding risk is also a major factor contributing to the mortality and morbidity in patients undergoing surgical procedures. Appropriate hemostatic measures, optimized use of anticoagulants, and identification of predisposing factors in a given patient may be
helpful in minimizing surgical bleeding. The available plasma-derived hemostatic factor, recombinant factors VIII and VIIa, and antifibrinolytic agents such as aprotinin and lysine analogs (epsilon-aminocaproic and tranexamic acid) are useful in the control
of surgical bleeding.
Advances in both the molecular understanding of the hemostatic process and the pathogenesis of hemostatic disorders leading to the application of genomics and proteomics will have a major impact on the risk stratification of surgical patients and profiling
their potential bleeding and thrombotic complications. This will also be helpful in tailoring the use of anticoagulant and prohemostatic agents to facilitate improved clinical outcome.
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MARK H. MEISSNER MD

Chapter 31 - Antithrombotic Therapy

Thrombosis plays a key role in almost all cardiovascular disorders, and antithrombotic agents are among the most important drugs used in vascular medicine and surgery. They are critical in the prophylaxis and treatment of many arterial and venous diseases
as well as being important adjuncts to a variety of reconstructive procedures. Thrombosis involves the interaction of the vascular wall, platelets, and the coagulation system, and from a functional standpoint most antithrombotic agents are directed toward
inhibiting coagulation or preventing platelet aggregation. Arterial thrombi consist of platelet aggregates with small amounts of fibrin, whereas venous thrombi consist largely of fibrin and red blood cells. Accordingly, antithrombotic therapy for arterial disease

1
usually includes antiplatelet agents, with anticoagulants used as an adjunct to prevent fibrin deposition, whereas anticoagulants are the primary therapy for the prevention and treatment of venous and arterial thromboembolism.[ ]

Potential antithrombotic strategies include inhibiting the initiation of anticoagulation, blocking thrombin generation, directly inhibiting thrombin once formed, and blocking platelet aggregation ( Fig. 31–1 ). Heparin, warfarin, and aspirin represent the classic
anticoagulants, and each has multiple sites of action on the coagulation system. Although the low-molecular-weight heparins (LMWHs) have more recently become available, they still represent a relatively nonselective approach to anticoagulation. In contrast,
newer agents continue to be developed that provide a more targeted, or monotherapeutic, approach to anticoagulation ( Table 31–1 ). Although the newer monotherapeutic drugs provide a range of options for anticoagulation, it is becoming clear that they

2
cannot be precisely substituted for older polytherapeutic approaches and that many disorders may require a more directed, yet still multifaceted approach to inhibiting thrombosis.[ ]
THE COAGULATION SYSTEM
The appropriate selection and use of antithrombotic agents requires some understanding of coagulation. The mechanisms of coagulation are discussed in detail in Chapter 30 , but a brief review is required prior to considering therapeutic
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Figure 31-1 Mechanisms of action of anticoagulants may include inhibiting the initiation of anticoagulation through the tissue factor pathway, blocking thrombin generation, and directly inhibiting thrombin once formed. Currently available antiplatelet agents
are directed toward blocking platelet activation or inhibiting GP-IIb/IIIa-mediated fibrinogen binding. Ca2+ , ionized calcium; PL, platelet-derived phospholipid; TF, tissue factor; GP, glycoprotein.

TABLE 31-1 -- Antithrombotic Agents
TYPE OF AGENT
Anticoagulants

MECHANISM OF ACTION

FDA APPROVED

IN DEVELOPMENT

IIa/Xa inhibitors

Unfractionated heparin

SNAC: heparin

Xa > IIa inhibitors

LMWHs

SNAD: LMWH

Xa inhibitors

Fondaparinux

Idraparinux

IIa inhibitors

Lepirudin

PEG-hirudin

Bivalirudin

Ximelagatran

Tissue factor pathway inhibitors

Argatroban

r-TAP

—

r-TFPI
r-NAPc2

IXa inhibitors

—

Anti-IX/IXa antibodies
Active site-blocked IXa

Antiplatelet Agents

Vitamin K antagonists

Warfarin

—

Cyclooxygenase inhibitors

Aspirin

—

Phosphodiesterase inhibitors

Dipyridamole

—

ADP antagonists

Ticlopidine

—

Clopidogrel
GP-IIb/IIIa antagonists

Abciximab

Sibrafiban

Tirofiban

Orbofiban

Eptifibatide
FDA, U.S. Food and Drug Administration; GP, glycoprotein; SNAC, sodium-N-[8-(2-hydroxybenzoyl) amino] caprylate; SNAD, sodium-N-[10-(2-hydroxybenzoyl) amino]-decanoate; PEG, polyethylene glycol; r-TAP, recombinant tick anticoagulant
peptide; r-TFPI, recombinant tissue factor pathway inhibitor; r-NAPc2, recombinant NAPc2; LMWH, low-molecular-weight heparin; ADP, adenosine diphosphate.
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3

anticoagulation. Normal hemostasis requires the complex interaction of more than 100 procoagulant, inhibitory, and fibrinolytic proteins, platelets, and the endothelium.[ ] Primary hemostasis results in the immediate formation of a platelet plug at sites of
vascular injury. The platelet plug is then stabilized by a secondary fibrin thrombus organized on the surface of activated platelets. The generation of thrombin (factor IIa), the key effector enzyme of coagulation, and the conversion of soluble fibrinogen to
insoluble fibrin is the primary goal of the coagulation system.

4
Coagulation is initiated either by mechanical injury or cytokine-induced activation of endothelial cells and monocytes. In either case, tissue factor (TF), a single-chain receptor for factor VII, is exposed as a membrane protein.[ ] The TF, or extrinsic pathway,

5 6
is the most important physiologic pathway for initiation of coagulation in response to injury.[ ] [ ] Exposed TF binds both inactive factor VII and activated factor VIIa, a small amount of which circulates in blood. The TF-VIIa complex (TF-VIIa) in turn
4 5
autoactivates factor VII as well as activating factors IX and X.[ ] [ ] Feedback amplification occurs as factor VII bound to TF is activated by factors VIIa, IXa, and Xa.
Subsequent formation of the prothrombinase complex, composed of phospholipid-bound prothrombin (factor II), factor Xa, and its factor Va cofactor, results in the generation of thrombin from prothrombin. There appears to be a threshold response in which a

7 8

certain level of initiating procoagulant stimulus (TF-VIIa) is required to produce effective thrombin generation.[ ] [ ] Once this threshold is reached, the amount of thrombin generated is independent of the initiating stimulus. Thrombin in turn activates
factors V, VIII, and XI, which in turn cause feedback amplification through further activation of factor IX. The thrombin-mediated conversion of pro-cofactors V and VIII is particularly important because the active cofactors serve to assemble the

9
prothrombinase and tenase complexes. Thrombin-mediated activation of factor V may in fact be the rate-limiting step in coagulation.[ ]

Phospholipid membranes are critical to the formation of the procoagulant TF-VIIa, prothrombinase, and tenase complexes. Platelets are the primary source of these phospholipids and therefore play a critically important role in propagating coagulation,

10]

amplifying the process by several orders of magnitude.[

11]

Once activated, either through their interaction with collagen or by binding to fibrin in coagulating plasma,[

negatively charged phosphatidylserine residues are translocated to the outer platelet

12]

membrane. The coagulation factors involved in formation of these complexes depend on 9 to 12 amino-terminal γ-carboxyglutamic acid residues for interaction with the phospholipid surface.[

These residues, formed post-translationally in a vitamin K-

5
dependent process, are required for calcium binding and correct folding for interaction with the phospholipid membrane.[ ]
10] [13]
During the initiation phase, nanomolar amounts of thrombin and femto- to picomolar quantities of factors VIIa, IXa, Xa, and XIa are generated.

Various models suggest that the TF pathway of coagulation can be functionally divided into two phases.[

[13] However, most important, this phase leads to quantitative activation of the Va and VIIIa cofactors. The prothrombin time (PT) and activated partial thromboplastin time (aPTT) measure only the initiation phase of coagulation. The propagation phase is
[13]
characterized by explosive prothrombin activation and thrombin generation. This phase is largely driven by the tenase complex-mediated activation of factor X.

Most of the major congenital deficiencies and clinically effective anticoagulants have their

10
major effect during the propagation phase.[ ] The efficacy of most anticoagulants therefore depends on their ability to inhibit thrombin after formation of the initial fibrin-platelet clot.
5
The physiologic importance of the intrinsic coagulation pathway, through which coagulation is initiated by a combination of factor XII, high-molecular-weight kininogen, prekallikrein, and factor XI, remains unclear.[ ] The less important role of the intrinsic
10]
However, thrombin-induced activation of factor XIa is likely important in the propagation of coagulation, generating sufficient IXa to

pathway is suggested by the observation that few deficiencies of the intrinsic pathway are associated with bleeding.[

4 8 11 12
prevent severe bleeding after the TF pathway has been terminated by its natural inhibitors.[ ] [ ] [ ] [ ]
10]

Negative regulators of coagulation include TF pathway inhibitor (TFPI), which regulates the initiation phase of coagulation, and the antithrombin (AT) and the protein C systems, which regulate the propagation phase.[

A TFPI-Xa complex binds TF-VIIa

7 8 10 12 14
to form an inactive quaternary complex, limiting the initiation phase but allowing sustained activation through factors VIIIa, IXa, and XIa.[ ] [ ] [ ] [ ] [ ] The protein C system is initiated by the interaction of thrombin with endothelial-bound
[12]

thrombomodulin. Thrombomodulin-bound thrombin undergoes a conformational change, losing its activity toward fibrinogen and factors V, VIII, and XIII and activating the vitamin K-dependent zymogen protein C.

Activated protein C (APC), together

8
with its protein S cofactor, cleaves phospholipid bound factors VIIIa and Va. AT is a serine protease inhibitor, present in significant molar excess to its target proteases, that inhibits factors IIa, VIIa, IXa, Xa, XIa, and XIIa.[ ] In contrast to the protein C
8

4

pathway, AT acts as a scavenger and preferentially inhibits circulating, rather than membrane-bound, factors IIa and Xa.[ ] Thrombin bound to fibrin clot is relatively protected from the action of AT.[ ] These pathways function synergistically to more
effectively limit the response to TF than any single mechanism alone. For example, TPFI potentiates the effects of AT by decreasing the rate of formation of thrombin (prolonging the initiation phase) as AT inactivates the thrombin generated (decreasing the

8
rate and amplitude of the propagation phase).[ ] The combination of TFPI and AT is 70-fold more potent than either inhibitor alone.
INDIRECT THROMBIN INHIBITORS
Unfractionated Heparin
Compounds that inhibit thrombin by potentiating the action of AT, such as unfractionated heparin (UFH) and the LMWHs, are known as indirect thrombin inhibitors. UFH, discovered by McLean in 1916, is one of the oldest, most effective, and widely

15]
Although the use of bovine

administered drugs still in clinical use. Its introduction predates establishment of the U.S. Food and Drug Administration (FDA).[
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15]
UFH is prepared from tissue extracts of porcine intestine or bovine lung. Commercially available products are a heterogeneous mixture of glycosaminoglycans composed of

products has declined with the appearance of bovine spongiform encephalopathy,[

9 15 16
alternating D-glucosamine and uronic acid residues having molecular weights ranging from 5000 to more than 40,000 d (mean 15,000 d).[ ] [ ] [ ] These are large, sulfated, highly acidic molecules with a net negative charge.
Pharmacology and Mechanism of Action

8 16
Although AT and heparin cofactor II are the primary regulatory proteins affected by heparin, the role of heparin cofactor II is insignificant except at very high heparin concentrations.[ ] [ ] Heparin acts primarily to catalyze the AT-mediated inhibition of
17]
In the absence of a catalyst, either endothelial heparan sulfates or exogenous heparin, AT inactivates thrombin and factor Xa at a low basal rate.
[18]

thrombin (factor IIa) and factors IXa, Xa, and XIIa, the greatest clinical effect being on factors IIa and Xa.[

Heparin binding to AT causes a 9000- and 17,000-fold increase in inhibitory activity against thrombin and factor Xa, respectively.

However, as discussed earlier, neither UFH nor the LMWHs are able to inactivate phospholipid-bound factor Xa or fibrin-

16
19
bound thrombin.[ ] Fibrin-bound thrombin is protected from the action of AT by formation of heparin-thrombin-fibrin complexes that render it inaccessible to AT-bound heparin.[ ]
The structure and size of the individual heparin chains determine their ability to catalyze inhibition of thrombin and factor Xa. The catalytic effect of heparin depends on the binding of a unique pentasaccharide sequence to a specific site on AT, producing a

4 16 18
15
conformational change that exposes its reactive center.[ ] [ ] [ ] This pentasaccharide sequence is present in only 20% to 50% of UFH chains and even fewer LMWH chains.[ ] AT-mediated inactivation of factor Xa requires only the presence of the

6 15
appropriate pentasaccharide sequence, whereas binding to IIa further requires a flanking chain 15 to 16 saccharide units in length and containing a second domain that electrostatically attracts the AT-reactive site ( Fig. 31–2 ).[ ] [ ] Heparin chains must
20 21

9

therefore have a minimum molecular weight of approximately 5400 d for thrombin binding.[ ] [ ] Anti-IIa activity increases with the size of the heparin molecule while anti-Xa activity remains stable.[ ] The anti-Xa and anti-IIa activity of UFH is
approximately equal. The effect of heparin on the aPTT primarily reflects its anti-IIa, rather than anti-Xa, activity. Oligosaccharide chain length is also an important determinant of clearance, longer chains—those with greater anti-IIa activity and influencing

16]

the aPTT—being cleared more rapidly than shorter chains.[

9 14
Both UFH and LMWH also have anticoagulant properties independent of AT. Both agents cause the release of TFPI from the vascular endothelium, leading to inhibition of factor X activation and subsequent thrombin generation.[ ] [ ] These drugs also
9 17
enhance APC inactivation of factor V, but not Va, in an AT-independent manner.[ ] [ ] Such an effect could downregulate thrombin production by decreasing the amount of membrane-bound factor V capable of conversion to Va and blocking the factor V/
17]

Va site with inactive factor V.[

UFH also causes the release of platelet factor 4 from

Figure 31-2 The catalytic effect of heparin depends on the binding of a unique pentasaccharide sequence to antithrombin (AT). Although inactivation of factor Xa requires only the presence of this pentasaccharide sequence, inactivation of factor IIa further
requires the presence of a 15- or 16-unit saccharide chain to form a heparin-AT-IIa ternary complex.

Figure 31-3 Vitamin K hydroquinone (KH2 ) functions as the active coenzyme for γ-carboxyglutamate, which mediates the post-translational carboxylation of glutamate residues on factors II, VII, IX, and X. The carboxylation reaction oxidizes KH2 into

vitamin K 2,3 epoxide (KO). KO is then recycled in a two-stage reaction through vitamin K mediated by KO reductase. Inhibition of KO reductase allows generation of KH2 through an alternate enzyme, DT-diaphorase, although the epoxide cannot be

recycled. The vitamin K antagonists interfere with KO reductase and block the recycling of KO to KH2 . (Adapted from Vermeer C, Schurgers LJ: A comprehensive review of vitamin K and vitamin K antagonists. Hematol Oncol Clin North Am 14:339–353,

2000.)

TABLE 31-2 -- Warfarin Drug and Food Interactions
WARFARIN INTERACTION
WITH

POTENTIATION

INHIBITION

Drugs

Amiodarone, acetaminophen, acetylsalicylic acid, anabolic steroids, cefamandole, cefazolin, chloral hydrate, cimetidine, ciprofloxacin, clofibrate,
cotrimoxazole, dextropropoxyphene, disopyramide, disulfiram, erythromycin, fluconazole, fluorouracil, flu vaccine, gemfibrozil, heparin,
ifosfamide, indomethacin, isoniazid, itraconazole, ketoprofen, lovastatin, metolazone, metronidazole, miconazole, moricizine, nalidixic acid,
norfloxacin, ofloxacin, omeprazole, phenylbutazone, phenytoin, piroxicam, propafenone, propoxyphene, propranolol, sulindac, sulfinpyrazone,
sulfisoxazole, tamoxifen, tetracycline, tolmetin, quinidine

Azathioprine, barbiturates, carbamazepine, chlordiazepoxide,
cholestyramine, cyclosporine, dicloxacillin, etretinate, griseofulvin,
nafcillin, rifampin, sucralfate, trazodone

Dietary

Alcohol (if concomitant liver disease)

Foods high in vitamin K, enteral feeding

Adapted from Hirsh J, Dalen JE, Anderson DR: Oral anticoagulants: Mechanism of action, clinical effectiveness, and optimal therapeutic range. Chest 119(Suppl 1):8S-21S, 2001.
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affected patients requiring up to 2.6 mg/kg/day of warfarin, has been reported.[ ] Such patients require high plasma levels of warfarin for adequate anticoagulation but have otherwise normal warfarin pharmacokinetics. Conversely, genetic heterogeneity for
cytochrome P450 CYP2C9, the enzyme responsible for converting S-warfarin to its inactive hydroxyl forms, is associated with decreased dose requirements. Patients with a low warfarin dose requirement (<1.5 mg/day) are six times more likely to have a

60]

variant CYP2C9 allele associated with impaired S-warfarin metabolism.[

These individuals have been noted to have more problems on induction of warfarin therapy and a 3.7-fold higher rate of major bleeding complications. Other mutations, such as

62]

those in the carboxylase recognition site of the factor IX propeptide, are also associated with an increased risk of bleeding during initiation of oral anticoagulation but are substantially less common.[

The anticoagulant effect of warfarin is most commonly measured using the PT, which is sensitive to reductions in three of the four vitamin K-dependent procoagulants (factors II, VII, and X). Unfortunately, thromboplastin reagents used in the PT assay vary
in their responsiveness to the anticoagulant effects of warfarin, which in the past led to clinically important differences in recommended oral anticoagulant doses. This has largely been rectified by standardizing thromboplastins according to their International
Sensitivity Index (ISI), which measures the responsiveness of a given thromboplastin to a reduction in vitamin K-dependent factors in comparison to a reference standard. The effect of warfarin-induced anticoagulation is now standardized by converting the

58]

PT measured with local thromboplastin reagents to an INR[

calculated as

Unfortunately, at least some evidence suggests that the anticoagulant effects of warfarin, as measured by the PT, are disassociated from the antithrombotic effects during the induction of treatment. This observation arises from the fact that prolongation of the
PT early after initiating warfarin primarily reflects reductions in factor VII, which has the shortest half-life. However, the antithrombotic effect is more closely related to the level of prothrombin, which has a half-life of 96 hours in comparison with 6 to 24

58]

hours for factors VII and IX.[

The delayed reduction in prothrombin levels is the basis for overlapping heparin and warfarin treatment.

Dose and Administration
Randomized clinical trials have established the effectiveness of warfarin in the primary and secondary prevention of VTE; for the prevention of embolism in patients with prosthetic heart valves or atrial fibrillation; for the prevention of stroke, recurrent

58

myocardial infarction, and death in patients with anterior myocardial infarction; for the prevention of anterior myocardial infarction in patients with peripheral vascular disease; and for the prevention of myocardial infarction in high-risk males.[ ] Other
commonly recognized indications include rheumatic mitral valve disease, mitral valve prolapse, mitral annular calcification, nonrheumatic mitral regurgitation, mobile aortic atheromas or plaques larger than 4 mm, and systemic thromboembolism of unknown

63]

etiology.[

64]

One large randomized trial has shown oral anticoagulants to be more effective than aspirin in preventing thrombosis of infrainguinal vein, but not prosthetic grafts.[

Clinical trials have demonstrated a moderate intensity of anticoagulation (INR, 2.0 to 3.0) to be appropriate for most indications. Although there is limited evidence that less intense anticoagulation may have a role in some settings, the therapeutic effect of

58]

warfarin is significantly reduced at INR values lower than 2. An INR of 1.3 to 2.0 may reduce myocardial ischemic events when used as primary prevention in men without ischemic heart disease.[

However, despite the observation that low-intensity

65
warfarin (INR, 1.5 to 2.0) is more effective than placebo in the long-term prevention of recurrent VTE[ ] after a standard course of anticoagulation, conventional-intensity therapy (INR, 2.0 to 3.0) is associated with fewer recurrent episodes (0.7 vs. 1.9 per
[66]

There are some settings, including some types of mechanical prosthetic heart valves and some patients with
100 person-years) and a similar risk of bleeding (0.9 vs. 1.1 events per 100 person-years) in comparison with low-intensity therapy.
antiphospholipid antibody syndrome, in which more intense anticoagulation may be appropriate. Data from retrospective studies have suggested an improved outcome in patients with antiphospholipid antibodies anticoagulated to an INR of 2.5 to 3.5.
However, this has not been confirmed in clinical trials in which there was no significant difference in the incidence of recurrent thromboembolic events among patients randomized to moderate- (INR, 2.0 to 3.0) or high- (INR, 3.1 to 4.0) intensity warfarin.

[67]

520

The appropriate initial warfarin dose remains controversial, although initiating warfarin at a dose of 5 mg, rather than with a loading dose of 10 mg, is often recommended. As noted earlier, the antithrombotic effect of warfarin is most closely related to

58]

prothrombin levels, which are equivalently reduced by a 5- or 10-mg dose.[

A therapeutic INR can usually be achieved within 4 to 5 days after initiating warfarin at 5 mg/day. Adverse effects of loading doses of warfarin include a more rapid reduction in

63]

protein C and a higher risk of over-anticoagulation. Higher initial doses should be avoided in those at risk of bleeding or with a known deficiency of protein C or S, in whom the risk of skin necrosis is higher.[

avoided when instituting anticoagulation for chronic atrial fibrillation,

[63]

Although parenteral anticoagulants can be

heparin should be simultaneously administered for 4 to 5 days, until the INR is in the therapeutic range on two measurements at least 24 hours apart, if urgent anticoagulation is

68
63
required for the treatment of thromboembolic disease.[ ] Simultaneous initiation of heparin and warfarin is safe and not associated with more frequent recurrence or hemorrhage.[ ] Several studies have demonstrated that the use of adjuvants such as
[63]
computer-driven protocols and nomograms can improve the initiation and maintenance of anticoagulation with vitamin K antagonists.

Complications

Although effective in preventing thrombosis, warfarin has a very narrow therapeutic window. Several factors, including widespread adoption of the INR, decreased intensity of anticoagulation, and the organization of anticoagulation clinics, has increased the

69]

safety of long-term oral anticoagulation.[

However, bleeding remains the most important associated complication and is closely related to the intensity of anticoagulation. Clinical trials have established that the bleeding risk increases as the INR is

68

increased from 2.0–3.0 to 3.0–4.5 and rises exponentially as the INR increases above 5.0.[ ] However, total time in the therapeutic range is also an important determinant of bleeding risk as well as anticoagulant efficacy. Risk factors for bleeding include a
history of hemorrhage, previous stroke, and comorbid conditions such as renal insufficiency or hypertension. The independent risk of bleeding associated with age remains controversial, but at least some data suggest that elderly patients can be safely

37]

anticoagulated if closely monitored in the setting of an anticoagulation clinic. The overall rate of major bleeding during a 3-month course of warfarin to maintain an INR of 2.0 to 3.0 is ≤ 3%.[

Various clinical trials have reported major bleeding rates

63]
The risk of bleeding is increased when high-intensity warfarin (INR, 3.0 to 4.5) is used in combination with aspirin.

between 0.5 and 4.2 per 100 patients, whereas cohort studies have reported somewhat higher rates of 1.2 to 7.0 episodes per 100 patients.[

[58] However, increased rates of minor bleeding have also been reported with lower-intensity regimens.
Nonhemorrhagic adverse effects of warfarin include an associated embryopathy and warfarin-induced skin necrosis. Oral anticoagulants cross the placenta and are associated with a characteristic embryopathy, central nervous system deficits, and increased

57]

rates of fetal death. The coumarin derivatives interfere with calcium deposition, causing irregular deposition in areas that are not normally calcified, and approximately 30% of babies born to mothers taking these drugs have serious bone defects.[

Although

68
68
the incidence of embryopathy is highest during the first 6 to 12 weeks of gestation, fetal bleeding and death may occur throughout pregnancy.[ ] Although warfarin is contraindicated during pregnancy, it can be safely administered to nursing mothers.[ ]
Warfarin-induced skin necrosis is a rare complication associated with large loading doses of warfarin and presumably occurs when the introduction of warfarin causes a more rapid reduction in protein C levels than in the other vitamin K-dependent

70

71

procoagulants.[ ] Its incidence is estimated to be between 1:100 and 1:10,000 and is more common in women with a predilection for the breast, thighs, and buttocks.[ ] Patients with deficiencies of the protein C pathway may be particularly susceptible to
skin necrosis, although this complication may also occur in nondeficient individuals. Introducing warfarin gradually while the patient is receiving therapeutic doses of parenteral anticoagulants can minimize the potential for this complication.

DIRECT THROMBIN INHIBITORS

5 10

Thrombin has multiple roles in coagulation including conversion of fibrinogen to fibrin, amplification of the coagulation cascade, and activation of platelets.[ ] [ ] Given its central role in coagulation and cardiovascular disease, the treatment of many
thrombotic disorders is directed toward blocking the action of thrombin. Heparin has historically been used as a primary treatment of such disorders, although it has several limitations including extensive protein binding and an inability to inactivate plateletbound factor Xa and fibrin-bound thrombin.
This last consideration may be particularly important. The thrombin molecule contains three binding sites including the catalytic site responsible for the cleavage of substrates (active site); a substrate recognition site that also functions as the binding site for

19] [24]
Heparin bound to exosite 2 bridges more fibrin onto thrombin and renders the heparin-fibrin-thrombin complex inaccessible to inhibition by AT.
[21]

the AT component of the heparin-AT complex (exosite 1); and a heparin-binding domain (exosite 2). [

[19] Such fibrin-bound thrombin serves as a reservoir of thrombogenic activity capable of converting factors V and VIII to their active form; generating fibrin from fibrinogen; activating factor XIII; and attenuating fibrinolysis.
[72]
continues to activate platelets through thromboxane A2 -independent mechanisms that are not inhibited by aspirin.

21]

generation.[

Bound thrombin also

Platelet-bound factor Xa is similarly resistant to inactivation by the heparin-AT complex, serving as a source of further thrombin

Drugs such as heparin therefore incompletely attenuate the thrombotic process, a potentially important concern at sites of arterial injury.

The direct thrombin inhibitors offer several potential advantages over heparin. These agents act independently of AT, either blocking the active site or preventing interaction with its substrates. Several direct thrombin inhibitors have been developed and can be
classified as being natural substrate analogs, recombinant derivatives, or synthetic inhibitors; as being directed against the active
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21] [44]

site or exosites; and as being reversible or irreversible inhibitors.[

Three parenteral direct thrombin inhibitors—lepirudin, bivalirudin, and argatroban—are currently available and oral direct thrombin inhibitors, such as ximelagatran, are on the

44]

horizon. Lepirudin and argatroban are approved for the treatment of HIT, whereas bivalirudin is approved as an adjunct to coronary angioplasty. These agents can typically be monitored with the aPTT.[

21]

Fibrin binding does not compromise agents directed against the active site. Although inhibitors that also bind exosite 1 compete with fibrin, the fibrin-thrombin interaction is of low affinity in the absence of heparin.[

The lower-molecular-weight thrombin

19
inhibitors are more effective against fibrin-bound thrombin, presumably because of better diffusion into the thrombus.[ ] In addition to inhibiting the action of thrombin on fibrinogen, the direct thrombin inhibitors block amplification of coagulation through
[44]
[1] [19]
activation of factors V and VIII as well as fibrin stabilization by factor XIII.

These agents do not bind plasma proteins, resulting in a more predictable dose-response than heparin.

Additionally, unlike heparin, these drugs are not neutralized by

21
platelet factor 4 and multimers of von Willebrand’s factor, large quantities of which may be present at sites of arterial plaque rupture.[ ] Finally, the direct thrombin inhibitors do not promote the platelet release reactions and inactivate thrombin-induced
[73]
[74]

platelet activation.

The combined ability to inhibit fibrin-bound thrombin without inducing platelet aggregation may be particularly important in the management of acute coronary syndromes.

[72]

direct thrombin inhibitors in the setting of acute coronary syndromes was associated with a 15% reduction in death or myocardial infarction in comparison with heparin.
inhibitor to avoid one event. Although not currently supported by any data, similar concerns may exist in the patient with peripheral vascular disease.

In a meta-analysis including 35,970 patients, the use of

It was estimated that 125 patients would need to be treated with a direct thrombin

21]

Despite similar advantages, there are potentially important differences in the anticoagulant profiles of the direct thrombin inhibitors, and they should not be regarded as pharmacologically equivalent.[

some are capable of inhibiting other serine proteases.

[75]

These agents do vary in their specificity, and at least

44] [75]

Additionally, the theoretical observation that some of these drugs, particularly the tripeptide derivatives, may interfere with fibrinolysis is of unknown significance.[

Hirudin Derivatives

Hirudin, a 65-amino acid polypeptide derived from salivary extracts of the medicinal leech (Hirudo medicinalis), is the prototype direct thrombin inhibitor. Various recombinant derivatives of hirudin have been developed. Lepirudin is a recombinant derivative

19] [76]
A long-acting polyethylene glycol (PEG)-complexed hirudin derivative (PEG-hirudin) has also been developed and evaluated in phase II
[19] [21]

of hirudin lacking a sulfated tyrosine at residue 63 and is therefore known as a desulfatohirudin or deshirudin. [

72]
Both native and recombinant hirudins form an essentially irreversible 1:1 complex with both the active site and exosite, although the deshirudins have a 10-fold lower affinity for thrombin.
[21]

trials.[

Although most direct thrombin inhibitors have a

predictable anticoagulant response, hirudin’s narrow therapeutic window mandates monitoring.

16]
An initial bolus infusion of 0.4 mg/kg followed by a continuous infusion of 0.15 mg/kg/hr with subsequent adjustments to maintain the aPTT between 1.5 and
[20]

Lepirudin has a half-life of 1.3 hours, is renally excreted, and can be monitored using the aPTT.[

20]

2.5 times baseline has been recommended.[

As it is renally cleared, strict dosage adjustment in renal failure is required.

Lepirudin is approved for the treatment of HIT. Clinical trials have also demonstrated hirudin to be at least as safe and effective as

19]
However, there remain concerns that hirudin’s narrow therapeutic window may limit its application in acute coronary

heparin in the management of unstable angina, as an adjunct to thrombolytic therapy, and in the prophylaxis and treatment of VTE.[

21] [72] [74]

syndromes, where high doses are often required and bleeding rates may be higher.[

Hirulogs

44] [76]
Bivalirudin (Angiomax) is a 20-amino acid synthetic analog of hirudin. Unlike hirudin, inhibition by bivalirudin is reversed by cleavage of the amino
[21]

The hirulogs inhibit thrombin by binding to both the catalytic site and the anion binding exosite.[

terminus by thrombin, thereby freeing the active site and leaving only the low-affinity interaction between the carboxyterminus and exosite 1. Because it is a reversible inhibitor, bivalirudin may have a wider therapeutic window than hirudin.

Bivalirudin

24
has a half-life of 25 minutes and is eliminated both by renal clearance and by proteolytic cleavage.[ ] Clearance is reduced in patients with renal insufficiency. Although bivalirudin causes dose-dependent increases in the activated clotting time (ACT),
[24]
aPTT, PT, and thrombin time, point of care monitoring with the ACT is the most often used. For percutaneous coronary intervention (PCI), dose adjustment to maintain an ACT of 350 seconds or greater has been recommended.

Bivalirudin is the only direct thrombin inhibitor approved for the management of acute coronary syndromes, demonstrating superiority to UFH in the frequency of death, myocardial infarction, or revascularization at 7 and 90 days after coronary angioplasty.

[24] Among 4312 patients undergoing angioplasty for unstable or postinfarction angina, the incidence of death, myocardial infarction, or revascularization was lower among patients randomized to bivalirudin than in those receiving heparin both at 7 days
[77]
(6.2% vs. 7.9%) and 30 days (9.0% vs. 10.4%).

The incidence of clinically significant bleeding was also less in the bivalirudin cohort (3.5% vs. 9.3%). A meta-analysis of trials evaluating the use of bivalirudin in acute coronary syndromes and

74]

percutaneous intervention showed bivalirudin to be at least as effective as UFH in reducing the incidence of death or myocardial infarction but with a significant reduction in major hemorrhage.[

[72]

bivalirudin to be associated with a reduced risk of major bleeding.

Other meta-analyses have similarly suggested the use of

In comparison with heparin, the use of bivalirudin was associated with one fewer bleeding event for every 21
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72]

patients treated.[

This uncoupling of efficacy and bleeding after angioplasty is unique to bivalirudin.

Small-Molecule Direct Thrombin Inhibitors

78

Small-molecule direct thrombin inhibitors have also been developed. These include a number of tripeptide derivatives or peptidomimetic compounds such as argatroban, melagatran, efegatran, inogatran, and napsagatran.[ ] Most are characterized by a
strongly basic group interacting with the active site of thrombin, have low oral bioavailability, have short plasma half-lives, and are hepatically metabolized. All produce predictable anticoagulation measurable by common coagulation assays with minimal
drug interactions. Plasma levels and anticoagulant response tend to be linearly related to dose with little intraindividual variation. However, because of interactions, the PT/INR cannot be used to monitor the introduction of oral vitamin K antagonists while

78]

receiving parenteral direct thrombin inhibitors.[

As for UFH, a coagulation rebound phenomenon has been observed with the parenteral direct thrombin inhibitors. In comparison with other direct thrombin inhibitors used in the treatment of acute coronary

72]

syndromes, the univalent inhibitors are associated with a borderline increased risk of myocardial infarction and lower rates of major bleeding.[

Of the parenteral small-molecule direct thrombin inhibitors, argatroban (Acova) is the only agent that is currently FDA approved. Argatroban is an arginine derivative that functions as a reversible, competitive inhibitor at the catalytic site of thrombin. Unlike

44]
It has a half-life of 30 to 45 minutes and is hepatically metabolized by hydroxylation and aromatization of the 3[78] [79]

heparin, argatroban does not cause release of TFPI, which may contribute to its predictability and relatively low incidence of bleeding.[

19] [20] [79]

methyltetrahydroquinolone ring with subsequent biliary excretion.[

Hepatic insufficiency is associated with a fourfold decrease in the total clearance of argatroban and a twofold to threefold increase in half-life.

In contrast with the

79
other available direct thrombin inhibitors, the clearance and half-life of argatroban are independent of renal function.[ ] The anticoagulant effect of argatroban is predictable with a low coefficient of variability between healthy subjects. However, the
[73]
response is dose dependent and requires monitoring with either the aPTT or ACT.

80]

Ximelagatran (H 376/95) is the orally available prodrug of melagatran, a dipeptide direct thrombin inhibitor. The prodrug is 170 times more lipophilic than melagatran, allowing oral administration and absorption.[

In contrast with other small-molecule

78 80
inhibitors, ximelagatran has an oral bioavailability of 18% to 24% with minimal protein binding and low variability in plasma levels.[ ] [ ] Ximelagatran is biotransformed to melagatran after oral administration and competitively and reversibly binds to
[19]
It can be administered twice daily and has a predictable pharmacokinetic effect that is not influenced by age, gender, or weight, thus requiring no

the active site of thrombin. Active melagatran is cleared by the kidneys with a half-life of 3 hours.

[81]

monitoring.

82]

The drug has no relevant interactions with food or drugs metabolized by cytochrome P-450.[

Several clinical trials evaluating the safety and efficacy of ximelagatran in VTE and atrial fibrillation are currently underway or have recently been reported. In comparison with dalteparin (5000 IU once daily), the combination of subcutaneous melagatran (3
mg twice daily) started preoperatively and oral ximelagatran (24 mg twice daily) postoperatively reduced the frequency of VTE in orthopedic patients from 28.2% to 15.1%, although the frequency of excessive bleeding was somewhat higher (5.0% vs. 2.4%).

[83] Ximelagatran in a dose of 24 mg twice daily has also shown efficacy comparable to that of enoxaparin in preventing VTE after total knee replacement.[84] In contrast, ximelagatran at a dose of 36 mg twice daily was significantly more effective than
[82]
warfarin in reducing the incidence of VTE and death (20.3% vs. 27.6%) in patients undergoing total knee replacement.

No increased bleeding was observed in patients receiving 36 mg of ximelagatran twice daily. Ximelagatran has also shown promise in

85

the extended treatment of a first episode of VTE. After completion of a 6-month course of anticoagulation, ximelagatran (24 mg twice daily) reduced the incidence of recurrent thromboembolism from 12.6% to 2.8% at 18 months. [ ] There was no increased
bleeding among patients receiving ximelagatran, although increased transaminase levels were more frequent (6.4% vs. 1.2%) than in those receiving placebo. Ximelagatran has also shown promise in the prevention of stroke in patients with nonvalvular atrial

86]
In comparison with aspirin alone in patients with acute coronary syndromes, ximelagatran and aspirin for 6 months significantly reduced the incidence of death,

fibrillation, and clinical trials evaluating the usefulness of this approach are in progress.[

87

nonfatal myocardial infarction, and severe recurrent ischemia from 16.3% to 12.7%.[ ] Such extended treatment may provide effective secondary prophylaxis as well as protection against rebound events after UFH or LMWH are discontinued. The incidence
of major bleeding did not differ between groups, although elevated transaminase levels were more common among those receiving ximelagatran. Transaminase elevation appears to be dose related, to occur within 2 to 6 months of treatment, and to be

87]

asymptomatic.[
and VTE.

86]
Given the limitations of warfarin, it is anticipated that these drugs will replace vitamin K antagonists in the chronic treatment of atrial fibrillation

Other phase II trials have noted a 4.3% incidence of self-limited transaminase elevation.[

ANTIPLATELET AGENTS
Platelets also play a significant role in most cardiovascular disorders and are an attractive target both for reducing long-term morbidity and mortality and as an adjunct to intervention. Platelets are involved in the development and progression of atherosclerosis

88]
Endothelial injury is the first step in atherogenesis and leads to the exposure of subendothelial collagen and von Willebrand’s factor. Interaction of
[88]

and arterial and graft thrombosis as well as of restenosis after surgery and percutaneous intervention.[

subendothelial collagen and von Willebrand’s factor with the GP-Ia/IIa and Ib-IX complex, respectively, results in platelet adhesion.

Shear forces at sites of stenosis also induce platelet aggregation through the binding of von Willebrand’s factor to GP-Ib.

89]

Following platelet adhesion, a number of agonists including collagen, thrombin, thromboxane A2 , epinephrine, serotonin, and ADP interact with specific surface receptors to induce platelet activation.[
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Platelet activation causes a conformational change in the GP-IIb/IIIa receptor, increasing its affinity for fibrinogen and von Willebrand’s factor. Fibrinogen-mediated cross-linking of activated platelets, a process dependent on fibrinogen binding to GP-IIb/IIIa,

21] [76] [89]

is the final common pathway of platelet aggregation.[

Platelet activation also causes the release of platelet granules, including ADP. ADP amplifies the response to other agonists, induces further platelet aggregation, and leads to generation of

thromboxane A2 . P-selectin, contained in the alpha granules, also rapidly appears in the platelet membrane after activation. P-selectin expression and fibrinogen binding are increased in patients with peripheral vascular disease, suggesting enhanced platelet

88]

activation in these patients.[

88] [90]

There is also evidence of platelet activation during angiography and angioplasty of peripheral arteries.[

Antiplatelet agents have a number of potential uses in vascular surgery, including reducing cardiovascular morbidity and as an adjunct to vascular intervention. Currently approved antiplatelet agents include aspirin; the ADP antagonists clopidogrel and

2
ticlopidine; and the GP-IIb/IIIa antagonists abciximab, eptifibatide, and tirofiban.[ ] A number of clinical trials have established that antiplatelet therapy reduces the risk of myocardial infarction and stroke by one third and vascular death by one sixth among
91] [92]

patients with ischemic coronary or cerebrovascular disease.[

Aspirin, ticlopidine, and clopidogrel also appear effective in reducing the risk of stroke, myocardial infarction, and vascular death among patients with peripheral vascular disease. Meta-

93

analysis of several randomized trials, including patients with vascular disease, suggests a 25% reduction in the odds of sustaining an important vascular event (stroke, myocardial infarction, or vascular death) with the use of antiplatelet agents.[ ] Perhaps as
a consequence, limited data suggest that improved medical management, including the widespread use of antiplatelet agents, has improved the mortality rate in patients with peripheral arterial disease. In comparison to a historical mortality rate of 7.06 deaths

94]

per 100 patient-years, recent data suggest a mortality rate of 4 per 100 patient-years, with cardiovascular disease accounting for a smaller proportion of deaths.[

Based on such data, the TransAtlantic Intersociety Consensus (TASC) panel recommends that

95
all patients with peripheral arterial disease be considered for treatment with aspirin or other approved antiplatelet agent.[ ]
96]

Aspirin has been the most widely studied antiplatelet agent. It acts to permanently inactivate the cyclooxygenase (COX) activity of prostaglandin H synthase-1 and synthase 2 (COX-1 and COX-2) by acetylation of the COX site in the enzymatic domain.[
These isozymes catalyze the first step leading from arachidonic acid to thromboxane A2, , which induces platelet aggregation and vasoconstriction, and prostaglandin I2 , which inhibits platelet aggregation and causes vasodilatation. Aspirin undergoes

97]
Despite its short half-life (15 to 20 minutes), once-daily dosing is able to completely inhibit platelet thromboxane A2 production through irreversible inhibition of

extensive first-pass hepatic metabolism to salicylate, a weak reversible COX inhibitor.[

92]
In contrast, endothelial prostaglandin I2 production is derived from both COX-1 and COX-2 activity, COX-2-dependent synthesis being relatively

COX-1 and has proved equally effective in low (50 to 100 mg/day) and high (900 to 1500 mg/day) doses.[

96]

aspirin resistant.[

97]
Although the clinical relevance of reduced prostacyclin production remains controversial, use of the lowest effective dose may

Nevertheless, even chronic low doses of aspirin do reduce basal and stimulated prostacyclin production.[

96]

maximize efficacy and minimize toxicity.[

[96]

thromboxane A2 production.

Aspirin does have other effects at high doses, including an anti-inflammatory action and suppression of plasma coagulation, but it is doubtful that these effects are as clinically relevant as suppression of platelet

As the mean life span of circulating platelets is 10 days, approximately 50% of platelets remain functional 5 to 6 days after treatment.

Aspirin has been shown to be beneficial in preventing fatal and/or nonfatal vascular events in the settings of acute myocardial infarction, chronic stable angina, unstable angina, prior myocardial infarction, acute ischemic stroke, and transient ischemic attack or

96

98]

minor stroke.[ ] Aspirin, at an initial dose of 162 mg administered for at least 30 days, has the best benefit-risk ratio of any therapy for acute myocardial infarction and should be administered to virtually all patients with evolving myocardial infarction.[
Aspirin at a dose of 75 to 325 mg per day has been recommended for secondary prevention of vascular events in the other high-risk groups. It has also proved to be useful in primary prevention, reducing the risk of a first myocardial infarction in otherwise

98]

healthy physicians from 32% to 44%.[

96] [98]

However, despite these promising results, the data regarding the use of aspirin for primary prophylaxis in healthy persons are currently regarded as insufficient and should be guided by clinical judgment.[

76]

The clinical role of dipyridamole, an inhibitor of cyclic nucleotide phosphodiesterase that increases cyclic adenosine monophosphate levels within platelets, remains controversial.[

Although its efficacy remains in doubt, recent studies have suggested a

96
benefit in patients with prior stroke or transient ischemic attacks in comparison with aspirin alone.[ ]
96]

Ticlopidine and clopidogrel are thienopyridine derivatives that selectively inhibit ADP-induced platelet aggregation through permanent alteration of a postulated ADP receptor.[

Both can be considered prodrugs, being hepatically metabolized to an active

76 99
76
transient metabolite, and are considered to act through similar mechanisms.[ ] [ ] Both increase the bleeding time, with a maximal effect after 5 to 6 days of oral administration.[ ]

At least some trials have suggested that the antiplatelet effect of ticlopidine may be delayed for up to 2 weeks, and ticlopidine may be a suboptimal agent when immediate antiplatelet effects are required. Ticlopidine is approved for the treatment of cerebral

96]

ischemia when aspirin has failed, is contraindicated, or is not tolerated.[

92]

Although hypercholesterolemia and neutropenia may mitigate its beneficial effects,[

ticlopidine is also effective in claudicants, reducing mortality by 29.1% in comparison with

100]
Potentially severe complications of ticlopidine include bone marrow suppression (leukopenia, thrombocytopenia, pancytopenia), aplastic anemia, and thrombotic thrombocytopenic purpura. Careful monitoring is therefore required during the
controls.[
first 3 months of therapy.

76]
and may be more effective

Clopidogrel is six times more potent and has a better safety profile than ticlopidine[
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99]

than aspirin among patients with symptomatic peripheral arterial disease. Clopidogrel is rapidly hepatically metabolized to an active platelet inhibitor with a short half-life.[

[96]

alter platelet function, with cumulative inhibition on repeated daily dosing.

[96]

drug (300 mg) result in much more rapid inhibition.

Similar to aspirin, the active metabolite of clopidogrel is thought to permanently

At doses of 50 to 100 mg, clopidogrel requires 4 to 7 days to reach a steady state of 50% to 60% inhibition of ADP-induced platelet aggregation. However, loading doses of the

Approximately 7 days are required for platelet function to return to normal after cumulative doses are stopped. The bleeding risk associated with clopidogrel is approximately equivalent to that of

101]

aspirin, although aspirin is more likely to cause gastrointestinal bleeding.[

96]

Clopidogrel is approved for the reduction of cardiovascular events in patients with peripheral vascular disease, recent stoke, or recent myocardial infarction.[

In this group, clopidogrel was associated with a 23.8% reduction in the risk of stroke, myocardial

102]
96
Limited data suggest that the complementary mechanisms of aspirin and clopidogrel may provide additive benefits in high-risk patients.[ ] In comparison with
infarction, or vascular death in comparison with aspirin (3.71% vs. 4.86% per year).[
[103]

Major
aspirin alone in patients with acute coronary syndromes without ST-segment elevation, the combination of aspirin and clopidogrel reduced the incidence of cardiovascular death, nonfatal myocardial infarction, or stroke from 11.4% to 9.3%.
bleeding, mostly from gastrointestinal hemorrhage and bleeding at puncture sites, was more common in the clopidogrel group (3.7% vs. 2.7%). In contrast, in comparison with placebo, the combination of aspirin and clopidogrel was found to increase the risk

101]

of bleeding (24% vs. 42%) without a reduction in thrombotic events in patients with expanded polytetrafluoroethylene hemodialysis grafts.[

Unfortunately, aspirin and the thienopyridines target only thromboxane A2 and ADP-mediated platelet aggregation, leaving the action of other agonists intact. It is now recognized that the integrin αIIbβ3 (GP-IIb/IIIa) is the final common pathway of platelet

96]
Expression of the GP-IIb/IIIa integrin mediates fibrinogen binding to platelets through the Arg-Gly-Asp (RGD) and Arg-Gly-Asp-Ser (RGDS) amino acid sequences of

aggregation and that receptor antagonists are potent inhibitors of platelet aggregation.[

76]

fibrinogen, von Willebrand’s factor, and fibronectin.[

A number of GP-IIb/IIIa inhibitors have been developed including monoclonal antibodies, peptides containing the RGD sequence, and RGD mimetics. The monoclonal antibodies are noncompetitive

89]
11
In addition to their antiplatelet effects, these agents diminish thrombin generation through reduced phosphatidylserine exposure and factor V binding.[ ] For unclear
[11]

antagonists, whereas the peptides and peptidomimetics are competitive inhibitors.[

reasons, antibody antagonists of GP-IIb/IIIa are better inhibitors of thrombin generation than are the peptide inhibitors.

Abciximab (ReoPro) is a mouse/human chimeric Fab that binds the GP-IIb/IIIa receptor. A 0.25 mg/kg bolus of abciximab reduces ADP-induced platelet aggregation to less than 20%. Although platelet aggregation returns to higher than 50% within 24 hours,
blockade can be maintained for 12 hours by following the bolus with a 10-μg/min infusion. Several large trials have demonstrated significant reductions in death, myocardial infarction, or urgent revascularization in patients undergoing PCI as well as a

89]

reduction in 1-year mortality.[

Although bleeding with the use of abciximab remains a concern, recent trials have shown that when used in conjunction with carefully managed heparin and early removal of arterial sheaths, major bleeding rates are as low

89

as, or lower than with heparin alone.[ ] Current recommendations include reducing the heparin dose to 70 U/kg with a target ACT between 200 and 250 seconds. Because all of the parenteral GP-IIb/IIIa inhibitors may be associated with thrombocytopenia,
platelet counts should be monitored over 24 hours after initiating therapy.
Other GP-IIa/IIIb antagonists include tirofiban (Aggrastat), a nonpeptide tyrosine derivative, and eptifibatide (Integrilin), a synthetic cyclic heptapeptide. Abciximab is approved for the treatment of patients with unstable angina expected to undergo coronary

96]

intervention (PCI) within 18 to 24 hours, whereas tirofiban and eptifibatide are approved for use in patients with acute coronary syndromes to be managed medically or with PCI.[

A number of oral, nonpeptide GP-IIb/IIIa inhibitors have also been

89
developed (sibrafiban, orbofiban), although their role in the long-term management of coronary artery disease remains unclear.[ ]
Although lacking the voluminous data supporting their use in cardiology, antiplatelet agents also have a unique role in the management of vascular surgery patients. Aspirin appears to delay the angiographic progression of arterial occlusive disease, likely due

104]

to inhibition of plaque-associated thrombosis,[

105]
In a randomized trial of patients undergoing carotid endarterectomy, low-dose aspirin (81 to 325 mg/day) was associated with a twofold reduction
[106]

and to reduce the risk of peripheral arterial surgery.[

in the risk of stroke, myocardial infarction, or death at 30 and 90 days in comparison to higher dose regimens (650 to 1300 mg/day).

104 107 108

][
][
] These drugs
Although there is no evidence to suggest that antiplatelet agents are effective in preventing restenosis of lower extremity reconstructions, some drugs may have a role in prolonging graft patency through other mechanisms.[
may reduce the thrombogenic potential of grafts, particularly prosthetic conduits that take up platelets to a much greater extent than vein grafts. Aspirin has been the most widely studied drug, and although the results of randomized trials are conflicting, they
109]
Although oral anticoagulants were more effective in patients with autologous infrainguinal grafts, one large randomized trial showed

do suggest that antiplatelet therapy begun preoperatively may improve graft patency, especially in prosthetic conduits.[

64]

aspirin to be more effective in preventing occlusion of prosthetic grafts.[

Approximately 15 patients with prosthetic grafts need to be treated to prevent one occlusion. At least five other randomized, controlled trials have supported the role of aspirin, with

88]

or without dipyridamole, in preventing occlusion after infrainguinal bypass.[

Current consensus recommendations are that aspirin 325 mg/day be started preoperatively for all prosthetic conduits; grafts to the tibial-peroneal arteries; complex

104]
In comparison to placebo, one randomized trial has also shown ticlopidine to significantly

reconstructions requiring composite grafts or endarterectomy; and suboptimal bypasses with limited runoff or requiring a compromised conduit.[
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110]

prolong the patency of lower extremity saphenous vein bypass grafts.[

[104]

of 2 to 3 appears to improve the patency of high-risk grafts.

Although the risk of oral anticoagulants may outweigh the benefits in uncomplicated infrainguinal bypasses, the combination of aspirin 325 mg/day and warfarin to maintain an INR

Among such patients, the combination of warfarin and aspirin was associated with 3-year primary graft patency and limb salvage rates of 74% and 81%, respectively, in comparison with 51%

111]
and 31% for those treated with aspirin alone.[
NOVEL ANTICOAGULANTS
In addition to the strategies discussed earlier, other agents under development selectively target the inhibition of the TF-VIIa pathway, factor Xa, and factor IXa. None of these agents are currently available, although many are in early-phase clinical trials.

112]
Various inhibitors of this pathway have been developed, including anti-TF antibodies, TF mutants,

Because TF appears to be important in atherogenesis and arterial thrombosis, it is an attractive target for blocking the initiation phase of anticoagulation.[

113]
Animal studies have suggested that exogenous TFPI can prevent venous thrombosis, ameliorate intravascular

and analogs that bind factor VIIa but inhibit TF-VIIa catalytic activity, active site blocked factor VIIa (recombinant VIIai), and TFPI.[

14]
Various recombinant forms of TFPI, a 276-amino acid polypeptide, have been developed that have antithrombotic activity in
[112]

coagulation in response to TF or endotoxin, reduce mortality from sepsis, and prevent restenosis in balloon angioplasty models.[

76

The recombinant protein has a
animal models and may have a role in arterial thrombosis.[ ] Recombinant nematode anticoagulant protein (r-NAPc2) inhibits the TF-VIIa complex after initially forming a complex with zymogen or activated factor X.
half-life of 50 hours or longer and is bioavailable after a subcutaneous dose. r-NAPc2 has been shown to be safe when administered in conjunction with heparin, aspirin, and clopidogrel in the setting of coronary angioplasty and to suppress thrombin

112]

generation to a greater extent than the other three drugs combined with placebo.[

Factor IXa plays an important role in the amplification and propagation of coagulation. Strategies for inhibiting factor IX include antibodies directed against either the activation of factor IX or factor IXa-mediated activation of factor X and active site-blocked

1 113]
Active site-blocked factor IXa competes with IXa for incorporation into the tenase complex. Both have shown antithrombotic activity in animal models.
factor IXa (factor IXai).[ ] [
Agents targeting inhibition of factor Xa potentially avoid the inability of heparin to inactivate fibrin-bound thrombin as well as preventing thrombin-mediated amplification of coagulation. Unlike heparin, many of these agents are able to inactivate factor Xa

1
bound to phospholipid surfaces. In addition to the indirect factor Xa inhibitors discussed earlier, these include a number of synthetic and natural inhibitors that block factor Xa in an AT-independent manner.[ ] Recombinant tick anticoagulant peptide is a 6076]
1
Several other oral and parenteral direct factor Xa inhibitors have been developed and are in early-phase clinical trials.[ ]

amino acid peptide that binds to the factor Xa active site with high affinity after initial binding to an exosite.[

Augmenting the natural inhibitors of anticoagulation is another novel antithrombotic strategy. Both recombinant human thrombomodulin, which lacks the transmembrane moiety and cytoplasmic tail of native thrombomodulin, and human APC have

76]

demonstrated antithrombotic efficacy in animal models.[

76]

A variety of novel antiplatelet agents including GP-Ib antagonists, thromboxane synthetase inhibitors, thromboxane receptor antagonists, and prostacyclin analogs have been developed but are of unclear clinical use.[

Finally, the use of inflammatory

114] [115] [116] [117]
inhibitors, such as antibodies or antagonists to the selectins and their receptors, have demonstrated antithrombotic activity in animal models of venous thrombosis.[
REVERSING THE ACTION OF ANTICOAGULANTS
Heparin and the Low-Molecular-Weight Heparins

16

The anticoagulant effect of UFH can be reversed by the administration of protamine, a cationic heparin-binding protein. Protamine is administered in a neutralizing dose of 1 mg per 100 units of UFH.[ ] The 60-minute half-life of heparin must be considered
in calculating the protamine dose. Risks of protamine administration include bradycardia and hypotension, which can be reduced by slow administration, and allergic reactions associated with previous exposure including protamine containing insulin,

vasectomy, and fish allergies. Although protamine is effective in reversing heparin’s anti-IIa activity and reducing the aPTT, it binds less well to shorter heparin chains and only partially neutralizes anti-Xa activity. Protamine sulfate can be used in patients

118]
Standard doses of protamine have been shown to acutely reverse only 42% of the factor Xa activity and 92% of the anti-factor IIa activity after a subcutaneous

with clinical bleeding while they are receiving LMWH but is less effective than with UFH.[

119]

dose of tinzaparin.[

However, because of the subcutaneous depot, there is a gradual return of both anti-factor IIa and Xa activities.

Warfarin

68] [120]

There are three approaches to correcting a supratherapeutic INR: discontinuing warfarin; administration of vitamin K1 ; and infusion of fresh frozen plasma or prothrombin concentrate.[

All have disadvantages, including slow reversal and transient

warfarin resistance for vitamin K and the risk of viral transmission for the plasma-derived products. The appropriate approach to an individual patient depends on the INR, the presence of bleeding, and the need for invasive procedures. The risk of bleeding is

120]

significantly increased at an INR higher than 4.0 to 5.0, and in the nonbleeding patient the INR should optimally be corrected below this range but not into the subtherapeutic range.[
dose (0.5 to 2.5 mg) intravenous vitamin K is also effective, although higher doses (≥10 mg) are associated with temporary warfarin resistance on reintroducing

Oral vitamin K significantly reduces the INR within 24 hours. Low-
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120]
121]
Although occasionally associated with anaphylaxis,[
intravenous administration of small doses (0.5 mg) of vitamin K1 to excessively anticoagulated patients reduces the INR to less than 5.5 within 24 hours without causing

oral anticoagulants.[

122]

excessive delay when reinstituting anticoagulation.[

Current recommendations include lowering or omitting a dose in patients with an INR less than 5.0 and no bleeding. For nonbleeding patients with an INR higher than 5.0 but less than 9.0, withholding one or two doses with or without administering 1 to 2.5
mg of oral vitamin K is acceptable. For patients with an INR higher than 9.0, 3 to 5 mg of oral vitamin K1 will reduce the INR within 24 to 48 hours. For patients with serious bleeding, fresh frozen plasma or prothrombin concentrate should be administered in

conjunction with 10 mg of vitamin K1 by slow intravenous infusion.

Management of the patient undergoing surgery or other invasive procedure also requires special attention. The anticoagulant effects of warfarin require several days to recede after the drug is stopped and several days to become therapeutic after restarting the

123]
120] [123]
For patients at low risk for bleeding, reducing the INR to 1.3 to 1.5 prior to invasive procedures is acceptable.[
Postoperative intravenous
[123]

drug. Most patients require about 4 days to reach an INR less than 1.5 after warfarin is stopped.[

heparin therapy has been estimated to cause major bleeding in 3% of patients, and approximately 3% of these episodes will be fatal or disabling.

It is currently recommended that the management of anticoagulated patients undergoing invasive

[68]

procedures be guided by the underlying risks of thrombosis and bleeding.

For VTE, preoperative therapeutic UFH or LMWH is warranted once the INR is less than 2.0 in those with an event within 1 month of surgery, whereas postoperative therapeutic anticoagulation is appropriate for those with an event within the preceding 3

123]

months.[

For cardiogenic arterial thromboembolism, preoperative therapeutic anticoagulation with UFH or LMWH is recommended only for those undergoing surgery within 1 month of an event. Postoperative heparin anticoagulation should be

123

] For patients with a low risk of thrombosis, such as those with a remote (>3-month) history of DVT or atrial fibrillation without stroke, warfarin can be discontinued preoperatively, the
considered in such patients only if the risk of bleeding is low.[
procedure performed with appropriate postoperative prophylaxis when the INR has returned to normal, and warfarin restarted. For intermediate-risk patients, warfarin should be discontinued approximately 4 days preoperatively, the procedure performed when
the INR normalizes, and the patient covered perioperatively beginning 2 days before surgery with low-dose UFH or LMWH. For patients with a high risk of thrombosis, such as those with recent DVT, prosthetic mitral valves, or older mechanical valves,
warfarin should be discontinued approximately 4 days preoperatively and the patient bridged with full-dose UFH or LMWH as the INR falls below the therapeutic range approximately 2 days preoperatively. The risk of thromboembolism exceeds that of
bleeding in patients undergoing dental procedures, and warfarin need not be discontinued in patients at low risk for bleeding. The risk of bleeding not controlled by local measures among anticoagulated patients undergoing dental surgery (extractions, gingival
124]

surgery, alveolar surgery) is less than 2%, and there are no well-documented cases of serious bleeding in patients receiving therapeutic levels of anticoagulation.[

Rinsing the mouth with antifibrinolytic agents such as tranexamic acid may further reduce

63
the risk of bleeding after dental procedures.[ ]
Newer Anticoagulants
Unfortunately, no effective antidote exists for many of the newer anticoagulants. There is no specific antidote for the pentasaccharide derivative factor Xa inhibitors, although limited data suggest that recombinant factor VIIa normalizes the thrombin

53]

generation time in healthy volunteers.[

24]
Potential thrombin-inhibitor antagonists including 1-deamino-8-D-arginine vasopressin (DDAVP), factor VIIa, factor VIII, and activated

Protamine does not reverse the effects of the direct thrombin inhibitors.[

44]

prothrombin complex have been suggested.[

44]

Fortunately, most of the direct thrombin inhibitors have a half-life of only 30 to 45 minutes in normal individuals.[

Although lepirudin should not be used in patients with renal insufficiency, accidental

19
24
overdosage in these patients can be managed with dialysis using a polymethyl-methyl acrylate (PMMA) membrane.[ ] Bivalirudin is also approximately 25% cleared by hemodialysis.[ ]
SUMMARY
Although the target organ is variable, the pathophysiologic events involved in many thrombotic disorders are similar. VTE disorders are generally managed with anticoagulant drugs alone, while arterial disorders often require the combined use of
anticoagulant and antiplatelet agents. UFH, warfarin, and aspirin have historically served as the primary antithrombotic drugs. However, despite their efficacy, each of these drugs has limitations. UFH is highly protein bound, has unfavorable interactions with
platelets, is associated with a variable anticoagulant response, and is unable to inhibit fibrin-bound thrombin. Warfarin has a narrow therapeutic window and multiple drug and dietary interactions. Additionally, such drugs represent a relatively nonselective
approach to antithrombotic therapy.
Accordingly, the development of targeted anticoagulant strategies is receiving great attention and has led to the development of several new antithrombotic agents. The LMWHs were among the first of these drugs, reducing the anti-IIa activity of UFH in favor
of increased anti-Xa activity. The improved pharmacologic profile of the LMWHs has led to their broad acceptance in the prevention and treatment of VTE. Newer agents have subsequently become available that provide an even more selective approach than
the LMWHs. Synthetic pentasaccharide derivatives, representing the minimal sequence required for interaction with AT, have been developed as specific inhibitors of factor Xa. The direct thrombin inhibitors act independently of AT and offer a favorable
pharmacologic profile, the ability to inhibit fibrin bound thrombin, and the possibility of a safer oral alternative to warfarin. Several new antiplatelet agents targeting sites other than the COX pathway have also been developed and have efficacy superior to
aspirin in specific clinical settings.
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It is increasingly appreciated that cardiovascular events are frequently multifactorial and that optimal efficacy may require combined therapeutic approaches, such as those involving anticoagulants in combination with antiplatelet and thrombolytic agents.
These approaches require the clinician to have an improved understanding of the coagulation system and the mechanisms of action and associated toxicities of several new drugs. Ultimately, much remains to be learned about the role of coagulation in
cardiovascular disease, and new knowledge will continue to stimulate the development of new antithrombotic drugs and strategies.
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Chapter 32 - Thrombolytic Agents and Their Actions
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BACKGROUND
Thrombolytic therapy is the pharmacologic basis for major advances in the management of patients with acute arterial and venous thrombotic disorders. Early restoration of patency to acutely occluded coronary arteries reduces the mortality of acute

1
2
myocardial infarction (MI), reduces morbidity, and prolongs survival.[ ] Treating patients with acute ischemic stroke with thrombolytic agents significantly reduces neurologic morbidity.[ ] Thrombolytic therapy reduces the short-term morbidity of
3
pulmonary embolism (PE), improves right ventricular function, and reduces mortality of massive PE.[ ] In patients with acute arterial and graft occlusion, catheter-directed thrombolysis reduces the need for major surgical intervention, reduces hospital stay,
4 5
6 7
and may improve amputation-free survival.[ ] [ ] In patients with extensive deep venous thrombosis, successful thrombolysis reduces post-thrombotic morbidity and improves quality of life.[ ] [ ] The function of indwelling central venous catheters is
8

9

10 11 12 13 14 15

prolonged,[ ] dialysis access is preserved,[ ] and a variety of other thrombotic complications are reversed with appropriate use of thrombolytic agents on the arterial and on the venous side of the circulation.[ ] [ ] [ ] [ ] [ ] [ ] Recognizing that
these benefits can occur from the timely use and appropriate application of thrombolytic agents in patients suffering the consequences of acute arterial and venous thromboembolism underscores the need for vascular specialists to have a good understanding of
the fibrinolytic system and the agents that activate it.

HISTORY OF THROMBOLYTIC THERAPY

16

17

An observation was made by the members of the Hippocratic School almost 400 B.C: When performing postmortem examinations, they found blood was liquefied, not clotted.[ ] Morgagni[ ] subsequently described that after death there was a transition
of blood from the initial, early clotted phase to liquefaction. In the early part of the 20th century, it was observed that when postmortem blood was combined with blood from a healthy living person, fibrin and fibrinogen in the normal blood was destroyed.

[18] These observations established that there were elements in blood that not only contributed to the blood maintaining a fluid state, but also were powerful enough to dissolve established clot. The observation that an exogenous compound could dissolve
[19]
clotted blood was made by Much

in 1908, when he reported that Staphylococcus aureus contained a clot-dissolving compound, which he named staphylokinase.

20

The concept that clotted blood could be treated and the clot dissolved arose from a serendipitous observation by Tillett and Garner.[ ] They incidentally observed that test tubes of calcified plasma (clotted blood) subsequently were liquefied after addition of
broth from a streptococcal culture, but not the addition of a control medium. This led to the discovery of streptococcal fibrinolysin, later named streptokinase, and the beginning of investigations of the therapeutic benefit of fibrinolysis. The earliest use of a

21]

thrombolytic agent for therapeutic fibrinolysis was by Tillett and Sherry[

22]
in 1950 when they used intrapleural streptokinase in patients with a clotted hemothorax or empyema to break up the loculated thoracic

in 1949 and Sherry and colleagues[

coagulant and allow liquefaction and subsequent drainage by thoracentesis.
The major interest in the development of clot-dissolving drugs was the potential for their use in patients with acute thrombotic disorders, most notably acute coronary thrombosis. The team led by Sherry was the first to treat patients with acute MI with a

23]
They observed that patients treated early after symptom onset had a lower hospital mortality rate, whereas patients treated more than 20 hours after symptom onset

thrombolytic agent, using a large dose and prolonged (30 hours) infusion of streptokinase.[
had a mortality rate similar to untreated patients.

Cardiologists did not pursue thrombolytic therapy for MI at that time because they no longer accepted coronary thrombosis as a causative mechanism for acute MI. They mistakenly thought the ischemic event was the result of sustained coronary artery spasm
and the presence of underlying atherosclerotic disease.

24]

Perhaps the most important contribution to understanding of thrombolysis was identifying the basic mechanism of clot dissolution. This mechanism was described by Alkjaersig and colleagues[
occurred as a result of penetration of the clot by a plasminogen activator, which then broke down plasminogen that was bound to fibrin during clotting.

when they made the seminal observation that clot lysis

In addition to streptokinase, the late 1950s and early 1960s witnessed the development and purification of urokinase, which initially was derived from human
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25] [26]
The urokinase preparations were nonantigenic, could induce similar thrombolytic activity as streptokinase when given intravenously, but were associated with a milder hemostatic effect than streptokinase.

urine.[

The development of pulmonary angiography and the objective assessment of pulmonary emboli supported the interest in evaluating lytic therapy for pulmonary emboli and led to two National Institutes of Health (NIH)–sponsored trials—UPET (Urokinase

27]

Pulmonary Embolism Trial)[

28]
Perhaps the most meaningful stimulus to the clinical investigation and further development of thrombolytic agents was provided by DeWood and

and USPET (Urokinase Streptokinase Pulmonary Embolism Trial).[

29

associates[ ] when they confirmed that acute thrombotic occlusion of the coronary arteries was the cause of acute MI. Although lytic therapy for acute MI evolved from catheter-directed thrombolysis to systemic thrombolysis, the opposite was true for the
management of patients with acute arterial and graft occlusion and acute deep venous thrombosis. It became evident that direct delivery of the plasminogen activator into the thrombus accelerated thrombus dissolution, improved success, and reduced
complications. Since the 1980s, thrombolytic therapy has developed at a rapid pace not only in the identification and development of thrombolytic agents with characteristics designed to meet specifications thought to be advantageous (high fibrin specificity,
long half-life), but also in the clinical evaluation of multiple applications of lytic agents for patients with acute arterial and venous occlusion.

FIBRINOLYTIC SYSTEM AND ITS COMPONENTS
Overview
The primary purpose of the fibrinolytic system in humans is the physiologic dissolution of thrombi. Fibrinolysis is initiated by plasminogen activators, which activate the zymogen plasminogen to plasmin, the key enzyme in this system. At least two distinct
physiologic plasminogen activators have been identified, tissue-type plasminogen activator (t-PA) and urokinase-type plasminogen activator (u-PA).
There are at least two physiologic pathways that activate plasminogen to plasmin. The intrinsic activators consist of components normally found in the blood and include proteins of the contact phase of blood coagulation, such as factor XII and kallikrein,
which can interact and generate plasmin, at least in vitro. The physiologic relevance of these mechanisms is uncertain. The extrinsic activators arise from cells and tissues, including vascular endothelial cells and neoplastic cells, and are the main physiologic
activators. These include t-PA and u-PA. The plasmin generated by these pathways is the principal mechanism the body calls on to dissolve intravascular thrombi; however, the rate at which this occurs may be too slow to resolve pathologic thrombus. The
overall goal of pharmacologic manipulation of the fibrinolytic system is to supply sufficient quantities of exogenous plasminogen activators in a well-controlled manner to induce rapid lysis of intravascular thrombi and restore blood flow to minimize or avoid

30] [31]

the consequences of compromised perfusion; this has been the topic of several excellent reviews.[
Plasminogen

32 33

Plasminogen is synthesized in the liver and found in human plasma and serum in an average concentration of 21 mg/dL. It is a single-chain polypeptide with a molecular weight of 92 kD and contains 790 amino acids with 24 disulfide bonds.[ ] [ ] In
addition, there are five homologous triple-loop structures called kringles. Plasminogen circulates in two forms. The amino-terminal 76 residue of native plasminogen (Glu-plasminogen) constitutes the predominant form of the activation peptide that is released

34]
results from partial proteolysis of Glu-plasminogen. LYS-plasminogen has a much higher affinity for binding to

by the liver and exists in high concentrations in plasma. A smaller molecule containing an amino-terminal lysine called LYS-plasminogen[

35]
Plasminogen binding sites are present on fibrin molecules, are exposed by proteolysis, and have a particular

fibrin in purified systems and in plasma and is found in high concentration in thrombus and has greater reactivity with plasminogen activators.[

36

affinity for LYS-plasminogen.[ ] Activators convert plasminogen to the two-chain plasmin molecule by cleavage of a single peptide bond (arginine 560–valine 561 bond), which splits the molecule into the heavy and light chains. The formation of LYSplasminogen and its binding to fibrin accelerates and improves the efficiency of plasmin formation when exposed to plasminogen activators, with subsequent fibrin dissolution; this is the physiologic basis for intrathrombus infusion of plasminogen activators

33] [37]

via catheter delivery techniques. The heavy chain portion of the molecule contains the kringles, which contribute to fibrin binding and interaction with plasminogen activators.[
Plasmin

38]
Because plasminogen (LYS-plasminogen) usually is bound to fibrin, it can be converted by plasminogen

Plasmin is a serine protease composed of two polypeptide chains linked by disulfide bonds. The light chain contains the enzyme’s catalytic site.[

39]
Any plasminogen activation that occurs in the surrounding fluid phase is promptly neutralized by α2 -antiplasmin. Physiologic

activators to plasmin at the localized site of fibrin deposition, which becomes the primary focus of fibrinolytic activity.[

thrombolysis is a well-controlled and localized process. Plasmin cleaves protein and peptide molecules at arginyl-lysyl bonds. In addition to fibrin and fibrinogen, plasmin hydrolyzes the coagulation factors V and VIII, components of serum complement,
corticotropin (adrenocorticotropic hormone), growth hormone, and glucagon. Plasmin also cleaves the activation peptide from plasminogen, which serves to accelerate further plasmin formation from LYS-plasminogen.

Inhibitors

Plasmin’s wide-ranging activity can have a profound effect on many plasma proteins. Human plasma contains inhibitors

532

40] [41] [42]

designed to regulate the activity of proteolytic enzymes.[

43]

α2 -Antiplasmin is the principal physiologic inhibitor of plasmin. It is fast acting and has the strongest affinity for plasmin, creating inactive plasmin–α2 -antiplasmin complexes.[

43]

is present in plasma in concentrations of 1 μmol/L. A much slower acting inhibitor, α2 -macroglobulin, exists in a concentration of approximately 3 μmol/L.[

It

The primary function of α2 -macroglobulin is to bind plasmin after α2 -antiplasmin is

depleted. Although the plasmin–α2 -macroglobulin complexes are active, they are removed rapidly from the circulation. Other plasmin inhibitors include α1 -antitrypsin, antithrombin, and C-1 esterase inhibitor, but they have a minimal physiologic effect in

44]

the blood. Plasminogen activator inhibitors (PAIs) also are important in the control of fibrinolysis. Inhibitors of t-PA and u-PA have been identified in human plasma[
cultured endothelial cells, human umbilical vein, hepatoma cells, liver, placenta, monocytes, and human fibroblasts.

45]

and derived from human platelets.[

Other inhibitors have been obtained from

Breakdown Products of Fibrinolysis

46

Under physiologic conditions, the action of plasmin is limited to the site of fibrin deposition.[ ] Circulating inhibitors bind to plasmin and form inactive complexes, preventing breakdown of fibrinogen, clotting factors, and other circulating proteins. With
the exogenous administration of plasminogen activators or under certain pathologic conditions, plasmin levels exceed the inhibitor’s capacity, resulting in a systemic plasminemia with breakdown of plasma proteins, especially fibrinogen. The action of

46] [47]

plasmin on fibrinogen results in the segmental formation of several peptides, including fragment X (250 kD), which is degraded to yield fragments Y (150 kD) and D (100 kD). Fragment Y is degraded to yield fragments D and E (50 kD).[

Plasmin’s action on non–cross-linked fibrin is identical to that on fibrinogen in the rate of breakdown and the end products except that BB 15–42 peptide rather than BB 1–42 peptide is produced on cleavage of the BB chain of fibrin. These peptides have been
used to assess specific breakdown of fibrinogen versus fibrin by plasmin. Mature fibrin contains factor XIIIa–induced intramolecular bonds, causing a slower degradation by plasmin and different end products. D Dimer is a unique derivative of the proteolysis

48] [49]

of cross-linked moieties from adjacent fibrin monomers, which have been covalently bound by factor XIIIa.[

THROMBOLYTIC AGENTS
Thrombolytic agents currently belong to the family of drugs called plasminogen activators. These agents act indirectly to break down plasminogen to form plasmin, the active enzyme that dissolves clots and degrades other biologically active plasma proteins,
particularly the coagulation and complement proteins. Direct-acting agents are currently under investigation and include alfimeprase and plasmin. These drugs have direct proteolytic activity, in contrast to the currently available plasminogen activators.
Plasminogen Activators

Ideal Thrombolytic Agent

50

The characteristics of an ideal thrombolytic agent have been discussed frequently, often within the context of treating patients with MI. The characteristics of an ideal agent for MI[ ] may not be considered ideal, however, for treating patients with extensive
deep venous thrombosis (DVT). Some parameters of an ideal agent can be agreed on easily, such as rapid lysis and a low risk of bleeding complications with the elimination of the risk of intracranial hemorrhage. Intravenous administration is an attractive
characteristic, but may be realistic only for acute ischemic events caused by limited, small-volume thrombus (MI) or thrombus that has a large blood contact surface area–to–thrombus volume ratio (PE).

High fibrin specificity has been considered an attractive feature, with the goal being to limit activation of circulating plasminogen, limiting breakdown of fibrinogen and other clotting factors. High fibrin specificity may render “hemostatic thrombi” more
susceptible to dissolution compared with less fibrin-specific agents, however, increasing the risk of a distant bleeding complication. Several prospective studies evaluating the use of intra-arterial thrombolytic therapy for lower extremity ischemia have
documented a survival benefit in patients receiving lytic agents that had a systemic fibrinolytic effect reflected by a decrease in fibrinogen. Because fibrinogen is a risk factor for cardiovascular mortality, its breakdown as a result of a transient systemic lytic
effect may be beneficial to these high cardiovascular risk patients. It is probably too simplistic to think that fibrinogen alone is responsible for this phenomenon; rather it is likely to be associated with other procoagulant proteins, which are diminished by
systemic plasminemia.

Resistance to neutralization by plasminogen activator inhibitor-1 (PAI-1) would improve the effectiveness and potency of a systemically delivered agent, but this may not be considered beneficial during intrathrombus infusion. During intrathrombus infusion,
the desirable effect of the plasminogen activator is achieved locally. In the event of escape of the plasminogen activator into the systemic circulation, neutralization by PAI-1 may be desirable to limit its effect where treatment was not intended.

All would agree that the lytic agent should not generate procoagulant activity, should not be antigenic, and should have a reasonable cost. Recognizing the varying needs of the divergent patients having acute ischemic events, it seems unlikely that a single
thrombolytic agent would be able to meet the requirements for all of the thrombotic disease states. Multiple agents would be required. Adjunctive use of other agents, such as direct thrombin inhibitors and low-molecular-weight heparins, has improved
outcome. Further investigation of these agents, second-generation platelet inhibitors, pentasaccharides, and other antithrombotics would refine treatment further to meet patient needs.
Streptokinase
Background

51]

Streptokinase was discovered in 1933 by Tillett and Garner[

and was the first thrombolytic agent
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approved for clinical use. Streptokinase is a nonenzyme protein containing 415 amino acids with a molecular weight of 43.7 kD, produced by group C β-hemolytic streptococci.[ ] Streptokinase alone is incapable of directly converting plasminogen to
plasmin and is not an enzyme. It indirectly activates plasminogen by forming a 1:1 complex with human plasminogen. This complex undergoes a conformational change to expose an active site on the plasminogen molecule. The plasminogen-streptokinase
complex is capable of catalyzing plasminogen to plasmin. Streptokinase is then proteolytically degraded. The various degradation products are streptokinase fragments ranging from 10 to 40 kD, all of which also are able to complex with plasminogen. These
fragments have 50% to 60% of the activating potential of the parent molecule.

Streptokinase has various systemic effects on the plasma coagulation and fibrinolytic systems and on platelets. Circulating levels of plasminogen and fibrinogen are markedly decreased during streptokinase therapy. Systemic fibrinogenolysis is associated with

53]

increased hemorrhagic complications. Concomitantly, there is a decrease in plasma plasminogen and plasma α2 -antiplasmin. In addition, there is evidence that platelets are altered.[

These effects are noted without exception with all of the thrombolytic

agents, although streptokinase seems to have a more pronounced effect than urokinase and recombinant tissue plasminogen activator (rt-PA). Another major disadvantage of streptokinase is its bacterial origin and antigenicity, which results in antibody
formation in all patients, precluding reuse of streptokinase within at least 6 months.

Streptokinase is highly antigenic and has the potential for causing allergic reactions. Patients with recent exposure to streptococci and patients recently treated with streptokinase have a high level of circulating antistreptococcal antibodies capable of
neutralizing streptokinase. Patients who are resistant to streptokinase therapy at standard doses may respond to higher doses if the saturation point of existing antibodies is exceeded. In vivo the activator complex formed by streptokinase has a half-life of

54]

approximately 23 minutes.[

In vitro testing is available to determine the streptokinase dose needed to achieve systemic fibrinogenolysis, although 95% of patients achieve a lytic state by the standard recommended doses.

Clinical Experience

Streptokinase initially was approved for the management of patients with PE. In the NIH-sponsored trials, streptokinase was shown to resolve arteriographically proven pulmonary emboli significantly faster than anticoagulation and showed more rapid
restoration of cardiopulmonary hemodynamics. Although bleeding complications were increased, these observations led to the initial approval of streptokinase for clinical use. Subsequently, randomized trials showed significant reduction of mortality when
patients with acute MI were treated early after symptom onset, leading to its indication for use in these patients. Its application in patients with acute arterial and graft occlusion naturally followed, incorporating the technique of intra-arterial catheter–based

delivery. Although substantial benefit was observed in many patients, unpredictable and severe bleeding complications also were observed.
In 1999, the U.S. Food and Drug Administration (FDA) warned of increasing life-threatening events associated with the use of streptokinase and anistreplase. Current trends in thrombolytic therapy involve the use of more promising recombinant-type agents,
such as alteplase, reteplase, and recombinant prourokinase. Because of its antigenicity, clinical unpredictability, and complication rate, streptokinase has fallen into disfavor and has been replaced by other lytic agents in most medical centers in the United
States.
Urokinase
Background

55]

Urokinase was first isolated by MacFarlane and Pilling in 1946[

56]
Urokinase is a double-chain, trypsin-like protease with a molecular weight of 54 to 57 kD. It was observed early by several investigators that
[57]

and subsequently by Williams in 1951.[

urokinase could exist in several molecular weights of approximately 22 kD, 33 kD, and 54 kD. The lower molecular weight molecules are fragments of the larger ones. The complete primary amino acid sequence of urokinase has been characterized.
Plasmin and kallikrein cleave prourokinase at position 156, producing urokinase in its two-chain form. The two chains are held together by a disulfide bond that is important for the fibrinolytic activity of urokinase.

The preparations of urokinase used therapeutically either are extracted from human urine—although this method is largely obsolete—or are isolated from cultures of human fetal kidney cells. Urokinase also can be produced by recombinant genetic
engineering in Escherichia coli. The problem in the production of urokinase from urine is the need for large quantities to produce adequate amounts of enzyme; 1500 L of urine is required for the production of enough enzyme to treat one patient. The tissue

58]

culture techniques shown by Bernik and Kwaan[

indicated that improved production of urokinase could be achieved and that the best fibrinolytic activity was seen in cultures from cells taken from fetal kidneys at 26 to 32 weeks of gestational age.

38

Urokinase converts the inactive forms of plasminogen to plasmin, with greater affinity for the fibrin-bound LYS-plasminogen. The conversion is due to the cleavage of a single arginine 560–valine bond.[ ] Activation of the fibrin-bound plasminogen allows
fibrinolysis to occur in a relatively inhibitor-free environment because there are no competing substrates for fibrin-bound plasmin. Urokinase is cleared rapidly by the liver, with about 3% to 5% cleared by the kidneys. It has a short half-life of about 16
minutes, which might be prolonged in patients with hepatic dysfunction.

Although urokinase induces systemic fibrinogenolysis, its systemic effect is not as intense as that of streptokinase. Owing to the production costs of urokinase, its price is five to eight times that of streptokinase per patient treatment.
Clinical Experience

The favorable results of patients treated for PE in UPET and USPET led to the approval of urokinase for the treatment of patients with PE. During the 1980s, it became evident that urokinase was safer and more effective than streptokinase for the management
of patients
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with acute peripheral arterial and venous thromboembolism. By the late 1980s and throughout the 1990s, urokinase became the preferred thrombolytic agent for vascular surgeons and interventional radiologists, used predominantly for intrathrombus infusion

59] [60]

via catheter-directed techniques. At the doses used, it seemed to have a better safety profile and became the preferred lytic agent for intraoperative use.[

In 1999, Abbott Laboratories removed urokinase from the market in response to concerns expressed by the FDA regarding the potential for viral contamination and the donor source being outside of the United States. These concerns have since been
addressed. The production and purification process for urokinase currently exceeds the specifications established (good manufacturing practices), and donors are identified through cooperation with the transplantation community. Urokinase is produced from
cultured neonatal kidney cells, for which there is currently no other use. Production efficiency is such that a year’s supply of urokinase can be obtained from four to six neonatal kidneys. Urokinase was reintroduced to the marketplace in October 2002.
Recombinant Tissue Plasminogen Activator (Alteplase)
Background

t-PA is an endogenous plasminogen activator synthesized and secreted by endothelial cells. t-PA is a glycosylated single-chain serine protease. The carboxy-terminal end of the protein is a protease domain containing the enzymatic activity. The aminoterminal end of the protein chain contains four distinct domains that are significant to the binding function of the protein: a fibronectin finger-type domain, an epidermal growth factor domain, and two kringle domains (kringle 1 and kringle 2) ( Table 32–1 ).

61]

Endogenous single-chain t-PA is converted to a two-chain molecule by plasmin. The single-chain and the two-chain forms of the protein possess enzymatic activity. The proteolytic activity of t-PA is enhanced by fibrin binding.[

At the site of a thrombus,

t-PA binds to fibrin and locally converts the fibrin-bound plasminogen to plasmin, activating the endogenous fibrinolytic system; this allows preferential activation of fibrin-bound plasminogen as opposed to free, fluid-phase plasminogen. t-PA is inactivated
primarily by PAI-1.
rt-PA was produced in the 1980s. Alteplase (Activase; Genentech, South San Francisco, Calif) is produced in a Chinese hamster ovarian cell line using recombinant DNA technology. Alteplase is a mixture of single-chain and two-chain rt-PA. Approximately
80% of rt-PA produced is in the
TABLE 32-1 -- Native Tissue Plasminogen Activator Structural/Functional Domains
DOMAIN

FUNCTION

Finger domain

Involved in t-PA to fibrin binding

Epidermal growth factor

Binds to hepatic t-PA receptor increasing t-PA clearance

Kringle 1

Minor component of fibrin binding (?)

Kringle 2

Involved in fibrin/fibrinogen binding

Carboxyterminal catalytic site

Serine protease catalytic domain

61]

glycosylated single-chain form.[

Alteplase is metabolized through the liver. In vivo the half-life is approximately 4 to 5 minutes. In contrast to streptokinase, rt-PA is not considered antigenic. Case reports of allergic reactions have been published, however.

Clinical Experience

62

Approved indications for systemic thrombolysis with rt-PA include MI, acute ischemic stroke, and PE. In addition, alteplase has shown efficacy in restoring function to occluded central venous access devices.[ ] For catheter clearance, alteplase is marketed
under the name Cathflo Activase and is supplied as a 2-mg vial containing lyophilized powder. The approved dosing regimen is 2 mg for patients weighing 30 kg or more and a dose of 110% of the catheter lumen volume for patients weighing 10 kg or more,

63]

but less than 30 kg. rt-PA has been used for thrombolysis in several other clinical settings, including peripheral arterial occlusion, venous thrombosis, and dialysis access thrombosis. In addition, there are published data on the use of alteplase in children.[

Alteplase has been studied in numerous thrombolytic trials for MI. The TIMI-1 (Thrombolysis in Myocardial Infarction) trial was the first comparative trial between alteplase and streptokinase. A phase I trial showed a 90-minute reperfusion rate of 62% with

64]

alteplase compared with 31% with streptokinase.[

One of the largest trials, GUSTO-1 (Global Utilization of Streptokinase and t-PA for Occluded Coronary Arteries) randomized approximately 41,000 patients to four different regimens of thrombolysis.

[65]

Accelerated rt-PA with intravenous heparin administered over 90 minutes was compared with streptokinase (1.5 million U) administered with either intravenous or subcutaneous heparin or a combination of rt-PA and streptokinase. The 90-minute
reperfusion rate for rt-PA was significantly better than for either regimen of streptokinase (81.3% versus 59% and 53.5%; P < .0001). The 30-day mortality was decreased with alteplase compared with streptokinase (6.3% versus 7.3%). There was no

65]

significant difference in the intracranial hemorrhage rates (0.7% versus 0.6% and 0.5%).[

There are two approved dosing regimens for MI. Alteplase may be dosed either using a 90-minute accelerated regimen (a 15-mg bolus followed by infusion of the remainder of the dose) or a 3-hour infusion regimen (typically administered as a front-loaded
infusion). In either regimen, the dose is decreased in patients weighing less than approximately 65 kg, and the total dose should not exceed 100 mg. Heparin typically is administered concomitantly for at least 24 hours. In addition, most patients receive aspirin
as part of the MI regimen.

66

The National Institute of Neurological Disorders and Stroke study group published the results of a two-part, double-blind, placebo-controlled trial in patients with acute ischemic stroke.[ ] For entry into the trial, patients had to have a clearly defined time of
onset of stroke symptoms (<180 minutes) and no contraindications to thrombolytic therapy. Part one of the trial enrolled 291 patients; 144 received alteplase, and 147 received placebo. Using the NIH Stroke Scale (NIHSS), part one was designed to determine
if there was clinical improvement or resolution of the stroke symptoms in the initial 24 hours after presentation. There was no significant difference in 24-hour improvement
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66

between the groups receiving t-PA or placebo (47% versus 57%). In addition, there was no difference in the median NIHSS scores. For t-PA, the median score was 8 (range 3 to 17), and for placebo, the median score was 12 (range 6 to 19; P = .21). [ ] Part
two enrolled 333 patients and was designed to assess clinical outcome at 3 months based on standardized scores of clinical function and recovery. At 3 months, the patients receiving t-PA within 180 minutes of stroke symptom onset showed improvement in

66

the evaluated indices, including the NIHSS score, compared with placebo. Similarly, secondary analysis of the patients enrolled in part one confirmed the 3-month benefits in these patients according to the functional and recovery indices.[ ] There was a
significant increase in intracranial hemorrhage in patients treated with thrombolytics (15.4% versus 6.4% in patients treated with placebo; P < .01). There was no significant difference, however, between the groups in mortality. All-cause mortality at 90 days

66]

was 17.3% in patients treated with alteplase and 20.5% in patients receiving placebo.[

67]
From this analysis, six trials enrolling 2830 patients collectively showed a benefit favoring the use of rt-PA with respect to death and
[67]

A meta-analysis reviewed data from eight randomized, controlled trials of rt-PA in patients with nonhemorrhagic stroke.[

disability (odds ratio 0.80, confidence interval 0.69 to 0.93). The cumulative analysis of eight trials in 2955 patients showed an increased risk of symptomatic intracranial hemorrhage (odds ratio 3.13, confidence interval 2.34 to 4.19).

The currently approved dose of rt-PA for acute ischemic stroke is 0.9 mg/kg. The total dose should not exceed 90 mg. It is administered as an infusion with 10% of the dose given as an initial bolus. In contrast to MI, the concomitant use of anticoagulants or
aspirin has not been addressed.

68

68

Alteplase was first used in PE in the 1980s.[ ] Goldhaber and coworkers[ ] published their results using a 100-mg intravenous bolus of rt-PA compared with urokinase infusion. A total of 45 patients were randomized. The primary endpoints were
angiography clot lysis at 2 hours and pulmonary reperfusion at 24 hours. At 2 hours, 82% of patients receiving rt-PA showed improvement compared with 48% of urokinase-treated patients (P = .008). The improvement in the lung scan at 24 hours was

68]

identical between the groups.[

69] [70]
68
68
Thrombolysis in PE has been shown to improve thrombus resolution,[ ] improve lung scan findings, [ ] and produce a more rapid

Several other trials compared alteplase with streptokinase and with placebo.[

70] [71]

improvement in hemodynamics. [

No trial has convincingly shown significant improvement in mortality, however. The approved dose of rt-PA for treating PE is 100 mg administered over a 2-hour period.

72 73

The use of rt-PA for peripheral arterial occlusion and venous thrombolysis has been reviewed.[ ] [ ] The use of rt-PA increased in both settings after the withdrawal of urokinase in 1998. In one review, the authors identified 46 clinical studies that used rtPA for peripheral arterial occlusion thrombolysis. They concluded that there is no generally accepted dose or technique for conducting catheter-directed peripheral arterial thrombolysis. Although many studies have shown benefits from the technique, there are

72]
73
The use of thrombolysis in venous disease remains debated and requires further study.[ ] Further evaluations of the techniques employed for peripheral arterial

few prospective, randomized trials and a lack of standardized protocols and endpoints.[
occlusion and venous thrombolysis are discussed in Chapters 53 and 150 .
TNK-t-PA (Tenecteplase)
Background

After the recombinant production of rt-PA, several novel plasminogen activators were designed and produced using recombinant technology. TNK-t-PA is a bioengineered mutant of t-PA. The mutations include a glycosylated amino acid substitution T103N,
a deglycosylation substitution N117Q, and a tetra-alanine substitution at position 296–299 (KHRR [296–299] AAAA). These three alterations of native t-PA produced a molecule with a longer plasma half-life, increased fibrin specificity, and increased

74 75

resistance to PAI-1 ( Table 32–2 ).[ ] [ ] The goal of these alterations is to create an agent that can be administered by a single bolus or perhaps double bolus and has less systemic plasminogen/plasmin activation, allowing a more rapid reperfusion with
potentially fewer bleeding complications. This compound was designed specifically to treat patients with acute MI.

75] [76]
Early rabbit studies showed a clearance rate of 1.9 mL/min/kg for TNK-t-PA compared with 16.1 mL/min/kg for t-PA. In addition, TNK-t-PA showed a
75
[ ]

Human and rabbit studies have been performed to analyze the pharmacokinetics of TNK-t-PA.[

In a human MI trial, the mean plasma clearance was 125 ± 25 to 216 ± 98 mL/min depending on the dose of the agent. Clearance decreased as the

14-fold increase in fibrin specificity and an 80-fold increase in resistance to PAI-1 compared with t-PA.

76]
Tenecteplase is metabolized by the liver, and the metabolites are excreted in the urine. It has been suggested that the dose-dependent

dose was increased. The clearance was modestly slower in women, patients with a lower weight, and older patients.[

76]

clearance is due to saturation of the hepatic receptors. Similar dose-dependent clearance is seen with t-PA.[
Clinical Experience

Most of the randomized trials to date have been performed in patients with acute MI. The TIMI-10A trial, a multicenter, open-label, dose-ranging trial using single-bolus TNK-t-PA, enrolled 113 patients with acute MI. Objective frame count showed that 62%

77]
From the results of this trial, TIMI-10B was designed as a multicenter, dose-ranging, randomized, open-label trial comparing 30-mg, 40-mg, and 50-

and 68% of patients receiving 30 mg and 50 mg had TIMI grade 3 coronary artery flow at 90 minutes.[

78]

mg single bolus administration of TNK-t-PA versus front-loaded alteplase.[

Early in this study, an excessive number of intracranial hemorrhages led to adjustments in the TNK-t-PA dosing and the heparin dose. The 50-mg TNK-t-PA dose was replaced

78

with a 40-mg dose, and the heparin protocol was altered. The 90-minute TIMI grade 3 flow was the same between the alteplase group (62.8%) and the 40-mg TNK-t-PA group (62.7%, P= not significant).[ ] Based on the results of TIMI-10A and TIMI-10B
and the safety data from ASSENT-1 (Assessment of the Safety and Efficacy of a New Thrombolytic), the phase III ASSENT-2 trial was initiated. ASSENT-2 was a multicenter, international, randomized, double-blind, controlled trial comparing tenecteplase
with alteplase. The trial
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enrolled nearly 17,000 patients to either weight-based dosing with tenecteplase or front-loaded alteplase; 30-day mortality was the primary endpoint. There was no difference between the agents with respect to 30-day mortality (6.179% with tenecteplase

79]

versus 6.151% with alteplase); equivalency was determined.[

The rate of hemorrhagic stroke was the same between the two groups. Fewer bleeding complications were experienced by the tenecteplase group, however. Major noncerebral bleeding occurred

79]
Tenecteplase currently is approved for the treatment of acute MI using a weight-based single bolus dose.

in 4.7% of patients receiving tenecteplase compared with 5.9% (P = .002) in the alteplase group.[

80

There is limited experience using tenecteplase for peripheral thrombolysis. Burkart and colleagues[ ] published their initial experience in 18 patients, 13 with arterial occlusion and 5 with venous thrombosis. Tenecteplase was infused at a rate of 0.25 mg/hr
through a multi-sidehole catheter. Technical success (restoration of flow) was achieved in all patients; clinical success with respect to limb salvage or relief of symptoms or both was achieved in 11 of 13 (85%) arterial cases and 4 of 5 (80%) venous cases.

80]

Bleeding at the vascular access site requiring transfusion occurred in one patient; there were no intracranial bleeding complications.[
Recombinant Plasminogen Activator (Reteplase)
Background

Reteplase is a single-chain recombinant plasminogen activator structurally similar to rt-PA. It possesses a kringle 2 and protease domain, but the epidermal growth factor, finger, and kringle 1 domains have been deleted. The molecule is produced by E. coli

81]

and as such also lacks glycosylated side-chains. It is manufactured by Boehringer Mannheim as Retavase, Rapilysin, and Ecokinase.[

Reteplase, similar to rt-PA, is considered a fibrin-specific plasminogen activator and preferentially activates plasminogen in the presence of fibrin as opposed to fluid-phase plasminogen. The structural changes of recombinant plasminogen activator confer a

82]

decrease in affinity for fibrin binding, however, and a decrease in endothelial cell binding. The fibrin binding of reteplase is similar to urokinase and only about 30% of that of rt-PA.[

82]

In contrast to rt-PA, reteplase is eliminated by renal and hepatic metabolism. No studies have been performed to determine whether dose adjustments are necessary in patients with renal impairment.[
(14 to 18 minutes) and is administered by bolus dosing.

Compared with rt-PA, reteplase has a longer half-life

Reteplase was designed for and is currently approved for use in MI. The FDA-approved MI dosing regimen for reteplase is a 10-U bolus administered over 2 minutes with a second 10-U bolus to be repeated in 30 minutes. This double-bolus dosing regimen
was established in phase I trials.
Clinical Experience

RAPID-I was a multicenter, open-label, parallel-group study that compared three reteplase dosing regimens with a front-loaded, 100-mg alteplase infusion. The 10-U double-bolus reteplase TIMI grade 3 flow at 90 minutes was 63% compared with 49% (P

83

= .019) with alteplase, without an increased incidence of adverse events.[ ] RAPID-II compared 10 U plus 10 U reteplase with front-loaded alteplase in 324 patients in a multicenter, open-label, parallel-group study. At 90 minutes, TIMI grade 3 perfusion
was obtained in 59.9% of patients with reteplase compared with 45.2% (P = .011) with alteplase. Total patency rate at 90 minutes (TIMI grade 2 or TIMI grade 3 flow) was improved significantly with reteplase (83.4%) compared with alteplase (73.3%; P

84]

= .031).[

Reperfusion was achieved more rapidly with reteplase. At 60 minutes, TIMI grade 2 or TIMI grade 3 flow was observed in 81.8% of reteplase-treated patients compared with 66.1% of alteplase-treated patients (P = .032). In addition, there were

84]
Mortality was not significantly decreased (4.1% versus 8.4%). There was no significant difference

significantly fewer secondary interventions required to restore normal flow in the reteplase-treated patients (13.6% versus 26.5% with alteplase; P= .004).[

84]

in bleeding complications.[

85 86

Two large mortality studies have been performed with reteplase, INJECT (International Joint Efficacy Comparison of Thrombolytics) and GUSTO III.[ ] [ ] The INJECT trial was a European, multicenter trial that enrolled approximately 6000 patients
with acute MI in a randomized, double-blind comparison between double-bolus reteplase and streptokinase. The primary endpoint was 35-day outcome. The 35-day mortality was 9% in the reteplase group compared with 9.5% in the streptokinase group (P=

85]

not significant). In addition, there was no significant difference in the 6-month mortality rates (11% versus 12%). The rates of hemorrhagic and embolic stroke were similar, and there was no difference in bleeding events.[
TABLE 32-2 -- Comparison of the Structural Changes of the Recombinant Plasminogen Activators
DRUG

FINGER DOMAIN

EGF DOMAIN

KRINGLE 1

KRINGLE 2

PHARMACOLOGY

rt-PA

X

X

X

X

Good fibrin specificity
Short half-life

TNK-t-PA

X

X

X

X

3 positional mutations
Increased half-life
Increased fibrin specificity
Resistance to PAI-1 inactivation

rt-PA

X

Good fibrin specificity
Prolonged half-life

EGF, epidermal growth factor; PAI-1, plasminogen activator inhibitor-1.
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GUSTO III compared double-bolus reteplase with alteplase in an international, multicenter, randomized, double-blind trial in approximately 15,000 patients. The primary endpoint was 30-day mortality. The 30-day mortality rate in patients treated with

86]

reteplase was 7.5% compared with 7.2% in patients receiving alteplase (P = .61). Similar to the INJECT trial, there was no difference between the groups with respect to hemorrhagic or embolic stroke or bleeding events.[

87

Since FDA approval, reteplase has been studied in expanded applications, including PE and arterial and venous thrombosis. Tebbe and coworkers[ ] compared reteplase with alteplase in an open-label trial of 36 patients with clinical symptoms of massive
PE. Double-bolus reteplase (10 U + 10 U) was administered in 23 patients, and 13 patients received 100 mg of alteplase administered as a 10-mg bolus with the remainder infused over 2 hours. All patients received concomitant heparin infusion. Although
initial improvements in pulmonary resistance and pulmonary artery pressure seemed to favor the reteplase-treated group, at 24 hours there was no significant difference in the hemodynamic parameters between the groups. Many patients experienced adverse

87]

events: 18 of 23 patients (78%) and 9 of 13 patients (69%) with reteplase and alteplase.[

88

Several investigators have published experiences using reteplase for peripheral arterial or venous thrombolysis. Kiproff and associates[ ] showed the efficacy of reteplase infused via “pulse-spray” catheter in 18 patients with lower extremity arterial
occlusion. Heparin was coadministered in all patients. The infusion was initiated at 0.5 U/hr in 15 of 18 patients. Dose adjustments or alternatives were at the discretion of the interventionist. Clinical success with restoration of patency and relief of symptoms
was achieved in 16 of 18 (89%) patients. The average time for thrombolysis was 26.9 hours (range 12 to 44 hours), and the average dose required of reteplase was 13.3 U (range 6.2 to 41.5 U). Percutaneous intervention with angioplasty or stent placement was

88]

used as an adjunct in seven patients. One patient experienced a major hemorrhagic complication requiring surgical evacuation and transfusion. Four patients (22%) experienced minor bleeding complications.[

89

Castaneda and coworkers[ ] evaluated 101 arterial occlusions in 87 patients using three different dosing regimens of reteplase: 0.5 U/hr, 0.25 U/hr, and 0.125 U/hr. Concomitant heparin was infused in all patients. Thrombolytic success was achieved in
86.7%, 83.8%, and 85.3% of the groups. The 0.5 U/hr group received more reteplase (P < .001) and had more bleeding complications, and the 0.125 U/hr group required a longer infusion time compared with the other groups (P< .05).

90] [91]

There is limited experience using reteplase for venous thrombolysis.[

91]

Using doses ranging from 0.5 to 2 U/hr, successful thrombolysis was achieved in 10 of 11 (90.9%) of the patients; bleeding complications occurred in 27% (3 of 11).[

pilot study treated 25 patients with acute or chronic DVT of the upper extremity (7), lower extremity (14), or vena cava (4), with successful thrombolysis observed in 92% (23 of 25) of the patients. Major bleeding developed in 1 patient.

Another

[90]

Additional study in patients with peripheral arterial and venous thrombosis is warranted. Data comparing reteplase with other available thrombolytic agents in these clinical circumstances are lacking.
Prourokinase
Background

92]
and is also termed single-chain urokinase plasminogen activator. Prourokinase has been identified in human plasma, cultures of endothelial cells,

A single-chain precursor to high-molecular-weight urokinase, prourokinase was isolated from urine in 1979[

93]

explants of fetal organs, and various malignant cell lines.[

This proenzyme is derived from human urine or genetically manipulated E. coli and has a molecular weight of approximately 54 kD.

Prourokinase is converted to high-molecular-weight urokinase by hydrolysis of the lysine 158–isoleucine 159 peptide bond after its binding to fibrin. Prourokinase is not effective as a plasminogen activator, but this cleavage converts prourokinase into its two-

94]

chain structure and increases its activity 500-fold to 1000-fold.[

Prourokinase differs from urokinase in several characteristics, mainly in its higher fibrin affinity, lower specific activity, and stability
TABLE 32-3 -- Characteristics of Thrombolytic Agents

AGENT

MOLECULAR WEIGHT (kD)

HALF-LIFE (APPROXIMATE)

47

23 min

+

AMI, PE, DVT, arteriovenous cannula occlusion, arterial thrombosis/embolism

Urokinase

32–54

16 min

++

PE, venous catheter occlusion

Alteplase

68

4–5 min

+++

AMI, stroke, PE, venous catheter occlusion

Tenecteplase

65

20–24 min

++++

AMI

Reteplase

9.6

14 min

++

AMI

Prourokinase

54

7 min

++

NA

Staphylokinase

16.5

6 min

+++++

NA

Desmoteplase

52

+++++

NA

+++++

NA

+++++

NA

Streptokinase

40–50× t-PA
Alfimeprase

23

Plasmin
92

†

NA
0.1 sec

‡

*

FIBRIN SPECIFICITY

APPROVED INDICATIONS

AMI, acute myocardial infarction; DVT, deep venous thrombosis; NA, not available; PE, pulmonary embolism.

* Derived from animal models.
† Molecular weight of human plasminogen.
‡ Half-life of systemic plasmin.
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93]

in plasma. Fibrin specificity of prourokinase does not depend on actual fibrin binding as with t-PA, and the mechanism of clot lysis is different between the two.[

The half-life of prourokinase is approximately 7 minutes.

48]
Prourokinase testing in dogs also revealed that although prourokinase had superior fibrin specificity,

Studies with prourokinase in rabbits, dogs, and baboons showed fibrin-selective clot lysis without fibrinogenolytic effects or hemorrhagic complications.[

95]

it was equal to urokinase in efficacy.[
Clinical Experience

The initial clinical application of prourokinase in humans was for acute MI. A small pilot study followed by a multicenter study of acute MI showed a 60% reperfusion rate in patients with proven coronary artery thrombosis. Prourokinase, 50 mg, was used,

93]

with a mean time of lysis of approximately 55 minutes. Increasing the dose to 70 to 80 mg increased reperfusion to almost 70%; however, time to lysis was prolonged, and systemic fibrinogenolysis developed in several patients.[

[96]

were noted. Additional studies combining urokinase and prourokinase and t-PA and prourokinase showed a synergistic response between these agents because of complementary mechanisms of action.
evaluated in clinical trials with acceptable results.
Staphylokinase

No hemorrhagic effects

Recombinant prourokinase currently is being

Background

19

97

A century ago, the clot-dissolving capability of S. aureus was recognized.[ ] It took an additional 40 years for further study to reveal that the agent now called staphylokinase did not lyse fibrin directly, but rather acted as a plasminogen activator.[ ] The
reason for the delay is related to the valuable actions of plasminogen activators in different animal species and to assumptions made based on observations of other plasminogen activators. Remarkable variation among species to activation of plasminogen and

98]

fibrin dissolution was observed with staphylokinase.[

Staphylokinase was found to activate human, dog, cat, rabbit, and guinea pig plasminogen; however, it did not activate rat or bovine plasminogen.

99

Early experiments with staphylokinase conducted with dogs resulted in high rates of bleeding and mortality.[ ] In addition, a wide range of inhibitor activity was found in humans, which was attributed to staphylokinase-neutralizing antibodies (known to
occur with streptokinase), and it was presumed that these antibodies would interfere with a fixed dosing schedule of staphylokinase, rendering staphylokinase treatment unpredictable and potentially ineffective. The need to improve thrombolytic strategies and
the high fibrin specificity of staphylokinase along with recombinant technology allowed increased production of staphylokinase relative to exotoxins, which renewed interest in the clinical evaluation of this product.
Staphylokinase is a bacterial profibrinolytic agent consisting of a 136-amino acid protein secreted by S. aureus. Because staphylokinase is only one third the size of streptokinase, it was anticipated that thrombus penetration would be better. Because of its high
affinity for fibrin, the biologic half-life is extended beyond its plasma half-life, improving its effectiveness. Linking staphylokinase with polyethylene glycol reduces plasma clearance and immunogenicity.
Similar to streptokinase, staphylokinase is an indirect plasminogen activator and forms a 1:1 stoichiometric complex with plasminogen, which then activates other plasminogen molecules. Many biochemical mechanisms contribute to its fibrin selectivity. In
contrast to the streptokinase-plasminogen complex, the staphylokinase-plasminogen complex is rapidly neutralized by α2 -antiplasmin in plasma (if fibrin is not present), avoiding systemic plasminogen activation and a systemic fibrinolytic state. If fibrin is

present, however, the staphylokinase-plasminogen binds to the clot at the lysine binding site of the plasminogen molecule. When bound to fibrin, the staphylokinase-plasminogen complex is no longer capable of being neutralized, allowing preferential
plasminogen activation to occur on the surface of the clot. Similar to streptokinase, staphylokinase dissociates from the complex when it is activated after binding to fibrin to recirculate and bind with other plasminogen molecules. In vivo models have shown

100]

that staphylokinase can induce clot lysis rapidly without fibrinogen breakdown or α2 -antiplasmin consumption, documenting its high fibrin selectivity.[

Immunogenicity experiments showed marked differences from streptokinase and from what was anticipated. Weekly administration of streptokinase to baboons showed increased antibody production, which was associated with hypertension and diminished
thrombolytic efficacy on repeat administration. Similar experiments with staphylokinase showed approximately one quarter of the antibody production as with streptokinase and preserved thrombolytic efficacy with no hypertension or allergic reactions on

101]

repeat administration.[
Clinical Experience

102] [103]
In the pilot study, 9 of 10 patients recanalized their infarct-related artery after receiving a 1-mg
[104]

There has been a limited, albeit optimistic clinical experience with staphylokinase. The initial clinical application was in 10 patients with acute MI.[

bolus and an infusion of 9 mg over 30 minutes. A subsequent dose-ranging, multicenter trial of staphylokinase versus rt-PA was performed comparing 10-mg and 20-mg doses (with a 10% bolus) with weight-adjusted rt-PA in patients with acute MI.
Results of staphylokinase patients were similar to the results in patients receiving rt-PA; however, the 20-mg dose seemed to have improved efficacy. Staphylokinase proved to be highly fibrin specific, preserving plasma fibrinogen, plasminogen, and α2 -

antiplasmin levels, whereas rt-PA resulted in a significant decrease in each of these variables. Complication rates were equivalent between staphylokinase and rt-PA patients. Subsequent double-bolus staphylokinase and single-bolus polyethylene glycol–
staphylokinase studies in patients with acute MI confirmed efficacy and fibrin selectivity. Ongoing acute MI trials are designed to identify the optimal dose and safety profile of polyethylene glycol–staphylokinase.

105]

Catheter-directed delivery of staphylokinase for lower extremity arterial and graft occlusion also showed favorable results. Lytic success was documented in 83% of patients treated; 12% had major bleeding complications.[

106]
Staphylokinase treatment did not
treated for iliofemoral DVT had successful lysis.[

alter fibrinogen, plasminogen, or α2 -antiplasmin levels significantly despite prolonged infusion.
Desmoteplase
Background
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Likewise, five of six patients

Four plasminogen activators have been identified in the saliva of the vampire bat (Desmodus rotundus). Collectively, these are referred to as Desmodus rotundus plasminogen activators (DSPAs). They are designated DSPAα1 , DSPAα2 , DSPAβ, and DSPAγ.

Most research and development has focused on one of the four proteins, DSPAα1 . Desmoteplase is a recombinant analogue of DSPAα1 . DSPAα2 is usually referred to in the literature as Bat-PA. Desmoteplase and Bat-PA have structural similarity to t-PA

with four distinct structural domains: a finger domain, epidermal growth factor domain, kringle domain, and protease domain. DSPAβ and DSPAγ lack the finger and epidermal growth factor domains.

The catalytic activity of desmoteplase requires a cofactor, either fibrinogen or fibrin. Fibrinogen increases the catalytic activity of desmoteplase by 8-fold, whereas fibrin increases the catalytic activity by approximately 105 -fold. This specificity for fibrin is

107]

unique to desmoteplase compared with other plasminogen activators. Comparative values for t-PA are an 8-fold and 550-fold increase in activity in the presence of fibrinogen and fibrin.[

The finger and kringle domains are likely responsible for this

107]
fibrin binding.[
This fibrin specificity promotes plasminogen activation at the interface of the thrombus and less systemic plasminogen activation. In vivo and in vitro studies show that fibrinogen and plasminogen consumption are significantly less with desmoteplase

108] [109]
; this may translate into fewer bleeding complications. In the rabbit cuticle bleeding time model,

compared with other plasminogen activators. In addition, α2 -antiplasmin is conserved because there is little systemic conversion of plasmin[

comparable doses of Bat-PA and t-PA were administered by intravenous bolus. Cuticle bleeding time was minimally elevated after Bat-PA administration (1.6-fold; P = not significant), whereas t-PA increased the cuticle bleeding time by 6.2-fold (P < .05).

[110] Another study using a rabbit ear puncture model did not show any difference between Bat-PA and t-PA with respect to bleeding time or rebleeding from hemodynamically stable sites. Other investigators have shown, however, that rabbits treated with
[111]
Bat-PA had a greater number of prolonged primary bleeding and rebleeding episodes that lasted longer than 10 minutes (63% with Bat-PA versus 36% with t-PA) or greater than 30 minutes (30% with Bat-PA versus 10% with t-PA).

Another difference between desmoteplase and the other plasminogen activators is the prolonged half-life. Desmoteplase has a much longer half-life; plasma clearance is approximately five to nine times slower than t-PA. The long half-life makes single bolus
administration an option for arterial events, such as stroke or MI. In addition, the prolonged half-life may decrease the incidence of post-thrombolysis reocclusion.
Clinical Experience

Desmoteplase currently is being investigated and developed through PAION (Aachen, Germany). Phase I clinical trials have been completed, and no significant changes in hematology or chemistry parameters were observed, no antibody formation was

112]

detected, and no adverse effects on coagulation were noted.[

Initial phase II trial results of patients with acute MI were obtained in a nonrandomized, open-label, prospective, dose-finding study. Twenty-six patients were enrolled. TIMI grade 3 perfusion
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] Two phase II trials in acute stroke are currently under way. DIAS (Desmoteplase In Acute
was documented in 17 of 26 patients (65%) at 90 minutes. Late patency was confirmed in 21 of 26 patients. Three patients died within 8 hours of inclusion.[
ischemic Stroke) is ongoing in Europe, and DEDAS (Dose Escalation study of Desmoteplase in Acute ischemic Stroke) has been initiated in the United States. DIAS is a multicenter, multinational, double-blind, placebo-controlled, randomized trial comparing
desmoteplase at three fixed doses (25 mg, 37.5 mg, and 50 mg) with placebo in patients with acute ischemic stroke within 3 to 9 hours of symptom onset. Initial results with respect to clinical improvement showed a trend favoring desmoteplase; however, the
trial design was modified because of excess of symptomatic intracranial hemorrhage in patients receiving desmoteplase. The fixed dosing regimen was replaced by a weight-based dosing regimen (62.5 μg/kg); the trial currently is enrolling patients. A similar
trial began enrollment in November 2002. DEDAS is a similar multicenter, multinational, double-blind, placebo-controlled, randomized trial enrolling patients with acute ischemic stroke symptoms present for 3 to 9 hours.

Direct-Acting Agents

To date, thrombolytic therapy has used plasminogen activators to generate the enzymatically active plasmin. Alfimeprase and plasmin represent a new class of thrombolytic agents that do not require substrate plasminogen. Both are direct-acting thrombolytic
agents. Because they are neutralized rapidly by circulating α2 -antiplasmin, intrathrombus infusion is necessary, as systemic infusion would be ineffective. Both agents have the promise of an improved safety profile compared with available plasminogen

activators and experimental evidence suggesting rapid thrombus dissolution. Clinical trials are currently under way.
Alfimeprase
Background

Fibrolase is a fibrinolytic zinc metalloprotease isolated from southern copperhead snake venom (Agkistrodon contortrix contortrix). A recombinant analogue of fibrolase, alfimeprase is currently under investigation and production through the cooperative

113]

efforts of Nuvelo Incorporated (Sunnyvale, Calif) and Amgen Incorporated (Thousand Oaks, Calif). Alfimeprase differs from fibrolase at the amino-terminal sequence of the protein, where three amino acid residues were replaced with a single serine.[

Thrombolytic agents, such as streptokinase, urokinase, rt-PA, recombinant plasminogen activator, and TNK-t-PA, rely on the activation of the endogenous plasminogen-plasmin system. Alfimeprase is not a plasminogen activator, and the mode of action and
the physiologic clearance and inactivation of alfimeprase are significantly different from the available thrombolytic agents. Based on these
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differences, it is anticipated that alfimeprase will have clinical benefits over the available plasminogen activators when it is used for thrombolysis, including a more rapid lytic response and reduced bleeding.
Plasminogen activators convert systemic or thrombus-associated plasminogen to an active enzyme, plasmin, which is capable of degrading fibrinogen and fibrin. In contrast, alfimeprase has direct fibrinolytic activity and does not rely on the activation of

114] [115]

plasmin for fibrinolysis. The proteolytic activity of alfimeprase is directed against the α-chain of fibrinogen/fibrin with limited β-chain proteolysis and no significant activity against the γ-chain.[

Alfimeprase has been studied in several animal

116] [117]

models. Data from numerous animal studies have indicated that the time to thrombolysis is more rapid with alfimeprase compared with other plasminogen activators (t-PA and urokinase) without excess bleeding.[

In one study using piglets,

117]

induced common carotid artery thrombi were lysed approximately fourfold faster with recombinant fibrolase infusion compared with t-PA. In addition, no excess bleeding was observed compared with a control saline infusion.[

In a similar rat model, the

117]
Another study investigated the use of recombinant fibrolase in electrically induced carotid artery occlusions in dogs. All thrombi were lysed successfully.
time to thrombolysis was approximately fivefold faster with alfimeprase compared with urokinase.[
The addition of an experimental platelet glycoprotein IIb/IIIa receptor antagonist monoclonal antibody maintained patency in four of five animals. No effect on platelet count, hemoglobin, hematocrit, or activated partial thromboplastin time was observed.

[118]
In contrast to plasminogen activators, alfimeprase is bound and inactivated in the plasma by α2 -macroglobulin. α2 -Macroglobulin is a mammalian protease inhibitor capable of inhibiting several classes of proteases, including metalloproteases. In the

systemic circulation, alfimeprase rapidly binds to α2 -macroglobulin in a 1:1 molar ratio. A covalent bond is formed between the two molecules, and this complex is not dissociable. The alfimeprase–α2 -macroglobulin complex is cleared by the

reticuloendothelial system. This rapid and irreversible binding limits the systemic effect of alfimeprase. The hemorrhagic complications associated with plasminogen activators should not be experienced with alfimeprase.

There is a finite amount of α2 -macroglobulin available in the circulation; the clearance mechanism for alfimeprase is saturable. Experiments designed to exceed the plasma α2 -macroglobulin binding capacity caused hypotension in animal models. The

hypotensive response was observed to be rapid, but capable of spontaneously correcting. Pharmacologic studies showed that this response could be blocked by a bradykinin receptor antagonist. The proposed etiology of the response is the cleavage of

116]

bradykinin from low-molecular-weight kininogen by alfimeprase.[

Clinical dosing regimens need to be developed to avoid depletion of the α2 -macroglobulin binding capacity.

Failed thrombolysis and re-thrombosis can frustrate physicians using fibrinolytic therapy. The activity of the plasminogen activators is inhibited by α2 -antiplasmin and PAI-1. Elevated PAI-1 levels may contribute to inadequate thrombolysis and re-

119 120

][
] In addition, plasmin is a known platelet activator; it is proposed that the platelet activation and aggregation promoted by plasmin contributes to a thrombogenic state and may be implicated in re-thrombosis. Alfimeprase does not rely
thrombosis.[
on the activity of plasmin; there is no inhibition by α2 -antiplasmin, and there is no plasmin-associated platelet activation. In addition, alfimeprase is not inhibited by PAI-1. It may be anticipated that thrombolysis would be more successful and a prothrombotic

state and re-thrombosis would be less likely to occur after thrombolysis with alfimeprase ( Table 32–3 ).
Clinical Experience

A phase I clinical trial performed in 20 patients with peripheral arterial occlusive disease has been completed. This trial was a multicenter, open-label, dose-escalation study designed to evaluate the safety and pharmacokinetics of alfimeprase. The reportedly
positive results should be forthcoming. Phase II trials in peripheral arterial occlusive disease are being initiated. Another phase II multicenter trial of alfimeprase for central venous catheter occlusion currently is enrolling patients. This trial is investigating
three different doses of alfimeprase compared with the approved dose of rt-PA in a randomized, double-blind fashion. The primary endpoints of the study are the safety and efficacy of alfimeprase for restoring catheter function.
Plasmin
Background

Plasmin is in a new class of thrombolytic agents that do not require substrate plasminogen. As reviewed earlier, plasmin is a serine protease with wide proteolytic activity, is prone to autodegradation, is extremely rapidly inactivated by α2 -antiplasmin, and is

unstable at physiologic pH.
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] Because the thrust of all thrombolytic therapy at the time was systemic intravenous infusion,
During the developmental era of thrombolytic therapy, plasmin was recognized as the important fibrinolytic enzyme with potential clinical application.[
however, and knowing that plasmin was neutralized rapidly by circulating α2 -antiplasmin, it was natural that the development of the plasminogen activators streptokinase and urokinase took priority. With the evolution of lytic therapy to catheter-directed

intrathrombus infusion for most patients with acute arterial and venous thrombosis, the limitations of plasmin, specifically the inactivation by circulating α2 -antiplasmin, might provide a distinct mechanism of safety from bleeding complications. Plasmin is

122]

produced from human plasma. Its structural integrity is preserved by the use of 50% glycerol and a low pH. For a more in-depth description of the production process, the reader is referred to Novokhatny and colleagues.[

Animal Experiments

Animal experiments were designed to test the hypothesis that purified plasmin could bind and dissolve clot locally and that plasmin that escaped into the circulation would be neutralized rapidly by α2 -antiplasmin, avoiding remote bleeding at sites of vascular

123

123]

] Most of the experiments were performed on rabbits. Efficacy of the thrombolytic fusion was evaluated using the rabbit aorta thrombolysis model,[
injury.[
of the aortic thrombolysis model were used—one allowing full antegrade flow and the other with occluded inflow.

by isolating the distal abdominal aorta and injecting fresh autologous blood. Two variations
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The efficacy of the fibrinolytic agent was evaluated after a 1-hour infusion or two 30-minute infusions separated by a 15-minute observation period. Varying doses of plasmin were used and compared with varying doses of t-PA.
Distant bleeding was evaluated using a standardized rabbit ear puncture rebleed model, in which a 3.5-mm full-thickness puncture was made with a no. 11 surgical blade at 30 minutes, 10 minutes, and immediately before the infusion of plasmin or the
comparator plasminogen activator, which was t-PA in most experiments. In vitro models of lysis also were used to compare efficacy of lysis of retracted clots (clots with low plasminogen concentration) and the impact of delivery of endogenous plasminogen.

[122]
These experiments showed that plasmin and t-PA lyse acute (15-minute) plasminogen-rich thrombi equally well. Plasmin was significantly more effective, however, than t-PA and urokinase in dissolving retracted (plasminogen-poor) clot. There was a dose-

122]

dependent efficacy of plasmin; this was not the case with t-PA. Plasminogen supplementation significantly improved the lytic efficacy of t-PA on retracted clot, whereas there was no effect of supplemental plasminogen on plasmin-treated clots.[

[123]

seemed to be more effective than t-PA for acute clot lysis in the impeded blood flow model, whereas in the unimpeded model of acute arterial thrombosis, t-PA and plasmin had equal efficacy.
supplementation during infusion of t-PA.

Plasmin

This difference likely reflected plasminogen

124

] Animals receiving t-PA
Bleeding from distant sites was not observed with routine doses of plasmin of 6 mg/kg; however a plasmin dose of 8 mg/kg caused distant bleeding in 60% of animals, suggesting a threshold for bleeding rather than a dose effect.[
had distant bleeding, but it occurred in a dose-dependent fashion. Progressively higher doses of t-PA showed no dose-dependent effect on fibrinogen, although there was a stepwise increase in bleeding. Plasmin caused a dose-dependent decrease in fibrinogen,
but there was a threshold effect relative to observed distant bleeding. It was evident that when fibrinogen and factor VIII were depleted by plasmin, hemostatic protection was breached, which allowed bleeding. This breach occurred at the highest doses of
plasmin, which seemed to overwhelm α2 -antiplasmin, resulting in the proteolytic effects observed on fibrinogen and factor VIII.
Clinical Experience

On the basis of animal experimentation, it is anticipated that most clinical arterial thromboembolic occlusions can be treated successfully with doses of 50 mg or less of plasmin. The average plasma concentration of α2 -antiplasmin is 1 μmol/L−1 (70 mg/L

[1] ). A 70-kg individual should have 175 mg of α -antiplasmin in the circulation available for neutralization of any free plasmin that escapes from the site of the thrombus. Anticipating that the total dose of locally delivered plasmin is lower than the
2
available endogenous α2 -antiplasmin, and knowing the rapid kinetics of inactivation of plasmin by α2 -antiplasmin, unwanted systemic proteolytic activity should be avoided with a substantial margin of safety from distant bleeding complications.

Animal experiments have shown that plasmin can be produced in a highly purified form that is essentially free of plasminogen activators. It is prepared from human plasma and stabilized at low pH, which is designed to have a low buffering capacity. This
formulation is essentially reversibly inactivated plasmin, which becomes effective when infused into blood clots. Clinical trials are under way.

ULTRASOUND THROMBOLYSIS
Background
An innovative use of ultrasound is to accelerate dissolution of intravascular thrombus. Techniques have used endovascular approaches by delivering ultrasound energy via an intraluminal catheter and by the external application of ultrasound to augment
thrombolysis. Depending on the intensity and the frequency of the sound waves delivered, the mechanisms of thrombus resolution vary between mechanical disruption (fragmentation) of thrombus and acceleration of enzymatic thrombolysis.
One advantage of ultrasound thrombolysis is that the effects are limited to the insonated region, and active lysis is focused at the site of thrombosis, limiting or eliminating systemic complications. The power of the ultrasound device may deliver sufficient

125]

energy to damage the vessel wall, however, through thermal injury or mechanical disruption of the artery wall. The ultrasound energy is powerful enough to recanalize vessels with atherosclerotic occlusion even in the presence of calcification.[

125] [126]

Excessive energy has resulted in vessel wall damage and perforation.[

127]
128]
Francis and associates[
studied the effect of insonification on the distribution of radiolabeled t-PA
[129]

The effective delivery and distribution of plasminogen activators to the thrombus is the most important determinant of the rapidity of thrombolysis.[

which should result in more rapid
placed in the fluid around clot. They showed that t-PA uptake was significantly faster in the presence of ultrasound. Other investigators observed significantly deeper penetration of the plasminogen activator into clot,
fibrinolysis. It also has been shown that ultrasound causes reversible disaggregation of fibrin fibers into smaller fibers, which would alter flow resistance and create additional binding sites for plasminogen activators, which should improve the efficacy of lysis

130]

further.[

131]

Additionally, others have shown that ultrasound improves binding affinity of t-PA, increases the maximum binding of t-PA to fibrin, and improves access of t-PA to fibrin binding sites.[

132]
133]
and increased platelet accumulation around the periphery of thrombus.[
Aspirin pretreatment seems to be beneficial in

Ultrasound-accelerated thrombolysis has been shown to increase platelet aggregation, resulting in increased reocclusion[

132]

reducing reocclusion.[

Clinical Experience

134 135 136 137 138 139 140
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][
] Most clinical experience has been gained
The major use of ultrasound in humans has been via percutaneous delivery with a wire. Percutaneous ultrasound angioplasty has been studied by many investigators.[
through small studies evaluating percutaneous delivery of ultrasound to atherosclerotic arteries having significant stenosis or occlusion. Most investigators have delivered ultrasound energy in the frequency range of 19 to 20 kHz, with some
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increasing the frequency to 41 to 45 kHz. The transducer power output was in the range of 16 to 35 W/cm2 . The results observed in these small series have been gratifying, showing recanalization of occluded arteries in 80% and reduction of high-grade
stenoses to less severe, moderate lesions. These observations go beyond the effects of thrombolysis, indicating that percutaneously delivered ultrasound can be used on atherosclerotic lesions to disobliterate occluded arteries and reduce the degree of stenosis in

141]

nonoccluded, stenotic vessels. Fourteen of 20 patients with occluded saphenous vein grafts were successfully recanalized using an ultrasound thrombolysis device with a 1.6-mm tip and a 7F guiding catheter operated at 41 kHz and 18 W.[
expected, adjunctive balloon angioplasty or stenting or both were required in all patients.

As might be

It is intriguing to consider the possibilities of ultrasound-accelerated thrombolysis during catheter delivery of plasminogen activators. If the ultrasound energy can be delivered transcutaneously to the thrombus without heat damage to the soft tissues, the
success rates of thrombolysis should increase substantially, the cost of thrombolysis should be reduced considerably, and the number of patients having a contraindication to this form of therapy should be few.
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Chapter 33 - Perioperative Considerations:

Coagulopathy and Hemorrhage

MATTHEW EAGLETON MD
KENNETH OURIEL MD

Bleeding in the surgical patient is common. The occurrence is variable, but occasionally bleeding can be anticipated and planned for, depending on the specific operation being performed and the patient’s comorbidities. Sometimes the onset of perioperative
hemorrhage is unexpected. The surgeon needs to understand the causes of perioperative hemorrhage, the methods of diagnosing the underlying etiology, and the currently available treatments to meet the challenges of unexpected perioperative hemorrhage. A
thorough understanding of normal hemostasis is required to understand fully the pathophysiology of the various coagulopathies and their therapies. This topic is discussed in depth in Chapter 30 and is not reviewed here. This chapter reviews the
pathophysiology, diagnosis, and treatment of perioperative hemorrhage.

TESTS OF COAGULATION
To understand, diagnose, and treat hemorrhagic problems, knowledge of common clinically available tests of coagulation is essential ( Table 33–1 ).
Prothrombin Time
The prothrombin time (PT) is a rough assessment of the extrinsic pathway of coagulation and is measured by subjecting citrated plasma to clotting in response to tissue factor (TF), phospholipid, and calcium. The PT is highly sensitive to the function of the

1 2 3
four vitamin K–dependent factors—II, VII, IX, and X—and factor V.[ ] [ ] [ ] Vitamin K–dependent factors are inhibited by warfarin, and the resultant therapeutic anticoagulation is monitored most
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TABLE 33-1 -- Tests of Coagulation

*

TEST

MEASURES

COMMON CAUSES OF ABNORMALITIES

CLINICAL USEFULNESS

Prothrombin time (PT)

II, V, VII, IX, and X (proteins C and S)

Warfarin use, liver dysfunction, malnutrition, consumptive
coagulopathy

Monitor warfarin effect, ID coagulopathy

Activated partial thromboplastin time (aPTT)

Most factors

Heparin use, consumptive coagulopathy, lupus anticoagulant

Monitor heparin, argatroban effect, ID argatroban effect, ID
coagulopathy

Activated clotting time (ACT) monitoring

Global clotting function

Heparin use

Intraoperative

Thrombin time (TT)

Fibrinogen function

Fibrinolysis or dysfibrinogenemia, heparin, consumptive
coagulopathy

Monitor systemic fibrinolysis

Bleeding time (BT)

Platelet number and function

Antiplatelet medication, uremia, thrombocytopenia

Assess platelet dysfunction

Euglobulin clot lysis time (ECLT)

Fibrinolysis

Primary fibrinolysis

ID primary fibrinolysis

Fibrinogen, FDP

Fibrinolysis

Consumptive coagulopathy

ID coagulopathy

Platelet Aggregation

Platelet aggregation

Rare platelet disorders

Specific disorders

Thromboelastography (TEG)

Clotting kinetics

Multiple

Liver transplantation

FDP, fibrin(ogen) degradation products; ID, identify.

* This list is not meant to be all-inclusive.

easily by the PT and its more accurate derived value, the International Normalized Ratio (INR), used to lessen interlaboratory variability.
Elevations in the PT are usually due to iatrogenic warfarin use, vitamin K defciency (most commonly malnutrition or biliary obstruction), disseminated intravascular coagulation (DIC), and liver dysfunction and can best be corrected by administration of fresh

4
frozen plasma (FFP) or vitamin K. PT also can be elevated in the setting of high doses of heparin or argatroban because of factor II inhibition.[ ]

Activated Partial Thromboplastin Time

3
The activated partial thromboplastin time (aPTT) roughly measures function of the intrinsic pathway and is sensitive, in varying degrees, to most factors other than factor VII.[ ] Mild deficiencies of a single factor may not prolong the aPTT, but the effect of
2 3

multiple factor deficiencies seems to be exponential. aPTT is measured by subjecting citrated plasma to clotting after exposure to a partial thromboplastin phospholipid alone or with a contact factor activator (aPTT).[ ] [ ] The aPTT is consistently elevated
during heparin and argatroban administration secondary to factor II inhibition, but because low-molecular-weight (LMW) heparin has relatively little antithrombin III (AT III) and anti–factor II activity, it affects the aPTT in a less predictable way, and the

5 6
aPTT may not be elevated at all.[ ] [ ]
The aPTT often is elevated as part of a global coagulopathy and often responds to protamine administration even if heparin has not been given or has been adequately reversed. If the aPTT is abnormal, either a factor deficiency or a circulating anticoagulant (e.
g., heparin or lupus anticoagulant) is present. If the aPTT normalizes with the addition of normal plasma, the factor deficiency exists; if not, a circulating anticoagulant should be suspected.
The PT and aPTT, as relatively global tests of overlapping factor function ( Fig. 33–1 ), often co-vary in the setting of coagulopathy, and high doses of any anticoagulant (warfarin, heparin, or other) usually increase both values. If the PT is elevated but the
aPTT is normal, a factor VII deficiency must exist, usually secondary to vitamin K deficiency (biliary obstruction or malnutrition) or inhibition (warfarin use). In contrast, if the aPTT is elevated, but the PT is normal, this indicates either hemophilia or the

3
presence of a low-to-moderate dose of heparin or the presence of an inhibitor.[ ]
Activated Clotting Time
Closely related to the aPTT is the activated clotting time (ACT). The ACT is a gross measure of the time needed for whole blood to clot when exposed to a coagulant-accelerating matrix, often diatomaceous earth. The ACT is helpful because it takes only a
few minutes, and it is most useful in the operating room to assess adequacy of elective heparinization.
Thrombin Time

The thrombin time (TT) measures the thrombin-induced conversion of fibrinogen to fibrin and, as such, is a sensitive method to assess function of the end of the coagulation pathway (see Fig. 33–1 ). The TT can be normal even with severe “upstream”

3

coagulopathy (e.g., hemophilia or liver disease), but it is sensitive to low levels or abnormal forms of fibrinogen and to circulating inhibitors, such as heparin or fibrin(ogen) degradation products (FDPs) associated with DIC.[ ] The TT is abnormal in the
setting of inherited dysfibrinogenemias, in DIC (caused by hypofibrinogenemia and FDP), and in the presence of heparin, and it has been recommended by some authors to be the most clinically useful test to monitor therapeutic fibrinolysis (assuming heparin

7
is not being infused).[ ]
In our experience, other, more commonly obtained tests (fibrinogen and FDP levels) are as useful in this setting, and the TT is rarely used. Standard fibrinogen assays require the absence of anticoagulant and are notoriously inaccurate during therapeutic
fibrinolysis as a result of circulating FDPs or concurrent heparin administration. Also, aprotinin is necessary within the collection tube so that the agent does not degrade fibrinogen within the tube.
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Figure 33-1 Schematic representation of the coagulation cascade. The prothrombin time (PT) and activated partial thromboplastin time (aPTT) are relatively global tests of overlapping function, whereas an isolated elevation of the PT is more indicative of a
deficiency isolated to the “extrinsic” or tissue factor pathway. If only the aPTT is elevated, this is more indicative of a defect affecting only the “intrinsic” pathway. Defects in the common final pathway are indicated by elevations of the thrombin time (TT).

TABLE 33-2 -- Replacement Resources
RESOURCE

CONTAINS OR REPLENISHES

*

DOSE AND EFFECTS

COMMON USES

†

Packed red blood cells

Red blood cells

Replace oxygen-carrying capacity

1 U (350 mL) increases hematocrit 3%

Platelets

Platelets; substantial clotting factors

Replace deficient or abnormal platelets; treat undefined
clotting factor deficiency

1 U (50 mL) increases platelets 10/μL)

Fresh frozen plasma

Most clotting factors except V and VIII

Treat elevated PT

250 mL/U

Cryoprecipitate

Rich in VIII, vWF, fibrinogen

Treat hypofibrinogenemia

20 mL contains 200 mg fibrinogen, 70 U VIII

DDAVP

Stimulates vWF release

Treat uremic platelet dysfunction

0.3–0.4 μg/kg

Vitamin K

Stimulates II, VII, IX, and X

Treat elevated PT, hepatic dysfunction, warfarin overdosage

10–20 mg IM, SC, or IV

Protamine sulfate

Heparin antagonist

Reverse heparin, treat elevated aPTT

1 mg/100 U heparin

Aminocaproic acid (Amicar)

Plasminogen inhibitor

Treat primary fibrinolysis

0.1 g/kg load, 1 g/hr

Aprotinin

Plasmin inhibitor

Treat primary fibrinolysis

3.75 mg/kg

Specific factors

Treat specific deficiencies

Most are now available in recombinant form with zero risk of
disease transmission

aPTT, activated partial thromboplastin time; DDAVP, desmopressin acetate (1-deamino-8-D-arginine vasopressin); IM, intramuscular; IV, intravenous; PT, prothrombin time; SC, subcutaneous; vWF, von Willebrand’s factor.

* Table is not all-inclusive.
† Doses, effects, and volumes are approximate and can vary by institution, indication, or formulation.

pathologic (DIC); ongoing lysis lowers the fibrinogen level. Equally useful is measurement of the degradation products of fibrin and fibrinogen, such as FDP and D dimers. Specific factors also can be measured and are invaluable in the diagnosis of specific
factor deficiencies. Platelet aggregability is used for diagnosis and characterization of rare platelet disorders.

REPLACEMENT RESOURCES
To prevent or treat bleeding rationally, it is important to understand what options are available and what specific functions the various replacement resources have ( Table 33–2 ). The reader is referred to several consensus statements and editorials on the use

17] [18] [19] [20] [21] [22] [23]

of blood products in the modern era for medical and surgical indications.[
Packed Red Blood Cells

Packed red blood cells (PRBCs) are used to restore oxygen-carrying capacity. Their use as a volume expander has all but disappeared because of blood-borne transmissible diseases. Apparently as a result of an article published in 1942, for years the “gold

24 25

standard” was to transfuse until a hemoglobin level of 10 mg/dL (a hematocrit of roughly 30%) was reached.[ ] [ ] Given the risk of disease transmission, along with the increasing realization that outcome is acceptable with a lower hematocrit (in part
owing to the beneficial effects of lowered blood viscosity), current consensus is that lower levels are safe. The National Institutes of Health consensus conference recommendations are that otherwise healthy patients should have hemoglobin levels maintained
at 7 mg/dL or more. Treatment must be individualized, and alternative strategies for blood conservation, such as preoperative autologous donation, erythropoietin use, acute normovolemic hemodilution, and intraoperative cell-saver devices, should be

17] [18] [23] [26]

considered in appropriate circumstances.[

Fresh Frozen Plasma

Most coagulation factors, with the exception of factor VIII, are replaced adequately with FFP. FFP is most useful when an elevated PT is present, often after warfarin administration or when liver dysfunction or a global coagulopathy is present. Because of the
risk of blood-borne diseases, FFP should not be used as a volume expander, but rather reserved for situations in which multiple factor deficiencies are present or ongoing factor destruction exists (e.g., consumptive coagulopathy) or for the acute reversal of

27]

warfarin.[

18] [22]
FFP is immunogenic and should be given in an ABO, Rh-specific manner. FFP is the agent of choice for treatment of isolated factor deficiencies when a specific
[22] [28] [29] [30]

There is widespread consensus that physicians currently overuse FFP.[

factor (e.g., factor V) is not available, but safe, recombinant factors VIII and IX have made FFP obsolete for treatment of the hemophilias.

Platelets

18

Platelets should be transfused for thrombocytopenia and probably used as the first prophylactic option during massive hemorrhage.[ ] They are especially useful in the latter situation because the resultant thrombocytopenia is usually the most important
cause of resultant bleeding and because platelet concentrates contain a substantial amount of FFP and factor V. Although a platelet count of approximately 20/μL is usually adequate for maintenance of normal hemostasis, in the setting of active bleeding a

19]

target of 50/μL to 70/μL (even higher at times, to allow for ongoing loss or destruction) is usually recommended.[
Cryoprecipitate

31] [32]

Cryoprecipitate is rich in factor VIII, vWF, and fibrinogen.[

It is used most commonly to increase fibrinogen levels during consumptive coagulopathy or when troublesome bleeding occurs during therapeutic thrombolysis. One
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bag (usually about 20 mL) contains about 200 to 250 mg of fibrinogen and 70 U of factor VIII.
Desmopressin
Desmopressin acetate (1-deamino-8-D-arginine vasopressin [DDAVP]) is a synthetic vasopressin analogue. Although it has little vasoconstrictor activity, it has powerful hematologic effects. DDAVP increases factor VIII and vWF levels and improves

33] [34]

platelet adhesiveness to injured endothelium.[

[35]

dysfunction,

Levels of both factors increase quickly, and tachyphylaxis occurs, suggesting that DDAVP stimulates release of preformed molecules. DDAVP is especially useful in patients with uremic platelet

36]

in patients after cardiopulmonary bypass,[

37] [38]

and in patients with mild type I vWD (who have low levels of vWF with normal vWF receptors), shortening the BT and reducing bleeding in each condition.[

Although prophylactic

39 40 41
DDAVP use should be considered when major blood loss is anticipated, its effects have not been consistent.[ ] [ ] [ ] DDAVP retains some antinatriuretic properties, and sodium and water balance should be monitored carefully in patients requiring
[32]

large doses.
Vitamin K

38] [42]

Vitamin K acts to carboxylate already synthesized factors stored in hepatocytes, which are released within about 6 hours after parenteral infusion. The PT usually normalizes within 18 to 24 hours.[
the action of vitamin K is slower but more durable, making it harder for the patient to become anticoagulated again.

FFP is best for rapid correction of warfarin effect;

Protamine Sulfate
Protamine, which is positively charged, reverses the activity of a negatively charged heparin molecule by binding to it and restoring AT III to its native, relatively inactive state. A ratio of approximately 1 mg of protamine to 100 U of heparin is usually used
for reversal, but with increasing time after heparin administration, less protamine is needed because of heparin’s relatively short half-life. We titrate protamine administration to the ACT or observed intraoperative bleeding; if none is present, protamine need
not be given. This is an issue because of protamine’s potential side effects (systemic hypotension, pulmonary hypertension, frank anaphylaxis, and death) and because of a report of worsened outcome after carotid endarterectomy when protamine had been

43] [44] [45]

given.[

Side effects related to protamine have been associated with fish allergy (presumably because protamine is derived from salmon semen), prior vasectomy (presumably because of cross-reactive autoantibodies), and previous insulin use (possibly because of

43] [46] [47] [48] [49]
50
“Designer” variants have been created to reduce the incidence of these problems, but they are not clinically available.[ ] Protamine itself can
[52] [53]

sensitization to the protamine contained in neutral protamine Hagedorn [NPH] insulin).[

51]

have anticoagulant properties because of TF inhibition.[

Late bleeding can occur after initially adequate reversal, but it is unclear whether this is due to a “heparin rebound” effect or to protamine’s anticoagulant effects.

Antifibrinolytic Agents

If primary fibrinolysis is suspected, direct antifibrinolytic agents, such as aminocaproic acid (Amicar), tranexamic acid (Cyklokapron), and aprotinin (Trasylol), all of which block plasminogen directly or block the action of plasmin on fibrin and fibrinogen,

53] [54] [55] [56]

can be considered.[
not be inhibited.

Their use is contraindicated, however, in consumptive coagulopathy. In this setting, the fibrinolysis is secondary to widespread microvascular thrombosis, and clot lysis, crucial for removing capillary thrombus, should

Specific Factors

Specific factors, especially factors VIII and IX, are available for specific deficiencies. These are most often used electively when surgery must be performed on a patient with a known deficiency and usually are given in collaboration with a hematologist. A

57]

variety of factor concentrates are currently available to treat hemophilia A and B. These can be divided into factor concentrates that are plasma derived and factor concentrates that are non–plasma derived.[

Pooled plasma factors previously carried a high

32 58
risk of disease transmission, but now are treated to inactivate human immunodeficiency virus and hepatitis B virus effectively.[ ] [ ] They are prepared by fractionation of large pools of thousands of units of donor plasma. Factor concentrates produced by
recombinant DNA technology are currently available and have the highest level of purity and safety, but they are more costly than plasma-derived products. Recombinant activated factor VII was developed for the treatment of bleeding in hemophilia patients.

[59] [60] It has been shown to be effective in treating nonhemophiliac patients who have developed antibodies against factor VIII; patients with platelet function deficiencies; and patients bleeding secondary to trauma, surgery, and gastrointestinal conditions.
Recombinant factor VIIa may be an effective and safe method to induce hemostasis in patients with factor deficiencies and platelet dysfunction.

PREOPERATIVE SCREENING
The history and physical examination are excellent preoperative screening tools for potential perioperative hemorrhage. A series of carefully directed questions to elicit a personal or family history of bleeding can alert the surgeon in advance of possible
bleeding complications and offers an opportunity to correct underlying defects or postpone the proposed procedure. The patient should be questioned specifically regarding prolonged bleeding from skin or mucosal surfaces after injury; excessive gynecologic
or obstetric bleeding; bleeding into or swelling of joints; easy bruising; prolonged bleeding during prior surgical or dental procedures; blood transfusion reactions; family history of bleeding diathesis; and ingestion of any medication that might affect
hemostasis, such as aspirin, nonsteroidal anti-inflammatory drugs, or warfarin. Similarly the physical examination should be directed toward the identification of
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Figure 33-2 Algorithm for management of intraoperative bleeding. A nonsurgical coagulopathy that occurs late in a case, especially if slowly progressive, is likely due to a problem that is relatively resistant to treatment, such as disseminated intravascular
coagulation (DIC), acidosis, hypothermia, dilution, or injury to proteins and cells. In this situation, terminating the operation to allow resuscitation in an intensive care unit assumes higher priority as time goes on.

TABLE 33-3 -- Inherited Platelet Disorders

DISORDER

INHERITANCE

DEFECT

CAUSE

TREATMENT

Bernard-Soulier syndrome

AR

Platelet adhesion

GP Ib-IX-V deficiency

Platelet transfusion

Glanzmann’s thrombasthenia

AR

Platelet aggregation

αIIbβ3 integrin

Platelet transfusion

Gray platelet syndrome

AR

Platelet secretion (alpha granule)

α-granule proteins are absent

Platelet transfusion, DDAVP

Quebec platelet disorder

AD

Platelet secretion (alpha granule)

Alpha granule proteins are degraded

Platelet transfusion, DDAVP

Wiskott-Aldrich syndrome

XR

Platelet secretion (dense granule)

Defect in dense granule secretion due to absence of
WASP

Platelet transfusion, DDAVP, cryoprecipitate

Hermansky-Pudlack syndrome

AR

Platelet secretion (dense granule)

Ceroid-lipofuscin–like lysosomal storage disease

Platelet transfusion, DDAVP, cryoprecipitate

Chédiak-Higashi syndrome

AR

Platelet secretion (dense granule)

Presence of giant inclusion bodies

Platelet transfusion, DDAVP, cryoprecipitate

AD, autosomal dominant; AR, autosomal recessive; DDAVP, desmopressin acetate (1-deamino-8-D-arginine vasopressin); GP, glycoprotein; XR, X-linked recessive.
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70]

BT. Quebec platelet disorder is an autosomal dominant bleeding disorder characterized by mild thrombocytopenia and prolonged BT. In contrast to gray platelet syndrome, the alpha granules in Quebec platelet disorder appear morphologically normal.[

70]

Although the alpha granule structure is preserved, there appears to be degradation of the alpha granule proteins owing to the presence of increased concentrations of urokinase-type plasminogen activator.[

Treatment of bleeding in both of these disorders

71
requires the transfusion of platelets, although DDAVP has been used as prophylaxis in patients before invasive procedures.[ ]
72]

Dense granules are the storage sites for serotonin, calcium, pyrophosphate, and various nucleotides. Dense granule storage pool disease represents a heterogeneous group of disorders with dense granule abnormalities as the common feature.[

Wiskott-

73
Aldrich syndrome is an X-linked recessive disease characterized by thrombocytopenia, immunodeficiency, eczema, and recurrent infections.[ ] There is a genetic defect in the Wiskott-Aldrich syndrome protein, which is an important regulator of the actin
[74]

cytoskeleton mediating communication between guanosine triphosphatases and a variety of proteins.

Hermansky-Pudlak and Chédiak-Higashi syndromes are autosomal recessive diseases in which a dense granule deficiency leads to a bleeding diathesis

75
and is accompanied by a lack of skin and hair pigmentation, albinism, and defective lysosomal function.[ ] Most patients with a dense granule deficiency present with mild-to-moderate bleeding as has been characterized previously. Platelet counts and cell
[76]
[77] [78]
morphology are normal, but BT generally is prolonged.

Bleeding is generally controllable with platelet transfusions, DDAVP, and cryoprecipitate.

von Willebrand Disease

vWD is a complex disorder caused by the quantitative or qualitative defect of vWF. vWF promotes platelet adhesion to injured blood vessels, and it is a carrier for factor VIII in plasma. vWD is the most commonly inherited bleeding disorder, with an

79] [80]

estimated incidence of 1% to 2% based on several epidemiologic studies.[

[81]

gastrointestinal bleeding. In women, menorrhagia may be the main finding.
disease.

The clinical manifestations of vWD are predominantly symptoms of easy bruising, prolonged epistaxis, bleeding after dental procedures, mucous membrane bleeding, and

With the heterogeneity of the disease, patients with only mild deficiency may present with a range of symptoms from none to symptoms more commonly associated with severe

vWD is classified into three main types based generally on the deficiency of vWF. In type 1 disease, there are decreased amounts of vWF; in type 2 disease, there are qualitative defects in vWF independent of the amount of factor present; and in type 3

82 83

disease, vWF is essentially absent. Type 2 is subclassified further into four groups.[ ] [ ] In type 2A, patients have decreased platelet-dependent functions due to a loss of high-molecular-weight multimers. Type 2B refers to variants with an increased
affinity for platelet GP Ib. Type 2M is characterized by vWF platelet-dependent functional deficits without loss of high-molecular-weight multimers. Type 2N has defective factor VIII binding to VWF.

81

Diagnosing vWD is extremely challenging because, depending on which epitope is abnormal, only a subset of tests may be abnormal.[ ] Testing can be divided into screening tests and confirmatory tests. The BT is an excellent screening test that reflects
quantitative or qualitative defects (or both) of platelets and vWF, but it can be variable in mild forms of vWD. Because of this variability, the BT often is replaced by modern filter methods. Confirmatory tests include factor VIII activity, vWF antigen,
ristocetin cofactor activity, collagen binding capacity, and epitope-specific vWF antigen enzyme-linked immunosorbent assays. The results of these tests vary based on the type of vWD present.

81]

Patients rarely require treatment, unless they present with bleeding. DDAVP is effective in patients with type 1 vWD and normal platelets, but is less effective in patients with low platelet vWF content.[

The response in patients with type 2 vWD is

84 85
variable depending on the subset, and it is ineffective in patients with type 3 vWD.[ ] [ ] Cryoprecipitate can be used in patients unresponsive to DDAVP or in whom it is contraindicated. VWF-containing concentrates also are available and include
[86]
[81]
products such as Haemate-P, Factane, and Facteur Willebrand (LFB); not all of these are available in the United States.

Factor VIII/vWF concentrates are equally as effective.

Some patients, particularly patients with type 3 vWD, may require

87
additional platelet transfusions.[ ]
Hypofibrinogenemia/Afibrinogenemia

Disorders of fibrinogen structure and function (hypofibrinogenemia and dysfibrinogenemia) can be hereditary or acquired and are variable in expression. Diagnosis is based on identification (with specialized reagents) of low fibrinogen levels and prolonged
clotting times. Disorders involving fibrinogen also affect platelet function. Patients with congenital afibrinogenemia rarely manifest spontaneous bleeding.
Hemophilia

A variety of disorders involve defects in the coagulation cascade factors ( Table 33–4 ). The two most common are loss of factor VIII (hemophilia A) and factor IX (hemophilia B). Hemophilia A is an X-linked recessive disorder that occurs in 1 in 5000 men.

[88] Hemophilia B also is an X-linked recessive disorder, but accounts for only 20% of cases of hemophilia. The two disorders are clinically indistinguishable. Hemophilia A is due to a deficiency in factor VIII, whereas hemophilia B is due to a deficiency in
[89]
factor IX. Hemophilia A is caused by numerous mutations in the gene for factor VIII, but the most common defect affects 45% of the patients with the severe form of the disease.

Hemophilia B is due to a mutation in the gene for factor IX. There are more

89
than 2100 known mutations for factor IX, most of which are point mutations.[ ] Both disorders can be diagnosed based on family history and the presentation of abnormal bleeding. A factor IX deficiency measured with a factor IX assay confirms the
diagnosis of hemophilia B, whereas altered levels of factor VIII by assay measurement suggest hemophilia A. Hemophilia A must be distinguished from severe forms of vWD, however, which also may produce low levels of factor VIII.

90]

Hemophilia A and B are classified as mild, moderate, or severe based on factor levels. Levels less than 1% are classified as severe, levels between 1% and 5% are considered moderately severe, and levels between 6% and 25% are considered mild.[
Classification predicts bleeding
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TABLE 33-4 -- Inherited Defects of Coagulation Factors
DISEASE

FACTOR DEFICIENCY

INHERITANCE

DIAGNOSIS

TREATMENT

Hemophilia A

VIII

XR

Specific factor assay

Factor VIII

Hemophilia B

IX

XR

Specific factor assay

Factor IX

Hemophilia C

XI

AR

Specific factor assay

Factor XI

Fibrinogen disorders

I

Variable

Fibrinogen levels and analysis

Cryoprecipitate

Abnormal prothrombin

II

Variable

Specialized assays

Variable replacements

Parahemophilia

V

AR

Specific factor assay

FFP

VII

AR

Specific factor assay

Factor VII

X

AR

Specific factor assay

FFP, prothrombin complex concentrates

Hageman factor deficiency

XII

AR

Specific factor assay

Factor XIII deficiency

XIII

AR

Specific factor assay

Factor VII deficiency
Stuart-Prower factor deficiency

AR, autosomal recessive; FFP, fresh frozen plasma; XR, X-linked recessive.

TABLE 33-5 -- Characteristics of the Various Clotting Factors Required for Safe Surgical Hemostasis

Factor XIII, cryoprecipitate

FACTOR

IN VIVO HALF-LIFE

LEVEL REQUIRED FOR
OPERATIVE HEMOSTASIS

STABLE IN PLASMA IF

BEST OPTIONS FOR REPLACEMENT

I

3–4 days

100 mg/dL

4°C

FFP, cryoprecipitate

II

2–5 days

20–40%

4°C

FFP, concentrates

V

15–36 hr

<25%

Frozen

VII

4–7 hr

10–20%

4°C

VIII

9–18 hr

≥80%

Frozen

IX

20–24 hr

≥50%

4°C

Concentrates, FFP

X

32–48 hr

10–20%

4°C

FFP, prothrombin complex concentrates

XI

40–80 hr

15–25%

4°C

Concentrates, FFP

XII

48–52 hr

None

4°C

Not necessary

XIII

12 days

<5%

4°C

Concentrates, cryoprecipitate, FFP

vWF

Few hours

25–50%

Frozen

Concentrates, cryoprecipitate, FFP

FFP, platelets
Concentrates, FFP
Concentrates, cryoprecipitate, FFP

FFP, fresh frozen plasma; vWF, von Willebrand’s factor.
Adapted from Edmunds LH: Hemostatic problems in surgical patients. In Colman RW, Hirsh J, Marder VJ, et al (eds): Hemostasis and Thrombosis: Basic Principles and Clinical Practice, 4th ed. Philadelphia, JB Lippincott, 2001, p 1031.

risk, guides the optimal management strategy, and predicts outcome. The hallmark of severe hemophilia A and B is repeated bleeds into joints and muscles. Persistent or recurrent joint bleeding results in synovial hypertrophy and predisposes the patient to

91]

recurrent episodes of hemorrhage.[

Muscle bleeds may threaten the patient’s limb as a result of nerve and blood vessel compression.

Therapy for hemophilia A and B has evolved considerably over the past few years. Currently, concentrated forms of specific factors, generally obtained through recombinant technology, are used almost exclusively to treat hemophilia ( Table 33–5 ). In the
absence of bleeding, the factor VIII concentration required to maintain hemostatic integrity and to prevent spontaneous hemorrhage is only about 3%. In the presence of bleeding, a factor VIII level of approximately 30% is necessary to achieve cessation of
minor hemorrhage, and a level of 50% is necessary to control major bleeding.
For patients undergoing elective surgical procedures, it is desirable to achieve a factor VIII level of 80% to 100% preoperatively and to maintain the level to at least 30% for 2 weeks after the procedure. The dose required is determined by the patient’s baseline

58] [92] [93] [94]

factor VIII level; each unit of factor VIII infused increases the plasma level by 2%. Half the initial dose should be given every 8 to 12 hours (the half-life of factor VIII).[

Continuous infusion of factor VIII concentrates has been proved to

95 96
provide easier monitoring and more constant coagulation factor levels in the perioperative period.[ ] [ ] In patients with hemophilia B, the desired plasma levels of factor IX are 20% to 30% for minor bleeding and 50% to 100% for major hemorrhage and
[94] [97]
Because of the risk of specific antifactor inhibitors, factor activity
surgery, and a level of 20% to 40% should be maintained for 2 weeks postoperatively. The half-life of factor IX is 24 hours, and it can be given half as frequently as factor VIII.
should be measured before surgery is begun to verify adequate hemostasis. Recombinant activated factor VII induces hemostasis in major surgery and in acute bleeding episodes in hemophiliacs who have developed antibodies to the replacement factors. It is

60]

administered as 90 to 110 μg/kg boluses dosed every second hour.[

For major surgery, administration is continued for 24 hours, at which point longer intervals between boluses can be used. Recombinant activated factor VII also can be given as a constant

[98]

infusion of 50 μg/kg/hr with similar outcomes.

99

100]

Factor XI deficiency, also known as hemophilia C, is a less common disorder that is autosomally inherited.[ ] It is particularly common among Ashkenazi Jews.[
management more difficult than in patients with hemophilia A and B. The reason for this variability is unknown. Patients who are homozygotes for the defect

Affected individuals have an unpredictable bleeding tendency, which makes clinical
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99 101 102

][
] Patients with severe deficiencies are more likely to bleed after surgery, particularly with procedures prone to fibrinolysis, such as oropharyngeal and urogenital surgery.
have more severe deficiencies than patients who are heterozygotes.[ ] [
Spontaneous bleeding is rare. FFP had been the treatment of choice in patients with bleeding episodes until the advent of factor XI concentrates. These concentrates must be used with caution in elderly patients and in patients with preexisting cardiovascular

99]

disease and coagulopathy activation.[

In all of the hemophilias, bleeding can be treated as it occurs, or treatment can be given regularly to prevent bleeds from occurring. Prophylaxis, begun in childhood, has been effective at decreasing the incidence of joint bleeds and their long-term

103 104 105

106] [107] [108]

][
][
] Hemophilia is a prime disease targeted for gene therapy. There have been several attempts at trials of this form of therapy with some success in decreasing the amount of factor replacement required.[
consequences.[
Gene therapy likely represents the future for treatment of patients with hemophilia.
Other Inherited Hemostatic Defects

Other inherited disorders of prothrombin conversion include abnormalities and deficiencies of factors II (prothrombin), V, VII, and X, all of which are synthesized in the liver and (with the exception of factor V) require vitamin K for synthesis of active
factors. The clinical features of these rare disorders are similar to those of the hemophilias, including variable penetrance and clinical severity. Disorders involving prothrombin itself (hypoprothrombinemia and the dysprothrombinemias) are characterized by
variable elevations of the PT and aPTT, with normal TT. Definitive diagnosis involves functional and immunologic prothrombin assays.
Deficiencies of factor V, the essential procoagulant cofactor for factor Xa, are transmitted in an autosomal recessive pattern and are definitively diagnosed by factor V assay. Patients with factor VII deficiency have an unusually variable clinical presentation
and characteristically exhibit prolonged PT with normal aPTT and TT; definitive diagnosis depends on performance of a specific assay for factor VII. Factor X deficiency results in prolongation of the PT and aPTT and is diagnosed by specific factor assay.

109]

Hageman factor (factor XII) deficiency, although it is associated with a prolonged aPTT, may predispose to thrombus formation and is not associated with a bleeding diathesis.[

[110]

and can be divided into two entities based on the underlying genetic defect.

Factor XIII deficiency is rare and inherited as an autosomal recessive trait

The most characteristic clinical feature is perinatal umbilical stump bleeding, but the sequelae associated with the other hemophilias are common in later life.

Treatment of inherited and acquired disorders of prothrombin conversion depends on the severity of the disorder. FFP, 10 to 20 mL/kg, is sufficient to restore hemostasis in most cases, unless bleeding is severe (see Table 33–5 ). Isolated factor replacement

111]

can be used in these extreme cases. The frequency and volume of replacement with FFP vary based on the factor deficiency.[
Acquired Disorders of Hemostasis

Table 33–6 lists some common nonhereditary causes of abnormal bleeding, tests designed to make the diagnoses, and general treatment strategies.
Platelet Disorders

Acquired platelet disorders comprise a wide variety of abnormalities, including functional, anatomic, and quantitative defects. Thrombocytopenia is the most common manifestation. These disorders are usually part of a larger disease process, such as uremia,
hypersplenism, hematologic malignancies (and their treatment), immune thrombocytopenic purpura, and thrombotic thrombocytopenic purpura.

TABLE 33-6 -- Common Acquired Causes of Bleeding and Treatment Strategies
SITUATION

CAUSE

*

DIAGNOSIS

TREATMENT

Heparin use

Antifactor II (via AT III)

Elevated aPTT (and PT)

Protamine

Argatroban/hirudin use

Direct anti-II

Elevated aPTT (and PT)

FFP

Warfarin use, hepatic failure, malnutrition, biliary obstruction

Inhibition of II, VII, IX, and X

Elevated PT (with normal aPTT)

FFP, vitamin K

Dilution

Fewer molecules and cells

Clinical situation, global dysfunction

Replace missing substances

Marrow failure

Thrombocytopenia

Thrombocytopenia, smear, marrow biopsy

Platelet transfusion

Acidosis

Diminished enzyme function

Clinical situation, global dysfunction

Correct the cause, replace as needed

Hypothermia

Diminished enzyme and platelet function

Clinical situation, global dysfunction

Warm

DIC

Global activation of entire clotting system

Clinical situation, laboratory finding dependent on stage

Correct the cause, replace as needed

Thrombolytic therapy

Reduced fibrinogen, clot lysis

Clinical situation, elevated FDP, TT, ECLT

Cryoprecipitate

Primary fibrinolysis

Reduced fibrinogen, clot lysis

Clinical situation, elevated FDP, TT, ECLT

Antifibrinolytics

Uremia

Impaired platelet/endothelial binding

Lengthened BT

DDAVP

Aspirin use

Permanent platelet dysfunction

Lengthened BT

Platelet transfusion

GP IIb/IIIa inhibitor

Permanent platelet dysfunction

Lengthened BT

Platelet transfusion

Specific inhibitors

Antifactor (usually VIII)

Resistance to factor replacement

High doses, immunosuppression

aPTT, activated partial thromboplastin time; AT III, antithrombin III; BT, bleeding time; DDAVP, desmopressin acetate (1-deamino-8-D-arginine vasopressin); ECLT, euglobulin clot lysis time; FDP, fibrin(ogen) degradation products; FFP, fresh frozen
plasma; PT, prothrombin time; TT, thrombin time.

* Table is not all-inclusive.
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Acquired von Willebrand’s Disease

112]
Patients generally have no history of a bleeding disorder, but they have various underlying disease processes, including hematoproliferative disorders and
[113] [114]

Acquired vWD is a rare bleeding disorder that usually occurs in elderly patients.[

myeloproliferative disorders. Drug-induced acquired vWD also has been reported with medications, such as ciprofloxacin and valproate; disease resolves with discontinuation.

Acquired vWD has been associated with hypothyroidism and

115] [116]
The pathogenesis of acquired vWD is not understood but may involve several different processes, including autoantibodies against vWF, adsorption of vWF by tumor cells, and nonimmunologic mechanisms of destruction.
autoimmune disorders.[
[112]
Patients generally present with mucocutaneous bleeding or bleeding in the postoperative setting without a history of bleeding disorders. Laboratory testing includes the BT and other screening tests of coagulation. Generally, BT and aPTT are prolonged with a

112]

normal PT. The most specific tests are measurements of plasma vWF antigen and ristocetin cofactor activity. Distinguishing between acquired and congenital vWD involves measurement of vWF propeptide.[
bleeding using desmopressin and concentrates of vWF. In addition, treatment of the underlying concomitant disease is necessary.

Clinical management involves control of

Acquired Hemophilia

Inhibitors to specific procoagulant proteins can be acquired, and catastrophic bleeding can arise if surgery is undertaken in such a patient. These inhibitors arise in 3% to 15% of persons with hemophilia (more commonly hemophilia A and when no native
protein activity is present; i.e., the most severely affected patients), and for this reason, surgery should not be performed in persons with hemophilia or other individuals who lack specific clotting activities until laboratory tests confirm that the substitution or
replacement therapy given before the operation is adequate to support surgical hemostasis.
Acquired hemophilia is a coagulopathy that generally affects the elderly, patients with autoimmune disorders, and occasionally women in the postpartum period. The most common disorder is caused by autoantibodies against specific domains of the factor

117]
Although these autoantibodies are the most frequently encountered, antibodies against factors V, VII, IX, XI,
[119]

VIII protein. These autoantibodies inhibit factor VIII’s ability to bind with vWF, activated factor IX, and negatively charged phospholipids.[

28] [29] [58] [92] [118] [119] [120] [121] [122] [123]
The pathogenesis of these inhibitors is unclear. A genetic predisposition is suggested by twin studies.
[124]

and XIII also exist.[

the cases with a 10% to 22% mortality rate.

Patients present with major bleeding episodes in 80% to 90% of

The remainder of patients present with anemia secondary to occult bleeding. Most patients were previously healthy, although some have associated autoimmune or lymphoproliferative disorders. The

125]

appearance of acquired hemophilia in the postpartum period is a rare but serious condition affecting primiparas within 3 months of delivery.[

In patients with antibodies against factor VIII, the aPTT is prolonged, factor VIII levels are low, and mixing studies indicate the presence of an inhibitor. To confirm the depletion of a specific coagulation factor, factor assays must be performed. The method

126

] Management of patients with acquired hemophilia depends on the severity of bleeding and the results of the Bethesda assay. Increasing factor VIII levels with human factor VIII
used for quantification of factor VIII inhibitors is the Bethesda assay.[
concentrates to achieve 50% of normal should control most bleeding. This treatment is effective only when the Bethesda units are less than 5. With higher levels of inhibitors (Bethesda units >5), patients usually respond only to porcine factor VIII,
117]

recombinant factor VIIa, or activated prothrombin complex concentrates.[

127]

Corticosteroids can eradicate autoantibodies in more than half of the patients, and cyclophosphamide may induce remission in the remainder.[

If the presence of an inactivating inhibitor is not identified preoperatively but suspected intraoperatively (i.e., in the setting of sudden collapse of hemostasis without other cause), cryoprecipitate should be the first-line therapy. Cryoprecipitate contains factor
VIII, which is the target of the specific inhibitors in most cases. Cryoprecipitate also contains vWF and factor XIII and is the only source of concentrated fibrinogen. When the specific inhibitor has been identified, overwhelming amounts of the target factor

58] [97] [118]

should be administered until hemostasis has been achieved.[

If only tenuous hemostasis can be achieved, clotting activity can be supplemented by exchange transfusion with normal FFP, usually via plasmapheresis.

Alternatively, preparations of procoagulants isolated and concentrated from pooled donors can be infused. These preparations are designed to bypass the inhibited activity and trigger the sequence of clotting enzyme reactions beyond the inhibited activity,
generating thrombin. If factor VIII coagulant activity is inhibited, concentrates from the prothrombin complex isolated from plasma (factors II, VII, IX, and X) can be infused in an attempt to bypass the barrier of factor VIII inhibition. Recombinant activated
factor VII may play a significant role in obtaining hemostasis in these scenarios.
Global Inhibitors

The specific antibodies described earlier must be differentiated from global, nonspecific inhibitors. Nonspecific inhibitors are immunoglobulins directed against phospholipids and are generally called antiphospholipid antibodies (APAs). Because APAs were
seen first in patients with systemic lupus erythematosus and originally diagnosed by their ability to prolong aPTT in vitro, they originally were named lupus anticoagulants. This name is a double misnomer. APAs are procoagulants in vivo, and lupus

30] [118] [119]

anticoagulants are merely a special case within the general family of APAs, which also includes anticardiolipin antibodies.[

Because APAs act against the phospholipids added ex vivo in the aPTT test, they prolong the aPTT by interfering with multiple steps in the coagulation pathway. Analysis shows a variably decreased activity of factors XII, XI, and occasionally IX. This
decrease is rarely (if ever) complete, and usually 30% to 50% of the activity remains, and thrombin generation is not impaired. The effect of this interference is to prevent the factors from interacting with one another in vitro, but not to inhibit any specific
clotting activity in vivo. Normal hemostasis with its intense
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procoagulant focus overrides this interference; as a result, these APAs usually are associated with hypercoagulation in vivo and do not show an increased risk of bleeding. Only antibodies targeted toward a specific clotting factor jeopardize hemostasis. The

118] [119]

mechanism whereby the antibodies act as procoagulants in vivo is poorly understood. Hypotheses include platelet activation, endothelial damage or inhibition of prostacyclin secretion, and interference with fibrinolysis.[
Uremia

The primary hemostatic abnormality in patients with renal failure involves poor platelet function or other defects of primary hemostasis. Mechanisms are numerous and incompletely understood, but they include abnormalities within the platelets themselves
and impaired excretion of toxins that impede platelet function; some hemorrhagic tendencies correct with dialysis, whereas others persist. Possible platelet defects in uremia include abnormal GP IIb/IIIa, functional cyclooxygenase defect due to abnormal
prostaglandin synthesis; abnormal platelet serotonin, cyclic adenosine monophosphate, and storage pool adenosine diphosphate (ADP) levels; and elevated platelet calcium content. Uremic products adversely affecting platelet function include inhibitors of

128] [129]

glucose utilization, fibrinolysis, serotonin release, aggregation, and thromboxane production.[

Because the hemostatic defect in renal failure involves intrinsic platelet abnormalities and inhibitors, treatment is aimed at both factors. In patients with anemia, simple transfusion to a hematocrit of 30% can improve hemostasis through hemodynamic effects
by improving platelet margination and enhancing platelet-endothelial contact and interaction. Erythropoietin has a similar, although more delayed, benefit. Dialysis is effective in removing circulating inhibitors of platelet function, but it is seldom successful in
restoring hemostasis completely.
Platelet function also can be boosted temporarily by the administration of DDAVP. In addition to its previously stated effects, DDAVP promotes elevated concentrations of norepinephrine in the circulating plasma for 1 to 4 hours after infusion. This action
results in improved platelet-endothelial interactions, probably by sensitizing or activating the α-adrenergic receptors of platelets. Infusion of 10 U of cryoprecipitate results in immediate and nearly complete hemostatic competence that lasts 4 to 12 hours;

33] [34] [35]

cryoprecipitate should be used preoperatively in all uremic patients in whom major operative intervention is planned.[
Vitamin K–Related Disorders

Factors II, VII, IX, and X, the four vitamin K–dependent clotting factors, must undergo γ-carboxylation to become active, and vitamin K acts as the essential cofactor. These factors are inactive without vitamin K, and reduced vitamin K availability can

1 38 42 130

] Vitamin K is fat soluble and depends on adequate bile secretion, nutrition, and gut absorptive function to be assimilated into the bloodstream. Biliary obstruction, malnutrition, gut bacterial overgrowth, and other
precipitate coagulopathy.[ ] [ ] [ ] [
functional disturbances are common causes of bleeding problems in hospitalized patients.

Coagulopathy caused by vitamin K deficiency, whether due to malabsorption or warfarin administration, is usually relatively easy to correct. FFP quickly restores the PT to normal because of direct factor replacement. Parenteral vitamin K also restores factor
levels by the carboxylation of presynthesized molecules. This restoration can be quite fast (6 to 24 hours), but it makes re-anticoagulation slower.

Liver Disease

The liver is the sole or primary site of synthesis for essentially all of the important coagulation factors, proteins C and S, plasminogen, α2 -antiplasmin, plasminogen activator inhibitor-1 (PAI-1), and other regulatory proteins such as AT III and C1 inhibitor. In

addition, the liver plays a major role in the clearance of activated coagulation factors and plasminogen activators. Reduced synthesis of the four vitamin K–dependent factors contributes substantially to bleeding in patients with liver failure, but abnormal

128] [130] [131] [132] [133] [134] [135]
In the operating room, the relatively high portal pressure and resultant fragile,

fibrinogen synthesis, thrombocytopenia, functional platelet defects, and low-grade, chronic DIC also contribute significantly.[
extensive collateralization also increase the risk of hemorrhage.

In mild hepatic insufficiency, it is possible to replace the coagulation factors by an infusion of FFP. In frank liver failure, however, this replacement is rarely possible, especially if there is ongoing consumption because the coagulopathy associated with hepatic
failure is usually multifactorial. Hepatic insufficiency often is associated with compromised renal function, which limits the volume that can be infused. For patients with hepatic insufficiency who must undergo operation, an infusion of plasma is begun 2 to 3
hours before the procedure. It is preferable to use FFP rather than stored plasma because FFP contains all the coagulation factors, including higher levels of the labile factors V and VIII, complement, and cold insoluble globulin. Primary fibrinolysis
occasionally is caused by liver disease. A 24-hour infusion of aminocaproic acid or tranexamic acid, beginning just before surgery and continuing during and after surgery, may be beneficial in this circumstance. Administration of recombinant activated factor

59]

VII in high doses may compensate for the lack of the different coagulation patterns, although its use to date in this scenario has been limited.[
Disseminated Intravascular Coagulation

136

] It is characterized by the systemic activation of the coagulation cascade resulting in the production of fibrin and resulting in microvascular thrombosis. Continued consumption of the
DIC is a syndrome that is always secondary to an underlying disorder.[
coagulation proteins and platelets depletes the body’s stores of these factors, and the syndrome evolves into a state of coagulopathy and bleeding—hence its alternate name, consumptive coagulopathy. Alterations in the fibrinolytic system exist concomitantly
and contribute to further intravascular clot formation and accelerated fibrinolysis and bleeding. Patients with DIC can present with thrombus formation and vessel occlusion in addition to bleeding. DIC complicates many known clinical disorders. It is seen
130] [137]
Severe trauma also can initiate the development of DIC, and it occurs in 50% to 70% of these

most commonly in bacterial sepsis, occurring in 30% to 50% of these patients with equal prevalence in gram-negative and gram-positive infections.[

138] [139]

patients.[

A variety of mechanisms may contribute to its development in the trauma patient.
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Solid and hematologic malignancies can be complicated by DIC for reasons that are not entirely understood. Obstetric complications, such as placental disruption and amniotic fluid emboli, can activate DIC.[

Vascular disorders also can cause DIC.

140] [141]
These include giant hemangiomas and aortic aneurysms, in which activated coagulation factors overflow into the systemic circulation.[
DIC is initiated with TF-mediated thrombin generation with concomitant dysfunction in the coagulation cascade inhibitory mechanisms; this leads to enhanced fibrin formation and deposition. In addition, fibrin removal is impaired because of alterations in the

142

] All of the aforementioned stimuli, either directly or via cytokines such as interleukin-1 or tumor necrosis factor, cause release of TF from subendothelium or other cells. Thrombocytopenia usually coincides with or precedes the
fibrinolytic system.[
triggering of the coagulation cascade, as platelets are consumed peripherally at the site of infection or tissue damage or coated with immunoglobulin G or specific antibodies. The resultant membrane damage and partial or complete activation causes the
membranes either to transform into procoagulant surfaces (generally called platelet factor 3) or to express TF. This uncontrolled and ongoing release of TF causes widespread activation of factor VII and the formation of TF–factor VIIa complex, which leads
130] [143] [144]

to generation of factor Xa, which triggers an intense exponential “explosion” of thrombin production.[

The regulating pathways of coagulation activation are impaired and contribute to continued fibrin formation. AT III levels are low in patients with DIC. The etiology of these low AT III levels is attributable to a combination of consumption during ongoing

136

] In addition, there is a significant depression in the protein C and S system. Thrombomodulin is downregulated during sepsis, leading to
thrombus formation, degradation by elastases released from activated neutrophils, and impaired synthesis.[
diminished protein C activity and the development of a procoagulant state. The fibrinolytic system is largely inactive at the time of maximal coagulation activation. This phenomenon is due to suppression of the fibrinolytic system by a sustained increase in
145]

plasma levels of PAI-1.[

Although there is a diminution in the natural anticoagulants, the coagulation factors also are relatively protected from inhibition while on procoagulant surfaces. The excess thrombin diffuses to create larger and larger zones of activation, upstream and
downstream, and further amplifies fibrin production. Plasmin is produced to compensate for the widespread fibrin production. This plasmin originally plays a protective role by lysing microvascular clot. Excessive plasminogen activation can outstrip its

146

] The progressive consumption of fibrinogen, factor V, and factor VII by unrestricted activation and their destruction by plasmin as part of plasma proteolysis
restraints and inhibitors, however, to result in attack on the coagulation factors themselves.[
worsen the situation. If the original pathologic stimuli are sustained, the reserves of coagulation factors are exhausted, and the production of fresh coagulation factors finally is outstripped by their consumption.

If thrombin generation and fibrin accumulation continue to be amplified, fibrin microthrombi are produced. These microthrombi lodge in the microcirculation, especially in the vascular beds of the kidney, brain, lung, adrenal glands, and skin, impairing blood
flow, nutrient delivery, and organ function. Polymerization of fibrin monomers initiates compensatory plasmin activation and (secondary) fibrinolysis. The degree of organ damage from occlusion of the microcirculation by these fibrin-rich microthrombi

146] [147]

depends on the balance between their formation and lysis by plasmin. The secondary fibrinolysis that occurs as part of DIC is crucial and should not be inhibited.[

This necessary fibrinolysis further impairs hemostasis because the products of

148] [149]

fibrinogen and fibrin degradation (FDPs, D dimers, and various fibrinopeptides) themselves are anticoagulants in large quantities, acting as antithrombins, potentiating thrombolysis, and interfering with fibrin polymerization.[
DIC can be distinguished from simpler disturbances, in a philosophical but clinically important sense, by the fact that it tends to be resistant to correction when it is in full bloom. This is for several reasons:
1. The insult that leads to DIC is often relatively chronic and is often persistent despite all efforts to the contrary.
2. Activation is usually widespread, ongoing, and massive, exceeding the ability of the body to replace needed factors.
3. Many of the degradation products produced by the syndrome are active anticoagulants (notably FDP), which easily initiate a positive-feedback loop.
Prevention is crucial.

150

] Phase 1 is the compensated activation of the hemostatic system. In this phase, clinical findings are generally absent, but because of the underlying disease
DIC is a continuously progressing process, and it can be divided into three clinical phases.[
process, the development of DIC is suspected or anticipated. In this phase, tests to measure activation of coagulation should be performed. The PT, aPTT, TT, and platelet counts are within normal limits. The prothrombin fragment F1+2 and throminantithrombin complexes are elevated, whereas antithrombin is slightly decreased. Phase 2 is decompensated activation of the hemostatic system. In this phase, the PT and aPTT are prolonged with a normal TT because fibrinogen levels at this stage still may be
normal. Repeated analysis is necessary during this stage because components can change rapidly. Platelet counts, fibrinogen concentration, coagulation factor activities, and antithrombin levels are decreased or continuously decreasing. Phase 3 is “full-blown

150]

DIC.”[

This phase is characterized by extremely prolonged, or unclottable, PT, aPTT, and TT. Platelet counts also are extremely low, and coagulation factor activities, fibrinogen levels, and antithrombin levels are less than 50% normal.

DIC usually arises in characteristic clinical settings. The usual scenario is that of a gradual deterioration in previously adequate hemostasis in a critically ill patient (e.g., with sepsis, trauma, or uncontrolled bleeding), with generalized bleeding, particularly
from previously hemostatic areas. Primary fibrinolysis usually occurs in patients with cirrhosis or liver failure from other causes in whom PAI synthesis and tissue plasminogen activator (t-PA) clearance are impaired. Relevant to vascular surgery, it also
occurs in the
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setting of hepatic hypoperfusion resulting from supraceliac clamping.[

DIC is probably not an “all-or-nothing” event; it commonly arises from previous, inadequately treated problems. In a patient who is cold and underperfused, coagulopathy initially may be simply an enzymatic dysfunction. If the initial insult is not corrected
and bleeding persists, however, the worsened hypothermia, acidosis, and toxemia induced by ischemic tissue may push the coagulation system into true DIC.
Because DIC, when established, is often extraordinarily resistant to treatment, prevention is paramount. Early recognition is crucial because of DIC’s propensity to become autonomous and self-perpetuating. When DIC is established, general support while the
underlying problem is corrected is the best option. In the short-term, measures designed to reduce operative time, maintain perfusion, and keep the patient warm and at normal physiologic parameters are important, as discussed earlier. In the longer term,
maintenance of adequate nutrition, control of undrained spaces and débridement of ischemic tissues, control of pain, and control of systemic infectious problems are of equal importance. Clotting factors and platelets should be replaced at the rate they are
consumed, as determined by frequent laboratory testing, and continued administration of FFP, platelets, cryoprecipitate to increase fibrinogen levels, and, as directed, more exotic factors is recommended. Antifibrinolytic agents probably should seldom, if ever,
be used because the secondary fibrinolysis occurring during DIC is beneficial, cleaning the capillaries of thrombus and restoring perfusion. The mainstay of treatment is correction of the underlying stimulus directly, while halting the vicious circle and
replacing cells and factors as fast as they are consumed.
Primary Fibrinolysis

Primary fibrinolysis should be distinguished from the secondary fibrinolysis seen as part of DIC. In DIC, fibrinolytic activation occurs as a secondary event, acting to lyse intravascular microthrombi. As such, it is therapeutic, it is vital to tissue perfusion, and

130] [146]

it should not be inhibited. In contrast, in primary fibrinolytic states, fibrinolysis occurs de novo as the primary problem, and direct inhibition is often beneficial.[

The mechanism by which bleeding occurs differs from that of DIC. In primary fibrinolysis, direct plasminogen activation is the primary problem rather than being secondary to high thrombin and fibrin clot levels as it is in DIC. Plasmin saturates its inhibitors,
especially PAI-1 and α2 -antiplasmin, so that free plasmin builds up in the circulation ( Fig. 33–3 ). “Upstream” substances (factors V and VIII), fibrin, and fibrinogen are destroyed. Plasmin generated on the surface of platelets and endothelial cells and within

clot attacks the cell membranes and their receptors and inappropriately lyses hemostatic plugs. Compensatory thrombin generation is quickly amplified, and platelets are recruited in an effort to restore endothelial competence and hemostasis. Fibrin monomers
and FDPs are created. In both circumstances, microvascular coagulation occurs when the reticuloendothelial and macrophage-phagocyte systems become overwhelmed. Thus occurs the paradoxical development of microvascular thrombosis and massive

131] [152] [153]

hemorrhage observed in DIC and primary fibrinolysis.[

Figure 33-3 Fibrinolytic molecules and their inhibitors. Tissue plasminogen activator (t-PA) and other physiologic and therapeutic molecules lyse clot indirectly by cleaving plasminogen to plasmin. Plasminogen activator inhibitors (PAIs), the most common
being PAI-1, inhibit t-PA and other plasminogen inhibitors, whereas α2 -antiplasmin (α2 -AP) directly inhibits plasmin’s action on fibrin(ogen). (From Illig KA, Green RM, Ouriel K, et al: Primary fibrinolysis during supraceliac clamping. J Vasc Surg

25:245, 1997.)

Figure 33-4 Schematic curve of enzyme activity (in this case, coagulation factors) versus pH and temperature. Function is maximal at normal physiologic values (7.4 and 37), but declines as these values change on either side of the norm. Platelet function also
is adversely affected, at least by hypothermia, but its relation to pH is less well characterized.
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Chapter 34 - Vascular Thrombosis Due to Hypercoagulable States

Thrombosis is a major of cause of death throughout the world. Myocardial infarction (MI) and stroke, which are arterial thromboses, are the number one and two causes of death worldwide and the number one and three causes of death in developed nations.
Arterial and venous thrombosis represents a shift in the balance in regulation between procoagulant, anticoagulant, and fibrinolytic systems. The molecular causes of thrombosis also are influenced by blood flow rates, pressure, and vessel origin. The genesis
of thrombosis may be due to various organ, tissue, cellular, protein, or molecular defects. Clinical investigations have shown several molecular defects that increase a patient’s risk for the clinical manifestation of thrombosis in 18% to 30% of all cases of

61] [108] [110]

venous thromboembolism (VTE).[

96]
arterial thromboses are less likely to be due to inherited hypercoagulability than to environmental and acquired risk factors.

Although atherosclerosis and venous thrombosis are associated,[

Causes for thrombosis can be classified on the basis of the anatomic site (arterial versus venous), frequency, or likelihood for thrombosis when there is a predisposing factor ( Tables 34–1 and 34–2 ). There is increased awareness of the fact that many
hypercoagulable states are multigenetic; however, environmental factors contribute to when, how, and to what extent these states manifest as a thrombotic clinical event. This fact is highlighted by the realization that many hemostatic factor–genetic
polymorphisms exist, but
TABLE 34-1 -- Thrombosis Due to Hypercoagulable States
ARTERIAL

ARTERIAL AND VENOUS

VENOUS

Elevated fibrinogen

Hyperhomocysteinemia

Antithrombin

Abnormal platelet aggregation

HIT/HITTS Antiphospholipid Ab

Protein C Protein S

Atherosclerosis

Elevated PAI-1

Factor V Leiden

Lipoprotein(a)

Prothrombin G20210A
Dysfibrinogenemia
Elevated factors XI, IX, VIII

HIT/HITTS, heparin-induced thrombocytopenia/heparin-induced thrombocytopenia and thrombosis syndrome; PAI-1, plasminogen activator inhibitor 1.

34] [61] [64] [108]

few have clinically perceptible consequences.[

One may argue that the presentation of thrombosis is the summation of risk factors. Treatment decisions depend on the specific hypercoagulable disorder and the severity of risk causing the

100] [110]
The clinical presentation of thrombosis is a multifactorial event, demonstrating the breakdown

thrombotic event. The combination of age, genetic predisposition, and environmental factors contributes to the presentation of clinical manifestations.[
of many fail-safe mechanisms preserving the constitutive anticoagulant nature of the intravascular compartment.

109]

To begin to understand the mechanisms that account for abnormal hypercoagulability, it is important to recall the normal coagulant and fibrinolytic pathways depicted in Figure 34–1 .[

In this schematic, the known potential factor abnormalities in the

17

balance of the coagulation and fibrinolytic systems are highlighted.[ ] In the coagulation system, elevations of coagulant factors and fibrinogen are associated with increased risk for thrombosis on an epidemiologic basis. Alternatively in the fibrinolytic
system, abnormal plasminogens (dysplasminogenemia) and elevations of plasminogen activator inhibitor 1 (PAI-1) are associated with increased risk for thrombosis. Although defects or deficiencies in tissue plasminogen activator (t-PA)
TABLE 34-2 -- Venous Thromboembolism Due to Hypercoagulable States
FREQUENCY

SEVERITY

Factor V Leiden (20–60%)

High Risk for Thrombosis

Hyperhomocysteinemia (10%)

Antithrombin deficiency

Prothrombin G20210A (4–6%)

Protein C deficiency

Protein C deficiency (3–5%)

Protein S deficiency

Protein S deficiency (2–3%)

HIT/HITTS

Dysfibrinogenemia (1–3%)

Antiphospholipid Ab syndrome

Antithrombin (1–2%)

Dysplasminogenemia (<1%)

Lower Risk for Thrombosis
Factor V Leiden
Hyperhomocysteinemia
Prothrombin G20210A
Dysfibrinogenemia
Dysplasminogenemia
Elevated factors VIII, IX, XI

HIT/HITTS, heparin-induced thrombocytopenia/heparin-induced thrombocytopenia and thrombosis syndrome.
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Figure 34-1 The biochemistry of thrombosis. This figure represents the proteins that participate in the biochemistry of venous thrombosis and indicates the proteins of the coagulation, fibrinolytic, and anticoagulant systems whose deficiencies, defects, or
elevations are associated with increased risk for thrombosis. The proteins whose alteration in structure or increase or decrease in their level is associated with increased risk for venous thromboembolism are shown in bold. APC, activated protein C; AT,
antithrombin; C4bBP, C4b binding protein; FDP, fibrin degradation products; FVL, factor V Leiden; HCII, heparin cofactor II; II G20210A, prothrombin G20210A; IXa, activated factor IX; PAI-1, plasminogen activator inhibitor-1; PK, prekallikrein,
kallikrein, plasma kallikrein; PZ, protein Z; PZI, protein Z inhibitor; scuPA, single-chain urokinase plasminogen activator; tcuPA, two-chain urokinase plasminogen activator; tPA, tissue-type plasminogen activator; Va, activated factor V, VIIa-TF, activated
factor VII in complex with tissue factor; VIIIa, activated factor VIII; Xa, activated factor X; XII, factor XII; XIa, activated factor XI; XIIa, activated factor XII.

TABLE 34-3 -- Acquired Risk Factors for Venous Thrombosis
Old age
Prolonged immobility
Obesity
Chronic neurologic disease
Cardiac disease

Pregnancy
Oral contraceptives
Hormones
Surgery
Trauma
Malignancy
Nephrotic syndrome
Prior venous thromboembolism

TABLE 34-4 -- Markers for and Components of Laboratory Evaluation for Hypercoagulable States
MARKERS

COMPONENTS OF LABORATORY EVALUATION

Unusual thrombus location

Antithrombin activity and antigen assay

Recurrent idiopathic VTE

Protein C activity and antigen assay

VTE at an early age (≤30)

Free protein S antigen assay

Strong family history and first event

APC resistance assay and factor V Leiden by PCR

Women with multiple stillbirths or abortions

Prothrombin G20210A by PCR
Homocysteine level
Antiphospholipid or anticardiolipin antibodies
β2 glycoprotein I antibodies
Clottable fibrinogen and fibrinogen antigen
Dilute Russell viper venom time
Tissue thromboplastin inhibition time
Lipoprotein (a) level
aPTT
PT
D dimer

APC, activated protein C; aPTT, activated partial thromboplastin time; PCR, polymerase chain reaction; PT, prothrombin time; VTE, venous thromboembolism.

Figure 34-2 A suggested algorithm for treatment of patients with suspected hypercoagulable states. When a venous thromboembolism (VTE) episode is defined, standard-of-care anticoagulation is started. If a risk factor is identified, generally 3 to 6 months of
oral anticoagulation is recommended. If no identifiable risk factor is present, a laboratory-based evaluation for a hypercoagulable state should be done (see Table 34–4 ). If negative, the diagnosis is “idiopathic,” and at least 6 months of oral anticoagulation is
completed. If a hypercoagulable state is identified, duration of oral anticoagulation (6 months or lifelong) depends on the specific state, the risk of recurrence, and patient-specific states. All patients with one VTE episode need aggressive prophylaxis to
prevent VTE recurrence in high-risk situations (e.g., major surgery and prolonged immobility).

REFERENCES

1. Ahn SS, Kalunian K, Rosove M, et al: Postoperative thrombotic complications in patients with the lupus anticoagulant: Increased risk after vascular procedures. J Vasc Surg 7:749, 1988.
2. Almeida J, Coats R, Liem TK, Silver D: Reduced morbidity and mortality rates of the heparin-induced thrombocytopenia syndrome. J Vasc Surg 27:309, 1998.
3. Alving B: How I treat heparin-induced thrombocytopenia and thrombosis. Blood 101:31–37, 2003.
4. Ansell JE, Price JM, Shah S, et al: Heparin-induced thrombocytopenia: What is its real frequency? Chest 88:878, 1985.
5. Bavikatty NM, Killeen AA, Akel N, et al: Association of the prothrombin G20210A mutation with factor V Leiden in a Midwestern American population. Am J Clin Pathol 114:272, 2000.
6. Bick RL: Coagulation abnormalities in malignancy: A review. Semin Thromb Hemost 18:353, 1992.
7. Bick RL: Prothrombin G20210A mutation, antithrombin, heparin cofactor II, protein C, and protein S defects. Hematol Oncol Clin North Am 17:9–36, 2003.
8. Blom HJ, Kleinveld HA, Boers GH, et al: Lipid peroxidation and susceptibility of low-density lipoprotein to in vitro oxidation in hyperhomocysteinemia. Eur J Clin Invest 25:149, 1995.

9. Cancio LC, Cohen DJ: Heparin-induced thrombocytopenia and thrombosis. J Am Coll Surg 186:76, 1998.
10. Carreras LO, Defreyn G, Machin SJ, et al: Arterial thrombosis, intrauterine death, and “lupus” anticoagulant: Detection of immunoglobulin interfering with prostacyclin formation. Lancet 1:244, 1981.
11. Clouse LH, Comp PC: The regulation of hemostasis: The protein C system. N Engl J Med 314:1298, 1986.
12. Cole MS, Minifee PK, Wolma FJ: Coumadin necrosis: A review of the literature. Surgery 103:271, 1988.
13. Comp PC, DeBault LE, Esmon NL, Esmon CT: Human thrombomodulin is inhibited by IgG from two patients with non-specific anticoagulants [abstract]. Blood 62(Suppl 1):299a, 1983.
14. Cumming AM, Keeney S, Salden A, et al: The prothrombin gene G20210A variant: Prevalence in a U.K. anticoagulant clinic population. Br J Haematol 98:353, 1997.
15. Cunningham MT, Brandt JT: Laboratory diagnosis of dysfibrinogenemia. Arch Pathol Lab Med 126:499–505, 2002.
16. Dahlbäck B: Activated protein C resistance and thrombosis: Molecular mechanisms of hypercoagulable state due to FVR506Q mutation. Semin Thromb Hemost 25:273–289, 1999.
17. Dahlbäck B: Blood coagulation. Lancet 355:1627, 2000.
18. de Moerloose P, Bounameaux HR, Mannucci PM: Screening tests for thrombophilic patients: Which tests, for which patient, by whom, when, and why? Semin Thromb Hemost 24:321–327, 1998.
19. de Stefano V, Casorelli I, Rossi E, et al: Interaction between hyperhomocysteinemia and inherited thrombophilic factors in venous thromboembolism. Semin Thromb Hemost 26:305–311, 2000.
20. de Stefano V, Martinelli I, Mannucci PM, et al: The risk of recurrent deep venous thrombosis among heterozygous carriers of both Factor V Leiden and the G20210A prothrombin mutation. N Engl J Med
341:801, 1999.

21. den Heijer M, Blom HJ, Gerrits WB, et al: Is hyperhomocysteinaemia a risk factor for recurrent venous thrombosis? Lancet 345:882, 1995.
22. den Heijer M, Koster T, Blom HJ, et al: Hyperhomocysteinemia as a risk factor for deep-vein thrombosis. N Engl J Med 334:759, 1996.
23. den Heijer M, Keijzer M: Hyperhomocysteinemia as a risk factor for venous thrombosis. Clin Chem Lab Med 39:710, 2001.
24. Donaldson MC, Weinberg DS, Belkin M, et al: Screening for hypercoagulable states in vascular surgical practice: A preliminary study. J Vasc Surg 11:825, 1990.
25. Donaldson MC, Belkin M, Whittemore AD, et al: Impact of activated protein C resistance on general vascular surgical patients. J Vasc Surg 25:1054, 1997.
26. Eby CS: A review of the hypercoagulable state. Hematol Oncol Clin North Am 7:1, 1993.
27. Eldrup-Jorgensen J, Flanigan DP, Brace L, et al: Hypercoagulable states and lower limb ischemia in young adults. J Vasc Surg 9:334, 1989.
28. Esmon CT: The regulation of natural anticoagulant pathways. Science 235:1348, 1987.
29. Falcon CR, Cattaneo M, Panzeri D, et al: High prevalence of hyperhomocyst(e)inemia in patients with juvenile venous thrombosis. Arterioscler Thromb 14:1080, 1994.
30. Ferraresi P, Marchetti G, Legnani C, et al: The heterozygous 20210 G/A prothrombin genotype is associated with early venous thrombosis in inherited thrombophilias and is not increased in frequency in artery
disease. Arterioscler Thromb Vasc Biol 17:2418, 1997.

31. Ferro D, Pittoni V, Quintarelli C, et al: Coexistence of anti-phospholipid antibodies and endothelial perturbation in systemic lupus erythematosus patients with ongoing prothrombotic state. Circulation 95:1425,
1997.

32. Flinn WR, McDaniel MD, Yao JS, et al: Antithrombin III deficiency as a reflection of dynamic protein metabolism in patients undergoing vascular reconstruction. J Vasc Surg 1:888, 1984.

33. Foley PW, Irvine CD, Standen GR, et al: Activated protein C resistance, factor V Leiden and peripheral vascular disease. Cardiovasc Surg 5:157, 1997.
34. Franco RF, Reitsma PH: Genetic risk factors of venous thrombosis. Hum Genet 109:369, 2001.
35. Galli M, Luciani D, Bertolini G, et al: Lupus anticoagulants are stronger risk factors for thrombosis than anticardiolipin antibodies in the antiphospholipid syndrome: A systematic review of the literature. Blood
101:1827, 2003.

36. George JN, Alving B, Ballem P: Platelets. In McArthur JR, Benz EJ (eds): Hematology—1994: The Educational Program of the American Society of Hematology. Washington, DC, American Society of
Hematology, 1994, p 66.

37. Gerhardt A, Scharf RE, Beckmann MW, et al: Prothrombin and Factor V mutations in women with a history of thrombosis during pregnancy and the puerperium. N Engl J Med 342:374, 2000.
38. Girelli D, Russo C, Ferraresi P, et al: Polymorphism in the Factor VII gene and the risk of myocardial infarction in patients with coronary artery disease. N Engl J Med 343:774, 2000.
39. Graeber JE, Slott JH, Ulane RE, et al: Effect of homocysteine and homocystine on platelet and vascular arachidonic acid metabolism. Pediatr Res 16:490, 1982.
40. Greenfield LJ: Lupus-like anticoagulants and thrombosis. J Vasc Surg 7:818, 1988.

577

41. Greinacher A, Michels I, Kiefel V, et al: A rapid and sensitive test for diagnosing heparin-associated thrombocytopenia. Thromb Haemost 66:734, 1991.
42. Greinacher A, Michels I, Mueller-Eckhardt C: Heparin-associated thrombocytopenia: The antibody is not heparin specific. Thromb Haemost 67:545, 1992.
43. Greinacher A, Volpel H, Janssens U, et al: Recombinant hirudin (Lepirudin) provides safe and effective anticoagulation in patients with heparin-induced thrombocytopenia. Circulation 99:73, 1999.
44. Griffin JH, Fernández JA, Deguchi H: Plasma lipoproteins, hemostasis, and thrombosis. Thromb Haemost 86:386, 2001.
45. Harker LA: Platelets in thrombotic disorder: Quantitative and qualitative platelet disorders predisposing to arterial thrombosis. Semin Hematol 35:241, 1998.
46. Hassouna HI: Laboratory evaluation of hemostatic disorders. Hematol Oncol Clin North Am 7:1161, 1993.
47. Hayashi T, Honda G, Suzucki K: An atherogenic stimulus homocysteine inhibits cofactor activity of thrombomodulin and enhances thrombomodulin expression in human umbilical vein endothelial cells. Blood
79:2930, 1992.

48. Hirsh J, Raschke R, Warkentin TE, et al: Heparin: Mechanism of action, pharmacokinetics, dosing considerations, monitoring, efficacy, and safety. Chest 108:258S, 1995.
49. Hooper WC, Evatt BL: The role of activated protein C resistance in the pathogenesis of venous thrombosis. Am J Med Sci 316:120, 1998.
50. Ishibashi S: Lipoprotein (a) and atherosclerosis. Arterioscler Thromb Vasc Biol 21:1, 2001.
51. Jackson MR, Krishnamurti C, Aylesworth CA, et al: Diagnosis of heparin-induced thrombocytopenia in the vascular surgery patient. Surgery 121:419, 1997.
52. Jennings I, Cooper P: Screening for thrombophilia: A laboratory perspective. Br J Biomed Sci 60:39, 2003.
53. Kalafatis M, Mann KG: Factor V Leiden and thrombophilia. Arterioscler Thromb Vasc Biol 17:620, 1997.

54. Kamphuisen PW, Lensen R, Houwing-Duistermaat JJ, et al: Heritability of elevated Factor VIII antigen levels in Factor V Leiden families with thrombophilia. Br J Haematol 109:519, 2000.
55. Kelton JG, Smith JW, Warkentin TE, et al: Immunoglobulin G from patients with heparin-induced thrombocytopenia binds to a complex of heparin and platelet factor 4. Blood 83:3232, 1994.
56. Khamashta MA, Cuadrado MJ, Mujic F, et al: The management of thrombosis in the antiphospholipid-antibody syndrome. N Engl J Med 332:993, 1995.
57. Koeleman BP, Reitsma PH, Allaart CF, et al: Activated protein C resistance as an additional risk factor for thrombosis in protein C-deficient families. Blood 84:1031, 1994.
58. Koeleman BP, van Rumpt D, Hamulyak K, et al: Factor V Leiden: An additional risk factor for thrombosis in protein S deficient families? Thromb Haemost 74:580, 1995.
59. Koster T, Blann AD, Briët E, et al: Role of clotting Factor VIII in effect of von Willebrand factor on occurrence of deep venous thrombosis. Lancet 345:152, 1995.
60. Koster T, Rosendaal FR, Reitsma PH, et al: Factor VII and fibrinogen levels as risk factors for venous thrombosis. Thromb Haemost 71:719, 1994.
61. Kottke-Marchant K: Genetic polymorphisms associated with venous and arterial thrombosis. Arch Pathol Lab Med 126:295, 2002.
62. Kuenen BC, Levi M, Meijers JCM, et al: Analysis of coagulation cascade and endothelial cell activation during inhibition of vascular endothelial growth factor/vascular endothelial growth factor receptor
pathway in cancer patients. Arterioscler Thromb Vasc Biol 22:1500, 2002.

63. Kwaan HC, Levin M, Sakurai S, et al: Digital ischemia and gangrene due to red blood cell aggregation induced by acquired dysfibrinogenemia. J Vasc Surg 26:1061, 1997.
64. Lane DA, Grant PJ: Role of hemostatic gene polymorphisms in venous and arterial thrombotic disease. Blood 95:1517, 2000.
65. Langlois NJ, Wells PS: Risk of venous thromboembolism of symptomatic probands with thrombophilia: A systematic review. Thromb Haemost 90:17, 2003.
66. Laster J, Silver D: Heparin-coated catheters and heparin-induced thrombocytopenia. J Vasc Surg 7:667, 1988.
67. Legnani C, Palareti G, Grauso F, et al: Hyperhomocysteinemia and a common methylenetetrahydrofolate reductase mutation (Ala223 Val MTHFR) in patients with inherited thrombophilic coagulation defects
[abstract]. Arterioscler Thromb Vasc Biol 17:2924, 1997.

68. Lee RW, Taylor LM Jr, Landry GJ, et al: Prospective comparisons of infrainguinal bypass grafting in patients with and without antiphospholipid antibodies. J Vasc Surg 24:524, 1996.
69. Lewis BE, Iaffaldano R, McKiernan TL, et al: Report of successful use of argatroban as an alternative anticoagulant during coronary stent implantation in a patient with heparin-induced thrombocytopenia and
thrombosis syndrome. Cathet Cardiovasc Diagn 38:206, 1996.

70. Liao JK, Shin WS, Lee WY, et al: Oxidized low-density lipoprotein decreases the expression of endothelial nitric oxide synthase. J Biol Chem 270:319, 1995.
71. Liem TK, Teel R, Shukla S, et al: The glycoprotein IIb/IIIa antagonist c7E3 inhibits platelet aggregation in the presence of heparin-associated antibodies. J Vasc Surg 25:124, 1997.
72. Lin J, Proctor MC, Varma M, et al: Factors associated with recurrent thromboembolic events in patients with malignancy. J Vasc Surg 37:970, 2003.
73. Lockshin MD: Antiphospholipid antibody syndrome. JAMA 268:1451, 1992.
74. Lockshin MD: Antiphospholipid antibody: Babies, blood clots, biology. JAMA 277:1549, 1997.
75. Loscalzo J: The oxidant stress of hyperhomocyst(e)inemia. J Clin Invest 98:5, 1996.
76. Lubenow N, Greinacher A: Hirudin in heparin-induced thrombocytopenia. Semin Thromb Hemost 28:431, 2002.
77. Lynch A, Marlar R, Murphy J, et al: Antiphospholipid antibodies in predicting adverse pregnancy outcome: A prospective study. Ann Intern Med 120:470, 1994.
78. Mansvelt EPG, Laffan M, McVey JH, et al: Analysis of the F8 gene in individuals with high plasma factor VIII:C levels and associated venous thrombosis. Thromb Haemost 80:561, 1998.

79. Martinelli I, Sacchi E, Landi G, et al: High risk of cerebral vein thrombosis in carriers of a prothrombin gene mutation and in users of oral contraceptives. N Engl J Med 338:1793, 1998.
80. Mandel H, Brenner B, Berant M, et al: Coexistence of hereditary homocystinuria and factor V Leiden-effect on thrombosis. N Engl J Med 334:763, 1996.
81. Mann KG, Kalafatis M: Factor V: A combination of Dr. Jekyll and Mr. Hyde. Blood 101:20, 2003.
82. McGlennen RC, Key NS: Clinical and laboratory management of the prothrombin G20210A mutation. Arch Pathol Lab Med 126:1319, 2002.
83. Meijers JC, Tekelenburg WL, Bouma BN, et al: High levels of coagulation Factor XI as a risk factor for venous thrombosis. N Engl J Med 342:696, 2000.
84. Menache D: Antithrombin III concentrates. Hematol Oncol Clin North Am 6:1115, 1992.
85. Mosesson MW: Dysfibrinogenemia and thrombosis. Semin Thromb Hemost 25:311, 1999.
86. Nicolaes AF, Dahlbäck B: Factor V and thrombotic disease: Description of a Janus-faced protein. Arterioscler Thromb Vasc Biol 22:530, 2002.
87. Nielsen TG, Nordestgaard BG, von Jessen F, et al: Antibodies to cardiolipin may increase the risk of failure of peripheral vein bypasses. Eur J Vasc Endovasc Surg 14:177, 1997.
88. Nilsson IM, Ljungner H, Tengborn L: Two different mechanisms in patients with venous thrombosis and defective fibrinolysis: Low concentrations of plasminogen activator or increased concentration of
plasminogen activator inhibitor. Br Med J Clin Res Ed 290:1453, 1985.

89. Nordström J, Lindblad B, Anderson H: Deep venous thrombosis and occult malignancy: An epidemiological study. BMJ 308:891, 1994.
90. Nowak-Göttl U, Junker R, et al: Increased lipoprotein (a) is an important risk factor for venous thromboembolism in childhood. Circulation 100:743, 1999.
91. O’Donnell J, Mumford AD, Manning RA, et al: Elevation of FVIII:C in venous thromboembolism is persistent and independent of the acute phase response. Thromb Haemost 83:10, 2000.
92. Ouriel K, Green RM, DeWeese JA, et al: Activated protein C resistance: Prevalence and implications in peripheral vascular disease. J Vasc Surg 23:46, 1996.

578

93. Pabinger I, Schneider B: Thrombotic risk in hereditary antithrombin III, protein C, or protein S deficiency. Arterioscler Thromb Vasc Biol 16:742, 1996.
94. Paramo JA, Perez JL, Serrano M, et al: Types 1 and 2 plasminogen activator inhibitor and tumor necrosis factor alpha in patients with sepsis. Thromb Haemost 64:3, 1990.
95. Perry DJ: Review: Acquired antithrombin deficiency in sepsis. Br J Haematol 112:26, 2001.
96. Prandoni P, Bilora F, Marchiori A, et al: An association between atherosclerosis and venous thrombosis. N Engl J Med 348:1435, 2003.
97. Prins MH, Hirsh J: A clinical review of the evidence supporting a relationship between impaired fibrinolytic activity and venous thromboembolism. Arch Intern Med 151:1721, 1991.
98. Rand JH, Wu XX, Andree HA, et al: Pregnancy loss in the antiphospholipid-antibody syndrome—a possible thrombogenic mechanism. N Engl J Med 337:154, 1997.
99. Rees MM, Rodgers GM: Homocysteinemia: Association of a metabolic disorder with vascular disease and thrombosis. Thromb Res 71:337, 1993.
100. Reiner AP, Siscovick DS, Rosendaal FR: Hemostatic risk factors and arterial thrombotic disease. Thromb Haemost 85:584, 2001.
101. Reverter JC, Tassies D, Font J, et al: Hypercoagulable state in patients with antiphospholipid syndrome is related to high induced tissue factor expression on monocytes and to low free protein S. Arterioscler

Thromb Vasc Biol 16:1319, 1996.

102. Ridker PM, Miletich JP, Hennekens CH, et al: Ethnic distribution of factor V Leiden in 4047 men and women: Implications for venous thromboembolism screening. JAMA 277:1305, 1997.
103. Ridker PM, Hennekens CH, Miletich JP: G20210A mutation in prothrombin gene and risk of myocardial infarction, stroke, and venous thrombosis in a large cohort of US men. Circulation 99:999, 1999.
104. Roberts HR: Review of the dysfibrinogenemias. Br J Haematol 114:249, 2001.
105. Rodgers GM, Conn MT: Homocysteine, an atherogenic stimulus, reduces protein C activation by arterial and venous endothelial cells. Blood 75:895, 1990.
106. Rosendaal FR: Thrombosis in the young: Epidemiology and risk factors, a focus on venous thrombosis. Thromb Haemost 78:1–6, 1997.
107. Rosendaal FR, Koster T, Vandenbroucke JP, et al: High risk of thrombosis in patients homozygous for factor V Leiden (activated protein C resistance). Blood 85:1504, 1995.
108. Rosendaal FR: Venous thrombosis: A multicausal disease. Lancet 353:1167, 1993.
109. Schmaier AH: Evaluation of thrombosis. In Schmaier AH, Petruzzelli LM (eds): Hematology for the Medical Student. Philadelphia, Lippincott Williams & Wilkins, 2003, pp 121–126.
110. Seligsohn U, Lubetsky A: Genetic susceptibility to venous thrombosis. N Engl J Med 344:1222–1231, 2001.
111. Sheridan D, Carter C, Kelton JG: A diagnostic test for heparin-induced thrombocytopenia. Blood 67:27, 1986.
112. Siddiqi FA, Tepler J, Fantini GA: Acquired protein S and antithrombin III deficiency caused by nephrotic syndrome: An unusual cause of graft thrombosis. J Vasc Surg 25:576, 1997.
113. Silver D, Kapsch DN, Tsoi EK: Heparin-induced thrombocytopenia, thrombosis and hemorrhage. Ann Surg 198:301, 1983.
114. Simioni P, Prandoni P, Lensing AW, et al: The risk of recurrent venous thromboembolism in patients with an Arg506 →Gln mutation in the gene for factor V (factor V Leiden). N Engl J Med 336:399, 1997.
115. Slocum MM, Adams JG Jr, Teel R, et al: Use of enoxaparin in patients with heparin-induced thrombocytopenia syndrome. J Vasc Surg 23:839, 1996.
116. Svensson PJ, Dahlbäck B: Resistance to activated protein C as a basis for venous thrombosis. N Engl J Med 330:517, 1994.
117. Tawakol A, Omland T, Gerhard M, et al: Hyperhomocyst(e)inemia is associated with impaired endothelium-dependent vasodilation in humans. Circulation 95:1119, 1997.
118. Towne JB, Bernhard VM, Hussey C, et al: Antithrombin deficiency—a cause of unexplained thrombosis in vascular surgery. Surgery 89:735, 1981.
119. Towne JB, Bandyk DF, Hussey CV, et al: Abnormal plasminogen: A genetically determined cause of hypercoagulability. J Vasc Surg 1:896, 1984.
120. Ueland PM, Refsum H, Brattstrom L: Plasma homocysteine and cardiovascular disease. In Francis RB Jr (ed): Atherosclerotic Cardiovascular Disease, Hemostasis, and Endothelial Function. New York, Marcel
Dekker, 1993, p 183.

121. Upchurch GR, Welch GN, Randev N, et al: The effect of homocysteine on endothelial nitric oxide production [abstract]. FASEB J 9:A876, 1995.
122. Valentine RJ, Kaplan HS, Green R, et al: Lipoprotein (a), homocysteine, and hypercoagulable states in young men with premature peripheral atherosclerosis: A prospective, controlled analysis. J Vasc Surg
23:53, 1996.

123. Van Cott EM, Soderberg BL, Laposata M: Activated protein C resistance, the Factor V Leiden mutation, and a laboratory testing algorithm. Arch Pathol Lab Med 126:577, 2002.
124. van Hylckama V, Van der Linden IK, Bertina RM, et al: High levels of Factor IX increase the risk of venous thrombosis. Blood 95:3678, 2000.
125. van Tilburg NH, Rosendaal FR, Bertina RM: Thrombin activatable fibrinolysis inhibitor and the risk for deep venous thrombosis. Blood 95:2855, 2000.

126. Vicente V, González-Conejero R, Rivera J, et al: The prothrombin gene variant 20210A in venous and arterial thromboembolism. Haematologica 84:356, 1999.
127. Violi F, Ferro D, Valesini G, et al: Tissue plasminogen activator inhibitor in patients with systemic lupus erythematosus and thrombosis. BMJ 300:1099, 1990.
128. Vermylen J, Blockmans D, Spitz B, et al: Thrombosis and immune disorders. Clin Haematol 15:393, 1986.
129. Virchow R: Phlogose und Thrombose im Gefässystem. Gesammelte Abhandlungen zur Wissenschaftlichen Medizin. Frankfurt, Germany, Staatsdruckerei, 1856.
130. Walenga JM, Jeske WP, Messmore HL: Mechanisms of venous and arterial thrombosis in heparin-induced thrombocytopenia. J Thromb Thrombolysis 10:S13, 2000.
131. Warkentin TE, Elavathil LJ, Hayward CP, et al: The pathogenesis of venous limb gangrene associated with heparin-induced thrombocytopenia. Ann Intern Med 127:804, 1997.
132. Warkentin TE, Levine MN, Hirsch J, et al: Heparin-induced thrombocytopenia in patients treated with low-molecular-weight heparin or unfractionated heparin. N Engl J Med 332:1330, 1995.
133. Warkentin TE: Heparin-induced thrombocytopenia: A clinicopathologic syndrome. Thromb Haemost 82:439, 1999.
134. Williams FM, Hunt BJ: The antiphospholipid syndrome and vascular surgery. Cardiovasc Surg 6:10, 1998.
135. Writing Group for the Women’s Health Initiative Investigators: Risks and benefits of estrogen plus progestin in healthy postmenopausal women. JAMA 288:321, 2002.
136. Yan SF, Mackman N, Kisiel W, et al: Hypoxia/hypoxemia-induced activation of the procoagulant pathways in the pathogenesis of ischemia-associated thrombosis. Arterioscler Thromb Vasc Biol 19:2029,
1999.

137. World Health Organization: Venous thromboembolic disease and combined oral contraceptives: Results of international multicenter case-control study. World Health Organization Collaborative Study of
Cardiovascular Disease and Steroid Hormone Contraception. Lancet 346:1575, 1995.

Section VII - NONOPERATIVE MANAGEMENT OF PATIENTS WITH VASCULAR DISEASES
Russell H. Samson MD

579

Chapter 35 - Overview:

Medical Management in a Vascular Surgery Practice

RUSSELL H. SAMSON MD

This sixth edition of Vascular Surgery initiates a new section devoted to the medical management of the vascular patient. By so doing, the editors acknowledge the central role vascular surgeons can play in the treatment of arterial and venous disorders.
Vascular surgery has evolved dramatically with the explosion of noninvasive diagnostic tools and endovascular techniques for the management of vascular conditions. Vascular surgeons are now actively involved in all these technical aspects of care. Many
surgeons relegate much, if not most, of the medical management of their patients to physician colleagues. Vascular surgeons are rarely involved in preventive measures. As a result, although we may skillfully bypass or open up blocked arteries and repair

aneurysms with minimally invasive techniques, patients continue to die from the other cardiovascular consequences of their underlying disease. The assumption that the family physician, internist, or cardiologist will take care of these aspects is not correct.

1 2 3
Many reports have shown that atherosclerotic risk factors in patients with peripheral arterial disease (PAD) are treated less intensively than in patients with coronary artery disease.[ ] [ ] [ ] In a review of 195 PAD patients discharged from a tertiary care
2

hospital in Canada, Anand and colleagues[ ] reported that fewer than half were sent home with antiplatelet medication. Only 20% were taking beta blockers, and only 16% were taking cholesterol-lowering medications. In a review of 2500 patients referred to
our vascular laboratory for carotid duplex scans, only 7% were at goal blood pressure (<130 mm Hg systolic); this represents a failure to apply established and needed preventive care.
Many explanations may be offered as to why vascular surgeons do not become involved in the nonoperative management of patients, including insufficient knowledge; lack of time outside the operating room or endovascular suite; concern they may alienate
the referring physician by becoming involved in that physician’s management of the atherosclerotic process; or as previously stated, the assumption that the primary physician will do it well, or even better. Some of the above-mentioned impediments may be
valid in a given vascular surgeon’s practice, but vascular surgeons at least should know what is appropriate care for their patients’ underlying disease, if only to ensure it is being properly applied. This chapter offers suggestions on how to overcome such
impediments and incorporate medical management into a vascular surgery practice, busy as it may be.

LACK OF TIME
The modern vascular surgeon tends to spend most of his or her time in the operating room or endovascular suite, leaving limited time for an office practice. What office time is available is often taken up with evaluating new patients and following up patients
who have had prior procedures. There may be little time for the in-depth patient counseling required to achieve the goals of “medical” therapy. Such a predicament can be overcome by improved office efficiency.
To improve office efficiency, the vascular surgeon needs to use physician extenders. Physician assistants (PAs) are interdependent, semiautonomous clinicians practicing in partnership with physicians and are found in almost every medical and surgical

4 5 6 7 8 9
specialty.[ ] [ ] [ ] [ ] [ ] [ ] PAs perform tasks similar to their physician partners, including examination, diagnosis, diagnostic testing, treatment (including referral),
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and prescribing. Research evaluating the effectiveness of PAs has shown them to be capable of providing care comparable to that of physicians for similar services.[ ] Traditionally, PAs consider themselves as part of the physician-led team. In contrast, nurse
practitioners (NPs) come from a nursing background and feel closer to nursing. Although PAs generally are broadly trained in many specialty areas, many NPs are trained in just one special area, such as women’s health. Despite these stereotypical differences,
however, PAs and NPs can be trained in vascular surgery and the nonoperative management of vascular disease. A physician extender can be used to interview new patients and participate in the follow-up of established patients, affording the physician the
time to become meaningfully involved in patients’ nonoperative management. Using routines developed by the vascular surgeon, the physician extender can help greatly in providing medical management under the direction of the surgeon.

Not to be overlooked as extenders of the vascular surgeon are vascular laboratory technicians who work in the surgeon’s office. These professionals have sufficient knowledge to be able to monitor, by noninvasive methods, the patients already in the practice,
and if guidelines of significant change from baseline are followed, the surgeon may not need to see these patients as frequently. The technician who performs a follow-up noninvasive examination can augment this with pertinent clinical information and assess
whether a patient needs to be seen by the vascular surgeon or safely can wait for a later visit. This use of vascular laboratory technicians alleviates the surgeon’s office burden, allowing more time for involvement in “medical” management.

ALIENATING REFERRING PHYSICIANS
Vascular surgery remains a tertiary care specialty with most surgeons obtaining patients by referral from other physicians. In the event that the referring internist, family practitioner, cardiologist, or, in the case of a diabetic patient, endocrinologist is willing
and able to provide the referred patient with appropriate medical care of the underlying vascular disease and related conditions, the vascular surgeon’s role should be to reinforce the treatment program. This reinforcement would involve counseling the patient

10]

about the risks of dietary indiscretion, lack of exercise, and smoking and the need to continue to take prescribed medications. It has been well documented that such positive reinforcement is a major stimulus for patients to follow medical advice.[

Many referred patients are not managed adequately, presenting to the vascular surgeon with uncontrolled hypertension, atherosclerotic risk factors, and diabetes. The surgeon’s dilemma is that in interfering in the patient’s treatment, albeit with best intentions
and to the patient’s benefit, he or she may alienate the referring physician and potentially limit future referrals. Some referring physicians may welcome positive input from the surgeon. Sounding out the physician’s approach to the medical management of the
underlying vascular condition or co-morbidities is recommended to avoid misunderstanding ( Fig. 35–1 ). We have found that most referring physicians are happy to have the vascular surgeon help in their patients’ management. In most cases, when discussion
has been initiated, the

Figure 35-1 An example of a letter that can be used to sound out a referring physician’s approach to the medical management of a patient’s underlying vascular condition or co-morbidities.
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Chapter 36 - Atherogenesis and the Medical Management of Atherosclerosis

WILLIAM R. HIATT MD

Atherosclerosis is the cause of peripheral arterial disease (PAD) as well as vascular diseases affecting the coronary and cerebral circulations. Patients with PAD commonly present for treatment because of symptoms of intermittent claudication or critical leg
ischemia. However, there is significant overlap of these disorders, in that patients with PAD have concomitant and severe coronary and cerebral disease. Thus, treatment goals must focus on both the effects of atherosclerosis in the peripheral circulation and
the systemic nature of the disease, which is associated with a markedly increased risk of cardiovascular events leading to cardiovascular morbidity and mortality. Thus, all patients presenting for treatment of lower extremity atherosclerosis must undergo
rigorous assessment of cardiovascular risk factors, and appropriate therapies must be instituted to reduce the risks of both PAD progression and cardiovascular events. This chapter evaluates both the common as well as newly described risk factors for
peripheral atherosclerosis, summarizes the pathogenesis of atherosclerosis, and describes the medical management of this disorder.

EPIDEMIOLOGIC CONSIDERATIONS

1 2
3
PAD affects 12% of the general population and 20% of individuals older than 70 years.[ ] [ ] As discussed previously, PAD is a marker of systemic atherosclerosis and thus is associated with a markedly increased risk of cardiovascular events.[ ]
Understanding the systemic nature of this disease and the higher risk of cardiovascular events associated with it emphasizes the importance of aggressive risk factor modification and use of antiplatelet therapies.
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TABLE 36-1 -- Mortality Risk in Peripheral Arterial Disease
ALL-CAUSE MORTALITY (EVENT RATE/YEAR)
STUDY (YEAR)

3
Criqui et al (1992)[ ]

*

NO.
565

GROUP

Control

PAD

Men

1.7

6.2

Women

1.2

3.3

RR (95% CI)
3.1 (1.9–4.9)

CVD MORTALITY (EVENT RATE/YEAR)
Control

PAD

0.8

4.2

0.4

1.8

RR (95% CI)
5.9 (3.0–11.4)

4
Vogt et al (1993)[ ]

1492

Women

1.1

5.4

3.1 (1.7–5.5)

0.4

3.0

4.0 (1.7–9.1)

6
Leng et al (1996)[ ]

1498

Symptomatic

2.0

3.8

1.6 (0.9–2.8)

0.7

2.7

2.7 (1.3–5.3)

Asymptomatic

2.0

6.1

2.4 (1.6–3.7)

0.7

2.3

2.1 (1.1–3.8)

7
Leng et al (1996)[ ]

1592

All patients

2.1

4.4

1.8 (1.3–2.4)

0.1

2.4

2.3 (1.5–3.6)

5
Newman et al (1997)[ ]

1537

Men

1.5

5.3

3.0 (2.8–5.3)

0.5

2.2

3.4 (1.3–8.9)

Women
Total No./Average Rate

6674

1.3

3.8

2.7 (1.6–4.6)

0.4

1.6

3.3 (1.3–8.6)

1.6

4.8

2.5

0.5

2.5

3.4

CI, confidence interval; CVD, cardiovascular disease; PAD, peripheral arterial disease; RR, relative risk.

* Superscript numbers indicate chapter references.

3 4 5 6 7

Table 36–1 lists selective natural history studies evaluating risk of all-cause and cardiovascular disease mortality rates in patients with PAD.[ ] [ ] [ ] [ ] [ ] In all of these studies, cases of PAD were identified with the ankle/brachial index as a screening
tool or other appropriate hemodynamic measures. Patients with PAD were then monitored for the occurrence of cardiovascular events. This table demonstrates that on average, an age-matched control group had an all-cause mortality rate of 1.6% per year,
whereas in patients with PAD the mortality was 4.8% per year, a 2.5-fold rise in risk. Cardiovascular mortality rates are similarly affected, with an overall event rate of 0.5% per year in controls and 2.5% per year in patients with PAD, a 3.4-fold increase.
Importantly, women are at only slightly less risk than men, and even asymptomatic individuals have a markedly higher risk of cardiovascular events. In patients with known coronary artery disease, the presence of PAD is an independent risk factor for death,

8
raising the risk 25% even when other known risk factors are controlled for in the model.[ ]
This higher event rate in patients with PAD underlies the importance of intensive medical management to reduce the risk of cardiovascular morbidity and mortality. Importantly, patients with PAD are under-recognized by primary care physicians and, thus, are

9
also undertreated for their risk factors.[ ] All vascular specialists and primary care physicians must improve their awareness of the problem and become more aggressive in management of affected patients.
RISK FACTORS
Table 36–2 lists the major and minor risk factors for PAD. The major risk factors have been determined from large epidemiologic studies and are highly concordant with the risk factors for coronary and cerebral vascular disease. Studies have confirmed that

10 11

four major risk factors—diabetes, smoking, hypertension, and hyperlipidemia—account for 80% to 90% of all cardiovascular disease in the United States.[ ] [ ] The minor risk factors have been determined from smaller observational studies but are of
interest to clinicians who desire a comprehensive risk assessment in this patient population. When evaluated together with multivariate modeling techniques, the following risk factors emerge as primarily important in the development of PAD: age, diabetes
mellitus, current smoking status, C-reactive protein (CRP) value, alterations in lipid metabolism, hypertension, elevations in plasma homocysteine values, and elevations in fibrinogen values. Also, for any number of risk factors found in an individual patient,

12]
Further discussions of these risk factors follow.

the presence or absence of cigarette smoking nearly doubles the risk in progression of PAD independent of other risk factor associations.[

Age

2 12 13
All forms of cardiovascular disease become more prevalent with age, and thus, it is not surprising that PAD is more common in the elderly. In several studies, the risk of PAD increased 1.5- to 2.0-fold for every 10-year rise in age.[ ] [ ] [ ]

Diabetes Mellitus

Diabetes has been long recognized as a major risk factor for PAD. In the Framingham Study with a 16-year follow-up, the age-adjusted risk ratio for development of intermittent claudication was fivefold higher in diabetic men than in controls and threefold

14 15 16
2 17
higher in diabetic women.[ ] [ ] [ ] In other epidemiologic studies in which PAD was defined by the ankle/brachial index, diabetes increased the risk by approximately threefold.[ ] [ ] The peripheral atherosclerosis observed in patients with diabetes
is typically more distal in distribution and often more extensive. Diabetes is also
TABLE 36-2 -- Risk Factors for Peripheral Arterial Disease
Major risk factors

Age
Diabetes
Cigarette smoking
C-reactive protein
Hyperlipidemia
Hypertension
Homocysteine

Fibrinogen
Minor risk factors

Gender
Race
Diet
Hypercoagulable states
Alcohol
Asymmetric dimethylarginine
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associated with peripheral neuropathy and inability to appropriately respond to infections, leading to a complicated and serious compromise of the lower extremity that may result in diabetic foot ulcers.
Although diabetes is highly associated with peripheral atherosclerosis, the degree of glycemic control, defined by blood glucose concentration or hemoglobin A1 C concentration at any given time point, has not been strongly associated with the severity of the

18]

peripheral atherosclerosis.[

Thus, diabetes is a critical risk factor in the development of PAD, particularly in conjunction with other risk factors.

Cigarette Smoking

19] [20] [21] [22]
2 12 13
In general, cigarette smoking is associated with an approximate 3-fold increase in risk for peripheral atherosclerosis.[ ] [ ] [ ]
[23]

Cigarette smoking and diabetes are perhaps the most potent risk factors for peripheral atherosclerosis.[

Current smokers are at greater risk than former smokers, and higher numbers of pack-years are associated with more severe disease. For example, ex-smokers had a 7-fold higher risk of PAD, but current smokers had a 16-fold higher risk.

In addition to being a major risk factor for PAD, current cigarette smoking also significantly affects PAD outcomes. Table 36–3 lists several of these major outcomes. For example, progression from intermittent claudication to ischemic rest pain occurs

24] [25] [26]
24 27
Graft patency results are also significantly affected by cigarette smoking, in terms of both prosthetic and vein bypass grafts.[ ] [ ] Amputation
[28]
[24]

significantly more frequently in patients who are using tobacco than in those who are abstinent.[

rates are also driven by current smoking status, being approximately double to triple the rates in nonsmokers.

Finally, a patient’s survival is significantly worse if he or she continues to smoke rather than become abstinent.

Hyperlipidemia
Alterations in lipid metabolism are a major risk factor for all forms of atherosclerosis. Several large epidemiologic trials have conclusively shown that elevations in total cholesterol and low-density lipoprotein (LDL) cholesterol levels and decreases in high-

29] [30] [31]
LDL cholesterol levels are positively correlated with increased risk, whereas HDL cholesterol levels are associated with
[31]

density lipoprotein (HDL) cholesterol levels are significantly and independently associated with cardiovascular mortality.[

protection from cardiovascular events. For example, a 1-mg/dL increase in HDL cholesterol concentration is associated with a 2% to 3% decrease in coronary heart disease risk and a 4% to 5% decrease in cardiovascular disease mortality rate.

The role of

32 33 34
triglyceride elevations has been debated, but later studies have conclusively shown that elevations of fasting triglyceride values are also a strong and independent predictor of ischemic heart disease and PAD.[ ] [ ] [ ] More recently recognized lipid risk
[35]

factors are apolipoprotein B in very-low-density lipoprotein (VLDL) cholesterol, apolipoprotein C-III in VLDL and LDL cholesterol, and apolipoprotein E in HDL cholesterol, all of which are strong predictors of cardiovascular events.

LDL cholesterol

TABLE 36-3 -- Effects of Tobacco on Outcome of Peripheral Arterial Disease (PAD)
CLINICAL EVENT

TOBACCO USE

*

TOBACCO ABSTINENCE

PAD Clinical Progression
Claudication to rest pain; 5-year rest progression
Revascularization Procedure Success Rates

18

0

*

Vein graft patency at 1 year

70

90

“Reconstruction success”

19

81

Vein graft patency at 3 years

50

90

Patency rate at 3 years

78

94

Prosthetic bypass patency rate at 1 year

65

85

1–12 months

66.7

75.4

1–2 years

55.2

65.5

2–3 years

52.6

63.6

3–4 years

48.6

60.8

4–5 years

48.6

55.7

1 month

70

91

12 months

40

75

Vein graft patency (femoropopliteal) at 2 years

60

90

Vein/Dacron graft patency (aortofemoral) at 4 years

75

90

Vein graft patency at 1 year

63

84

23

10

1–12 months

2.7

2.0

1–2 years

14.9

3.3

2–3 years

22.8

6.5

3–4 years

28.1

6.5

4–5 years

28.1

10.9

1 year

85

100

3 years

40

67

5 years

36

66

Cumulative patency rate at:

Secondary graft patency at:

Amputation Rates
Amputation rate
Cumulative limb loss rate at:

Patient Survival
Survival at:

Adapted from Hirsch AT, Treat-Jacobson D, Lando HA, et al: The role of tobacco cessation, antiplatelet and lipid-lowering therapies in the treatment of peripheral arterial disease. Vasc Med 2:243–251, 1997.

* All values and rates shown as percentages.

36]
37
; however, this assumption has been challenged.[ ]

particle size has also been considered a risk (smaller particles are more atherogenic)[

2
In PAD, several lipid fractions are critically important in determining the presence and progression of peripheral atherosclerosis. Independent risk factors for PAD include elevations of total cholesterol, LDL cholesterol, triglycerides, and Lp(a) lipoprotein.[ ]
[12] [38] Protective against PAD are increases in HDL cholesterol and apolipoprotein A-I.[38] For every 10-mg/dL increase in total cholesterol concentration, the risk of PAD rises approximately 10%.[2]
39] [40] [41]
In studies of coronary disease, elevations in

Elevations in Lp(a) lipoprotein are a newly recognized independent risk factor for coronary and PAD, particularly in men.[
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42]

Lp(a) lipoprotein increase the risk approximately twofold. Similar results have been observed in patients with PAD. In patients with critical leg ischemia, Lp(a) lipoprotein levels are a predictor of mortality.[
discussed later, treatment options for modifying this lipid fraction are limited, but its role in peripheral atherosclerosis has now become well recognized.

41]

Critical levels are 30 mg/dL or greater.[

As

43

Lipid screening should begin with the standard lipid profile measured after a 12- to 14-hour fast. Total cholesterol, HDL cholesterol, and triglycerides are measured, and LDL cholesterol concentration is calculated from these findings.[ ] In the majority of
patients being evaluated or managed for PAD, this information is sufficient to make treatment decisions by targeting LDL cholesterol, HDL cholesterol, and triglycerides for treatment. If these lipid fractions could be brought to established treatment goals, the

44]

morbidity and mortality risk of PAD would be greatly reduced.[
Hypertension

45]
2 12 13 46 47
In PAD, hypertension increases risk approximately twofold to threefold.[ ] [ ] [ ] [ ] [ ] Hypertension has also been

Hypertension is also a well-recognized risk factor for atherosclerotic diseases, particularly stroke and ischemic heart disease.[

48]

found to be an independent risk factor but, perhaps, of less importance than the other risk factors already listed.[
Homocysteine

49] [50] [51] [52] [53] [54]
In epidemiologic studies, elevations in homocysteine values are strongly associated with the

Alterations in homocysteine metabolism are an important independent risk factor for all forms of atherosclerosis, particularly PAD.[

55]

development of premature coronary carotid and peripheral atherosclerosis.[

The relative risk is in general approximately increased twofold. Plasma levels of homocysteine are regulated, in part, by B vitamins, and vitamin supplementation has been shown

56
57
to lower plasma homocysteine levels.[ ] Thus low levels of folate and vitamin B6 levels are also associated with the risk of PAD, perhaps through the modulation of homocysteine levels.[ ]
58

Homocysteine works through a variety of putative mechanisms.[ ] An amino acid, homocysteine can react with LDL cholesterol to form oxidized LDL cholesterol, which is often found in foam cells and early atherosclerotic lesions. Through the formation
of reactive oxygen species, homocysteine can promote endothelial dysfunction, proliferation of vascular smooth muscle cells, lipid peroxidation, and oxidation of LDL cholesterol. Homocysteine also inhibits nitric oxide (NO) production by endothelial cells

59

and promotes endothelial dysfunction.[ ] Homocysteine is also a well-recognized risk factor for thrombophlebitis and thus promotes both venous and arterial thrombosis. All these mechanisms then lead to acceleration of atherosclerosis. Elevations in
homocysteine values may be due to genetic defects in homocysteine metabolism typically caused by cystathionine β-synthase deficiency. The homozygous form of the disease is quite rare and results in life-threatening manifestations of arterial and venous
thrombosis at an early age. Homocysteine concentrations are approximately twofold to fourfold higher in heterozygotes for this deficiency than in unaffected individuals. Alterations in B12 metabolism are also associated with rises in homocysteine levels.

Perhaps the most common cause of elevations in homocysteine is nutritional deficiencies of B vitamins, particularly folic acid and vitamins B6 and B12 .

C-Reactive Protein

60] [61]

Inflammation has been associated with the development of atherosclerosis and also the risk of cardiovascular events. In particular, CRP is independently associated with PAD, even in patients with normal lipid levels.[

In the Physicians Health Study,

62
63
an elevated CRP value was a risk factor for the development of symptomatic PAD as well as a risk for peripheral revascularization.[ ] In patients with established PAD, CRP is an independent predictor of future cardiovascular events.[ ] The measurement
[64]

of CRP may also guide lipid therapy, in that statin drugs lower CRP levels and such a reduction may contribute to the benefits of statin drugs.

Fibrinogen and Alterations in Blood Rheology

65]
In a meta-analysis, an elevation in fibrinogen levels was associated with an approximately twofold to fourfold higher risk of myocardial infarction
[67] [68]

Elevations of fibrinogen concentration have been recognized as a cardiovascular risk factor for many years.[

66]

or stroke.[

Rises in blood fibrinogen level are also associated with increases in blood viscosity. Thus, in the evaluation of patients with PAD, increases in fibrinogen and viscosity were independent predictors of peripheral atherosclerosis.

In

69
addition to their relationship to the presence of PAD, increases in fibrinogen levels and blood viscosity are associated with worsening claudication symptoms.[ ] In one study, patients with the worst symptoms of claudication and the lowest levels of physical
[70]
[71]

Conversely, increased physical activity through exercise training may lead to symptomatic improvement, in part by lowering fibrinogen levels.
Claudication symptoms may be related to fibrinogen levels
activity had the highest fibrinogen levels.
through an increase in viscosity, which leads to microcirculatory defects in oxygen delivery. Thus, greater elevations of these variables are associated with worse claudication symptoms. Treatment has not yet been established for elevations in blood viscosity
and fibrinogen concentration.
Hypercoagulable States

Alterations in coagulation are commonly associated with the development of venous thrombosis and thromboembolism. However, except for changes in homocysteine metabolism, hypercoagulable states have been less well evaluated in patients with PAD. In

72]
73
Also, markers of platelet activation, such as increases in β-thromboglobulin levels, are also associated with PAD.[ ] However, the frequency of these

one study, presence of the lupus anticoagulant was associated with peripheral atherosclerosis.[
abnormalities
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is low and has not been fully substantiated, so screening is not warranted.
Alcohol
Alcohol has been well recognized to both decrease and increase the risk of cardiovascular disease and cardiovascular events. When taken in small amounts (< 1 drink/ day), ethanol is associated with higher HDL cholesterol levels, which may be protective for

74]

atherosclerosis.[

75]

However, when taken in large amounts (≥ 4 drinks/day), alcohol raises blood pressure substantially and also predisposes to cardiac arrhythmias, leading to a higher risk of cardiovascular events.[

Thus, the effects of alcohol vary

[76] [77]

widely according to dose but not to type of alcohol consumed.

The Physicians Health Study was conducted as a primary prevention trial of the use of aspirin and antioxidants in preventing cardiovascular disease in physicians. One of its findings was that moderate alcohol consumption (approximately 1 drink/day) was

78]

associated with a slightly lower risk for the development of PAD.[

79]

Similar results were observed in the Framingham Study, in terms of alcohol’s reducing the risk for development of intermittent claudication.[

Miscellaneous Risk Factors

80]

Diet may be a risk factor for PAD. For example, an increase in the consumption of fiber-containing foods was found to be associated with a higher ankle/brachial index, and increased consumption of meat products with a lower ankle/ brachial index.[

81
particular, low serum concentrations of vitamin C are associated with higher levels of CRP and more severe PAD.[ ] Supplementation with vitamins C and E may slow the progression of peripheral atherosclerosis, although large clinical trials have not
[82]
shown a benefit of vitamin E therapy.

The formation of NO is critical to maintaining normal endothelial function, and alterations in endothelial function are well-described in patients with atherosclerosis. In patients with PAD, NO synthesis can be inhibited by the endogenous compound

83]

asymmetric dimethylarginine (ADMA). The levels of ADMA in PAD patients are directly correlated with inhibition of NO synthesis and the severity of claudication symptoms.[

supplementation with L-arginine.

PATHOGENESIS OF ATHEROSCLEROSIS

Potentially, this inhibition of NO synthesis can be reversed by dietary

In

Risk Factors and Atherogenesis
Atherosclerosis, in part, develops in response to injury to the endothelium. However, the mechanisms by which hypercholesterolemia and the other risk factors alter the endothelium have not been determined. Experimental models of hypertension,

84] [85]

hypercholesterolemia, diabetes mellitus and tobacco exposure are characterized by common endothelial abnormalities, such as increased generation of superoxide anion and reductions in bioactivity, synthesis, or both of endothelium-derived NO.[

[86] [87]
Role of Endothelial Dysfunction
The aberrations of endothelial function represent an oxidative stress to the cells and occur within minutes to hours of exposure to the noxious stimuli. Oxidative stress perturbs the cell membrane and increases endothelial permeability. Moreover, the greater
endothelial elaboration of oxygen-derived free radicals activates oxidant-sensitive transcriptional proteins such as nuclear factor κB (NFκB). Activated NFκB translocates to the nucleus, where it induces the expression of adhesion molecules (e.g., vascular cell

88] [89] [90] [91] [92]

adhesion molecule 1 [VCAM-1]) and chemokines (such as monocyte chemoattractant peptide 1 [MCP-1]) that participate in monocyte adhesion and infiltration ( Fig 36–1 ). [

chemokines may explain the observation that within several days of the start of a high-cholesterol diet, monocytes adhere to the endothelium, particularly at intercellular junctions.
intracellular oxidative stress (precipitated by hypercholesterolemia and other risk factors).

[92]

The expression of these adhesion molecules and

Therefore, the endothelial injury that triggers atherosclerosis may be

The monocytes migrate into the subendothelium, where they begin to accumulate lipid and become foam cells. This is the earliest event in the formation of the fatty streak. These activated monocytes (macrophages) release mitogens and chemoattractants that
recruit additional macrophages as well as vascular smooth muscle cells into the lesion. In addition, they generate reactive oxygen species that increase

Figure 36-1 Atherosclerotic risk factors such as hypercholesterolemia, hypertension, tobacco, and diabetes mellitus lead to increased free radical production and decreased nitric oxide (NO) activity in endothelial cells. Endothelial dysfunction has not only
acute effects on vascular tone, but also chronic effects on vessel structure. Increased superoxide anion leads to activation of nuclear factor κB (NFκB) via phosphorylation and degradation of the inhibitor protein (IκBα). NFκB is then free to translocate into
the nucleus to initiate transcription of pro-atherogenic genes such as vascular cell adhesion molecule 1 (VCAM-1) and monocyte chemoattractant peptide 1 (MCP-1). Nitric oxide can inhibit these processes by inhibiting superoxide production, directly
scavenging superoxide anions, as well as increasing the transcription and activity of IκBα. Moreover, because NO is a paracrine factor, it can have important inhibitory effects on circulating leukocytes and underlying smooth muscle cells. ADMA, asymmetric
dimethylarginine.

Figure 36-2 Scanning electron microphotographs from the coronary artery of a rabbit fed a high cholesterol diet for 10 weeks. A, Area of endothelial ulceration. B, Lipid-laden microphage, apparently emerging from the subintimal space.

Figure 36-3 A, A microphotograph of a cross-section through a ruptured plaque in a human coronary artery. Note the thrombus in the lumen (T) and the point of plaque rupture (arrow). At this point, the fibrous cap appears to have been thinned, exposing the
lumen to the contents of the necrotic core (asterisk). B, An adjacent cross-section has been stained using a monoclonal antibody directed at macrophage antigen. Note the intense accumulation of macrophages in the area of rupture.

Figure 36-4 An overall strategy for detection and management of risk factors for peripheral arterial disease. ABI, ankle brachial index; ACE, angiotensin-converting enzyme; ARBs, angiotensin II receptor blockers; BP, blood pressure; HDL, high-density
lipoprotein; LDL, low-density lipoprotein; TG, triglycerides.

Figure 36-5 Evidence-based drug treatment for peripheral arterial disease. (PAD). (BMJ 308:81–106, 1994; Lancet 348:1329–1339, 1996. N Engl J Med 342:145–153, 2000; Lancet 360:7–22, 2002.)
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Chapter 37 - Medical Treatment of Intermittent Claudication

SAMUEL R. MONEY MD, MBA, FACS
W. CHARLES STERNBERGH III MD

The term claudication is derived from the Latin word claudere, “to limp.” Claudius, a Roman emperor, was born with a deformed foot and was named after the resulting physical impairment. Intermittent claudication is a clinical condition of ischemic
extremity muscular discomfort induced by exercise and relieved by short periods of rest. Although intermittent claudication is usually a manifestation of peripheral arterial disease (PAD) most often due to atherosclerosis, untreated it most often does not result
in limb loss. Most medical treatment plans have been directed at the symptom complex itself, rather than the underlying disease process. The most conservative and perhaps most appropriate treatment for mild-to-moderate intermittent claudication is directed
at lifestyle modification and attempting to lengthen pain-free and maximal walking distance by walking exercise programs. The only nonoperative treatment consistently shown to improve intermittent claudication has been the strict adoption of a structured
supervised exercise regimen. Other lifestyle modifications include smoking cessation and dietary restrictions aimed at reducing hyperlipidemias.
Enthusiasm for pharmacologic treatments for claudication has varied since physicians first diagnosed that the painful cramping in the lower extremity was a result of reduced blood flow to the musculature. Claudication historically has been treated by many
different modalities with mixed results. The medical treatment of claudication has included vasodilator therapy, antiplatelet agents, hemorheologic agents, anticoagulants, and agents directed at improving the metabolic handling of oxygen within ischemic
tissue. Since the 1970s, scientific evaluation of the efficacy of these agents has been based increasingly on objective data and not simply subjective or anecdotal reports. Objective data have been related to improvement in walking ability during standardized
treadmill testing. Specifically the two endpoints of interest that have been used when evaluating treadmill testing are pain-free walking distance (PFWD), or initial claudication distance, and maximal walking distance (MWD), or absolute claudication distance.
PFWD is the point at which the patient starts to feel pain in the affected muscular group. MWD represents the maximal or absolute distance a patient can walk until the pain becomes so severe that the patient must stop walking to rest and relieve the pain.
Claudication also has numerous effects on the patient’s life and lifestyle with secondary psychological impacts affecting overall quality of life. In an effort to grade some of the subjective data that claudication can affect, questionnaires regarding quality of life
have been used. Generic and disease-specific questionnaires have been used. Questionnaires have included the Walking Impairment Questionnaire and the SF-36 form. These instruments of quality-of-life measurements also have been used to evaluate
pharmacologic interventions.
Because intermittent claudication is usually a manifestation of a generalized atherosclerotic process, treatment of that disease process and its general systemic consequences is an integral part of any medical regimen. This aspect of medical management is
discussed fully elsewhere in this textbook. Although strict medical control of these co-morbid conditions has been shown to reduce the risk of coronary artery disease, its success in slowing the progression of PAD and improving intermittent claudication has

1
not been proved by statistically significant valid clinical trials.[ ] The current chapter reviews advances in the pharmacologic treatment of the pain syndrome of intermittent claudication. The chapter also summarize some past treatments that have fallen out of
favor.
PLATELET INHIBITORS
Aspirin

2 3
Aspirin has well-proven effects as a cost-effective medication to reduce secondary events in patients with atherosclerotic disease. Other reports have shown a reduction in the need for peripheral arterial procedures in patients who routinely use aspirin.[ ] [ ]
Numerous other studies also have shown that aspirin improves vascular graft patency, reducing secondary procedures on these grafts and ultimately reducing limb loss. Despite these results, aspirin has not been shown to improve walking distance or
symptoms in patients with intermittent claudication. Aspirin is effective in preventing secondary events and should be considered in all patients with PAD. Aspirin is not currently indicated, however, for the treatment of the symptoms of intermittent
claudication.
Clopidogrel
Clopidogrel (Plavix) is an antiplatelet agent that has been shown to be more potent than aspirin in reducing secondary events in patients with atherosclerotic disease. In the

603

4

CAPRIE (Clopidogrel versus Aspirin in Patients at Risk of Ischemic Events) trial, clopidogrel was associated with an overall reduction in primary endpoints (i.e., stroke, myocardial infarction, or death from other vascular causes).[ ] Although overall
percentage reduction was 8.7%, the absolute change was only 0.5% (5.32% versus 5.83%). This benefit was statistically different, however, from that observed in patients receiving aspirin. In treating patients with vascular disease, closer scrutiny of the
CAPRIE trial is important. If one were to break down the patients enrolled in the CAPRIE trial based on their previous cardiovascular event, patients with peripheral vascular disease had a higher rate of protection from secondary events compared with
patients who enrolled because of myocardial infarction or cerebrovascular disease. The CAPRIE trial did show significant results in terms of reducing secondary events, and this reduction was more pronounced in patients with PAD. There is no evidence,
however, to suggest that the symptoms of claudication are reduced by long-term treatment with clopidogrel.

VASODILATORS

5

Initial attempts at improving blood flow to the extremities involved the use of vasodilators, especially papaverine.[ ] Vasodilator use was based on the concept that by dilating blood vessels, more blood would flow to the ischemic limb. As understanding of
the pathophysiology of blood flow has advanced, however, this theory has been discredited. Ischemic extremity tissue releases metabolic by-products that lead to a maximal dilatation of the local vasculature distal to an obstructing lesion. The addition of
vasodilator therapy has little effect on what is already a maximally dilated distal vascular bed. When vasodilator therapy is given, vessels proximal to the stenotic or occlusive lesion and vessels parallel to the lesion dilate and improve blood flow to that
neighboring vascular bed. This improvement leads to a steal proximal to the stenotic or occlusive lesion, reducing blood flow from the already ischemic distal tissue. Vasodilators also have the capacity to reduce overall systemic vascular resistance, leading to
a reduction in perfusion pressure. This reduction in perfusion pressure in conjunction with the steal phenomenon increases the ischemic insult to the underperfused extremity. This concept of enhancing blood flow by giving vasodilators systemically is
probably incorrect.

6

Use of calcium channel blockers as vasodilators may suggest other mechanisms. Bagger and colleagues[ ] conducted a double-blind, random crossover study in which 44 patients had undergone a previous period of titration testing. During the titration period,
patients were given increasing doses of verapamil (120 mg, 240 mg, 360 mg, and 480 mg) over 4 weeks to identify the dose of the drug that would be associated with the longest MWD. These doses were specific for each individual patient. After a washout
period, each patient was given the previously identified drug dose. These researchers found that verapamil increased the pain-free walking distance by 29% and the mean MWD by 49% (P < .01 and P< .001). There was no change in ankle/brachial index,
suggesting that it was not purely secondary to blood flow. A theory that has evolved from this study is that the calcium channel blocker has a secondary effect—that of changing the oxygen extraction/ utilization capacity. Calcium channel blockers may
improve the efficiency of oxygen use in the extremity. Despite this fairly small study, more recent data from other studies have found the effects of other calcium channel vasodilator therapy to be inconclusive. At present, the treatment of intermittent
claudication with pure vasodilators cannot be recommended.
Pentoxifylline
In 1984, the first drug specifically indicated for the treatment of claudication was granted U.S. Food and Drug Administration (FDA) approval. Pentoxifylline (Trental) is a methylxanthine derivative that has numerous effects. Its primary effect was thought to
be an improvement in red blood cell deformability. Other effects include a decrease in blood viscosity, platelet aggregation inhibition, and a reduction in fibrinogen levels. Numerous trials have reported mixed results concerning pentoxifylline’s effects in the

7 8
treatment of intermittent claudication. The two major randomized double-blind studies highlight these inconsistencies.[ ] [ ] The first of these two trials compared pentoxifylline with placebo over a 24-week period. A total of 128 patients were randomized in
7

this trial. Patients given pentoxifylline showed a 22% greater improvement in the PFWD from baseline compared with the placebo group.[ ] The pentoxifylline-treated group had an improvement in PFWD (45% versus a 23% improvement in patients given
placebo; P = .02) and MWD (32% versus 20% improvement in patients treated with placebo; P = .04). Several observations regarding this trial are noteworthy. First, the placebo effect of merely enrolling a patient in a trial improved PFWD by 23%. This result
is common in studies using treadmill testing. Second, despite significant improvements in PFWD and MWD, subjective assessment of cramping, tiredness, and pain was not improved in the pentoxifylline group. Specific subjective testing for walking
impairment was not used, however.

8

A second large trial randomized 150 patients to 1200 mg/day of pentoxifylline (n= 76) or placebo (n = 74). [ ] In contrast to the findings of the previous study, these investigators found no improvement in PFWD and only a trend that suggested an
improvement in MWD in patients given pentoxifylline (P = .09). It is possible, however, that this study incorporated a type II error and that more patients would have made MWD reach significance. In doing a post hoc subset analysis, certain subpopulations
of patients showed significant improvement in PFWD and MWD compared with placebo. Patients with moderate versus mild disease tended toward significance, and patients with a chronic duration of the disease greater than 1 year also tended toward
significance.

9

To add to the confusion, Ernst and associates[ ] speculated that the beneficial effects of pentoxifylline may wear off with long-term administration. In their study, MWD at certain time intervals during the study period showed significant improvement (1 and
8 weeks). No significant benefit in PFWD or MWD was observed, however, after 12 weeks of pentoxifylline therapy.
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Although the above-mentioned trials failed to agree conclusively on a statistically significant benefit gained with pentoxifylline therapy, these results do suggest that there is a small beneficial effect in patients with intermittent claudication. Meta-analyses by

10

11

Hood and coworkers[ ] and Girolami and associates[ ] support these beneficial findings, but agree that the magnitude of the benefits of using pentoxifylline is small. The major problem is that this mild increase in walking distance may not be appreciated
subjectively by the patient. The purpose of treating intermittent claudication is not simply to increase walking distance, but to improve the quality of life of the patient. If the medication fails to improve quality of life, yet the patient can walk an additional 50
m, is it reasonable to prescribe this medication? In the author’s personal experience, occasional patients have been treated with long-term pentoxifylline and have reported a significant improvement in quality of life. Whether this is a true or placebo effect of
the medication cannot be differentiated. These patients have been maintained on this medication.
The use of pentoxifylline in patients using other methylxanthine derivatives (aminophylline, theophylline) require special attention. Concurrent use may result in increased drug levels and activity. Frequent monitoring of the blood levels is essential.
Cilostazol
In January 1999, the second drug for the treatment of patients with intermittent claudication was granted approval by the FDA. Cilostazol (Pletal) is a phosphodiesterase type III inhibitor that is thought to exert its mechanism of action by inhibiting cyclic
adenosine monophosphate (cAMP) phosphodiesterase. By increasing the levels of cAMP in platelets and blood vessels, there is a resultant inhibition of platelet aggregation and a promotion of smooth muscle cell relaxation. Other additional pharmacologic

12]
13
In vitro studies have shown that there may be a reduction in smooth muscle cell proliferation.[ ]

properties include a positive lipid effect, increasing high-density lipoprotein cholesterol and decreasing triglycerides.[

12 14 15

No claudication medication has been studied in as many prospective placebo, double-blind trials as has cilostazol. More than 2700 patients were involved in the numerous phase III double-blind trials.[ ] [ ] [ ] The data presented in this paragraph were
compiled from these trials. The mean age and ankle/brachial index of the patients was 63.3 years and 0.64. Most patients were men (76%), and 92% of the total patient population were either previous or current smokers. Of the patients, 60% had hypertension,
25% had diabetes, and 22% had coronary artery disease (previous history of myocardial infarction). The dosage most commonly used in these studies was 100 mg orally twice a day versus placebo. Numerous studies showed increasing MWD ranging from a
low of approximately 30% to a high of greater than 100% improvement. Patients who received cilostazol walked on average 140 m more than they did at baseline.

As already mentioned, the symptoms of claudication are mainly subjective. It is important for patients to perceive the subjective improvement that the medication may offer. Such perceived benefit was noted in the drug studies of cilostazol (51% versus 30%
for placebo). The variation in response with this medication necessitates that the prescribing physician educate the patient before starting cilostazol. A patient’s expectation of going from claudication after walking half a block to being able to walk five to
seven blocks is not a realistic goal. To go from one and a half blocks to two and a half blocks or from one block to two blocks is probably within the realm of what cilostazol is capable of achieving.

Numerous side effects occur with the long-term use of cilostazol that the prescribing physician should understand. The most common side effect is headache. Patients frequently develop headaches during the early or “ramp-up” phase of this drug. Headache is
probably secondary to the drug’s vasodilatory properties. Discussing this side effect with the patient beforehand and possibly starting with a lower dose, such as 50 mg once a day, then after approximately 1 week, increasing to 50 mg twice a day, and then
increasing to the recommended dosage of 100 mg twice a day may alleviate most of these headaches. Many headaches also respond to nonprescription medications, such as acetaminophen. Gastrointestinal problems, specifically diarrhea and large bulky stools,
are also common side effects. Most patients who experience this side effect can tolerate it fairly well. Occasionally, there is a patient in whom the change in bowel habits is so severe that the drug needs to be discontinued. Palpitations are another side effect,
with the average patient’s heart rate increasing by approximately 4 beats/min. Most patients tolerate this increase if they are warned of this potential side effect before starting therapy.

16]

Other phosphodiesterase inhibitors, but not cilostazol specifically, have been shown to decrease survival rate compared with placebo in patients with New York Heart Association class 3 to class 4 congestive heart failure.[
patients with congestive heart failure of any severity.

Cilostazol is contraindicated in

Cilostazol is partially metabolized in the liver by the CYP3A4 or the CYP2C19 enzymes. Because of this metabolism, other drugs that rely on these specific hepatic enzymes may increase cilostazol levels. Examples include antifungals, erythromycin, some
selective serotonin reuptake inhibitors, and omeprazole. Although the concurrent use of these medications is not discouraged, one may want to consider reducing the daily dose of cilostazol to 50 mg twice a day.

Cilostazol is a drug that can improve PFWD and MWD in patients with symptoms secondary to PAD. Physician and patient expectations must be realistic, however. As described, approximately half of patients generate subjective improvements in their
symptoms. A patient who feels subjectively improved and has no significant side effects from the drug should stay on the drug indefinitely. The patient should be re-evaluated routinely, however, for the development of congestive heart failure, and if this does
develop, the drug should be discontinued.

Naftidrofuryl

Naftidrofuryl (Praxilene) is a serotonin antagonist that has been available and has been used by numerous vascular
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specialists in Europe since the 1980s. The proposed mechanisms of action include vasodilatory properties and improved efficiency of aerobic mechanism. In a multicenter study, naftidrofuryl use was associated with a significant improvement in mean PFWD
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over placebo (35% over placebo) in patients treated for 12 weeks (P < .02).[

18]

A later multicenter randomized prospective study duplicated these findings, showing a similar (32%) increase in PFWD in patients treated with the active drug for 6 months.[

There was no significant difference, however, in the increase in MWD with the active drug. This difference in effect is unexplained. The main adverse reactions are gastrointestinal complaints, such as gas and abdominal pain. This drug is currently not
available for use in the United States, and it is not undergoing active clinical investigation.
Levocarnitine
It is proposed that levocarnitine’s mechanism of action is to improve the availability of substrates required for energy production, increasing efficiency in the Kreb cycle. In contrast to previously mentioned pharmacologic therapies, there is no significant

19

increase in blood flow to ischemic tissues, red blood cell deformability, or blood viscosity changes. There have been numerous small studies using levocarnitine; however, the best study is by Brevetti and colleagues.[ ] This small double-blind, crossover
trial showed significant improvement in PFWD in patients receiving oral levocarnitine. PFWD improved by approximately 70% over baseline during therapy, but returned back to baseline when patients were converted back to placebo. Patients additionally
reported improvements in subjective symptoms while receiving levocarnitine. In an effort to elucidate the mechanism, investigators found reductions in lactate/pyruvate levels in patients treated with levocarnitine when samples were obtained from the
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popliteal vein. In another study, a longer acting carnitine analogue, propionyl levocarnitine, was found to improve MWD by 27% over placebo after 6 months of therapy (P = .03).[ ] Improvements in PFWD in patients receiving the longer acting propionyl
levocarnitine were almost double that experienced by patients in the placebo group. Changes in PFWD did not reach significance but approached it. A comparison study between levocarnitine and propionyl levocarnitine showed greater increases in walking

21]

capacity in patients receiving propionyl levocarnitine.[

Propionyl levocarnitine has not been statistically proved, however, to be better than levocarnitine or consistently statistically better than placebo in other large studies.

Improving the metabolic efficiency of ischemic skeletal muscle is a unique approach to the treatment of intermittent claudication. Although these studies show only small improvements, they are encouraging and suggest that this supplement may truly be
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helpful.[ ] Carnitine supplements are available in most health food stores across the United States and Canada. There is no suggested recommended dosage for the treatment of intermittent claudication, and full scientific data proving its efficacy are lacking.
In addition, the potential side effects and drug interactions have not been fully delineated. For these reasons, despite the potential for levocarnitine to help patients with intermittent claudication, its use cannot currently be scientifically supported.
Chelation
Chelation therapy refers to the administration of an agent that binds with calcium by forming complexes with calcium-containing divalent cations (Ca2+ ); this theoretically prevents the progression and possibly reverses atherosclerotic disease. The drug used
most commonly is ethylenediaminetetraacetic acid (EDTA). Numerous poorly controlled and poorly planned studies suggested that chelation therapy would improve walking distance and overall quality of life. More well controlled and better performed

23] [24] [25]
In addition, no differences in subjective assessment of quality of life were identified after these studies.

studies found chelation therapy to have no benefit in PFWD or MWD, however.[

More recently, a meta-analysis of randomized placebo-controlled, double-blind clinical trials found that EDTA was not an effective treatment for intermittent claudication and concluded that chelation therapy should be considered obsolete. Rare potentially
fatal reductions in plasma cations are of concern, and close chemical and hematologic monitoring is required when patients undergo this therapy. Despite these convincing results against chelation, many practitioners continue to advocate its use for intermittent
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claudication.[ ] Many patients question the vascular specialist about the success and long-term use of chelation therapy. It has been proposed that chelation therapy may benefit atherosclerosis by acting as an antioxidant. This proposal has prompted the FDA
to start a randomized study to evaluate this pharmaceutical so that its benefit or lack of benefit finally can be determined (http://nccam.nih.gov/ news/2002/chelation/pressrelease.htm). Currently, chelation therapy cannot be recommended for treatment of
claudication.
Arginine

27]

Arginine is an amino acid that is the precursor for nitric oxide formation. A randomized trial compared the intravenous use of arginine (8 mg twice a day), prostaglandin E1 (40 mg twice a day), and placebo for the treatment of patients with PAD.[

Patients

were evaluated by improvements in PFWD and MWD. In this study, both treatments resulted in significant improvements in both of these endpoints. Patients receiving arginine and prostaglandin E1 compared favorably with the control patients, who
surprisingly experienced no increase in walking ability; as previously mentioned, many studies that use a control group show a significant increase in walking ability in the control group by the end of the study. There was no difference found between the two
experimental active treatment groups. The only adverse reaction was erythema and pain seen at the area of injection with the prostaglandin E1 . Further studies are needed to validate these results. Arginine is available in most health food stores as an oral

supplementation, but it is currently difficult to be assured as to the purity of the substance. In addition, we believe more well-controlled clinical trials are needed before this supplement can be
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recommended for the treatment of patients with intermittent claudication.
Ginkgo biloba
The use of herbal medicines has become fashionable in the treatment of many illnesses. Ginkgo biloba extract is a popular herbal medicine. A literature review identified a meta-analysis of randomized double-blind, placebo controlled trials comparing Ginkgo
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biloba with placebo for the treatment of intermittent claudication.[ ] Although meta-analyses are prone to obvious criticisms, this analysis suggests that Ginkgo biloba did improve PFWD and MWD in patients with intermittent claudication. The studies did
not suggest that there seemed to be consistent adverse reactions, but gastrointestinal complaints were reported most commonly. More large-scale, well-controlled clinical trials using Ginkgo biloba are needed before it can be recommended for the treatment of
intermittent claudication.
Buflomedil
Buflomedil is a vasoactive drug that has effects not only on the vasculature, but also on platelet inhibition and red blood cell deformability. It also has a suggestive mechanism of improving the efficiency of muscle cell metabolism. Trübestein and associates

[29] showed significant improvements in PFWD and MWD compared with placebo in patients treated with 600 mg of active buflomedil daily for 12 weeks (P< .001 and P < .01). Mild and transient side effects included gastrointestinal disorders, headaches,
dizziness, erythema, and pharyngitis. Buflomedil is currently available in Europe and some Latin American countries but is not available in the United States. No large-scale clinical trial has yet to be reported showing the efficacy of this drug in North
American patient populations.
Ketanserin
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Ketanserin is a serotonin S-2 receptor antagonist. This drug has been tested extensively in Europe on almost 4000 patients. In a subset analysis, 594 patients were evaluated for its effects on treating PFWD for more than 1 year of treatment.[ ] No increases
in walking distance occurred in patients receiving ketanserin. Other serotonin antagonists, such as naftidrofuryl, are used in numerous countries to treat patients with claudication. Currently the use of ketanserin cannot be suggested to treat patients with
symptoms of intermittent claudication.

Niacin and Lovastatin

A large clinical trial has started to evaluate the effects of combined extended-release niacin and lovastatin on the symptoms of intermittent claudication. The hypothesis behind the use of this combination is that the positive effects on total cholesterol, lowdensity lipoproteins, triglycerides, and high-density lipoproteins in combination with a reduction in the fibrinogen levels would compare favorably with placebo in terms of improvement of walking ability in patients with PAD. Inositol niacinate is a derivative
of niacin. This medication has been used in three small studies to treat patients with intermittent claudication. It showed significant increases in PFWD compared with placebo. Safety data from these studies revealed that this drug was well tolerated;
gastrointestinal symptoms were the most commonly reported side effect. One side effect of niacin and niacin derivatives that is well known is flushing. It is too early to evaluate the true effects of niacin and lovastatin combinations on PAD; however, the largescale results of the trial should be forthcoming shortly.

CONCLUSION
Mild-to-moderate claudication not only impairs walking ability, but also can result in numerous and sometimes serious lifestyle consequences. Primarily, treatment should be aimed at lifestyle modification and, most important, at the implementation of a
routine walking exercise program. Compliance is poor with these methods of management. Treatment of claudication with medicines is an effective way to improve PFWD and MWD, but this should be viewed as supplementary Currently, FDA approval for
the treatment of intermittent claudication is limited to pentoxifylline and cilostazol; the latter seems to be more effective in increasing PFWD and MWD. These results must be viewed in perspective. Many patients may simply exhibit a placebo effect, and
although many patients show an improvement, only half report subjective improvement in their quality of life after treatment with cilostazol. Many other medications that are used in Europe, Latin America, and Asia have shown promising results, but further
clinical evaluation is necessary. New treatment regimens are under evaluation; they should be accepted only after they have been proved beneficial by appropriately conducted, scientifically based clinical trials.
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Chapter 38 - Hyperglycemia, Diabetes, and Syndrome X

JONATHAN M. WEISWASSER MD
ANTON N. SIDAWY MD, MPH

The importance of disorders of glucose metabolism is well recognized by vascular surgeons. Not only does diabetes affect perioperative management and outcome of surgical procedures; the disorder and its related conditions, such as syndrome X are major
risk factors for the development of atherosclerotic disorders. Accordingly, it is imperative that the modern vascular surgeon be more aware of these metabolic conditions.
Proper glucose homeostasis and disposal rely on both adequate secretion of insulin by the pancreatic beta cell and a responsive population of insulin receptors on the target cellular surface. The ability of the individual to maintain normoglycemia when given a
glucose load depends on the extent to which the pancreas can produce insulin. Indeed, insulin-mediated glucose uptake varies about tenfold among healthy subjects. Elevated serum glucose values can be observed in normal, healthy individuals with seemingly

1
normal oral glucose tolerance test results, who also have elevated insulin values, reflective of some degree of insulin resistance.[ ] It is a generally accepted phenomenon that glucose homeostasis can be maintained as long as the pancreas can increase its
2
production of insulin. As soon as this compensatory production is exhausted, however, we can expect the onset of type 2 diabetes.[ ] What is becoming more evident are the roles that insulin per se and resistance to insulin have in the development of disease.

Several large, longitudinal studies have examined the development of insulin resistance and diabetes and have confirmed the supposition that insulin intolerance represents a spectrum of entities, with mildly exaggerated insulin
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responses on the one end, true insulin resistance with the ability to maintain normal glucose homeostasis somewhere in the middle, and frank type 2 diabetes mellitus on the other extreme. These studies also demonstrate that the existence of insulin resistance

3 4 5

often predates the development of type 2 diabetes.[ ] [ ] [ ] Although the relationship between type 2 diabetes and insulin resistance may be clear, the converse is not, because only a minority of patients with insulin resistance experience type 2 diabetes,
instead overcoming their defect by overproducing insulin. Their glucose homeostasis may ultimately remain controlled, but the observation that this subset of patients suffers medical co-morbidities has led many authorities to believe that insulin plays a
significant role in the development of such complications.

DIABETES MELLITUS
Epidemiology
Hyperglycemia, its metabolic sequelae, and the ultimate development of diabetes mellitus constitute markers on a spectrum of disease resulting from abnormal glucose disposal. The epidemiology of this disorder, however, is overwhelming. As of 2000, more

6 7
than 17 million, or 6.2% of the population of the United States, were estimated to have diabetes, of which only 11 million were diagnosed.[ ] [ ] In 1999, 450,000 individuals died of their disease, so that diabetes accounted for 19% of deaths in the U.S.
8

among those older than 25 years.[ ] Although the disease constituted the sixth leading cause of death, it conferred a twofold to fourfold rise in the rate of heart disease–related deaths among adults with diabetes and accounted for more than 60% of
nontraumatic lower extremity amputations. From 1997 to 1999, about 82,000 nontraumatic lower limb amputations were performed each year among people with diabetes. Finally, diabetes is the leading cause of treated end-stage renal disease, accounting for

9
more than 43% of new cases on a yearly basis. The estimated direct and indirect monetary cost of diabetes in the U.S. as of 2002 was $132 billion.[ ]

Although the global effects that diabetes can inflict upon its patient population cannot be overlooked, the vascular surgeon is all too keenly aware of the manifestations of disease in the lower extremity in particular. Advances in the detection and treatment of
lower extremity disease continue, but little epidemiologic evidence supports the notion that these maneuvers are improving the rates of limb salvage. The current rate of 6.5 discharges for lower extremity amputation per 1000 hospital discharges is little

changed from 20 years ago, emphasizing what we prefer to interpret as a fault in aggressive detection and timely treatment of the disease rather than the results of therapy ( Fig. 38–1 ). Below-knee amputations followed toe amputations as the most common
level of amputation site, at 1.9 per 1000 per year.
Diagnosis
According to the Definition, Diagnosis and Classification of Diabetes Mellitus, published by the World Health Organization (WHO) in 1999, diabetes mellitus (DM) is

Figure 38-1 Nontraumatic lower extremity amputation with diabetes. (From Centers for Disease Control and Prevention: Diabetes Surveillance System: Crude and Age-standardized Rate of Hospital Discharge for Nontraumatic Lower Extremity Amputation
per 1000 Diabetic Population, United States, 1980–2001.)

TABLE 38-1 -- Values for Diagnosis of Diabetes Mellitus and Other Categories of Hyperglycemia
GLUCOSE CONCENTRATION, mmol 1−1 (mg dL−1 )
Whole Blood
Venous

Plasma,

Capillary

Diabetes mellitus:
Fasting or 2-hr postglucose load

≥ 6.1 (≥ 110)

≥ 6.1 (≥ 110)

≥ 7.0 (≥ 126)

≥ 10.0 (≥ 180)

≥ 11.1 (≥ 200)

≥ 11.1 (≥ 200)

< 6.1 (< 110) and

< 6.1 (< 110) and

< 7.0 (< 126) and

≥ 6.7 (≥ 120)

≥ 7.8 (≥ 140)

≥ 7.8 (≥ 140)

≥ 5.6 (≥ 100) and

≥ 5.6 (≥ 100) and

≥ 6.1 (≥ 110) and

< 6.1 (< 110)

< 6.1 (< 110)

< 7.0 (< 126)

< 6.7 (< 120)

< 7.8 (< 140)

< 7.8 (< 140)

Impaired glucose tolerance (IGT):
Fasting (if measured) and 2-hr postglucose load

Impaired fasting glycemia (IFG):
Fasting

and (if measured) 2-hr postglucose load

*

Venous

For epidemiologic or population screening purposes, the fasting of 2-hr value after 75 g oral glucose may be used alone. For clinical purposes, the diagnosis of diabetes should always be confirmed by repeating the test on another day unless there is
unequivocal hyperglycemia with acute metabolic decompensation or obvious symptoms.
Glucose concentrations should not be determined on serum unless red cells are immediately removed; otherwise glycolysis will result in an unpredictable underestimation of the true concentrations. It should be stressed that glucose preservatives do not
totally prevent glycolysis. If whole blood is used, the sample should be kept at 0–4 °C or centrifuged immediately, or assayed immediately.
Adapted from World Health Organization, Department of Noncommunicable Disease Surveillance: Definition, Diagnosis and Classification of Diabetes Mellitus. Geneva, WHO, 1999.

* Corresponding values for capillary plasma are: for diabetes mellitus, fasting ≥ 7.0 (≥ 126); 2-hr ≥ 12.2 (≥ 220); for impaired glucose tolerance, fasting < 7.0 (< 126) and 2-hr ≥ 8.9 (≥ 160) and ≥ 12.2 (≥ 220); and
for impaired fasting glycemia ≥ 6.1 (≥ 110) and < 7.0 (< 126) and if measured, 2-hr < 8.9 (< 160).

11]

weeks, has been demonstrated to be as sensitive and specific as an OGTT.[

Diagnosis of diabetes from the OGTT result is presented in Table 38–1 . For the primary care physician, the OGTT is considered in the patient in whom randomly measured blood glucose levels are in the uncertain range and fasting levels are normal or below
those necessary for the diagnosis. A typical OGTT is performed through measurement of plasma glucose levels after fasting and then 2 hours after the administration of a 75-g oral glucose load.
Treatment

12]

Of paramount importance in the management of the patient with diabetes is glycemic control, which has been demonstrated to substantially reduce the development and progression of microvascular disease.[

Hemoglobin A1C (HbA1C ), hemoglobin A1 ,

and total glycosylated hemoglobin should be checked every 6 months to monitor the effect of therapy. If changes are being made to the drug regimen, the testing interval should be shortened to 3 months. The extent to which “tight” glycemic control is pursued
depends on several factors in the patient’s medical history and lifestyle and ultimately represents a balance between the risk of hypoglycemia and the benefit of glycemic control to the microvasculature. Factors such as congestive heart failure, end-stage renal

13]

disease, limited life expectancy, and financial constraints may favor less aggressive therapy.[

Diet and exercise remain the mainstay of first-line treatment. Although no formal “diabetic diet” has been suggested by the American Diabetes Association, the patient’s diet should be designed to help attain desired treatment goals. Referral to a nutritionist is

14

15

strongly suggested for this aspect of therapy.[ ] Moderate weight loss has beneficial effects, not only in terms of glycemic control but also on the presence of hypertension and dyslipidemia.[ ] Failing this approach, pharmacologic therapy is indicated. The
options for pharmacologic therapy have multiplied and now include oral hypoglycemics, such as sulfonylureas, biguanides, α-glucosidase inhibitors, thiazolidinediones, meglitinides ( Table 38–2 ), and subcutaneous insulins ( Table 38–3 ).
Sulfonylureas

16

17

Sulfonylureas have traditionally been used as a first-line therapy in the pharmacologic treatment of patients with DM type 2.[ ] These agents act by both increasing pancreatic output of insulin and enhancing receptor sensitivity.[ ] Older, long-acting
agents such as chlorpropamide, which could cause hypoglycemia, have been replaced with second-generation, shorter-acting agents (glipizide, glyburide, and glimepiride). The dose of a sulfonylurea is gradually increased from a low baseline at weekly
intervals until the highest recommended dose is attained. At that dose, if normoglycemia is not obtained, consideration is given to combining the sulfonylurea with one of the other oral hypoglycemics or insulin. Of note is that the sulfonylureas carry a warning
that their use may raise the risk of cardiovascular death. This warning is based on a study published in 1970, in which a now discontinued sulfonylurea, tolbutamide, was shown to increase cardiovascular mortality to two and a half times that seen with diet

18]

alone.[

Biguanides

19]
By increasing peripheral glucose uptake and utilization and decreasing hepatic glucose production,

Metformin, the prototype biguanide, may also be used as a first-line therapy in the treatment of diabetics in whom nonpharmacologic therapy has failed.[

20]
In order to prevent this complication, metformin should be

metformin is able to lower blood glucose but carries with it risk of fatal lactic acidosis in patients with renal, hepatic, or cardiac dysfunction.[
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TABLE 38-2 -- The Oral Hypoglycemics
CLASS

GENERIC NAME

Sulfonylureas

*
TRADE NAME

chlorpropamide

Diabinese

glipizide

Glucotrol Glucotrol XL

glyburide

Micronase

FREQUENCY
1–2/day before meals

Glynase
DiaBeta
glimepiride

Amaryl

Biguanides

metformin

Glucophage

BID

α-Glucosidase inhibitors

acarbose

Precose

With the first bite of the meal

miglitol

Glyset

rosiglitazone

Avandia

troglitazone

Rezulin

pioglitazone

Actos

repaglinide

Prandin

nateglinide

Starlix

glyburide/metformin

Glucovance

Thiazolidinediones

Meglitinides

Sulfonylurea/biguanide combination

QD or BID with food

Before each meal

1–2/day before meals

* There is no fixed dosage regimen for the management of diabetes mellitus with any hypoglycemic agent. Some elderly patients may require initiating therapy with half pills. In addition to the usual monitoring of
urinary glucose, the patient’s blood glucose must also be monitored periodically to determine the minimum effective dose for the patient; to detect primary failure, i.e., inadequate lowering of blood glucose at the
maximum recommended dose of medication; and to detect secondary failure, i.e., loss of an adequate blood glucose lowering response after an initial period of effectiveness. Glycosylated hemoglobin levels may also
be of value in monitoring the patient’s response to therapy.

temporarily discontinued when intravenous radiologic contrast agents are used or when major surgery or septic conditions may result in hypoperfusion. The biguanides are also not without side effects, as up to 30% of patients taking them experience severe
gastrointestinal side effects, such as diarrhea, nausea, and anorexia. As with the sulfonylureas, dosing begins low and is gradually increased until the target control is reached; the addition of other agents and insulin is reserved for those in whom the maximum
dose of biguanide does not achieve the target glucose level.
α-Glucosidase Inhibitors

21

The class of oral hypoglycemics known as α-glucosidase inhibitors, including acarbose and miglitol, may be used in conjunction with diet control to lower blood glucose.[ ] These agents decrease postprandial plasma glucose by slowing the digestion of
carbohydrates and delaying the absorption of glucose into the bloodstream. Diarrhea, flatulence, and abdominal pain are common side effects and often lead to the discontinuance of these drugs. However, with continued use of these agents, many of the side

22]

effects may diminish, leading to the recommendation that α-glucosidase inhibitors be initiated at low doses to help encourage patient compliance with therapy.[
Thiazolidinediones

Thiazolidinediones are also often referred to as the “glitazones.” Troglitazone, the first of the thiazolidinediones, is thought to act by enhancing the action of both endogenous insulin and exogenous insulin by improving sensitivity to insulin in muscle and

23

adipose tissue and by inhibiting hepatic glucose production.[ ] Initially, troglitazone was approved only for use in patients with type 2 diabetes who require insulin therapy and was not approved for monotherapy use. Severe side effects, including significant
liver dysfunction and failure and neutropenia, led to the withdrawal of troglitazone from the market. However, rosiglitazone and pioglitazone, approved for use by the U.S. Food and Drug Administration (FDA) in 1997, have become important elements in the
treatment of type 2 diabetes and perhaps in the prevention and management of syndrome X, described later in this chapter.
Meglitinides

Two drugs in the class known as meglitinides are now available—repaglinide, derived from benzoic acid and approved by the FDA in 1997, and nateglinide, derived from D-phenylalanine and approved in 2000. These agents raise insulin levels rapidly by
stimulating the beta cells via mechanisms different from those seen with sulfonylureas. Meglitinides enhance insulin release from the pancreas over a short time only when the glucose level is high. Therefore, the risk of hypoglycemia is lower than with
sulfonylureas. Their activity more closely mimics normal first-phase insulin release when food is eaten by a person without diabetes. Peak drug activity is seen in 1 hour, and their short action time (3 hours) makes these agents ideal for matching the glucose
load imposed after a carbohydrate-rich meal.
Insulins

Exogenous subcutaneous insulin remains a mainstay for the patient with refractory type 2 diabetes (see Table 38–3 ). Hypoglycemia, the most common adverse effect reported by those who take insulin, has been reported to occur in up to 26% of patients, with

24]

a mean of approximately two episodes per year.[

24]
Further, rapid glucose control with aggressive insulin administration can exacerbate proliferative
[26]

Additionally, one can expect considerable weight gain with the commencement of insulin therapy.[

retinopathy in 5% of patients. Current recommendations for patients with diabetic retinopathy call for reductions in HbA1C by 2% per year with retinal examinations every 6 months to avoid this complication.

27

Insulin absorption variability contributes most to the inability to mimic physiologic insulin secretion. The duration and onset of action of the different types of insulin vary greatly when mixed and, interestingly, with site of administration.[ ] Human insulins
behave differently when administered in large doses from insulin analogues, and it is not uncommon to observe vast variation in the level of hypoglycemic effects according to location of administration (e.g., abdomen versus thigh) and type of insulin used (e.

28]
Insulin pens, a means by which the patient can purchase cartridges with premeasured doses or combinations, offer the advantage of greater

g., NPH [neutral protamine Hagedorn] insulin versus NPH insulin combined with a shorter-acting agent).[
reliability of dosing but carry significantly higher cost. Insulin pumps, which are supposed
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TABLE 38-3 -- Insulins
INSULIN

TYPE

Rapid-acting (onset less than 15 minutes):
Humalog (insulin lispro)

Analogue

Humalog cartridges

Analogue

NovoLog (insulin aspart)

Analogue

Short-acting (onset ½-2 hours):
Humulin R (regular)

Human

Iletin II Pork Regular

Pork

Humulin R cartridges (1.5 mL)

Human

Novolin R (regular)

Human

Velosulin Human (regular) (buffered)

Human

Intermediate-acting (onset 2–4 hours):
Humulin L (lente)

Human

Humulin N (NPH [neutral protamine Hagedorn])

Human

Iletin II Pork Lente

Pork

Iletin II Pork NPH

Pork

Humulin N Cartridges (1.5 mL)

Human

Novolin N (NPH)

Human

Long-acting (onset 4–6 hours):
Humulin-U (ultralente)

Human

Very-long-acting (24+ hours):
Lantus (insulin glargine, formerly HOE901)

Analogue

Mixtures:
Humalog Mix 75/25 (75% insulin lispro protamine suspension and 25% insulin lispro injection (recombinant DNA origin)

Analogue

Humalog Mix 75/25 pen (75% insulin lispro protamine suspension and 25% insulin lispro injection (recombinant DNA origin)

Analogue

Humulin 50/50 (50% NPH, 50% regular)

Human

Humulin 70/30 (70% NPH, 30% regular)

Human

Humulin 70/30 cartridges (1.5 mL)

Human

Novolin 70/30 (70% NPH, 30% regular)

Human

to mimic physiologic insulin levels, require attention to access site and tubing and may raise the risks of hypoglycemia. Patients with insulin pumps must also have traditional insulin delivery mechanisms available.

Insulin may be administered as rapid-acting insulin (insulin lispro, insulin aspart), short-acting insulin (regular insulin), intermediate-acting insulin (NPH), and long-acting insulin (ultralente, insulin glargine) (see Table 38–3 ). Traditional therapy consisted of
the use of a combination of a “longer-acting” agent to mimic the basal physiologic insulin state combined with a shorter-acting agent (e.g., regular human insulin) to account for prandial variation in blood glucose. Administered twice per day, this combination
required rather strict consistency of meal timing and ignored the effects of each insulin type on both basal insulin levels and postprandial requirements. Delay of lunch, for example, could be associated with hypoglycemia, causing many patients to add a “meal
between meals” to account for the overlapping effects. As a result, current recommendations favor the administration of a basal insulin (NPH or ultralente) at regular twice-daily intervals, and postprandial supplementation with short-acting agents (regular

29]

insulin). Although this regimen requires more frequent injections, surveys of diabetics demonstrate that this is more preferable to the dietary restrictions of the former approach.[

The American Diabetes Association recommends self-monitoring of blood

27
glucose levels at a frequency of three times per day.[ ]
31]

Insulin therapy commences in patients with type 2 diabetes when oral therapy has failed, which is signified by HbA1C levels approaching 8% despite optimal oral therapy.[

Many such patients resist the addition of insulin administration because of the

32 33

perception that it represents a failure of therapy, yet several studies have demonstrated a significant benefit in terms of patient satisfaction, general well-being, and quality of life.[ ] [ ] Optimal management continues the oral agent in conjunction with
insulin therapy. The majority of patients benefit from the addition of a sulfonylurea or metformin in combination with insulin, and this regimen generally reduces insulin dose by approximately 25% and by as much as 50% in some individuals. Emphasis is
placed on target HbA1C level, reduced hypoglycemia, and reduced weight gain, not lower insulin dose. Despite the additional secretagogue effects of the sulfonylureas, endogenous insulin production can be expected to decline, and with this decline, the

34

beneficial effects of oral therapy are lost.[ ] Failing natural insulin production can be ascertained by measuring C-peptide levels. When insulin is initially synthesized by the pancreatic beta cells, it is produced as a large molecule and then cleaved. The
intermediate segment, C-peptide, is released at the same time but it has no known function. Normal levels are 0.5 to 2.0 ng/mL, and low levels result from failing insulin production.

INSULIN RESISTANCE AND SYNDROME X

35

36

A combination of clinical phenomena associated with diabetes was first described by Vague[ ] more than 40 years ago and was re-examined and refined in 1988 by Reaven,[ ] who defined syndrome X as a constellation of clinical entities that seemed to
group together. Insulin resistance, glucose intolerance, hypertension, and an adverse cholesterol profile could be clinically as well as statistically linked, an observation that has produced the hypothesis that as a syndrome, these phenomena may have a

37]
38
39
40
the “deadly quartet,”[ ] “metabolic syndrome,” [ ] and the “insulin resistance syndrome” [ ] are also used to describe the syndrome,
[41]

common clinical ancestor. Though the term syndrome X is the most common appellation, “syndrome X plus,”[

As a result of broader longitudinal studies, a later definition has emerged in the Third Report of
depending on the emphasis and inclusion of certain phenotypes. The WHO defined the metabolic syndrome, or syndrome X, in 1998 as listed in Table 38–4 .
the National Cholesterol Education Program Expert Panel on Detection, Evaluation, and Treatment of High Blood Cholesterol in Adults (ATP-III), a National Institutes of Health-sponsored document that adopted the definition of the metabolic syndrome as
the presence of three or more of the following: (1) waist circumference greater than 102 cm in men and 88 cm in women, (2) serum triglyceride level at least 150 mg/dL, (3) high-density lipoprotein (HDL) cholesterol level less than 40 mg/dL in men and less

42]

than 50 mg/dL in women, (4) blood pressure of at least 130/85 mm Hg, and (5) fasting serum glucose value of at least 110 mg/dL. [

As more experimental and clinical evidence emerges from the examination of this syndrome, hyperinsulinemia and glucose intolerance appear to engender metabolic,
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TABLE 38-4 -- World Health Organization Definition of the Metabolic Syndrome (Syndrome X)
1. Glucose intolerance, impaired glucose tolerance, and/or insulin resistance:
a. Hyperinsulinemic under euglycemic conditions.
b. Glucose uptake below lowest quartile for background population.
Plus two or more of the following:
2. Raised arterial pressure (> 160 mm Hg systolic/90 mm Hg diastolic).
3. Raised plasma triglycerides (> 1.7 mmol/L; 150 mg/dL) and/or low high-density lipoprotein cholesterol (< 0.9 mmol/L, 35 mg/dL men; < 1.0 mmol/L, 39 mg/dL women).
4. Central obesity (men: waist-to-hip ratio > 0.90; women: waist-to-hip ratio > 0.85) and/or body mass index > 30 kg/m2 .
5. Microalbuminuria (urinary albumin excretion rate ≥ 20 μg/min or albumin-to-creatinine ratio ≥ 20 mg/L).
Adapted from Alberti KG, Zimmet PZ: Definition, diagnosis and classification of diabetes mellitus and its complications. Part I: Diagnosis and classification of diabetes mellitus. Provisional report of a WHO consultation. Diabet Med 15:539–553, 1998.

hemodynamic, and vascular sequelae. Although these sequelae are often observed in patients with non–insulin-dependent diabetes mellitus, the presence of syndrome X implies that therapy for the consequences of hyperinsulinemia and glucose intolerance
should commence earlier in the patient’s lifetime.

Etiology

Several researchers have embarked on defining a cause-and-effect relationship between insulin and the components of syndrome X. A major obstacle in the discussion of the syndrome remains measuring and defining insulin resistance, however, because no
consensus exists as to what is “normal.” The epidemiology of the syndrome suggests that the disorder is more common in certain ethnic groups, such as Asian Indians and Chinese, Australian Aborigines, African-Americans, Mexican-Americans, Polynesians,

43] [44]

and Micronesians.[

45]
The convenience of attributing the facets of the syndrome to one common etiologic entity has been investigated

Perhaps the most notable etiology for the syndrome is the purely statistical association of its components.[

46] [47] [48] [49]
At best, hyperinsulinemia could be considered the common etiologic agent, yet this relationship is not absolutely borne out when one

through several analyses that consistently demonstrate that more than one factor seems to be involved.[

2 50
examines this relationship in different populations.[ ] [ ] Among differing populations in whom the syndrome is prevalent, affected individuals demonstrate correlation between elements of syndrome X, yet the strength of these correlations varies in
different populations.
Physiologically, several hypotheses have emerged to explain the development of syndrome X. Some have implicated the pancreatic beta cell and its response and function in the presence of various glucose and other stimulatory exercises by demonstrating that

51]
52
Mitrakou and colleagues, [ ] assessing glucose tolerance in normal and obese individuals, demonstrated that the 30-minute
[52]

in a defined population of patients, a relationship exists between the syndrome and abnormal parameters of pancreatic function.[

response to oral glucose was inversely related to the degree of hyperglycemia. In this study, adiposity was controlled to minimize variability, and the results seemed to suggest a role for beta cell dysfunction in the development of insulin resistance.

53]

Further studies in animal models corroborate the finding that single molecular defects in the action of insulin lead to hyperinsulinemia but not to glucose intolerance.[

54]

Beta cell dysfunction, however, induces hyperglycemia.[

55

As a method for determining the etiology for some of the hemodynamic effects of syndrome X, the sympathetic nervous syndrome has been implicated in the development of hypertension among individuals with hyperinsulinemia.[ ] Insulin-mediated
glucose uptake in central hypothalamic neurons regulates sympathetic activity as a response to dietary intake, perhaps linking dietary intake and glucose disposal with a prohypertensive effect mediated by renal modulation and cardiovascular changes. The

56

Normative Aging Study demonstrated a significant correlation between insulin concentration and urinary norepinephrine level.[ ] In patients below the 50th percentile in terms of urinary epinephrine and plasma insulin values 2 hours after stimulation, only
15% had hypertension; 37% of patients above the 50th percentile had hypertension. These findings carried through the analysis even after control of the data for variables such as basal metabolic index and body distribution of fat. Additionally, adrenal
medullary activity, as assessed by 24-hour urinary epinephrine excretion, seems to play a significant role in dyslipidemia resembling that found in syndrome X, after correction for the effect of insulin. Epinephrine levels were inversely correlated to favorable

57] [58]

lipid patterns.[

Other metabolic factors, in particular those that relate to metabolism and modulation of fatty tissue, have been associated with syndrome X. Some researchers have shown that leptin has been positively correlated with total body fat and, acting through a

59]

hypothalamic receptor, increases thermogenesis and decreases food intake.[

60]

Leptin carries a strong correlation with fasting insulin levels as well, and its behavior suggests that it may act in concert with insulin levels to promote syndrome X.[

61
Interestingly, leptin may play a role in the modulation of insulin activity and sensitivity and may represent the link between diabetes and obesity. This relationship between elevated leptin values and insulin resistance occurs independently of body weight.[ ]
Other investigators have postulated that certain types of fatty tissue elaborate substances that interfere with normal glucose disposal and insulin action. The presence of increased “visceral” fat as a percentage of fat mass was positively correlated with insulin
62

resistance and hepatic glucose production.[ ] In rats, the production of tumor necrosis factor-α and leptin by all fatty tissue was found to be dramatically reduced with the surgical removal of visceral fat; this phenomenon may provide another link in the
association with obesity and insulin resistance.
Hemodynamic Effects

63

64] [65]

Welborn and associates[ ] first described the association of elevated insulin with hypertension in 1966. Several larger studies have since established the association of insulin resistance and hyperinsulinemia with essential hypertension.[
the prevalence of essential hypertension among patients with glucose intolerance is high, the prevalence of glucose intolerance among patients with

Although
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66

essential hypertension remains at a level that does not suggest that insulin is causative in the development of routine essential hypertension.[ ] Thus, insulin resistance and hyperinsulinemia are not uniquely required for hypertension to develop. As with the
development of type 2 diabetes, in which the ability of the pancreas to compensate is lost, a theory has emerged postulating that hypertension develops much like diabetes—that is, hypertension, through a currently unknown mechanism that relies on insulin,

67]
68
Reaven and coworkers[ ] propose a mechanism for the development of hypertension through hyperinsulinemia that employs the

develops when the compensatory mechanisms that regulate the adverse effects of insulin are stretched beyond their means.[
sympathoadrenal route.

Perhaps some of the most convincing data has emerged from several larger-scale studies, including that by the European Group for the Study of Insulin Resistance. In this study, 333 normotensive patients underwent extensive investigation of the relationship

69]

between fasting insulin concentration and blood pressure. Independent of age, gender, and degree of obesity, blood pressure was directly related to the level of insulin resistance and the plasma insulin concentration.[

Additionally, it has also been

70
established that hypertension cannot be implicated in the development of hyperinsulinemia.[ ] The first-degree relatives of patients with essential hypertension are more likely to be insulin resistant and to have elevated insulin plasma values than a similar
[71]
cohort without the history of hypertension, independent of age, gender, and obesity.

Lastly, several prospective studies have demonstrated that hyperinsulinemia is a risk factor in the development of hypertension, independent of gender and obesity type.

[72] [73] [74]

In summary, these studies strongly suggest that insulin and overexpression of insulin as part of a compensatory mechanism contribute significantly to the development of essential hypertension. Because essential hypertension can develop without
hyperinsulinemia, we cannot conclude that there is a pure cause-and-effect relationship between insulin and hypertension. However, these data demonstrate the strong association between hyperinsulinemia and hypertension and, thus, establish hypertension as
one feature of syndrome X.

Metabolic Effects

Although the majority of the discussion so far has focused on hyperinsulinemia and the effects of elevated insulin levels and ensuing hyperglycemia on homeostasis, the effects of insulin on modulation of fat disposition now requires attention. Insulin clearly

75]
Just as glucose-intolerant individuals require exceedingly greater concentration of insulin to maintain euglycemia, glucose intolerance
[76]

plays a role in both hepatic synthesis and degradation of circulating lipoproteins by both the liver and skeletal muscle.[

also results in elevations of free fatty acids and apolipoprotein B levels, even after adjustment for age and basal metabolic rate.

Thus, “insulin resistance” includes resistance to both insulin-mediated glucose disposal and free fatty acid suppression.

77 78

The dyslipidemia associated with syndrome X is characterized by an elevation in triglycerides, a diminution of HDL cholesterol, and an enhancement of postprandial lipemia.[ ] [ ] Perhaps more alarming is the association of insulin resistance with
cholesterol particle size. There is considerable evidence to demonstrate that insulin sensitivity and cholesterol particle size are directly correlated. Patients with insulin resistance have small, dense low-density lipoprotein (LDL) cholesterol particles. The

79

significance of particle size and density relates to the association of cholesterol particle size with elevated cardiac risk[ ] (and is detailed in Chapter 36 ). High levels of LDL cholesterol have been correlated with greater intimal media thickness of the carotid
artery and with insulin resistance as well. In a large-scale Swedish study (an arm of the Atherosclerosis and Insulin Resistance Study), subjects who met the criteria for diagnosis of the metabolic syndrome also had greater intimal media thickness in the carotid

80]
Other investigators have stated that the presence of insulin resistance is as much a risk factor for carotid thickening as an elevation of LDL

artery, carotid bulb, and femoral arteries as well as a preponderance of smaller LDL cholesterol particles.[

81]

cholesterol.[

Perhaps as important as the dyslipidemia associated with syndrome X is the effect that hyperinsulinemia has on excretion of homocysteine and urinary nitrate. The most convincing evidence of this relationship is provided by an arm of the Framingham study,
which looked at more than 2000 patients in the fifth examination of the study who did not have diabetes. More than 12% of these patients had hyperinsulinemia, and 15% had traits associated with syndrome X. There was a significant increase in the mean

82]

plasma homocysteine level in patients who manifested signs of syndrome X, and as the individuals demonstrated additional phenotypes consistent with the disease, their homocysteine levels rose.[

Although other, smaller studies have refuted this

[83]

the strong association of hyperhomocysteinemia with syndrome X may contribute to our understanding of the endothelial dysfunction associated with the disease. The effects of homocysteinemia on the vascular system are more fully detailed
association,
in Chapter 36 .

84]
High fibrinogen levels have been correlated with myocardial infarction and stroke in nondiabetic subjects.
[86]

Last, hypercoagulability and impairment of fibrinolysis may compound the risk of development of atherosclerosis in insulin-resistant individuals.[

[85] In addition, there is a strong correlation between levels of fibrinogen and plasminogen activator inhibitor-1 (PAI-1) and levels of insulin and its precursors,

suggesting an additional mechanism by which hyperinsulinemia might contribute to the

development of coronary disease.
Syndrome X and the Vasculature
What is evident from the discussion of syndrome X and its effects is that hyperinsulinemia, even in the presence of what could be considered near-normal glucose concentrations, breeds entities that bear significant cardiovascular risk, namely hypertension and
adverse cholesterol and free fatty acid levels. There is additional evidence that insulin, independently and in high concentration, can have adverse effects on the vasculature.
The effect of insulin on vascular smooth muscle has been a subject of great interest and debate. We have shown that insulin and glucose synergistically increase the proliferation
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of infragenicular arterial smooth muscle cells. Since the usual distribution of diabetic atherosclerotic disease is primarily in the infragenicular vasculature, we used cells harvested from tibial and peroneal arteries during below-knee amputations for non-

87]
88
Although the metabolic effect of insulin is mediated by the insulin receptor (IR), Avena and colleagues[ ] have
[88]

reconstructible arterial disease. Insulin and glucose separately and in combination significantly increased the proliferation of these cells.[

shown that its growth-promoting effect on the infragenicular smooth muscle cells is mediated by the insulin-like growth factor-1 receptor (IGF-1R); the proliferative effects of insulin were inhibited by antibody to the IGF-1R and not by IR antibody.

The importance of this finding becomes evident when we consider the search for a substance that has the metabolic effects of insulin but does not interact with the IGF-1R. Such a substance, demethylasterriquinone B1 (DMAQB1), was described by Zhang

89]

and associates,[

89]

who found that DMAQB1, extracted from the Pseudomassaria fungus found in Kinshasa, Africa, is more stimulatory to the IR than insulin and does not bind with the IGF-1R.[

90]

Weber and coworkers[

have shown that, like insulin,

90
DMAQB1 actively incorporates glucose in human infragenicular smooth muscle cells; but in contrast to insulin, DMAQB1 did not cause increased cell proliferation in a milieu of high concentrations of insulin and glucose.[ ] In addition, some materials

inhibited the proliferation of human infragenicular arterial smooth muscle cells in response to insulin and glucose. Thiamine (vitamin B1 ), for example, inhibited combined insulin and glucose-induced proliferation of these cells, indicating a possible role for

91]

this vitamin in preventing the atherosclerotic complication of diabetes.[

92]

In addition to possibly contributing to the formation of vessel disease, insulin and hyperinsulinemia affect vessel function and mediators of vasoreactivity. Avena and colleagues[

have shown that brachial artery vasoreactivity improves with administration

92
93
of insulin sensitizers in patients with peripheral vascular disease and abnormal glucose tolerance tests.[ ] Furthermore, nitric oxide levels have been demonstrated to be higher in healthy patients with insulin resistance.[ ] This finding may represent a
compensatory response by the vasculature to overcome the untoward vascular effects of hyperinsulinemia outlined above. Insulin resistance has also been correlated with elevations of asymmetric dimethylarginine (ADMA), an endogenous nitric oxide

94]

synthase inhibitor.[

Elevation of ADMA, which has been associated with an increased risk of cardiovascular disease, was found to be positively related to insulin resistance even after accounting for other factors associated with the development of

95
cardiovascular disease.[ ] More interesting was the finding that the rise in ADMA level was attenuated by the administration of rosiglitazone, an insulin-enhancing drug. Ultimately, the effects of hyperinsulinemia on ADMA, through its effects on nitric
oxide production, may explain much of the endothelial dysfunction associated with insulin resistance and syndrome X.
Treatment
Being continuously revised without a consensus definition and lacking evidence-based results from clinical trials, the treatment of syndrome X is currently evolving. A keen awareness of the patients at risk and the associated manifestations of the syndrome is
most important. For example, insulin resistance varies directly with adult body mass index but inversely with this ponderal index at birth. Foremost is the emphasis on avoidance of obesity and, especially, abdominal obesity. The importance of lifestyle
interventions (weight loss from diet and exercise) has been established, with the reduction observed in the incidence of new onset of type 2 diabetes being significantly more effective in groups applying these interventions than in parallel groups receiving

96]

metformin or placebo.[

97]
and should be the mainstays of treatment.

Indeed, simple measures such as weight loss and regular exercise can have a dramatic effect on plasma insulin levels[

98]

Glucose transport is the rate-limiting step in glucose metabolism, which is mediated by glucose transporter 4 (GLUT 4). Molecular disruption of this transporter results in insulin resistance and glucose intolerance.[

improve insulin sensitivity by increasing levels of GLUT 4.

[99]

Furthermore, exercise appears to

Exercise for as little as 20 minutes three times per week has been demonstrated to improve serum insulin levels. Reduction in the incidence of type 2 diabetes involved exercise for at least 150

70
100]
Weight loss has also been clearly shown to improve hypertension, especially in
min/week in one study,[ ] whereas more intensive exercise—360 to 450 minutes per week—resulted in a greater loss of abdominal fat than of midthigh fat in another.[
101
[
]
patients with syndrome X.

102]

Consideration should also be given to the avoidance of obesity-provoking medications, such as anti-epileptic drugs and, especially, antipsychotic agents (olanzapine).[

Manifestations of syndrome X have been reported with the use of retinoic acid for

103]
104]
and in patients with acquired immune deficiency syndrome (AIDS) receiving highly active antiretroviral treatment (HAART) with the lipodystrophy syndrome.[
Improvement in dietary intake has been repeatedly proved to favorably affect
acne,[
LDL cholesterol and triglyceride levels. In addition, some benefit may be provided by substituting monounsaturated and polyunsaturated fats for saturated fat in the diet insofar as LDL cholesterol concentrations are concerned. Patients with syndrome X
should also be encouraged to include viscous fiber and plant stanol or sterol esters in the diet. What is decidedly worse is the recommendation for a high-carbohydrate diet, which clearly provokes the secretion of insulin.

105

] have shown that the enteric lipase inhibitor orlistat can have a favorable impact on weight loss and lipid profiles in
In addition to primary treatment with diet and exercise, therapeutic use of pharmacotherapy should be considered. Reaven and associates[
patients with syndrome X. Subjects with syndrome X who lost additional weight with orlistat had a significantly favorable change in plasma triglyceride levels, insulin levels, and LDL levels. These researchers suggest that orlistat can enhance weight loss and
can favorably affect cholesterol profiles in patients with syndrome X, results that might decrease the overall risk of coronary heart disease in these patients. Weight loss can also be achieved by the use of the anorexiants sibutramine and metformin. The latter is
commonly used as a form of insulin sensitizer in type 2 diabetes, reducing levels
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106]

of HbA1C as well as improving lipid profile. In nondiabetics, metformin can favorably affect the abnormal metabolic profile, including hypertension, that is common to syndrome X.[

67]

the peroxisome proliferator– activated receptor (PPAR), are another type of insulin sensitizer with the potential to benefit many of the abnormal aspects of insulin resistance.[
carbohydrates into monosaccharides and slow the absorption of glucose with a decrease in postprandial glucose and improve insulin action in type 2 diabetes.

Thiazolidinediones such as rosiglitazone and pioglitazone, acting on

α-Glucosidase inhibitors, such as acarbose and miglitol, inhibit conversion of

107]

Statins used to lower LDL cholesterol have also been shown to improve insulin sensitivity. Simvastatin was shown to particularly benefit those subjects in the Scandinavian Simvastatin Survival Study (4S) with the metabolic syndrome profile,[

and

108]
Another group of antilipemic agents, the fibrates are more potent than the statins in raising HDL cholesterol levels and
pravastatin was found to reduce the incidence of diabetes by 30% in another study, suggesting a new role for these pleiotropic agents.[

lowering triglyceride levels, abnormalities of which are often seen in syndrome X.

Other therapeutic options for patients with syndrome X are the use of angiotensin-converting enzyme inhibitors, which have been shown to inhibit the development of both microvascular and macrovascular disease in diabetics and are also relatively more
insulin-sensitizing than other blood pressure–lowering drugs. Importantly, use of the angiotensin-converting enzyme inhibitor ramipril in diabetics was associated with significant protective effects on the vasculature and a reduction in the appearance of new-

109]

onset diabetes.[

30]
would also be potentially beneficial.

The use of aspirin, the avoidance of cigarette smoking, and, perhaps, the use of light-to-moderate intake of alcohol[

25]
glucagon-like peptide-1 (an incretin agent promoting the release of endogenous insulin), and growth hormone,

Finally, additional agents under investigation may prove to be beneficial in syndrome X. They include the insulin sensitizer D-chiro-inositol, [
which has beneficial effects on body mass index.

SUMMARY
The association of diabetes and insulin resistance syndromes with peripheral vascular disease is now well established. Therefore, the vascular surgeon needs to be aware of these conditions and medical treatment options to supplement surgical treatment. Diet
and exercise are important first-line efforts, but medications are often required. Prevention of hypoglycemia, insulin overactivity, or both may significantly diminish the incidence of peripheral vascular disease.
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Chapter 39 - Hypertension and Patients with Vascular Disorders

EPIDEMIOLOGY OF HYPERTENSION

1

2

Hypertension is reaching epidemic proportions, with more than 1 billion people believed to be hypertensive.[ ] The Third National Health and Nutrition Examination Survey (NHANES III)[ ] estimated that the age-adjusted prevalence of hypertension in the
United States is 32% in non-Hispanic blacks and 23% in non-Hispanic white and Mexican Americans. In patients older than 60 years, these numbers increase to 65% and 80% in non-Hispanic black men and women, respectively, and 55% and 65% in nonHispanic white men and women, respectively. Despite this prevalence, NHANES III estimated that adequate blood pressure control was achieved in only 25% of non-Hispanic blacks and whites and in only 14% of Mexican Americans. In our practice, when

3
treating patients with diagnosed peripheral arterial disease (PAD), we have found that only 32% of patients are normotensive during their office visits or vascular laboratory evaluations.[ ]
HYPERTENSION DEFINITIONS

1
According to the Seventh Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure (JNC 7),[ ] the following definitions can be used in the evaluation of blood pressure:
■ Normal blood pressure: < 120 mm Hg systolic and < 80 mm Hg diastolic
■ Prehypertension: 120 to 139 mm Hg systolic or > 80 to 89 mm Hg diastolic
■ Hypertension: Stage 1—140 to 159 mm Hg systolic or > 90 to 99 mm Hg diastolic; Stage 2—> 160 mm Hg systolic or > 100 mm Hg diastolic

1
Prehypertension is a new category that has been added based on the recognition that epidemiologic studies have demonstrated that there is a gradual increase in cardiovascular risk as blood pressure increases above even “normal” values of 110/75 mm Hg.[ ]
[4] [5] [6] [7] Further, patients in this category are likely to develop overt hypertension, with those in the 130/80 to 139/89 mm Hg category being twice as likely to become hypertensive.[1]

Isolated systolic hypertension refers to patients who have systolic hypertension yet maintain diastolic pressures of less than 90 mm Hg.

Hypertension due to a recognized cause is referred to as secondary hypertension, whereas idiopathic or primary hypertension is referred to as essential hypertension. Patients with essential hypertension may also be subdivided according to their renin activity,

8
with approximately 25% of patients having what is referred to as low-renin essential hypertension. [ ] Whether such patients have a distinct form of essential hypertension or whether they are just part of a continuum of hypertensives is not clear. However, it
9
10
11
12
is likely that such patients will be more salt sensitive,[ ] at a lower risk for myocardial infarction,[ ] less likely to respond to weight reduction,[ ] be African American or elderly,[ ] and may show a more pronounced response to diuretics and calcium13]

channel blocker agents.[

Secondary hypertension is beyond of the scope of this chapter; however, the possibility that this exists in an individual should always be borne in mind. Further, in the atherosclerotic patient with PAD or cerebrovascular disease, renal artery stenosis may often
play a role in the patient’s blood pressure control. The most common other causes of secondary hypertension are primary renal disease; pheochromocytoma; primary hyperaldosteronism; Cushing’s syndrome; hypothyroidism or hyperthyroidism;
hyperparathyroidism; oral contraceptives; sleep apnea syndrome; and coarctation of the aorta.
Ambulatory hypertension is defined as a 24-hour average blood pressure higher than 135/85 mm Hg or a daytime average of 140/90 mm Hg. This is measured using devices that measure the blood pressure throughout the day at predetermined intervals. It is
often recommended to evaluate so-called white coat hypertension, in which patients are noted to have elevated pressure in the physician’s office but not at home (see later).
Resistant hypertension is usually defined as a diastolic blood pressure higher than 95 to 100 mm Hg despite use of three or more antihypertensive medications.
Malignant hypertension is marked hypertension associated with ophthalmic findings of retinal hemorrhage, exudates, or papilledema.

INCREASE IN BLOOD PRESSURE AND CARDIOVASCULAR RISK

14]

Hypertension is the predominant risk factor for atherosclerosis.[

1
As noted earlier, epidemiologic studies have demonstrated that there is a gradual increase in cardiovascular risk as blood pressure increases above even “normal” values of 110/75 mm Hg.[ ]

[4] [5] [6] [7] For individuals aged 40 to 70 years, each increase of 20 mm Hg in systolic blood pressure or 10 mm Hg in diastolic blood pressure doubles the risk of cardiovascular disease (CVD).[1] There
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15]

do appear to be variations in risk dependent on the populations studied, however, with risk being higher in the United States and Northern Europe in comparison with countries such as Japan and southern Europe.[

shown to improve outcome in hypertensive patients.

[16] [17] [18]

Further, lowering blood pressure has been

In clinical trials, antihypertensive therapy has been associated with 35% to 40% mean reductions in stroke incidence; 20% to 25% in myocardial infarction; and more than 50% in heart

19
failure.[ ] It is estimated that in patients with stage 1 hypertension and additional CVD risk factors, lowering systolic blood pressure 12 mm Hg for 10 years will prevent one death for every 11 patients treated. If CVD or PAD is present or target end-organ
[20]
damage has occurred, only 9 patients would require this treatment to prevent one death.

1
16 17
Blood pressure lowering has also been shown to be effective in patients who are prehypertensive, especially if they have associated conditions such as chronic renal failure and diabetes.[ ] Pulse pressure has also been associated with increased risk.[ ] [ ]
[18] In the elderly vascular patient, a decrease in arterial compliance may lower diastolic pressure and increase systolic pressure. This may explain why systolic and pulse pressure may be more predictive of risk in this elderly population,[16] who often may
[21] [22]
exhibit only isolated systolic hypertension. In fact, some of the most beneficial results of antihypertensive therapy may be seen in this group of elderly patients even with short-term therapy.

In patients between the ages of 50 and 60 years, systolic

[16]

hypertension is also the best predictor of cardiovascular risk, whereas in patients younger than 50 years diastolic blood pressure has the best predictive value.

23]

Control of diastolic blood pressures above 105 mm Hg has been demonstrated to significantly reduce the incidence of cardiovascular events (55% vs. 17% at 5 years).[

However, the benefit may not be as marked in patients with mild diastolic hypertension

24
of 90 to 100 mm Hg. In a study of somewhat short duration by Hebert et al,[ ] treatment of mild diastolic hypertension for 4 to 5 years prevented a coronary event in 0.7% of patients and a cerebrovascular event in 1.3%. Cardiovascular death was reduced by
only 0.8%. It is conceivable that with long-term therapy the benefit of treatment may be even better. In fact, in the overall experience of the Framingham Heart Study, the risk of cardiovascular death for treated versus untreated patients was 0.4% over 10 years.

[25]
EVALUATION OF THE HYPERTENSIVE PATIENT
The diagnosis of hypertension should be based on two or more correctly performed measurements at each of two or more visits after an initial screen. The JNC 7 suggests that the correct method for examining blood pressure is to have the patient sitting
comfortably in a chair with the feet on the floor and the arm supported at heart level. Systolic blood pressure is where the first of two or more sounds are heard and diastolic is the point before the disappearance of sounds. If there is a disparity between systolic
and diastolic measurements, the higher value determines the severity of hypertension.
Once a diagnosis has been made, the physician should attempt to define whether a curable cause for hypertension is active. Once this has been excluded, target organ damage must be evaluated and the patient’s risk factors and cardiovascular status defined.
The workup of most of the secondary causes of hypertension is beyond the scope of this chapter. However, certain fundamental studies should be performed in all new hypertensive patients. These include a complete blood count, blood urea nitrogen, blood
glucose, calcium, creatinine, and electrolyte determinations. A lipid profile should be ordered to assess other risk factors for atherosclerosis. Because diuretics may result in hyperuricemia, a baseline level should also be drawn. Further, uric acid may prove to

26]

be an independent risk factor for atherosclerosis.[

Urinalysis should also be routinely requested, especially in the diabetic patient where microalbuminuria is an early manifestation of nephropathy and is associated with an increased risk of developing CVD.

[27]

Plasma renin activity is seldom measured except in patients with low-renin forms of hypertension such as primary hyperaldosteronism, which is suggested by unexplained hypokalemia. Although patients who may have low-renin essential hypertension
may respond better to diuretics and calcium-channel blockers, measurement of renin activity is seldom suggested because many of these patients are elderly or black, in which case these agents are most likely to be prescribed anyway.
An electrocardiogram may show evidence of left ventricular hypertrophy (LVH), although an echocardiogram may prove to be more sensitive and may identify patients who otherwise may not have been treated based on blood pressure measurements alone.

[28]
The role of ambulatory blood pressure monitoring remains controversial, and some insurance carriers do not reimburse for this study. However, it has been suggested that as many as 20% of patients have white coat hypertension, exhibiting elevation in blood

29]

pressure only in the physician’s office.[

Some have claimed that even these patients require treatment, but in many patients with this condition, ambulatory pressure measurements exclude hypertension as occurring at any other time. Ambulatory

1
measurements may also be helpful in investigating resistance to treatment or postural symptoms. Also, most patients’ blood pressure falls 10% to 20% during sleep. Those who do not demonstrate this fall are at increased risk for CVD events.[ ]

The workup for renovascular hypertension is detailed in another chapter in this text. However, if this disorder is suspected because of sudden onset or exacerbation of hypertension or the presence of an abdominal bruit, aneurysm, or aortic atherosclerosis,
Doppler ultrasonography is usually the first-line test. Magnetic resonance angiography or spiral computed tomographic scan may also obviate the need for arteriography.

TREATMENT RECOMMENDATIONS
In general, the treatment of hypertension can be separated into pharmacologic and nonpharmacologic regimens. The latter involve little or no risk and often produce improvements in health unrelated to blood pressure control. As such,
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1

30

these should be initiated as the first-line treatment for this condition and can achieve blood pressure reduction of 2 to 20 mm Hg.[ ] Nonpharmacologic treatments include weight reduction, adoption of the so-called DASH[ ] diet (fruits and vegetables, lowfat dairy products with reduced levels of saturated and total fat), reduction in dietary sodium (2.4 g of sodium or 6 g of sodium chloride), increased physical activity at least 30 minutes for most days of the week, and a reduction in alcohol to one or two drinks

1

31]

per day.[ ] The role of salt reduction in treating hypertension is well established. However, its role in prevention of hypertension is less clear, with sodium reduction causing only a 1.9/1.1 mm Hg reduction in blood pressure in normotensive individuals.[
Smoking cessation has not been shown to improve hypertension but clearly mitigates many of its complications.

Pharmacologic therapy, on the other hand, although often more effective and necessary to achieve goal blood pressure, is often associated with side effects, some of which (hypokalemia and hyperlipidemia) may actually increase coronary risk. Accordingly, it
is generally recommended that in the absence of end-organ damage or extreme hypertension medications should be reserved for patients in whom lifestyle modification has failed to achieve goal blood pressure after three to six visits. In nondiabetic patients or
patients who have normal renal function, antihypertensive medication is usually begun with pressures higher than 140/90 mm Hg.
Current recommendations suggest the use of diuretics as the first line of drug therapy. Initial therapy with two drugs should be considered when the blood pressure is 20/10 mm Hg above goal. In patients with diabetes or chronic renal failure, antihypertensive

1
medications should be considered if the blood pressure is higher than 130/80 mm Hg, although a benefit may not be seen in patients excreting more than 1 to 2 g of protein per day. In these patients, three drugs may often be necessary.[ ]

Some patients may exhibit white coat hypertension, exhibiting increased blood pressure only when in the office. Under such circumstances ambulatory blood pressure measurements may be required to define the patient’s true blood pressure status. It has been

32

recommended that patients without evidence of end-organ damage should be treated only when hypertension is confirmed by repeat measurement over three to six visits or when confirmed by ambulatory pressure measurements. Hartley et al[ ] showed that
patients with initial white coat hypertension had a subsequent reduction in blood pressure of 15/7 mm Hg by the third visit with a new physician. Further, although patients with white coat hypertension may be at risk of developing true hypertension, the risk of

11]

developing cardiovascular complications is low provided that they do not have ambulatory hypertension.[

Patients with prehypertension are usually not treated with antihypertensives because there are currently no clinical data to support pharmacologic therapy. However, they should be monitored frequently because they are at high risk to progress to true
hypertension.
In a number of other circumstances, which are dealt with separately, antihypertensive medications may be prescribed for their effects on other aspects of cardiovascular health. In particular, such medications may be used for the treatment of heart failure and
post-myocardial infarction, for the prevention of cardiac events during surgery, and to prevent the onset of diabetes and its vascular complications.

GUIDELINES FOR THE PHARMACEUTICAL TREATMENT OF ESSENTIAL HYPERTENSION
Initial Therapy
A variety of different classes of drugs can be used to initiate therapy. These include the following:
■ Diuretics
■ Beta blockers
■ α1 -Adrenergic blockers
■ Calcium-channel blockers
■ Angiotensin-converting enzyme (ACE) inhibitors
■ Angiotensin II receptor blockers (ARBs)

1

However, until recently there has been no uniform agreement as to which antihypertensive agent should be given for initial therapy. The JNC 7 guidelines suggest initiating therapy with a thiazide diuretic in patients with uncomplicated hypertension,[ ]
reserving the use of two drugs for patients whose blood pressure is more than 20/10 mm Hg above goal. This is based largely on the Antihypertensive and Lipid-Lowering Treatment to Prevent Heart Attack Trial (ALLHAT), which is the largest controlled

33]

trial ever performed in the treatment of hypertension.[

That study comparing chlorthalidone (diuretic), lisinopril (ACE inhibitor), amlodipine (calcium-channel blocker), and doxazosin (α1 blocker) demonstrated similar protection for the first three

medications when analyzing the primary endpoint of coronary death and nonfatal myocardial infarction. Chlorthalidone, which is not only the least expensive of the four, also had a lower rate of heart failure. (This is not surprising because this drug is also a
first-line therapy for heart failure and was not used in the other drug arms of the study.)

34] [35]

However, major drug trials[
(HOPE) trial

[34]

have shown benefits specific to the other agents that may suggest using some of them, in specific circumstances, as first-line therapy or adding them to diuretics initially. The Heart Outcomes Prevention Evaluation

demonstrated that the ACE inhibitor ramipril reduced the incidence of cardiovascular events in patients with coronary artery disease (CAD) or PAD or who had at least one CAD risk factor. Hypertension was not an entry criterion for this

36]
33
However, the ALLHAT trial[ ] demonstrated a higher event rate with the ACE inhibitor lisinopril (but the dose of that

study, and the benefit was independent of its blood pressure-lowering effect (although this claim has been subsequently challenged).[

35

agent may not have been optimal). The Losartan Intervention for Endpoint (LIFE) trial[ ] studying patients with severe hypertension with electrocardiographic evidence of LVH demonstrated that the ARB losartan was associated with a significantly lower
composite cardiovascular endpoint (primarily due to stroke reduction) than the beta blocker atenolol. This was especially notable in diabetic patients, in whom there was also a reduction in total
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37]

mortality. Furthermore, there has been conflicting evidence demonstrating in a group of elderly Australian patients that ACE inhibitors may be superior to diuretics after all.[

All three trials were performed on largely white groups, and so extrapolating

38
these results to blacks is problematic, especially because it is recognized that blacks with hypertension do not respond as well to ACE inhibitors.[ ] Despite this caveat, the findings that ACE inhibitors are of benefit to patients with prior myocardial

infarction or stroke, heart failure, type 1 diabetic nephropathy, and nondiabetic proteinuric chronic renal failure independent of their antihypertensive effects suggest that they should be considered for first-line therapy in these situations. These indications may
well hold true for ARBs as well. Certainly they should be considered for patients who cannot tolerate ACE inhibitors usually because of cough or angioneurotic edema. The LIFE trial has also shown a benefit for ARBs in patients with severe hypertension and

35]
39
and in type 2 diabetics with microalbuminuria or nephropathy.[ ]

LVH[

Beta blockers should be considered for stable patients with heart failure; after an acute myocardial infarction; or for patients with angina, atrial fibrillation, or asymptomatic LVH. ACE inhibitors should be added in patients with unstable angina or acute
myocardial infarction. Alpha blockers may be considered for elderly male patients at low risk who have symptoms of prostate enlargement. Calcium-channel blockers may be considered for initial use in black patients because they may not respond as well as

40

whites to ACE inhibitors or beta blockers. Further, they are two to four times as likely as whites to develop angioedema with ACE inhibitors.[ ] Calcium-channel blockers may also be useful in patients with obstructive airways disease or third-degree heart
block because beta blockers can aggravate these conditions. They can also be used as an alternative to beta blockers in patients with ischemic heart disease. Aldosterone-receptor blockers should be considered in patients with heart failure or after myocardial

41]

infarction[

but should be avoided in patients with potassium values above 5 mEq/L. ACE inhibitors and ARBs should be avoided during pregnancy.

Achieving Goal
Goal blood pressure depends on the patient’s age and whether target organ damage has occurred. Coexistent morbidities may also change goal expectations. In general, treatment is targeted at the higher value of systolic or diastolic hypertension. The JNC 7

1

suggests that in patients with diabetes mellitus and chronic renal failure, blood pressures lower than 130/80 mm Hg should be sought.[ ] In patients with uncomplicated hypertension, goal pressures should be at or below 140/90 mm Hg. However, in the 65year-and-older patient population that is often seen by vascular surgeons, isolated systolic hypertension is increasingly being recognized. These patients may be prone to stroke if attempts to lower systolic hypertension inadvertently lower diastolic pressure

42 43

below 65 mm Hg.[ ] [ ] Because the elderly may have sluggish baroreceptors and sympathetic nervous system responses as well as impaired cerebral autoregulation, it is suggested that drug therapy be initiated at lower doses than used for young patients
and that blood pressure lowering be gradual. Only in extremely hypertensive patients should rapid lowering of blood pressure be attempted because cerebrovascular and cardiovascular complications may occur.
Once therapy has been initiated, patients should return at least monthly for office visits until goal is achieved. Serum potassium and creatinine levels should be measured at least once or twice a year, especially if chlorthalidone is used. Once blood pressure is
controlled, follow-up visits can be at 3- to 6-month intervals unless co-morbidities warrant more intensive follow-up.

38

Despite the fact that most agents are roughly equally effective, producing an adequate blood pressure-lowering effect in 40% to 60% of patients,[ ] there remains a wide variability in individual patients’ response to treatment. This may account for the lack
of clear guidelines for the management of hypertension that is refractory or does not respond to single-drug therapy. Three approaches have been tried, as discussed in the following sections.
Increase the First Drug to Maximum Dosage

44]

This method can lead to increased side effects that are often dose dependent and still may not be effective because most responders will do so at relatively low doses.[

Add a Second Drug

This is especially useful when rapid control of blood pressure is required; however, caution should be exercised when two agents are used initially, especially in patients at risk for orthostatic hypotension such as diabetics and the elderly. However, most
patients prefer to use fewer medications, and use of two can also increase side effects. Despite patient preference, with the advent of the JNC 7 guidelines, it is anticipated that this method will become increasingly common, with many patients being placed on

45] [46]
and the second agent such as an ACE inhibitor may mitigate some of the metabolic effects of the diuretic
[47]

a diuretic and another family of antihypertensives. Further, a low dose of a thiazide diuretic often enhances the response rate of other agents,[

such as hypokalemia, hyperuricemia, and hyperlipidemia. Combination of an ACE inhibitor and a calcium-channel blocker may decrease the incidence of edema seen with the calcium-channel blocker.

combination agents that are increasingly being marketed ( Table 39–1 ).
compliance.

[44] [48]

[49] [50]

Further, although monotherapy is preferred, evidence suggests that most patients require two drugs.

These findings support the rationale for some of the

Combining two drugs into one pill may increase patient

Use Sequential Monotherapy

This has been the favored method of adjusting treatment because it may minimize side effects and increase patient compliance. Patients who do not respond to the first agent have a 50% chance of responding to a different agent. Ultimately, using this

51]

technique, 80% of mildly hypertensive patients become normotensive with just one agent.[

52]

Even with the physician’s best intentions, achieving goal can be problematic. Failure is usually multifactorial but is most often due to the physician not increasing the hypertensive therapy.[
result from a lack of understanding of the seriousness of their condition, especially in the absence of symptoms or clinical findings. Patient

Patient noncompliance is the next most frequent cause. This can

622

TABLE 39-1 -- Combination Antihypertensive Drugs
FIXED-DOSE COMBINATION, mg

COMBINATION TYPE
ACE inhibitors and CCBs

ACE inhibitors and diuretics

ARBs and diuretics

*

TRADE NAME

Amlodipine/benazepril hydrochloride (2.5/10, 5/10, 5/20, 10/20)

Lotrel

Enalapril maleate/felodipine (5/5)

Lexxel

Trandolapril/verapamil (2/180, 1/240, 2/240, 4/240)

Tarka

Benazepril/hydrochlorothiazide (5/6.25, 10/12.5, 20/12.5, 20/25)

Lotensin HCT

Captopril/hydrochlorothiazide (25/15, 25/25, 50/15, 50/25)

Capozide

Enalapril maleate/hydrochlorothiazide (5/12.5, 10/25)

Vaseretic

Lisinopril/hydrochlorothiazide (10/12.5, 20/12.5, 20/25)

Prinzide

Moexipril HCl/hydrochlorothiazide (7.5/12.5, 15/25)

Uniretic

Quinapril HCl/hydrochlorothiazide (10/12.5, 20/12.5, 20/25)

Accuretic

Candesartan cilexetil/hydrochlorothiazide (16/12.5, 32/12.5)

Atacand HCT

Eprosartan mesylate/hydrochlorothiazide (600/12.5, 600/25)

Teveten HCT

Irbesartan/hydrochlorothiazide (75/12.5, 150/12.5, 300/12.5)

Avalide

Losartan potassium/hydrochlorothiazide (50/12.5, 100/25)

Hyzaar

Telmisartan/hydrochlorothiazide (40/12.5, 80/12.5)

Micardis HCT

Valsartan/hydrochlorothiazide (80/12.5, 160/12.5)

Diovan HCT

Beta blockers and diuretics

Centrally acting drug and diuretic

Diuretic and diuretic

Atenolol/chlorthalidone (50/25, 100/25)

Tenoretic

Bisoprolol fumarate/hydrochlorothiazide (2.5/6.25, 5/6.25, 10/6.25)

Ziac

Propranolol LA/hydrochlorothiazide (40/25, 80/25)

Inderide

Metoprolol tartrate/hydrochlorothiazide (50/25, 100/25)

Lopressor HCT

Nadolol/bendroflumethiazide (40/5, 80/5)

Corzide

Timolol maleate/hydrochlorothiazide (10/25)

Timolide

Methyldopa/hydrochlorothiazide (250/15, 250/25, 500/30, 500/50)

Aldoril

Reserpine/chlorothiazide (0.125/250, 0.25/500)

Diupres

Reserpine/hydrochlorothiazide (0.125/25, 0.125/50)

Hydropres

Amiloride HCl/hydrochlorothiazide (5/50)

Moduretic

Spironolactone/hydrochlorothiazide (25/25, 50/50)

Aldactone

Triamterene/hydrochlorothiazide (37.5/25, 50/25, 75/50)

Dyazide, Maxzide

ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker; CCB, calcium-channel blocker; HCl, hydrochloride; HCT, hydrochlorothiazide; LA, long acting.
From Chobanian AV, Bakris GL, Black HR, et al: The Seventh Report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure: The JNC 7 report. JAMA 289:2560–2572, 2003.

* Some drug combinations are available in multiple fixed doses. Each drug dose is reported in milligrams.

compliance issues also relate to the dosing schedule. A twice-daily regimen at half the dose results in a lesser peak effect, but the response is sustained for 24 hours. However, patients usually prefer once-a-day regimens. Yet, even with so-called long-acting
agents, blood pressure may start to increase in the early hours of the morning, resulting in nocturnal and early morning hypertension. Early morning abrupt elevations in blood pressure may result in increased cardiovascular events. Therefore, patients should
be taught to evaluate their pressure in the morning prior to the next dose to ensure that such early morning hypertension is not occurring. Adverse side effects, cost, and complexity of care are also significant contributing factors to patient noncompliance.
Accordingly, all members of the health care team must work together to influence the patient to maintain lifestyle changes and adhere to recommended medical therapy. The vascular surgeon, who often cares for hypertensive patients with advanced PAD and
CAD, plays a critical role in helping these patients realize the benefits of achieving goal blood pressure.

THE MEDICATIONS
A detailed description of the medications used to control hypertension is beyond the scope of this chapter. Following is a brief outline of the method of action, primary indication for use, and side effects of the major types of antihypertensives. Tables 39–1 and
39–2 summarize some of the common oral and combination antihypertensive drugs and their usual doses.
Diuretics
A diuretic is usually the drug of choice for the initial treatment of hypertension with the addition of potassium-sparing agents if hypokalemia is noted during the first 6 months of treatment. They are also commonly used as adjuncts to other antihypertensive

53

drugs[ ] and are especially useful in patients with hypercalciuria, calcium stones, and osteoporosis because they decrease calcium excretion. The first group of diuretics includes the thiazides, of which the prototype is hydrochlorothiazide, and
chlorthalidone, the diuretic studied in the ALLHAT trial. They have been the most widely used and cheapest drugs in the treatment of hypertension. Lower dose thiazides are quite effective but usually take 3 to 4 weeks to reduce blood pressure. The second
group of drugs includes the loop diuretics, of which the prototype is furosemide. Although the latter has been used in the direct treatment of hypertension, it usually is used in individuals who are azotemic where volume or cardiac failures are issues. If the
serum creatinine level is less than 1.8 mg/dL, the thiazide diuretics are usually effective, but when renal function is worse (serum creatinine of 2.5 to 3 mg/dL, i.e., a glomerular filtration rate of < 30 mL/min/1.73m2 ), the use of a loop diuretic is often required.

Diuretic actions are somewhat complex. Their effect, with modest renal Na+ loss, appears related to reduced vascular responsiveness to vasoconstrictors such as norepinephrine. This results in a reduction of peripheral vascular resistance. In addition, the
reductions in extracellular fluid volume and lesser circulating volume
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TABLE 39-2 -- Oral Hypertensive Drugs
CLASS
Thiazide diuretics

DRUG (TRADE NAME)

USUAL DOSE, RANGE, mg/day

DAILY FREQUENCY

Chlorothiazide (Diuril)

125–500

1

Chlorthalidone (generic)

12.5–25

1

12.5–50

1

2–4

1

1.25–2.5

1

Metolazone (Mykrox)

0.5–1

1

Metolazone (Zaroxolyn)

2.5–5

1

†

0.5–2

2

20–80

2

†

2.5–10

1

†

5–10

1–2

Triamterene (Dyrenium)

50–100

1–2

Eplerenone (Inspra)

50–100

1–2

25–50

1–2

25–100

1

†

5–20

1

†

2.5–10

1

50–100

1–2

Metoprolol extended release (Toprol XL)

50–100

1

†

40–120

1

40–160

2

60–180

1

†

20–40

2

†

200–800

2

Penbutolol (Levatol)

10–40

1

Pindolol (generic)

10–40

2

Hydrochlorothiazide (Microzide, HydroDIURIL)
Polythiazide (Renese)

†

Indapamide (Lozol)

Loop diuretics
Bumetanide (Bumex)
Furosemide (Lasix)

†

Torsemide (Demadex)
Potassium-sparing diuretics
Amiloride (Midamor)

Aldosterone receptor blockers

Spironolactone (Aldactone)
Beta blockers

Betaxolol (Kerlone)
Bisoprolol (Zebeta)

Metoprolol (Lopressor)

Nadolol (Corgard)

†

†

Atenolol (Tenormin)

Propranolol (Inderal)

†

†

Propranolol long acting (Inderal LA)
Timolol (Blocadren)
Beta blockers with intrinsic sympathomimetic
activity

*

Acebutolol (Sectral)

†

†

Combined alpha and beta blockers

Carvedilol (Coreg)

12.5–50

2

200–800

2

10–40

1–2

†

25–100

2

†

2.5–40

1–2

Fosinopril (Monopril)

10–40

1

10–40

1

Moexipril (Univasc)

7.5–30

1

Perindopril (Aceon)

4–8

1–2

Quinapril (Accupril)

10–40

1

Ramipril (Altace)

2.5–20

1

Trandolapril (Mavik)

1–4

1

Candesartan (Atacand)

8–32

1

Eprosartan (Teveten)

400–800

1–2

Irbesartan (Avapro)

150–300

1

Losartan (Cozaar)

25–100

1–2

Olmesartan (Benicar)

20–40

1

Telmisartan (Micardis)

20–80

1

Valsartan (Diovan)

80–320

1

180–420

1

120–540

1

†

80–320

2

†

120–360

1–2

120–360

1

Amlodipine (Norvasc)

2.5–10

1

Felodipine (Plendil)

2.5–20

1

Isradipine (DynaCirc CR)

2.5–10

2

Nicardipine sustained release (Cardene SR)

60–120

2

Labetalol (Normodyne, Trandate)
ACE inhibitors
Benazepril (Lotensin)
Captopril (Capoten)
Enalapril (Vasotec)

†

Lisinopril (Prinivil, Zestril)

Angiotensin II antagonists

†

†

Calcium-channel blockers— non-dihydropyridines
Diltiazem extended release (Cardizem CD, Dilacor XR, Tiazac)
Diltiazem extended release (Cardizem LA)
Verapamil immediate release (Calan, Isoptin)
Verapamil long acting (Calan SR, Isoptin SR)
Verapamil-coer (Covera HS, Verelan PM)
Calcium-channel blockers— dihydropyridines

†

Nifedipine long acting (Adalat CC, Procardia XL)

Alpha1 blockers

30–60 1

Nisoldipine (Sular)

10–40

1

Doxazosin (Cardura)

1–16

1

2–20

2–3

Prazosin (Minipress)

†

Terazosin (Hytrin)
Central α2 agonists and other centrally acting drugs

Clonidine (Catapres)

†

Clonidine patch (Catapres TTS)
Methyldopa (Aldomet)

†

Reserpine (generic)

1–20

1–2

0.1–0.8

2

0.1–0.3

1 weekly

250–1000

2

0.05–0.25
1

Guanfacine (generic)
Direct vasodilators
Hydralazine (Apresoline)
Minoxidil (Loniten)

†

†

‡

0.5–2

1

25–100

2

2.5–80

1–2

ACE, angiotensin-converting enzyme.
From Chobanian AV, Bakris GL, Black HR, et al: The Seventh Report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure: The JNC 7 report. JAMA 289:2560–2572, 2003.

* Dosages may vary from those listed in the Physicians’ Desk Reference, which may be consulted for additional information.
† Are now or will soon become available in generic preparations.
‡ A 0.1-mg dose may be given every other day to achieve this dosage.
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reductions associated with an early diuresis contribute to the initial antihypertensive action in some patients but is probably not a mechanism explaining the long-term effectiveness of these drugs. Diuretics reduce pressure more effectively in an elderly, salt-

54

sensitive black patient than in a white patient.[ ] Most diuretics usually result in a somewhat flat dose response, meaning that a markedly increased dose does not result in a markedly increased antihypertensive effect. Further, such increases usually
significantly increase the number and severity of side effects.
Complications and Side Effects

Complications and side effects associated with diuretics used for long-term management of hypertension include (1) hypokalemia with the K+ -wasting kaliuretic effect of the thiazides, especially chlorthalidone; (2) an increased risk of hyperuricemia, with
uric acid and the diuretic competing for tubular secretion, resulting in subsequent gout attacks; and (3) an average 6% to 7% elevation of blood lipids, particularly low-density lipoproteins. Similarly, increases in blood glucose occur, although there seems to be
little evidence that these sulfonamide derivative drugs (thiazides) should be avoided altogether with hyperglycemia. Also, hyperglycemia may be related to potassium losses, and this may be ameliorated to some degree by potassium supplementation.
Nevertheless, it is important to weigh the benefits of treatment in the elderly with the recognition that these diuretics may worsen glucose tolerance and precipitate problems with blood sugar control in diabetics. Finally, one should be cautious regarding the

55]

risk of hypovolemia, especially in patients with modestly severe carotid, coronary, or renal artery disease in whom the effects of organ hypoperfusion may prove hazardous. Diuretics may also be associated with impotence.[
effects can generally be avoided and the antihypertensive effect maintained by the use of low doses such as 12.5 to 25 mg of hydrochlorothiazide and 12.5 mg of chlorthalidone daily.

However, most of these side

Beta-Adrenergic Blockers

56

Beta blockers are quite effective at lowering blood pressure and have received wide approval for the first-line treatment of hypertension.[ ] These agents reduce cardiac contractility and output and reduce renin release. For most patients, this results in a
return toward normotension because these effects outweigh the tendency for the blood pressure to rise due to peripheral vascular beta2 blockade, impeding the vasodilator component of epinephrine’s actions. There are a number of subclasses of beta blockers,

including the nonselective (beta1 , beta2 ) agents, of which propranolol is the most commonly recognized, and the cardioselective agents that may have a greater beta1 and beta2 affinity, evident in atenolol and metoprolol. Cardioselectivity seems to be dose

57]

dependent and is less with higher doses. There are also some beta blockers that have weak alpha-blocking activity, such as labetalol and carvedilol, yet appear to have the same efficacy as selective beta blockers.[

Beta blockers are effective when used alone or as adjunct to other agents, the latter usually to inhibit the reflex tachycardia caused by other drugs. They may be preferred for use in patients who have angina, tachycardia, a history of a prior myocardial
infarction, hypothyroidism, glaucoma, or migraine headaches. Preliminary data have suggested that beta blockers may slow the rate of aneurysm expansion more than other antihypertensive drugs, and they may be preferred in individuals having aneurysms if

58]

there are no contraindications to using these agents. They are also important adjuncts in patients who are undergoing major surgery.[
Complications and Side Effects

The blunted cardiac stimulation after exercise accompanying use of beta blockers often results in reduced tolerance to physical activities in many individuals who were otherwise quite physically active. It is commonly believed that beta blockers worsen the

59 60
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symptoms of claudication, but this concept has been challenged.[ ] [ ] A meta-analysis documented that only 1 of 11 studies confirmed that beta blockers worsened the claudication in patients with peripheral arterial occlusive disease.[ ] Nevertheless,
certain individuals describe claudication for the first time shortly after beginning beta-blocker treatment of their hypertension. If this is noted, it is reasonable to discontinue these agents and treat the hypertension with other drugs. Occasionally, patients with
lower extremity occlusive disease causing rest pain that is not amenable to operative intervention may have their beta blockers discontinued with the hope that amputation may not be necessary, although hard data suggesting that this would be the case are
nonexistent in the literature.

Other complications associated with beta blockers include exacerbations of asthma and breathing difficulty in emphysema. This is related to the blocking of beta2 receptors that mediate adrenergic bronchodilation. Side effects also include reduced high-density

lipoprotein cholesterol, elevated triglyceride levels, insulin resistance, exacerbations of congestive heart failure, and potentiation of cardiac conduction disorders in patients with known atrioventricular block or bradycardia. In insulin-dependent diabetics, these
drugs may mask hypoglycemic symptoms and increase the hypertensive response to hypoglycemia.

One should never discontinue beta blockers abruptly because there is a significant rebound increase in heart rate on re-exposure to norepinephrine after receptor up-regulation due to long-term use of these agents.

Calcium-Channel Blockers

61]
These drugs interfere with angiotensin II and α2 -adrenergic-mediated vasoconstriction, and they may also affect α1 -adrenergic vasoconstriction by

Calcium-channel blockers have frequently been administered to control mild or modest hypertension.[

blocking cellular Ca2+ entry. These drugs work well in both black and white patients.
There are two major types of calcium-channel blockers: the dihydropyridines (e.g., nifedipine and amlodipine), which are potent vasodilators and the non-dihydropyridines (e.g., verapamil), which have cardiac depressant activity, and diltiazem, which has both
less vasodilator activity than nifedipine and less cardiac depression than verapamil. Although these differences result in different kinds of side effects, the degree of blood pressure control tends to be
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62]

roughly equivalent. [

The dihydropyridines are the most powerful vasodilators, but this hypotensive effect is partially attenuated by activation of the sympathetic nervous and renin-angiotensin systems. Calcium-channel blockers tend to moderately

63]

increase sodium excretion, and in contrast with most other antihypertensive agents, their efficacy is usually not significantly enhanced by dietary salt restriction.[

Accordingly, they may be valuable in patients who will not restrict their salt intake. They

64]

may also be useful in patients who take nonsteroidal anti-inflammatory agents. The latter medications, by decreasing vasodilator prostaglandins, can increase blood pressure in patients on antihypertensives other than calcium-channel blockers.[

The non-dihydropyridine agents reduce cardiac contractility as well as peripheral vasoconstriction. Their use has been most often as an effective alternative to beta blockers. The dihydropyridine class has selective vasodilators, do not have the significant
cardiac-depressive effects, and may be more appropriate for use when cardiac depression is to be avoided or when mild cardiac stimulation might prove beneficial. Their effect on arteriolar vasodilatation occurs without affecting venoconstriction, a factor
contributing to peripheral edema. Renal insufficiency does not have a major effect on the pharmacokinetics of these drugs.

Calcium-channel blockers are effective antihypertensive agents that do not produce hyperlipidemia or insulin resistance and do not interfere with sympathetic function. They may also be beneficial in patients with Raynaud’s syndrome.
Complications and Side Effects

Important side effects of these agents include depression of cardiac contractility, rate, automaticity, and impulse conduction, all of which have made these drugs potentially hazardous in patients with second- or third-degree heart block (verapamil and
diltiazem) and congestive heart failure with moderate to marked systolic dysfunction. Several trials have demonstrated an increased mortality rate when large doses of short-acting calcium-channel blockers are used in patients immediately after an acute

63]

myocardial infarction.[

The concomitant use of beta blockers with these agents is discouraged in patients with preexisting slow heart rates, and if they must be used, the dihydropyridine drugs are favored. These drugs however can cause flushing due to vasodilatation. In addition,
many patients incur constipation as a side effect of the non-dihydropyridines. Finally, these drugs, especially the dihydropyridine agents, may cause, as previously noted, considerable peripheral edema resulting from increased transcapillary pressure gradients.
Angiotensin-Converting Enzyme Inhibitors
ACE inhibitors are advantageous in the treatment of hypertension in that they are broadly effective in all patient groups, lack the adverse lipid and glycemic effects of high doses of thiazides and beta blockers, and have few serious side effects. Most important,
they may also have beneficial effects on plaque stabilization independent of their antihypertensive action. This was demonstrated in the HOPE trial, which randomized 3577 at-risk patients with diabetes (among a total of almost 10,000 participants) to either

65]

ramipril or placebo.[

At a mean follow-up of 4.5 years, ramipril therapy significantly lowered the incidence of myocardial infarction, stroke, and total mortality by 22%, 33%, and 24%, respectively. This benefit remained after adjustments for the small

66]

decrease in blood pressure (2 mm Hg) observed with active therapy. The benefit was similar to that in the United Kingdom Prospective Diabetes Study, in which much larger differences in blood pressure control were achieved (10/5 mm Hg).[

These agents directly or indirectly inhibit angiotensin II synthesis in a transient manner and indirectly inhibit aldosterone release. In addition, these pluripotent drugs also inhibit the breakdown of bradykinin, a naturally occurring vasodilator whose activities
include stimulating the production of endothelium-derived relaxing factor (EDRF) and prostacyclin. The chemical moiety of ACE is identical to kinase II, a bradykinase. The dose-response curve with ACE inhibitors is relatively flat.

67]

ACE inhibitors are rarely effective as monotherapy and so are most often used as an adjunct to other antihypertensive drugs. They are particularly useful when treating patients with congestive heart failure.[

ACE inhibitors may also act synergistically with

68
thiazide diuretics by limiting the increase in renin that may occur with hypovolemia.[ ] The ACE inhibitors and ARBs as well as certain calcium-channel antagonists appear to reduce proteinuria and may lessen the progression of renal insufficiency in the
[69]
[65]
elderly hypertensive patient.

These drugs significantly reduce the mortality and morbidity associated with hypertension and its secondary complications, especially in type 2 diabetic patients.

They also may increase sensitivity to insulin and may

[70]

reduce the onset of type 2 diabetes.
Complications and Side Effects

The most common side effect of ACE inhibitors, affecting as many as 20% of patients, is a dry cough, believed to be related to increased bradykinin or substance P. It is especially noted in women. In patients with renal artery stenotic disease or severe

19

congestive heart failure, loss of the renal efferent arteriolar tone may cause the glomerular filtration rate to fall, and renal failure may become clinically evident.[ ] This is almost always reversible with discontinuation of the drug. Rarely, patients may
experience angioedema that may be life threatening. When used with diuretics because of their synergistic effects, excessive hypotension may occur. Finally, these agents indirectly decrease aldosterone levels, which may indirectly result in hyperkalemia, such
that the use of K+ -sparing diuretics or oral K+ supplements must be used cautiously, if at all, with ACE inhibitors. A major contraindication for the use of any of the ACE inhibitors is the potential for severe or fatal fetal developmental anomalies, especially

71]

of the urinary tract, and thus patients who might become pregnant or are pregnant should not be treated with these drugs.[
Angiotensin-II Receptor Blockers

Although not as extensively studied as ACE inhibitors, ARBs appear to have similar efficacy both as antihypertensives and as medications that can decrease cardiovascular
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72]

morbidity and mortality in high-risk patients.[

They have also been shown to have similar benefit in high-risk type 2 diabetic patients and may preserve renal function in this group. Two major trials—the Irbesartan Diabetic Nephropathy trial and the

73]

Reduction in End Point in Noninsulin-Dependent Diabetes Mellitus with the Angiotensin II Antagonist Losartan (RENAAL) trial—demonstrated a clear benefit in terms of renoprotection with ARBs in patients with nephropathy due to type 2 disease.[

[74]
75 76

These receptor blockers are a reasonable alternative to ACE inhibitors, with fewer or no typical ACE inhibitor side effects.[ ] [ ] Their action in blocking angiotensin II receptors results in the reduction of angiotensin II-mediated vasoconstriction and a
secondary decrease in aldosterone release. The angiotensin I receptor is selectively blocked with these agents, and it is this receptor that mediates most all of the actions of angiotensin II. These ARBs lack the potential beneficial effects of enhancing
bradykinin metabolism accompanying ACE inhibitors. These ARBs may be particularly useful in reducing proteinuria in nephrotic states. Like the ACE inhibitors, diuretics are a logical drug to be added to these receptor blockers to control hypertension in
many patients.

As with ACE inhibitors, ARBs are contraindicated during pregnancy. It is the angiotensin II receptor in fetal development that appears to mediate programmed cell death that may be interfered with using these blockers. Currently, cost is the main objection to
their widespread use.
Selective α1 Blockers

77] [78]

Selective α1 blockers block sympathomimetic-induced vasoconstriction and other α-mediated responses in the periphery by way of postsynaptic α1 blockade, with essentially no effect on presynaptic α1 receptors.[

Their effectiveness depends on the

degree of sympathetic activation, being more potent when patients are upright rather than supine. They may be first-choice drugs for use in patients with severe hyperlipidemia, because the α blockers may actually lower low-density and increase high-density

79]

lipoproteins and improve insulin sensitivity.[

They are also useful in patients with benign prostatic hypertrophy in whom a smooth muscle-relaxing effect may lessen the manifestations of obstructive uropathy.

These agents are unassociated with impotence. The most important side effects of these agents relate to first-dose syncope and orthostatic hypotension, especially when used in patients who are volume depleted because of prior use of a diuretic and when used

80]

long term. They may also be associated with a reflex tachycardia, with a need to add a beta blocker, as well as a compensatory renal Na+ retention with a need to add a diuretic in some patients. Two related drugs, terazosin and doxazosin,[

lower risks of orthostatic hypotension than prazosin. However, the ALLHAT trial did show an increased rate of heart failure when compared with chlorthalidone (8.1% vs. 4.5%).

allegedly have

[33]

Centrally Acting Alpha Antagonists

81] [82]

Centrally acting α-antagonist drugs have a central α2 -antagonist action in the ventrolateral medulla that reduces sympathetic activity within the periphery.[

Diuretics are usually added to block the Na+ and water retention that often accompanies

their use. Side effects include a dry mouth and impotence. There are major rebounds in blood pressure and heart rate when the drug is abruptly discontinued. The latter is exceedingly hazardous, and caution with gradual withdrawal of this agent must be
considered. The use of transdermal clonidine patches has a lingering effect of 8 to 24 hours after removed. Rebound hypertension with discontinuance of this drug is best managed with beta blockers.

Methyldopa is an alternative drug with a somewhat lower efficacy as a peripheral α antagonist compared to norepinephrine, therefore resulting in decreased vasoconstriction. However, it is considered one of the preferred agents for managing hypertension
during pregnancy. It does carry a risk of hepatotoxicity, although the incidence is quite low. Hemolytic anemia may also be a side effect of this drug.

Catecholamine Depletor

83

Reserpine, which is the prototype catecholamine depletor, depletes peripheral neuronal norepinephrine resulting in decreased vasoconstriction and heart rate as well as contractility by decreasing the sympathetic cardiac drive.[ ] Catecholamine depletors are
used mainly as second-line drugs for the control of hypertension. Their side effects include bradycardia, orthostatic hypotension, and occasional congestive heart failure. Fatigue and drowsiness are infrequent but notable side effects. Their use has become
limited with the advent of ACE inhibitors, calcium-channel blockers, and ARBs.

Direct Vasodilators

Direct vasodilators are used when other drugs prove ineffective and in instances when afterload reduction for severe congestive heart failure is needed. Hydralazine has a relatively rapid vasodilatory effect, perhaps releasing or activating EDRF. Side effects
include tachycardia, renal Na+ retention, and a lupus-like syndrome. Hydralazine also interferes with vitamin D6 metabolism and in rare occasions has been associated with a peripheral neuritis. A related drug, minoxidil, is seldom used because of the adverse

84] [85]

side effects of hirsutism, pulmonary fibrosis, and cardiac myocyte damage. Minoxidil should always be administered with a beta blocker and potent diuretic, usually a loop diuretic.[

TREATMENT OF MALIGNANT HYPERTENSION
If malignant hypertension is uncontrolled, hypertensive encephalopathy and hypertensive nephrosclerosis can result. As blood pressure rises, autoregulation in the arteriolar bed prevents transmission of the elevated blood pressure into the capillary bed,
preventing endothelial destruction. Patients with chronic hypertension usually develop arteriolar hypertrophy, which minimizes pressure transmission into the capillaries. Accordingly, malignant hypertension is seen only when diastolic blood pressure goes
above 130 mm Hg.
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However, encephalopathy could occur in previously normotensive patients if diastolic blood pressure were to rise suddenly above 100 mm Hg or in patients in whom autoregulation may be disordered, such as diabetic patients.
Slow onset of action and an inability to control the degree of blood pressure reduction have limited the use of oral antihypertensive agents in the therapy of hypertensive crises. They may, however, be useful when there is no rapid access to the parenteral

86]

medications described later. Both sublingual nifedipine (10 mg) and sublingual captopril (25 mg) can substantially lower the blood pressure within 10 to 30 minutes in many patients.[

The major risk with these drugs is ischemic symptoms (e.g., angina

87
pectoris, myocardial infarction, or stroke) due to an excessive and uncontrolled hypotensive response.[ ] Thus, their use should generally be avoided in the treatment of hypertensive crises unless more suitable and controllable agents are not available.
88]
All of the following have a rapid onset, although nitroprusside is the most immediate:

Because of the seriousness of this condition, parenteral medications listed later often are necessary.[

■ Nitroprusside is an arteriolar and venous dilator, given as an intravenous infusion with an initial dose of 0.25 to 0.5 mg/kg/min and a maximum dose of 8 to 10 mg/kg/min. Nitroprusside acts within seconds and has duration of action of only 2 to 5
minutes. Accordingly, hypotension can be easily reversed by temporarily discontinuing the infusion, providing an advantage over the drugs listed subsequently. However, prolonged use can lead to cyanide poisoning, particularly in patients with
renal insufficiency. Another disadvantage is that the medication is light sensitive. It can be used in most hypertensive emergencies.
■ Nitroglycerine is a coronary vasodilator and direct venodilator with variable arterial effects given as an infusion of 5 to 100 μg/min. Like nitroprusside it has a short duration of action. Prolonged use can lead to methemoglobinemia and tolerance.
It is especially indicated in patients with coronary ischemia.
■ Nicardipine is an arteriolar dilator calcium-channel blocker given as an intravenous infusion with an initial dose of 5 mg/hr and a maximum dose of 15 mg/hr with duration of action of 1 to 4 hours. It should be avoided in patients with acute heart
failure and coronary ischemia. It is light stable but has the slowest onset of the vasodilators (5 to 10 minutes).
■ Fenoldopam is a peripheral dopamine1 receptor agonist given as an intravenous infusion with an initial dose of 0.1 μg/kg/min. The dose is then titrated at 15-minute intervals, depending on the blood pressure response. It can be used in most
emergencies but should be used with caution in patients with glaucoma. It has the added advantage of being somewhat renal protective.
■ Hydralazine is rarely used except in patients with eclampsia or in someone in whom intravenous access cannot be obtained. It is given as an intravenous bolus of 10 to 20 mg or intramuscular dose of 10 to 50 mg. Onset is the slowest of all these
agents, occurring at 10 to 20 minutes with the intravenous route or 20 to 30 minutes with the intramuscular route. It can aggravate angina.
■ Enalaprilat is an ACE inhibitor given intravenously at a dose of 1.25 to 5 mg every 6 hours. It also has a slow onset of action at 15 to 30 minutes and can cause a precipitous fall in blood pressure in high-renin states. It should be avoided in patients

88

with an acute myocardial infarction but may be advantageous in patients with acute left ventricular failure.[ ]
■ Labetalol is an α- and β-adrenergic blocker given as an intravenous bolus or infusion with a bolus of 20 mg initially, followed by 20 to 80 mg every 10 minutes to a total dose of 300 mg. Infusion is then maintained at 0.5 to 2 mg/min. It should be
avoided in patients with acute heart failure.

88]

■ Esmolol is an adrenergic inhibitor given at a rate of 200 to 500 μg/kg/min for 4 minutes, then 5 to 300 μg/kg/min. It has been recommended for use in the perioperative setting and in patients with aortic dissection.[
■ Trimethaphan is a ganglion blocker that has been recommended for aortic dissections associated with hypertension. It is given at a dose of 0.5 to 5 mg/min.
■ Phentolamine, an adrenergic inhibitor, is given in an intravenous dose of 5 to 15 mg.

PERIOPERATIVE MANAGEMENT OF HYPERTENSION
Preoperative hypertension is, unfortunately, common and may be a significant risk factor for postoperative mortality. In one study of 76 patients who died of a cardiovascular cause within 30 days of elective surgery, a preoperative history of hypertension was

89]

four times more likely than among 76 matched controls.[

90]

This increase in mortality seems to occur only when the diastolic blood pressure is higher than 110 mm Hg[

higher than 200 mm Hg prior to surgery has also been associated with an increase in postoperative cerebrovascular complications following carotid endarterectomy.

[92]

91]

or when hypertension has caused end-organ damage.[

Systolic hypertension

Blood pressure and heart rate can increase significantly with surgery, and this is even

93
more prone to occur in hypertensive patients. Further, labile hypertension with periods of hypotension is also more commonly seen in these patients.[ ] Accordingly, it is suggested that elective vascular procedures be postponed if the blood pressure is
[94]

higher than 170/110 mm Hg.

If the procedure is emergent, then a parenteral medication should be chosen to reduce the blood pressure preoperatively.

Preoperative Management
Preoperative antihypertensive medications should be maintained until and including the day of surgery. Because many patients will be taking diuretics, preoperative volume and potassium levels should be checked. There are some theoretical reasons to
possibly withhold ACE inhibitors, ARBs, and calcium-channel blockers the day before surgery, but this has not been generally accepted. The former can blunt the compensatory activation of the renin-angiotensin system during surgery, resulting in prolonged
hypotension. This has been supported by a study of 150 patients undergoing vascular surgery that showed that hypotension
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95]
Those data would support discontinuing those medications if the indication for their use is congestive heart failure and not hypertension.

during induction was noted less frequently when these medications were stopped the evening before surgery.[

96]

Calcium-channel blockers can increase postoperative bleeding[

due to platelet inhibition. However, abrupt withdrawal can cause coronary vasospasm, and so it is not recommended that they be discontinued.

97] [98]
99
Further, beta blockers in the perioperative period decrease mortality in high-risk cardiac patients[ ] and should be considered for all

Acute withdrawal is also especially dangerous for beta blockers and the centrally acting sympatholytic drugs.[
patients undergoing major vascular surgery.

Postoperative Hypertension and Its Management

91]

Postoperative hypertension is more common in patients who are hypertensive preoperatively and is especially common in patients undergoing vascular procedures. Goldman and Caldera[

reported that postoperative hypertension occurred in 57% of

92]

abdominal aortic aneurysm resections and 29% of other vascular procedures compared with 8% of other nonvascular procedures. Hypertension is also a potentially serious complication following carotid endarterectomy.[

Paradoxically, some patients may

100]
experience normalization of their blood pressure for many months after major surgery, although it seldom persists.[
Hypertensive emergencies should be treated as outlined earlier. Other causes of hypertension specific to the postoperative period (pain, agitation, hypoxia, bladder distention, and hypervolemia) all should be addressed. Patients unable to take their customary
oral agents should be started on a parenteral equivalent. For example, patients on diuretics can receive intravenous furosemide or bumetanide; beta blockers (propranolol, labetalol, or esmolol); ACE inhibitors (enalaprilat); and calcium-channel blockers such

87

as nicardipine. (Sublingual nifedipine should never be used, because it can cause severe hypotension and cardiac ischemia.[ ] ) However, there are currently no scientific data to recommend resuming the same class of drug except in the case of beta blockers
and clonidine, which should not be stopped acutely. Accordingly, if another class of drugs is more suitable or if rapid action is required, another class of drugs satisfying these requirements can be used.
Management of Hypertension After a Thromboembolic Stroke

101

] In fact, elevation in blood pressure is often noted
Although reducing blood pressure is advantageous in preventing stroke, hypertension following a thromboembolic stroke is believed to be cerebroprotective by maintaining flow to hypoperfused areas.[
for the first 10 days after such a stroke. Because of these findings, it is usually recommended that antihypertensive therapy be stopped after a thrombotic stroke unless the patient has cardiac failure, aortic dissection, or diastolic blood pressure higher than 120
101]

mm Hg or systolic pressure higher than 220 mm Hg.[

Under such circumstances, labetalol may be preferred because it can be adjusted readily. Nitroprusside should be carefully used because it can increase intracranial pressure.

SUMMARY
Control of hypertension in the vascular patient is clearly a priority. However, these patients often have significant co-morbidities that may influence the choice of medication. Whenever possible, monotherapy should be attempted first, although in selected
circumstances combination therapy may be more appropriate, such as diuretics and ACE inhibitors or ARBs in high-risk diabetic patients. Some antihypertensives may also have beneficial results separate from their blood pressure-lowering effects.
Unfortunately, the choice of medication may be limited by cost or health plan directives.
Preoperatively, medications should be continued up to and including the morning of surgery. Procedures should be postponed only if the blood pressure is higher than 180/110 mm Hg. Postoperative hypertension can usually be managed by use of a variety of
intravenous medications.
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Chapter 40 - Vascular Pain

KAJ JOHANSEN MD, PHD

Although vascular disease manifests in diverse ways, pain in one form or another is a common manifestation of arterial, venous, or lymphatic problems. Indeed, in some cases, the nature and location of pain complaints may be virtually diagnostic of the
underlying vascular condition. Alternatively, pain arising from nonvascular conditions may mimic that associated with various vascular states, thereby delaying or complicating diagnosis and therapy. And the relief of vascular pain is commonly a hallmark of
the success of the medical or surgical therapy of vascular diseases. Accordingly, this chapter explores the mechanisms and pathophysiology of vascular pain and its relief. This chapter consists of a discussion of basic neuroanatomy and neurophysiology
relevant to vascular pain, a compilation of different vascular pain syndromes, and a review of various interventions for pain of vascular origin.
Because of the central nature of pain as a presenting feature of vascular disease and its therapy, topics covered herein necessarily share an interface with numerous other chapters in this text. Information provided here is, however, intended to be supplementary

1 2 3 4
to or expansive of material in those chapters rather than duplicative. For more detailed discussions of pain, the reader is referred to comprehensive sources on this subject.[ ] [ ] [ ] [ ]
BASIC NEUROANATOMIC AND NEUROPHYSIOLOGIC CONSIDERATIONS
A brief review of the neuroanatomy and neurophysiology of vascular structures and the organs and parts they serve helps inform an understanding of the way vascular disease results in pain. This issue is further clarified by an enunciation of the way pain is
stimulated peripherally and transmitted and appreciated centrally.

5
The International Association for the Study of Pain defines pain as “an unpleasant sensory and emotional experience associated with actual or potential tissue damage, or described in terms of such damage.”[ ] A patient’s pain perception is a consequence of
many variables, including previous and current pain experiences, level of consciousness, and emotional state.

Nociceptive pain is that uncomfortable sensation associated with injurious stimulation, whereas neuropathic pain arises and is transmitted in the absence of such injury. From a teleologic perspective, pain’s “purpose” is to signal the presence of (and

presumably to prevent) tissue damage and is thus one aspect of homeostasis. Only when it becomes chronic, or is a manifestation of the postoperative state, is pain unhelpful.
Pain can be characterized by its location, duration, quality, and severity or intensity. Qualities of pain include the descriptive terms “aching,” “burning,” “spasmodic,” “radiating,” “lancinating,” “dull,” and “sharp.” Local pain is noted at the site of injury, but
diffuse pain is more characteristic of deep structures. Radicular pain radiates along peripheral nerve pathways, not uncommonly in concert with motor or sensory neurologic deficits. Referred pain is perceived at a site remote from where the noxious
stimulation is actually occurring and results from a misplaced cortical appreciation of pain. Referred pain generally follows spinal segmental enervation and must be differentiated from radicular pain, which generally follows specific dermatomal distributions.
Visceral pain is dull and aching and has an agonizing, “sickening” component.
Pain can result from numerous physical stimuli, including pressure, puncture, squeeze, tension, and extreme heat or cold. Pain can also result from chemical effects such as those resulting from a marked change in pH or the presence of various mediators,
including histamine-like materials, serotonin, bradykinin, and other similar polypeptides. Endogenous prostanoids can lower the pain threshold as a consequence of certain stimuli; local acidosis can enhance the perception of pain. Local mediators, such as
substance P, are released at sites of injury, and the neural stimulation that results can be interpreted as pain.
Nociceptive receptors are usually free nerve endings, and pain is transmitted in the small unmyelinated A delta and C nerve fibers. These afferent nerves’ cell bodies are located in the dorsal root ganglia and their axons enter the spinal cord through the dorsal
roots. These axons synapse in the dorsal gray of the cord with second-order neurons. Most pain is transmitted in the crossed lateral spinothalamic tract up the cord to third-order neurons in the thalamus. The paleospinothalamic tract, including the
periaqueductal gray region of the brainstem, is relevant to more diffuse, longer-lasting pain and, probably, neuropathic pain. Interestingly, the precise central nervous system (CNS) location for pain perception remains obscure.
Large and medium-sized arteries have two types of innervation—afferent (sensory) nerves and autonomic (sympathetic) nerves. Pain is the primary sensation transmitted via nociceptive afferents in arteries and veins: Position, temperature, and other such
sensations do not appear to be transmitted via the innervation of blood vessels. In large and medium-sized arteries, these receptors appear to be stimulated by direct trauma (e.g., an arteriography needle), stretch (as noted with balloon dilatation or stent
placement), or shear (as in arterial dissection). Nociception in large and medium-sized veins is due to pain receptors in the venous adventitia, which appear to respond primarily to stretch (as in venous distention or engorgement due to downstream thrombosis
or other obstruction).
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As demonstrated in extensive neuroanatomic work by Pick,[ ] sympathetic and sensory fibers enter the arterial (and venous) adventitia to form an intrinsic neural network (“adventitial plexus”), mostly composed of sensory afferents. From this plexus, bundles
of nonmyelinated fibers (mostly sympathetic) approach the media (“border plexus”), and extensions of this network ramify within the media (“muscular plexus”).
The basis for neuropathic pain, and how it is sustained, remain obscure. Such pain also appears to be transmitted by sensory afferents but, unlike nociceptive pain, has autonomic (sympathetic nerve) components as well, resulting in the well-established
(although poorly understood) role of sympathetic modulation for neuropathic pain by pharmacologic or anesthetic blockade or by sympathectomy. Recognition, diagnosis, and management of various forms of sympathetically mediated or sympathetically

7
sustained pain—formerly termed “causalgia” or “reflex sympathetic dystrophy” (RSD) but now subsumed, by fiat of expert panels,[ ] under the umbrella term complex regional pain syndrome (CRPS)—is discussed in detail in Chapter 75 .

Most nociceptive pain is relieved, according to teleologic definition, by resolution of the underlying noxious stimulus. Upon occasion, the presence or severity of nociceptive pain warrants consideration of more invasive procedures to effect pain relief. Such
procedures are characterized as neuroablative or neural augmentation. Although this chapter is not intended to detail such procedures exhaustively, analysis of these procedures’ results, in both the near term and the long term, provides insight into the way
peripheral pain is transmitted and appreciated.

When used for the management of pain, neuroablative procedures appear to be more effective the more centrally they are performed. Peripheral neurectomy rarely works, and also, because most peripheral nerves are mixed motor and sensory, peripheral nerve
section may result in loss of motor function as well as anesthesia-analgesia. Rhizotomy involves ablation of the sensory nerve root. In order for rhizotomy to be effective, at least three nerve roots must be transected; unfortunately, sacrifice of more than two

8
sensory nerve roots for an extremity can result in loss of function, even though motor capacity is preserved.[ ] Dorsal root entry zone (DREZ) lesioning, usually with an electrode-based radiofrequency current, involves electrocoagulation of Lissauer’s tract
9
and the underlying dorsal horn gray matter, thereby interrupting second-order neurons involved in the sensory and pain pathway. DREZ lesioning works best for pain due to spinal cord injury and plexus transection or avulsion.[ ] Cordotomy involves section
10]

or radiofrequency coagulation of the spinothalamic tract itself, usually percutaneously and under stereotactic control in the awake patient; it works best in patients with unilateral trunk or lower extremity pain.[

Intracranial neuroablative procedures include midbrain tractotomy (lesioning of the spinothalamic tract at the level of the midbrain, including the periaqueductal gray, as well as the paleospinothalamic pathway—which is thought to mediate the emotional
response to chronic pain) and thalamotomy (which exploits the fact that the ventrocaudal nucleus of the thalamus is the terminus of the lateral spinothalamic tract); lesions in the medial thalamus can produce substantial pain relief without demonstrable

11]

analgesia.[

Prefrontal leukotomy (cingulotomy) can be particularly effective for pain associated with head and neck malignancy or other upper body pain problems, particularly when depressive symptoms are a major component of the patient’s suffering.

[12]
Sympathectomy is a unique form of neuroablative procedure that has an important role to play for various forms of sympathetically mediated or sympathetically sustained pain (see Chapters 75 and 85 ). Sympathectomy also can relieve certain types of visceral
pain because afferent nerve fibers from the abdominal and pelvic viscera travel in the sympathetic nervous system. Pain relief after sympathectomy presumably results from the following observations: Afferent fibers to the extremities travel with the

sympathetic nerves, abnormal efferent activity in sympathetic nerves maintains pain, and connections occur between sympathetic and somatic fibers.

13

The rationale for neural augmentation procedures is based on the gate control theory of pain. This hypothesis, initially advanced by Melzack and Wall[ ] in 1965 and extensively investigated subsequently, suggests that substantial modulation of nociception
may occur via interaction between myelinated and unmyelinated fibers within the dorsal horn of the spinal cord. The interplay of ascending, descending, and interneural interactions at this level governs the net level of nociception transmitted centrally via the
spinothalamic tracts.

Stimulation of the spinal cord or of peripheral nerves can block pain, because unmyelinated pain fibers have a high electrical resistance and remain unstimulated but pain-modulatory activity can result from stimulation of lower-resistance myelinated neural
tissue. Such a neuromodulatory imbalance can result in a mitigation of central nociceptive transmission, resulting in reduced pain.

13

This observation (which, parenthetically, validates the gate theory of Melzack and Wall[ ] ) is the basis for the use of spinal cord stimulation (SCS) and transcutaneous electrical nerve stimulation (TENS) for pain mitigation. SCS is usually performed by
percutaneous placement of an epidural electrode in close proximity to the dorsal column. The electrode then can be connected to a subcutaneously implanted receiver or to a pulse generator similar to a cardiac pacemaker. SCS has been used for treatment of

14]

chronic pain resulting from peripheral nerve injuries, CRPSs of various sorts, postamputation pain, deafferentation phenomena, and multiple sclerosis.[

15]
The underlying physiology appears to be based on the aforementioned differential electrical

TENS, initially a noninvasive means of screening patients for SCS, is now used as a means of long-term pain relief, often in the physical therapy setting.[
impedance in myelinated and nonmyelinated pain fibers that can result in modulation of central pain transduction.

16

Perhaps of greatest importance in the management of chronic pain has been the development and maturation, over the past 25 years, of the use of intrathecal and epidural opiate narcotics.[ ] Morphine (or one of its congeners) can be delivered into the
intrathecal or epidural space by means of an implanted programmable pump. Certain patients with cancer have been kept pain free in this fashion for up to 3 years. The use of this technique for noncancer pain is controversial. Tolerance occurs over time, with
a doubling
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or tripling of the required dose being demonstrated within the first 1 to 2 years after catheter insertion. Non-narcotic agents such as local anesthetics (e.g., bupivacaine), gamma-aminobutyric acid (GABA) or somatostatin agonists, N-methyl-D-aspartame

17]

(NMDA) receptor agonists, and calcium channel blockers may have a role to play in chronic intraspinal infusion modes.[

The neurophysiology undergirding the use of epidural and intrathecal opiates is as follows. Modulation of afferent nociceptive input occurs in the dorsal horn via several neurotransmitters. Receptors for various endogenous opioid systems (enkephalins and
endorphins) regulate descending modulatory activity, usually in an inhibitory fashion, and multiple receptors for these substances are present in both the central and peripheral nervous systems. Such receptors are the basis for the favorable effect on pain of
exogenously administered opioid analgesics.

VASCULAR PAIN SYNDROMES
As previously noted, pain in one form or another is a common manifestation of various vascular disorders, and the location, quality, and natural history of such pain may be crucial to the diagnosis or treatment of the condition. For example, sudden tearing
interscapular pain is virtually diagnostic of an acute type B thoracic aortic dissection; mitigation of this pain is a hallmark of satisfactory “medical” management of this condition by means of antihypertensive therapy with beta blockers. A compendium of the
types of pain associated with various arterial, venous, and lymphatic conditions follows.
Intermittent Claudication
Claudication is one of the commonest pain complaints seen by vascular specialists. As noted in Chapters 37 and 77 , the pathophysiology of arterial claudication is based on a reduction of arterial perfusion to an extent that, although it permits basal (resting)
skeletal muscle metabolism, it is inadequate to meet the needs of working muscles. The clinical phenomenon is seen most commonly in the gastrocnemius-soleus muscle group distal to atherosclerotic occlusion of the superficial femoral artery but can also be
seen in more proximal muscle groups with aortoiliac occlusive disease or in the upper extremities with chronic brachiocephalic arterial stenoses or occlusion. Rarely patients may note claudication of the gluteal or lumbar paraspinal muscles in association with

18]

pelvic arterial insufficiency, and claudication of the masseter muscles with mastication is almost diagnostic of involvement of the external carotid artery by giant cell arteritis.[

The quality and pattern of the pain associated with intermittent claudication are stereotypical. The pain is never present with rest, occurring only after exertion of a specific amount and disappearing quickly after cessation of exertion. That the phenomenon is a
consequence of inadequate blood supply to working muscles is demonstrated by the parallel course of the development of symptoms and the decline in skeletal muscle perfusion as measured by ankle-arm Doppler arterial pressure indices during treadmill

walking and by symmetric improvement in symptoms and limb perfusion when such exercise is halted.
The pain associated with the claudication of arterial insufficiency is localized to the working muscles and is characterized as “burning,” “cramping,” or “aching.” The muscles are not particularly tender, and because basal blood supply is adequate, no trophic
lesions occur. At the cellular level, such claudication pain likely results from a combination of ischemic neuropathy (particularly of small unmyelinated A delta and C sensory fibers) and a localized lactic acidosis resulting from the anaerobic metabolism of
ischemia, perhaps heightened by elaboration of substance P.
Several types of intermittent pseudoclaudication exist and contribute to an important differential diagnosis among patients presenting with walking-related extremity pain. The most important and most commonly seen of these alternative diagnoses is
neurogenic claudication, which results from one form or another of lumbosacral neurospinal compression syndrome—spinal stenosis, arachnoiditis, spondylolisthesis, and the like. Initially the affected patient’s complaints may appear to be very similar to
those of subjects with arterial insufficiency, to the extent that patients with such symptoms are occasionally subjected to revascularization when they actually needed laminectomies (or vice versa).
Fortunately, a careful history frequently solves this diagnostic conundrum. Because the basis for neurogenic claudication involves compression of nerve roots by a diffuse fibrotic or inflammatory process in the region of the lower spinal cord or the cauda
equina, the condition is more commonly bilateral than arterial insufficiency. Further, the pain of neurogenic claudication is more diffuse, frequently extending from buttocks to feet, and commonly has a deeper, more aching, or burning quality, not infrequently
associated with distal paresthesias or numbness.
The subject with neurogenic claudication frequently finds relief from the steadily worsening symptoms by bending over while walking; when hip and leg pain forces the subject to halt, symptoms are commonly relieved only with sitting. Unlike the individual
with arterial claudication, who can walk the same distance on the level or on the treadmill over and over again with equal interspersed rest periods, the individual with neurogenic claudication who attempts to walk very far achieves shorter and shorter walking
distances at the expense of longer and longer periods of sitting.
The pain of neurogenic claudication is believed to result from both ischemia and reactive swelling of nerve roots at their site of compression, a diagnosis confirmed by studies utilizing intrathecal fibroscopy during treadmill walking in patients with neurogenic

19

claudication.[ ] Temporary relief of the pain of neurogenic claudication by various postural changes, or by sitting, appears to result from the fact that flexion of the hip and back relieves lumbosacral nerve root compression and allows decongestion of the
epidural veins in the region.
Substantial diagnostic confusion can result from the fact that older patients with lower extremity claudication may have both atherosclerotic arterial occlusive disease and degenerative lumbosacral spine disease. Minimal or no change in the Doppler ankle
pressure index despite the development of lower extremity symptoms during treadmill exercise excludes (or at least reduces the likelihood of) arterial occlusive disease as a cause of a patient’s claudication.
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Several other, much less common causes of intermittent claudication are proximal venous occlusive disease of the lower extremities, resulting in a characteristic sense of “bursting” discomfort and engorgement of the exercising extremity (“venous

20]

claudication”)[

21]

as well as various forms of myositis, the most common of which is an iatrogenic muscle inflammation and necrosis that results from the administration of various statin medications to treat hyperlipidemia.[

Lower extremity claudication in younger individuals should bring to mind two diagnoses—popliteal entrapment syndrome and (when exercise-induced pain is localized to the anterolateral aspect of the leg) chronic compartment syndrome. The intermittent

22

claudication seen in young people (often athletes or military recruits) associated with popliteal artery entrapment syndrome has the same pathophysiologic mechanism as that associated with atherosclerotic lower extremity arterial occlusive disease.[ ] The
cellular basis for the anterior muscle compartment pain associated with chronic compartment syndrome is ischemia resulting from diminution of the muscular arteriovenous pressure differential due to venous congestion and compartment tissue hypertension.

[23]
Aortic and Other Large Artery Pain
A substantial number of pain receptors populate the media of large and medium-sized arteries. As noted previously, these receptors can respond to direct stimulation, for example, by a needle or other penetrating device; they also may respond to stretch or
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shear. Sensory nerve fibers do not appear in or near the arterial intima, perhaps explaining why atherosclerosis, even when it is “biologically active,”[ ] is not painful. Chronic slow dilatation of arteries, such as occurs with abdominal aortic aneurysm
(AAA), does not appear to stimulate intra-arterial pain fibers. Palpation of an AAA occasionally results in a diffuse deep sickening ache, but in the author’s experience, this occurs with equivalent frequency after deep palpation of normal nonaneurysmal
aortas. Stimulation of periaortic autonomic fibers by such palpation may contribute to this characteristic sensation.

The pain associated with aortic aneurysmal rupture, usually into the peritoneal cavity, the retroperitoneum, or (rarely) the pleural space, is generally described as sudden, steady, burning, and penetrating in nature. Such pain likely arises as a consequence of
nociception at several levels, including stimulation of pain fibers in the torn aorta, in the stretched or torn peritoneum or pleura, and from extravasation and hematoma expansion in an enclosed pleura or retroperitoneum (tellingly, free rupture of an AAA into
the abdominal cavity is commonly characterized only by transient pain followed by rapid loss of consciousness as the patient expires from hypovolemic shock).

Pain—characteristically “tearing,” “ripping,” “boring,” and located in a substernal or interscapular location—is a hallmark of aortic dissection. Similar burning pain in the lateral neck characterizes extracranial carotid arterial dissection. Shearing of nociceptive

receptors in the aortic or carotid media by progression of the pulsatile hematoma within the media is the likely explanation for this pain. Except for patients with Marfan’s or Ehlers-Danlos syndrome, whose aortic or arterial dissections may occur
asymptomatically, pain is a constant consequence of arterial dissection. Relief of such pain with hypotensive therapy is believed to indicate satisfactory control of an aortic dissection, whereas persistent pain suggests that such therapy is inadequate, requiring
that such therapy either be augmented or be replaced by a more invasive intervention (operation or endovascular repair).
Vasculitic inflammatory involvement of large and medium-sized arteries is uncommon but not rare. The most common such involvement of the aorta is the development of an inflammatory aneurysm, usually of the abdominal aorta. The pathophysiology of
this process remains obscure, but its presentation is stereotypically as a thickened “rind” of chronically inflamed fibrofatty perianeurysmal tissues, frequently with an adhesive involvement of the ureters or the duodenum that can significantly complicate open
aneurysmal repair. Patients with inflammatory AAAs commonly complain of diffuse aching midback discomfort, and their aneurysms are dully tender to palpation.

18]
inflammatory vasculitis of patients with the disorder can be associated with diffuse pain and tenderness over the affected arteries—especially the superficial temporal

Besides the aforementioned jaw claudication often associated with giant cell arteritis,[
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artery, biopsy (or duplex scanning)[ ] of which may be diagnostic of the underlying condition. As for inflammatory AAA and arteritis of other large and medium-sized vessels, the diffuse and poorly localized pain seen in this condition is likely due to
inflammatory involvement of nociceptors found both in the arterial media and adventitia and in periarterial connective tissue. That the pain associated with this condition is inflammatory is borne out by its resolution after administration of anti-inflammatory
agents (particularly corticosteroids).
Rest Pain, Ulcers, and Gangrene
Advanced, critical, or chronic arterial insufficiency is associated—usually in the lower extremities—with characteristic symptoms and signs that signal impending limb loss. Indeed, virtually all patients with rest pain, ischemic ulcers, or gangrene require a
surgical intervention—either an arterial reconstruction operation or an amputation. Such patients’ arterial occlusive disease is severe and multilevel (“tandem”), and their mortality rate exceeds 50% over the next 5 years, usually consequent to premature,
aggressive coronary artery disease.
Rest pain, which is characterized by a diffuse, ill-localized aching or burning pain in the distal foot, generally is present initially when the subject is recumbent or the leg and foot are elevated; symptoms dissipate if the leg is hung over the edge of the bed or
the subject arises and limps around. The pathophysiology of rest pain is likely that of an ischemic neuropathy, with positional malperfusion of small sensory nerves in the distal foot. The symptoms of rest pain (or other advanced arterial insufficiency)
necessarily develop in the most distal small arteries, those farthest away from the heart. Thus, pain at rest does not occur above foot level in the more proximal lower extremity (with one cardinal exception—rest pain may develop in
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concert with severe ischemia of a below-knee or above-knee amputation stump).
Arterial ulceration in the nondiabetic patient is characterized by a shallow, nonhealing, pallid erosion of the skin in the distal foot—in a distribution similar to that of rest pain. The pain of such ulcerations is unremitting and severe, occasionally refractory even
to high-dose oral narcotic analgesic agents, and is optimally treated only by urgent revascularization or amputation. The pain of such ulcerations is described as aching or burning and arises not only from the chronic severe ischemic neuropathy, which gives
rise to ischemic rest pain, but also from actual necrosis of sensory nerves in the skin at the site of the arterial ulcer.
Gangrenous changes of the toes or heel are indications, of course, that tissue death has occurred. Associated pain complaints are thus a summation not only of ischemic neuropathy but also of the consequences of skin and subcutaneous tissue necrosis,
osteomyelitis, and ascending infection. The pain of patients with arterial ulceration may be severe and unremitting; unlike in patients with rest pain and arterial ulceration, necrosis of sensory nerves may actually make such gangrenous distal feet insensate and
anesthetic, paradoxically resulting in less pain than would be anticipated from the degree of tissue destruction present.

26

Atheroembolism, usually to the toes or distal foot (“blue toe syndrome”[ ] ) occurs because of digital or branch artery occlusion from debris—clot, atheroma—that has embolized into the distal circulation from a proximal source (e.g., an aortoiliac or
popliteal aneurysm or an ulcerated atherosclerotic plaque). For the syndrome to occur, the proximal arteries must be patent, and the distal limb is usually not ischemic. Pain is therefore uncommon until digital ischemia is severe enough to result in sensory
nerve damage.
The diabetic foot (see Chapters 38 and 87 ) is a special circumstance wherein chronic lower extremity and foot pain, nonhealing ulceration, and toe gangrene may be present yet the underlying pathogenesis revolves around not ischemia but, rather, diabetic

27

neuropathy, structural changes in the foot, and the inability of diabetic patients to combat bacterial infection of the soft tissues. Indeed, most diabetic foot lesions are not ischemic,[ ] and revascularization is uncommonly required as part of their
management. Widespread loss of distal foot and even lower leg sensation in diabetic persons consequent to diabetic neuropathy makes pain due to ulceration, gangrene, or infection relatively uncommon among diabetics, although neuropathic pain is frequent
(see later).

Pain Syndromes After Stroke

Pain is uncommon in association with cerebrovascular accident (CVA), except in patients whose cerebrovascular ischemia results from intracranial hemorrhage or tumor. Stroke survivors sometimes experience what appears to be a centrally mediated pain

28]

ipsilateral to the neurologic deficit.[

Pain Associated with Diseases Involving Small Arteries

29

Numerous local, regional, or systemic disorders include involvement of small arteries. In the extremities, such conditions commonly manifest coolness, pallor, numbness, cyanosis, and pain—manifestations of Raynaud’s syndrome.[ ] Often, such symptoms
and signs result simply from abnormal arterial reactivity—such as occurs in the benign form of Raynaud’s disease (developing primarily in young and middle-aged women or as a consequence of chronic vibratory tool use, primarily in young male laborers).
Dull aching digital pain is noted by such patients during periods of extreme vasoconstriction; with the hyperemia of digital reperfusion, when vasoconstriction is replaced by vasodilatation, this dull aching pain is commonly replaced by a burning “fiery” pain
as the digits are suffused via vasodilated digital arteries.

A more ominous form of small artery involvement associated with Raynaud’s syndrome (termed Raynaud’s phenomenon in this setting) results from digital arterial occlusions due to one or another form of various rheumatoid conditions, especially
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scleroderma.[ ] To these individuals’ pain syndrome, which is associated with digital vasoconstriction and then vasodilatation, is added a severe pain associated with fingertip ulceration or necrosis. Such patients’ distal digital pain is frequently severe and
unremitting, not uncommonly refractory even to large doses of opiate analgesic medications, and amputation may be required for pain relief. Pathophysiologically, these lesions are similar to those of advanced chronic lower extremity arterial insufficiency.
Another form of small artery involvement resulting in severe pain is that associated with Buerger’s disease (thromboangiitis obliterans [TAO]), a condition most commonly seen in young male tobacco addicts. TAO is a nonatherosclerotic necrotizing process

31

involving arteries, veins, and nerves, primarily in the extremities.[ ] Because only the tibial arteries in the lower extremity, or the distal radial and ulnar arteries of the upper extremity, are commonly involved, patients with TAO have excellent arterial inflow
but poor collateralization, and their ability to heal refractory ulcerations or areas of gangrene is poor. These patients’ foot or hand pain is described as severe, unremitting, aching, burning, and agonizing.
Pain Associated with Venous Disorders
Venous disease is common and is frequently undiagnosed, in part because one major component of venous disease—deep venous thrombosis (DVT)—commonly occurs in a relatively vegetative, bland fashion associated with only minimal inflammation. Such
patients’ first symptom may be painless lower extremity edema or, upon occasion, the chest pain and cardiorespiratory collapse associated with pulmonary embolus. Pain is only inconsistently associated with superficial venous disease. Patients with primary
or secondary venous varicosities may note diffuse aching or burning pain associated with their venous varicosities, a discomfort likely secondary to stretch stimulation of nociceptors in and around the venous adventitia and media or in the surrounding soft
tissue.
Patients who have suffered a prior lower extremity DVT have a substantial likelihood of manifesting symptoms and signs of the postphlebitic (post-thrombotic) syndrome. Symptoms and signs that characterize this condition are
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chronic lower extremity edema, secondary venous varicosities, and characteristic skin changes, including stasis pigmentation and eczema, subcutaneous atrophy, and, in advanced stages, skin breakdown and chronic nonhealing ulcerations. These stasis
ulcerations, which usually are relatively small and shallow but occasionally are circumferential and extend from ankle to midleg, are in the author’s experience notably not painful—often manifesting only mild itching or burning. When significant pain occurs
in a stasis ulcer, a secondary diagnosis should be entertained—invasive infection (usually streptococcal) or (rarely), ischemia, osteomyelitis or cancers.
Superficial phlebitis generally results from chemical irritation of the intima of peripheral veins due to intravenous infusions of various agents, sterile inflammation secondary to indwelling catheters or other foreign bodies, or bacterial infection. Such phlebitis
is characterized by marked localized tenderness with overlying cellulitis, a palpable “cord” along the course of the vein, and, rarely, systemic toxicity. Pain, characteristically well-localized along the vein and burning in nature, results not only from stimulation
of vein-wall nociceptive receptors but, even more, from perivenous inflammation, with elaboration of acidic inflammatory or infectious mediators that thereby stimulate perivenous nociceptors.
Pain Associated with Lymphatic Diseases
The most common lymphatic disorder is lymphedema praecox—idiopathic bland nonvenous swelling, usually of a lower extremity. Other forms of lymphedema either are iatrogenic (consequent to lymphadenectomy or irradiation) or result from infections of
various sorts. The lymphatics are not innervated, so most forms of lymphedema are painful only when cellulitis or lymphangitis—an unfortunately common complication of lymphedema—supervenes.
Pain Associated with Amputation
Commonly performed because of intractable pain in a nonsalvageable limb, amputation itself often results in pain of various types. They can be classified as being either acute, appearing at the time of the amputation, or chronic, occurring weeks, months or
even (upon occasion) years after the initial procedure.

Acute postamputation pain may be related to the surgical procedure itself or to incompletely understood phenomena arising from the patient’s preoperative pain status. Such pain may result from the obligatory section of major nerves during limb amputation.
The incisional and wound pain that results from transtibial or transfemoral amputation (much less commonly with through-knee amputation) commonly resolves within a week or so after amputation—sooner in many surgeons’ experience if a rigid dressing is
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applied to the residual limb.[ ] Other relatively straightforward amputation pain issues occurring early in the postoperative period include those related to stump hematoma or to actual stump necrosis, because the amputation was performed too far distally or
because of acute thrombosis of the stump’s residual arterial blood supply. The latter complication generally requires re-amputation at a higher level.
Early postamputation pain problems unrelated to the wound itself include the development of several neuropathic phenomena, including phantom limb sensation and phantom limb pain. Virtually all amputees experience the sense that the amputated limb is
still present, for example, that it itches and needs to be scratched. Phantom limb sensation is generally considered benign and self-limited. Phantom limb pain, however, can frequently be severe and upon occasion even incapacitating, although patients can be
reassured that the phenomenon generally diminishes or disappears within months to a year after amputation. Treatment with antiseizure medications, tricyclic antidepressants, regional sympathetic blockade with long-acting local anesthetic agents, TENS units,

33]

sympathectomy, spinal cord stimulation,[

34]

or even DREZ sectioning[

may be considered for persistent or severe phantom limb pain. Issues related to the management of acute postamputation phenomena are discussed in greater detail in Section XXIII.

Late postamputation pain most commonly results from poorly fitted prostheses, and an experienced prosthetist’s opinion is invaluable in this setting. Other, less common but important causes of late postamputation stump pain are progressive stump ischemia,
DVT, progressive autonomic dysfunction (CRPs), and neuroma formation—the last of which is best prevented by ensuring that large nerves sectioned at the time of the original amputation are buried in muscle, well away from cut bone ends and the skin flap.

DIFFERENTIATING VASCULAR AND NONVASCULAR PAIN
It is clinically self-evident that a large overlap occurs between the pain syndromes arising from vascular and nonvascular diseases. The not infrequent misdiagnoses of a ruptured abdominal aortic aneurysm as ureteral or biliary colic, of an aortic dissection as a
myocardial infarction or gastroesophageal reflux, or of lower extremity ischemic pain arising from arterial occlusive disease as lumbar spinal stenosis, all point to the importance of considering the entire constellation of diagnostic possibilities in patients
presenting with various forms of pain.
The scope of this chapter precludes an exhaustive discussion of those disease states in which the misdiagnosis of vascular for nonvascular disease (or, as important, the converse) can occur; the reader is referred to seminal general surgical differential
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both in the context of resident training and as a separate specialty, must make every effort to ensure that

diagnostic texts for further details.[ ] [ ] [ ] Those intent upon formalizing the divergence of vascular surgery from general surgery,[ ] [
future vascular surgeons and their general surgery colleagues are exposed to a shared body of clinical knowledge and judgment in this context.

THE RELIEF OF VASCULAR PAIN
The relief (or at least the mitigation) of pain is the sine qua non of the rationale for many vascular interventions,
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to the extent that failure to achieve pain relief may be tantamount to failure—either of the original diagnosis or of the intervention itself. The patient who continues to experience calf claudication after a technically successful femoropopliteal bypass may well
have benefited if more preoperative attention had been paid to the status of his or her lumbosacral spine. The return of claudication after a period of pain-free walking suggests the progressive deterioration of the original revascularization.
Relief of several types of aortic pain can take both “medical” and surgical forms. As previously intimated, the presence of tearing central truncal pain is a hallmark of aortic dissection. All type A aortic dissections require immediate referral to a cardiothoracic
surgeon for urgent open or endovascular intervention (see Chapter 104 ). However, type B aortic dissections’ natural history, as well as their indications for operative or endovascular intervention, depends heavily on the relief of this lesion’s characteristic pain
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by pharmacologic therapy—specifically, the administration of beta-blocker agents, whose effect is to halt the medial hematoma’s dissection by lowering systolic and mean blood pressure as well as left ventricular systolic ejection rate (dV/dt).[

The pain associated with an expanding, leaking, or ruptured abdominal or thoracic aortic or iliac aneurysm is relieved by successful graft interposition, either open or by means of a stent-graft. Graft repair of aneurysms eroding into the spine commonly
relieves the pain resulting from such bony erosion. Similarly, and for obscure reasons, graft repair of inflammatory abdominal aortic aneurysms resolves the characteristic inflammatory “rind” around the aorta and with it the diffuse, poorly localized, boring,
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midabdominal-to-midback ache patients with such aneurysms commonly note. Interestingly, the use of corticosteroids, administered systemically or by injection, can also diminish the pain associated with an inflammatory aneurysm,[

therapy may raise the risk of aneurysm expansion and rupture.

although such

[42]

Most pain resulting from vascular disease arises from inadequate tissue oxygenation, most commonly with exertion or other increased nutritive blood flow demands but occasionally from basal blood flow states in which tissue viability itself is threatened.
Many vascular interventions focus on restoring tissue perfusion to (or toward) normal—not only various revascularization procedures, such as open or endovascular, but also pharmacologic or hygienic measures as simple as the encouragement of smoking
cessation or aerobic exercise or the administration of hemorheologic medications. Although such interventions are most commonly carried out for the symptomatic consequences of lower extremity atherosclerotic occlusive disease, the principle of relieving
vascular pain by improving tissue nutrition can be relevant for nonatherosclerotic diseases of the upper extremities as well—for example, the salutary effects of the administration of cilostazol in patients with various small artery occlusive phenomena of the

43]
44
or the relief of dialysis access–associated rest pain of the hand by the performance of distal revascularization–interval ligation.[ ]

digits[

In unusual circumstances, revascularization by conventional operative or pharmacologic means may not be feasible or may not provide tissue reperfusion adequate to relieve pain or other ischemic manifestations. In such circumstances the observation, initially
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popularized by Leriche, that sympathectomy can increase skin perfusion[ ] may offer a therapeutic alternative. Ipsilateral lumbar sympathectomy (most effectively by operative excision, although a therapeutic effect can result from phenol or absolute
alcohol ablation) can heal shallow ischemic skin lesions and relieve associated ischemic rest pain. This probably results through the combined effects of increased skin blood flow and interruption of afferent pain fibers traveling within the lumbar sympathetic

46] [47]

chain.[
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Patients subjected to such therapy risk development of a sometimes debilitating though transient burning pain termed postsympathectomy neuralgia. [

Revascularization to treat severe ischemia may not be possible or, even if technically feasible, may not be successful in relieving pain. When tissue loss—advanced ischemic ulceration or gangrene—supervenes, amputation is indicated. However, in that subset
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of patients who have far-advanced, refractory ischemia in which significant tissue loss has not yet developed but pain is severe and unremitting, Jacobs and colleagues[ ] have extensively investigated the possibility that neural augmentation techniques such
as SCS might relieve pain and forestall amputation as a pain relief measure. Initial enthusiasm for this approach, based on nonrandomized studies demonstrating improved microcirculatory blood flow in subjects with advanced non-reconstructible lower

50]
At present, the role of SCS in the management of subjects with advanced chronic limb ischemia appears to be restricted to those with

extremity arterial disease, has waned with publication of less favorable results from later prospective trials of SCS.[

50]

relatively preserved microcirculatory skin perfusion.[

Pain associated with venous disease of various sorts is ubiquitous, although rarely severe or incapacitating. The central role of vein wall distention as the proximate cause of lower extremity venous symptoms associated with saphenous or deep venous
insufficiency is perhaps best demonstrated by the almost universal symptomatic improvement associated with such “low-tech” maneuvers as limb elevation and the donning of elastic support stockings. The “swollen” or “bursting” sensations associated with
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significant large vessel lower extremity venous obstruction (“venous claudication”) may be effectively treated only with bypass (Palma-Dale or Husni procedures; see Section XXI) or endovascular relief of proximal venous occlusions.[
associated with acute venous thrombosis, either deep or superficial, is both congestive and inflammatory and is optimally treated with limb elevation, compression, or both plus anti-inflammatory medications.

The pain

The management of acute pain is central to the cultural identity of most medical specialties. Unfortunately, published research has repeatedly documented that most medical professionals have inadequate training, experience, and understanding of the proper
management of acute or chronic pain. Pharmacologic (or other) management of chronic or severe pain of any origin is increasingly the domain of specialists, commonly with an anesthesiology background, in a multidisciplinary pain clinic setting.
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SUMMARY
The proper management of the manifold types of vascular pain is a vast and, to date, incompletely illuminated topic. Vascular pain’s multifactorial nature confounds simple or stereotypical prescriptions for its relief. In a large majority of cases, restoration to
(or toward) normalcy of the underlying arterial or venous condition resolves or improves associated vascular pain. Chronic vascular pain is closely allied with neuritic or neuropathic abnormalities, for the management of which involvement of specialist
consultants in chronic pain is appropriate.
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Section VIII - OPEN VASCULAR SURGERY: BASIC CONSIDERATIONS
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Chapter 41 - General Strategies:

Choice of Procedure and Technique

JOHN J. RICOTTA MD, FACS

The ability to expertly select and perform open vascular procedures will continue to be the single feature that distinguishes vascular surgeons from other “vascular specialists.” Although vascular surgeons have been the leaders, and often the sole providers, in
noninvasive diagnostic techniques and the diagnosis and management of nonsurgical vascular conditions, there has been increasing activity in these areas on the part of diagnostic and interventional radiologists as well as other medical specialists, particularly
vascular internists and cardiologists. Percutaneous and endoluminal therapies have, appropriately, become a major part of the contemporary practice of vascular surgery, but this area, too, is shared with interventional radiology and cardiology.
Nevertheless, no other specialty claims the mastery of open surgical procedures for management of patients with a wide spectrum of vascular disease. The ability to perform open vascular operations requires a thorough knowledge of vascular anatomy, which
is provided in Chapter 42 , and mastery of the techniques featured in Chapters 43 , 44 , 45 . As any experienced vascular surgeon knows, however, the technical ability to perform an operation is often less important than the ability to determine when such an
operation is indicated or to choose which of several options is most appropriate for a given clinical situation. Learning to match the procedure with the patient’s clinical condition is a major focus of vascular fellowship training and of ongoing education in

1

vascular surgery. Specific vascular techniques are described in detail by Ouriel and Rutherford.[ ] This chapter focuses on the factors that influence the selection of open vascular procedures and the appropriate strategies to apply to this selection process.
Some of the more general considerations in this aspect of management have already been covered in Chapter 2 .
Vascular disease is diffuse and relentless. By the time it has become manifest clinically, the disease process has been ongoing for decades. Despite recent pharmacologic developments that prevent disease progression, there is no established therapy to reverse
clinically manifest vascular disease. Management of patients with vascular disease must take these factors into consideration. First, patients with clinical manifestations of vascular disease must be assumed to have more widespread and advanced disease than
is clinically apparent, involving multiple vascular beds (and multiple organ systems). Assessment of end-organ dysfunction in other critical circulations (e.g., coronary, carotid, renal) is crucial prior to selection of the proper therapeutic alternative. Second, the
expected mortality of the “signature” operations of vascular surgery (2% to 5%) exceeds expected mortality for all but the most complex elective surgical operations. Thorough assessment and careful perioperative management, along with careful selection
and conduct of the operative procedure, are essential to minimize complications. Vascular intervention is often prophylactic and always palliative.
Third, the life expectancy of patients with clinically manifest vascular disease is significantly limited compared with the general population. In addition, each intervention has its own limited functional life span. Finally, vascular operations are associated with
a narrow margin for error. The ill-conceived or technically flawed intervention is poorly tolerated by the typical patient with clinically manifest disease and has potential for immediate and significant morbidity. Thus, it is incumbent on the practitioner of
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vascular surgery to be familiar with multiple alternative approaches, now including both open and endoluminal interventions, and to select the most appropriate one for a given patient. Only by objectively considering all possible alternatives for a given
clinical situation and selecting the most appropriate one without bias can the vascular surgeon properly serve the patient.

GENERAL CONSIDERATIONS
Several factors are important in the selection of open surgical alternatives. They include the medical condition of the patient (e.g., co-morbidities), specific anatomic factors that might dictate approach, and the durability associated with a given intervention. In
principle, patients in good medical condition with long life expectancy have the lowest perioperative risk. They should be offered the operation that provides the most durable long-term result. In contrast, patients at higher risk of perioperative complication or
those with limited life expectancy may be offered operations that are less durable but more easily tolerated.
The decision process involved in selecting open or endovascular repair for aortic aneurysm is a good example. These two alternative techniques have been shown to have equivalent perioperative morbidity in patients who are candidates for either intervention.

2
However, it is generally appreciated that endovascular repair is better tolerated by the elderly and high-risk patients than open repair.[ ] Endovascular repair is less durable and requires more frequent monitoring and secondary intervention than conventional

3
open repair.[ ] It follows that endovascular aneurysm repair is preferable in the elderly who have higher perioperative morbidity and more limited life expectancy, even though the late intervention rate may be higher. Conversely, open repair is recommended
4

in younger, fit patients with a longer life expectancy, because of the established durability of the approach.[ ] Deciding between direct and extra-anatomic bypass for aortic occlusive disease involves a similar process. Although extra-anatomic approaches (e.
g., axillofemoral, femorofemoral) are less durable than in-line “anatomic” reconstructions (e.g., aortofemoral bypass), they avoid intracavitary exposure and may be preferred in patients with significant medical co-morbidities, “hostile” abdominal conditions
or body habitus, or prior operative procedures.
In some cases, durability may be sacrificed for short-term efficacy, such as choosing between alternative approaches in lower extremity reconstruction. The “gold standard” for infrainguinal reconstruction remains autologous saphenous vein bypass. However,
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even this conduit has a significant failure rate at 5 years.[ ] [ ] [ ] Moreover, saphenous vein may be in short supply or of poor quality in up to 30% of patients who need surgery. The vascular surgeon, therefore, must often choose from among a number of
less than perfect alternatives—spliced vein, arm vein, prosthetic conduits, modified biologic grafts, and endoluminal techniques. The relative benefits of these conduits are discussed in Chapter 46 . Clinical decisions are directed by indications for surgery,
objectives (e.g., limb salvage or relief of claudication) and required durability of the reconstruction. Operations for claudication often return patients to their preoperative status when failure occurs, and in patients with long life expectancy, a second operative
intervention within 5 years may almost be assumed. For the treatment of claudication, there is a growing interest in percutaneous interventions, which not only avoid a major operation but also preserve saphenous vein for possible use in the future in distal
reconstruction for critical limb ischemia.

Frail patients who require intervention for critical limb ischemia may be considered for operations that sacrifice multiyear patency for immediate success with minimal morbidity. Nonautogenous grafts that are readily available “off the shelf” may be preferred
to vein, which must be harvested (and often spliced) from remote sites (arm, lesser saphenous vein, contralateral leg). For such patients, infrainguinal angioplasty, a procedure associated with reasonable short-term efficacy but only modest midrange durability,

8 9
9
may be appropriate.[ ] [ ] Interventions that can improve arterial inflow long enough to heal a small offending ulcer or to institute a vigorous walking program in a patient with claudication may be appropriate.[ ] Similar arguments have been made in the
10 11

12

past to favor above-knee prosthetic bypass, with the goal of “saving” the vein for later use.[ ] [ ] Although this approach has many critics,[ ] the principle of long-range planning in the management of the patient with peripheral occlusive disease is a
sound one. One must embark on each procedure with the twin goals of maximizing immediate success and leaving as many options as possible open for the future.

DISEASE DISTRIBUTION AND CHOICE OF PROCEDURE
The anatomic distribution of vascular disease has a major influence on the choice of surgical procedure. The success of arterial reconstruction relies on adequacy of inflow and outflow. Relative benefits of different endarterectomy techniques are described in
Chapter 45 . All types of endarterectomy are best suited for discrete localized arterial lesions in which the origin and endpoint of the offending atheroma can be identified. Remote endarterectomy, by either eversion or use of an intraluminal stripper, can be
applied to longer vascular lesions but requires more extensive dissection than bypass and is associated with inferior results except when employed by persons with extensive experience. Remote endarterectomy and eversion endarterectomy are best used in

13] [14]

dirty or infected fields or when there are short (>10 cm) occlusions in the common carotid superficial femoral artery or external iliac artery, as alternatives to either bypass or angioplasty.[
and “disobliterated” by eversion endarterectomy for use as a bypass conduit.

Occasionally, the superficial femoral artery can be excised

The guiding principle—and Achilles’ heel—of endarterectomy procedures is the management of the distal endpoint. Failure to evaluate and secure this endpoint satisfactorily is a prescription for failure. This is the major reason that endarterectomy has been
abandoned for reconstruction of arterial segments with more generalized disease. Although the procedure has the advantage of a direct approach to the offending lesion, it requires more skill, particularly in the renal position, than bypass and may lead to more
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prolonged distal ischemia if the distal end of the lesion does not have a nice, abrupt transition to relatively normal artery. The latter consideration has led many surgeons to prefer bypass to endarterectomy for most renal lesions.[
should be part of the armamentarium of every vascular surgeon. The techniques of endarterectomy are well described in Chapter 45 .

However, the procedure

16 17

Like endarterectomy, balloon angioplasty is also best suited to discrete lesions and is now its major competition. Good results with lesions up to 10 cm in length have been reported.[ ] [ ] The indications for angioplasty are discussed in more detail in
Chapters 84 , 131 , and 140 . Angioplasty has been most successful in larger-diameter (>5 mm) arteries and those that are not heavily calcified. Complex calcified lesions are more likely to recur (“arterial recoil”) after angioplasty or to manifest perioperative

17]

complications such as dissection, embolization, and perforation. Angioplasty is recommended as the primary treatment of short stenoses or occlusions in the aortoiliac segment.[

Good results after angioplasty of short hyperplastic lesions have led many to

18
employ this procedure in the treatment of recurrent stenoses after carotid endarterectomy or infrainguinal bypass.[ ] Inferior early and late results of angioplasty of smaller arteries and long, complex lesions have limited the efficacy of this approach in
primary infrainguinal reconstruction (see Chapter 84 ).
Arterial bypass is the most common and most versatile reconstructive technique. The proximal anastomosis of an arterial bypass should originate above any significant occlusive or aneurysmal disease. Failure to adhere to this principle leads to early
thrombosis, perioperative embolization, or anastomotic dehiscence. Outflow should be to a vessel with minimal or mild atherosclerosis and good communication with the distal arterial tree (runoff); in the case of bypasses ending at the groin, this vessel is the

deep femoral artery. In more distal bypasses, such as tibial reconstructions, good communication with the distal arterial tree may be an elusive goal. In such circumstances, preoperative duplex ultrasound scanning can be used to select the most appropriate

19]

outflow vessel and the site of distal anastomosis.[

Successful arterial bypass requires an adequate arterial conduit. In general, large vessel reconstructions can be reliably undertaken with either prosthetic or autogenous material. Short bypasses to moderate-
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size arteries (e.g., renal, mesenteric, carotid, subclavian) can also be made with prosthetic material with excellent results, especially if they have relatively high flow.[ ] In the preceding circumstances, the most important feature is selecting a conduit of
appropriate diameter. In cases of infrainguinal bypass, autogenous tissue is preferred over prosthetic or nonautogenous biologic grafts. A more thorough discussion of choice of arterial conduit is presented in Chapter 46 .

PATIENT CHARACTERISTICS AND CHOICE OF PROCEDURE
Some examples of how patient characteristics influence the choice of operative procedure have been mentioned previously. In general, transabdominal operations are more difficult in obese patients, and the risk of surgical infection, particularly when a groin
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incision is also required, is higher. In such patients, the retroperitoneal approach to the aorta may be more direct and preferred to standard transabdominal approaches.[ ] [ ] Incisions that traverse the groin crease are avoided whenever possible in obese
patients, especially if prosthetic materials are being used. When such incisions are unavoidable, placing the incision transversely above the groin crease, as has become popular for endovascular aneurysm repair, is useful if only a limited access to the common
femoral artery is required. When an infrainguinal bypass is contemplated in an obese patient, use of the superficial femoral or even the profunda femoris artery as the inflow source can avoid an incision at or near the groin crease.
Patients who have had prior surgery are also candidates for alternative vascular approaches. The general principle in such cases is to perform as much of the reoperative procedure through “virgin territory” as possible. Extra-anatomic routing of a bypass may

21]

be helpful for secondary reconstructions or in patients with a “hostile abdomen.” Reoperative aortic surgery is simplified by the retroperitoneal approach, which avoids intra-abdominal adhesions and facilitates exposure of the perirenal aorta.[

Similarly,

23
24
using a suprainguinal incision to expose the external iliac artery for inflow[ ] or, less frequently, a high thigh incision to expose the second portion of the deep femoral artery[ ] can facilitate “redo” lower extremity procedures. Lateral exposure of the
popliteal or tibial vessels may facilitate a distal anastomosis through clean tissue planes. These issues are discussed in detail in Chapter 83 .

INDICATIONS FOR SPECIFIC SURGICAL APPROACHES
Retroperitoneal Versus Transperitoneal Approach to the Aorta
The transperitoneal approach, which is usually through a midline abdominal incision (though some surgeons prefer a transverse or even paramedian incision), is familiar and affords broad exposure of the abdomen and its contents. This issue is important in the
patient in whom there is concern about other intra-abdominal disease, for evaluation of the viscera after vascular reconstruction, or for access to visceral or right iliac vessels beyond their origin. Although transperitoneal exposure of the perirenal and
suprarenal segments of the aorta is possible, it requires more dissection than retroperitoneal approach. The transperitoneal approach can also be difficult in patients who have adhesions from prior abdominal surgery.

21 22 25

There are reports that the retroperitoneal approach may be advantageous in patients who are obese or have chronic obstructive pulmonary disease and for surgery of inflammatory aortic aneurysm.[ ] [ ] [ ] The major benefits of this technique, however,
are (1) the ability to expose the aorta from the renal arteries to above the celiac axis and (2) its suitability for reoperative aortic surgery. In the aneurysm with a short neck or a reoperation with suprarenal clamping, the retroperitoneal approach may facilitate
reconstruction. The major disadvantages of this approach are the limited exposure it provides of the anterior and right-sided aspects
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of the aorta and its branches, the extensive retroperitoneal dissection required (as opposed to intraperitoneal exposure), and the incidence of “flank bulge” from denervation of the lateral abdominal muscles.
Problems with each approach may be overcome by specific technical maneuvers. Medial visceral rotation may be used to access the visceral aortic segment transperitoneally. Similarly, counter-incisions in the right lower quadrant may be used to access the
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right iliac artery when a retroperitoneal exposure is chosen.[ ] Darling and associates [ ] have described exposure of extended portions of the visceral vessels via the retroperitoneal approach. That this can be done, however, is not the issue. Rather,
matching the benefits of each approach to the clinical situation should be the goal. My colleagues and I prefer the retroperitoneal aortic approach for exposure of the upper abdominal aorta, “redo” aortic procedures, and surgery that involves the left renal or
iliac artery. We are inclined to use this approach in obese patients and in patients with significant pulmonary compromise if there are no other contraindications, because we believe that it facilitates their postoperative recovery. We avoid the retroperitoneal
approach in patients with extensive right iliac and visceral disease, and we rely on transabdominal exposure for the routine open aortic aneurysm.
Alternatives for Visceral Reconstruction
Although reconstruction of the visceral (renal, celiac, and mesenteric) vessels is infrequently required, patients in whom reconstruction is needed often have significant atherosclerotic and other co-morbidities. Visceral stenotic disease usually involves both the
visceral aorta and the origins of the visceral vessels. Options for open visceral reconstruction include endarterectomy and bypass via prograde, retrograde, and extra-anatomic approaches.

Endarterectomy of the visceral vessels is the most direct and satisfying approach with proper patient selection. However, a number of criteria must be met before we choose this procedure for a given patient. The disease must be relatively limited to the
visceral aorta and the origins of the visceral vessels. If the disease is too extensive, a distal endpoint will not be achieved. As noted in Chapter 45 , presence of aneurysmal degeneration in the aorta is a contraindication to this procedure. Anatomic factors alone
make endarterectomy unsuitable in many patients. Medical co-morbidities are also important. Transaortic endarterectomy requires suprarenal and often supraceliac clamping with attendant increases in cardiac afterload and visceral ischemia. Consequently, we
avoid this procedure in patients with significant preoperative cardiac dysfunction and any degree of renal insufficiency. Paradoxically, this procedure may be optimal for patients with bilateral renal orifice disease that is localized, because the total renal
ischemia time of a limited transaortic renal endarterectomy may be shorter than that of bilateral bypass. However, these patients are increasingly rare in our current practice, and most are now treated by renal angioplasty and stenting.
Arterial bypass remains the most common method of visceral revascularization. It is usually performed for lesions not amenable to angioplasty (occlusions), those in which there is fear of distal embolization due to degeneration of the visceral aorta, or when
intraoperative evaluation of the viscera is desirable at the time of revascularization. Inflow for the bypass can be obtained from the aorta (anatomic) or from an iliac or visceral vessel (extra-anatomic). If an anatomic bypass is chosen, the character of the aorta
determines the site of origin. It is important that a significantly disease-free segment of the aorta be available to avoid either embolization or occlusion of the bypass from an intimal flap at the aortic clamp site. The infrarenal aorta is often heavily involved by
atherosclerosis and may not be suitable for a retrograde bypass. The supraceliac and lower thoracic segments of aorta are usually relatively free of disease.
Proximal (prograde) bypass from the supraceliac or thoracic aorta has the additional advantage of more hemodynamic antegrade flow with reduced turbulence and risk of kinking. Retrograde bypasses are more prone to these problems. However, prograde
bypass requires supraceliac clamping, with its attendant risks. In general, the time for clamping is less than that associated with endarterectomy, and the visceral ischemia is well tolerated. However, the hemodynamic changes associated with clamping and
unclamping of the aorta are real and may be dangerous in elderly patients with cardiac dysfunction. If a good segment of supraceliac aorta is available for clamping and the patient has relatively normal left ventricular function, we prefer a prograde bypass
originating from the supraceliac aorta. This is exposed transabdominally by cutting of the crus of the diaphragm when mesenteric reconstruction is required. On the rare occasion that isolated reconstruction of the left renal artery is performed, a left

15]

retroperitoneal approach is ideal.[

We reserve use of the thoracic aorta for young patients in whom the supraceliac aorta is not usable. In these cases, a thoracoabdominal approach is required; this is extremely rare in our practice.
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When a prograde anatomic reconstruction is not feasible, our next choice is extra-anatomic bypass, particularly for renal reconstruction.[ ] These procedures are discussed in Chapter 129 . Inflow can be from the splenic, hepatic, or superior mesenteric
bypass with saphenous vein or prosthetic vessel. Use of visceral vessels as the inflow source allows the surgeon to avoid clamping the aorta, a particularly useful feature in elderly patients. This procedure is well tolerated with minimal physiologic disturbance.
Such a bypass is most often used for the renal arteries, because reconstructions for mesenteric ischemia are not undertaken in the absence of multiple vessel involvement.

Our third option is retrograde bypass from the common iliac artery or distal aorta. We choose this option when we judge that prograde bypass is not indicated and the visceral arteries are not suitable for bypass. The infrarenal aorta is the preferred origin of our
bypass graft. Complete cross-clamping, not partial occlusion, is performed in a portion of the aorta that is relatively disease-free. Occasionally, a local endarterectomy and placement of a patch are required to ensure suitable inflow. When the infrarenal aorta is
degenerated but has no hemodynamically significant occlusions, we do not hesitate to use the iliac arteries as an inflow source if they are suitable. Through matching of the approach with the anatomy and physiology of each patient, visceral reconstruction can
be done with excellent results.

645

Revascularization of the Supra-aortic Trunk Vessels
With the exception of carotid bifurcation endarterectomy, operation on other branches of the aortic arch is uncommon. Operative options include endarterectomy and anatomic or extra-anatomic bypass. Treatment of each vessel is discussed separately.
Indications for surgery are beyond the scope of this chapter; rather, the discussion focuses on factors that influence the choice of operation.
Isolated lesions of the innominate artery are usually operated on for stenosis with embolization rather than occlusion with hemodynamic compromise. This is because the abundant collateral vessels, which supply both the subclavian and right carotid
distributions, usually compensate for occlusion of the innominate artery. As a consequence, the embolic lesions must be addressed, either directly or by exclusion with extra-anatomic bypass. Assessing the risk of median sternotomy and clamping of the aortic
arch in an individual patient dictates the approach to isolated lesions of the innominate artery. Direct reconstructions (bypass or endarterectomy) are preferred in younger, fit patients because of their greater long-term durability. However, in patients with prior
median sternotomy, chronic obstructive pulmonary disease, heavily calcified aorta, or other risk factors that might make a transthoracic approach more dangerous, an extrathoracic (extra-anatomic) approach is preferred.
Focal lesions of the origin of the innominate artery, with aortic “spillover” (but without extensive aortic atherosclerosis), represent the best indication for transthoracic innominate endarterectomy with excellent long-term results. This approach avoids the need
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for bypass grafts, which may become compressed and are subject to late occlusion. Recurrence after innominate endarterectomy is rare. Percutaneous angioplasty has been reported for isolated innominate lesions.[
character of the innominate lesions—calcification, embolic potential, orificial versus intrinsic disease.

Indications for angioplasty depend on the

Extra-anatomic revascularization for isolated innominate disease is rarely required. It is indicated in patients with symptomatic innominate lesions who are not candidates for median sternotomy. When performed, extra-anatomic revascularization usually
involves a subclavian-to-subclavian (or, less commonly, an axillary-to-axillary) bypass. Although it is possible to use the left common carotid as the inflow source, this maneuver is avoided when possible because it interferes with prograde cerebral flow.
Bypass from one subclavian artery to another has the advantage of a short bypass; also, the right common carotid can be implanted directly into the bypass, thereby excluding an embolic source. If axilloaxillary bypass is chosen, some allowance for retrograde
perfusion of the right common carotid must be made.

Isolated lesions of the common carotid arteries are usually treated with a bypass or transposition using the subclavian artery as the donor vessel. These operations, which predominantly involve the left common carotid artery, can be done through a
transcervical approach. Transposition is preferred because it avoids use of a prosthetic and possible kinking of the bypass. Extensive common carotid disease can be addressed by eversion endarterectomy of the common carotid artery with re-implantation of

the disobliterated vessel into the subclavian in an effort to avoid bypass. If a bypass is performed, it should originate proximally on the subclavian artery and ascend as close to the common carotid as possible, to avoid kinking when a more diagonal retrograde
course is taken in the patient in whom common carotid disease occurs with disease of the carotid bifurcation.
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Bifurcation endarterectomy can be combined with proximal retrograde balloon angioplasty if the disease in the common carotid artery is focal in nature.[ ] If the disease is more diffuse, bifurcation endarterectomy can be combined with bypass or reimplantation of an endarterectomized common carotid artery, with use of the subclavian as the inflow source. Some investigators have advocated using the distal anastomosis of a subclavian carotid bypass as an “onlay patch” to close the bifurcation
endarterectomy. We prefer to separate the bifurcation endarterectomy, which is patched, from the bypass, transecting the common carotid below the bifurcation arteriotomy and performing an end-to-end bypass from the subclavian to the common carotid.
Alternatively, the common carotid can be transected at the thoracic inlet, and eversion endarterectomy can be performed with a separate incision for the bifurcation endarterectomy ( Figs. 41–1 and 41–2 ).

Isolated lesions of the subclavian artery can be treated in the same manner as common carotid lesions, that is, with transposition or bypass. Transposition is our preferred approach, although the proximal dissection is a bit more involved. Bypass is preferred
when a heavily calcified proximal subclavian artery would make transection and proximal ligation difficult, diffuse subclavian disease would require extensive endarterectomy, or in patients with “coronary steal syndrome” in whom proximal clamping of the
subclavian may interfere with flow through an internal mammary artery bypass graft. The bypass should originate low on the common carotid artery and should parallel the subclavian artery as much as possible. Lesions of the subclavian artery have been
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treated successfully by endarterectomy (see Chapter 45 ). Isolated subclavian lesions have also been treated successfully with angioplasty. Transfemoral and retrograde transbrachial approaches have both been reported to have success.[

Reconstruction of the proximal vertebral artery is discussed in Chapter 141 . Our preference, in the rare cases in which we have performed this operation, is re-implantation into the common carotid artery.

When aortic atherosclerosis is more diffuse, and when there are multiple lesions of the arch vessels, endarterectomy is not indicated. If a transthoracic approach is possible, a bypass graft originating from the ascending aorta to the innominate artery (and
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extending to the left common carotid and subclavian if needed) provides the best method for revascularization of multiple lesions of the supra-aortic trunk vessels.[ ] This approach is also advantageous in cases of a “bovine arch” because it allows perfusion
through one carotid to continue while anastomosis is performed to either the innominate or left common carotid artery. Extra-anatomic bypass in the case of diffuse disease is individualized. Inflow vessels may include the subclavian,
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Figure 41-1 A, Option for dealing with extensive common carotid artery and carotid bifurcation disease. Common carotid artery is transected below the disease and common carotid plaque is removed by eversion endarterectomy. Carotid bifurcation plaque is
addressed by a separate incision. B, Arterial continuity is restored by end-to-end anastomosis of the common carotid artery and patch closure of the bifurcation.

Figure 41-2 When disease in the common carotid artery (CCA) is too extensive for eversion endarterectomy, a bypass from the subclavian artery is done to the distal CCA. The bifurcation is addressed by a separate arteriotomy and patch closure.
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Chapter 42 - Anatomy of Commonly Exposed Arteries

R. JAMES VALENTINE MD
GARY G. WIND MD

Vascular surgeons must become intimately acquainted with anatomy of the vascular tree before embarking on correction of vessel disease. This anatomy is complex and cannot be understood with a superficial overview. A thorough grasp of the anatomic
relationships among arteries, veins, and their surrounding structures is fundamental to obtaining adequate operative exposure and avoiding complications. Inadvertent injury to adjacent structures, such as nerves, may be disastrous. Vascular surgeons must also
be aware of common anatomic variations and congenital anomalies. Failure to recognize variant anatomy may result in a spectrum of problems ranging from incomplete repair to exsanguination.
The purpose of this chapter is to convey the regional anatomy of arteries that are commonly exposed by vascular surgeons. Developmental anatomy is described in Chapter 7 . The continuity of the vascular tree is assumed, but the descriptions are organized by
body regions in order to maintain clinical relevancy. A complete and detailed description of all aspects of vascular anatomy is beyond the scope of a single chapter, and the reader is referred to anatomic texts and atlases for study in greater depth.

EXTRACRANIAL CIRCULATION OF THE HEAD AND NECK
Fascial Layers of the Neck
The platysma muscle represents the superficial fascia in the neck, covering cutaneous nerves and superficial veins. The deep fascia consists of three specific layers:
1. The investing fascia, the most superficial layer of the deep fascia, extends from the posterior midline and splits to envelop the trapezius and sternocleidomastoid muscles.
2. The middle layer of the deep fascia is also known as the visceral or pretracheal fascia. It encloses the viscera and strap muscles in the central neck.
3. The prevertebral fascia is the deepest layer and covers the paraspinous muscles, the origins of the cervical nerves, the roots of the brachial plexus, and the subclavian artery. Lateral to the first rib, the prevertebral fascia extends to form the axillary
sheath.
The deep fascial layers contribute to the aggregation of connective tissue known as the carotid sheath. This sheath is not a discrete fascial sheet. It is bounded by the visceral fascia medially, the prevertebral fascia posteriorly, and the sternocleidomastoid
muscle anterolaterally. The contents of the carotid sheath are the carotid artery, the internal jugular vein, and the vagus nerve. The cervical sympathetic chain is embedded within the posterior fibers of the sheath, and the ansa cervicalis is located within the
anterior fibers of the sheath.
Carotid Artery
The common carotid artery enters the base of the neck posterior to the sternoclavicular joint and ascends medial to the internal jugular vein. The carotid bifurcation is usually located at the level of the superior border of the thyroid cartilage, but the bifurcation

1
may occur as high as the hyoid bone or as low as the cricoid cartilage. A high bifurcation, which is more common than a low bifurcation,[ ] may prompt the surgeon to consider maneuvers such as mandibular subluxation to enhance exposure in the distal neck.
[2] The carotid bifurcation is usually crossed anteriorly by the common facial vein, which must be divided in order to obtain exposure. Two small receptors lie intrinsic to the medial wall of the bifurcation: (1) a chemoreceptor known as the carotid body and
(2) a baroreceptor known as the carotid sinus. Nerve twigs to the carotid body from the
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Figure 42-1 The relationship between the posterior suspensory muscles of the pharynx and the internal and external carotid arteries. (From Valentine RJ, Wind GG: Anatomic Exposures in Vascular Surgery, 2nd ed. Philadelphia, Lippincott Williams &
Wilkins, 2003, p 34.)

Figure 42-2 The internal carotid artery passes deep to the hypoglossal nerve, the occipital artery, and the posterior belly of the digastric muscle. The glossopharyngeal nerve is prone to injury during division of the styloid process. (From Valentine RJ, Wind
GG: Anatomic Exposures in Vascular Surgery, 2nd ed. Philadelphia, Lippincott Williams & Wilkins, 2003, p 48.)

TABLE 42-1 -- Perioperative Cranial Nerve Injuries Documented in 1415 Surgical Subjects Participating in the North American Symptomatic Carotid Endarterectomy Trial
NERVE

CASES OF MILD INJURY

*

CASES OF MODERATE INJURY

*

TOTAL

Hypoglossal

50 (3.5%)

2 (0.2%)

52 (3.7%)

Vagus/recurrent laryngeal

31 (2.2%)

5 (0.4%)

36 (2.5%)

Facial

28 (2.0%)

3 (0.2%)

31 (2.2%)

Spinal accessory

3 (0.2%)

0

3 (0.2%)

Adapted from Ferguson GG, Eliasziw M, Barr H, et al: The North American Symptomatic Carotid Endarterectomy Trial: Surgical results in 1415 patients. Stroke 30:1751, 1999.

* No delay in discharge; recovery documented in follow-up.
** Delay in discharge or documentation that deficit never recovered.

The superior laryngeal nerve originates from the vagus nerve in the neck and runs posterior to the internal and external carotid branches to supply the upper larynx. The recurrent laryngeal nerve almost always branches from the vagus nerve within the
mediastinum, loops around the subclavian artery on the right side or the ascending aorta on the left, and then ascends in the neck in the tracheoesophageal groove. In rare cases, a nonrecurrent laryngeal nerve branches directly from the vagus nerve in the neck

4

and crosses laterally to the carotid bifurcation, making it prone to injury during exposure of the carotid.[ ] This anomaly is more common on the right side (0.6%) than on the left (0.04%); a right nonrecurrent laryngeal nerve may be associated with an
aberrant right subclavian artery. Injury to either the vagus nerve or the recurrent laryngeal nerve produces hoarseness and loss of an effective cough mechanism as a result of ipsilateral vocal cord paralysis.

5 6 7
Careful examination of patients who have undergone carotid endarterectomy shows cranial nerve injury in 8% to 14% of cases.[ ] [ ] [ ] Detailed examination by neurologists participating in the North American Symptomatic Carotid Endarterectomy Trial

7
(NASCET) discovered cranial nerve injuries in 122 (8.6%) of 1415 patients who underwent carotid endarterectomy ( Table 42–1 ).[ ] Although the frequency of individual nerve injuries remains controversial, most investigators report that either the
5 6 7
hypoglossal or the recurrent laryngeal nerve is the most commonly injured.[ ] [ ] [ ] Fortunately, the majority of nerve injuries are transient.

Vertebral Artery

The vertebral arteries are located beneath the prevertebral fascia in the deep neck. In the proximal third, each artery ascends from its subclavian artery origin to the transverse process of the sixth cervical vertebra, which is known as the carotid tubercle or
Chassaignac’s tubercle. In this extraosseous course, the arteries bisect an angle formed by the anterior scalene and longus colli muscles. Under the hood of the inverted V formed by these muscles, the vertebral arteries penetrate the prevertebral fascia and enter
the transverse process of C6 ( Fig. 42–3 ). The phrenic nerves lie on the ventral surfaces of the anterior scalene muscles and are subject to injury during exposure of the vertebral arteries. The distal two thirds of the extracranial vertebral arteries lie within the
bony canal formed by the transverse processes of C1 through C6. In this canal, the arteries cross anterior to the roots of the cervical nerves ( Fig. 42–4 ). Extensive venous tributaries accompany the arteries within the canal, making exposure of the interosseous

8
segment somewhat treacherous. In order to reduce the risk of venous injury, the surgeon should control the vertebral artery by entering the bony canal rather than attempting to isolate the artery between the transverse processes.[ ] After exiting the transverse
processes of the atlas, the arteries enter the cranium through the foramen magnum and converge to form the basilar artery at the lower border of the pons.

The paired anatomic arrangement of the vertebral arteries provides a well-collateralized circulation to the posterior brain. However, developmental variation may limit collateral flow in some individuals. Hypoplastic vertebral arteries occur in approximately

9
9
15% of people, more commonly on the right side.[ ] In the intracranial portion, the arteries do not unite 5% of the time: The vertebral artery terminates as a posterocerebellar artery on the right in 3.1% of cases, and on the left in 1.8%.[ ]

Figure 42-3 The vertebral arteries bisect an angle formed by the longus colli and anterior scalene muscles. (From Valentine RJ, Wind GG: Anatomic Exposures in Vascular Surgery, 2nd ed. Philadelphia, Lippincott Williams & Wilkins, 2003, p 51.)

Figure 42-4 The vertebral arteries enter the bony canal formed by the transverse processes at the level of C6. (From Valentine RJ, Wind GG: Anatomic Exposures in Vascular Surgery, 2nd ed. Philadelphia, Lippincott Williams & Wilkins, 2003, p 52.)

Figure 42-5 Two scalene muscles insert onto the first rib. The subclavian vein lies anterior to the anterior scalene muscle, and the subclavian artery lies between the anterior and middle scalene muscles. (From Valentine RJ, Wind GG: Anatomic Exposures in
Vascular Surgery, 2nd ed. Philadelphia, Lippincott Williams & Wilkins, 2003, p 115.)

TABLE 42-2 -- Anomalies of the Thoracic Outlet Found in 200 Transaxillary Surgical Procedures Performed for Neurovascular Compression Syndromes
ABNORMALITY

NO. OF CASES

None found

68 (34%)

Anomaly of scalene muscle

86 (43%)

Anomaly of subclavius tendon

39 (19.5%)

Scalenus minimus abnormality

20 (10%)

Cervical rib

17 (8.5%)

Fibrous structures or ligamentous abnormalities

15 (7.5%)

Total

200

Adapted from Makhoul RG, Machleder HI: Developmental anomalies at the thoracic outlet: An analysis of 200 consecutive cases. J Vasc Surg 16:534, 1992.
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Cervical ribs are reported to occur in approximately 1% of the normal population, and they are bilateral 50% of the time.[ ] [ ] Only 5% to 10% of patients with cervical ribs have symptoms of thoracic outlet compression.[ ] Although the majority of
cervical ribs are rudimentary or incomplete, most have ligamentous attachments to the first rib. Cervical ribs are most commonly embedded in the fibers of the middle scalene muscle and displace both the subclavian artery and the brachial plexus.

Subclavian Artery

The subclavian arteries ascend in the mediastinum and course over the first ribs behind the anterior scalene muscles. The right subclavian artery originates most frequently from the brachiocephalic artery, and the left subclavian artery originates as the third

14

branch of the aortic arch. In approximately 1% of the population, the right subclavian artery originates on the left side of the mediastinum as the most distal branch of the aortic arch ( Fig. 42–6 ). [ ] Proximal vascular control of the right subclavian artery in
its normal position can be obtained via median sternotomy. The trajectory of the aortic arch renders the left subclavian too far posterior to be accessible through a median sternotomy approach; proximal vascular control is best obtained through a lateral
thoracotomy. Direct exposure of the more distal subclavian arteries can be obtained through supraclavicular incisions.

The branches of the subclavian artery are the vertebral, internal thoracic, thyrocervical, costocervical, and dorsal scapular arteries:
1.
2.
3.
4.

The vertebral arteries arise from the superoposterior aspect of the subclavian arteries proximal to the medial border of the anterior scalene muscles.
The internal thoracic arteries arise opposite the vertebral arteries, on the inferior border of the subclavian arteries.
The short, wide thyrocervical trunks originate from the subclavian arteries near the medial border of the anterior scalene muscles and branch immediately into the inferior thyroid, superficial cervical, and suprascapular branches.
Costocervical trunk and dorsal scapular artery branches arise from the posterior aspect of both subclavian arteries as they course behind the anterior scalene muscles.

A number of surrounding structures are prone to injury during subclavian artery exposure. The subclavian veins cross ventral to the anterior scalene muscles; large venous tributaries should be carefully ligated during arterial exposure to prevent troublesome
bleeding. On the left side, the thoracic duct arches over the subclavian artery to reach the posterior aspect of the subclavian-jugular vein confluence. To prevent chylous leak, the surgeon should identify and ligate this duct. The vagus and phrenic nerves also
lie adjacent to the subclavian arteries and must be protected during arterial exposure. The right vagus nerve descends lateral to the right common carotid artery and crosses anterior to the right subclavian artery near its origin. After looping around the inferior
border of the subclavian

Figure 42-6 Arteriogram demonstrating an aberrant right subclavian artery originating as the most distal branch of the aortic arch. (From Valentine RJ, Carter DJ, Clagett GP: A modified extrathoracic approach to the treatment of dysphagia lusoria. J Vasc
Surg 5:498, 1987, with permission from the Society for Vascular Surgery and the American Association for Vascular Surgery.)

Figure 42-7 Divisions and cords of the brachial plexus surround the axillary artery as it emerges beneath the costoclavicular passage. The brachial plexus evolves into its final nerve form at the artery’s distal third. (From Valentine RJ, Wind GG: Anatomic
Exposures in Vascular Surgery, 2nd ed. Philadelphia, Lippincott Williams & Wilkins, 2003, p 158.)

Figure 42-8 The celiac trunk and superior mesenteric artery lie deep to the posterior peritoneum of the omental bursa. (From Valentine RJ, Wind GG: Anatomic Exposures in Vascular Surgery, 2nd ed. Philadelphia, Lippincott Williams & Wilkins, 2003, p
268.)

Figure 42-9 Collateral circulation to the spleen after splenorenal bypass. (From Valentine RJ, Rossi MB, Myers SI, Clagett GP: Splenic infarction after splenorenal bypass. J Vasc Surg 17:602, 1993, with permission from the Society for Vascular Surgery and
the American Association for Vascular Surgery.)

Figure 42-10 The pancreaticoduodenal arcade as viewed from a sagittal perspective. This network provides collateral blood flow between the celiac axis and superior mesenteric artery circulations when one or the other is occluded. (From Fisher DF Jr, Fry
WJ: Collateral mesenteric circulation. Surg Gynecol Obstet 164: 487, 1987. By permission of Journal of the American College of Surgeons.)

Figure 42-11 Arterial circulation of the mesentery. Note the medial anastomotic channels between the superior and inferior mesenteric arteries (SMA and IMA), which may enlarge to become the meandering mesenteric artery in chronic ischemic states.
(From Fisher DF Jr, Fry WJ: Collateral mesenteric circulation. Surg Gynecol Obstet 164:487, 1987. By permission of Journal of the American College of Surgeons.)

Figure 42-12 Chronic ischemia may result in enlargement and tortuosity of the medial anastomotic channel. This channel serves as an important collateral between the superior (SMA) and inferior (IMA) mesenteric arterial circulations. (From Fisher DF Jr,
Fry WJ: Collateral mesenteric circulation. Surg Gynecol Obstet 164:487, 1987. By permission of Journal of the American College of Surgeons.)

TABLE 42-3 -- Anomalies of the Inferior Vena Cava (IVC) and Left Renal Vein (LRV)
ANOMALY

INCIDENCE (%)

LOCATION

Duplication of IVC

0.2–3.0

Large veins run on both sides of aorta, joining anteriorly at level of renal arteries

Left-sided IVC

0.2–0.5

Left-sided IVC crosses anterior to aorta at level of renal arteries, then courses on right side of aorta

Absence of IVC

Very rare

Retroaortic LRV

1.2–2.4

LRV posterior to aorta

Circumaortic LRV

1.5–8.7

Venous collar around aorta

Veins from lower extremity drain toward diaphragm via ascending lumbar and azygous veins

Adapted from Trout HH, Giordano JM: Anomalies of the inferior vena cava. J Vasc Surg 3:924, 1986.
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Figure 42-13 The aortic bifurcation overrides the bifurcation of the vena cava. (From Valentine RJ, Wind GG: Anatomic Exposures in Vascular Surgery, 2nd ed. Philadelphia, Lippincott Williams & Wilkins, 2003, p 311.)

Figure 42-14 After passing beneath the inguinal ligament, the femoral vessels course within Scarpa’s triangle. Note the relationship of the other retroperitoneal structures to the vessels. (From Valentine RJ, Wind GG: Anatomic Exposures in Vascular Surgery,
2nd ed. Philadelphia, Lippincott Williams & Wilkins, 2003, p 378.)

Figure 42-15 The deep femoral artery contributes to a rich collateral circulation around the hip joint and proximal femur. (From Valentine RJ, Wind GG: Anatomic Exposures in Vascular Surgery, 2nd ed. Philadelphia, Lippincott Williams & Wilkins, 2003, p
389.)

Figure 42-16 The peroneal nerve branch of the tibial nerve follows the medial border of the biceps femoris tendon and courses toward the fibular head. (From Valentine RJ, Wind GG: Anatomic Exposures in Vascular Surgery, 2nd ed. Philadelphia, Lippincott
Williams & Wilkins, 2003, p 436.)

Figure 42-17 The anterior tibial artery and deep peroneal nerve lie between the extensor digitorum longus and tibialis anterior muscles in the anterior compartment. (From Valentine RJ, Wind GG: Anatomic Exposures in Vascular Surgery, 2nd ed.
Philadelphia, Lippincott Williams & Wilkins, 2003, p 481.)

Figure 42-18 The peroneal and posterior tibial arteries lie in the deep posterior compartment. The posterior tibial artery courses posterior to the flexor digitorum longus muscle, whereas the peroneal artery courses anterior to the flexor hallucis longus muscle.
(From: Valentine RJ, Wind GG: Anatomic Exposures in Vascular Surgery, 2nd ed. Philadelphia, Lippincott Williams & Wilkins, 2003, p 482.)

Figure 42-19 Relationship of the infrapopliteal arteries to the muscle compartments of the mid-leg. (From Valentine RJ, Wind GG: Anatomic Exposures in Vascular Surgery, 2nd ed. Philadelphia, Lippincott Williams & Wilkins, 2003, p 486.)
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Chapter 43 - Basic Vascular Surgical Techniques

ROBERT B. RUTHERFORD MD

To avoid unnecessary repetition elsewhere in this book, this chapter reviews some of the basic technical principles on which open vascular surgical operations are based, for example, (1) dissection, exposure, and control of vessels, (2) intraoperative
hemostasis and anticoagulation, (3) incision and closure of blood vessels, and (4) basic anastomotic techniques. The fundamental aspects of the more specialized techniques, thromboembolectomy and endarterectomy, are presented in Chapters 44 and 45 ,
respectively, and endovascular techniques are covered in Section IX.

HISTORICAL BACKGROUND
Everyone’s view of the history of the development of vascular surgical techniques is different. This personal view is presented for the reader’s appreciation of what we now take for granted: how difficult the early days must have been and how far we have
come.
The first recorded vascular reconstruction was reported by Lambert in 1762. He described Hallowell’s closure, in 1759, of a small opening in a brachial artery, performed with a pin around which a thread was twisted. This was a historic step; before that time,
restoration of flow had always been sacrificed for the sake of hemostasis, and ligation was essentially the only vascular procedure practiced. Unfortunately, Asman’s subsequent failures to achieve patency after vascular repair with similar techniques in
experimental animals discouraged the surgeons of the day, and for almost a century, it was believed that suture material entering the lumen of a vessel would invariably produce an obliterating thrombosis.
By 1882, Schede had accomplished the first successful lateral vein repair. The first direct vascular anastomosis probably was Nicolai Eck’s lateral anastomosis, in 1877, between the inferior vena cava and the portal vein in dogs. The opposing surfaces of the
two vessels were sutured together by two rows of interrupted sutures. A suture at one corner was left untied temporarily to allow a special instrument to be inserted to slit open each vessel and allow cross-flow through the anastomosis. Although this was
technically a lateral, or side-to-side, anastomosis, it was converted into an end-to-side portacaval shunt by subsequent ligation of the hepatic limb of the portal vein. It is interesting to reflect on Eck’s enduring fame as a result of this experiment, considering
that he had only one survivor and made no other significant contributions to surgery.
In 1899, Kummell performed the first end-to-end anastomosis of an artery in a human—if one discounts Murphy’s invagination anastomosis 2 years earlier. As a background to these and other sporadic clinical successes, the decades following the beginning of
the 20th century witnessed numerous experimental studies evaluating almost every conceivable suture technique. Absorbable versus nonabsorbable sutures as well as continuous versus interrupted, simple versus mattress, and everting versus edge-to-edge

1
2
approximation techniques all were tried. These endeavors culminated in the classic studies by Carrel[ ] and Guthrie[ ] that established the principles and techniques of the modern
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3
vascular anastomosis. These investigators also were the first to achieve significant experimental success with fresh and preserved homografts and heterografts for vascular replacement and bypass.[ ]

In 1906, Goyanes used a segment of popliteal vein to bridge a defect caused by the excision of an aneurysm of the accompanying artery. The next year, Lexer used the saphenous vein for arterial reconstruction after excision of an axillary artery aneurysm.
Although the stage appeared to be set by the aforementioned experimental studies and by continuing, though sporadic, clinical successes such as these, widespread clinical application of these principles and techniques did not occur for almost 40 years. The
reasons for this delay are not entirely clear, but the innovation of better diagnostic techniques (especially angiography and cardiac catheterization), the evolution of vascular prostheses and homograft storage methods, the development of techniques that

allowed thoracotomy to be performed at reasonable risk, and the availability of heparin and type-specific, cross-matched blood were probably all important in the final launching of the “golden era of cardiovascular surgery,” which began after World War II.
Before the technical explosion that followed in the 1950s, the mainstays of surgery for peripheral vascular disease were (1) arterial ligation for vascular trauma, arteriovenous fistula, or aneurysm, (2) simple vascular repair with or without local thrombectomy
for acute occlusion, (3) sympathectomy for chronic ischemia, and (4) a variety of amputations. The implantation, first of arterial homografts, then of a succession of plastic prostheses culminating in the porous, knitted polyester (Dacron) graft of today; the
emerging preference for fresh venous and arterial autografts for replacement of smaller arteries; and, finally, the additional availability of the human umbilical vein allograft and, after that, of various specially preserved (formaldehyde-preserved and
cryopreserved) homografts and heterografts, plus the expanded polytetrafluoroethylene (PTFE) (Teflon) graft, have now provided the vascular surgeon with an adequate array of arterial substitutes for most situations. Graft choice has been further enhanced by
the addition, to prosthetic grafts, of external supporting rings to prevent kinking and compression and special coatings to reduce thrombogenicity, limit initial blood loss through interstices, or resist infection Unfortunately, the concomitant development and
refinement of vascular suture materials, atraumatic vascular clamps, prosthetic grafts, and endovascular devices, such as vena caval filters, balloon and mechanical thrombectomy catheters, and stents and stent-grafts, have received almost better coverage in
manufacturers’ brochures than in the formal surgical literature.

INSTRUMENTS AND SUTURE MATERIAL
The instruments essential for simpler vascular procedures, in addition to the standard instruments used in any operative dissection, comprise only the following:
■ Vascular forceps
■ Fine-pointed diamond-jawed needle holder
■ Right-angled clamp
■ Vascular scissors
■ An assortment of atraumatic vascular clamps
Vascular forceps usually have fine teeth or serrations that interdigitate, allowing them to grip the vessel wall without crushing, as exemplified by the DeBakey and Swan-Brown forceps shown in Figure 43–1 . Similar requirements pertain to vascular clamps,
and although many different designs are available, most achieve their nonslipping, noncrushing, occlusive grip by means of several longitudinal rows of serrations or teeth on the inside of the jaw or clamp, which are offset so that they interdigitate, as shown in
Figure 43–2 . An assortment of such vascular clamps, of different sizes and shapes, is necessary to accommodate differences in extent of exposure, depth of wound, size of vessel, and angle of application (i.e., transverse, oblique, or tangential) ( Fig. 43–3 ).
In addition to these vascular clamps, which have handles that allow them to be held and with which vessel position can be manipulated, there are smaller vascular clamps without handles, the jaws of which are held in the occlusive position by a spring. These
so-called bulldog clamps, or large neurosurgical aneurysm clips, are useful for working

Figure 43-1 Some basic vascular instruments (left to right): Metzenbaum and angled Potts scissors; DeBakey and Swan-Brown forceps; a right-angle clamp; long and short vascular needle holders; straight, Satinsky, and spoon-shaped vascular clamps; and (at
top) a blunted nerve hook and Penfield and Freer dissectors for endarterectomy.

Figure 43-2 Magnified views show the multiple “teeth” of a typical vascular clamp. A, Side view of one jaw. B, End-on view of the jaws interdigitating.

Figure 43-3 An assortment of vascular clamps, demonstrating the variety of shapes and sizes.

Figure 43-4 A variety of instruments used to control or occlude smaller arterial branches. Shown (from top down) are a modified Rummel tourniquet that uses umbilical tape, a polymeric silicone rubber (Silastic) “loop,” a Heifitz aneurysm clip with
applicator, a Fogarty clamp and two DeBakey bulldog clamps, and metal surgical clips (Ligaclips) with applicator.

Figure 43-5 Two methods for obtaining temporary vascular control. A standard vascular clamp occludes the proximal inflow vessel, but less traumatic polymeric silicone (Silastic) loops are adequate for the smaller distal branches. (From Rutherford RB:
Basic vascular techniques. In: Atlas of Vascular Surgery: Basic Techniques and Exposures. Philadelphia, WB Saunders, 1993, p 16.)

Figure 43-6 A to E, Longitudinal arteriotomy is begun with a sharp scalpel blade and completed with Potts scissors. Closure is accomplished with continuous suture, run from each end toward the middle. (From Rutherford RB: Basic vascular techniques. In:
Atlas of Vascular Surgery: Basic Techniques and Exposures. Philadelphia, WB Saunders, 1993, p 31.)

Figure 43-7 A to C, Transverse arteriotomy is performed first with a scalpel blade followed by enlargement to 135 to 180 degrees of the circumference using Potts scissors. Continuous closure, from both ends toward the middle, is most commonly employed.
(From Rutherford RB: Basic vascular techniques. In: Atlas of Vascular Surgery: Basic Techniques and Exposures. Philadelphia, WB Saunders, 1993, p 30.)

Figure 43-8 A to D, Patch angioplasty. A thin elliptical patch is fashioned, and mattress sutures are placed in both tips. One suture is carried into the corner of the arteriotomy and is tied to begin closure, aided by traction on the other suture. The closure is
continued from each end, along the sides of the arteriotomy, toward the middle, where the sutures are tied to each other. Before the second corner is begun, the tip may have to be trimmed for better fit. (From Rutherford RB: Basic vascular techniques. In:
Atlas of Vascular Surgery: Basic Techniques and Exposures. Philadelphia, WB Saunders, 1993, p 33.)

Figure 43-9 Vascular interruption techniques for small arteries and veins. A, Single ligation. B, Double ligation in continuity. C, Double ligation with intervening transfixion suture. D, Double ligation and division. E, Reinforcement of ligatured ends with a
transfixion suture or metal clip. (From Rutherford RB: Basic vascular techniques. In Atlas of Vascular Surgery: Basic Techniques and Exposures. Philadelphia, WB Saunders, 1993, p 26.)

Figure 43-10 A to C, A simple perpendicular end-to-end anastomosis begun with two sutures 180 degrees apart and run continuously toward each other. (From Rutherford RB: Basic vascular techniques. In: Atlas of Vascular Surgery: Basic Techniques and
Exposures. Philadelphia, WB Saunders, 1993, p 35.)

Figure 43-11 Technique of oblique end-to-end anastomosis. A, The two ends are slit 180 degrees apart. B, The resultant corners and adjacent lateral edges are trimmed conservatively. Anastomosis (C) is begun in one corner (head-to-toe) and (D) run to and
around the opposite end and back toward the starting point. E, The other suture is run up to meet it in the middle; any remaining “angles” must be trimmed to avoid “dog ears.” (From Rutherford RB: Basic vascular techniques. In: Atlas of Vascular Surgery:
Basic Techniqes and Exposures. Philadelphia, WB Saunders, 1993, pp 40–41.)

Figure 43-12 A, Pulling up and tying a continuous suture in a perpendicular end-to-end anastomosis may cause an anastomotic stricture. B, Briefly releasing the clamps before tying allows the monofilament suture to slide and the anastomosis to expand to a
fuller diameter. (From Rutherford RB: Basic vascular techniques. In: Atlas of Vascular Surgery: Basic Techniques and Exposures. Philadelphia, WB Saunders, 1993, p 36.)

Figure 43-13 Typical end-to-side, prosthesis-to–recipient artery anastomosis. A and B, The graft is trimmed. C, The “heel” of the anastomosis is started with a mattress suture. D, With the heel completed, the “toe” is begun with another horizontal mattress
suture. E, Excess edges must be trimmed before the anastomosis is completed. (From Rutherford RB: Basic vascular techniques. In Atlas of Vascular Surgery: Basic Techniques and Exposures. Philadelphia, WB Saunders, 1993, pp 50–51.)

Figure 43-14 The advantages of the heel-first, toe-last sequence is illustrated. This method allows the surgeon to make a final length adjustment by either trimming the tip (toe) (A) or extending the arteriotomy (B). (From Rutherford RB: Basic vascular
techniques. In: Atlas of Vascular Surgery: Basic Techniques and Exposures. Philadelphia, WB Saunders, 1993, p 53.)
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Chapter 44 - Techniques for Thromboembolectomy of Native Arteries and Bypass Grafts

FRANK J. VEITH MD
EVAN C. LIPSITZ MD
NICHOLAS J. GARGIULO MD
JACOB CYNAMON MD

The need for thromboembolectomy of both native arteries and arterial bypass grafts almost always arises in current practice in patients who have advanced arteriosclerosis and who present with acute limb or organ ischemia (see Chapters 32 , 53 , 65 , 66 , 67 ,
68 , 122 , and 134 ). In the past, many patients with this presentation had an embolus arising from the heart and lodging at a bifurcation within a relatively disease-free arterial tree. Surgical removal of the embolus, either directly or with the aid of balloon
catheters, was deemed one of the simplest of modern-day vascular operations. This is no longer the case because the elimination of rheumatic heart disease and atrial fibrillation means that almost all patients who currently present with acute limb ischemia
have advanced underlying atherosclerosis. This results in atypical localization of emboli, increased difficulty in clearly differentiating embolization from thrombosis, greater difficulty in restoring adequate distal circulation, and the need for more complex
vascular surgical procedures to do so. Moreover, these procedures must often be performed in patients who are quite ill from medical co-morbidities.

1
Arterial embolectomy to treat acute occlusions was first attempted more than 100 years ago by Szabanajeff,[ ] but it was only in 1911 when Einar Key in Stockholm and Georges Labey in Paris independently performed the first successful femoral
2

2

embolectomies.[ ] Labey’s procedure[ ] required extensive dissection to remove the embolus and its propagated thrombus. The associated morbidity and mortality did not generate much enthusiasm for the procedure, and over the next half century
techniques of arterial embolectomy were sporadically reported in the literature with variable results.

3

The introduction of the balloon catheter technique in 1963[ ] heralded an era of arterial thromboembolectomy with reduced morbidity. This technique permitted removal of thromboembolic material from sites proximal and distal to the arteriotomy with a
minimum of invasiveness and tissue dissection. As the devices and the procedure became standardized, balloon thromboembolectomy became a suitable, safe, and effective method for the revascularization of an acutely occluded vessel.

4 5

Over the next 3 decades, changing trends in the etiology of acute occlusions have led to a demonstrated decline in the effectiveness of simple balloon catheter embolectomy.[ ] [ ] Because of this change in results, various methods have been developed either
to replace or to serve as an adjunct to simple balloon catheter embolectomy. Nevertheless, balloon catheter embolectomy by itself or with adjunctive techniques continues to be a valuable tool in the treatment of acute arterial occlusion. In this chapter, we
describe both established and newer techniques for performing surgical thromboembolectomy when indicated in the patient population. Most of the established techniques depend on use of the single-lumen balloon thromboembolectomy catheter, although a
variety of newer catheters are also described. In standard practice, all of these catheters are passed blindly through the lumen of the arterial tree, a maneuver that can be difficult or impossible when extensive arteriosclerotic plaque is present. The newer
techniques use catheters, guide wires, balloons, and stents placed under digital fluoroscopic control to improve and simplify thromboembolectomy of both native arteries and grafts.

GENERAL CONSIDERATIONS
The first important issue when considering a thromboembolectomy is to determine the underlying cause of the acute occlusion. Since about 1960, and especially since 1970, this etiologic mechanism has changed from cardiac emboli from rheumatic heart

5 6
disease to cardiac emboli from myocardial infarction or atrial fibrillation and in-situ thrombotic events secondary to generalized atherosclerosis.[ ] [ ] The typical patient with acute arterial occlusion has changed from a young person with rheumatic heart
7
disease to an older person with diffuse arterial disease and significant medical co-morbidities.[ ] Although some authors claim that an occlusion arising from atherosclerotic thrombus has many characteristics in common with true emboli and therefore the
8
intervention should basically be the same,[ ] the etiology of the acute ischemic event (whether true
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Figure 44-1 Types of thromboembolectomy catheters. (From Fogarty TJ, White JV: Thrombectomy, pharmacological and mechanical thrombolysis. In Ahn SS, Hodgson KJ [eds]: Handbook on Endovascular Procedures. Coursebook for NA-ISCVS/SVS
Third Annual Endovascular Surgery Workshop, San Diego, June 1998.)

Figure 44-2 Compliance of the embolectomy balloon.

Figure 44-3 Cannulation of both proximal and distal vessels in aortoiliac embolectomy. Although a transverse arteriotomy may be used, a longitudinal arteriotomy is preferred.

Figure 44-4 Embolectomy of the distal popliteal artery. A, Incision for exposure of the distal popliteal artery. B, Exposure of the vascular bundle after incision of the deep fascia and retraction of gastrocnemius muscle posteriorly. C, Division of overlying
soleus muscle fibers. D, Mobilized distal popliteal artery, anterior tibial artery, and tibioperoneal trunk and position of longitudinal incision in the artery. E, Ostia of anterior tibial artery as seen through the arteriotomy and closure of the arteriotomy with fine
vascular sutures without producing any stenosis. M, muscle; Art, artery; Ant, anterior. (From Gupta SK, Samson RH, Veith FJ: Embolectomy of the distal part of the popliteal artery. Surg Gynecol Obstet 153:254, 1981.)

Figure 44-5 Diagrams illustrating fluoroscopically assisted thromboembolectomy using over-the-wire technique I. A, Guide wire has been inserted a short distance through a needle. The needle has been removed, and the hemostatic sheath and its dilator are
being advanced over the guide wire. Entrance through arterial wall is facilitated by rotating the sheath and dilator as they are advanced as a unit. B, After removal of dilator, a directional catheter (Berenstein) is inserted through a sheath over the wire. Under
fluoroscopic guidance, the wire is advanced well into the external iliac artery. C, The catheter is removed, leaving the wire and sheath in place. The dilator is replaced, and the sheath and dilator are advanced over the wire well into the external iliac artery. D,
The dilator is removed along with the guide wire, leaving the sheath within the iliac artery. The balloon catheter is advanced within the sheath. After retracting the sheath, the balloon is inflated with dilute contrast material and withdrawn under fluoroscopic
guidance to remove clot and identify lesions (inset). (A-D, Adapted from Veith FJ, Sanchez LA, Ohki T: Technique for obtaining proximal intraluminal control when arteries are inaccessible or unclampable because of disease or calcification. J Vasc Surg
27:582, 1998.)

Figure 44-6 Diagram illustrating fluoroscopically assisted thromboembolectomy using over-the-wire technique II. Following passage of a radiographic guide wire, a balloon thrombectomy catheter equipped with two lumina is passed through a hemostatic
valve in a previously placed vascular sheath. Under fluoroscopic control, the balloon is withdrawn through the vessel containing the clot, and the clot is withdrawn into the introducer sheath. Several passes of the balloon thrombectomy catheter may be made
prior to the removal of the sheath containing the thrombectomized clot. (From Parsons RE, Marin ML, Veith FJ, et al: Fluoroscopically-assisted thromboembolectomy: An improved method for treating acute arterial occlusions. Ann Vasc Surg 10:201, 1996.)
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Chapter 45 - Endarterectomy
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HISTORICAL PERSPECTIVE

10]

Open surgical endarterectomy dates back more than 50 years to 1946, when the Portuguese surgeon Cid Dos Santos performed the first thromboendarterectomy through two arteriotomies.[

[1]

He attributed his success to the use of the new anticoagulant drug

23
later coined the term endarterectomy for this operation. Leriche and Kunlin[ ] used the more comprehensive word thromboendarterectomy to describe removal of obstructing thrombus as

heparin, calling the procedure disobliteration. Bazy and Reboul
well as the diseased arterial intima. There is no precise expression to describe this technique accurately because, when it is properly performed, the inner media is removed with the intima; however, the terms endarterectomy and thromboendarterectomy,
which are interchangeable, are used most commonly.

37]
Soon thereafter, Wylie reported a large experience with this technique at the University of California Medical

In 1950, Dr E. J. Wylie performed the first thromboendarterectomy in the United States in San Francisco to relieve aortoiliac obstruction.[

35

Center in San Francisco (UCSF).[ ] For the ensuing half century at UCSF, endarterectomy has remained one of the preferred therapeutic options for patients with atherosclerotic peripheral arterial disease, resulting in a significant experience with this
operative technique in all arterial sites where such lesions occur. Initially, thromboendarterectomy was the procedure of choice for patients with peripheral vascular occlusive disease, but the advent of bypass techniques and the development of prosthetic grafts
led to a marked decline in the number of surgeons performing these technically demanding procedures. Indeed, the decline in the number of surgeons familiar with these techniques was one of the arguments used to justify the development of vascular surgical

20]

training programs in the 1970s.[

With the more recent development of endovascular stenting and atherectomy, thromboendarterectomy as a primary procedure in the treatment of lower extremity ischemic disease has been indicated less frequently. However, the advantages of autogenous
vascular reconstruction, as well as its usefulness as an adjunctive technique for patients requiring both aortoiliac and infrainguinal revascularization, continues to make thromboendarterectomy an essential component of the vascular surgeon’s armamentarium
( Fig. 45–1 ).
The critical features that make endarterectomy feasible are the characteristic localization of atherosclerotic plaques to the intima and subjacent media of the diseased artery and the segmental distribution of plaques at areas of turbulent flow. The outer media

and adventitia are spared

Figure 45-1 Aortogram with superimposed left iliac lesion removed by endarterectomy. This short lesion is ideal for thromboendarterectomy; note the virtual absence of atherosclerotic occlusive disease on the right. (Courtesy of Anthony J. Comerota, MD,
Philadelphia, Pa.)

Figure 45-2 Digital subtraction aortogram performed via a transaxillary approach in a patient with type I aortoiliac disease. A, Occluded aorta just below the inferior mesenteric artery. B, Reconstitution of iliac artery bifurcations with external iliac arteries
free of disease.

Figure 45-3 Aortogram showing type II aortoiliac disease with the endarterectomy specimen superimposed. The atherosclerotic changes in the common femoral bifurcation are often present in type II disease. (Courtesy of Anthony J. Comerota, MD,
Philadelphia, Pa.)

Figure 45-4 Eversion endarterectomy of distal internal carotid lesion beyond the end of the arteriotomy.

Figure 45-5 Semi-closed endarterectomy. Retrograde separation of plaque with loop stripper yields atheromatous core with branch artery orifices.

Figure 45-6 Operative specimen. Iliac plaques transected at aortic bifurcation to facilitate removal.

Figure 45-7 Hypogastric endarterectomy. A, Development of intimal core with hemostat. B, Extraction of specimen (incomplete). C, Removal of residual fragments.

Figure 45-8 Special angled extraction clamps facilitate extraction endarterectomy.

Figure 45-9 A-D, Use of angled extraction clamp to separate atheromatous core from arterial wall circumferentially during extraction endarterectomy.

Figure 45-10 Angled extraction clamps allow endarterectomy of branch vessels to a disease-free endpoint.

Figure 45-11 Removal of renal lesions. A, Dissection in endarterectomy plane in right renal artery after aortic portion has been completed. B, Endpoint of renal endarterectomy.

TABLE 45-1 -- Cumulative Patency for Aortoiliac and Aortoiliofemoral Thromboendarterectomy
PATENCY RATE,%
SERIES, YEAR

OPERATION
AI + AIF TEA

5
Butcher and Jaffe, 1971[ ]

At 5 Years

At 10 Years

72

—

20]

AIF TEA

96.1

—

22]

AI TEA

—

85

AIF TEA

—

90

AI TEA

94

85.2

AIF TEA

79.6

68.3

AI TEA

95

90

AIF TEA

85

72

Inahara, 1972[
Inahara, 1975[

4
Brewster and Darling, 1978[ ]
34]

Stoney and Reilly, 1987[

AI, aortoiliac; AIF, aortoiliofemoral; TEA, thromboendarterectomy.

abdominal aorta and the iliac branches, and autologous vein grafts are favored for the infrainguinal arteries supplying the lower extremities. Aortofemoral and femoropopliteal bypass procedures replaced endarterectomy for lower extremity revascularization in
the early 1960s, and by the mid-1970s femorotibial bypass was developed to revascularize ischemic limbs with distal tibial disease.

3 5 20

A number of authors have documented the safety and efficacy of aortoiliac or aortoiliofemoral endarterectomy in the treatment of patients with type I or II atherosclerotic disease patterns.[ ] [ ] [ ] Operative mortality rates have ranged from 1% to 7% for
the procedure, with the lower rates reflective of improvements in patient selection and anesthesia techniques. Five-year and 10-year patency rates for endarterectomy in patients with type I disease have been impressive and comparable to bypass procedures

3 5 20
3
( Table 45–1 ). Some authors have claimed similar results for aortoiliofemoral endarterectomy in patients with type II disease patterns,[ ] [ ] [ ] whereas others have reported better patency for prosthetic bypass in this setting.[ ]

Proponents of inflow endarterectomy stress the importance of the following technical aspects of the procedure that ensure their long-term effectiveness:
1. The endarterectomy of the aorta should begin at the level of the renal arteries. Failure to completely clear the aorta of plaque and maintain adequate inflow will result in restenosis or occlusion of the reconstruction.
2. Endarterectomy should terminate at the iliac artery bifurcation for patients with type I disease and at the common femoral artery bifurcation in patients with type II patterns of atherosclerosis to ensure complete disobliteration of the disease process.
3. Unilateral procedures should be avoided because the atherosclerotic process below the bifurcation is essentially always bilateral.

20] [21]

4. The entire medial layer should be removed during the procedure to allow for enlargement of the blood vessel and to create a smooth luminal flow surface. Inahara[
by 2 to 5 mm after the procedures and suggests that the change in vessel size contributes the most to the long-term patency of aortoiliofemoral endarterectomy.

has noted that the external iliac and common femoral arteries will enlarge
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5. Unobstructed outflow into the profunda femoris artery must be maintained by extended endarterectomy, if necessary, regardless of the patency of the superficial femoral artery, to maintain the patency of aortoiliofemoral endarterectomy for patients
with type II disease.

A successful inflow endarterectomy can restore sexual potency in approximately 70% of patients with vasculogenic impotence in addition to improving lower extremity blood flow. With careful operative dissection, ejaculatory function can be retained in 80%.

Lengthy superficial femoral endarterectomy procedures were abandoned for several reasons, including (1) to minimize the dissection, (2) to shorten the procedure, and (3) to use the reliable autogenous grafts. The original technique of long endarterectomy was

20]

less than ideal. Crude devices were designed to disobliterate diseased vessels, but no standardized technique or training was available to new vascular surgeon trainees in acquiring the skill to perform such procedures. Only reports by Inahara[

Imparato and colleagues

[18]

[32]

in New York, and Smeets and colleagues

in Oregon,

in the Netherlands emphasized the excellent results that could be achieved by endarterectomy when the technique was precisely performed in the superficial femoral and popliteal

26]
were found to be inferior to comparable bypass grafts, and the bypass graft became firmly established as

arterial segments. However, early and late patency rates of femoropopliteal endarterectomies performed by others, such as the group at Dartmouth,[
the preferred method for revascularization in these arterial beds.

Although prosthetic textile grafts have performed admirably in proximal sites, namely the aorta and its terminal branches, the results with prosthetics remain inferior to those achieved with autogenous saphenous vein grafts in the lower extremity itself.
Because the greater saphenous vein is suitable in only about 80% of patients, other autogenous revascularization techniques must frequently be sought. The use of autologous cephalic or lesser saphenous veins (see Chapters 81 and 83 ) is one alternative, and
another is superficial femoropopliteal endarterectomy performed by an open or semi-closed technique.
It is therefore appropriate to consider new technologic contributions that may overcome those factors reported to cause poor results. Extensive circumferential mobilization of long segments of the arterial tree has been considered mandatory to facilitate semiclosed endarterectomy when these long occlusions are disobliterated. Circumferential fibrosis can develop throughout the length of the endarterectomized segment, causing narrowing and eventual occlusion, and this has contributed to the low late patency rate
of endarterectomy. Because endarterectomy is a controlled arterial injury that ideally heals by intimal regrowth, an optimal environment is necessary for this healing to occur. Extensive mobilization of the entire length of the artery to be treated may in fact

6 7 8
devascularize the artery, stimulating postoperative periarterial fibrosis, impaired metabolism of the arterial wall, and therefore compromised arterial healing.[ ] [ ] [ ]

To eliminate these possible local problems arising from previous endarterectomy techniques, we have begun to evaluate new instruments and exposures that minimize trauma during semi-closed endarterectomy of long arterial segments. Although the air-

24

driven oscillating loop device developed by Lerwick[ ] and Amsco Hall has certain attractive features, it is unwieldy and awkward because of its weight, inflexibility, and immobility. Its air hose tethers the instrument and makes its use somewhat restrictive.
An electric loop endarterectomy stripper that is light and flexible and adapts to various anatomic sites in the arterial tree was developed at UCSF. This device is battery powered and can be sterilized. The MollRing cutter as described earlier is another new

16] [31] [32]

device that has been applied to superficial femoral artery occlusive disease.[

Studies to assess the immediate and long-term patency rates of these technologic modifications for superficial femoropopliteal semi-closed endarterectomy have produced mixed results. Dutch investigators have reported 5-year cumulative patency rates by life-

32

26

table analysis of 37 ± 6.7% and primary assisted patency rate of 47.9 ± 6.3%.[ ] However, the Dartmouth group[ ] reported 1-year patency of only 28 ± 11% using a ring stripper/cutter and distal stenting. Minimal dissection and the reduced intimal
trauma using the power-driven loop to create the endarterectomy cleavage plane are obvious immediate benefits of this method compared with older techniques that use the hand-held or even the oscillating Lerwick loop instruments. Rosenthal and associates

[29] reported medium-term results of remote superficial femoral artery endarterectomy in a multicenter trial; at a mean follow-up of 12.9 months (range 3 to 36 months) primary cumulative patency rate by life-table analysis was 61.4 ± 9%. Primary assisted
[27]
patency was more than 80%. Ouriel’s group reported an overall cumulative patency rate of 66% at 3 years and 57% for endarterectomy of localized lesions of the superficial femoral artery at the adductor canal.

As noted earlier, the healing of arteries subjected to endarterectomy involves a number of favorable and unfavorable cellular responses. In the past, the late development of neointimal hyperplasia was responsible for the occlusive failure of many long-segment
endarterectomy techniques. Research into the cellular and molecular biology of arterial healing may now make it feasible to consider novel pharmacologic adjuncts to the performance of endarterectomy to modulate these events. For example, investigation

7
using a well-established animal model of intimal injury has allowed Clowes and Reidy[ ] to categorize arterial healing into three phases of myointimal cell response: (1) cellular migration into the neointimal layer, (2) myointimal cell proliferation, and (3)
deposition of extracellular matrix.
8

8

12 25

The precise factors regulating each of these phases are now becoming more clear, and this may allow the use of pharmacologic adjuncts such as heparin,[ ] angiotensin-converting enzyme (ACE) inhibitors,[ ] and growth factor antagonists [ ] [ ] to
improve the results of endarterectomy. Limited clinical trials are now under way to evaluate the potential of heparin-like agents to limit myointimal cell migration and proliferation, ACE inhibitors to modulate myointimal cell proliferation, and other agents to
limit the deposition of matrix materials. It may also be possible, owing to the exciting developments in gene transfer
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technology currently under way, to use these methods to manipulate the healing response of the arterial wall following endarterectomy. With the availability of these new adjunctive therapies, it would not be surprising to see endarterectomy become a more
widely applied technique of arterial reconstruction for occlusive disease during the next decade.
A technically perfect endarterectomy depends on a number of instruments and new techniques now available to the vascular surgeon. Improved illumination of the field by fiberoptic headlights aids in detection and elimination of technical defects that may
adversely affect the healing of the endarterectomy site. The use of angioscopy may further aid in inspecting segments of the disobliterated artery at sites remote from the arteriotomies and therefore may improve the precision with which a smooth
endarterectomy plane is achieved throughout the entire length of the vessel. Finally, intraoperative duplex scanning with spectral analysis to confirm the adequacy of endarterectomy in various locations has been more accurate for intraoperative assessment of
the repair than has operative arteriography.
The benefits of endarterectomy for the vascular surgeon who has mastered the technique and has the knowledge and skill to use it appropriately in the practice of vascular surgery are immeasurable. It expands the individual’s understanding of atherosclerotic
occlusive disease and its potential for management. This knowledge extends the vascular surgeon’s ability to improve perfusion for any patient, even when the alternative, the bypass graft procedure, is either contraindicated or impossible.

SUMMARY

10

Dos Santos[ ] knew the problems he faced in the battle to manage occlusive arterial disease successfully with this technique when he wrote, “At the beginning failure was usual, success occasional.” The proper use of endarterectomy, after more than 50
years, is still not without controversy. However, as technical refinements, improved instrumentation, training programs offering technical opportunities in endarterectomy, and pharmacologic modification of the arterial response to injury and healing are
perfected, it is our opinion that endarterectomy will assume an increasingly important role for the vascular surgeon.
Thromboendarterectomy remains the procedure of choice for extracranial carotid artery stenoses, and it is a viable alternative for aortoiliac and femoropopliteal revascularization in selected patients. Patency and limb salvage results are excellent in reports
originating from vascular surgeons with experience and skill using these techniques. Because no prosthetic material is required, thromboendarterectomy carries little risk of infection, in contrast with conventional bypass grafts. If failure eventually occurs,
standard bypasses can still be employed. This technique should be a part of the armamentarium of all vascular surgeons performing arterial revascularizations.
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Chapter 46 - Vascular Conduits:

An Overview

The ideal vascular conduit remains the “Holy Grail” for vascular surgeons. Properties of such a conduit include ready availability, appropriate size, easy handling, resistance to infection and thrombosis, compliance characteristics similar to native artery, and
long-term durability. In short, the conduit should be similar to the artery or vein it is replacing. It is not surprising then, that autogenous arteries are the best arterial substitutes available. Experience in the coronary circulation demonstrates the superiority of

1
2
both internal mammary and radial artery conduits over saphenous vein.[ ] Similarly, hypogastric or external iliac artery free grafts have been shown to be the best conduits for visceral revascularization.[ ] However suitable autogenous arterial substitutes are
limited in quantity. This forces the vascular surgeon to rely on a series of less suitable substitutes.
3

The concept of “thrombotic threshold velocity,” described by Lester Sauvage,[ ] is important in a discussion of vascular conduit. This concept states that each vascular conduit requires a certain minimal threshold of blood flow to maintain patency. The
character of the inner lining of the conduit determines this threshold. Grafts lined with viable endothelium exhibit the lowest thresholds. The ability to support viable endothelium, or myointimal ingrowths (anastomotic and interstitial), improves this
thrombotic threshold velocity. Preservation of an endothelial lining in biologic grafts and modifications of the inner lining of prosthetic grafts have been undertaken with the intent of lowering this thrombotic threshold velocity.

4

Compliance characteristics both at implantation and during follow-up are also thought to be important. “Compliance mismatch” has been correlated with the late development of anastomotic intimal hyperplasia,[ ] and stiff conduits may be difficult to handle
at the time of implantation. Although considerable work has been done emphasizing the importance of compliance mismatch, several factors must be considered in determining its ultimate importance. First is the fact that the compliance of diseased arterial
beds that frequently provide the inflow and outflow for vascular conduits is not the same as the compliance of normal artery and is often difficult to measure. Second is the likelihood that compliance of a conduit changes from the time of implantation through
the process of arterialization and tissue incorporation. These confounders make it difficult to determine the true effect of conduit compliance on long-term results. It is likely that the major effects of compliance mismatch manifest themselves as changes in

5
4 6
shear stress at the artery-to-conduit anastomosis.[ ] Efforts to normalize such shear stress abnormalities have been associated with improvements in long-term conduit patency.[ ] [ ] In general, conduits that handle like a native normal artery or vein are
easiest to implant and intuitively would seem to have the best long-term behavior.

Ready availability in appropriate size is also of great practical importance. Harvesting of autogenous conduits remains one of the most time-consuming aspects of lower extremity revascularization and is the major contributor to postoperative morbidity of leg
edema and wound complications that occur in 20% to 30% or more of infrainguinal reconstructions. Size mismatch between conduit and native artery or vein remains a source of both early and late failure in vascular reconstructions. Problems with size and
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availability are the two greatest difficulties with autogenous vein as a conduit. In the extremities, the size and quality of venous conduits are the most significant factors in determining long-term patency. In general, veins smaller than 2.5 mm in diameter or
with evidence of intraluminal thickening or synechiae are not suitable for peripheral reconstruction (see Chapter 47 ). Size mismatch between artery and vein is one of the main indications for the use of vein in the nonreversed rather than reversed
configuration. When size and quality are problematic, alternatives to autogenous veins must be used.
Long-term durability includes the ability to resist infection and structural deterioration over time. Resistance to infection is of great importance in a vascular conduit. Postoperative graft infection is a devastating complication of vascular surgery, compromising
both life and limb. The ability to place a graft that can resist infection at the time of primary reconstruction or be placed in an infected field during a secondary revascularization is a great advantage. Structural deterioration occurs in all types of vascular
conduits over time. In autogenous grafts early lesions can be expected in 10% to 20% of cases within the first 2 years of follow-up. Hyperplastic lesions may occur within the conduit itself (as an exacerbation of retained valve leaflets or unrecognized
preexisting venous injury) or at the arterial anastomoses. Late deterioration of autogenous grafts occurs relatively infrequently, although its incidence may be underestimated. Long-term durability is also a problem with nonautogenous conduits, particularly
biologic grafts. These conduits retain the biologic architecture of the normal artery or vein but are modified to allow implantation and early function. In the case of cryopreserved or fresh homografts, a chronic rejection process results in inexorable alteration of

7
the vessel wall and a high degree of late thrombosis or aneurysmal dilation. In the case of glutaraldehyde-treated umbilical vein, late aneurysmal dilation remains a problem, although prosthetic external support has helped address this.[ ] Prosthetic grafts also
8 9

undergo late dilation and longitudinal expansion of as much as 20%,[ ] [ ] which may lead to redundancy and thrombosis or the development of false aneurysms on late follow-up. The degree of late degeneration of prosthetic grafts is related to their initial
characteristics (polytetrafluoroethlylene [PTFE], polyurethane, Dacron) as well as the tightness of the fabric “weave.”
In the area of large-vessel arterial substitution, size match and durability are paramount. The flow velocities present in aortoiliac reconstruction are sufficient to maintain patency of prosthetic grafts with minimal tissue ingrowth and only limited endothelial
repopulation. Resistance to infection is also a consideration in this position, although the incidence of graft infection is low in the absence of a groin incision. Compliance mismatch and shear stress are less important. The size of the femoral artery and the
volumes of flow reduce the clinical importance of anastomotic intimal hyperplasia, except in cases of limited femoral outflow. For reconstruction of smaller diameter (<6-mm) arteries and veins, the ability of the conduit to remain patent at lower flows is
paramount. In these cases, issues of thromboresistant inner lining, anastomotic shear stress, and long-term behavior of the conduit itself become more important. Resistance to infection remains a significant consideration, although the consequences of a
peripheral graft infection are less dramatic than those of an intracavitary one. Durability is also important. However, the 5-year survival of patients who undergo infrainguinal reconstruction, particularly for critical limb ischemia, is often limited, and “long
term” may be defined as 3 to 5 years rather than 5 to 10 years. With these thoughts in mind, the selection of vascular conduits by anatomic region are discussed.

RECONSTRUCTION OF THE AORTA AND ILIAC ARTERIES

Excellent long-term patency has been achieved with a number of prosthetic grafts, which have the advantage of being available in a variety of sizes. Use of Dacron or PTFE is generally a matter of surgeon preference. The graft should be chosen to
approximate the diameter of artery (usually the aorta) at the proximal anastomosis. Discrepancy between the diameter of the graft and artery at the distal anastomosis is usually compensated by beveling the graft or by the use of a Linton patch at the distal
artery. Occasionally, with small aortas or external iliac occlusive disease an end-to-side proximal configuration is preferred, but most of the time the aortic anastomosis is end to end.
Grafts should be chosen that are relatively impermeable at the time of implantation. The most permeable grafts are knitted Dacron, whereas both PTFE and woven Dacron are more hemostatic. Collagen impregnation of knitted grafts significantly reduces their
porosity at the time of implantation. PTFE has the added characteristics of “needle-hole bleeding,” which, although it can be reduced by some maneuvers, remains a drawback in the mind of some surgeons. Fabrication of the graft is also related to handling
(stiffness), tissue incorporation, and late changes in graft fabric. The more porous grafts were designed to increase tissue incorporation over the long term. Tissue incorporation stabilizes the inner lining of the graft surface and is believed to improve resistance
to late graft infection. Knitted Dacron exhibits the most tissue incorporation of the prosthetic grafts. The degree of PTFE incorporation depends on both pore size and the presence or absence of an external wrap, which is placed in some types of PTFE graft to
prevent late dilation. Some PTFE demonstrates seroma formation, or sweating, both at the time of implantation and in the later postoperative period. Seromas around PTFE grafts, particularly in the extra-anatomic position, may be bothersome and occasionally
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require graft removal.[ ] PTFE grafts do not dilate over time, whereas most Dacron grafts can be expected to increase in both diameter and length by 10% to 15% over the long term, with knitted grafts demonstrating more dilation than woven grafts. It is
important to take these long-term changes into consideration when selecting graft diameter and determining graft length at the time of implantation. In general, knitted grafts handle better than woven grafts or PTFE. However, recent development of stretch
and thin-walled PTFE prosthetics have reduced these differences. The inner lining of vascular grafts has been modified to improve thromboresistance by endothelial cell seeding or alteration of the chemical character of the graft-blood interface (see Chapter
49 ) to reduce attraction to thrombus and blood elements. This has not had a measurable clinical effect to date in aortic reconstruction.
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Resistance to infection is related to the composition of the inner lining of the graft and to the presence or absence of antibiotic binding. PTFE is the most inert of the prosthetic fabrics and resists bacterial inoculation better than Dacron grafts that have been
impregnated with antibacterials and antibiotics in an attempt to influence the incidence of late graft infection. Although these grafts are appealing in cases where in-situ replacement of an infected prosthesis is performed, their ultimate role in primary arterial

11] [12] [13]

reconstruction remains to be defined.[

14

Autologous deep veins of the lower extremity have been used in aortoiliac reconstruction. This approach, popularized by Clagett and associates, consists of using the superficial femoral and popliteal veins for replacement of the aorta and iliac arteries.[ ]
Used first to treat graft infection, these substitutes have been applied to other areas where a large vascular conduit is needed and in situations where arterial outflow is marginal, suggesting the need for a thromboresistant lumen. These conduits hold up well
over time as substitutes for large arteries, and significant late changes in this conduit have been minimal in most reports. The major drawback to use of deep lower extremity veins is the increased time for operative harvest and the occurrence of edema and

15]

compartment syndrome in a significant minority of patients. Patients with evidence of preoperative arterial insufficiency and those in whom the saphenous vein has already been removed are at increased risk for these complications.[
deep venous thrombosis may also limit the use of this conduit. In general, deep vein is used as a conduit most often during secondary in-situ reconstruction, occasioned either by graft infection or multiple failed revascularization.

The presence of prior

Arterial homografts have been used for aortic and iliac reconstructions. Most often this conduit is used when the concerns for graft infection are significant. This may occur in the presence of primary graft infection or when significant intra-abdominal organ
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damage with local contamination exists. Koskas, Keiffer, and their colleagues[ ] [ ] have been the main proponents of arterial homografts for reconstruction in complex cases involving the thoracic or abdominal aorta. Early results have been good,
although late degeneration remains a problem in most homografts. In patients with prolonged life expectancy, late replacement of such homografts may be expected, although their use may initially be lifesaving. The major clinical role for these conduits seems
to be in replacement of the thoracic and suprarenal aorta.

MEDIUM-SIZED ARTERIAL RECONSTRUCTION
Medium-sized arteries are in general 6 to 8 mm in diameter and include the carotid, subclavian, common femoral, and visceral vessels. The need to reconstruct these vessels is less frequent than for either the aortoiliac or infrainguinal segment. The advantages
and disadvantages of each conduit type are similar to what has been described for aortoiliac reconstruction. These medium-sized vessels share several common features that influence the selection of the appropriate conduit. Each of these vessels has a
relatively large diameter and flow, particularly when compared to the extremity vessels. In most cases the length of the conduit required is short (<15 cm). These two factors make prosthetic conduits an attractive choice. Data from the literature suggest that
there is little difference between prosthetic and autogenous conduits in these anatomic configurations, unless arterial size (<5 mm) and runoff are compromised. In fact data in the carotid-subclavian position suggest that prosthetic conduits may be superior to
autogenous saphenous vein owing presumably to restrictions in size and therefore flow of the latter conduit. In several configurations (e.g., carotid-subclavian, femoral, aortovisceral) potential kinking of autogenous conduits has led many surgeons to prefer
prosthetic grafts, which are externally supported, to autogenous saphenous vein.
Major indications for the use of autogenous vein in reconstruction of medium-sized arteries include the fear of graft infection or wound complications and concern over vessel size discrepancy or limited vascular runoff. This most often arises in the case of

18] [19]

visceral reconstruction to a small renal artery or in the presence of intra-abdominal contamination from visceral ischemia or trauma. In those case, suitably sized saphenous vein, or potentially superficial femoral vein, can be used for reconstruction.[
Use of homografts in the reconstruction of medium-sized arteries has limited, if any, application owing to concerns over late degeneration.

EXTREMITY ARTERIAL RECONSTRUCTIONS
Although most reconstructions involve the lower extremity, the same considerations apply for both upper and lower extremity bypass. In selecting conduits for revascularization of the extremity, resistance to thrombosis and long-term durability are the prime

considerations. Since the flow in extremity arteries is significantly less than that in large and medium-sized arteries, particularly during diastole, the conduit should have a thromboresistant inner lining. This is most easily accomplished by using a graft with a
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viable endothelium. Endothelial cells exhibit both antithrombotic and antiproliferative properties in their unperturbed state. There have been many efforts to line artificial conduits with endothelial cells,[ ] [ ] but autogenous vein represents the most
readily available conduit that meets these criteria. Preservation of autogenous venous endothelium requires meticulous attention to dissection, distention, and storage of the vein during preparation, as outlined in Chapter 47 . A single segment of normal
autogenous vein is the best conduit currently available for extremity reconstruction. It resists both thrombosis and infection. Handling characteristics and compliance are surpassed only by autogenous artery. Long-term durability of appropriately selected and
prepared autogenous conduits is excellent. Selection of such conduits and their preparation are described in detail in Chapter 47 . In the absence of autogenous vein of suitable quality or diameter, a variety of prosthetic and biologic substitutes have been
developed. Thromboresistance is conferred in these conduits by either chemical modification of biologic substitutes (treatment of the intima with cryopreservatives or glutaraldehyde) or modification of the inner lining of synthetic conduits by electrical charge
or heparin bonding. To date, these efforts have failed to produce a thromboresistant lining comparable to that of a
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normal vein. Additional adjuncts are helpful when using nonautogenous conduits, particularly in infragenicular reconstructions. These include cuffs, boots, patches, and modification of the distal end of the graft to reduce shear stress and distal arteriovenous
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fistula.[ ] [ ] [ ] [ ] All such infragenicular reconstruction with nonautogenous tissue should be placed on long-term antithrombotic therapy (aspirin plus low-dose warfarin [Coumadin]).[
type, should be accompanied by perioperative and postoperative antiplatelet therapy to reduce both graft-related and general cardiovascular events during follow-up.

All infrainguinal reconstructions, regardless of conduit

A single segment of autogenous saphenous vein may not be available in 20% to 30% of individuals requiring extremity revascularization. This percentage is likely to increase as patients survive longer after both coronary bypass and prior lower extremity
reconstruction. Ipsilateral saphenous utilization can be increased by selecting alternative inflow and outflow sites to minimize conduit length and/or using sequential grafting techniques or endovascular interventions to address issues of inflow or outflow,
limiting conduit use to replace long segments of occluded arteries. When ipsilateral saphenous vein is not available, other sources of autogenous conduit such as contralateral saphenous vein, lesser saphenous vein, and arm vein must be considered. The
decision to choose one of these alternatives over another or to use homograft or prosthetic depends on the indication for surgery and the patient’s overall clinical condition. When a single segment of vein can be used for bypass, this is preferred. If a short
reconstruction can be performed using a single segment of lesser saphenous vein or arm vein, this is preferred, particularly when the reconstruction is below the knee. We prefer to use a single segment of contralateral autogenous greater saphenous vein rather
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than constructing an autogenous composite graft by splicing vein segments together. Although good results have been shown with spliced vein, these conduits require close observation and more frequent revision than single vein segments.[ ] In most such
cases the indications for reconstruction are limb-threatening ischemia and the outflow is a tibial vessel. Unless there is severe ischemia in the contralateral extremity, we believe that achieving optimal results in the extremity that is immediately threatened is
more important than future considerations of potential revascularization of the contralateral limb. When spliced vein grafts must be used, we agree with the approach outlined in Chapter 47 .

For femoropopliteal reconstruction above the knee, prosthetic grafts give acceptable short- and mid-term results. Use of prosthetic grafts may be acceptable for patients in this anatomic configuration who have either claudication or limb-threatening ischemia
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when ipsilateral autogenous vein is not available. Two prospective, randomized trials demonstrate that 5-year patency of autogenous vein is superior to that of prosthetic grafts in the above-knee position.[ ] [ ] It is our belief that if symptoms are sufficient
to warrant open operative intervention, the best conduit should be chosen and the best operation performed: This is ipsilateral autogenous saphenous vein. When prosthetic is used, data suggest that a 6-mm conduit gives inferior results to larger (7- or 8-mm)
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prosthetics.[ ] There are no data to suggest that adjuncts such as cuffs or anticoagulation improve the long-term patency of above-knee bypasses. Owing to the depth of both the inflow and outflow arteries in these cases, we prefer to use the vein in an
anatomic tunneled configuration rather than in situ and favor the reversed configuration unless size discrepancies are significant.
When the target artery is the below-knee popliteal segment, saphenous vein, either in situ or reversed, is the conduit of choice. When saphenous vein is not available, adjuncts have been shown to improve the patency of prosthetics placed in this position. Such

26]
and alteration of the distal arterial anastomosis using cuffs or patches mentioned earlier. Alterations to the prosthetic graft such as distal flow diffusers and carbon
[30]

adjuncts include the use of long-term anticoagulation (aspirin plus low-dose warfarin)[

coating are discussed in Chapter 49 . Although there is an intuitive tendency to use externally supported grafts in the below-knee position, this has not been supported in a prospective, randomized trial.

Deep femoral vein has been used for femoropopliteal

[31]

Difficulties in harvesting and size discrepancy in reconstruction may limit enthusiasm for this approach except in unusual circumstances. Cryopreserved homografts have limited
reconstruction in preference to prosthetic conduits, with good results.
applicability in these cases. Despite a wealth of reported good experience with human umbilical vein in this configuration, there has been minimal enthusiasm for its routine use (see Chapter 48 ).
For femorotibial reconstructions, autogenous tissue is the conduit of choice. Ipsilateral greater saphenous vein of suitable quality and diameter is preferred. With experience, the in-situ technique is often easier than removing the vein and avoids the problem of
size mismatch when long segments of vein are required for reconstruction. Concerns with size mismatch may prompt the use of saphenous vein in a nonreversed, translocated fashion with ex-vivo valve lysis unless it is nearly isodiametric. Appropriate vein
mapping and remote valve lysis can often avoid long incisions once thought necessary for this technique. Operative fluoroangiography or angioscopy can be used to identify side branches and residual valves. Side branches can then be marked and ligated
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through small incisions or coil embolized under fluoroscopic control.[ ] This reduces one of the major morbidities of femorotibial bypass: local wound problems and postoperative leg edema. We believe that venous bypasses to the tibial vessels should be
placed in the subcutaneous position to facilitate long-term surveillance, which is a crucial aspect of long-term management. In these cases, when long bypasses to small arteries with limited outflow are required, we use spliced vein in preference to prosthetic
grafts or homografts because of our belief in the better long-term patency of these conduits. As noted earlier, spliced conduits are at increased risk for late stenosis and require diligent surveillance.
When prosthetic grafts are required for femorotibial reconstruction, the adjunctive measures used in below-knee femoropopliteal reconstruction are of even more importance. In addition, the use of a distal arteriovenous fistula may further increase the patency

33] [34]
Such

of such grafts by decreasing outflow resistance and improving graft flow. Several configurations of such fistulae have been reported.[
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fistulae should be used when there is concern about the quality of the outflow vessel or runoff. Modification of prosthetic grafts by endothelial cell seeding, carbon coating, or heparin bonding are discussed in Chapter 49 . The role of these efforts has not yet
been established.
Modified biologic grafts have their greatest role in this anatomic configuration. Choice of biologic versus prosthetic graft remains an area where physician preference often supersedes the availability of hard data. Although the best results for nonautogenous
reconstruction are reported with the human umbilical vein graft, most surgeons find the graft awkward to use and the additional benefit in patency not worth the effort. Cryopreserved homografts are much easier to use and are quite convenient. However, the
expense associated with their use and the occurrence of late aneurysmal deterioration have limited enthusiasm for their adoption at present. Whether or not this will change in the future remains to be seen. The discrepancy between limb salvage and graft
patency seen with cryopreserved grafts (greater than that with other graft types) is unexplained and may have to do with patient selection or, alternatively, the mode of failure of these grafts. Distal embolization prior to occlusion is well described with
prosthetic grafts; it is possible that this may occur to a lesser extent with the biologic substitutes. No data are available to address this question at present.

VENOUS RECONSTRUCTIONS
Indications for reconstruction of thrombosed or injured veins remain an area of controversy. However, when venous reconstruction is undertaken, the choice of conduit is important. Because of the velocity of venous flow, marked variations in flow during the
cardiac cycle, and the compressibility of the venous system, venous reconstructions are more prone to thrombosis than reconstruction of the corresponding arteries. In general venous reconstruction is limited to central veins such as the inferior or superior vena
cava and the iliofemoral segments. Venous reconstructions should be tension free, and the vascular conduit should be slightly larger in diameter than the vein it is to replace. Autogenous venous conduits generally give the best results but require significant

35] [36] [37]

modification in most instances. Diameter discrepancies seen with the saphenous vein require use of spiral graft construction if this is to be used for replacement of large veins such as the superior or inferior vena cava.[
these can be removed without compromising the venous return of the extremity, may be useful for reconstruction of jugular, subclavian, and iliofemoral venous segments.

Deep femoral veins, when

38] [39]
Use of adjuvants to prevent thrombosis may yield reasonable results, and even when thrombosis occurs, recanalization may be
[37]

Venous homografts, either fresh or cryopreserved, have been used in experimental and clinical venous reconstruction.[

Although these results are not as good as those reported using spiral vein, the marked reduction of
expected in some proportion of cases. Increasing experience with externally supported PTFE in reconstruction of the vena cava has been encouraging.
complexity of the procedure has significant attraction. Such reconstructions may be combined with adjuvant arteriovenous fistula to improve graft patency.

ARTERIOVENOUS GRAFTS FOR DIALYSIS
The topic of arteriovenous grafts for dialysis is covered in detail in another section of the text; however, some general comments are relevant here. The selection of the appropriate conduit for arteriovenous access is dependent on a set of factors that differs
somewhat from those used in vascular reconstructive surgery. The goal of arteriovenous access surgery is to make available a conduit that provides a high enough rate of blood flow (400 to 600 mL/min) to allow efficient hemodialysis, be durable, and resist
infection. The conduit must be able to withstand the continuing trauma of cannulation two or three times per week. Furthermore, the functional life of these conduits depends to a great extent on the skill and dedication of the dialysis nurse and technician,
something over which the operating surgeon has no control.
Current recommendations indicate that autogenous arteriovenous fistulae are preferred over prosthetic bridge grafts because of their long-term improved patency. However, this must be balanced by the fact that more than 30% of arteriovenous fistulae either
do not mature sufficiently to be used for dialysis or require significant revisions to maintain a useful life. Furthermore, most arteriovenous fistulae cannot be used for dialysis for 2 to 3 months after implantation. This configuration works best in patients who
are having their initial access and are not yet on dialysis. Refinements in preoperative evaluation and the use of vein transpositions have increased the rate of autogenous fistulae performed for dialysis. It appears that current best practice may result in two
thirds to three fourths of access procedures being autogenous.
Prosthetic grafts play a major role in dialysis access. They provide reliably high flows when placed in the appropriate configuration, can be used within 2 weeks of implantation, and are easier to access than autogenous fistulae. However, the rate of
intermediate failure is higher in prosthetic bridge grafts than it is in autogenous fistulae, with the primary cause being hyperplasia at and just distal to the venous anastomosis. The most common prosthetic used in current practice is PTFE, although new

40]
Modifications of PTFE grafts to change the hemodynamic forces at the venous anastomosis have been reported to reduce intimal hyperplasia and

polyurethane grafts are available that allow immediate cannulation and appear to have similar patency rates.[

41]

prolong graft patency when placed in the upper arm.[

In most series, however, the rate of revision and ultimate failure of prosthetic grafts is significantly higher than that of well-placed autogenous fistulae.

In this area, as in distal reconstruction, modified biologic grafts have played a niche role. These grafts are generally used when autogenous vein has been exhausted and arterial inflow or venous outflow is compromised following multiple prior access
procedures. These grafts may also have a role in positions where the possibility of infection is increased (e.g., thigh grafts).

DURABILITY AND LONG-TERM FOLLOW-UP
The arterial autograft is the most durable of all vascular conduits. However, as noted previously, the availability of
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this conduit is markedly restricted and in current practice it is used almost exclusively for coronary revascularization. The next best functioning conduit is autogenous vein. As described later, although a significant subset of vein grafts undergo mid-term
hyperplastic or long-term degenerative changes, most well-selected autogenous veins last for the life of the patient in whom they have been placed. Biologic grafts are subject to mid-term and late deterioration and must be monitored in an ongoing fashion for
the life of the patient. Prosthetic grafts demonstrate the least deterioration of conduit but are also least tolerant of low-flow situations (i.e., highest thrombotic threshold velocity). These grafts are most prone to sudden thrombosis without warning and
demonstrate the least benefit with surveillance protocols, are never fully incorporated into the host, and are a continued risk for late infection throughout the course of their implantation.
Placement of an arterial conduit commits the patient and surgeon to a program of long-term follow-up, since all types of conduits deteriorate over time and arteriosclerosis is, to date, a disease of inexorable progression. Graft failure has traditionally been
separated into three categories: (1) perioperative (within 30 days); (2) midterm (up to 24 months); and (3) late (more than 24 months). Perioperative failures are due to either technical or judgmental error (e.g., selecting a poor conduit, or choice of inflow or
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outflow vessel). Many of these problems can be reduced by imaging of the reconstruction at the time of completion in the operating room.[ ] This is usually not done for aortic reconstructions but is standard practice for infrainguinal and visceral
reconstructions. Such revisions improve both early and late patency. Although angiography has been the “gold standard” for such perioperative quality control, over the last decade it has been increasingly supplanted by duplex ultrasound.

Thrombosis of a bypass conduit between 30 days and 2 years is most often the result of hyperplastic lesions, either in the conduit itself or at the vascular anastomosis. Improvement in design of prosthetic conduits has rendered them free of internal defects for
the most part and failure within the conduit is usually restricted to autogenous tissues. The increasing use of in-situ saphenous vein for infrainguinal reconstruction, with the attendant possibility of retained valves and side-branch fistula, first focused the
attention of vascular surgeons on detecting changes in the vein graft itself after implantation. These changes can also occur in reversed vein grafts. Changes include lesions within the graft at sites of retained valves or valve leaflets or unsuspected vein damage
and changes at the proximal or distal anastomosis. For many years it has been known that vein grafts can remain patent in situations where they are extremely disadvantaged hemodynamically. This circumstance has been known variously as pseudo-occlusion
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or the failing graft.[

The observation that these grafts could be revised and maintain near-normal patency, while revision of vein grafts after thrombosis was disappointing, prompted surgeons to look for deterioration in vein grafts before thrombosis

45

occurs using duplex ultrasound.[ ] Regular ultrasound surveillance at 3- to 6-month intervals is recommended for vein grafts after infrainguinal reconstruction. A variety of ultrasound parameters have been used to detect and characterize such lesions: In
general they rely on detecting reductions in total graft flow velocity and the detection of focal elevations of velocity at the sites of narrowing. Focal defects can be repaired by open surgery or percutaneous transluminal angioplasty. Open techniques include
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patch angioplasty or resection of the area of narrowing or a jump graft around this area with autogenous tissue. Balloon dilation of these defects is technically easier than open surgery but less effective in anastomotic stenosis[
short lesions within the conduit itself.

and is generally reserved for

Although changes within the conduit are uncommon when prosthetic grafts are used, anastomotic hyperplasia is common with prostheses. This is caused primarily by alterations in shear stress at these anastomoses, which may be magnified by the differences
in both size and compliance between the native vessel and the prosthetic graft. Altering the configuration of the proximal or distal anastomosis by the use of cuffs, boots, patches, or modified grafts with flow diffusers, as previously noted, may reduce the
incidence of clinical complications. Monitoring of prosthetic grafts is more controversial, since they do not tolerate changes in graft flow the way biologic conduits do and usually close without warning. The role of surveillance of prosthetic grafts remains
unsettled at present.

Biologic grafts share the propensity of autogenous tissue for degeneration over time. Particularly in the case of homografts, this can be seen within the first 2 years and may manifest itself by either aneurysm formation or development of stenosis. These grafts
should be monitored for development of defects, which if detected may be repaired with some hope of success.

Late failure of the fabric of the prosthetic graft is a rare event with contemporary materials. Late pseudoaneurysm development, which has been an increasingly recognized complication of aortic grafting, is usually the result of native artery deterioration. Some
authors recommend surveillance at 5-year intervals after aortic replacement to check for true or anastomotic or perianastomotic aneurysm. Late changes in autogenous vein are also unusual. In general vein grafts that remain patent beyond 36 months are
unlikely to develop later lesions, and problems that occur in late follow-up are most often the result of progression of proximal or distal disease. There are some vein grafts that develop atherosclerotic accumulations after prolonged implantation. This has been
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best described in the coronary circulation but also occurs in peripheral bypass grafts.[ ] [ ] [ ] These changes may manifest themselves as both stenosis and aneurysmal dilation. As a rule this phenomenon is most common in patients with persistent,
uncontrolled hyperlipidemias. Biologic grafts are most prone to late degeneration owing to the modification of the conduit at the time of preparation. Cryopreserved homografts show significant deterioration by 36 months after implantation. This is more
common with venous than arterial homografts. However, even current methods of preservation of arterial homografts result in significant late deterioration of this conduit. Human umbilical vein performs better in the long term than other current homografts.
Although there is evidence of late aneurysmal deterioration in a small number of cases, failure due to thrombosis remains the main problem with this conduit. Patients in whom any biologic conduit is placed must undergo lifelong surveillance with the
expectation that eventual replacement of the biologic graft will be necessary.
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SUMMARY
The vascular surgeon is faced with a variety of choices for vascular reconstruction. Issues of availability, size match, and long-term performance are the major factors in determining conduit choice. Large and medium-sized arteries with high-flow states
constitute the major indication for prosthetic graft use. If runoff is compromised or infection is a concern, autogenous deep vein has proved a durable second choice. For reconstruction of smaller arteries (<6 mm) and for venous reconstructions, the benefits of
autogenous tissue are most obvious. These benefits, in terms of both early and late patency, are so great that prosthetic grafts are infrequently indicated in these reconstructions. When prosthetics are used, adjuvants can improve patency. Modified biologic

grafts continue to represent a potential of an off-the-shelf graft that performs better than prosthetics. For the most part, this potential has not been realized, and their expense makes them a last choice in most cases. Their main indication is in cases of infection
or extreme low flow.
Implantation of a graft—autogenous, biologic, or prosthetic—commits both surgeon and patient to a lifelong regimen of regular follow-up and risk factor reduction.
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Chapter 47 - The Autogenous Vein

FRANK B. POMPOSELLI JR., MD
FRANK W. LoGERFO MD

1
The greater saphenous vein is the conduit of choice for arterial reconstructive surgery in the lower extremity. Kunlin[ ] first described the use of greater saphenous vein as a bypass graft for the correction of arterial occlusive disease of the superficial femoral
2

artery in France in the middle of the 20th century. Saphenous vein grafting provided a simpler alternative to superficial femoral endarterectomy as popularized by Dos Santos[ ] and was greeted with enthusiasm by a number of surgeons in the United States.
Early experiences in this country with saphenous vein bypass, however, proved disappointing, with technical difficulties such as anastomotic strictures, frequently leading to graft failure in an era when specialized vascular surgical techniques, fine sutures, and
instruments did not exist. Most surgeons at the time abandoned saphenous vein grafting in favor of arterial allografts, which were larger in caliber and easier to suture. Experience demonstrated that allografts frequently deteriorated, with resulting

3
complications of aneurysm formation, occasional rupture, and frequent thrombosis or embolization.[ ] Allografts gave way to the newly developed synthetic fabric prostheses, which demonstrated biologic inertness, long-term structural integrity, ease of use,
4
and “off-the-shelf” availability.[ ] For more than a decade, synthetic polyester (Dacron) grafts were the standard of care for femoropopliteal arterial reconstruction. Although early results with polyester grafts were quite acceptable, with longer follow-up
5

6

thrombosis frequently occurred, especially with grafts crossing the knee joint and when distal runoff was poor.[ ] A new interest in saphenous vein grafts resulted from a landmark paper by Linton and Darling,[ ] demonstrating that by using meticulous
handling and suturing techniques, patency rates of 70% or higher at 5 years could be achieved with vein grafts. Although the development of the expanded polytetrafluoroethylene (PTFE) prosthesis led to a renewed enthusiasm for synthetic grafts in the 1970s

7 8

9

and 1980s,[ ] [ ] clinical trials demonstrated clearly that even modern PTFE grafts could not match the results achieved with a saphenous vein conduit, especially to outflow target arteries distal to the knee.[ ] Since that time, there has been a progressive
improvement in the results of vein grafting in the lower extremity due to better harvesting and preparation; the availability of small-caliber sutures on high-quality stainless-steel needles; optical loupe magnification; and specialized, finely tooled instruments.
Intra-arterial digital subtraction angiography, and, more recently, magnetic resonance
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angiography, has made it possible to routinely image the entire lower extremity arterial circulation from the aorta to the base of the toes, providing vascular surgeons with a complete picture of the arterial circulation and all possible bypass options. If the length
and quality of available vein are found to be less than expected, based on the arteriogram, an alternative backup procedure can be chosen, using a more distal inflow site or more proximal outflow target, ensuring that only good-quality vein is used and the use

of prosthetic graft is minimized. The “guesswork” of vein graft preparation has been largely eliminated with the use of preoperative duplex ultrasound vein mapping and intraoperative angioscopy. For many surgeons, intraoperative duplex ultrasound or
angioscopy has replaced completion angiography as the modality to detect technical defects that cause immediate graft thrombosis. Postoperative duplex graft surveillance can identify hemodynamically significant graft strictures from intimal hyperplasia,
facilitating their correction before graft thrombosis occurs. As the result of these and many other improvements in the technical aspects of the procedure, the quality of the venous conduit has become the primary determinant of long-term graft patency.
The development and evolution of cellular molecular biology have led to a new understanding of the physiology of the autogenous vein conduit, particularly the endothelium. A properly functioning endothelium is critical both to maintain blood in its fluid
state and to prevent the formation of neointimal hyperplasia. Careful handling and preparation of the saphenous vein graft are critical to minimize injury to the endothelium. Investigations are now underway to determine if the endothelial surface of the vein
graft can be modified to resist the formation of neointimal hyperplasia after its implantation as an arterial conduit. This chapter reviews the anatomy and physiology of autogenous vein grafts, their preparation, the technical considerations in their use as an
arterial conduit, and the mechanisms leading to graft failure and their prevention.

HISTOLOGY AND MICROANATOMY

10]

The saphenous vein consists of three structural components: endothelium, smooth muscle, and connective tissue. They are arranged in three concentric layers: the intima, media, and adventitia.[

The intima is a thin structure consisting of a continuous layer

11
of endothelial cells lying on a deep, fenestrated basement membrane, bounded by a thin, fragmented, elastic lamina.[ ] The central portion of the endothelial cell contains the nucleus, which bulges into the lumen and can be distinctly seen on histologic
staining. The media is composed of three layers of smooth muscle bundles. The innermost and outermost layers are oriented longitudinally, whereas the middle layer has a circular orientation. Each layer of muscle is separated by loose connective tissue and

12]

thin or thick elastic fibrils.[

12]
The circular muscle layer is most extensive at the insertion point of the valve leaflets. The adventitia is the thickest layer of the vein wall and is primarily
[11]

This arrangement is thought to increase contractile efficiency.[

In some locations, fibers of elastic tissue can also be found within the adventitial layer. The adventitia merges with the perivenous connective tissue and
composed of a network of collagen fibers that interlace in a longitudinal spiral and circular fashion.
contains the vasa vasorum and adrenergic nerve fibers. The vasa vasorum provide nutrient blood flow to the vein wall. They enter the adventitia at intervals of 0.5 to 1.5 cm, and the innermost capillaries of their network penetrate to the level of the inner

13]

longitudinal muscle layer of the media.[

Unlike the arterial wall, the entire vein wall is dependent on the vasa vasorum for its supply of oxygen and nutrients. The vasa vasorum are necessarily divided during vein harvesting, although they usually re-

14

establish continuity with the circulation within a few weeks after arterial reconstruction.[ ] In the preceding interval, the arterialized vein graft is entirely dependent on diffusion of oxygen and nutrients from the lumen to maintain viability, which is a
fundamental change in vein wall physiology. The extent of the alteration in nutritive blood flow to the vein wall may be different for in-situ and reversed vein grafts and has been the subject of some debate in the past (see later). Nonetheless, it is likely that
regardless of the method of implantation, the alterations in the microcirculation of the vein wall are significant and may have a profound effect on both the short- and long-term viability of the arterialized vein graft.

10

All veins contain valves to prevent retrograde blood flow with elevations in venous pressure.[ ] The valves are composed of a thin layer of collagen and a variable amount of smooth muscle, covered on all surfaces by an endothelial layer. Valves have two
components: (1) a cusp composed of concentrations of smooth muscle fibers running both circumferentially and longitudinally along the base of the cusp and (2) the two leaflets composed of collagen and endothelium. The circular fibers of the cusp reduce the

12]

vein diameter, and the longitudinal fibers shorten and thicken the cusp to help maintain vein tone in response to the increased pressure on the valve leaflets as they close in response to retrograde blood flow.[

The composition of vein walls varies greatly with location. As a general rule, smooth muscle content increases with more distal locations. Consequently, veins in the lower extremity have significantly more smooth muscle than the upper extremity veins, and

12]

veins of the superficial system have more smooth muscle than the deep veins.[

ANATOMY
Greater Saphenous Vein

10

15

The greater or long saphenous vein is the longest vein in the body.[ ] Classically, the origin of the word saphenous is thought to be from the Greek word safaina, which means “evident.” However, in a recent historical review, Caggiati and Bergan[ ]
submitted that saphenous is actually derived from the Arabic el safin, which means “hidden” or “concealed.” The ancient Arabic physicians used the ankle portion of the saphenous vein for blood letting, but never the thigh portion, since it was not superficial
enough to be clearly visible. Hence, they referred to the proximal greater saphenous vein as el safin. This anatomic feature is well known to any modern vascular surgeon who has struggled with exposing the greater saphenous vein in the depths of an
excessively obese thigh.
The greater saphenous vein starts at the dorsal venous arch as it curves medially to become the medial marginal vein of the foot, which is an important vein for in-situ
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dorsalis pedis arterial reconstructions. [

It consistently crosses the ankle joint immediately anterior to the medial malleolus and then ascends on the medial side of the lower leg with the saphenous nerve. It usually crosses the knee joint posterior to the

medial condyle of the femur, where it separates from the saphenous nerve and maintains a relatively straight course through the medial aspect of the lower and mid thigh, and then angles slightly laterally and anteriorly to enter the common femoral vein at the

17

fossa ovalis. In a detailed anatomic study of 385 limbs, using contrast phlebography, Shah and colleagues[ ] demonstrated that only 38.2% of greater saphenous veins had a “conventional” configuration of a single trunk from the ankle to the groin, whereas
62.8% demonstrated significant variations. The most common variation in the thigh was a double system of equal or differing sizes, which was seen in 35% of cases. Most duplicated systems rejoined into one vein within 10 cm of the knee joint. They noted
that of the 65% of veins that had a single trunk in the thigh, about 8% took a more anterolateral path than the normal position.
In the lower leg, variations were even more frequent. Although 45% had a single trunk, nearly 10% took a path 4 to 6 cm posterior to the tibia instead of the usual path 1 to 2 cm posterior to it. Forty-six percent had a double lower system, with the anterior

18

branch most commonly dominant. Nine percent had multiple trunks or other configurations. In a more recent study[ ] using duplex ultrasonography for anatomic evaluation of the greater saphenous vein in more than 1400 limbs, the same authors found
strikingly similar results. The thigh portion of the greater saphenous vein consisted of a single trunk in 67%, with 8% positioned more laterally. In the calf, 65% of veins comprised a single trunk, whereas the remainder had double systems. Fifteen percent of
the calf veins took a more posterior course to the usual route.

12

Valves are found in the saphenous vein and all other veins used in arterial reconstruction. The valves of the venous system were first described by Fabricius of Aqua Pendente (1533–1620).[ ] His detailed observations described their structure and function
in remarkable detail. In a contemporary study of 50 cadaver specimens, the average number of valves in the greater saphenous vein was found to be seven, with no differences noted between men and women. In the study by Shah and colleagues, saphenous

17

veins contained an average of 6.3 ± 2.8 valves, with a range of 1 to 13.[ ] The first saphenous valve is usually encountered directly at the fossa ovalis. In in-situ bypass, this valve is easily excised with Potts scissors under direct vision. The next valve is
usually seen within 5 cm of the first. Saphenous vein valves are generally bicuspid, although single-cusp and tricuspid valves are occasionally seen when veins are evaluated by angioscopy. Valves are usually oriented parallel to the overlying skin, which is

12]

helpful to remember when performing valve cutting during in-situ bypass. Although gossamer thin in appearance, they are remarkably strong and can withstand pressures to 3 atmospheres.[

Understanding the anatomy and variations of the greater saphenous vein is critically important for any surgeon harvesting it for arterial reconstruction. Although duplex ultrasonographic vein mapping has removed much of the uncertainty in vein harvesting
and preparation (see later), it is neither always available nor always correct. When a bifurcation point is encountered during vein harvesting, it is important to remember that if the exposed segment appears to be of inadequate size or caliber, there may be
another larger segment running parallel to the first. When both are of equal size, they can be harvested in continuity and both used as part of the vein conduit. Similarly, if the vein is not found in its usual location, understanding where the alternate pathway is
located (anterolateral in the thigh, posteriorly in the calf) often leads to the discovery of a useful conduit.

Lesser Saphenous Vein

The lesser, or short, saphenous vein begins at the lateral aspect of the dorsal venous arch of the foot. It starts its course posterior to the lateral malleolus, turning medially to cross the Achilles tendon, and then rises in the mid-portion of the posterior calf, in

12

close proximity to the sural nerve.[ ] It penetrates the deep fascia in the proximal third of the calf and terminates in the popliteal fossa, where it joins the popliteal vein. In anatomic and duplex studies, the termination point of the lesser saphenous vein is
found to be quite variable. In 5% to 15% of cases, the lesser saphenous vein terminated above the level of the popliteal vein by joining the greater saphenous vein or another deep vein above the knee. In 7.8% of cases, it arborizes into multiple small branches

19]

in the lower leg and is unusable as a venous conduit.[

Duplex studies can be extremely helpful in determining if the lesser saphenous vein will make a functional conduit, although its diameter is often underestimated by this method.

19

Many vascular surgeons avoid the use of the lesser saphenous vein owing to concerns about its length, caliber, and difficulties in harvesting. Studies by Chang and colleagues,[ ] however, have shown that if the lesser saphenous vein appears suitable in
preoperative duplex vein mapping studies, when exposed for surgery, most were quite acceptable conduits. The average diameter of harvested veins was 4.3 mm, with an average usable length of 28.6 cm, somewhat shorter than the average length reported by

20

Rutherford and coworkers of 37.4 cm.[ ] The length of one lesser saphenous vein usually suffices for the typical femoral to above-knee popliteal or popliteal to tibial bypass. Two full-length veins, spliced together end to end, can usually reach from the
common femoral to the mid-tibial level or from the distal superficial femoral artery to the foot.
Harvesting the lesser saphenous vein can be accomplished by a number of methods. The patient can be positioned prone and one or both veins can be harvested, the wounds then closed, and the patient repositioned supine and prepared and draped for bypass.
Although somewhat time consuming, this method allows the surgeon to work most comfortably and harvest the vein carefully and gently. Alternatively, the patient can be started in the supine position, with the lower extremity “frog legged.” Harvesting the
mid-portion of the lesser saphenous vein is readily accomplished by this approach, but exposing the distal and proximal portions usually requires holding the leg up in the air, with the surgeon working upward and underneath the leg, a most awkward and
uncomfortable position. Both methods require the placement of an additional incision down the middle of the back of the calf, which is generally not a useful incision for arterial exposures, other than the
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Figure 47-1 Digital image of the internal surface of an arm vein as seen through an angioscope. Dense webs are seen in this segment, which was discarded. When examined histologically, webs have been found to be organized thrombus, probably from
previous venipuncture.

Figure 47-2 Schematic of intraoperative “in-situ” angioscopy of an arm vein prior to harvesting. The angioscope is inserted from the divided distal end and advanced proximally with saline irrigation via a pump to clear the field of blood. Areas of dense
webbing that are encountered can be discarded or not harvested. Angioscopy can also be performed after the vein has been removed and is especially useful when performing valve lysis. (From Marcaccio EJ, Miller A, Tannenbaum GA, et al: Angioscopically
directed interventions improve arm vein bypass grafts. J Vasc Surg 17:994–1002, 1993.)

Figure 47-3 The “normal” pattern of upper extremity arm veins. Variations are common.

Figure 47-4 Intraoperative photo of the upper arm cephalic basilic loop graft. The entire length of the cephalic vein has been exposed along with half of the basilic vein and is connected by a short median cubital vein. This conduit reached from the above-knee
popliteal artery to the dorsalis pedis artery.

Figure 47-5 A, Alternative vein conduits of various types and configurations can be used for a variety of lower extremity arterial reconstructions when the saphenous vein is unavailable. Grafts can be used reversed or nonreversed and can usually be fashioned
into a tapered conduit. Many grafts can be constructed to reach to the distal tibial or pedal level, especially when the inflow anastomosis starts at the popliteal level. B, In our experience, upper arm veins are more commonly usable than the forearm veins,
although the forearm cephalic vein was used in 46% of arm vein bypasses. (A, From Bergan JJ, Yao JST: Arterial Surgery: New Diagnostic and Operative Techniques. Orlando, Grune & Stratton, 1988; B, From Holzenbein TJ, Pomposelli FB Jr, Miller A, et
al: Results of a policy with arm veins used as the first alternative to an unavailable ipsilateral greater saphenous vein for infrainguinal bypass. J Vasc Surg 23:130–140, 1996.)

Figure 47-6 When constructing an upper arm vein loop graft, the valves must be cut in one segment, usually the basilic vein, to have forward blood flow.

Figure 47-7 Schematic representation of how transcription factors (TFs) regulate gene expression. A, The TF binds to a specific site on the DNA strand (promoter region) to turn on messenger RNA production and ultimate protein synthesis. B, A decoy
oligonucleotide contains the TF-binding site and binds the TF, effectively preventing gene expression. (A and B,Courtesy of Corgentech, Inc., San Francisco, Calif.)

Figure 47-8 Veins should be handled gently during vein harvest to minimize vein wall injury. Incisions should be made directly over the vein to avoid the creation of flaps. Branches should be tied in continuity with 3–0 or 4–0 silk at least 1 mm away from the
vein wall. Veins should be excised by careful sharp dissection. Countertraction is best accomplished by encircling the vein with a polymeric silicone (Silastic) vessel loop. The vein should not be grasped with the jaws of a forceps.

Figure 47-9 Once the vein has been removed, it should be gently distended to check for leaks. Forcible distention to overcome spasm should be avoided since excessive pressure can cause severe vein injury (see text). Small, unligated branches can be clamped
with a fine hemostat such as a Jacobsen clamp. If a branch has been avulsed, the defect can be suture ligated with a 7–0 polypropylene suture.

Figure 47-10 A, When using a reversed vein graft, the smaller caliber, distal end of the vein must be used for the proximal anastomosis to a large-caliber artery (A, inset). This can result in a stricture at the heel of the anastomosis, especially when the vein is
less than 4 mm. B and C, When a branch is near the end, the vein can be spatulated through the branch to increase the effective diameter of the vein. D, Alternatively, the valves can be cut and the vein used nonreversed. Strictures are usually avoided since the
large-caliber proximal end of the vein is used for the proximal anastomosis. (A, From Bergen JJ, Yao JST: Arterial Surgery: New Diagnostic and Operative Techniques. Orlando, Grune & Stratton, 1988.)

Figure 47-11 Schematic representation of valve lysis with a Mills valvulotome when constructing an in-situ saphenous vein graft. After the proximal anastomosis has been completed, arterial flow is re-established into the vein graft, which will stop at the first
competent valve. The Mills valvulotome is inserted through a distal side branch and directed proximally through the valve and then carefully withdrawn to cut the leaflets. This procedure is usually done blindly, by “feel,” and requires a significant learning
curve before it can be consistently accomplished without vein injury. (From Zarins CK, Gewertz BL: Atlas of Vascular Surgery. New York, Churchill Livingstone, 1989.)

TABLE 47-1 -- Prospective Trials Comparing Results of In-Situ and Reversed Vein Grafts

PATENCY, %
AUTHOR

YEAR

N

FOLLOW-UP, mo

In Situ

Reversed

P

98]

1988

526

24

Fem pop

78

75

NS

Fem tib

76

67

NS

VA Coop 141[

Wengerter et al[

1991

125

30

69

67

NS

97]

1992

215

60

63.5

62

NS

96]

1997

100

120

64.8

70.2

NS

95]

Moody et al[

Watelet et al[

Fem pop, femoral to popliteal; Fem tib, femoral to tibial; NS, not significant.

708

and involves a significant learning curve. Injuries to the endothelium or vein wall and missed or incompletely cut valves are common technical errors, especially in smaller diameter veins. Arteriovenous (AV) fistulae can develop from vein branches

99]

inadvertently left unligated and may result in reduced graft blood flow. Identifying these problems mandates assessment of the technical result prior to leaving the operating room by angiography, duplex ultrasonography, or angioscopy.[

Bandyk and

[100]

first used intraoperative velocity waveform analysis and duplex scanning to detect unsuspected patent AV fistulae, uncut valves, and narrowed vein segments that compromised graft blood flow to identify grafts at risk for early thrombosis.
associates
They subsequently demonstrated that intraoperative duplex scanning can improve early graft patency and, when performed at regular intervals in the postoperative period, could identify developing vein graft strictures and stenoses prior to graft thrombosis.

[101] This was the first reported use of duplex vein graft surveillance, which has now become a routine for all vascular surgeons performing lower extremity arterial reconstruction with vein (see later). Shah and associates,[102] in a review of their
experience with the in-situ saphenous vein in more than 2000 arterial reconstructions, reported 1-month patency of 96% and a cumulative secondary patency of 81% and 70% at 5 and 10 years, respectively, with limb salvage rates 90% or greater at all time
intervals. They emphasized that their excellent technical results in the short and long term were predicated on meticulous surgical technique and regular graft surveillance in the postoperative period with duplex scanning.

103

] The vein
We introduced the use of the angioscope with a specially designed pump irrigation system and modified long, flexible-shafted valvulotome to prepare in-situ grafts, which remains our preferred method of in-situ vein preparation ( Fig. 47–12 ).[
is fully exposed and all side branches ligated. The proximal end is detached from the femoral vein and the distal end transected and mobilized for a distance of 5 to 10 cm. The first valve is excised with Potts scissors. The angioscope with a diameter of 1.9 mm
is inserted to the proximal end of the vein. The angioscope is connected to a video camera with the image projected on a television screen analogous to the method used for laparoscopic procedures. A balanced electrolyte solution containing heparin is injected
via the pump in an antegrade direction through a port in the angioscope or through a cannula inserted adjacent to it to simultaneously clear the field of blood and close the valve leaflets. A specially modified Mills valvulotome on a long flexible shaft is
simultaneously inserted retrograde from the distal end of the vein to the point of the first excised valve. As the valvulotome is withdrawn, the angioscope is advanced. Irrigation fluid is infused to clear the field of blood. When a valve is encountered, irrigation
through the angioscope is used to close the valve, which is then cut under direct vision, eliminating the need to work blindly ( Fig. 47–13 ). In addition, open, unligated side branches are readily identified. The surgeon controls the rate and volume of irrigation
fluid by a foot switch connected to the pump. In a prospective study comparing in-situ vein grafts prepared by the traditional “blind” technique and those prepared with the assistance of angioscopy, the authors noted a significant reduction in the number of
103]
Subsequent studies showed that the volume of solution infused rarely exceeded 1 L and did not lead to fluid overload or congestive heart failure.

vein wall injuries, missed uncut valves, and identified previously unsuspected areas of vein graft pathology.[

[104] To evaluate whether the use of completion angioscopy would improve the outcome of vein bypass grafting, the same authors conducted a prospective, randomized trial comparing completion angioscopy to angiography in 293 patients undergoing a
variety of vein bypasses including in-situ grafts. Graft failure at 30 days was observed in 3.1% of grafts in the angioscopy group and 6.6% of grafts studied with angiography. Although not statistically significant, probably due to the small size of the study

105]

population, the difference demonstrated the value of vein graft preparation and monitoring with angioscopy.[

106 107

][
] and is especially worrisome due to the superficial location of the vein that may
In addition to higher incidence of early technical problems leading to vein graft stenosis and early graft failure, wound infection is more common with in-situ grafts[
become exposed and infected. This complication can lead to vein graft disruption and hemorrhage, with potentially catastrophic outcomes. Strategies have been devised to decrease the wound complications associated with in-situ saphenous vein grafting by
reducing the length of the incision required to expose and prepare the vein graft. One strategy employs the use of preoperative vein mapping; angioscopy-directed valve lysis with a long, flexible-shafted valvulotome; and multiple, small incisions to ligate
108]
Another technique incorporates a specially designed steerable angioscope with a port to deploy intraluminal coils into side branches of the greater saphenous vein. Using this method, it is possible to make only a proximal and
[109] [110]

tributaries and AV fistulae.[

this technique has not gained widespread acceptance among
distal incision for exposure of the two ends of the vein graft and the inflow and outflow arteries. Although championed by a few who have demonstrated excellent short-term results,
vascular surgeons owing to the concerns about the length of time required for preparation of vein grafts by this method, the amount of saline infused, and the costs of the specialized equipment and coils required. Moreover, the future of this technique is now in
question since the manufacturer of the specialized angioscope has stopped production. Another technique for reducing the length of the incision required is the use of a commercially available, expandable, self-centering valvulotome ( Fig. 47–14 ). In this

technique the proximal and distal ends of the vein and proximal and distal outflow arteries are exposed. The first valve is removed with Potts scissors and the proximal anastomosis is performed. The self-centering, expandable valvulotome is then inserted
from the distal end of the vein to a point just distal to the proximal anastomosis and then slowly withdrawn. The valvulotome has four cutting blades on metal springs that expand or contract according to the diameter of the vein. The valvulotome is designed to
center itself in the lumen, ensuring that only valve leaflets are cut as they are encountered. Withdrawing the valvulotome slowly is critical to be sure that leaflets are fully closed by the antegrade flow of arterial blood as it proceeds down the vein from the lysis
of more proximal valves. Two or more passages of the valvulotome may be required to ensure that all leaflets are adequately cut. Once all valves have been cut, Doppler insonation is used with
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Figure 47-12 Schematic representation of angioscopically directed valvulotomy. A, The vein is fully exposed, the proximal and distal 10 cm of vein are mobilized, and all side branches are ligated to minimize blood flow into the vein graft. B, After being
detached from the femoral vein, the first valve is excised with Potts scissors. A specially modified Mills valvulotome (D) on a long flexible shaft is inserted from the distal end of the vein to the proximal end. The valvulotome has a detachable blunt tip, which
is used when advancing the valvulotome through the vein to avoid injury. The blunt tip is then removed and replaced with the valvulotome at the proximal end of the vein. C, A cannula (similar to the introducer used for a pulmonary artery catheter), connected
to a roller pump irrigation system, is inserted into the proximal vein and the angioscope is inserted into the irrigation cannula. As the angioscope is advanced, a foot switch, controlled by the surgeon, turns on the pump, which injects saline irrigation into the
vein to both clear the field of blood and close the valve leaflets, which can be cut under direct vision as seen on a television monitor. This process is repeated for the entire length of the vein. Newer generations of the angioscope contain an irrigation port,
eliminating the need for the irrigation cannula. (A-D, From Miller A, Stonebridge PA, Tsoukas AI, et al: Angioscopically directed valvulotomy: A new valvulotome and technique. J Vasc Surg 13:813–820, 1991.)

Figure 47-13 Digital photographs of the luminal surface of a saphenous vein graft as seen through an angioscope. A, The valvulotome is engaging a valve leaflet adjacent to a ligated side branch. B, Although usually bicuspid, single leaflet valves are
occasionally seen on angioscopy. C, An empty valve sinus where no leaflets were seen. D, Damage to the adjacent vein wall from valve cutting that was too deep, extending beyond the leaflets. These injuries may result in intimal hyperplasia. When severe,
they can cause early graft thrombosis. (A-D,From Miller A, Stonebridge PA, Tsoukas AI, et al: Angioscopically directed valvulotomy: A new valvulotome and technique. J Vasc Surg 13:813–820, 1991.)

Figure 47-14 The distal end of the self-centering, expandable Lemaitre valvulotome. The valvulotome resides in the clear plastic sheath until it is opened in the proximal end of the vein just distal to the proximal anastomosis. The metal bands proximal to the
cutters expand and contract according to the diameter of the vein to keep the four cutting blades centered in the lumen as the device is withdrawn. Arterial blood flow closes the valves. The device must be withdrawn slowly and the manufacturer recommends
at least two passages of the valvulotome to ensure that all valves have been cut.

TABLE 47-2 -- Stratification of Risk for Graft Thrombosis by Surveillance Data
RISK LEVEL

HIGH-VELOCITY CRITERIA

Highest

PSV > 300 cm/sec or Vr > 3.5

LOW-VELOCITY CRITERIA

ABI REDUCTION

and

GFV < 45 cm/sec

or

>0.15

Or EDV > 100 cm/sec
High

PSV > 300 cm/sec or Vr > 3.5

and

GFV > 45 cm/sec

and

<0.15

Intermediate

PSV 180–300 cm/sec or Vr > 2.0

and

GFV > 45 cm/sec

and

<0.15

Low

PSV < 180 cm/sec

and

GFV > 45 cm/sec

and

>0.15

ABI, ankle-brachial index; PSV, peak systolic velocity; Vr, ratio of the PSV within the lesion to the PSV in a proximal normal segment of the graft; GFV, graft flow velocity; EDV, end-diastolic velocity.
Data from Mills JL Sr: Infrainguinal vein graft surveillance: How and when. Semin Vasc Surg 14:169–176, 2001.
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vascular imaging with duplex ultrasonography.[

123]

The timing and techniques involved take into account the important features in the development and natural history of vein graft failure described by Mills as follows[

:

1. Eight percent of lesions develop within the first 12 months of implantation.
2. Lesions that develop early, within the first 3 months, progress rapidly and are more threatening than later developing lesions.
3. There is a 2% to 4% annual incidence of late-appearing graft stenosis in addition to a 5% to 10% lifetime risk of progression of atherosclerosis in the inflow or outflow bed of the graft that may require re-intervention.
The first evaluation of the graft should be performed prior to hospital discharge or within the first month of graft implantation. Subsequent evaluations are carried out 3 and 6 months after implantation. If the first three evaluations are normal, the surveillance
studies are extended to every 6 months until 2 years after surgery. After 2 years, annual evaluations should be carried out for the life of the patient.
When a flow disturbance is identified by duplex ultrasonography, it is graded for severity by measurement of graft flow velocity (GFV), peak systolic velocity within the stenotic lesion (PSV), and a ratio of the PSV within the lesion to the PSV in a proximal

123]

normal segment of the graft (Vr). These criteria coupled with the ABI can be used to categorize lesions as low, intermediate, or high risk for graft thrombosis ( Table 47–2 ).[
lesions should be followed for progression.

Grafts at high risk should be revised. Grafts with low or intermediate risk

When a graft at high risk for thrombosis has been identified, arteriography should be performed to identify the culprit lesion. Most often, a focal area of stenosis due to intimal hyperplasia is identified. Focal lesions (<3 cm within the body of the graft) can
usually be corrected with vein patch angioplasty ( Fig. 47–15 ). More lengthy lesions require replacement with an interposition graft. Stenotic lesions at the inflow or outflow anastomosis or in the adjacent artery are best treated with a “jump” graft to a normal
more proximal or distal artery.

124

] identified 330 graft revisions performed in 259 extremities. Graft surveillance was
The fate of the revised vein graft has been good. In a series of 1498 lower extremity vein grafts implanted over 10 years from 1990 to 2000, Landry and colleagues[
accomplished with duplex ultrasonography. Fifty-five percent of revisions were done within 1 year of surgery, 33% between the 1st and 5th year, and 12% in grafts older than 5 years. Within 1 year, 78% of stenotic lesions were located within the graft itself,
with the rest equally divided between the inflow or outflow artery. After 1 year, the number of stenoses found within the graft had decreased to 60%, whereas the number of stenoses in the inflow or outflow arteries had increased to nearly 40%. Only nine
patients had concurrent ischemic symptoms at the time a critical lesion was identified. The assisted primary patency and limb salvage rate for revised grafts was 87.3% and 88.6%, respectively, at 5 years and 80.3% and 75.3%, respectively, at 10 years, not
appreciably different from contemporary series of lower extremity vein bypass grafts, including both revised grafts and grafts not requiring revision.

Figure 47-15 A, Typical appearance of intimal hyperplasia in a vein graft, 8 months after implantation. The wall is thickened and fibrotic. The luminal surface is glistening white and severely narrowed. B, Repair of the stenosis with a vein patch.
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Chapter 48 - The Modified Biograft

LINDA M. HARRIS MD

Autogenous greater saphenous vein is the preferred conduit for all infrageniculate bypasses and popliteal bypass by many surgeons. The lack of suitable access is becoming more of an issue, with increased longevity of vascular patients, and more aggressive
efforts at limb salvage including second and third revascularizations. Unfortunately, the greater saphenous vein is not available in 10% to 30% of all patients needing revascularization due to previous lower extremity bypass, cardiac bypass, or vein stripping.

[1] [2] [3] [4] The saphenous vein may also be unsuitable due to small size, previous phlebitis, or varicosities. The choice of conduit when the ipsilateral saphenous vein is not present is still a subject of controversy. Many surgeons opt for the contralateral

greater saphenous vein, followed by other autogenous veins, including the lesser saphenous and arm veins, sometimes used as composite grafts. The patency rates of lesser saphenous and composite autogenous grafts are inferior to that of a single segment of

5 6

7

greater saphenous vein.[ ] [ ] In addition, for patients requiring secondary or tertiary procedures, no suitable autogenous vein is present in up to 50% of patients.[ ] When no autogenous conduit is available, the surgeon is faced with choosing between
prosthetic grafts, including Dacron and polytetrafluoroethylene (PTFE), modified biologic grafts, endovascular techniques for revascularization, or limb amputation.

8 9 10
Prosthetic grafts have been used with reasonable success in the above-knee position but have relatively poor results when used for distal revascularizations. [ ] [ ] [ ] Multiple techniques have been proposed to augment the patency of the prosthetic grafts,
11] [12] [13]

including arteriovenous fistula, or a variety of venous cuffs and patches.[

Nonetheless, prosthetic grafts remain a suboptimal alternative for distal reconstruction.

The lack of a suitable prosthetic substitute for the greater saphenous vein has led to the exploration of other biologic tissues. Modified biologic grafts include human umbilical vein grafts (HUV) and fresh and cryopreserved venous and arterial homografts. The
potential benefit of the biografts is the availability of an “off-the-shelf” graft of good caliber that handles in a similar fashion to autogenous tissue.

There has been variable enthusiasm about modified biologic grafts over the last several decades. Recent publications, demonstrating improved outcomes with prosthetic grafts and potential problems with biologic grafts, has diminished the role of currently
available biografts for the vascular surgeon. The choice to use a biologic graft rather than prosthetic currently is influenced by the presence of tissue loss, active infection, and the caliber of vessel. There are few studies that directly compare the efficacy of
modified biografts against prosthetic grafts, with or without patches or cuffs.

HUMAN UMBILICAL VEIN GRAFTS

14]
15
16
Their work followed the pioneering work of Carpentier,[ ] Rosenberg,[ ] and their associates with treated xenografts.

The placement of glutaraldehyde-tanned umbilical grafts was first described in humans in 1976 by Dardik and Dardik.[

The original umbilical grafts were prepared by manual stripping of the human umbilical cord tissue and stabilization of the vessel wall with glutaraldehyde. Currently umbilical vein grafts are prepared with computer-controlled mechanical lathes. The process
yields grafts with a uniform wall thickness and a Dacron mesh on the outer surface, added in an attempt to prevent or delay aneurysm formation. The process of glutaraldehyde tanning produces a collagen conduit devoid of endothelium, eliminating the

immunogenicity of the graft. The graft is not at increased risk of thrombosis due to rejection but also lacks the antithrombotic benefits of the endothelial lining.

OPERATIVE TECHNIQUE FOR HUMAN UMBILICAL VEINS

*

The graft is shipped and stored in 50% ethanol and is provided on a glass mandrill. To prepare it for use, it is placed in a basin with 1 L of low-molecular-weight dextran (LMWD) and irrigated with the solution 6 to 10 times. The final irrigation is with
heparinized saline (10,000 U of heparin sodium in 1 L of saline). The graft is then left in the heparinized saline until ready for use.
The HUV does not tolerate traction in the tunneling process and should be pulled through a metal conduit for tunneling to prevent ripping. The manufacturer strongly recommends against the use of standard vascular clamps and advocates tourniquet control to
avoid damage to the conduit. The graft is also difficult to declot with thrombectomy catheters, should it occlude. To decrease the risk of anastomotic aneurysm formation, the manufacturer also recommends that the entire wall, including both the vein and the
supporting Dacron mesh, be incorporated in the suture line.
Postoperative anticoagulation beginning with heparin 500 U/hr, increasing to 1000 U/hr or until therapeutic, and infusion of LMWD for the first 3 days is also recommended to decrease the risk of early thrombosis.

17]

Dardik and associates[

reported on their initial experience with 907 bypasses. They found a 5-year assisted primary patency rate of 57% for femoropopliteal and 33% for femorocrural bypasses. After further modifications of the graft,

* The current HUV graft is available from Synovis Life Technologies, Inc., St. Paul, Minn.
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TABLE 48-1 -- Lifetable Analyses for Crural Patency and Limb Salvage with Human Umbilical Vein Grafts

NO. OF GRAFTS IMPLANTED

ANEURYSM FORMATION, %

PATENCY POPLITEAL BYPASS, %

PATENCY CRURAL BYPASS AT 5 YEARS,
%

907

57

57

33

71

—

58

36

26]

105

6

—

29 (3 yr)

27]

111

—

—

60.9

283

0

56

43

Sommeling et al (1990)[

227

37

55/57 (BK/AK)

19

21]

261

1

49

—

AUTHOR (YEAR)

17]

Dardik et al (1988)[

18]

Dardik (1995)[

Batt et al (1990)[

Sato et al (1995)[

25]

Dardik et al (2002)[

28]

Johnson et al (2000)[

BK/AK, below knee/above knee.

18]
Secondary patency was 64% and 41%, respectively.

Dardik’s group reported on 71 infrageniculate bypasses with a 58% primary patency for below-knee popliteal and 36% for crural reconstructions.[

19]

When comparing bypasses for rest pain or tissue loss, Cranley and Hafner[

[20]

Vascular Surgery Registry in 1991

in 1982 reported a 3-year patency of 59% for saphenous vein, 35% for PTFE, and 31% for HUV endothelial cell (HUVEC) for tibial reconstructions. The New England Society of

compared HUVEC and PTFE and found better 5-year patency with HUV than PTFE for femoral popliteal bypass both above knee (69% vs. 45%) and below knee (45% vs. 22%). The only randomized, prospective study

21]

of HUV in the United States was a Veterans Affairs study[

in 2000. The study showed a 5-year assisted primary patency for above-knee bypasses of 53% for HUV versus 73% for greater saphenous vein and 39% for PTFE. Patients with HUV, however,

22 23

were found to have the highest early thrombosis and amputation rate. Other randomized studies comparing HUV to PTFE have found higher patency rates for HUV at 3 to 6 years, ranging from 42% to 75% versus 22% to 34% for PTFE.[ ] [ ] However,
owing to the early increased rate of thrombosis, lack of familiarity with the graft, and the increased technical steps associated with preparing the graft, HUV has not become a popular conduit despite the statistics that suggest improved patency when compared
to PTFE.

Complications associated with umbilical vein grafts include thrombosis, infection, and aneurysm formation. In an attempt to decrease the risk of early postoperative thrombosis, the manufacturer recommends administration of heparin and/or LMWD.

18] [24]

The incidence of infection for umbilical vein grafts is similar to that for saphenous grafts. Graft infection rates of 3% to 4.3% have been reported with increased risk for patients with active infection or reoperations.[

17

The primary concern with HUV has been related to biodegradation of the graft, with subsequent aneurysm formation. Most aneurysms have developed after 5 years. Dardik and colleagues,[ ] in their initial study, found that after 5 years, up to 36% of patent
grafts became aneurysmal. In response to these findings, the graft was modified in 1990. These modifications included improvement of glutaraldehyde fixation, mechanical stripping of the surrounding tissue, tighter weave of the surrounding mesh, and

25]
Dardik and coworkers followed patients longer than 10 years since the modification of the graft and reported on 283 lower

improved quality control mechanisms. UV-2A, or second-generation HUV, appears to have a reduced risk of biodegradation.[

25

extremity bypasses.[ ] They found no aneurysmal dilation since the modification in their study versus a 57% rate of biodegradation and 2.9% rate of aneurysm formation with the earlier grafts. Limb salvage rates remained unchanged. Primary tibial bypass
patency was 44% with a secondary patency rate of 53%. Three tibial grafts failed without thrombosis, 10 developed infections, 5 became stenotic, and 1 each developed dissection or pseudoaneurysm.
Despite their excellent results, of all patients in the study mentioned earlier, twenty-three were anticoagulated, and all had an arteriovenous fistula created at the distal anastomosis. Results of patency and limb salvage from recent studies of HUV are listed in

17] [18] [20] [25] [26] [27] [28]

Table 48–1 .[

CRYOPRESERVED VASCULAR CONDUITS

29]
30
31
Linton[ ] in 1955 and Dye and associates[ ] in 1956 reported the first clinical experiences with allografts. The

The initial idea to use venous allografts as a vascular conduit was explored in 1912 by Carrel in canine experiments for aortic replacement.[

32]
The goal of preservation is to provide a readily available graft with near-normal morphologic and physiologic capacity. The

concept of preserving the vein to allow for prolonged periods of storage and to create a bank of veins was initiated in the 1960s.[

32] [33]
Since the mid-1980s, an increase in the use of cryopreserved saphenous vein grafts has occurred, in part due to the availability of these grafts

preservation process was initially thought to maintain viability of the cells while decreasing antigenicity.[
through commercial sources.

METHOD OF CRYOPRESERVATION
Multiple modalities have been explored for the preservation of vein grafts. The use of very cold temperatures for storage can lead to significant cellular damage and death during either the freezing or thawing process. Without cryoprotectants, the extracellular

34]
When the temperature is decreased slowly, dehydration of the cell results, whereas with a more

matrix of the vein freezes at 0° C while the cytoplasm remains liquid, creating a vapor pressure gradient.[
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34] [35] [36] [37]

rapid process, membrane disruption occurs due to the sudden loss of water from the cell. Without cryoprotection, freezing results in a nonviable and structurally damaged conduit.[

Studies of allograft veins stored at 4° C without

38
cryopreservation showed a result of 90% occlusion within 5 months.[ ]
Cryoprotectants enter the cell wall and decrease the vapor pressure gradient, thereby preventing cellular damage during the freezing and thawing cycles. Variables in the current techniques of cryopreservation include the type and amount of cryoprotectant,

34] [35] [36] [37]

freezing temperature, cooling rate, and time of storage.[

It is generally agreed that the optimal storage temperature is between −196° C and −120° C. Dimethyl sulfoxide (DMSO) is the cryoprotectant of choice, used in concentrations

39] [40]
Chondroitin sulfate, initially used for storage of corneas, was then added to the cryopreservation solution to improve viability

ranging between 10% and 20%. However, protection with DMSO alone resulted in poor survival of venous endothelium.[

40]

of the cells. The addition of chondroitin sulfate has enhanced the viability and function of the cryopreserved veins.[

CRYOPRESERVED VENOUS ALLOGRAFT PREPARATION
All allografts are tested for communicable fungal, bacterial and viral diseases (hepatitis, human immunodeficiency virus). There has been no known case of viral or bacterial transmission of infection with cryopreserved vein implants.

The greater saphenous vein is harvested from the level of the femoral vein to the ankle within 24 hours of cessation of circulation from organ donors. The vein is placed in cryoprotectants and stored in the vapor phase of liquid nitrogen between −110° C and
−196° C.
Cryolife cryografts are shipped frozen in a solution of DMSO at −96° C until ready to be thawed for use. The grafts are seromatched for ABO/Rh blood type to decrease risk of rejection. After proximal and distal target vessels have been identified, the graft is
thawed by submersion in a warm water bath (37° C to 42° C), which allows rapid thawing without damage to the cells. It is then rinsed in a series of three solutions provided by the manufacturer before implantation. The Cryovein handles similarly to
autogenous greater saphenous vein. The graft is placed through a tunnel in similar fashion to the normal greater saphenous vein. A subcutaneous tunnel is preferred to allow for easier access for late revisions/aneurysms. Patients are heparinized and the graft is
typically placed in a reversed fashion.

FUNCTIONAL STATUS OF THE CRYOPRESERVED VEIN

35] [36] [37] [41] [42]
questions have remained about the biologic activity of the conduit. Most studies have documented an intact endothelium after cryopreservation.
[42]

Although cryopreservation may preserve the morphologic appearance of the vein graft,[

Brockbank and associates documented maintenance of overall intimal integrity despite loss of a significant number of endothelial cells.

Significant endothelial denudation occurs after implantation into the arterial system. Faggioli and colleagues have

41
43
similarly documented some endothelial denudation after implantation in the arterial system in rabbits.[ ] The maintenance of antithrombotic properties, fibrinolytic activity, and prostacyclin production has also been documented in cryopreserved veins.[ ]
[44]
[45]
Platelet adhesion is not increased in an animal model of cryopreserved vein bypasses.

However, cryopreserved veins do appear to accumulate low-density lipoprotein (LDL) cholesterol at a higher rate than nonpreserved veins in an in-vitro

46
experiment suggesting some loss of endothelial integritity.[ ] The ability of the graft to respond appropriately to endothelial cell-dependent relaxation to acetylcholine, thrombin, and calcium ionophore A23187 in animal studies further documents the
[47]

viability of the cells after transplant.

41]

Additional evaluation of the grafts has focused on the viability and function of the smooth muscle cell (SMC) layer. The SMCs of cryopreserved veins exhibit a synthetic appearance after implantation suggestive of activated cells.[

Brockbank and

42
45
coworkers have noted a decreased secretory capacity after cryopreservation.[ ] Elmore and associates noted that reactivity to prostaglandin F2 is increased while relaxation to NO is decreased.[ ] Miller and colleagues have also documented a loss of
48]

response to KCl, phenylephrine, and endothelin in the SMC.[
cellular destruction and fibrosis.

32] [38] [49] [50] [51] [52]

The SMC layer in implanted grafts is eventually replaced by fibrotic layer a few months after implantation.[

This effect is due to an immune reaction resulting in

IMMUNOLOGY OF THE CRYOPRESERVED ALLOGRAFT

33

Transplanted organs and tissues present antigenic proteins, which result in immunologic rejection. Early investigators suggested that venous allografts might be only weakly antigenic.[ ] Initial attempts at altering the antigenicity properties of allografts
centered on modifying the wall, including glutaraldehyde treatment, which resulted in a nonviable conduit. Early studies of cryopreserved veins documented improved patency as compared to fresh allografts, suggesting that the cryopreservation process might

32] [53] [54]

confer some immunologic protection.[

59]

According to Todd and Boctar,[

55] [56] [57] [58]

Recent studies, however, have proved that venous allografts are indeed antigenic and that the antigenicity is not modified by cryopreservation.[

there are three phases to the immune reaction seen in vascular allografts. The first phase occurs within 24 hours of implantation with recognition of the graft as a foreign body. The antigenicity of the vein graft derives from

60

several components of the vein wall. Endothelial cells have the ability to express classes I and II MHC antigens when exposed to T cells and lymphokines.[ ] SMCs are also able to express class II MHC antigens and participate in the immune process. The
second phase is characterized by an increase in cells infiltrating the intima and adventitia, seen between 30 to 60 days after implantation. The third phase is intimal thickening and medial necrosis, which occurs between 60 and 100 days after implantation.

61]

Chronic rejection eventually leads to intimal thickening with resultant thrombosis or adventitial fibroblastic reaction and medial necrosis resulting in aneurysmal degeneration.[

Immunosuppression has been examined as a possible adjunct to decrease the antigenicity of the cryopreserved
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48] [61] [62] [63] [64]

venous allograft and thereby increase utility of the conduit. Immunosuppression coupled with use of cryopreserved vein grafts has been shown to enhance patency in animal models.[

humans are quite limited. Posner and coworkers

[65]

Although animal models are encouraging, data on

evaluated a combination of low-dose cyclosporine, azathioprine, prednisone, warfarin, aspirin, and vasodilators on patency of cryopreserved vein bypasses in humans and found a significantly improved

patency (59% vs. 17%) at 1 year. They continued to find a high rate of aneurysmal degeneration in patent grafts (33%). Carpenter and Tomaszewski, however, were unable to show any benefit to low-dose immunosuppression with azathioprine when compared

58] [66]

to control with regard to graft patency or limb salvage.[

The potential risks of immunosuppression are significant, and the ultimate role of immunosuppression remains uncertain.

CLINICAL OUTCOMES

50 65 66 67 68 69 70 71 72 73 74 75 76 77

Short-term reports have often suggested widely varying outcomes for cryopreserved allograft bypasses.[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] Fewer series are available to analyze long-term outcomes. Further
confounding analysis of outcome are differences in methods of preservation. Uniformity in cryopreservation techniques still does not exist today. Although contemporary techniques are not as varied, with most cryopreserved veins being purchased from one of
several major commercial sources, there are still differences between these companies that may impact on short- and long-term outcomes. Other confounding factors are (1) variability in patient population between series, including indication for surgery and
location of distal anastomosis, and (2) use of pharmacologic adjuncts, including warfarin and various immunosuppressive agents.

50 65 66 67 68 69 70 71 72 73 74 75 76 77

A summary of recent series using cryopreserved venous allografts for infrainguinal bypass is presented in Table 48–2 . [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] Short-term patency rates range from 28% to 80% at 1 year
and fall to between 19% and 42% at 2 years. Complications related to implantation of cryopreserved venous allografts include an early failure rate (<30 days) of 17% and late aneurysm formation rate of between 5% and 33% in reported series ( Table 48–3 ).

[50] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] Unfortunately, there are still relatively few studies with any long-term results, thereby making conclusions from long-term patency data difficult.

The indication for bypass with cryopreserved vein is the threatened limb in the overwhelming majority of patients in all current series. Seventy-seven percent to 100% of patients are operated for rest pain or tissue loss in recent reviews, with the exception of
cryopreserved veins used for revascularization in infected fields. Further, allograft bypasses are almost exclusively to tibial or pedal vessels. The indication for surgery and level of outflow do not appear to influence patency in the studies with adequate

50] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77]

documentation ( Table 48–4 ). [

It is difficult, however, to appropriately compare cryopreserved vein bypasses to prosthetic bypasses or HUV in
TABLE 48-2 -- Lifetable Analyses for Patency and Limb Salvage with Cryopreserved Vein

AUTHOR (YEAR)

67]

Shah et al (1993)[

68]

Walker et al (1993)[

NO. OF
GRAFTS
IMPLANTED

ABO
MATCH, %

43

100

CryoLife

?

39

49

CryoLife

67

PATENCY, %
SOURCE OF VEINS

LIMB
SALVAGE, %

1 Year
—

54

28 (46
25

69]

Harris et al (1993)[

100

CryoLife

74
36

18 Months

*

)

*

14 (37

2 Years
—

*

—
)

—

—

UC Chicago Cryolab
Virginia Tissue Bank
American Red Cross

66]

Carpenter and Tomaszewski (1997)[

50]

Fujitani et al (1992)[

40

100

CryoLife

42

13

2.5

—

10

100

UC Chicago Cryolab

?

80 (14 mo)

—

—

33

—

—

—

—

—

—

Virginia Tissue Bank
CryoLife

70]

Selke et al (1989)[

71] ‡

Leseche et al (1997)[

65]

Posner et al (1996)[

6

83

Virginia Tissue Bank

100

25

80

Noncommercial

78
52

21

95

Virginia Tissue Bank

*

62
59.4

†

CryoLife
115

72]

Martin et al (1994)[

100

Virginia Tissue Bank

66

37

—

19

100

68

—

42

CryoLife
Gournier et al (1995)[

20

74]

424

?

CryoLife

72

41

32

32

75]

240

100

Cryolife

80

30

—

18

76]

80

100

CryoLife

62.3

36.8

—

—

26

100

CryoLife

80

87

82

82

73]

100
Gambro

CryoLife (1998)[

Farber et al (2003)[
Harris et al (2001)[

77]

Buckley et al (2000)[

‡

* Secondary patency.
‡ Cryopreserved arteries.
† In immunosuppressed patients.
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TABLE 48-3 -- Graft Complications
AUTHOR (YEAR)

EARLY OCCLUSION, %

ANEURYSM FORMATION, %

5

7

33

?

>13

?

11

?

17.5

2.5

33

?

16

?

65]

14

33

72]

6

5

0

5

20 (3 mo)

?

67]

Shah et al (1993)[

68]

Walker et al (1993)[

69]

Harris et al (1993)[

50]

Fujitani et al (1992)[

66]

Carpenter and Tomaszewski (1997)[

70]

Selke et al (1989)[

71]

Leseche et al (1997)[
Posner et al (1996)[
Martin et al (1994)[

73]

Gournier et al (1995)[

74]

CryoLife (1998)[

76]

18

—

75]

5

44

Harris et al (2001)[

Farber et al (2003)[

that there are no randomized trials comparing the two conduits. In historical studies, surgeons appear to preferentially use allograft vein for patients with disadvantaged outflow or more distal sites, thereby making historical comparisons questionable. Patency

8 10
8
of prosthetic to below-knee popliteal bypass ranges from 44% to 60%[ ] [ ] at 5 years. However, patency rates of prosthetic directly anastomosed to tibial vessels has generally been unsatisfactory, with only 12% to 22% patency at 5 years.[ ] Taylor and

11
4 78 79 80
associates[ ] initially achieved good long-term results, with 54% 5-year patency, with distal PTFE bypasses by using a vein patch. Other recent studies have found improving patency rates of 48% to 63%[ ] [ ] [ ] [ ] at 2 to 4 years by use of a distal
vein patch. These improving patencies will further challenge the indications for biograft implantation.
81]
showed a decreased mortality to 6% and decreased hospital stay with arterial cryografts. There were no

Recently, arterial allografts have been suggested as an alternative to extra-anatomic revascularization for aortic infections. Vogt and colleagues[

82]
however, found an early mortality rate of 17.7% with use of cryografts in infected fields. Of the surviving patients, 4.4% died of graft-related problems and 5.5%
[83]

recurrent infections or late deaths in their series of 49 patients. Verhelst and coworkers,[

found no benefit for in-situ replacement with cryograft, with a 30-day mortality rate of 13%, and

required subsequent revisions. They found the highest mortality in patients operated for enteroprosthetic fistulae (65% early, 18% late). Noel and associates

84
an overall mortality of 25%. After operation, 51% of patients had one or more complications, with 25% being graft related. Knosalla’s group[ ] also found that aortic arterial allografts were more resistant to reinfection than synthetic grafts after in-situ

replacement of infected prosthesis. The resistance was not complete, and antibiotic loading of the allograft before cryopreservation was recommended.

85]

Attempts to use cryopreserved veins for coronary bypass began in the 1970s[

[86] [87]

mammary artery bypass.

with initially encouraging results. However, multiple subsequent studies have found poor patency rates, clearly inferior to those with autogenous saphenous vein or internal

88]
The one area of cardiac surgery in which there has been a positive experience with cryopreserved veins is for treatment of children with heart defects in which the
[89]

Even early patency, at less than 6 months, was dismal.[

homograft is used for bridging therapy to more definitive treatment instead of small-diameter prosthetics.

90] [91] [92]

The most recent area of interest for cryografts has been for dialysis access.[

renal transplant.

[92]

However, patients receiving cryografts for access have been found to have increased panel-reactive antibody (PRB) levels that may interfere with potential for future

To address this potential problem, a new cryopreserved graft, devoid of endothelium, is being investigated in a prospective, multicenter study to determine the effect of this graft on alloimmunization and graft patency for dialysis patients

CONCLUSION
Although cryopreserved veins and HUV are now more readily available, problems with long-term patency and aneurysmal degeneration remain unsolved. HUV and cryopreserved veins may have a role in the threatened leg with limb salvage rates ranging

4 20 25 28 71 77 78
53 81 84 90
from 67% to 100%.[ ] [ ] [ ] [ ] [ ] [ ] [ ] Another potential use of allograft vein may be the infected field.[ ] [ ] [ ] [ ] Despite less than optimal long-term patency, the modified biograft may allow for adequate perfusion
TABLE 48-4 -- Indications, Outflow Site, and Patency for Cryopreserved Veins
OUTFLOW LEVEL

PERCENTAGE WITH
PREVIOUS PROCEDURES

Tibial/Pedal

Infrageniculate

REST PAIN/ TISSUE LOSS, %

1 YEAR PATENCY

44

42

86

88

54

87

92

100

87

28

76

92

100

100

36

Fujitani et al (1992)[

80

40

50

‡

80

Carpenter and

90

100

13

AUTHOR (YEAR)

67]

Shah et al (1993)[

68]

Walker et al (1993)[

69]

Harris et al (1993)[

50]

66]

Tomaszewski (1997)[

0
93

100

71] ‡

Leseche et al (1997)[

33

100

100

100
52

65]

87

72]

94

88

100

80

37

Gournier et al (1995)[

100

55

100

100

68

74]

69

65

87

77

41

Posner et al (1996)[
Martin et al (1994)[

73]

CryoLife (1998)[

90

100

*

100
59.4

†

‡ 100% done for infection.
* Secondary patency.
† In immunosuppressed patients.
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25]

and treatment of infection, with subsequent replacement with prosthetic material. Recent modifications in the HUV may alter the long-term degeneration of the graft and make it more appealing for bypass.[
HUV, and cryopreserved veins to tibial and pedal vessels are needed before any of these grafts can be confidently recommended for use in other than the desperate situation.

Randomized studies comparing prosthetic,

For cryopreserved veins to be more useful for the average patient, their associated immunologic problems must be addressed. It is conceivable that appropriate immunosuppression or genetic manipulation of the conduit may significantly improve patency
without causing serious adverse reactions to the patient and increase the utility of this conduit, although the practicality of this is suspect. Decellularization of the media may be a more logical approach to reducing immunogenicity, but its efficacy remains to
be proved. Current use of cryopreserved veins is investigational and should be restricted to limb-threatening ischemia or revascularization caused by infection without suitable autogenous vein due to their relatively poor long-term patency results. Further
studies on HUV by other investigators are necessary to confirm Dardik’s more recent findings if HUV are to be considered acceptable for revascularization.
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Chapter 49 - Prosthetic Grafts

LIAN XUE MD, PHD
HOWARD P. GREISLER MD

1
2
3
The search for artificial vascular grafts dates back to the late 1940s, when Hufnagel,[ ] Donovan and Zimmerman,[ ] and Moore[ ] experimented with methylacrylate and polyethylene tubes for aortic replacement in animal models. In 1952, Voorhees and
4

colleagues[ ] developed the first fabric graft using woven Vinyon N. The initial failure of materials such as metal, glass, ivory, silk, and nylon brought two important criteria in focus: thrombogenicity and durability. Research was directed toward the goal of
relatively inert materials that minimally interact with blood and tissue. Polyethylene terephthalate (Dacron) and expanded polytetrafluoroethylene (ePTFE) are the products of this research and are currently the standard biomaterials of prosthetic vascular grafts.
After decades of use, it may be concluded that Dacron and ePTFE grafts generally perform well at diameters greater than 6 mm, yet their limitations and less than optimal results for small-diameter (≤6 mm) applications are well recognized and continue to
represent a major challenge. The mid-term to long-term failure of existing synthetic grafts is due primarily to unfavorable healing processes, including incomplete endothelialization and myointimal hyperplasia.

Dacron and ePTFE react with blood components and perigraft tissues in a manner that is beneficial and detrimental. It is likely unrealistic to seek completely nonreactive substances. Optimizing tissue-biomaterial interactions to elicit desirable results is a major
emphasis of current research. Various modifications have been applied to Dacron and ePTFE grafts to improve their function. Elastic polymers have been employed in the manufacture of compliant grafts based on the notion that compliance mismatch between
the synthetic graft and native artery may contribute to myointimal hyperplasia. The emergence of tissue-engineering technology has made the development of novel, biologically viable vascular substitutes feasible and may prove to be the ultimate solution for
small-diameter vascular grafting.

GRAFT HEALING
A complex but largely predictable host response to prosthetic grafts begins immediately after restoration of circulation. The typical reaction cascade starts at the blood-biomaterial interface with the adsorption of plasma proteins, followed by the deposition and
activation of platelets, the infiltration of neutrophils and monocytes, and the migration and proliferation of endothelial and smooth muscle cells. Even the most inert substances developed so far are still recognized as “foreign.” The tissue-graft and blood-graft
interfaces are highly complex microenvironments that are ultimately responsible for graft patency.
Protein Adsorption

5

The most abundant serum proteins, albumin, fibrinogen, and IgG, along with other serum proteins adsorb to the graft almost instantaneously after exposure to the systemic circulation. Then according to the Vroman effect,[ ] there is a redistribution of
proteins regulated by each protein’s relative biochemical and electrical affinity for the graft surface and by its relative abundance. The constitution and concentration of bound protein largely determines the interaction of blood and graft and affects graft
survival because the platelets and blood cells interact predominantly with the bound proteins rather than with the prosthetic material itself.

Fibrinogen, laminin, fibronectin, and vitronectin all have RGD sequence (arg-gly-asp) regions that bind to the glycoprotein IIb/IIIa receptor complex on platelet membranes. Platelet deposition and activation are influenced by prior protein adsorption. The
binding of the RGD sequence to β2 integrins expressed on the cell surface also contributes to the recruitment of circulating leukocytes to the graft. The neutrophils bound to immobilized IgG and fibrinogen show a deficiency in their ability to kill bacteria,

6
which may contribute to the susceptibility of grafts to infections.[ ]
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Additional plasma proteins, including complement components, can be activated directly by synthetic surfaces. The generation of complement C5a, a monocyte chemoattractant, is greater after implantation of Dacron compared with ePTFE grafts in an animal

7
8
model.[ ] In addition, the rapid accumulation of coagulant proteins, such as thrombin and factor Xa, on the luminal surface after implantation contributes to the graft-associated procoagulant activity.[ ]
Platelet Deposition
Early platelet deposition occurs primarily via receptor-mediated interactions with adsorbed proteins and, to a lesser extent, by direct adherence to the graft. The platelet/protein complex is mediated through von Willebrand factor and platelet membrane
glycoproteins. After adherence, the platelets undergo conformational changes and degranulate, releasing a variety of bioactive substances, including serotonin, epinephrine, adenosine diphosphate, and thromboxane A2 . These substances further activate

additional platelets and increase thrombin generation. A variety of growth factors, including platelet-derived growth factor (PDGF), epidermal growth factor, and transforming growth factor-β (TGF-β), are released by activated platelets. These growth factors
modulate endothelial cell (EC) and smooth muscle cell (SMC) migration and proliferation and extracelluar matrix synthesis and degradation. In addition, platelets release monocyte chemoattractants, such as platelet factor 4 and β-thromboglobulin, which
mediate the recruitment of monocytes to the graft.

9
The platelet deposition and activation continue on a long-term basis after graft implantation. Animal experiments show increased levels of thromboxane and decreased systemic platelet counts 1 year after Dacron graft implantation.[ ] Human studies also have
10] [11] [12]

revealed an increase in indium-111–labeled platelet adhesion to grafts long after implantation.[

The thrombogenic nature of the synthetic graft surface is a major determinant of early and late graft patency. A myriad of interventions targeting the platelet deposition, aggregation, and activation have been investigated. Antiplatelet agents directly targeting

13 14

platelet/graft binding molecules, such as platelet surface glycoprotein IIb/IIIa (αIIbβ3 intergrin) and different functional domains of thrombin have been shown at least transiently to decrease the accumulation of platelets on Dacron grafts.[ ] [ ] A variety
of techniques used to alter surface thrombogenicity have been studied experimentally, including the application of antiplatelet or anticoagulant substances to biomaterial surfaces, the alteration of surface electronegativity, and the radiofrequency glow
discharge of plasma polymerized monomers to surfaces, in the hope of enhancing surface thromboresistance without alteration of the material’s bulk properties.
Neutrophil and Monocyte Infiltration

The acute inflammatory response is mediated through potent chemoattractants, such as C5a and leukotriene B4 , which draw neutrophils to the synthetic graft surface. Neutrophils are attracted to the fibrin coagulum of the inner and outer capsule of the graft.

They bind to fibrinogen deposited on the graft surface through cell surface β2 integrins (mainly CD11b/CD18). Neutrophils also can interact with other deposited proteins, such as IgG, C3bi, and factor X.

The recruitment of phagocytic cells around prosthetic grafts does not increase infection resistance sufficiently. On the contrary, neutrophils adherent to biomaterials express a deficiency in their ability to kill and phagocytose bacteria. It has been proposed that

6
Fc receptor ligation by immobilized IgG on the graft surface may account for this deficiency.[ ]
15]
When stimulated by agonists such as interleukin (IL)-1, tumor necrosis factor (TNF), lipopolysaccharide, and thrombin, ECs upregulate
[16] [17]

Neutrophils adhere to the ECs in the perianastomotic region through adhesion molecule–mediated mechanisms.[

intercellular adhesion molecule-1 and vascular cell adhesion molecule-1, both of which are the ligands of the integrins on the neutrophil surface.

Circulating monocytes also are attracted to areas of injured or regenerating endothelium, especially in areas preactivated by IL-1 and TNF. In the presence of plasma-activating factors, monocytes differentiate into macrophages and become the major
participant in the body’s chronic inflammatory response. The activated macrophages form multinucleated foreign-body giant cells, which are found chronically lining the synthetic polymers in a process known as “frustrated phagocytosis.” Macrophages and
activated neutrophils release proteases and oxygen free radicals, which can result in matrix degradation and may inhibit complete endothelialization and tissue incorporation of the vascular graft.
A variety of cytokines are released from inflammatory cells activated by biomaterials. Cultured monocytes and macrophages incubated with Dacron and ePTFE have been shown to produce different amounts of IL-1β, IL-6, and TNF-α, with higher amounts

18]

produced with Dacron than with ePTFE.[

Macrophages grown in the presence of polyglactin 910, a bioresorbable material readily phagocytized by macrophages, synthesize fibroblast growth factor (FGF)-2 capable of stimulating the proliferation of

[19] [20]

21]
Because the inflammatory reaction elicits a cascade of growth responses, it has been proposed that

Leukocyte-biomaterial interactions induce production of TNF-α, which enhances SMC proliferation.[
quiescent ECs, SMCs, and fibroblasts.
approaches attenuating the initial inflammatory reaction may improve the long-term patency of grafts.

Endothelial and Smooth Muscle Cell Ingrowth

Native uninjured blood vessels possess an endothelial lining that constantly secretes bioactive substances, which inhibit thrombosis, promote fibrinolysis, and inhibit SMC proliferation to help maintain normal blood flow. After graft implantation, tissue
ingrowth originates primarily from the cut edge of the adjacent artery. A complete endothelialization of synthetic grafts can be observed in most animal models. Currently available grafts implanted into humans manifest only limited EC ingrowth, however, not
extending beyond 1 to 2 cm of both anastomoses.

In addition to perianastomotic areas, endothelial islands also have been described in the midportions of grafts at significant distances from the anastomosis, suggesting that other EC sources for graft endothelialization may exist. Interstitial tissue ingrowth
accompanied by microvessels
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22] [23] [24] [25]

from the perigraft tissue provides another EC source for graft flow surface endothelialization on experimental high-porosity ePTFE and on bioresorbable prostheses.[

progenitor cells also may play a part in graft endothelialization. These progenitor cells are released into circulation in response to certain stimuli, such as ischemia and vascular trauma.

Evidence supports the notion that bone marrow–derived endothelial

[26] [27] [28]

It has been shown that circulating endothelial progenitor

29 30 31 32
cells participate in endothelialization of vascular grafts and injured arteries,[ ] [ ] [ ] [ ] and in endothelial repair in the neovasculature in experimental sponge-induced granulation tissue, in wound healing, in tumors, and in ischemic hindlimbs and
[33] [34] [35] [36]
[29] [30]
+

myocardium.

In a canine bone marrow transplant model, donor origin ECs were found on silicone rubber–coated, impervious Dacron grafts by polymerase chain reaction analysis.

significantly increased endothelialization of impervious Dacron grafts in canine thoracic aortas compared with the controls (92% ± 3.4% versus 26.6% ± 7.6% by 4 weeks).

[37]

Bone marrow–derived CD34 cell seeding

Mobilization of bone marrow progenitor cells by granulocyte colony-stimulating

38
factor administration also significantly enhanced endothelialization of impervious Dacron grafts in this canine model.[ ]
The ECs growing onto prosthetic graft surfaces undergo phenotypic modulation. These phenotypically altered “activated” cells may secrete bioactive substances, which promote thrombogenesis and SMC growth. Activated ECs increase their PDGF synthesis

39]

and secretion, and subintimal SMC proliferation occurs predominantly in the areas with an endothelial lining (i.e., the perianastomotic region), suggesting a link between EC turnover and intimal thickening.[
with chronic EC injury and complex biomechanical characteristics and chronic inflammation.

The perianastomotic region is highly complex

SMC proliferation begins 2 days after graft implantation, then peaks by 2 weeks and subsides thereafter, although SMC turnover persists chronically at levels above those of native arteries. The SMCs within the neointima of prosthetic grafts also are

40

functionally altered. They produce significantly higher amounts of PDGF than the SMCs of the adjacent vessel, which may contribute to the development of myointimal hyperplasia.[ ] In addition to SMCs, inflammatory mononuclear phagocytes and
foreign-body giant cells produce a variety of growth-modulating substances, including PDGF, FGF, and TGF-β, which perpetuate SMC proliferation and production of extracellular matrix (ECM) components. Continuous ECM synthesis increases

41]

pseudointimal volume, ultimately resulting in a stenotic lesion.[

The terms myointimal, neointimal, and pseudointimal hyperplasia often are used interchangeably. Neointimal should be reserved, however, for areas that include all normal intimal constituents, including ECs, whereas pseudointimal is more appropriate for the
relatively acellular tissue within clinically implanted vascular grafts. Myointimal can be used more generically to include both types.

GRAFT PROPERTIES AND THEIR IMPACT ON GRAFT PERFORMANCE
General agreement exists about the desirable characteristics of a vessel substitute. A primary prerequisite is biocompatibility. The material must be free of significant toxic, allergic, and carcinogenic side effects. The second important criterion is durability.
The graft should be physically stable, free from significant dilatation, aneurysm formation, rupture, or excessive elongation that could promote tortuosity and kinking. The graft should be capable of being adequately sterilized and stored as an “off-the-shelf”
product and ideally should be resistant to infection. Good suturability and handling properties also are expected. The graft should be easy to penetrate with suture needles without undue resistance and should be able to retain suture adequately without tearing.
It should be sufficiently pliable that it can be bent without significant kinking, a quality that is especially important in long grafts across joints or grafts that must follow curved or irregular pathways. A vascular graft needs to be impervious to blood leakage
through the graft wall and ideally have minimal needle hole bleeding. The intrinsic characteristics of a vascular graft, including its surface and bulk chemical composition, construction parameters, and biomechanics, influence its interactions with the host and
determine its fate.
Porosity

4

The important relationship between the porosity of the prosthetic graft and its performance has long been recognized.[ ] The porosity of a textile graft, such as Dacron, is defined by its water permeability, whereas average internodal distance commonly is
used to describe the “porosity” of ePTFE grafts. The rate of tissue ingrowth depends on graft porosity (over limited ranges, which differ in various graft types). Enhanced transinterstitial tissue ingrowth, greater EC coverage, and higher patency rate were

42] [43]

reported with the 60-μ or 90-μ internodal distance ePTFE grafts compared with the more commonly used 30-μ internodal distance ePTFE grafts in animal models.[

Human trials using the 90-μ internodal distance ePTFE have failed to show any

44
advantage, however, over the standard 30-μ internodal distance ePTFE grafts.[ ]
Compliance

45

Compliance is defined as the diameter change of a vessel between diastolic and systolic pressures. The compliance mismatch between arteries and grafts causes flow disruption, which has been thought to influence anastomotic neointimal hyperplasia.[ ]
Dacron and ePTFE grafts are relatively noncompliant. There have been attempts to design more compliant grafts, including the use of more flexible materials or by changing construction parameters. Grafts made of elastomeric polyurethane reportedly possess

46]

better compliance than ePTFE.[

Polyurethane grafts are discussed later. Placement of venous tissue at the distal anastomosis between prosthetic graft and native artery has been shown in some reports to increase the long-term patency rates of the graft.

[47] [48] [49] [50] [51] [52] Improvement of the compliance mismatch at the distal anastomosis is thought to be one of the mechanisms responsible for the possible beneficial effect of this type of procedure.[53]
54]
There is a great variability in the arterial tree in that the distal

The extent to which the initial compliance may affect the long-term function of the graft is controversial.[
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small-caliber arteries are often less compliant than the larger, more central arteries. Diseases such as atherosclerosis with progressive wall thickening and calcification influence the compliance further. Additionally, it has long been realized that fibrous tissue
formation within and surrounding an implanted graft would compromise graft compliance. In a follow-up study of eight patients with iliofemoral artery woven Dacron grafts, the graft average diameter variation during the cardiac cycle was 6% 1 month after

55]

implantation and decreased to 1% after 1 year.[

The mechanical behavior of vascular grafts in vivo is governed not only by the properties of the implanted graft, but also by the nature and the amount of tissue incorporation.

Flow Surface Characteristics
The interfacial reactions between blood and the graft surface depend on the surface chemical and physical properties, such as surface charge, surface energy, and degree of roughness. A negative surface charge attenuates platelet adhesion, and a positive charge
promotes it. Heterogeneity of charge density distribution also is thought to be thrombogenic. A myriad of approaches have been used to stabilize or passivate the thrombotic reaction, including modification of surface properties, incorporation of antiplatelet or
anticoagulant substances onto the graft, and endothelialization of the blood-contacting surface.

GRAFT FAILURE AND GRAFT INFECTION
Graft Failure
Problems related to prosthetic graft failure include infection, material deterioration, anastomotic aneurysm, and occlusion. A variety of mechanisms can lead to vascular graft occlusion. Immediate graft failure is usually the result of technical problems during
surgery or is due to the hypercoagulable status of the patient. Failure in the first month after graft placement is most commonly the result of thrombosis in the face of high distal resistance. Anastomotic myointimal hyperplasia is the most common reason for
graft failure 6 months to 3 years after graft insertion. Late graft occlusions frequently are secondary to the progression of distal atherosclerotic disease.

56] [57]

Aortic reconstruction involves the placement of large-caliber Dacron or ePTFE grafts. Because of the relatively high flow rates and low outflow resistance, these grafts have an 85% to 95% 5-year patency rate.[

When prosthetic grafts are used in the

58] [59] [60] [61]

infrainguinal position and especially the infrapopliteal position, the results are much worse. The 1- and 3-year patency rates for ePTFE grafts used in infrainguinal bypasses to the below-knee arteries are 20% to 58% and 18% to 41%. [
These small-caliber grafts are especially susceptible to anastomotic myointimal hyperplasia and are more prone to early thrombosis because of lower flow rates and higher resistance outflow vessels.

Graft Infection

62] [63]

Prosthetic graft infection is discussed in Chapter 59 . This section focuses on the role of antibiotic bonding to prosthetic grafts. Vascular graft infection occurs in only 1% to 6% of implanted grafts,[

64]

resulting in a 50% amputation rate and a 25% to 75% mortality rate.[

but the consequences are often catastrophic,

65] [66] [67]

Many attempts have been made to affix antibiotics into graft materials in the hope of increasing graft resistance to bacterial infection.[

Antibiotic-bonded grafts have been

[68]

The importance of antibiotic bonding in the prevention of
used clinically for in-situ replacement in selected patients with graft infections. Some authors suggest prophylactic use of the antibiotic-bonded grafts in patients with high risk of graft infection.
graft infection is uncertain, however. Animal experiments showed that rifampicin-bonded, gelatin-sealed Dacron grafts (Sulzer Vascutek, Inchinnan, Renfrewshire, UK) increased protection against bacterial colonization and reduced the rate of reinfection

69] [70] [71]

when used for in-situ replacement of infected grafts.[

71] [72] [73] [74]

Yet clinical studies on more than 3000 patients have failed to prove that rifampicin bonding reduces the incidence of vascular graft infection.[

An Italian study of 600

72 73
patients with aortofemoral grafts reported 2-year infection rates of 1.7% with rifampicin-bonded grafts compared with 2.3% with control grafts.[ ] [ ] A large European study examined 2522 patients having aortofemoral or femorofemoral bypass and
[72]
found that rifampicin-bonded grafts had 2-year infection rates of 2% (12 of 600) versus 2.3% (7 of 304) for the control grafts.

[74]

with no difference between the rifampicin-bonded grafts and control grafts.

A randomized multicenter study from the United Kingdom reported a 2-year infection rate for extra-anatomic bypasses of 4.5%

No statistical significance was achieved in any of the three trials.

PROSTHETIC GRAFTS
As mentioned earlier, the two standard polymers used for vascular grafts in clinical practice are Dacron and ePTFE. Both of these polymer molecules are highly crystalline and hydrophobic; these two properties protect the polymers from hydrolysis. The
hydrophobicity of the polymer has important implications in predicting surface interactions with blood and tissue.
Dacron

75]
76
Vascular grafts made from Dacron were first implanted by Julian in 1957 and DeBakey in 1958.[ ]

Polyethylene terephthalate was first introduced in 1939. DuPont developed the material further and patented its widely known Dacron fiber in 1950.[

Clinically available Dacron grafts are fabricated in either woven or knitted forms. In woven grafts, the multifilament Dacron threads are fabricated in an over-and-under pattern in lengthwise (warp) and circumferential (weft) directions ( Fig. 49–1 ). This
structure results in limited porosity and the best dimensional stability of the finished grafts. Woven grafts have less bleeding through interstices and less likelihood of structural deformation after implantation. The disadvantages of such grafts are less desirable
handling features, reduced compliance, a tendency to fray at cut edges, and reduced tissue incorporation.
Knitted grafts employ a textile technique in which the Dacron threads are looped to form a continuous interlocking
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chain ( Fig. 49–2 ). Most knitted grafts currently are manufactured with the threads predominantly oriented in a longitudinal direction (warp knitting) as opposed to a circumferential direction (weft knitting), which has been proved to be structurally unstable.

Warp knits have good handling characteristics and reasonable dimensional stability. The loop structure creates greater porosity and radial distensibility. Köper knitting is a modified warp knitting patented by Vascutek (Inchinnan Renfrewshire, UK), in which
the yarns are arranged perpendicular to one another on the internal graft surface in an attempt to increase the dimensional stability of the knitted graft ( Fig. 49–3 ).
The velour technique that extends the loops of yarn on the surfaces of the fabrics ( Fig. 49–4 ) has been employed in an attempt to increase tissue incorporation. An external velour surface permits more extensive and firmer incorporation of the graft into

77] [78]

surrounding tissue, but the function of an internal velour structure is controversial, with suggestions that it may enhance firm anchorage of the fibrin/platelet pseudointima.[

Crimping technique is used to increase flexibility, distensibility, and kink resistance of textile grafts. It is recognized, however, that much of the initial elasticity is lost with the stretching during implantation and with later tissue incorporation. Crimping also
reduces the effective internal diameter of the graft and creates an uneven luminal surface. The latter potentially can interfere with laminar blood flow, which leads to increased thrombogenicity of the graft. After implantation, the pseudointimal fibrin coagulum
tends to be thicker in the concavities, effectively rendering the flow surface smooth. Although this consideration may not be crucial in large-diameter grafts, it is important in small-diameter grafts. Prosthetic rings or coils are applied to the external surface of
grafts to provide external support to resist kinking and mechanical compression.

Figure 49-1 Woven Dacron graft. Scanning electron micrograph of the surface of a woven Dacron graft. (Original magnification, ×50.)

Figure 49-2 Knitted Dacron graft. Scanning electron micrograph of the surface of a knitted Dacron graft. (Original magnification, ×50.)

Figure 49-3 Köper knitting. Scanning electron micrograph of the surface of a Gelsoft knitted Dacron graft.

Figure 49-4 Scanning electron micrograph of an outer surface of a velour, knitted Dacron graft. (Original magnification, ×50.)

Figure 49-5 Expanded polytetrafluoroethylene (ePTFE) graft. Scanning electron micrograph of the surface of an ePTFE graft. (Original magnification, ×1000.)

Figure 49-6 Cross section of Advanta expanded polytetrafluoroethylene graft. (Courtesy of Atrium Medical Corporation, Hudson, NH.)
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Chapter 50 - Training in Endovascular Surgery

KENNETH OURIEL MD
RICHARD M. GREEN MD

We live in an environment of technologic change; engineering and scientific research strives to create simpler and smaller innovations. Health care has not been exempted from this relentless progression toward less complex treatment modalities to replace
more invasive procedures. This shift toward less invasive methods of treating disease should not be rejected; rather, it symbolizes a natural and desirable evolution of medical science. But the field of vascular surgery must adapt to rapidly changing technology

1

if vascular surgeons are to continue to care for patients with peripheral vascular disease.[ ] Although available treatment may involve traditional open surgical procedures in many instances, we have already witnessed a shift to percutaneous therapies and later
to yet unimagined technology that will make even our percutaneous procedures obsolete. There is widespread belief throughout the community of vascular surgeons that the care for vascular problems should continue to reside, in large part, within the

2 3
specialty, irrespective of what the treatment for those problems is at a particular time.[ ] [ ]
4 5

In the last 2 decades of the 20th century, vascular practitioners recognized the usefulness of endovascular techniques to treat diseases formerly relegated to major open surgery.[ ] [ ] We have witnessed insidious, relentless growth in the endovascular
treatment of aortic aneurysms, carotid stenosis, and lower extremity occlusive disease ( Fig. 50–1 ). The long-term outcome after less invasive treatment remains ill defined, and, even when data are available, it appears that many endovascular procedures have

6
not yet attained the level of reliability associated with the more traditional approaches.[ ] Nonetheless, patients and their physicians appear willing to accept a mild decrement in long-term outcome for the opportunity to offer a minimally invasive treatment.
Technologic change creates educational challenges for the specialty. Engineers and physician innovators create new technology; the technology is tested in preclinical benchtop and animal studies and then rolled out to a limited number of clinician
investigators to evaluate in human trials. If the outcome from such trials appears reasonable, the technology is offered to the community of caregivers involved in the treatment of the specific disease. But, in many cases, the caregivers are ill prepared to deploy
this technology. The technology often involves a variety of novel techniques that are unfamiliar to the practitioners. And the more advanced the technology, the wider the educational gap between current practice and the innovation.
Particular educational challenges are created when technologic change occurs at a rapid pace, fast enough that the period between introduction and acceptance is much shorter than the career life cycle of the practitioners. A small number of individuals skilled
in the new technology must be identified, usually innovators who have been self-trained. Next, these innovators must transfer knowledge and technical skills to a cadre of individuals who will train our residents and fellows. And, most important, the
community of vascular practitioners must be retrained so that they, too, are able to offer the new techniques to their patients.

7

The increasing use of interventional procedures for vascular disease was the topic of a position paper written by the Regional Vascular Society Committee on Interventional Therapy published in 1989.[ ] The authors of this document noted that the physician
team involved in interventional procedures should possess fundamental knowledge in the diagnosis and management of peripheral vascular disease. Further, such individuals should be skilled in the performance and interpretation of angiographic studies. The
authors
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Figure 50-1 Projected growth in the number of endovascular procedures. PVD, peripheral vascular disease; endo AAA, endovascular abdominal aortic aneurysm. (Data from Wieslander CK, Huang CC, Omura MC, Ahn SS: Endovascular workforce for
peripheral vascular disease: Current and future needs. J Vasc Surg 35:1218–1225, 2002.)

TABLE 50-1 -- Number of Cardiovascular Specialty Training Programs and Positions
SPECIALTY

TRAINING PROGRAMS

FIRST-YEAR POSITIONS

Vascular surgery

89

100

Interventional radiology

94

240

Interventional cardiology

55

127

Cardiothoracic surgery

90

148

Data from Wieslander CK, Huang CC, Omura MC, Ahn SS: Endovascular workforce for peripheral vascular disease: Current and future needs. J Vasc Surg 35:1218–1225, 2002.

PARADIGMS FOR ENDOVASCULAR TRAINING
Clearly, the standard residency and fellowship programs comprise the most efficient venue for training in endovascular techniques. Eventually, endovascular skills will be taught concurrently with open surgical techniques, beginning early in the residency and

9

continuing throughout the training program. In this manner, endovascular skills will be no different from open surgical skills, part and parcel of the training program.[ ] Each graduating fellow will possess a continuum of skills that runs the gamut to
encompass the medical care of the patient with vascular disease; diagnostic imaging to include ultrasound, computed tomography, and magnetic resonance imaging; endovascular techniques; and traditional open surgery. Although such a scenario is not
possible in every fellowship program at the present time, the goals should be attainable within the next several years.

Clinical Rotations

The precise manner in which such training programs are organized is worthy of consideration. There exist two choices: (1) focused endovascular training on a dedicated endovascular service and (2) conjoined endovascular and open surgical training on the
same service. Traditionally, surgical training has been conducted using the former approach, with subspecialty rotations such as urology, orthopedics, cardiothoracic surgery, and the like, interspersed throughout the first few years of a 5-year residency
program. A variety of disparate techniques may be included within a given subspecialty rotation, however. For instance, residents may be taught laparoscopic cholecystectomy on the same service that they learn how to perform a hepatic resection. It appears as
though the organization of training has been, in great part, dependent on the practice spectrum of the attending physician. The rotations, in general, encompass those procedures performed by the training physician on the service. When the training physician’s
practice is limited to a specific area of a subspecialty (e.g., endovascular surgery), it makes sense to compartmentalize the rotation to parallel the same degree of subspecialization (e.g., an endovascular rotation). By contrast, when the attending physician’s

practice is broader in scope (e.g., all vascular surgical procedures), it is most efficient to organize the rotation along similar lines (e.g., a combination of endovascular and open surgical procedures within a single rotation). Currently, most endovascular
surgeons do not limit their practice to endovascular procedures; thus, the vascular surgical rotations encompass both endovascular and open surgery within the same rotation. There exist potential downsides to such a paradigm; the pace of learning may be
slowed by a defocused rotation. A one-to-one relationship between trainee and attending physician, however, avoids the operational issues inherent when a single attending physician is assigned to more than one clinical service.
Duration of Training
The emergence of endovascular techniques greatly expanded the depth of basic knowledge and technical skills required for a vascular trainee. The traditional 1- or even
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2-year vascular fellowship programs appear too brief to acquire adequate familiarity with the myriad diagnostic and treatment skills necessary for the contemporary practice of vascular and endovascular surgery. The curriculum must include a broad base in
diagnostic imaging, the vascular noninvasive laboratory, the medical care of the patient with vascular disease, preventive modalities, and some exposure to research—all in conjunction with adequate exposure to a wide array of open and endovascular
procedures. The duration of a vascular training that provides adequate preparation in all pertinent areas is likely to be at least 3 years in length. The addition of 3 years after a traditional 5-year general surgical training program, however, is likely to diminish
interest in pursuing a vascular surgical career. With declining applications to both general and vascular surgical training programs, any change that would result in a further decrement in interest would be detrimental.
With these limitations of the current training scheme in mind, training paradigms have been considered. Each would decrease the duration of the general surgical residency, with the potential to add time in the vascular surgical fellowship. There are several
issues that must be addressed when considering such changes, such as the following:
1. Is a general surgery certificate important? It is possible that a significant reduction in the duration of the general surgical residency would result in the inability to receive a general surgical certificate at the completion of training. The general
surgical certificate may be important to those individuals who do not plan to confine their practice to vascular surgery, for example, trainees interested in seeking a rural practice setting.
2. How long should the endovascular component be? Proficiency, in any field, is achieved at differing rates for different individuals. That said, the complexity and broad range of endovascular techniques underlie the requirement for a significant
investment in time to acquire the skills necessary to perform endovascular procedures independently. Although there exist little objective data on which to base recommendations, it appears as though a total of 1 year of dedicated but not necessarily
contiguous endovascular training is usually necessary.
3. What could be eliminated from the general surgical training? If we agree that the necessity for training in vascular medicine, the vascular noninvasive laboratory, open surgery, and endovascular techniques mandates a minimum of 3 years of
vascular fellowship and if we also assume that any training period longer than 6 years is likely to negatively impact the number of trainees choosing a vascular surgical career, it is evident that the general surgical training period cannot exceed 3
years. It is likely that the “service rotations” such as neurosurgery, otolaryngology, urology, and others, may need to be eliminated. Other rotations, including plastic surgery, cardiac surgery, and noncardiac thoracic surgery, may be of importance
when treating patients with vascular problems and therefore might be retained.
Given these considerations, the most appropriate solution may be offered with a 3-year general surgical preliminary program that encompasses general surgery and other subspecialties necessary for the practice of vascular surgery. Such a paradigm would
necessitate the selection of vascular surgery by the trainee early in training, preferably during medical school. Successful recruitment at this early stage would require an adequate exposure to vascular surgery during the 3rd and 4th years of medical school, as
well as the promotion of the specialty to medical students by the vascular societies. Identification of the vascular surgical trainee at the beginning of residency facilitates tailoring of the 3-year general surgical experience to the requirements of the vascular
resident. In fact, shifting some general surgical requirements to the later half of a 6-year training paradigm would allow certain vascular surgical experience to begin early in the residency program. Although the specifics of this paradigm remain unclear and
need to be negotiated by the various national training bodies, the shift from a traditional “5 + 2” paradigm will be necessary if the trainee is to be facile with endovascular techniques at the completion of training.

SPECIFIC DEVICE TRAINING
As new devices are studied and approved, the practitioner must become familiar with their use. There are three possible scenarios that may arise, and training is different for each.
1. The device is similar to predicate devices. Often the new device is similar to older devices that the practitioner has been trained to use. An example of this scenario is the substitution of a new, improved guide wire for the older guide wire. No formal
training is required in these cases. Rather, the practitioner can independently gain the necessary exposure to the device through attendance at didactic seminars, discussions with colleagues, and industry representatives and through the review of
printed materials.
2. The device is different from existing devices, but the method of use is similar. When the new device differs from devices that the practitioner is familiar with, but the methods involved in the use of the technology are quite similar, a short period of
dedicated training is required. Examples of this scenario include the use of a new nitinol stent and its delivery system by someone familiar with standard self-expanding stents, or the introduction of a new femoral artery closure device to a
practitioner accustomed to the use of predicate devices. Training may necessitate hands-on experience in these instances, wherein a trained individual remains an integral part of a few procedures until the trainee has acquired adequate mastery of the
new technique.
3. The device is part of a technology that is distinct from existing technology. When a new device represents a true paradigm shift from older treatment modalities, formal training is required. Examples of such technology include endovascular aortic
aneurysm repair and carotid stenting by individuals who have never performed these procedures. In these instances, formalized training is required. The nature of the training frequently is specified at the time of approval of the device by the U.S.
Food and Drug Administration,
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and the device manufacturer is responsible for organizing and executing the training. In some instances, proctoring is required before the practitioner is allowed to independently perform the procedure. A proctor, usually certified by the
manufacturer, visits the trainee and observes the performance of several procedures. Multiple visits may be necessary until the proctor “signs off”on the individual’s skills.

RETRAINING OF VASCULAR SURGEONS

6
The rapid development of effective endovascular techniques has left a large proportion of the vascular surgical workforce untrained and unable to offer these newer modalities to their patients.[ ] Retraining is necessary if such individuals wish to offer the
10

spectrum of open surgical and interventional procedures to their patient population.[ ] There are several means available to accomplish retraining; the major limitation of each is the extent to which a practitioner must leave his or her practice to achieve
proficiency in endovascular procedures. Over time, however, it is relatively straightforward to train the other members of a group practice once a single member has been trained.
Endovascular Minifellowships

3

Endovascular “minifellowship” programs offer one paradigm for retraining.[ ] An individual travels to one of the institutions that offer such a program. The programs range in duration from 1 month to 1 year. Generally, a fee is charged by the training
institution, a fee that has been offset by corporate sponsorship in some cases. Unfortunately, the number of endovascular minifellowship programs has been low, limiting the development of an adequate workforce of vascular surgeons who are skilled in

3 6
endovascular techniques ( Fig. 50–2 ). [ ] [ ]
Although the completion of a minifellowship is probably the best method of retraining, several drawbacks exist. First,

Figure 50-2 Number of endovascular-trained surgeons with and without the development of endovascular minifellowship training programs. (Data from Ouriel K, Kent KC: The role of the vascular surgeon in endovascular procedures. J Vasc Surg 33:902–
903, 2001.)

TABLE 50-2 -- Number of Catheterizations and Interventions to Achieve Competence, by Specialty Society
SVS/ISCVS
APPROACH
Catheterizations/angiograms

SCVIR
200
100/50

Interventions

ACC

SCAI

25
50/25

†

†

100

*

AHA

*

1993

100
50

50/25

†

50/25

†

*

†

10–15

1998
100/50

†

50/25

†

†

Live demonstration

Yes

Yes

Yes

Yes

Yes

Yes

SCVIR, Society of Cardiovascular and Interventional Radiology; SCAI, Society for Cardiac Angiography and Interventions; ACC, American College of Cardiology; AHA, American Heart Association; SVS/ISCVS, Society for Vascular Surgery/
International Society for Cardiovascular Surgery.
Data from White RA, Hodgson KJ, Ahn SS, et al: Endovascular interventions training and credentialing for vascular surgeons. J Vasc Surg 29:177–186, 1999.

* Includes knowledge of thrombolysis or thrombolytic therapy.
† As primary interventionist.
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practitioner to develop special expertise in the evaluation and management of vascular patients but does not include interventional treatment. Level 3 is advanced training in peripheral interventions, whereby the practitioner develops the cognitive and technical
skills necessary for the interventional treatment of patients with peripheral vascular disease and can train others to perform these procedures at a high skill level. A minimum duration of 12 months of training beyond the traditional fellowship is suggested for
peripheral vascular interventions. The COCATS-2 document suggests a minimum case volume of 100 diagnostic angiograms, 50 peripheral angioplasties, and 10 peripheral thrombolytic cases to achieve competence. These cases should be documented in a
logbook, but the COCATS-2 document does not specify whether the trainee must be the primary operator for the procedures.

SUMMARY
The development of newer, less invasive methods of treating peripheral vascular diseases is a natural and desirable evolution in the field. The rapidity with which these novel techniques have appeared has created a large segment of the vascular surgical
community that is untrained and unable to offer endovascular treatment modalities. Modifications in the traditional training paradigms must be made if vascular surgeons are to continue to provide the broad spectrum of care to patients with vascular disease.
The traditional accredited vascular fellowships must provide adequate endovascular training such that the graduate is able to safely perform a wide variety of endovascular treatment modalities. The duration of the vascular fellowship must be increased to
provide adequate endovascular training, likely with a concomitant decrease in the length of the preliminary general surgical residency. Practicing vascular surgeons who have not previously been trained in endovascular techniques should seek minifellowships
or preceptorships to acquire sufficient skills. Once a single member of a group practice has been trained, this individual can train the other members of the group. Implementation of these training strategies should provide an adequate complement of vascular
surgeons skilled in the performance of endovascular and open surgical procedures. An individual who has the ability to perform either an endovascular or an open surgical solution to a vascular problem is most likely to offer the patient a complete set of
options, and, in this manner, the patient with vascular disease will benefit.
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Chapter 51 - Fundamental Techniques in Endovascular Surgery

JUAN AYERDI MD
KIM J. HODGSON MD

Endovascular therapies for peripheral vascular occlusive disease have evolved over the past several decades to become viable alternative approaches to surgical revascularization. In fact, the evolution of endovascular devices to treat a myriad of peripheral
vascular disease is occurring at a dizzying pace. In 1999, the U.S. Food and Drug Administration (FDA) approved the first two aortic endografts, with subsequent approval of several others, and this less invasive treatment for abdominal aortic aneurysms is
now widely available. Recently, the FDA approved the first stent and cerebral protection system for performance of percutaneous carotid artery stenting, and endografts to treat thoracic aortic aneurysms are in active investigational trial. Consequently, if
vascular surgeons wish to remain on the forefront of the diagnosis and treatment of peripheral vascular disease, they will need to add these techniques to their armamentarium. By doing so, they can offer comprehensive, multimodality diagnostic and
therapeutic care to vascular patients, a position that allows for objective treatment decisions without the bias inherently present when the controlling physician can perform only some of the possible therapeutic procedures.
Unfortunately, though most vascular surgeons have a general familiarity with the concepts related to endovascular procedures, concepts are not the same as skills. For example, all too often surgeons try to equate central venous catheter placement with
percutaneous arterial catheterization in an attempt to gain credentials to perform percutaneous endovascular interventions. In practice, however, most are quickly humbled by how challenging this seemingly simple aspect of percutaneous endovascular
procedures can sometimes be. Furthermore, although the concepts of the Seldinger technique used in both procedures are analogous, neither the skills required nor the risks to the patient are comparable. Vascular surgeons need to transform concepts into skills,
a feat that can be accomplished only through actual experience performing endovascular procedures.
Furthermore, the impetus for performance of an endovascular intervention is to replace a complicated, high-risk surgical procedure with a minimally invasive one having an acceptable patency and clinical success. Though not always as durable as the
corresponding surgical revascularization, the low risk-benefit ratio of an endoluminal intervention and its typical repeatability often make it the procedure of choice, particularly in patients with significant or prohibitive medical co-morbidities. Although
percutaneous interventions are generally considered “low risk,” failures and complications are not innocuous and can result in adverse clinical outcomes. Systemic complications related to catheter manipulation, radiographic contrast material, or physiologic
stress may include stroke, myocardial infarction, renal failure, limb loss, or even death. Required conversion to open procedures for salvage of an early postprocedural complication carries all the risks of an emergency procedure in a high-risk patient. For these
reasons it is critical that the vascular surgeon have thorough knowledge and understanding of the pathophysiology of the condition being treated, the indications and potential complications of the therapeutic alternatives, and the training and experience in the

catheter and guide wire skills necessary to perform them with good results.
This chapter reviews the fundamental concepts related to the performance of the broad spectrum of diagnostic and therapeutic endovascular procedures, with the aforementioned caveat that this is no substitute for actual human hands-on training. Specific
indications, results, and complications are addressed elsewhere in this text. Guidelines concerning the characteristics and attributes of certain catheters, wires, and devices are only generalizations to be considered when approaching given clinical situations,
each of which is unique and possessed of its own nuances. The ability to anticipate how a given catheter or guide wire will likely perform is based on analysis of the situation that must take into account multiple variables, including the extent of tortuosity and
angulation present, the working distances involved, the characteristics of the target vessel or lesion, and many others. Ultimately, this boils down to judgment, which itself can only come from experience with similar situations. Once mastered, however,
innovative applications of these basic techniques become possible and allow increasingly complex situations to be successfully addressed.

GAINING AND MAINTAINING PERCUTANEOUS VASCULAR ACCESS
By definition, all endovascular procedures require the surgeon to gain access to the lumen of the arterial or venous system in order to proceed. Although this can be performed percutaneously or by direct surgical exposure of the access vessel, the
overwhelming majority of endovascular procedures can and should be performed via the percutaneous route of vascular access. Although conceptually simple,
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percutaneous access is actually the most uncontrolled component of any endovascular procedure, typically being performed with minimal benefit of any imaging guidance (but ultrasonographic guidance systems are now available for unusual situations). The
potential for mishap is quite real and can preclude performance of the intended endovascular procedure, limit the therapeutic options available, or actually render the patients worse off than when they started.
Vessel Puncture Equipment and Techniques
There are basically two types of entry needles to choose from: single- and double-wall puncture types ( Fig. 51–1 ). The single-wall puncture needle is most familiar to surgeons and the one most commonly used. It is a bevel-tipped 16- or 18-gauge hollow
needle that accommodates a 0.035-inch guide wire. The needle is advanced toward the palpated pulse until the anterior wall of the vessel is punctured and pulsatile blood flow returns. A J-tipped guide wire is advanced through the needle into the vessel and
threaded toward the target region. Theoretically, blood return out of the hub of the needle may occur while the beveled area is still within the wall of the vessel and subsequent wire passage could then dissect any plaque in the region. Therefore, it is critical to
evaluate the characteristics of blood return through the needle to be assured that a central position of the needle in the vessel is likely. If blood return is inconsistent or less than would be expected on the basis of the patient’s symptoms and the quality of the
pulse, subtle manipulation of the needle should be performed to try to improve the quality of the blood return before attempting guide wire passage. Furthermore, fluoroscopic observation of guide wire passage, a routine for many interventionalists, should
definitely be performed if any resistance to advancement is met, to ensure that the guide wire is not dissecting the wall of the vessel ( Fig. 51–2 ). The importance of this cannot be overemphasized because it minimizes vascular injury not only at the insertion
site but further along the course of the guide wire as well. Similarly, the sheath should never be advanced over the entry guide wire until radiographic evaluation has confirmed that the wire is properly positioned and without kinks.

Figure 51-1 A double-wall puncture needle (left) and three single-wall needles (right).

Figure 51-2 Extreme curling of the entry guide wire as it emerges from the puncture needle, indicating likely subintimal passage. (From Hodgson KJ, Mattos MA, Sumner DS: Access to the vascular system for endovascular procedures: Techniques and
indications for percutaneous and open arteriotomy approaches. Semin Vasc Surg 10:206–221, 1997.)

Figure 51-3 Micropuncture needle and sheath setup.

Figure 51-4 A, Distal aortic occlusion diagnosed by brachial artery catheterization. B, Guide wire access on the right using anatomic landmarks to cannulate the right common femoral artery. C, Result following bilateral common iliac artery angioplasty.

Figure 51-5 Y-adapter on a guiding catheter (left) and hemostatic valve of a sheath (right).

Figure 51-6 A, Entry guide wire advancement is impeded by an unknown obstacle in the iliac artery region. B, An adequate length of intraluminal wire allows placement of a sheath, through which this diagnostic study was performed, revealing the nature of
the problem to be a stenosis in the external iliac artery (EIA). C, Controlled guide wire passage is now possible and subsequent dilation is performed. PTLA, percutaneous transluminal angiography; CIA, common iliac artery.

Figure 51-7 A, Stenosis of the left subclavian artery providing inflow to an axillobifemoral bypass approached via direct puncture of the graft over the anterior chest wall to avoid the risks of an axillary or brachial puncture. B, Completion arteriogram after
balloon dilation of the left subclavian artery.

Figure 51-8 A, CT scan of thighs demonstrating significant right thigh hematoma. B, Operative photograph of exploration revealing puncture-related laceration of the profunda femoris artery. C, Puncture-associated left retroperitoneal hematoma.

Figure 51-9 A, Initial guide wire passage during antegrade femoral artery catheterization demonstrates medial deviation of the guide wire suggestive of passage into the profunda femoris artery. B, Failing to appreciate this, the sheath was inserted over the
guide wire, and subsequent angiography confirms its placement in the profunda femoris artery. The upper arrowhead indicates the puncture site, and the lower arrowhead indicates the distal tip of sheath in the profunda femoris artery. C, Nonetheless, because
the puncture was sufficiently proximal to the femoral bifurcation, there was adequate working room to allow the sheath to be retracted, the guide wire redirected and advanced into the superficial femoral artery, and the sheath readvanced over the guide wire
into the intended position in the superficial femoral artery. The arrowhead indicates the distal tip of the sheath in the superficial femoral artery (SFA). (A–C, From Hodgson KJ, Mattos MA, Sumner DS: Access to the vascular system for endovascular
procedures: Techniques and indications for percutaneous and open arteriotomy approaches. Semin Vasc Surg 10:206–221, 1997.)

Figure 51-10 A, Scout angiograph through a 4-French dilator noted to be residing in the distal profunda femoris artery. B, With the dilator retracted, the femoral bifurcation is visualized. C, The guide wire and then sheath are redirected down the superficial
femoral artery (SFA).

Figure 51-11 Percutaneous access into the right popliteal artery.

Figure 51-12 A, Normal arch anatomy. B, A common origin of the innominate and left common carotid arteries. C, Bovine arch anatomy with the left common carotid artery arising directly from the innominate artery.

Figure 51-13 A, Venacavogram via the right common femoral approach demonstrating reflux of contrast agent into the proximal renal veins bilaterally. B, Simultaneous bilateral renal vein selective catheterizations.

Figure 51-14 A, Scout arteriogram demonstrating a 7-cm-long right common iliac artery occlusion. B, The occlusion is successfully crossed and 250,000 IU of urokinase is pulse-spray delivered, resulting in a significant reduction in the length of the
occlusion. C, Because kissing balloon dilation will be required, a calibration guide wire (Magic Wire) is used on the contralateral side to measure the diameter of the native common iliac artery at two different locations. D, Significant residual stenosis persists
after balloon dilation alone. E, Final result after Palmaz stent placement. PTA, percutaneous transluminal angioplasty.

Figure 51-15 A, PercuSurg balloon occlusion guide wire setup. B, High-grade right internal carotid artery (ICA) stenosis. C, PercuSurg occlusion of the ICA distal to the stenosis. D, Final result after ICA angioplasty and stenting.

Figure 51-16 A, A nonselective pigtail catheter can be used, in combination with a guide wire, as a selective catheter to gain access to the contralateral iliac artery. B, Beginning in the infrarenal aorta, the pigtail catheter is first retracted until it catches on the
aortic bifurcation. C, Further manipulation and retraction splay out the pigtail catheter, directing its tip orifice down the contralateral iliac artery. D, Subsequent guide wire passage down the contralateral iliac artery provides support for catheter advancement
over the guide wire. E, Final catheter position in the external iliac artery facilitates selective angiography of the right lower extremity. Although this vessel is too small to allow the pigtail catheter to assume its typical shape, the presence of multiple side holes
in this catheter allows contrast injection even if the catheter tip is against the vessel wall.

Figure 51-17 This series of drawings depicts how a Simmons catheter is manually formed into its preset shape. A, The catheter is first advanced over a guide wire into the aortic arch. B, The guide wire is removed, but the catheter does not spontaneously
assume its U-turn shape because the aortic diameter is insufficient to allow for this. C, The catheter is rotated and retracted so that it engages the orifice of the left subclavian artery. D, The catheter is then advanced with the tip engaged, resulting in a “folding
over” of the catheter, which is now in its preset shape. E, The catheter is then advanced beyond the origin of the innominate artery and retracted to engage the tip well up into the innominate artery for subsequent angiography or further advancement over a
guide wire. Arrows in B, C, and D denote direction of movement described.

TABLE 51-1 -- Catheters Commonly Used for Selective Catheterizations
VESSEL

CATHETER SHAPES

CATHETER NAMES

Contralateral iliac

Renal/mesenteric

Subclavian/carotid

Self-forming

Cobra 1, 2, or 3; IMA; pigtail

Manual forming

Simmons 1, 2, or 3; Chuang C; crossover

Self-forming

Cobra 1, 2, or 3; renal double curve (short or long); SMA/celiac curve

Manual forming

Simmons 1, 2, or 3; Shepherd Hook

Axillary approach

Berenstein; Weinberg; Cobra 1 or 2

Self-forming

Berenstein; Weinberg; right Judkins (JR4)

Manual forming

Simmons 1, 2, or 3; Headhunter H3

IMA, inferior mesenteric artery; SMA, superior mesenteric artery.

Figure 51-18 A to E, Technique of forming a Simmons catheter on a side-branch vessel.

Figure 51-19 A to E, Technique of forming a Simmons catheter off the aortic valve.
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Figure 51-20 A to D, Technique of forming a Simmons catheter with a silk suture pull.

Figure 51-21 A to C, Manipulation of a Simmons catheter into a bovine arch left common carotid artery.

Figure 51-22 A, Scout aortogram demonstrating high-grade left renal artery (LRA) stenosis. B, If a guiding catheter is used, postdilation angiography can be performed without losing guide wire crossing of the lesion, demonstrating a more than 30% residual
stenosis. C, Contrast injection through the guiding catheter allows final positioning of the Palmaz stent prior to its deployment. In this image the stent is too far into the artery, missing the area of residual stenosis. D, Following retraction of the stent, repeated
angiography demonstrates the stent to be in good position. E, Final completion arteriogram showing well-positioned stent at the renal artery origin. PTLA, percutaneous transluminal angioplasty; LT, left.

Figure 51-23 A, Cutting balloon angioplasty balloon. B, Scout angiogram revealing a high-grade stenosis of the proximal anastomosis of a right femoropopliteal saphenous vein bypass graft. C, Result following simple balloon angioplasty. D, Final result
following cutting balloon angioplasty.

Figure 51-24 Palmaz P308 stent in undeployed (top) and deployed (bottom) states.

Figure 51-25 A, Expansion sequence of a Palmaz stent. The predeployed stent is centered on the balloon at the start of deployment. B, The balloon first inflates at the ends of the stent. C, Complete expansion of the stent occurs last in the center.

Figure 51-26 A, A predeployment Palmaz stent malpositioned on the balloon catheter. B, As inflation proceeds, the balloon inflates proximally first. C and D, Further inflation progressively propels the unexpanded stent off the end of the catheter.

Figure 51-27 An undersized Wallstent not in contact with the vessel wall. CIA, common iliac artery.

Figure 51-28 A, Sequence of deployment of a Wallstent. The collapsed Wallstent can be seen mounted on its delivery catheter over a length about twice the stent’s rated length. B, As the outer covering component of the delivery system is retracted, the stent
begins to expand in a funnel configuration that permits repositioning of the stent distally, but not proximally, once deployment has begun. C, After further deployment, the stent is fully expanded distally so this end point is now known and is still changeable
by virtue of the reconstraining feature of the new Wallstent delivery system. D, After complete retraction of its outer covering, the stent is fully expanded and no longer recapturable. Note the degree of shortening of the stent from its predeployment length.

Figure 51-29 Comparison of stent reconstruction. From top to bottom are the balloon-expanded Palmaz stent, the self-expanding nitinol Symphony stent, and the self-expanding stainless-steel Wallstent.

Figure 51-30 A, The patient underwent Wallstent placement (at an outlying institution) in the left subclavian artery, which is providing inflow to a mammary artery coronary graft (bottom arrowhead). The top arrowhead indicates the distal extent of the stent,

which was presumably placed via the ipsilateral brachial-axillary approach. Although possibly of no consequence, placing the coronary graft at risk by overlying a stent should generally be avoided. Although this was likely purely a mistake in sizing the stent,
the unpredictability of the final length of the Wallstent contributes significantly to the risk of this complication and may contraindicate use of the Wallstent in situations such as this, when critical branch vessels are in close proximity to the lesion being treated.
B, A late-phase view of the same patient provides better visualization of the stent. The arrowheads are as in A.

Figure 51-31 A selection of peripheral covered stents (endografts).

Figure 51-32 A, Complex atheromatous plaque just distal to the distal anastomosis of a descending thoracic to infrarenal abdominal aorta bypass (performed with a 12-mm Dacron graft) and extending into the iliac arteries, most notably on the right. B,
Endovascular repair begins with dilation and primary Palmaz stenting of the distal aorta with a 12 mm × 4 cm balloon and a P308 stent. C, The iliac arteries are then dilated (8 mm × 4 cm on right, 10 mm × 4 cm on left) with primary Palmaz stenting of the
right common iliac artery (P294) using the kissing balloon technique. D, Final angiographic result. Resting ankle-brachial index and exercise treadmill test scores normalized.

Figure 51-33 A, Severe dissection of the right common iliac artery following balloon dilation of a high-grade stenosis performed for claudication at a time prior to the availability of stents. Nonetheless, the patient’s symptoms resolved and the ankle-brachial
index normalized. B, Same artery 6 months later at the time of an unrelated angiogram. The patient maintained his clinical and hemodynamic successes as well.
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Chapter 52 - Basic Techniques of Endovascular Aneurysm Repair

This chapter discusses basic techniques of endovascular repair of abdominal aortic aneurysms (AAA). Details of patient selection, results, and complications are more fully addressed in Chapter 101 . Endovascular aneurysm repair involves the transluminal
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placement of a graft within the aneurysm that completely excludes the aneurysm sac from the general circulation.[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] The graft is anchored in place by a balloon-expandable or self-expanding metal frame that supports all or part of
the graft and provides a tight seal proximal and distal to the dilated segment of the artery. Because it avoids the need for laparotomy, cross-clamping of the aorta, and the obligatory blood loss associated with opening the aneurysm sac, the technique has much
to recommend it. Endovascular aneurysm repair has been shown to reduce the morbidity associated with conventional open AAA repair and to extend the scope of repair to patients with severe medical co-morbidities who previously were denied treatment.

HISTORY OF DEVELOPMENT OF ENDOVASCULAR TECHNIQUES

9

10

Endovascular treatment of aortic aneurysms is not new.[ ] In 1864, Moore is said to have attempted thrombosis of an aneurysm by introducing 75 feet of intraluminal wire into it.[ ] Before antibiotics were used, most aneurysms were syphilitic in origin and
saccular in morphology; this made them more amenable to treatment by wiring than the fusiform variety seen today. In 1879, Corradi modified the process by passing an electric current along an insulated
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11]

wire.[

Electrothermic coagulation of aortic aneurysm by wiring was used until 1953, when graft replacement of aneurysms was introduced.

12

The relatively high morbidity and mortality rates for open graft replacement of aortic aneurysms, particularly in high-risk patients, maintained the interest of researchers in developing an endovascular method of repair. Balko and colleagues[ ] probably can
be credited with the first reported experimental use of a stent-graft combination for the treatment of artificial aneurysms. In their experiments, a novel form of nitinol Z-stent was combined with a sleeve of polyurethane and tested in a sheep model of aortic

13]
who used a chain of stainless steel Gianturco Z-stents (Cook, Bloomington, Ind) within a tube of woven polyester. Parodi and

aneurysm. The first radiographically guided aortic graft implantations were reported in 1987 by Lawrence and associates,[

1

coworkers[ ] did not report the first clinical use in humans of transfemoral, endovascular grafting to exclude AAA until 1991. Their concept was the use of balloon-expandable, vascular stents to replace sutures and secure the proximal and distal ends of a
fabric graft within the lumen of the aorta. Since this report was published, numerous ingenious devices have been developed and tested clinically.

INDICATIONS FOR TREATMENT

14

The indications for elective repair of an AAA include asymptomatic aneurysms more than 5 cm in diameter and all symptomatic and ruptured aneurysms, provided that coexisting medical conditions do not preclude operation.[ ] Endovascular repair was
first used in the management of aortic aneurysms in high-risk patients who were unfit for conventional open repair. Although many high-risk patients were able to be treated, there were important implications if the endovascular technique failed and required

15]

conversion to open repair in patients denied conventional surgery because of medical co-morbidities. The mortality in patients with this clinical course proved to be high.[

With improvements in technology and increasing experience, however, the

16
incidence of conversion from endovascular to open operation has been reduced to a low percentage.[ ] High-risk patients may continue to be considered for endovascular repair, provided that the size of the aneurysm justifies intervention and the patient
understands the increased risk.
A diameter of 6 cm is about the point at which the risk of rupture begins to exceed the risk of endovascular repair in a high-risk patient. High-risk patients were defined by the Endovascular Graft Committee as “patients with large, threatening aneurysms

17]

whose operative risk is excessive, for example, in excess of three to four times normal, on the basis of heart, lung, or liver disease or previous abdominal scarring or infection.”[
informed of the relative risks.

This definition is important when outcomes are compared and patients are

Now that the feasibility and relative safety of endovascular repair have been established, the procedure can be offered to selected patients who are considered fit for conventional open repair. It is important, however, that these patients understand that the long-

18] [19]

term outcome of these procedures is unknown and that concurrent comparison of endovascular and open repair of AAA shows a significantly higher failure rate for the endovascular method after mid-term follow-up of several years.[

Encouraging

20 21 22
survival rates in patients with ruptured AAA treated by endovascular repair have been reported.[ ] [ ] [ ] These results make it appropriate to include ruptured AAA as a relative indication in those sufficiently stable for endovascular treatment.
CRITERIA FOR ENDOVASCULAR TREATMENT
The previous edition of this book recommended a collar or neck of normal aorta between the renal arteries and an aneurysm of 15 mm or greater in length and a diameter of 28 mm or less, with angulation in the proximal neck being limited to 60 degrees.

Heavy circumferential calcification, mural thrombus, and an inverted funnel-shaped collar were considered contraindications to the endovascular method. Although these are safe guidelines, later generations of endografts have been shown to be feasible with

23]

proximal necks that are shorter and larger in diameter.[

Many interventionalists, faced with patients with large aneurysms who are very high risk for open repair, have modified their criteria for endovascular repair. A patient with circumferential or eccentric mural thrombus within the proximal neck is at risk not
only of peripheral embolization at operation, but also of poor device fixation and progressive dilatation of the neck because mural thrombus is a marker of preaneurysmal disease. Use of endovascular grafts in such patients is justified, provided that the patient
understands that the treatment being offered is prone to complications and is available for closely supervised follow-up. For patients with a normal aortic segment at the level of the renal arteries but no suitable aortic neck, the alternative use of fenestrated

24] [25] [26] [27]

grafts is being studied in trials.[

Such grafts are custom made to include circular or scalloped openings in the graft fabric that extends above the renal arteries.

Because the endovascular method of aneurysm repair requires isolation of the aneurysm sac from the circulation, the presence of large patent collateral channels, such as the inferior mesenteric artery and the internal iliac arteries, communicating with the aortic
or iliac sac previously was considered a relative contraindication. Experience has shown that a large inferior mesenteric artery is not a significant risk factor for successful endovascular graft procedure. Internal iliac arteries presenting this problem may be
occluded by coil embolization preoperatively. Alternatively, the internal iliac artery may be ligated proximally and revascularized by transposition or bypass graft. Branched prostheses with limbs for the internal and the external iliac arteries currently are being

28] [29] [30]

studied in trials.[

Thus, the criteria of feasibility for endovascular repair are being progressively broadened.

PREOPERATIVE IMAGING
Preoperative imaging is very important because patient selection and sizing of the endograft depend on it. Contrast-enhanced, spiral, multislice computed tomography (CT) is the preferred initial method of investigation. The scans are
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acquired rapidly, which allows uniform vascular enhancement at peak intensity with similar or lower contrast load compared with conventional CT. The contrast material allows thrombus to be distinguished from flowing blood and enables the proximal neck
to be assessed for suitability for endovascular repair. The dimensions of the aortic neck can be determined accurately and the presence of calcification or mural thrombus noted. The size of the iliac arteries and the presence of aneurysm disease and
calcification also can be assessed. Three-dimensional reconstruction or reformatting of the CT images is now available in many centers and has many advantages in accurate representation of the aortic anatomy (see Chapters 20 and 21 ).
Software packages are available that plot the axial line of the aorta and aneurysm and enable cuts to be made at right angles to that line. This capability enables more accurate measurements of the diameter of the aorta and the distance from the renal arteries to
the aortic and iliac bifurcations to be made. Although the anatomy of the iliac arteries and accessory renal arteries can be shown by spiral CT, aortography is performed in some medical centers for measurement of length when the patient has been found to be
suitable for endovascular repair by CT. The aortogram should be performed with a calibrated catheter to allow accurate length measurements and precise calculation of diameters. Anteroposterior and lateral views are required to show tortuosity in the neck of
the aneurysm and the iliac arteries. Because the aortogram shows the lumen of the aorta, and CT shows the arterial wall in addition to the lumen, the diameter of the neck of the aneurysm is usually greater when measured by CT than by angiography.

PROSTHESES FOR ENDOVASCULAR REPAIR OF ABDOMINAL AORTIC ANEURYSMS
Tube Grafts, Bifurcated Grafts, and Aortoiliac Grafts
The early endovascular prostheses comprised tubular or tapered fabric grafts anchored in place by stents at each end. Hooks or barbs were incorporated in the stents to minimize migration of the device. Initially the configuration of the endografts was tubular.

31 32 33

To increase the number of patients who were suitable for endovascular repair, endovascular aortoiliac and aortofemoral tapered grafts were combined with extravascular femorofemoral crossover grafts ( Fig. 52–1 ). [ ] [ ] [ ] One-piece bifurcated
prostheses were developed that required the contralateral limb to be pulled across the aortic bifurcation to the contralateral side by a crossover wire. Both iliac limbs were anchored by metal stents. The limitations of these devices became apparent, and a
second generation of prostheses was developed. In these, a metallic frame supported the fabric throughout to prevent kinking and to add column strength. The modular method was used to deploy bifurcated grafts, with component parts being delivered from
both groins. The delivery system’s internal diameter was reduced from 24F to 18F to 21F, and the flexibility was increased ( Fig. 52–2 ).
Tube Grafts

Although tube graft repair is preferred whenever possible in open repair procedures, it has become apparent that stent-graft treatment for infrarenal AAA requires a bifurcated graft system in most cases. The anatomy of the proximal neck and the iliac arteries

34] [35] [36]

is the major determinant of graft selection. In most patients assessed for this procedure, the distal “neck” or aortic cuff is unsuitable to implant a tube graft successfully.[

Even if the distal aortic cuff is 20 to 25 mm in length, it is often lined with

37
thrombus and is prone to late expansion, which may result in endoleak.[ ] Problems of achieving a good seal in the distal aorta are increased by the fact that accurate length determination for a tube graft may be difficult because of the curved tortuous path in
[38]
which the graft must lie

; this aspect is not so vital if a bifurcated graft is used because there is a longer attachment site within the iliac artery. One method of overcoming this problem with tube grafts is by customizing graft length at the time of the

39]

procedure by overlap of several tube grafts.[

This method commonly is used in endovascular treatment of thoracic aneurysms.

35 40

Several studies have shown that the percentage of patients suitable for tube grafts under current criteria is usually less than 5%.[ ] [ ] In most series, bifurcated grafts are being used for more than 90% of endoluminal graft procedures, with aortoiliac
tapered grafts making up the difference. In the abdominal aorta, tube grafts generally are restricted in use for focal saccular, anastomotic, or false aneurysms.
Bifurcated Grafts

Implanting a bifurcated graft configuration inside the aorta by remote access presents problems of how to manipulate the two graft limbs into the iliac arteries. To date, there have been two main techniques used:

41

42

43

1. Single-piece bifurcated grafts, such as the Guidant Ancure Endograft,[ ] the Chuter Device,[ ] and the Endologix Device, [ ] feature a single-piece bifurcated graft, which is introduced initially into the aorta, with one limb (the “contralateral
limb”) being manipulated into position by guide wires and pull-out wires directed across the aortic bifurcation by conventional interventional techniques.
2. Modular bifurcated grafts are usually two-piece or three-piece designs. The various component grafts are overlapped within the aorta or iliac arteries to construct the bifurcated configuration. The second iliac limb is inserted by separate contralateral
femoral artery access via antegrade puncture. Modular designs allow some degree of customization of graft component length or diameter to match individual patient anatomy.

44] [45]
46 47
48
(Boston Scientific, Natick, Mass), AneuRx [ ] [ ] and Talent[ ] devices (Medtronic, Eden Prairie,

Table 52–1 lists differences between single-piece and modular designs of bifurcated grafts. Modular component devices include the Vanguard[

49] [50]

Minn), Lifepath AAA Graft System[

51] [52]
53
(WL Gore, Flagstaff, Ariz), Fortron[ ] (Cordis, NJ), and Zenith

(Edwards Lifesciences, Irvine, Calif), Gore Excluder[
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Figure 52-1 A, Aortogram shows 6.5-cm abdominal aortic aneurysm with common iliac artery ectasia. B, Postoperative aortogram from the same patient 2 years after endoluminal repair using an aortofemoral endograft. The right common iliac artery has been
occluded by a detachable balloon, and the right limb has been revascularized by a femorofemoral crossover graft. (From May J, White GH, Yu W, et al: Repair of abdominal aortic aneurysms by the endoluminal method: Outcome in the first 100 patients. Med
J Aust 165:549–551, 1996.)

TABLE 52-1 -- Comparison of Single-Piece and Modular Bifurcated Endovascular Grafts
SINGLE-PIECE

MODULAR (MULTIPIECE)

Complex graft construction and delivery system

Simple graft components and delivery system

Graft dimensions determined at time of manufacture

Customized graft component selection may be available at time of procedure

Requires preliminary insertion of iliac crossover catheter

Requires guide wire access to the contralateral graft stump to place iliac limb

Single-piece construction may reduce potential for fabric leak or graft failure

Potential for leakage, disconnection, or stenosis at graft overlap zone

Difficult to deliver fully stented—may require additional stents implanted into graft limbs

Can be delivered as a fully supported stent graft
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Figure 52-2 Endovascular techniques. A, One-piece bifurcated endograft. B, Boston Scientific modular bifurcated endograft. C, World Medical modular bifurcated endograft. D, Medtronic modular bifurcated endograft.

TABLE 52-2 -- Anatomic Information Required for Endovascular Grafting of Abdominal Aortic Aneurysm
Aortic Neck
Diameter
Length
Shape
Angulation
Aortic Sac
Channel
Angulation
Distal diameter
Iliac Arteries
Diameter/patency
Length of common iliac
Shape/iliac aneurysm
Angulation
Calcification

diameters, it is important to recognize that some of the device companies recommend sizing with respect to the internal or luminal measurement of the aortic neck or iliac diameter, whereas others recommend measuring the external, adventitial diameter.
Vessel diameter measurements usually assume a circular or cylindrical shape, so it is important to verify that the true shape is not ovoid or irregular by reference to the three-dimensional images. The angles of deployed devices should be anticipated, and
consideration should be given as to whether this could be improved by use of a different access side or technique or by using different device components. Extra graft extensions of various sizes, balloons, access catheters, and guide wires should be available.
In cases in which there may be access difficulties, an alternative technique of access should be preplanned and the patient prepared and informed.

Device Oversizing
Most endovascular device companies recommend use of a graft that is oversized by approximately 10% to 15% compared with the diameters of the attachment zones in the aortic neck and the iliac arteries. This recommendation has been empirical, based on

56]

the fact that a self-expanding graft needs to deploy to a size large enough to attain attachment and seal within these sites. There also has been an argument that allowance should be made for late spontaneous dilatation of the aortic neck,[

although there is a

57
contrary view that deployment of an endograft high within the aortic neck has the effect of preventing neck dilatation.[ ] The true amount of oversizing that results depends on the method used for calculating the vessel diameters, for which there is no
standardized technique. Usually the aortic neck diameter is calculated with respect to the external (adventitial) surface so that the true diameter of the lumen may be considerably less and the graft diameter may be oversized substantially more with respect to
the lumen.
With severe oversizing, some endograft designs appear to cause dilatation of the neck because of their inherent radial expansile force. Excessive oversizing (≥20%) has been shown to be associated with increased graft migration rates with at least two self-

58] [59]

expanding device designs.[

58]

In one study, oversizing by more than 20% with the AneuRx graft resulted in late aortic neck dilatation and high rates of device migration.[

With the Zenith graft, oversizing of 30% in a multicenter phase II trial

59]

resulted in a 14-fold increase in migration rates, increased rate of AAA sac enlargement, and early dilatation of the aortic neck at the 6-month follow-up interval, which then stabilized out to 24 months.[

Although these changes may be device dependent,

60] [61]

avoidance of excessive oversizing is recommended. The characteristics of the neck itself also are important factors: A short neck or aortic neck angulation greater than 40% has significant adverse effects on the outcome.[
General Technique for Modular Bifurcated Graft Deployment

This section summarizes the general techniques for implantation of modular bifurcated devices, which are now used in most AAA cases. Each commercial device has variations or additions to this general technique, and the
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TABLE 52-3 -- Additional Equipment Required for Endovascular Graft Procedures
Fluoroscope with digital angiography capabilities
C-arm or fixed unit
Cine-loop recording and image recall facility
Radiolucent carbon-fiber procedure table
Power injector
Recommended for intraoperative and completion fluoroscopy studies
Radiopaque vascular contrast medium
Radiopaque ruler (centimeter increments) or marker board
Guide wires
A selection of various guide wires of adequate length (140–260 cm), including Amplatz Super-Stiff (diameter 0.035 inch or 0.038 inch), Terumo hydrophilic nonkink guide wires, and Bentson 0.035-inch wires
Angiocatheters, access sheaths, and guiding catheters
Assorted diameters and shapes
Angioplasty balloons
Aortic occlusion balloons
For ruptured aneurysms
Tool kit of extension grafts, stents

Snares
IVUS catheters and IVUS machine
Optional—for selected cases only
IVUS, intravascular ultrasound.

instructions for use for individual devices should be followed. Specific stages of the deployment procedure are described in further detail subsequently.

Endovascular repair may be performed under general, regional, or local anesthesia in an operating room or in an endovascular suite with facilities suitable for surgical cut-down approach. The operating room environment is preferred for the rare cases in which
it is anticipated that there may be a requirement for conversion to open repair in the event of failed endovascular repair or severe complications needing open operation. Endovascular AAA procedures require a large amount of additional equipment that is not
normally needed for open repair ( Table 52–3 ). Apart from the stent-graft device, equipment facilities required include a radiolucent carbon-fiber operating table and a C-arm image intensifier that provides cine-loop angiography with digital subtraction
capability and frame-by-frame replay. The patient is positioned so that the C-arm can be placed beneath the abdomen and lower chest without obstruction from the table. A radiopaque ruler or marker board may be placed beneath the patient as a reference
point during device deployment. In general, the goal is to place the stent-graft device so that it covers the whole length of infrarenal aorta from just below the lowest renal artery orifice, down to the region of the bifurcation of the iliac arteries. The attachment
length within the neck and within the iliac arteries should be as long as practical, with most device companies recommending attachment site lengths of at least 15 mm.

The common femoral arteries are exposed (or sometimes accessed percutaneously), guide wires and access sheaths are introduced, and heparin is administered. A preprocedure aortogram may be performed with a power injector; preferably with a calibrated
pigtail or straight-tip catheter introduced from the designated contralateral side, with the holes positioned immediately above the level of the renal arteries. The positions of the renal arteries, aortic bifurcation, and iliac bifurcation are noted. The dimensions
chosen for the device from preprocedural imaging may be confirmed by further diameter and length measurements made from this angiogram. Experienced teams often omit this full procedural aortogram, making use of preprocedural imaging and limiting
angiography at this stage to localization of the renal arteries.

Typically the trunk segment of a bifurcated graft with the incorporated ipsilateral iliac limb is implanted first, via the right femoral artery. The shape of the AAA sac, the tortuosity of the iliac arteries, and the perceived risk of dislodging mural thrombus all are
factors that may influence the choice of primary access side. The deployment sheath may be passed directly over the guide wire into the artery, or a transverse arteriotomy can be made in such a way that the guide wire is situated within the arteriotomy. The
catheter and prosthesis within it are introduced over a super-stiff guide wire after checking the orientation of the device under the image intensifier. The catheter is advanced under radiographic control until the superior end of the prosthesis is immediately
below the renal arteries. The image intensifier is moved superiorly to place the superior end of the prosthesis (and the renal arteries) in the center of the field. The angiographic catheter is withdrawn to the point where contrast material injected through it
accurately locates the exact position of the renal arteries. These last maneuvers eliminate parallax and avoid errors caused by the deployment sheath straightening an angled aorta and moving the renal arteries to a different level.

The trunk and ipsilateral limb of the bifurcated prosthesis are deployed under radiographic control. After ipsilateral limb deployment, attention is directed to passing a guide wire from the contralateral femoral artery through the contralateral stump of the
prosthesis; this usually can be achieved from below with an angled guiding catheter. If severe difficulty is experienced, the guide wire alternatively may be passed from the ipsilateral groin through the ipsilateral limb of the prosthesis and, again with the aid of
a guiding catheter, inferiorly through the contralateral stump into the aneurysm sac. From here, it may be retrieved by a snare passed from the contralateral groin.

After cannulation of the contralateral stump, the contralateral limb graft, within its catheter, is delivered under radiographic control to a position within and overlapping the contralateral stump (see Fig. 52–2 ). This position is identified by clearly visible
radiopaque markers on the stump and endograft limb ( Fig. 52–3 ). The limb is now deployed, again under radiographic control. Most self-expanding devices require adjunctive balloon dilatation at this stage to ensure that the stents are fully expanded and in
contact with the vessel wall. The pigtail catheter is reintroduced, and a postprocedure digital subtraction aortogram is performed. The cine loop is examined several times for the presence of endoleak, to confirm graft position and that an adequate segment of
iliac artery has been covered to provide secure distal fixation. Flow of contrast material through the iliac limbs also is examined for any kinking or twisting. When successful graft implantation has been confirmed, all catheters, sheaths, and guide wires may be
removed and the arteriotomy incisions repaired before closure of the groin wounds.
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Figure 52-3 A, Contrast CT scan shows an endoleak 1 year after endoluminal repair of an abdominal aortic aneurysm with a bifurcated endograft. The right limb of the endograft is circular in cross-section, indicating vertical disposition. The left limb is lying
transversely. B, On the table, preprocedure aortogram of the patient. A large circular endoleak due to dislocation of the left (contralateral) limb of the endograft is shown. Note the V-shaped radiopaque markers on the dislocated limb and the two vertical
radiopaque markers on the contralateral stump. C, Hard copy from image intensifier shows a guide wire that has been passed from the left brachial artery into the endograft and out through the contralateral stump into the aneurysm sac. A snare has been passed
superiorly through the dislocated contralateral limb to pull the brachial guide wire down to the femoral artery in the left groin. D, Postprocedure aortogram after deployment of an intrasegmental endograft to reunite the contralateral stump and contralateral
limb. Note the absence of endoleak and restoration of flow through the left limb of the endograft. (From May J, White GH: Endovascular leak. In Whittemore A [ed]: Advances in Vascular Surgery, vol. 6. St. Louis, Mosby-Year Book, 1998, pp 65–79.)

TABLE 52-4 -- Complications Specific to Endovascular Grafts
Early
X-ray radiation exposure

Potential risk to patients and staff
Trauma to access arteries
Perforation, dissection, or thrombosis of femoral or iliac artery
Microembolization
Due to dislodgment of mural components or thrombus from the AAA sac
Graft displacement or misplacement
Occlusion of major branch arteries
Renal artery, accessory renal arteries, mesenteric arteries
Endoleak
AAA rupture
Postimplantation syndrome
Fever, backache, malaise
Graft limb compression, stenosis, occlusion
Contrast allergy or renal failure
Late
Graft migration
Endoleak
Endotension
Late stenosis, kink, or thrombosis of graft or graft limb
Graft tear or failure, material fatigue, stent or wire form breakage
AAA rupture
AAA, abdominal aortic aneurysm.

Injuries to Arteries of Access

The passage of comparatively large-bore catheters, containing endografts, through tortuous and diseased femoral and iliac arteries may result in dissection or rupture. Such problems may become apparent not only during the introduction of the various guide
wires and catheters, but also after withdrawal of the delivery sheath. If iliac rupture occurs, the onset of bleeding often is delayed by the tamponading effect of the sheath. Although later generation prostheses are capable of being introduced through iliac
arteries with a considerable degree of tortuosity, the presence of heavy circumferential calcification considerably increases the risk of rupturing the artery. When this complication is suspected, it is important to maintain guide wire access so that immediate
endovascular management can be achieved by deployment of iliac extension grafts. If necessary, bleeding can be controlled by inflation of an angioplasty balloon more proximal in the iliac system while the extension graft is being prepared or while open
repair is done.

If it is not technically possible to correct an iliac dissection or rupture by endovascular means, we recommend placing a prosthetic surgical bypass graft from the common iliac artery to the common femoral artery via an extraperitoneal approach. This graft
allows simultaneous revascularization of the affected limb and ensures access to the common iliac artery for delivery of the endovascular device into the aneurysm.

Suprarenal arteries also are vulnerable to injury when the brachial route is used to complement access of the AAA. The seemingly harmless passage of a guide wire from the brachial artery down the descending thoracic aorta may result in substantial
intraperitoneal bleeding if it
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Figure 52-4 Skin changes in the left thigh after distal embolization in a patient with mural thrombus in the proximal neck of an abdominal aortic aneurysm treated by endoluminal repair.
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Chapter 53 - Intra-arterial Catheter-Directed Thrombolysis

ANTHONY J. COMEROTA MD, FACS

BACKGROUND

1

Vascular specialists have appreciated the benefits of catheter-directed intrathrombus infusion of fibrinolytic agents for arterial and graft occlusion. Although the regional delivery of plasminogen activators was performed in the 1960s,[ ] it has been a routinely
accepted therapy only since the 1980s. The evolution of intra-arterial catheter-directed thrombolytic therapy is the result of increasing interest in thrombolysis for all forms of thromboembolic vascular disease, an improved understanding of the technique of
delivery, rapidly improving technology and delivery systems, and expansion in the understanding and number of thrombolytic agents.

Currently, all thrombolytic agents are plasminogen activators. The goal of thrombolytic therapy is to deliver the plasminogen activator to the offending thrombus, regardless of its location. Because the primary and most efficient mechanism for thrombolysis is

2

penetration of the plasminogen activator into the thrombus, with activation of plasminogen that was bound to fibrin during the clotting process,[ ] it is intuitively evident that delivery of plasminogen activators into the thrombus should maximize lysis. When
the plasminogen activator is delivered into the thrombus, it is protected from circulating plasminogen activator inhibitors, improving its efficiency. On activation of fibrin-bound plasminogen, plasmin acts within the thrombus to lyse clot, while being protected
from circulating plasmin inhibitors. As regional or intrathrombus infusion continues, systemic activation of plasminogen occurs as a result of leakage of the plasminogen activator or plasmin into the bloodstream, resulting in breakdown of circulating
fibrinogen, clotting factors, and other plasma proteins.
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Although the medical literature is replete with clinical observations and institutional series documenting the benefit of intra-arterial catheter-directed thrombolysis compared with systemically delivered plasminogen activators for acute arterial and graft

3

occlusion, its improved efficacy was objectively established by Berridge and colleagues[ ] in a randomized study. Sixty patients with acute or subacute peripheral arterial thrombosis were randomized into a parallel group comparison of three thrombolytic
regimens—intravenous recombinant tissue plasminogen activator (rt-PA), intra-arterial rt-PA, or intra-arterial streptokinase. Patients treated with intra-arterial rt-PA had the greatest degree of successful lysis and clinical improvement. Intra-arterial rt-PA was
significantly better than intra-arterial streptokinase. Intra-arterial rt-PA and streptokinase were better than intravenous rt-PA. Intra-arterial rt-PA was safer than intra-arterial streptokinase (P < .05). This small but important study established the superiority of
catheter-directed lytic therapy over intravenous therapy, and the superior efficacy and safety profile of rt-PA compared with streptokinase.
The primary objectives of catheter-directed thrombolysis are to dissolve the occluding thrombus, restore perfusion, and identify the underlying cause of arterial or graft thrombosis, allowing definitive correction ( Figs. 53–1 and 53–2 ) Numerous investigators

4
5
have emphasized the importance of identifying and correcting an underlying lesion after successful lysis. McNamara and Bomberger[ ] and Gardiner and coworkers[ ] showed good patency rates after successful thrombolysis when an underlying lesion was
identified and corrected versus a dismal result when a lesion was not corrected ( Table 53–1 ). Important additional goals of therapy are as follows:
1.
2.
3.
4.
5.
6.
7.

Convert an urgent surgical procedure to an elective operative revascularization
Re-establish patency of an occluded but nondiseased inflow source for subsequent bypass
Lyse thrombi in distal arteries, restoring patency to the outflow of arteries
Convert a major vascular reconstruction to a limited, less extensive procedure
Prevent arterial intimal injury from balloon catheter thrombectomy by avoiding operative thromboembolectomy
Restore patency to branch vessels that are inaccessible to mechanical thrombectomy
Reduce the level of amputation in patients in whom complete success cannot be achieved

PATIENT SELECTION
The first step to successful treatment is appropriate patient selection. Randomized trials have helped to identify appropriate patients for catheter-directed thrombolysis; however, good clinical judgment with knowledge of the patient’s underlying
pathophysiology is most important for individual patient success. The observation that long segments of the vascular tree can be obliterated by acute thrombus precipitated by severe but relatively segmental atherosclerotic disease or neointimal fibroplasia is
the underlying rationale for catheter-directed thrombolytic

Figure 53-1 A, Completion arteriogram after catheter-directed thrombolysis of an acutely occluded iliofemoral bypass 9 months after implantation. The initial completion arteriogram shows no evidence of an underlying lesion. B, After repositioning the
patient in a more oblique position, a repeat arteriogram shows a high-grade stenosis at the graft-to–right common femoral artery anastomosis. Inset shows the neointimal fibroplastic lesion, which was removed at the time of anastomotic revision.

Figure 53-2 A, Initial arteriogram of a patient with an acutely occluded reversed saphenous vein femoropopliteal bypass. The bypass was functional for 3 years before thrombosis. B, Catheter-directed thrombolysis was patent and revealed a vein valve stenosis
in the mid-graft, which was resistant to balloon dilatation. C, After vein patch angioplasty, normal perfusion was restored to the lower extremity. ABI, ankle/brachial index.

TABLE 53-1 -- Subsequent Patency of Lower Extremity Bypass Grafts After Successful Catheter-Directed Thrombolysis: Importance of Identifying and Correcting Underlying Lesion
LESION CORRECTED (%)
Yes

No

4
McNamara and Bomberger[ ]

80

7

5
Gardiner et al[ ]

86

37

Thrombosed saphenous vein grafts that have been functioning for 1 year or more are likely to have a segmental underlying lesion responsible for graft failure.

Poor Candidates for Lytic Therapy
Patients whose underlying condition is associated with a low likelihood of success or a high complication rate or who have surgical options that offer higher success rates and fewer complications are considered poor candidates for catheter-directed
thrombolysis. Among them are patients with the following conditions:
■ Acute embolic occlusion of a large artery easily accessible via a limited operative procedure
■ Acute postoperative bypass graft thrombosis
■ Modest ischemia, producing tolerable symptoms (intermittent claudication)
■ Severe limb ischemia in which viability is imminently threatened, although these patients are also at high risk for operative management
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Early postoperative thrombosis is most often associated with either a technical error or poor patient selection for the bypass. For the former, operative thrombectomy is required with correction of the technical problem. For the latter, re-thrombosis is certain
after any mechanical or pharmacologic thrombectomy; additional intervention with lytic agents poses needless risk without potential gain. The combined complication and failure rate of thrombolysis in these patients is excessively high. Patients with severe
limb ischemia in which viability is imminently threatened are the most challenging patients, requiring the most experienced clinical judgment.

RANDOMIZED TRIALS
Many important randomized trials have been performed. These trials have compared catheter-directed thrombolysis with operative revascularization and one plasminogen activator with another. No trial has yet offered definitive conclusions, although many
important observations have been made that can guide current therapy and assist in the design of future studies.
Catheter-Directed Thrombolysis Versus Operative Revascularization
Rochester Trial

6

Ouriel and colleagues[ ] published an important study that has come to be known as the Rochester trial. This trial equally randomized 114 patients presenting with acute lower extremity arterial ischemia (≤7 days) to catheter-directed urokinase or operative
revascularization. The primary endpoints included limb salvage and survival. Thrombolysis was successful in 70% of the patients in the urokinase group. Cumulative limb salvage was 82% in each of the treatment groups at 12 months ( Table 53–2 ). Survival
was significantly improved, however, in patients randomized to thrombolysis (84% versus 58% at 12 months; P= .01). The authors attributed the mortality difference to be due primarily to cardiopulmonary complications occurring as a result of surgery. The
30-day mortality was not significantly different, however, between the two groups, and on the basis of subsequent randomized trial survival data, other mechanisms responsible for improved survival may be operative in the patients receiving thrombolytic
therapy.

TABLE 53-2 -- Major Observations from the Rochester Trial
THROMBOLYTIC THERAPY (n = 57)

SURGICAL THERAPY (n = 57)

PVALUE

Limb salvage at 12 mo

82%

82%

1.00

Survival at 12 mo

84%

58%

.01

Hospitalization (median)

11 days

11 days

1.00

Major bleeding

11%

6%

.06

Intracranial bleed

2%

0

NS

Hospital cost

$15,672

$12,253

.02

NS, not significant.

STILE Trial

7

The STILE (Surgery versus Thrombolysis for the Ischemic Lower Extremity) trial[ ] was designed to evaluate a strategy of catheter-directed thrombolysis versus operative revascularization and whether there were differences in outcome between rt-PA and
urokinase. Patients with chronic limb ischemia (6 months) and patients with acute limb ischemia were included in this study. At the time of randomization, patients were not stratified according to duration of ischemia. Outcomes were analyzed on an intent-totreat basis and a per-protocol basis. rt-PA initially was infused at 0.1 mg/kg/hr and decreased to 0.05 mg/kg/hr for 12 hours, or urokinase was given as a 250,000-IU bolus followed by 4000 IU/min for 4 hours, then 2000 IU/min for 36 hours. Endpoints were
intended to evaluate major complications such as death, persistent (or recurrent) ischemia, major amputation, and major morbidity (major morbidity was essentially bleeding). Additional endpoints included reduction in the magnitude of a surgical procedure,
the clinical outcome of the patient, length of hospitalization, and results according to the duration of ischemia at the time of randomization (acute versus chronic ischemia).
The Data and Safety Monitoring Committee halted the trial at the time of the first interim analysis because the overall outcome results met the statistical stopping rules established at the initiation of the trial. This decision was driven by the results (failure) of
catheter-directed thrombolysis in patients with chronic native artery occlusion. The overall results of the STILE trial are provided in Table 53–3 , which shows a significantly better outcome in patients randomized to surgery because of the greater success of
the revascularization procedure. The clinical outcome at 30 days was similar in the two groups due to a successful surgical revascularization procedure after failed lytic therapy.
Important insights were obtained when the outcomes of patients with acute limb ischemia were compared with patients with chronic ischemia. In patients with acute limb ischemia (<2 weeks), there was a significant reduction in major limb amputation and
significantly improved amputation-free survival in patients randomized to lysis. In patients with chronic ischemia, limb salvage was significantly better after surgical revascularization ( Table 53–4 ).
There was a reduction in the magnitude of the surgical procedure in patients randomized to lytic therapy (59% versus 5%; P= .001) and a reduction in duration of hospitalization in patients with acute limb ischemia who were randomized to thrombolysis
(P< .04). In patients with acute ischemia, failed primary lysis led to amputation in 30%, whereas a failed surgical procedure resulted in a major amputation in 68%. Detailed analysis failed to show any difference in efficacy or safety between the rt-PA and
urokinase groups; however, there was a significantly shorter time to lysis in patients randomized to rt-PA (8 hours versus 16 hours; P = .01).
Major bleeding complications occurred more frequently in patients randomized to thrombolysis, occurring in 5.6% of the patients in the lytic group and 0.7% of the patients in the surgical group (P= .014). The bleeding complications occurred early in the
course of lytic therapy, and the duration of therapy was no longer in patients experiencing bleeding complications compared with patients with no bleeding. The fibrinogen level was lower (188 mg/dL versus
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TABLE 53-3 -- STILE Trial Results: Outcome at 1 Month by Duration of Ischemia (Intention-to-Treat Analysis)
SURGERY (n= 135)
EVENT

No.

THROMBOLYSIS (n = 240)
%

No.

%

PVALUE

Duration of Ischemia: 0–14 Days (Count)

39

73

Composite clinical outcome

21

53.8

43

61.4

.459

Death

2

5.1

3

4.3

.810

Major amputation

7

17.9

4

5.7

.061

Ongoing/recurrent ischemia

15

38.5

34

48.6

.328

Major morbidity

10

25.6

15

21.4

.598

Life-threatening hemorrhage

0

0

4

5.7

.157

Perioperative complications

8

20.5

7

10

.098

Renal failure

0

0

0

0

—

Anesthesia complications

0

0

0

0

—

Vascular complications

1

2.6

5

7.1

.293

Postintervention wound complications

1

2.6

5

7.1

.293

Duration of Ischemia > 14 Days (Count)

96

Composite clinical outcome

28

29.2

107

62.9

<.001

4

4.2

5

2.9

.617

Death

170

Major amputation

2

2.1

9

5.3

.218

Ongoing/recurrent ischemia

20

20.8

99

58.2

<.001

Major morbidity

13

13.5

34

20

.169

Life-threatening hemorrhage

1

1.0

9

5.3

.080

Perioperative complications

5

5.2

7

4.1

.712

Renal failure

1

1

3

1.8

.618

Anesthesia complications

1

1

0

0

—

Vascular complications

4

4.2

18

10.6

.063

Postintervention wound complications

3

3.1

8

4.7

.526

310 mg/dL; P = .01), and the partial thromboplastin time (PTT) was longer (114 seconds versus 58 seconds; P = .26) in patients with a bleeding complication, suggesting a more severe induced coagulopathy in patients who bled. Three patients had intracranial
bleeds, which occurred with both lytic agents.

8

9

Further analysis of the patients in the STILE trial was performed evaluating the subsets with occluded native arteries[ ] and bypass grafts.[ ] The trial randomized 237 patients with lower extremity ischemia due to either iliofemoral or femoropopliteal native
arterial occlusion. Surgical revascularization was significantly better in patients with native arterial occlusion compared with catheter-directed thrombolysis. At 1 year, the incidence of persistent (or recurrent) ischemia (64% versus 35%; P< .0001) and major
amputation (10% versus 0%; P= .0024) was increased in patients who were randomized to lysis. Factors associated with a poor lytic outcome included infrainguinal occlusion, diabetes, and critical limb ischemia. Although no difference in overall mortality
was noted between the two groups, in evaluating the highest risk subset of patients, diabetics with infrapopliteal occlusive disease, there was a significant difference in 1-year mortality. Highest risk patients randomized to lysis had a 7% 1-year mortality
compared with 32% randomized to surgery (P < .05). Although lytic therapy did not improve lower extremity perfusion in these high-risk patients, it seemed to offer a survival benefit.

TABLE 53-4 -- STILE Trial Results: Death and Amputation Outcome at 6 Months, by Duration of Ischemia
0–14 DAYS

> 14 DAYS

Surgery
No.

Lysis
%

No.

Surgery
%

PValue

72

No.

Lysis
%

101

No.

%

PValue

Intent-to-Treat (Count)

40

Death/amputation

15

7.5

11

15.3

.01

10

9.9

31

17.8

.08

Death

4

10

4

5.6

.45

8

7.9

12

6.9

.81

Major amputation

12

30

8

11.1

.02

3

3

21

12.1

.01

Per-Protocol (Count)

36

Death/amputation

13

36.1

7

14

.02

9

10.1

30

21

.03

Death

4

11.1

3

6

.45

7

7.9

12

8.4

.99

Major amputation

10

27.8

5

10

.04

3

3.4

20

14

.01

50

174

89

143

803

Also randomized were 124 patients with lower extremity bypass graft occlusion. The results of thrombolysis depended on the duration of graft occlusion. Patients presenting with acute ischemia (0 to 14 days) had better lytic success resulting in a lower 1-year
amputation rate compared with patients randomized to surgery (20% versus 48%; P= 0.026). Patients with chronic graft occlusion (ischemia >14 days) had a better overall outcome (less ischemia) with surgical revascularization (P= .003). Patients with
prosthetic grafts had more major morbid events compared with patients with autogenous grafts.
TOPAS Trial

The observations made in the Rochester trial of improved survival with catheter-directed thrombolysis formed the basis for the design of the TOPAS (Thrombolysis Or Peripheral Arterial Surgery for acute limb ischemia) trials. The TOPAS trials compared

10

catheter-directed recombinant urokinase with surgical revascularization. The preliminary dose-ranging TOPAS trial[ ] involved 213 patients with acute limb ischemia randomized to one of three doses of recombinant urokinase (2000 IU/min, 4000 IU/min,
or 8000 IU/min) for 4 hours followed by an infusion of 2000 IU/min for 44 additional hours. The regimen of 4000 IU/min seemed to be most effective when overall efficacy and safety were considered. Although amputation-free survival was similar in the
urokinase-treated patients compared with the surgical control group, patients treated with thrombolysis required fewer major surgical procedures. Bleeding complications were greater in the urokinase group, and 2.1% had an intracranial bleed.

11

The dose-ranging study led to a larger comparison trial of recombinant urokinase with surgical revascularization in patients with acute limb ischemia. The TOPAS trial[ ] randomized 544 patients to either catheter-directed intra-arterial recombinant
urokinase or surgical revascularization. All patients were randomized within 14 days of acute arterial or graft occlusion. Amputation-free survival was the primary endpoint for this trial.

The major early and 1-year results are summarized in Table 53–5 . Amputation-free survival rates in the urokinase

TABLE 53-5 -- TOPAS Trial: Summary of Results

*

UROKINASE (n = 272)

SURGERY (n= 272)

Early
Recanalization

80%

—

Complete lysis

68%

—

Hospitalization (median)

10 days

10 days

Major hemorrhage

13%
6%

Intracranial bleed

†

1.6%

0%

Major amputation

15%

13%

Death

20%

17%

Amputation-free survival

65%

70%

Open surgical procedures

351

590

Percutaneous procedures

135

70

1 Year

* Percentages rounded except for intracranial bleed.
† P= .005.

TABLE 53-6 -- Consistent Observations from the STILE and TOPAS Trials of Catheter-Directed Thrombolysis for Acute Limb Ischemia
Patients with acute limb ischemia face a 1-year mortality of 10–20%
Treatment of occluded bypass grafts has a better outcome than treatment of native arteries
Risk of major bleeding increases with thrombolysis compared with surgical revascularization
Risk of a bleeding complication increases as coagulopathy worsens (decreased fibrinogen, prolonged PTT)
Risk of an intracranial bleed is approximately 1–2% with thrombolysis
Lytic patients require fewer open surgical procedures
PTT, partial thromboplastin time.
group were 72% at 6 months and 65% at 1 year compared with 75% and 70% in the surgery group. By 1 year, the surgical group had undergone 590 surgical procedures compared with 351 procedures in the urokinase group. Bleeding complications were more

common in patients treated with urokinase. Major hemorrhage occurred in 13% in the urokinase group compared with 6% in the surgical group (P = .005), with intracranial hemorrhage occurring in 1.6% of the urokinase group but none in the surgical group.
Although the primary endpoints of the STILE and TOPAS trials were different, there are consistent observations when patients with acute limb ischemia are compared ( Table 53–6 ).
Randomized Trials Comparing Lytic Agents
PURPOSE Trial (Recombinant Prourokinase Versus Urokinase)

12

The PURPOSE (Prourokinase versus Urokinase for Recanalization of Peripheral Occlusions, Safety and Efficacy) trial[ ] evaluated the potential of prourokinase offering added efficacy and safety advantages as an alternative to urokinase in patients
undergoing catheter-directed thrombolysis for acute limb ischemia. Recombinant prourokinase (r-ProUK) has theoretical advantages as a fibrin-specific agent, and its fibrinolytic activity is limited to the occluding thrombus. When prourokinase is activated,
however, urokinase may escape into the circulation with its attendant fibrinolytic activity (see Chapter 32 ). The PURPOSE trial was a well-designed, randomized, double-blind, parallel group, phase II, multicenter study comparing three doses of intra-arterial,
catheter-directed r-ProUK for the initial 8-hour infusion (2 mg/hr, 4 mg/hr, or 8 mg/hr), then continuing at 0.5 mg/hr versus urokinase at 4000 IU/min for 4 hours, then 2000 IU/min. The primary endpoint was complete (>90%) lysis of the occluding thrombus
after 8 hours of infusion. Amputation-free survival was also evaluated.
The results showed improved clot lysis at 8 hours, decreasing fibrinogen concentrations and increasing rates of bleeding observed as the r-ProUK dose increased from 2 mg/hr to 8 mg/hr. No intracranial bleeding events were observed in any group. Complete
lysis at 8 hours, major bleeding, and amputation-free survival results are listed in Table 53–7 . No significant differences in these endpoints were noted between groups. The risk of mortality was
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TABLE 53-7 -- Major Results from the PURPOSE Trial
COMPLETE (> 95%)LYSIS AT 8 HOURS (%)

*

MAJOR BLEEDING (%)

AMPUTATION-FREE SURVIVAL AT 30 DAYS (%)

2 mg r-ProUK

39

15

93

4 mg r-ProUK

44

20

85

8 mg r-ProUK

56

23

86

Urokinase

49

17

83

* No significant difference between treatment groups.

significantly lower in the 2-mg r-ProUK group, however, compared with the 8-mg r-ProUK group at hospital discharge (P = .037) and at 30 days. The risk of mortality was lower in the 2-mg r-ProUK group compared with the urokinase group (0% versus
6.9%; P= .038).
An important observation from this trial is that the rate of in-hospital amputation or death was greater in patients who experienced distal embolization during therapy than in patients who did not (19% versus 9%). The PURPOSE trial showed that r-ProUK is
potentially effective in the management of patients with acute limb ischemia; however, there was a dose-associated relationship of bleeding complications and fibrinogenolysis. This agent requires further investigation and dose modification to achieve an
optimal efficacy/safety balance.
Recombinant Tissue Plasminogen Activator Versus Urokinase

13

Mahler and associates[ ] conducted a prospective multicenter evaluation comparing rt-PA versus urokinase for patients undergoing catheter-directed thrombolysis for femoropopliteal occlusions. The authors integrated mechanical techniques with catheterdirected thrombolysis. Comparing lytic outcome alone, rt-PA seemed to be more effective than urokinase in restoring complete reperfusion by the end of lysis using an end-hole catheter (P= .045). When other mechanical techniques were used as adjunctive
therapy, however, results improved in both groups, and there was no significant difference in final outcome.

7

The STILE trial [ ] randomized the lysis patients to either rt-PA or urokinase. The details of the STILE trial have been reviewed in a previous section. The comparison of urokinase with rt-PA showed no differences in either efficacy or bleeding
complications. There was a significant difference in speed of lysis favoring rt-PA (P < .02).

14] [15]
Both studies chose relatively high doses of rt-PA to compare with moderate or low doses of

Two additional trials compared catheter-directed rt-PA versus urokinase for the management of patients with lower extremity arterial and graft occlusion.[

14

urokinase. Myerovitz and colleagues[ ] equally randomized 32 patients to receive rt-PA (10-mg bolus followed by 5 mg/hr for 24 hours) or urokinase (60,000-IU bolus followed by 240,000 IU/hr for 2 hours, then 120,000 IU/hr for 2 hours, then 60,000 IU/
hr for 20 hours). The endpoint of 95% clot lysis was achieved more rapidly (P = .04) with rt-PA, which may not be surprising considering the high bolus dose and high infusion dose of rt-PA relative to urokinase. At 24 hours, fibrinogen levels were lower (P
= .01), and there were more bleeding complications (P = .39) in the rt-PA patients. At 30 days, there was no difference in clinical success.

15

Schweizer and coworkers[ ] randomized 120 patients with acute or subacute infrainguinal arterial thrombosis. Patients randomized to rt-PA received a 5-mg bolus and a 5 mg/hr infusion. The urokinase patients received the relatively low dose of 60,000 IU/
hr infusion with no bolus. All patients received an intra-arterial heparin bolus of 5000 IU followed by an infusion of 700 to 750 IU/hr. Patients receiving rt-PA had better lytic success and more rapid lysis (P < .05) and had less severe ischemia at 6 months.
Although direct comparison of lytic agents in randomized fashion is valuable, widely disparate dosing between agents is likely to alter efficacy and safety based on the dose of drug delivered, rather than inherent differences between plasminogen activators.

16] [17]
18
Similar observations have been made with urokinase.[ ] It is imperative that comparable dosing

High-dose and bolus infusion of rt-PA have been shown to reduce lysis time and increase bleeding complications compared with lower doses.[
between agents be used in trials that are designed to evaluate differences in efficacy and safety of plasminogen activators.

Technical Aspects of Catheter-Directed Thrombolysis

Although catheter-directed thrombolysis is a broadly accepted therapeutic modality for patients with acute limb ischemia, substantial differences of opinion exist regarding nuances in technique, methods of administration, and mechanics of delivery of the lytic
agent. Adjunctive mechanical thrombus maceration is being investigated in an effort to restore perfusion more rapidly and reduce duration of lytic infusion; however, inherent complications are associated with thrombus maceration.

7 19
It is accepted that the “guide wire traversal test” is a good predictor of success of thrombolysis. Passage of a nonhydrophilic guide wire through the length of the occluded vessel is associated with a high likelihood of a successful outcome.[ ] [ ]
The technique of “thrombus lacing,” or giving an intrathrombus bolus dose of lytic agent, has been advocated to speed thrombolysis and shorten infusion times. This technique refers to the intrathrombus delivery of a concentrated form of lytic agent intended

18]
reported better outcomes in patients receiving high-dose intrathrombus bolus infusions of urokinase. This observation also was made in a prospective study of rt-PA infusion.

to saturate the thrombus with the plasminogen activator. Sullivan and colleagues[

[16]
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Intrathrombus, intermittent high-pressure infusion refers to the “pulsed spray” technique of delivering the thrombolytic agent. This technique forcefully injects the plasminogen activator into the thrombus to fragment the thrombus and increase the surface area
available for enzymatic action by the plasminogen activator. The purpose of this technique also is to accelerate lysis and shorten treatment time. It is accepted that when antegrade flow is established, there is no benefit from additional pulse-spray infusion

20] [21] [22]

compared with the continuous infusion technique.[

23

Greenberg and colleagues[ ] evaluated mechanical versus chemical thrombolysis in an experimental model assessing mechanisms of thrombolysis, time to reperfusion, and completeness of thrombus resolution. Using radiolabeled (iodine 125) thrombus in a
5-cm segment of polytetrafluoroethylene graft, three treatment regimens were evaluated: a pressurized pulse spray of saline, a similar pressurized pulse spray of urokinase, and a standard continuous infusion of urokinase. A 5% dextrose in water infusion
served as the control group. Time to reperfusion was significantly shorter in both of the groups using the pressurized spray technique, whereas there was no evidence of reperfusion at 90 minutes in the control group. The completeness of thrombus dissolution
was higher with the continuous infusion of urokinase compared with either of the power injection groups. The amount of embolic debris produced was significantly higher in both of the power injection groups compared with the continuous infusion of
urokinase. The size of the embolic particles decreased when urokinase was added to the solution used by the power injector. This well-designed in-vitro trial fits with many of the previous and subsequent clinical observations made by clinicians using
pharmacomechanical thrombolysis.
Percutaneous mechanical thrombectomy techniques have become increasingly popular. This is a heterogeneous group of devices designed to clear intravascular thrombus with the use of combinations of mechanical dissolution, thrombus fragmentation, and

24 25 26

aspiration.[ ] [ ] [ ] It is beyond the scope of this chapter to review the variety of methods available for percutaneous mechanical thrombectomy. These techniques are used with increasing frequency, however, in high-risk patients who are not
candidates for thrombolysis. They also are used to remove insoluble material or debulk thrombus in patients undergoing lytic therapy to accelerate restoration of flow and reduce the duration of lytic infusion. Several new techniques incorporate a saline jet
spray with an associated Venturi effect to fragment and lyse thrombus mechanically and suction the debris. Although many clinicians routinely incorporate these mechanical devices as either primary or adjunctive techniques to catheter-directed thrombolysis,
none is approved for intra-arterial use; this is also true for catheter-directed thrombolysis. Outcome data resulting from studies that incorporate two off-label techniques to achieve a single endpoint cannot be used for registration.

ADJUNCTIVE PHARMACOTHERAPY

Failure of catheter-directed thrombolysis occurs with disturbing frequency, as has been reported in prospective trials. Patients having successful lysis often require prolonged infusion times. Pericatheter thrombosis, ongoing thrombosis during infusion, and
recurrent occlusion are problems that have yet to be fully overcome.
Because catheters are placed in occluded arteries, a low-flow situation exists during an extended part of therapy. Pericatheter thrombosis and re-thrombosis of diseased arteries and grafts as a result of their significant thrombogenic stimulus have led to the use
of anticoagulants, especially heparin, during and after catheter-directed thrombolysis.
Because platelets are important in acute arterial thrombosis initially and postprocedure, it is intuitive that platelet inhibition be incorporated in all patients with significant underlying atherosclerotic disease. A new, potent class of platelet inhibitors are the
glycoprotein (GP) IIb/IIIa receptor antagonists. Although not routinely used in patients with peripheral arterial disease, it is appropriate that these agents be studied in this patient group in light of the benefits observed in patients undergoing percutaneous
coronary interventions.
Aspirin
Aspirin use is ubiquitous in patients with atherosclerotic disease. Aspirin use is appropriate in light of existing data showing the reduction in cardiovascular morbidity and mortality in these high-risk patients. Some thrombolytic therapy protocols routinely
have incorporated aspirin for all patients entering the trial. Although there are no randomized data available evaluating the relative benefits of aspirin in patients undergoing peripheral arterial thrombolysis, it is recognized that patients with peripheral arterial
disease have a twofold to threefold increase in death rate due to cardiovascular causes. Meta-analyses of numerous randomized trials have shown a 25% to 27% risk reduction of a major ischemic event if patients are given a platelet inhibitor—often aspirin.

[27] [28] It is appropriate that patients continue to receive aspirin while undergoing thrombolysis. The British Thrombolysis Study Group[29] showed improved outcomes in patients who were taking aspirin during catheter-directed thrombolysis.

Heparin

The beneficial effects of heparin have been elucidated in patients undergoing coronary thrombolysis. Associated with improved efficacy is the correlation, however, of hemorrhagic risk with higher heparin doses. Many observations have been made in

30]
failed to show benefit from low-dose (250 U/hr) heparin as an adjunct to rt-PA infusion. Because the heparin was given intravenously, the anticoagulant
[11]

peripheral arterial thrombolysis regarding benefits and risks of heparin. Berridge and associates[

effect in the target vessel was ineffective considering the thrombogenic stimulus. The TOPAS investigators

initially incorporated heparin infusion in their protocol. As a result of observations of increased bleeding with heparin and the correlation of a

31]

prolonged PTT with bleeding, their protocol was amended, and heparin was discontinued. Similar observations were made by Decrinis and coworkers.[

At the time the STILE protocol was written, the relative risks and benefits of heparin were controversial. The option of using heparin was left to the investigator. Heparin use was
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TABLE 53-8 -- Catheter-Directed Thrombolysis with rt-PA and Urokinase: Outcome Related to Heparin Use (STILE Trial)
HEPARIN (%)

NO HEPARIN (%)

PVALUE

Death

5

8

.46

Successful lysis

46

25

.06

Morbidity

24

21

.75

Death

3

0

.40

Successful lysis

54

25

.01

19

25

.74

rt-PA (n = 133)

Urokinase (n = 98)

Morbidity

*

* Most morbidity was bleeding.

split evenly in the rt-PA and urokinase patients, and the intravenous dose was in the 800 to 1000 IU/hr range. There was a marked difference in successful thrombolysis in patients receiving heparin ( Table 53–8 ). Bleeding complications were significantly
linked with low fibrinogen levels and a trend toward a prolonged PTT; however, bleeding complications were not linked directly to heparin.
Most clinicians intuitively would agree that heparin is beneficial in reducing thrombosis if used in an amount resulting in a therapeutic effect. To deliver adequate amounts of anticoagulant to the target vessel using an intravenous infusion, however,
unacceptably high doses of heparin must be given. Intra-arterial infusion of heparin into the target vessel delivers the necessary concentration to achieve benefit, while markedly reducing the systemic dose and reducing hemorrhagic risk.
Glycoprotein IIb/IIIa
The most potent platelet inhibitors are members of a new class of agents, the platelet GP IIb/IIIa receptor antagonists. These agents have been studied in clinical trials of coronary intervention and showed reduction in the short-term and long-term incidence of

32] [33] [34] [35] [36] [37]
These agents also reduced the risk of procedure-related thrombotic complications in patients with unstable angina undergoing coronary

death, myocardial infarction, and restenosis in patients requiring coronary angioplasty.[

38 39

angioplasty and stenting.[ ] [ ] To improve the results of peripheral thrombolysis, many investigators have evaluated the GP IIb/IIIa receptor antagonist, abciximab, as adjunctive pharmacotherapy. Abciximab is a chimeric (human/murine) monoclonal
antibody that selectively binds to the surface GP IIb/IIIa receptor, the final pathway in platelet aggregation. It also binds to the vitronectin receptor, potentially reducing neointimal smooth muscle cell migration and proliferation.

40 41 42 43 44

Numerous reports more recently have surfaced in the literature.[ ] [ ] [ ] [ ] [ ] Although the number of patients in each report is small, preliminary observations can be made that may improve the thoughtful application of patient care and should
be considered in the design of future trials. Observations from the existing reports suggest an improved primary success rate with thrombolytic therapy with fewer than anticipated bleeding complications. There is also a suggestion of improved sustained

44]

benefit in patients receiving abciximab. Ouriel and colleagues[

observed significantly reduced distal emboli when abciximab was added to reteplase during catheter-directed thrombolytic therapy for patients with acute or subacute arterial occlusion.

INTRAOPERATIVE INTRA-ARTERIAL THROMBOLYTIC THERAPY
Intraoperative thrombolysis has become recognized as an important and successful adjunct to open surgical thromboembolectomy. Clinical and laboratory studies have documented a high frequency of residual intraluminal thrombus after acute thrombosis and

45 46 47 48 49

balloon catheter thrombectomy.[ ] [ ] [ ] [ ] [ ] Residual thrombus increases the risk of re-thrombosis and failure of the revascularization procedure. A recent operation is considered a relative contraindication to thrombolytic therapy. It is
recognized, however, that plasminogen activators delivered to the thrombus can lyse acute clot effectively without causing a systemic lytic effect.

50

In a randomized, blinded, and placebo-controlled trial in patients undergoing elective infrainguinal reconstruction, the regional and systemic effects of three doses of urokinase (125,000 IU, 250,000 IU, and 500,000 IU) were investigated.[ ] Bolus infusions
of urokinase into the distal arterial circulation were safe and associated with the breakdown of complexed fibrin (elevated D dimer) but not with depletion of fibrinogen. Although there was dose-related plasminogen activation, there was not significant
plasminogen depletion compared with placebo. There were no additional bleeding complications in patients receiving urokinase. There was a significantly lower mortality in urokinase patients compared with controls.

After thromboembolectomy, a bolus dose of intra-arterial rt-PA or urokinase into the thrombectomized arteries is advised (distally and occasionally into the proximal arterial segments while the clamps are in place) ( Fig. 53–3 ). The vascular volume is
estimated, and 2 to 8 mg of rt-PA or 100,000 to 250,000 IU of urokinase is infused in an appropriate volume.

In patients who have extensive residual thrombus or multivessel distal thrombotic occlusion, repeated attempts at mechanical thrombectomy may be futile. In such cases, bolus dose infusion seems to be inadequate, and patients require an ongoing drip infusion.

[48] Depending on the volume of residual thrombus, a 20- to 30-minute drip infusion may lyse the thrombus and restore circulation. In many of these patients, an isolated limb perfusion is more effective ( Fig. 53–4 ). The isolated limb perfusion technique
begins with exsanguinating the venous blood with a rubber bandage, applying a thigh blood pressure cuff inflated to suprasystolic pressure, and infusing the lytic agent into the distal arterial tree with a slow hand infusion or attaching the arterial catheter to a
standard infusion pump while draining the venous effluent. Because the venous effluent is being drained, a large dose and volume of lytic agent can be used without any systemic lytic effect.
Another option in patients requiring isolated limb perfusion is the use of an extracorporeal pump. We have used this technique only in patients who have profound limb ischemia as a result of acute multivessel distal thrombosis,

Figure 53-3 Suggested algorithm for intraoperative intra-arterial thrombolytic therapy.
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Figure 53-4 Technique of intraoperative high-dose isolated limb perfusion of a thrombolytic agent in a patient at high risk for bleeding from any systemic fibrinolytic effect. This patient was 2 days post emergency coronary artery bypass graft surgery. She
developed multivessel distal arterial embolus/thrombosis after the percutaneous insertion and removal of an intra-aortic balloon counterpulsation pump. A, The intraoperative arteriogram after balloon catheter thrombectomy of the popliteal and tibial vessels
shows no perfusion into the foot. After arteriotomy closure, the patient’s foot remained pale and cool with no Doppler signals at the ankle. Additional thrombus could not be mechanically removed. B, The patient’s limb was elevated and the venous blood
exsanguinated with a rubber bandage. A sterile blood pressure cuff was placed on the distal thigh and inflated to 250 mm Hg. The popliteal vein was cannulated with a red rubber catheter and drained into a basin. Catheters were placed into the anterior tibial
and posterior tibial arteries, and 1 million IU of urokinase was infused into the lower leg in a volume of 1 L of saline (500,000 IU/500 mL in each tibial artery) over 20 minutes. After completion of urokinase infusion, the limb was flushed with a heparin and
saline solution. The red rubber catheter was removed, and the venotomy was closed primarily. The arterial catheters were removed, and the arteriotomy was closed with a patch. C, A postinfusion arteriogram showed significant improvement of perfusion to
the foot. The patient had a palpable dorsalis pedis pulse and a pink foot after wound closure.
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Chapter 54 - Complications of Endovascular Procedures
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As more endovascular techniques are performed, the number of interventionists rises, and the array of endovascular techniques continues to expand, we will increasingly encounter complications from these procedures. Some of the complications are simply a
function of the access, such as arteriovenous fistula (AVF), bleeding, and pseudoaneurysm. Others are specific to the type of procedure being performed on the target vessel, such as renal artery dissection and stent migration from iliac veins. Furthermore, with
each new device, unexpected and occasionally unique complications are identified and treatment strategies gradually refined; examples of device-related complications are migration of an aortic stent-graft, failure to retrieve an inferior vena cava (IVC) filter,
occlusion of an embolization protection device, and femoral artery infection due to closure devices. Consequently, the interventionist must be aware of these complications and the salvage options available for them. In this chapter we describe some of the
more commonly encountered complications and discuss their management.

ACCESS SITE COMPLICATIONS
The frequency of groin complications after an endovascular procedure varies according to the type of procedure being performed. Because of the very large number of coronary interventions performed compared with peripheral procedures, reports of groin
complications tend to predominate after those interventions. The incidence of groin
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TABLE 54-1 -- Type of Complications of Endovascular Procedures Requiring Surgical Intervention

COMPLICATION

INCIDENCE (%)

Pseudoaneurysm

61.2

Hematoma

11.2

Arteriovenous fistula

10.2

External bleeding

6.1

Retroperitoneal hematoma

5.1

Arterial thrombosis

3.1

Groin abscess

2.0

Mycotic aneurysm

1.0

1 2 3
complications is 0.05% to 0.7% after cardiac catheterization but is much higher after percutaneous transluminal angioplasty, 0.7% to 9.0%. [ ] [ ] [ ] Peripheral vascular complications include hematoma, pseudoaneurysms, AVFs, acute arterial occlusions,
1

cholesterol emboli, and infections; such complications occur with an overall incidence of 1.5% to 9%.[ ] In descending order of frequency they are: groin hematoma, rebleeding, pseudoaneurysm, AVF, arterial occlusion, and distal embolization.
Complications following intravascular interventions that require surgical repair are listed in Table 54–1 . The anatomic distribution of access site complications, showing their rates within the common femoral, superficial femoris, and profunda femoris

4 5
arteries, is shown in Figure 54–1 . As a result of the growing use of groin closure devices, an unusual complication, arterial infection, is being reported much more frequently.[ ] [ ] Acceptable threshold incidences for these complications have been
6
described by the Society for Interventional Radiology ( Table 54–2 ).[ ]

Figure 54-1 Distribution of puncture sites associated with groin complications.

TABLE 54-2 -- Society for Interventional Radiology’s Threshold Complication Rate for Quality Assurance After Groin Puncture and Angiography
COMPLICATION

THRESHOLD (%)

Hematoma

3

Occlusion

0.5

Pseudoaneurysm

0.5

Arteriovenous fistula

0.1

Catheter-induced complications:
Arterial dissection

2

Subintimal injection

1

Cerebral angiography:
All neurologic complications

4

Permanent neurologic complications

1

Contrast agent reactions:
All reactions

3

Major reactions

0.5

Contrast agent–induced renal failure

10

From Singh H, Cardella JF, Cole PE, et al: SCVIR Standards of Practice Committee, Society of Cardiovascular and Interventional Radiology: Quality improvement guidelines for diagnostic arteriography. J Vasc Interv Radiol 13:1–6, 2002.

Groin Hematoma

Groin hematoma may be trivial or potentially life threatening ( Figs. 54–2 and 54–3 ). Sudden-onset massive bleeding can occur ( Fig. 54–4 ). Symptoms vary from mild groin discomfort to severe pain, huge swelling, and potential necrosis of the overlying
skin from pressure of the hematoma. Initially ecchymosis is minimal, but it worsens. As the patient ambulates, the ecchymosis extends down the thigh, changing to a more yellowish appearance. The patient with a hematoma that is under observation should be
cautioned about these developments. Eventually the discoloration extends into the leg below the knee, a development that does not represent new bleeding. Extent of a hematoma and presence or absence of retroperitoneal extension are best determined on
computed tomography (CT) ( Fig. 54–5 ). Rarely, active bleeding can be seen on angiography, which can be associated with hemodynamic instability ( Fig. 54–6 ).

Figure 54-2 Thigh enlargement from a large groin hematoma. Note the minimal amount of ecchymosis at this stage.

Figure 54-3 A tense thigh hematoma that has undergone treatment by observation. There is extensive ecchymosis and early skin compromise.

Figure 54-5 CT scan shows left groin hematoma around the femoral vessels and in the subcutaneous tissues.

Figure 54-4 Massive thigh hematoma is developing despite an external compression device.

Figure 54-6 Rarely seen angiographic appearance of active bleeding from a puncture site in the femoral artery.

Figure 54-7 A, Diagram of an arteriovenous fistula. B, Typical appearance of fistula on duplex scanning.

Figure 54-7 A, Diagram of an arteriovenous fistula. B, Typical appearance of fistula on duplex scanning.

Figure 54-8 Diagram of typical femoral pseudoaneurysm.

Figure 54-9 Duplex scanning examination of pseudoaneurysm showing tract from the femoral artery into the pseudoaneurysm cavity.

TABLE 54-3 -- Complications After Arterial Repair
COMPLICATION

RATE (%)

Aspiration pneumonia

1.05

Neuralgia

5.25

Wound bleeding

7.35

Retroperitoneal bleeding

2.1

Lymph leak

1.05

Limb swelling

1.05

Myocardial infarction

1.05

Septicemia

2.1

Death

3.1

Observation is very reasonable management for small pseudoaneurysms that are not associated with a lot of discomfort. Most small pseudoaneurysms undergo spontaneous thrombosis within 2 to 4 weeks. It is likely, however, that concurrent anticoagulation
decreases the likelihood that spontaneous thrombosis will occur.

Ultrasonography-guided compression can also be used to treat a pseudoaneurysm. The neck of the pseudoaneurysm, identified as a high-velocity jet, is localized with ultrasonography, and direct compression is applied with the transducer. Pressure is increased
until the jet is obliterated and then continued for 20 minutes. Mean time to thrombosis is 22 minutes of compression, but some cases require up to 120 minutes This procedure may be associated with significant discomfort, so sedation and analgesia are always
required. This approach is also very labor intensive because it requires the exclusive services of a technician to apply the pressure.

Ultrasonography-guided thrombin injection is an “off-label” use for thrombin (i.e., a use not approved by the U.S. Food and Drug Administration), but this treatment is very successful in inducing thrombosis of pseudoaneurysm and thereby avoiding surgery.

[14] [15]
Retroperitoneal Hematoma

16

Retroperitoneal hematoma (RPH) after groin puncture is an uncommon (0.15% incidence) but morbid complication.[ ] It is perhaps the most feared complication of groin puncture. The term retroperitoneal hematoma refers to blood contained within the
retroperitoneum, but several patterns occur. An iliopsoas hematoma occurs when bleeding enters and is confined within the fascia of the iliopsoas muscle. The psoas muscle contains the lumbar plexus, and this pattern of hematoma may be more likely to be
associated with compression neuropathy ( Fig. 54–10 ). In contrast, the space between the peritoneum and retroperitoneal structures is potentially vast and can contain huge quantities of blood, which may be very difficult to detect clinically ( Fig. 54–11 ).
Hematomas in this location can lead to dramatic elevation and compression of the ipsilateral kidney.
Lower abdominal pain that develops in any patient who has undergone groin puncture should be suspected of being due to RPH. Abdominal examination usually shows tenderness only. Occasionally, palpable fullness may be detected. Thigh pain, numbness,
or quadriceps weakness should lead to suspicion of RPH and femoral nerve compression and mandates urgent CT and possible decompression. Postcatheterization anticoagulation and high arterial puncture have been identified as the principal risk factors.
Early recognition is essential and should be prompted by a falling hematocrit, lower abdominal pain, or neurologic changes in the lower extremity. There should be a low threshold for performing abdominopelvic CT scans in patients with these findings. This
modality is diagnostic (see Fig. 54–9 ).
Management of RPH must be individualized. Patients with neurologic deficits in the ipsilateral extremity need urgent decompression of the hematoma. Anticoagulation should be stopped or minimized. Evidence of hematoma progression on serial CT scans
necessitates surgical evacuation and repair of the arterial puncture site.

Figure 54-10 Anatomy of the retroperitoneal space.
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Figure 54-11 Hematoma lateral to the psoas major muscle within the retroperitoneal space.

Figure 54-12 Toe ischemia (trash foot) as a result of distal embolization.

Figure 54-13 Mycotic pseudoaneurysm as a result of common iliac perforation and retroperitoneal hematoma.

Figure 54-14 Anatomy of the brachial and axillary neurovascular bundles.

Figure 54-15 T1-weighed magnetic resonance image of the forearm. The black arrow indicates a small hematoma at the antecubital fossa, and the white arrow indicates the radial artery as it crosses the antecubital fossa.

Figure 54-16 A, Orator’s hand posture: The patient has been asked to make a fist. The hand is held in an “orator’s hand” posture. This is typical of a high median nerve palsy, in which there is paralysis of the flexor pollicis longus and the flexor digitorum
profundus of the second digit, which leads to an inability to pinch together the thumb and index finger. B, The extensive bruising of the right forearm was noted 2 days after the angiogram in the same patient.

Figure 54-17 Mycotic aortic aneurysm complicating infection of an iliac Wallstent, which occurred after prolonged lysis followed by stent placement. Infection in the artery has resulted in destruction of the iliac artery wall and extension into the aorta. (From
Hoffman AI, Murphy PT: Septic arteritis causing iliac artery rupture and aneurysmal transformation of the distal aorta after iliac artery stent placement J Vasc Interv Radiol 8:215–219, 1997.)

Figure 54-18 Left renal artery dissection and pseudoaneurysm formation (arrow).

Figure 54-19 Thrombosis of left renal artery following percutaneous transluminal angiography. The thrombus is seen extending into the distal main renal artery.

Figure 54-20 Restenosis of right renal stent 3 months after implantation.

Figure 54-21 Occlusion of stent in right common iliac artery.

Figure 54-22 Thrombus has formed inside the right common iliac stent.

Figure 54-23 Iliac rupture after percutaneous transluminal angiography resulting in dye extravasation.

TABLE 54-4 -- Society for Interventional Radiology’s Threshold Complication Rate for Use of Inferior Vena Cava (IVC) Filters
COMPLICATION

REPORTED RATE (%)

THRESHOLD (%)

Death

0.12

<1

Recurrent pulmonary embolism

0.5–6

5

IVC occlusion

2.0–30.0

10

Filter embolization

2.0–5.0

2

Grassi LJ, et al: Quality improvement guidelines for percutaneous permanent inferior vena cava filter placement for the prevention of pulmonary embolism. J Vasc Interv Radiol 12:137–141, 2001.

TABLE 54-5 -- Reported Complications of Inferior Vena Cava (IVC) Filter Placement
COMPLICATION

REPORTED RATE (%)

IVC penetration

0–41

Migration

0–18

Fracture

2–10

Access site thrombosis:
All

0–25

Occlusive

3–10

Insertion problems

5–50

IVC filters are widely used. Specific complications of their use are IVC occlusion, vena caval penetration, filter migration, and filter maldeployment ( Tables 54–4 and 54–5 ). Wire prolapse is unique to the bird-nest filter and is usually asymptomatic.

28]

Guidewire entrapment, usually with J-wires, is another complication unique to IVC filters. Care must be taken in advancing and retrieving guidewires in the venous system when IVC filters are present.[

REFERENCES

1. Nasser TK, Mohler ER 3rd, Wilensky RL, Hathaway DR: Peripheral vascular complications following coronary interventional procedures. Clin Cardiol 18:609–614, 1995.
2. Zahn R, Thoma S, Fromm E, et al: Pseudoaneurysm after cardiac catheterization: Therapeutic interventions and their sequelae: Experience in 86 patients. Cathet Cardiovasc Diagn 40:9–15, 1997.
3. Fransson SG, Nylander E: Vascular injury following cardiac catheterization, coronary angiography, and coronary angioplasty. Eur Heart J 15:232–235, 1994.
4. Dangas G, Mehran R, Kokolis S, et al: Vascular complications after percutaneous coronary interventions following hemostasis with manual compression versus arteriotomy closure devices. J Am Coll Cardiol
38:638–641, 2001.

5. Toursarkissian B, Mejia A, Smilanich RP, et al: Changing patterns of access site complications with the use of percutaneous closure devices. Vasc Surg 35:203–206, 2001.
6. Singh H, Cardella JF, Cole PE, et al; SCVIR Standards of Practice Committee, Society of Cardiovascular and Interventional Radiology: Quality improvement guidelines for diagnostic arteriography. J Vasc Interv
Radiol 13:1–6, 2002.

7. Kresowik TF, Khoury BV, Miller BV, et al: A prospective study of the incidence and natural history of femoral vascular complications after percutaneous transluminal coronary angioplasty. J Vasc Surg 13:328–
335, 1991.

8. Kent KC, McArdle B, Kennedy DS, et al: A prospective study of the clinical outcome of femoral artery pseudoaneurysms and arteriovenous fistulas induced by arterial puncture. J Vasc Surg 17:125–133, 1993.
9. Perings SM, Kelm M, Jax T, Strauer BE: A prospective study on the incidence and risk factors of arteriovenous fistulae following transfemoral cardiac catheterization. Int J Cardiol 88:223–228, 2003.
10. Lumsden AB, Miller JM, Kosinski AS, et al: A prospective evaluation of surgically treated groin complications following percutaneous cardiac procedures. Am Surg 60:132–137, 1994.
11. Baltacioglu F, Cimsit NC, Cil B, et al: Endovasculr stent-graft applications in iatrogenic vascular injuries. Cardiovasc Intervent Radiol 26:434–439, 2003.
12. Knight CG, Healy DA, Thomas RL: Femoral artery pseudoaneurysms: Risk factors, prevalence and treatment options. Ann Vasc Surg 17:503–508, 2003.
13. Perler BA: Surgical treatment of femoral pseudoaneurysm following cardiac catheterization. Cardiovasc Surg 1:118–121, 1993.
14. Hughes MJ, McCall JM, Nott DM, Padley SP: Treatment of iatrogenic femoral artery pseudoaneurysms using ultrasound-guided injection of thrombin. Clin Radiol 55:749–751, 2000.
15. Lennox AF, Delis KT, Szendro G, et al: Duplex-guided thrombin injection for iatrogenic femoral artery pseudoaneurysm is effective even in anticoagulated patients. Br J Surg 87:796–801, 2000.
16. Sreeram S, Lumsden AB, Miller JS, et al: Retroperitoneal hematoma following femoral arterial catheterization: A serious and often fatal complication. Am Surg 59:94–98, 1993.
17. Wagner SC, Gonsalves CF, Eschelman DJ, et al: Complications of a percutaneous suture-mediated closure device versus manual compression for arteriotomy closure: A case controlled study. J Vasc Interv
Radiol 14:735–745, 2003.

18. Mackrell PJ, Kalbaugh CA, Langan EM, et al: Can the Perclose suture-mediated closure system be safely used in patients undergoing diagnostic and therapeutic angiography to treat lower extremity ischemia? J
Vasc Surg 38:1305–1308, 2003.

19. Whitton Hollis H, Rehring TF: Femoral endarteritis associated with percutaneous suture closure: New technology, challenging complications. J Vasc Surg 38:83–87, 2003.
20. Kent KC, Moscucci M, Gallagher S, et al: Neuropathy after cardiac catherization: Incidence, clinical patterns, long term outcome. J Vasc Surg 19:1008–1014, 1994.
21. Tsao BE, Wilbourn AJ: The medial brachial fascial compartment syndrome following axillary arteriography. Neurology 61:1037–1041, 2003.
22. Kennedy AM, Grocott M, Schwartz MS, et al: Median nerve injury: An underrecognised complication of brachial artery cardiac catheterisation? J Neurol Neurosurg Psychiatry 63:542–546, 1997.
23. Fiorani P, Speziale F, Calisti A, et al: Endovascular graft infection: Preliminary results of an international inquiry. J Endovasc Ther 10:919–927, 2003.
24. Hoffman AI, Murphy PT: Septic arteritis causing iliac artery rupture and aneurysmal transformation of the distal aorta after iliac artery stent placement. J Vasc Interv Radiol 8:215–219, 1997.
25. Walton KB, Hudenko K, D’Ayala M, Toursarkissian B: Aneurysmal degeneration of the superficial femoral artery following stenting: An unusual infectious complication. Ann Vasc Surg 17: 445–448, 2003.
26. Ashar RM, Huettl EA, Halligan R: Percutaneous retrieval of a Wallstent from the pulmonary artery following stent migration from the iliac vein. J Intervent Cardiol 15:101–106, 2002.
27. Feghaly EL, Soula P, Chaiban F, et al: Endovascular retrieval of two migrated venous stents by means of balloon catheters. J Vasc Surg 28:541–546, 1998.
28. Stavropoulos SW, Itkin M, Treatola SO: In vitro study of guidewire entrapment in currently available inferior vena caval filter. J Vasc Interv Radiol 14:905–910, 2003.
Section X - COMPLICATIONS OF VASCULAR SURGERY AND ISCHEMIA: PREVENTION AND MANAGEMENT
Bruce A. Perler MD

821

Chapter 55 - Overview

BRUCE A. PERLER MD

CARDIAC COMPLICATIONS: SCREENING AND PREVENTION ( Chapter 56 )
Prevalence
It is well accepted that there is a high prevalence of coronary artery disease among patients with significant peripheral arterial occlusive disease. It has been suggested that the vascular surgeon should assume that all patients undergoing peripheral vascular
intervention have at least subclinical coronary atherosclerosis. It is estimated that approximately 50,000 non–cardiac surgical patients experience a perioperative myocardial infarction (MI) annually, and more than 50% of the 40,000 postoperative deaths that

1 2
occur each year in the United States are secondary to transmural MI.[ ] [ ] Cardiac disease continues to represent a major cause of morbidity and is one of the leading causes of mortality following vascular surgical procedures. Although the incidence of fatal

3 4 5
MI has declined substantially in recent years, it is reported that myocardial ischemia occurs in 20% to 40% of vascular surgical patients, and all forms of cardiac adverse events occur in roughly 50%.[ ] [ ] [ ] In addition, the severity of underlying coronary
artery disease is an important consideration in electing percutaneous versus open surgical revascularization procedures.

Screening

There is no consensus on how aggressive one should be in performing preoperative cardiac evaluation in vascular surgical patients for several reasons. First, although coronary disease continues to represent a significant cause of perioperative morbidity,
cardiac mortality rates have declined significantly in recent years among patients undergoing a variety of vascular surgical procedures. Since the 1990s, the rate of perioperative MI has ranged from 0% to 7% (mean 2.2%) and fatal MI has ranged from 0% to
5% (mean 1.4%) after open aortic surgery in several published series. Among patients undergoing infrainguinal bypass surgery, the reported rates of MI and fatal MI have ranged from 1.6% to 11% (mean 4%) and 0% to 4.5% (mean 1.8%). Similarly, although
carotid artery disease is a sensitive marker for coronary artery disease, perioperative cardiac morbidity is low in reported series. Since 1990, the rates of perioperative MI and fatal MI have ranged from 0% to 4.2% (mean 1%) and 0% to 1.9% (mean 0.4%).
Second, evidence suggests that acute coronary syndromes may not occur in association with the most severe coronary atherosclerotic lesions. Rather, it seems that plaque erosion and rupture secondary to inflammation around the plaque may be an important
factor in producing cardiac complications. Cardiac screening examinations typically identify hemodynamically significant lesions, however, which may not be vulnerable to rupture and symptomatic events.
In addition, analysis of several series failed to show a consistent benefit of aggressive preoperative coronary disease screening. Most authors would agree that cardiac risk stratification is imprecise at best. It seems that the reduction of cardiac morbidity after
vascular surgical procedures among patients who undergo aggressive preoperative screening may be balanced by the morbidity associated with coronary angiography, percutaneous coronary revascularization procedures, and coronary artery bypass surgery.
Also, occasionally patients have deferred undergoing the vascular surgical procedure after the coronary intervention.
Finally, it has been argued that the purported benefit of successful coronary revascularization in improving long-term
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survival among patients with severe coronary disease in general may not apply to the patient population with severe peripheral arterial occlusive disease. Until ongoing randomized trials are completed, it is reasonable to select patients for coronary

6
revascularization based on their underlying symptomatic history, regardless of the need for peripheral vascular surgical intervention.[ ] Widespread routine screening does not seem justified, however, on a cost efficacy basis.
Prevention
The reduction in major cardiac morbidity among vascular surgical patients in recent years reflects significant improvement in perioperative medical management. A preponderance of evidence indicates that perioperative beta blockade is associated with a
significant reduction in acute and long-term cardiac mortality in vascular surgical patients. Specifically the incidence of perioperative ischemic complications, including MI, cardiac death, and overall operative mortality, is reduced among patients treated with

7

beta blockers.[ ] There is no compelling evidence, however, that the prophylactic administration of nitroglycerin intraoperatively significantly reduces the incidence of perioperative cardiac events. Likewise, it is difficult to prove a clear benefit for many
other perioperative medical modalities among patients undergoing major vascular reconstructive surgery. Numerous investigations have failed to offer compelling evidence that pulmonary artery catheter–based monitoring of the patient’s volume status
reduces perioperative morbidity.

RESPIRATORY COMPLICATIONS IN VASCULAR SURGERY ( Chapter 57 )
Postoperative respiratory complications are a major cause of perioperative morbidity and mortality in vascular surgical patients. The most common postoperative complications include atelectasis, bronchospasm, pharmacologically induced hypoventilation,

8
aspiration, pneumonia, pulmonary edema, and acute respiratory distress syndrome (ARDS) and respiratory failure. Nosocomial pneumonia is the leading cause of death due to hospital-acquired infections, with mortality rates ranging from 20% to 50%. [ ]
[9] Gram-negative bacteria are responsible for approximately 60% of nosocomial pneumonias.[8] Although most cases of nosocomial pneumonia occur outside of the intensive care unit, the highest risk is in patients on mechanical ventilation.
Minimizing the incidence of respiratory complications in elderly vascular surgical patients begins in the preoperative period by identifying key risk factors, including patient-related and procedure-related variables. The most important patient-related risk
factors include preexisting chronic lung disease, asthma, tobacco use, obesity, upper respiratory tract infection, metabolic derangements, and overall health status. In addition to addressing active respiratory infection and maximizing the patient’s overall health
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status before elective vascular surgery, smoking cessation is one important potentially modifiable risk factor. Active smoking is associated with a threefold increased risk of postoperative respiratory complications.[ ] [ ] [ ] It has been found that
patients who have quit smoking recently experience an increased rate of postoperative respiratory complications compared with active smokers, although the reason for this seemingly paradoxical effect is not clear. Nevertheless, smoking cessation should
occur at least 1 to 2 months before surgery to be clinically beneficial.

Procedural variables associated with an increased incidence of postoperative respiratory complications include upper abdominal or thoracic surgical site, duration of surgery longer than 3 hours, and type of anesthesia and type of neuromuscular blockade.
There is ongoing controversy with respect to the impact of anesthetic method on the incidence of postoperative respiratory complications. A meta-analysis of 141 trials including nearly 10,000 patients identified a reduced incidence of pulmonary complications
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among patients receiving epidural or spinal anesthesia compared with patients receiving general anesthesia.[ ] In a study from the Johns Hopkins Hospital, 168 patients undergoing abdominal aortic surgery were randomized to receive either thoracic
epidural anesthesia combined with light general anesthesia or general anesthesia alone intraoperatively and either intravenous or epidural patient-controlled analgesia postoperatively. Epidural patient-controlled analgesia correlated with significantly shorter
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time to extubation, although the treatment groups experienced comparable times to intensive care unit discharge and comparable postoperative pain scores.[

Preoperative pulmonary function testing historically has been an important part of preoperative pulmonary risk assessment, although more recent studies have challenged its role in risk stratification. Pulmonary function testing can be useful in identifying
patients for whom elective vascular surgery may be deferred or an endovascular approach selected or patients requiring open abdominal or thoracic vascular reconstruction for whom more intensive preoperative pulmonary management is indicated. In an era
of increasing cost consciousness, preoperative chest x-rays are of minimal value. In a meta-analysis including more than 14,000 chest x-rays, in only 140 cases were unexpected findings identified, and in only 14 cases was management influenced by the
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findings.[

Acute respiratory failure is a general term encompassing diverse pulmonary pathologic conditions, and it implies significant ventilation, perfusion, or gas exchange abnormalities. Prevention of atelectasis, minimizing the period of postoperative mechanical
ventilation, strict glucose control, and prevention of bacterial infection are some of the most important means of minimizing the development of postoperative respiratory complications. Acute respiratory failure may be hypoxic, hypercapnic, or both in
etiology. The appropriate management of respiratory failure includes ruling out a mechanical cause, such as pneumothorax, hemothorax, obstructed endotracheal tube, occluded airway, or ascites, as the first step; oxygen delivery should be maximized; and
oxygen consumption should be reduced by identifying and treating infection, by providing appropriate sedation, and by optimizing carbon dioxide removal. Failure to correct the underlying pathologic process adequately and persistence of an inflammatory
state result in the development of ARDS. Predisposing factors for the development of ARDS include sepsis, blood transfusions, pneumonia, pulmonary contusion, cardiopulmonary bypass,
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pancreatitis, and other conditions. Currently, newer methods of ventilation using low tidal volumes and limiting plateau pressure may be protective to the lung and may minimize additional pulmonary injury.

RENAL COMPLICATIONS ( Chapter 58 )
Operative mortality among patients undergoing aortic surgery has declined significantly in recent decades. One important reason for this decline has been a reduced incidence of postoperative renal dysfunction. Although the incidence of postoperative renal
failure seems to have declined since the 1990s, it continues to be a significant potential complication of patients undergoing aortic reconstruction, especially among patients who present with a ruptured aortic aneurysm. Postoperative renal failure continues to
be associated with high operative mortality. An understanding of normal renal physiology and mechanisms of perturbation are paramount to limiting the development of this morbidity.
Aortic reconstructive surgery is associated with significant volume shifts, resulting from local tissue trauma related to operative dissection, hemodynamic changes secondary to aortic clamping and unclamping, and operative blood loss. In total, there is a
decrease in intravascular volume and activation of neuroendocrine mechanisms that reduce the excretion of sodium and water by the kidneys. In addition, there is an accumulation of fluid in the extracellular “third space” as a result of shifts in the tissue acidbase balance secondary to temporary tissue ischemia, the impact of blood loss, the reduction in cardiac output perioperatively, and the systemic effects of circulating stress hormones. Recognition of this pathophysiologic process and aggressive fluid

16]
It has been shown that mobilization of third-space fluid does not occur for 2 to 5 days after surgery in most cases, and this must

resuscitation using balanced salt solutions in the perioperative period reduce the likelihood of renal functional deterioration.[
be considered in directing postoperative fluid management.

Alterations in renal function after aortic surgery may range from mild natriuresis to acute renal failure requiring dialysis, and there are several potential causes. Renal dysfunction usually is manifested by oliguria or a rise in the serum creatinine level. Prerenal
factors are the most common cause of oliguria in the early postoperative period, owing to either intravascular volume depletion or cardiac dysfunction. Renal artery occlusive disease, or ischemic nephropathy, may be a factor. Postrenal factors are the least
common cause of oliguria and include urethral, ureteral, or urinary catheter obstruction.
Renal parenchymal injury is a more common cause of postoperative renal dysfunction and is most likely to result in permanent renal functional compromise. Acute tubular necrosis refers to all parenchymal causes of acute renal failure. The most common
causes of acute tubular necrosis in the vascular surgical patient include ischemic injury secondary to shock, renal artery occlusion, atheroembolism, multisystem failure, and toxic injury, most often due to contrast dye injury or myoglobinuria. The incidence of
ischemic renal injury is greater after surprarenal compared with infrarenal aortic clamping and is greatest after repair of thoracoabdominal aortic aneurysms. Recovery of renal function in this setting depends on patient age and the duration of renal ischemia.
Atheroembolism increasingly is being recognized as an important cause of renal dysfunction, either due to manual manipulation and clamping of the atherosclerotic aorta or in association with catheter-based procedures, but it also can occur spontaneously.
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Worsening renal function in a patient with known atherosclerotic disease or a patient using an angiotensin-converting enzyme inhibitor should raise the suspicion of ischemic nephropathy.[

There are multiple potential causes of toxic renal injury in the vascular surgical patient, including most commonly aminoglycosides, radiologic contrast media, and myoglobin. Preexisting renal dysfunction, advanced age, volume contraction, and use of other
nephrotoxic agents are associated with an increased incidence of nephrotoxicity. The primary site of iodinated contrast agent nephrotoxicity is the renal tubule. Preexisting renal dysfunction, diabetes mellitus, volume depletion, and the total volume of contrast
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agent administered increase the risk of contrast-induced renal dysfunction in a vascular surgical patient.[ ] The amount of time that the kidney tissue is exposed to the contrast agent seems to be a significant factor in mediating contrast-induced renal
dysfunction. Minimizing the contrast volume and maximizing urine flow during and after angiography are useful strategies to minimize the incidence of this complication. N-Acetyl cysteine may protect against the development of contrast-induced renal
dysfunction by scavenging reactive oxygen species.
Among patients undergoing aortic reconstruction, several strategies can be used to reduce the likelihood of postoperative renal dysfunction. The patient should be administered systemic anticoagulation with heparin before aortic cross-clamping. Mannitol (12.5
to 25 g) also should be administered before cross-clamping. This agent acts not only as an osmotic diuretic, but also as a free radical scavenger. Dopamine may be beneficial to increase renal perfusion, glomerular filtration rate, and urine output during aortic
surgery, although its clinical benefit to reduce the incidence of postoperative renal failure is uncertain. A dopaminergic type 1 receptor agonist, fenoldopam, also may reduce the incidence of postoperative renal failure by increasing the glomerular filtration rate
through increase of flow to the inner cortex and medulla of the kidney. At the Johns Hopkins Hospital, partial left heart bypass with distal aortic perfusion is used to minimize the period of visceral ischemia during thoracoabdominal aortic aneurysm repair,
although some authors have questioned its value in preventing postoperative renal failure.

INFECTION IN PROSTHETIC VASCULAR GRAFTS ( Chapter 59 )
At a time of enormous progress in the diagnosis and treatment of peripheral vascular disease, prosthetic graft infection remains a difficult challenge for the surgeon and a potentially devastating complication for the patient. The overall incidence of prosthetic
graft infection ranges from less than 1% to 5%, and the incidence varies with the anatomic location of the conduit, reoperative versus primary procedure, elective versus emergent operation, host defenses,
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and a variety of other patient-specific variables. Prosthetic graft infection may present at any time, from within days of the operation to many years postoperatively. In general, graft infection most commonly affects prostheses in the groin and leg. With the
evolution of endovascular techniques to treat occlusive and aneurysmal disease, stents and stent grafts also are vulnerable to infection, albeit with an incidence of less than 1%. Staphylococcus aureus has been the organism most commonly cultured in
prosthetic graft infection and is seen in 25% to 50% of cases. Reports suggest that methicillin-resistant S. aureus is responsible for 25% of prosthetic graft infections in contemporary practice. The prevalence of gram-negative organisms also is increasing, and
these tend to be more virulent infections. Likewise, Staphylococcus epidermidis increasingly is being identified as a cause of graft infection, especially late graft infection.
Diagnosis
The clinical presentation of prosthetic graft infection depends on the anatomic location, the timing of presentation, and the virulence of the organism involved. As noted, most prosthetic graft infections occur in the groin, and the clinical signs may include mild
cellulitis, a sinus tract, anastomotic pseudoaneurysm, or frank hemorrhage. Grafts confined to the abdomen or chest may present with a picture of systemic sepsis or general malaise. Graft enteric fistula is one manifestation of prosthetic graft infection in the
abdomen (see Chapter 61 ).
Many radiographic studies may be valuable in making the diagnosis of graft infection. Computed tomography (CT) is most useful in evaluating thoracic or abdominal grafts. Perigraft fluid or gas, soft tissue inflammation, anastomotic pseudoaneurysms, and
frank abscess formation can be identified easily and are strongly suggestive of an infected conduit. Magnetic resonance imaging is also a useful modality in assessing infection of intracavitary prostheses. Ultrasound is a cost-effective technique for evaluating
possible infection of peripheral bypass grafts. Anastomotic pseudoaneurysms, perigraft fluid in a long-term graft, and frank abscess formation are strongly indicative of prosthetic graft infection. Formal arteriography confirms anastomotic breakdown, which is
suggestive of infection, and may be helpful to plan operative repair.
The evaluation of possible prosthetic graft infection also may include a radiolabeled white blood cell scan, which can identify the presence of leukocytes within the perigraft tissues. Many radionuclide agents have been used, including indium 111, technetium
99m hexametazime, and gallium 67 citrate. In the author’s experience, this modality can provide circumstantial evidence of infection, but there can be false-positive and false-negative results.
Treatment
The dogma that infection involving a foreign body can be eradicated only by the complete removal of that foreign body is the basis for the conventional treatment of prosthetic graft infection—complete graft excision and revascularization, if necessary,
through clean tissue planes. Over the years, some of the highest rates of operative mortality and morbidity have been observed in association with this approach, and these high rates have stimulated the pursuit of less aggressive forms of therapy. The strategy
elected to treat prosthetic graft infection depends on the anatomic location of the graft, the responsible organism, and the extent of graft involvement. In most cases, infection involving the entirety of an aortic graft mandates complete graft removal and
performance of an extra-anatomic axillobifemoral or bilateral axillopopliteal bypass graft. Evidence suggests that staging the procedure, with performance of the extra-anatomic bypass 1 or 2 days before the abdominal procedure, reduces overall operative
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morbidity.[ ] [ ] In the 1990s, several series noted an operative mortality rate ranging from 11% to 30% among patients undergoing excision of infected aortic grafts and extra-anatomic bypass. Aortic stump blowout and limb loss are mid-term and longterm potential complications. In-situ graft replacement has been successful in the setting of prosthetic graft infection with S. epidermidis. Infection involving one limb of an aortofemoral bypass graft usually requires complete excision of the limb and extraanatomic reconstruction. When infection of an aortofemoral, femorofemoral, or femorodistal bypass graft seems to be localized to the groin, wide soft tissue débridement, with or without graft replacement, and coverage with a rotational muscle flap may be
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successful, particularly if relatively low-virulence organisms are involved.[
is the most appropriate strategy.

Early experience with infection involving aortic stent grafts and arterial stents suggests that complete removal of the foreign body and reconstruction with autogenous tissue

ANASTOMOTIC ANEURYSMS ( Chapter 60 )
The incidence of anastomotic aneurysms has declined in recent years secondary to improved synthetic graft material, discontinuation of silk sutures for construction of arterial anastomoses, and meticulous attention to surgical technique. The overall incidence
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of anastomotic aneurysms is low, and most aneurysms occur at the femoral level. In two large series, the incidence of femoral anastomotic aneurysms was 2.4% and 13.6%. [
bypass as the underlying artery develops progressive degenerative disease.

The incidence of anastomotic aneurysms increases with time after the

The causes of anastomotic pseudoaneurysms include suture disruption, graft deterioration, arterial degeneration, physical stress, technical imperfection, and infection. Although most anastomotic aneurysms are pseudoaneurysms, occasionally true aneurysmal
degeneration of the native artery may be the underlying pathologic condition. Careful attention to surgical technique in performing an anastomosis is paramount in minimizing the incidence of anastomotic aneurysms. This attention includes taking adequate
bites of the artery wall, avoiding excessive space between bites, avoiding tension on the suture line when tunneling the graft, avoiding the development of wound hematoma, and meticulous attention to sterile technique. The clinical presentation depends on the

anatomic site of involvement. As noted, most present in the groin as asymptomatic palpable masses. Progressive enlargement may result in pain, leg swelling secondary to adjacent venous compression, or muscle weakness
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due to neural compression. Complications of anastomotic aneurysms include rupture, acute thrombosis, and distal embolization in a few cases. Indications for repair of a femoral anastomotic aneurysm include progressive enlargement, size greater than 2 to 2.5
cm in diameter, development of symptoms, or development of complications. Anastomotic aneurysms involving the aorta or iliac arteries are usually asymptomatic and identified when radiographic studies are performed for other reasons. Any patient
presenting with a femoral artery anastomotic pseudoaneurysm should undergo evaluation of other anastomotic sites to rule out synchronous anastomotic breakdown. Aortic and iliac artery anastomotic aneurysms occur more commonly in patients who have
undergone graft placement for aneurysm as opposed to occlusive disease. The indications for repair of an aortic anastomotic aneurysm include an aneurysm greater than 4 cm in diameter, an enlarging lesion, and symptoms such as back pain or complications
secondary to the lesion. It is recommended that iliac anastomotic aneurysms merit repair if they exceed 3.5 cm in diameter.
Because infection is an increasingly important etiology for anastomotic pseudoaneurysm, sepsis must be ruled out before undertaking repair. In the absence of infection, inline graft replacement of the involved area of the graft, after securing adequate proximal
and distal control, is the most appropriate and efficacious approach. Infection with S. epidermidis is an important cause of anastomotic pseudoaneurysms, and there is growing evidence that inline reconstruction may be successful in this scenario. With more
virulent organisms, however, extra-anatomic bypass with resection of the infected tissue should be done. In some patients with aortic or iliac artery anastomotic pseudoaneurysm, endoluminal covered stent or stent graft repair may be a useful option.

AORTOENTERIC FISTULAE ( Chapter 61 )
Secondary aortoenteric fistulae (i.e., involving a previously placed aortic graft) are more common than primary fistulae and represent one of the most serious and potentially devastating complications of aortic reconstructive surgery. Most commonly,
secondary aortoenteric fistulae present as a direct communication between the aorta and a bowel segment at the aortic-graft anastomosis. Less often, an aortoenteric fistula may present as a communication between the body of the graft and a bowel segment,
also known as graft enteric erosion. More than 80% of aortoenteric fistulae involve the duodenum, but the colon, appendix, small bowel, stomach, and esophagus have been affected in rare cases. With improvement in operative technique, the incidence of
aortoenteric fistula has declined in recent years and now is 1% or less. The incidence of aortoenteric fistula is roughly two times higher after repair of ruptured aortic aneurysm compared with intact aortic aneurysm repair. Aortoenteric fistula formation has
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been reported after aortic stent graft placement.[

Infection of the graft is believed to be the etiology of aortoenteric fistula development in many cases. This observation is supported by numerous clinical and laboratory studies. Pulsatile graft pressure on the adjacent duodenum and duodenal injury at the time
of graft implantation are other potential etiologies of this complication. In light of this, careful attention to the technical details of operation is crucial in minimizing the development of this complication. Important considerations include eliminating breaks in
sterile technique; avoiding excess tension on the duodenum and other bowel segments by fixed retraction systems; and maximizing soft tissue coverage of the newly placed graft with the aneurysm wall, retroperitoneal tissue, and omentum.
The clinical presentation of an aortoenteric fistula includes gastrointestinal bleeding, sepsis, and abdominal pain, although this complete triad is seen rarely in most patients. Three quarters of patients present with bleeding, which occasionally may be massive
initially, but in most cases is self-limited and known as a “herald bleed.” The evaluation must proceed expeditiously to rule out other causes of gastrointestinal bleeding because massive hemorrhage may ensue at any time after presentation. Any patient with a
previous history of aortic graft placement who presents with gastrointestinal bleeding must be assumed to have an aortoenteric fistula until proved otherwise. A few patients present with signs of graft infection but without overt bleeding. Abdominal pain is
relatively uncommon among patients presenting with a secondary aortoenteric fistula.
Upper gastrointestinal endoscopy is a valuable diagnostic test, largely to rule out other causes of bleeding, such as a duodenal or gastric ulcer. The examination should include the third and fourth portions of the duodenum and must be done cautiously to
minimize the likelihood of disrupting a tamponading thrombus at the fistula site. Occasionally the actual graft material is visualized during the examination. More recently, contrast-enhanced CT has been shown to be a valuable diagnostic adjunct. Although
the fistula often is not visualized, periaortic gas or fluid or both, an anastomotic pseudoaneurysm, bowel wall thickening, and retroperitoneal inflammatory signs all are suggestive of graft infection and possible fistula formation. Arteriography is less useful and
may add unnecessary delay to carrying out the definitive treatment. If the patient presents with massive bleeding or is unstable, immediate exploration without performing diagnostic testing may be required.
Definitive management of a patient who presents with an aortoenteric fistula depends on the hemodynamic stability of the patient, the extent of sepsis in the graft bed, and the underlying arterial anatomy. If the patient is hemodynamically stable, experience
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suggests that performing an extra-anatomic bypass followed by staged removal of the graft and bowel repair minimizes operative mortality and morbidity, including the risk of limb amputation.[ ] In the setting of ongoing hemorrhage, abdominal exploration
must be carried out expeditiously. Typically a midline laparotomy is used, although if the right axillary artery can be used for inflow for the extra-anatomic bypass, a left retroperitoneal exposure would facilitate suprarenal/supraceliac aortic control, which
usually is required. After graft excision and bowel repair, the abdomen is closed, and clean instruments are used to construct the extra-anatomic bypass after repeat preparation of the patient. Alternatively, in-situ reconstruction may be done using lower
extremity deep veins, cryopreserved autogenous conduits, or antibiotic-soaked
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prosthetic grafts after aggressive retroperitoneal débridement.[

There should be minimal retroperitoneal contamination. Endovascular adjuncts, such as placement of an aortic occlusion balloon to achieve proximal control or deployment of a
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temporizing covered stent across the fistula, have been used in some centers.[ ] [ ]

ISCHEMIC NEUROPATHY ( Chapter 62 )
Ischemic neuropathy describes any peripheral nerve injury resulting from a decrease in blood supply, including a large or small vessel occlusive process; the ischemia may be acute or chronic. Acute ischemia may be associated with transient symptoms with
complete recovery, whereas a more prolonged period of acute ischemia may eventuate in permanent nerve damage. The tolerance of nerve function to chronic ischemia has not been well studied in humans. Peripheral neuropathy develops in some patients with
chronic arterial occlusive disease, and it is important to establish this neurologic etiology for the patient’s symptoms before undertaking arterial reconstruction aimed at alleviating the symptoms. After an episode of severe acute ischemia, some patients
continue to experience persistent neuropathic symptoms after successful revascularization. Neuropathic symptoms include pain that is burning in character and that is frequently worse at rest and at night. Neuropathic pain is unrelieved or affected by exercise.
The involved extremity may be warm while the patient perceives it to be cold. There may be muscle wasting of the affected foot and abnormal reflexes. Ischemic neuropathic findings are typically asymmetric as opposed to the symmetric presentation of
diabetic neuropathy or neuropathy secondary to alcohol or other etiologies.
Severe arterial insufficiency should be ruled out in evaluating severe foot pain in a patient with peripheral arterial occlusive disease. If adequate perfusion is documented, a diagnosis of ischemic neuropathy should be considered, and several diagnostic tests
should be performed. The presence and severity of ischemic neuropathy can be established with several electrophysiologic studies, including motor nerve conduction and sensory nerve conduction studies and needle electrode examination. In the absence of
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significant arterial insufficiency, most patients with ischemic neuropathy are treated conservatively. A relatively novel approach has been the use of intramuscular gene therapy to administer vascular endothelial growth factor.[

Ischemic mononeuropathy is seen in association with small vessel diseases, such as diabetes and vasculitides. Scattered reports of peroneal, tibial, and femoral neuropathy secondary to large vessel occlusive disease have been reported. Multiple
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mononeuropathies have been described in dialysis patients after construction of arteriovenous access sites and most likely represent a “steal” phenomenon.[ ] Diabetes mellitus is often a predisposing factor. Patients typically complain of pain in the affected
hand and associated weakness, although the hand is usually warm. Nerve conduction studies show decreased motor and sensory evoked potentials. Ligation of the access site resolves symptoms in most cases. Finally, endovascular stent graft placement has
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been reported to result in many neuropathies, including lumbosacral plexus dysfunction with lower extremity weakness, sciatic neuropathy, femoral neuropathy, and autonomic neuropathy secondary to pelvic arterial flow interruption.[

LYMPHATIC COMPLICATIONS ( Chapter 63 )
Lymphatic complications are seen commonly after open vascular surgical procedures and include the development of extremity edema, lymphorrhea, lymphocele, chylous ascites, or chylothorax. Careful attention to meticulous operative dissection and early
recognition and treatment of these complications are crucial to minimizing overall morbidity.
Lower extremity edema is experienced by most patients after infrainguinal bypass graft procedures and results from the increased production of lymphatic fluid and operative disruption of lymphatic drainage channels. Venous obstruction and insufficiency
play a minimal role in the etiology of postbypass limb edema. Careful attention to avoiding disruption of lymphatic channels and ligation of lymphatic channels when division is necessary during the groin dissection is crucial in minimizing the development
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and extent of postbypass leg edema. Two prospective randomized studies showed a reduced rate of lymphatic complications using endoscopic as opposed to conventional open saphenous vein harvest.[
continues to be the mainstay of conservative management.

The use of graded compression stockings

Lymphatic injury in the groin also may present either with lymphorrhea or the development of a lymphocele. Most cases of lymphorrhea present within days after surgery. If the lymph drainage does not resolve quickly with conservative management,
including bed rest, pressure dressings, and prophylactic antibiotics, operative intervention is indicated. The challenge is identifying the leaking lymphatic channel in the groin. The administration of isosulfan blue into the web spaces of the foot just before groin
exploration often identifies the leaking lymphatic. A collection of lymph fluid in the groin, a lymphocele, often can be managed expectantly unless it is causing discomfort. Percutaneous sclerotherapy, using talcum, fibrin sealant, a variety of antibiotics, or
povidone-iodine, has been shown to be effective in treating lymphoceles in many centers. If the fluid-filled mass is enlarging or in the presence of a prosthetic graft, operative repair is indicated. The key to successful repair, as with lymphorrhea, is
identification of the culprit lymphatic. The sac should be closed in layers over a closed suction drain. Rarely a lymphocele may present in the retroperitoneum, or a retroperitoneal lymphocele may present with a groin lymphocele. CT-guided aspiration has
been successful in treating some cases, and in others sclerotherapy is curative. When operative repair is undertaken, isosulfan blue may be useful to identify the leaking retroperitoneal lymphatic. If chyle is identified in the cyst, whipped cream may be
administered via a gastric tube 4 hours before exploration to identify the source of the leak.
Chylous ascites is a rare but potentially morbid complication after abdominal aortic surgery. Symptoms include progressive abdominal distention, pain, nausea, and dyspnea, with the potential for significant malnutrition. Conservative management includes the
administration of a medium-chain triglyceride diet, with total bowel rest and the use of total parenteral nutrition, and paracentesis as necessary, in the
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most severe cases. Operative ligation of the leaking para-aortic lymphatic channels is reserved for failures of conservative management. Chylothorax may be seen rarely after thoracic aortic and thoracoabdominal aortic aneurysm surgery. Chest tube drainage
and nutritional management, as for chylous ascites, is successful in most cases. Patients who fail conservative management should undergo operative ligation of the thoracic duct via open surgery or thoracoscopically. Parietal pleurectomy has been reported to
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be successful when no discrete leak can be identified at surgery.[
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Percutaneous embolization of the cysterna chyli with coils and glue has been reported to be successful in treating patients with chylothorax.[

POSTOPERATIVE SEXUAL DYSFUNCTION AFTER AORTOILIAC INTERVENTIONS ( Chapter 64 )
Although rates of operative mortality, graft patency, limb salvage, and other objective metrics traditionally have been used to assess the outcome of vascular surgical procedures, in recent years increasing attention appropriately has been focused on quality-oflife outcomes. Postoperative sexual dysfunction is one such quality-of-life issue. Leriche first identified impotence as a sign of aortoiliac occlusive disease more than 80 years ago. Impotence may develop as a complication of aortoiliac reconstruction, or in
some cases preexisting impotence may be improved through arterial reconstruction.
Before undertaking aortoiliac reconstruction for occlusive or aneurysmal disease, the surgeon should obtain an accurate history with respect to the patient’s sexual function, and this should be well documented in the medical record. More objective evidence of
penile arterial inflow can be obtained using either penile plethysmography or duplex assessment of penile flow after administration of a vasoactive agent.
Postoperative sexual dysfunction refers to impotence and ejaculatory abnormalities. Impotence after aortoiliac reconstruction typically results from interruption of internal iliac artery flow. Disruption of para-aortic autonomic nerve fibers may result in
retrograde ejaculation with or without erection and orgasm, anejaculation, failure of emission, or normal erection with failure to achieve ejaculation or orgasm. Preservation or improvement of internal iliac artery flow and protection of para-aortic autonomic
nerve fibers are the keys to optimizing postoperative sexual function. Dissection outside the aorta should be kept to a minimum to avoid nerve plexus injury and to minimize the risk of atheroembolism. In repairing an abdominal aortic aneurysm, the aneurysm
should be entered to the right of midline, and the inferior mesenteric artery should be ligated intraluminally. Dissection at the aortic bifurcation should be avoided. Likewise, reconstruction for aortoiliac occlusive disease should be accomplished with minimal
extra-aortic dissection. Among patients with preoperative impotence, reconstruction of at least one internal iliac artery should be considered. Among younger sexually active patients undergoing aortoiliac reconstruction for occlusive disease, an extra-anatomic
femorofemoral bypass generally avoids sexual dysfunction.

POSTOPERATIVE GRAFT THROMBOSIS: PREVENTION AND MANAGEMENT ( Chapter 65 )
Early postoperative thrombosis of a vascular reconstruction represents a potentially devastating complication for the patient. In one series, 1 year after a failed infrainguinal bypass graft thrombosis, 50% of patients had undergone amputation of the affected
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limb.[ ] Likewise, carotid endarterectomy site complications have been the most common cause of perioperative stroke.[ ] [ ] Optimal patient care depends on prevention of early perioperative thrombotic complications. The causes of early vascular
reconstructive failure include technical factors and patient variables. As a result of improvements in the technologic ability to assess the technical precision of arterial reconstructions intraoperatively, early graft failure is now secondary to technical
imperfection in a few cases in centers of excellence.

Prevention

Numerous studies have shown that early postoperative bypass graft thrombosis is a poor prognostic sign for late graft patency and limb salvage. Every effort should be made to confirm the technical adequacy of the repair at operation. Simple palpation of the
bypass graft and target vessel is a notoriously imperfect means of assessing the adequacy of the technical reconstruction, and many more objective methodologies are now available and should be liberally used. Completion arteriography has been a widely
accepted “gold standard” method for assessing the technical adequacy of the bypass graft, although it has limitations. Often the proximal anastomosis is excluded from the film, and typically only a single plane of view is obtained; this may miss subtle
abnormalities, such as residual platelet-fibrin debris or intimal defects. The wider availability of digital subtraction angiography, often using a C-arm or fixed angiographic unit in the operating room, obviates these limitations of completion arteriography.
Continuous wave Doppler provides a quick assessment of graft flow and runoff. It is most useful for detecting residual arteriovenous fistulae in in-situ reconstructions. Although a high-frequency flow signal may indicate a technical problem in the graft or
runoff, this technology provides a subjective and insensitive assessment; also, it provides no image. Intraoperative B-mode ultrasonography has been used but is limited by the inability to differentiate moving blood from fresh clot and the significant operator
experience required to obtain optimal images. Duplex ultrasonography has emerged as a more valuable method to assess the technical adequacy of the infrainguinal bypass graft. Low-flow velocities or highly accelerated flow jets indicate intrinsic lesions in
the graft, and imaging can confirm this pathophysiologic observation. Several studies have confirmed the value of intraoperative duplex scanning in achieving optimal bypass graft patency. Angioscopy is another modality used by some to assess bypass graft
adequacy.

Likewise, the efficacy of carotid endarterectomy is predicated on a low rate of perioperative neurologic complications. The incidence of technical abnormalities identified intraoperatively ranged from 5% to 43% (mean 12%) in a
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review of more than 2000 carotid endarterectomy procedures.[

Although most abnormalities were detected in the external carotid artery, the incidence of internal carotid artery defects was 6.5%. Although not uniformly practiced, the routine use of
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intraoperative completion arteriography has led to re-exploration in 2% to 26% of cases.[

A physiologic assessment of the endarterectomy site can be obtained using either continuous wave Doppler ultrasonography or duplex ultrasonography. Continuous wave Doppler is probably the most commonly used modality for assessing the carotid
endarterectomy site. This modality seems to have acceptable sensitivity but not specificity to mandate re-exploration in the absence of a confirmatory test. There is a growing clinical experience suggesting that duplex ultrasound is a sensitive modality for
identifying technical imperfections at operation, reducing the incidence of perioperative neurologic events and the incidence of residual and recurrent carotid stenoses.
Management

The etiology of infrainguinal bypass graft thrombosis depends on the timing of presentation. Occlusions that occur in the early postoperative period must be assumed to be technical in nature or due to inadequate inflow or outflow or quality of the autogenous
conduit and should mandate immediate return to the operating room in all but the most exceptional cases. The patient should be administered systemic anticoagulation with heparin as soon as the diagnosis is made. In view of the liberal use of intraoperative
completion studies to confirm technical adequacy at the original operation, more recent series have shown that no more than 20% of early postoperative graft occlusions are secondary to remediable technical defects. Although this fact may be gratifying for the
surgeon, it portends a poor long-term graft prognosis for the patient. In some cases, thrombectomy and systemic anticoagulation has resulted in long-term graft salvage; however, this is the exception rather than the rule because most patients with grafts who
undergo thrombectomy without an identifiable lesion experience early recurrent thrombosis. Early bypass graft thrombosis without apparent contributing anatomic problems should prompt a hypercoagulability evaluation.
Mid-term and long-term graft thrombosis is more likely to result from the development of vein graft lesions or progressive native arterial disease. In this scenario, initial treatment with thrombolysis may be indicated. This approach allows identification of vein
graft lesions and new disease in the inflow or outflow vessels. In addition, lysis of thrombus in the outflow bed, which may be extensive when prosthetic infrainguinal bypass grafts thrombose, maximizes runoff and improves the chance that a revised or new
graft will be successful. Whether the vascular surgeon replaces the failed vein graft or attempts salvage depends on many factors, such as the condition of the conduit, the timing of occlusion, and the availability of further autogenous vein. Balloon angioplasty
of intrinsic vein graft stenoses seems most appropriate for focal lesions, whereas surgical revision should be considered with multiple lesions or more diffuse stenoses.
Acute postoperative thrombosis of the carotid endarterectomy site is a potentially devastating complication and warrants immediate return to the operating room for thromboembolectomy. Frequently, even with adequate restoration of carotid patency, the

48]

neurologic outcome is not good. Anecdotal experience has suggested a role for catheter-directed intracerebral thrombolysis to treat distal thromboemboli not accessible to the surgeon’s balloon embolectomy catheter.[
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Chapter 56 - Cardiac Complications:

Screening and Prevention

WILLIAM C. KRUPSKI MD
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] from the Cleveland Clinic in 1984, the coexistence of coronary artery disease (CAD) and peripheral arterial disease (PAD) has been accepted with almost religious zeal by physicians treating
Since the landmark publication of Hertzer and colleagues[
patients with PAD. That seminal study, in which 1000 consecutive patients undergoing operations for PAD underwent preoperative cardiac catheterizations (whether or not they had symptoms of CAD), is unlikely ever to be repeated, and the published article
is one of the most widely quoted articles in the medical and surgical literature. These investigators reported that only 8% of their patients (who were roughly divided into thirds—aortic, infrainguinal, and carotid disease) had normal coronary arteries, and
approximately one third had severe-correctable or severe-inoperable CAD. Although this study probably overestimated the prevalence of CAD in the vascular population, in part because epidemiologic studies have shown a decline in CAD in the general U.S.
108] [109] [110] [111] [286]

population,[

CAD remains a major co-morbidity in most vascular patients. Older and more recent reports confirm that complications of CAD (principally myocardial infarctions [MIs], congestive heart failure [CHF], unstable

73] [92] [93] [179]
Nevertheless, approximately 25% of the reduction in the rate of death that has occurred since the 1970s is largely

angina, and arrhythmias) constitute the major causes of early and late morbidity and mortality in patients with PAD.[

102 121 139

][
][
] Despite such decreases in the incidence of new atherosclerotic disease, however, the aging of the population (the so-called baby boomers) will
related to primary prevention and better understanding of the events leading to coronary deaths.[
offset any inroads made in primary and secondary prevention of atherosclerotic disease and its complications; it has been estimated that one fifth of the U.S. population will be older than age 65 by 2030.

The reportedly high prevalence of CAD in vascular patients has led to numerous algorithms for its evaluation and management. Much controversy still exists, however. Although there are many fervent advocates for one strategy or another, there is little
unanimity of opinion in many areas: (1) What events define coronary morbidity? (2) Which coronary artery lesions are most likely to produce adverse perioperative cardiac outcomes? (3) Should the strategy for cardiac evaluation and management be different
depending on the location of peripheral arterial atherosclerosis (aortic, infrainguinal, or carotid)? (4) Is screening for CAD worthwhile, or is it preferable simply to assume that most vascular patients have CAD? (5) How “bad” are the adverse cardiac outcomes
in vascular surgery patients with respect to early and late morbidity and mortality? (6) What are the safety and efficacy of evaluation and revascularization for CAD in PAD patients? (7) What is the role for perioperative “optimization” of patients suspected to
have CAD, including the use of beta blockers? (8) Until prospective studies currently under way are completed, what are present recommendations? This chapter summarizes the available data on these topics and speculates on current and future research in
this important area.

DEFINING CARDIAC COMPLICATIONS
Numerous undesirable cardiac events have been evaluated and considered as endpoints in clinical reviews of peripheral vascular operations, including (1) unstable angina pectoris, (2) CHF, (3) arrhythmias, (4) myocardial ischemia (overt and “silent”), (5)

59 178

] Of these adverse events, the first four endpoints are relatively “soft” compared with the last two. Although unstable angina is included as one of the acute coronary syndromes (ACS), it does not routinely produce
nonfatal MI, and (6) fatal MI.[ ] [
lasting cardiac damage, and its definition is variable, ranging from a mere change in frequency of chest pain to unrelenting pain unresponsive to standard therapeutic maneuvers, such as administration of nitroglycerin and rest. CHF may be the result of fluid
6 279

] The diagnosis of CHF is often subjective with no consensus regarding the criteria required to confirm the diagnosis (jugular venous
overload, which often occurs after vascular procedures or the use of a narcotic agent as the primary anesthetic.[ ] [
distention, dyspnea, rales, S3 , chest x-ray findings, pedal or sacral edema, objective measurement of decreased cardiac output—in variable combinations). Arrhythmias may be brief, self-limiting, hemodynamically benign, and due to factors other than cardiac
163] [165] [166]

disease, including hypoxia, drug toxicity, or metabolic derangements. Myocardial ischemia occurs in 20% to 40% of vascular surgery patients, and more than 50% of these patients develop clinical adverse cardiac events.[

Numerous

177] [180] [229] [231] [232] [233]
166]
A report by Landesberg and associates[
from Jerusalem showed, however,
investigators independently have shown the importance of perioperative myocardial ischemia detected on routine Holter monitoring.[
that during 11,132 patient-hours of monitoring after vascular surgery, 38 of 185 consecutive patients had 66 transient ischemic events, but only 12 patients (6.5%) sustained perioperative
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153]

MIs. In addition, Kirwin and coworkers[

were unable to correlate silent myocardial ischemia on preoperative continuous ambulatory electrocardiogram (ECG) (Holter) monitoring with perioperative MIs in PAD patients.

Nonfatal and fatal MIs are the most important and specific “hard” outcomes in determining the cardiac morbidity of vascular procedures. Criteria for diagnosis of acute MI as defined by the World Health Organization require two of the following three

306]
The Joint European Society of Cardiology/American College of Cardiology (ACC) Committee for the redefinition

features: (1) a history of prolonged typical chest pain, (2) evolutionary changes on the ECG, and (3) elevation of serial cardiac enzymes.[

145]
In postoperative patients, symptoms are atypical or absent, however, in 75% of patients who have objective evidence of MI because symptoms are masked by residual anesthetic effects, administration of analgesic
[54] [60] [61] [147] [148] [149] [155]

of MI has updated these criteria.[

The ECG is difficult to interpret in postoperative patients and often does not exhibit classic ST-segment elevations or development of Q

agents, competing somatic stimuli such as incisional pain, and other factors.

34 44
waves associated with MIs.[ ] [ ] The principal method of statistical analyses of these sorts of Committee definitions employs the BOGSAT technique—“Bunch of Guys Sitting Around a Table” (Goldstone J, personal communication, Case Western
Reserve University, Cleveland, Ohio).
The traditional enzymes used to determine MIs (creatine phosphokinase [CK]) may be released from skeletal muscle secondary to surgical trauma or ischemia/reperfusion injuries, masking the isoenzyme CK-MB released from dying myocardial cells. The

43 122

] Troponin I and T, but not C, exist as distinct cardiac-specific subtypes, and qualitative and quantitative assays based on antibodies to
troponins (C, T, and I) are normal muscle proteins involved in calcium-regulated, actin-myosin interactions.[ ] [
cardiac troponin T (cTnT) and I (cTnI) have been developed and approved by the U.S. Food and Drug Administration for use in the clinical diagnosis of MI. To date, most investigations have used cTnT to determine the presence and extent of cardiac
ischemia, but there is cross-reactivity with skeletal muscle troponin T.
In contrast, cTnI is found only in cardiac tissue, it is 13 times more abundant in the myocardium than CK-MB, it is not detectable in the blood of healthy individuals or in patients with renal failure (as is CK-MB and cTnT), and it may remain elevated for 7 to

4 295]
CK and CK-MB are released only when myocardial necrosis occurs, not with transient loss of cell membrane integrity, as occurs with ischemia. Elevation of cTnI has been shown to be an independent
10 days after an episode of myocardial necrosis.[ ] [
103] [104] [105] [213] [214]
5
and new regional wall motion abnormalities on echocardiography.[ ] Each increase of 1 ng/mL
[15] [288] [289]
[13]

risk factor for mortality in patients with unstable angina and non–Q wave MIs, and higher levels correlate with high mortality[

Andrews and colleagues
showed that cTnI levels were accurate in detecting myocardial ischemia in patients
in cTnI is associated with a significant increase (P= .03) in the risk ratio for death after adjustment for baseline characteristics.
undergoing vascular surgery. The currently accepted definition of MI (inapplicable to many earlier studies) has been formulated by the European Society of Cardiology/ACC in a consensus document in which an MI occurs when cTnI levels are greater than

8 294]
164]
Although much has been written regarding the importance of cTnI, ECG ST-segment changes are at least of equal importance in the diagnosis of cardiac injury after vascular operations.[
A
3.1 ng/mL after prolonged ST-segment elevation.[ ] [
14]

superb editorial by Antman[

summarizes decision making with cardiac troponin tests.

PATHOPHYSIOLOGY OF ACUTE CORONARY EVENTS
It has been well accepted by most cardiologists that primary MIs in ambulatory patients most likely are caused by stenoses less than 50% (i.e., nonhemodynamically significant lesions), in contrast to the situation in PAD, in which higher grade lesions are most

9 10 11 20 21 22 53 54 55 82 83 97 98 99 100] [208] [273] [282]
In contrast to lesions of PAD, cardiac events result
likely to produce complications (e.g., transient ischemic attacks, strokes, lower extremity ischemia).[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [
198

] “Unstable” plaques
from disrupted atherosclerotic plaques, which need not be stenotic to rupture and cause occlusive thrombosis. The distribution of postoperative MIs is not in the same distribution as hemodynamically critical coronary artery lesions.[
have a large lipid core and a thin, weakened fibrous cap infiltrated by macrophages ( Fig. 56–1 ). It is hypothesized that these plaques with a large lipid pool and a thin, weakened fibrous cap infiltrated by macrophages and other inflammatory cells are the most
56]

vulnerable to disruption. [

Cytokines and proteases involved in the balance between synthesis and degradation of collagen and elastin, which determines the structural integrity of the plaque cap, play an important role in acute coronary events.

Figure 56-1 In contrast to atherosclerotic disease of peripheral arteries, in which complications are usually directly related to the degree of stenosis and hypoperfusion (e.g., high-grade carotid artery stenoses), lesions within the coronary arteries may cause
acute events even when stenoses are not critical. This is due to relatively unstable or “vulnerable” plaques with a large lipid pool and a thin, weakened fibrous cap (shown in the second diagram) infiltrated by macrophages. These plaques are most susceptible
to disruption and development of platelet-derived thrombosis. Infiltration by macrophages and other inflammatory cells produces a vulnerable cap most vulnerable to disruption. Cytokines and proteases involved in the balance between synthesis and
degradation of collagen and elastin determine structural integrity and play an important role in acute coronary events. Identification of and intervention for hemodynamically significant coronary artery lesions may not provide secure protection against
perioperative adverse cardiac events after vascular surgery. (From Falk E, Fuster V: Angina pectoris and disease progression. Circulation 92:2058–2065, 1995.)
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Figure 56-2 Buffon and colleagues[ ] showed widespread coronary inflammation in unstable angina. This color electron micrograph shows extraordinary infiltration of myeloperoxidase-laden neutrophils into a section of coronary artery from a patient with
unstable angina. This is a diffuse process, not localized to a single vulnerable plaque. The implications are that focused therapy (e.g., percutaneous transluminal coronary angioplasty or coronary artery bypass graft surgery) may not be protective against
coronary events in the vascular patient; instead, anti-inflammatory (e.g., antiplatelet therapy) treatment, stabilization with antilipid treatments, and beta blockers to decrease myocardial oxygen consumption may be more beneficial than mechanical approaches.

TABLE 56-1 -- Incidence of Perioperative Myocardial Infarction in Elective Infrarenal Aortic Surgery
AUTHOR

PATIENTS (No.)

MI (%)

FATAL MI (%)

Wellesley, Toronto

1990

105

6.7

4.7

58]

University of Chicago

1990

200

1.5

1.5

Stanford

1995

144

4.2

1.4

140]

Emory, Atlanta

1990

102

2

1

266]

VAMC, San Diego

1990

109

3.7

0

115]

Brigham & Women’s

1990

500

3

1.2

Albany Medical College

1991

280

—

2.5

Maricopa Medical Center

1992

156

0

0

267]

University of Florida

1994

146

—

0.6

25]

Hopital Pitie-Salpetriere, Paris

1994

457

4.8

2.2

St. Vincent’s, Sydney

1994

329

—

1.2

277]

Washington University

1995

145

—

1.4

136]

University of Florida

1992

722

—

1.5

50]

University Hospital, Zurich

1995

216

4.6

1.9

Princess Alexandra, Brisbane

1995

538

10

3.7

VAMC, Milwaukee

1996

209

3.8

1

University of Iowa

1996

400

2.1

0.7

Tampere University, Finland

1996

400

4.2

2.3

Long Island Jewish

1997

113

1.8

0.9

Creighton

1997

238

0.9

0.4

Emory

2001

856

1.3

—

Cleveland Clinic

1987

1135

1

0.3

Clark et al[

183]

Mason et al[

Isaacson et al[
Sedwitz et al[
Golden et al[

270]

Shah et al[

46]

Bunt[

Seeger et al[
Baron et al[

173]

Lord et al[

Sicard et al[
Huber et al[
Carrel et al[

126]

Henderson and Effeney[

79]

Erickson et al[

265]

Schueppert et al[

144]

Jarvinen et al[

66]

D’Angelo et al[

197]

Mingoli et al[

32]

Berry et al[

127]

Total

YEAR

12]

Ameli et al[

Hertzer[

SITE

7500
2.2

*

1.4

*

MI, myocardial infarction.

* Of series reporting same.

TABLE 56-2 -- Incidence of Perioperative Myocardial Infarction in Lower Extremity Revascularization
AUTHOR

YEAR

PATIENTS (No.)

MI (%)

FATAL MI (%)

Oregon Health Science

1990

434

3.5

1.4

Lackland Air Force Base

1991

120

—

2.5

242]

Albert Einstein/Montefiore

1991

213

10.8

4.2

291]

Oregon Health Science

1991

498

5.2

2.2

UCLA

1992

258

—

3.5

Albert Einstein/Montefiore

1992

153

8.5

3.9

87]

McMaster University, Ontario

1994

173

2.3

1.2

89]

Clinique Bizet, Paris

1995

145

—

1.4

27]

Brigham & Women’s

1995

300

1.7

0.3

28]

Brigham & Women’s

1996

661

3.5

—

Albany Medical College

1997

1313

—

2.8

Byrne et al[

Albany Medical College

1999

409

—

0

7
Albertini et al[ ]

Hopital d’adultes, Mareile

2000

148

—

1.3

85]

Beth Israel Deaconess

2000

690

1.6

—

55]

Brigham & Women’s

2001

154

—

1.8

Kuopio University, Finland

2001

263

—

1.1

Beth Israel Deaconess

2001

126

2.4

—

290]

Taylor et al[

196]

Mills and Taylor[
Rivers et al[

Taylor et al[

227]

Quinones-Baldrich et al[

299]

Wengerter et al[
Farkouh et al[
Fichelle et al[
Belkin et al[
Belkin et al[

305]

Woratyla et al[

48]

Faries et al[
Chew et al[

143]

Jamsen et al[

86]

Faries et al[
Total

SITE

6058
4

MI, myocardial infarction.

* Of series reporting same.

*

1.8

*

cardiac outcomes” rather than documented MI rates; the problems of CHF and arrhythmias with respect to “hard” outcome measures already have been discussed. In addition, most publications report their “admirable” results; although several investigators
described data to “improve” results, it is unlikely that surgeons whose patients had experienced extraordinarily high MI rates would report them.

134

] ; these procedures are excluded from many
Several important trends can be ascertained by perusal of Tables 56–1 , 56–2 , and 56–3: (1) The incidence of fatal and nonfatal MI after carotid surgery is the lowest of common vascular procedures[
randomized series comparing interventions for avoidance of cardiac complications, presumably because the event rates are too low to provide sufficient power for the study. The CARP (Coronary Artery Revascularization Prophylaxis) study (see later) and the
zoniporide study (a potent and selective sodium-hydrogen exchanger type I inhibitor that has potential for myocardial protection during
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TABLE 56-3 -- Incidence of Perioperative Myocardial Infarction in Carotid Endarterectomy
AUTHOR

SITE

YEAR

PATIENTS (No.)

MI (%)

FATAL MI (%)

174]

Tufts

1990

614

2.6

—

259]

Tampere University, Finland

1990

331

—

0

Fallon Clinic, Worcester

1990

246

0.8

—

Maricopa Medical Center

1992

114

0

0

UCLA

1992

141

1.4

0

Multiple

1991

328

1.2

0.3

134]

VAMC Multiple

1993

211

4.2

1.9

31]

University of Arizona

1994

203

2.5

0

Albany Medical College

1994

654

0.3

0.3

University of Tennessee

1995

266

1.5

0

Multiple

1995

724

—

0.1

Southern Illinois University

1995

2243

—

0.7

Rennes, France

1997

912

—

0.3

Johns Hopkins

1997

201

2.5

0.5

Cleveland Clinic

1987

2228

—

0.4

262]

Vascular Associates, Sarasota

1998

654

0.6

0.5

24]

Multiple

1998

1087

—

0.2

Mackey et al[

Salenius et al[

175]

Maini et al[

46]

Bunt[

95]

Freischlag et al[

208]

NASCET[

Hobson et al[

Berman et al[

271]

Shah et al[

211]

Ombrellaro et al[

80]

ACAS[

185]

Mattos et al[

152]

Kerdiles et al[

67]

Dardik et al[

127]

Hertzer[

Samson et al[
Barnett et al[

University of Arizona

1999

190

1

1

123]

Beth Israel Deaconess

1999

1001

0.5

0.1

310]

Multiple

1999

1305

—

0.2

40]

Travis Air Force Base

2000

489

1

—

Carolina Associates and Wake Medical Center

2000

1360

1.8

0.8

Albany Medical College

2000

2233

—

0.5

University of North Carolina and New Hanover Regional

2000

1970

1

0.5

Dartmouth-Hitchcock

2000

803

0.6

0

Belgrade University

2000

2469

0.8

0.4

Royal United, Bath, UK

2001

240

0.8

0.4

150]

East Tennessee State

2001

322

0.6

0.3

125]

Leicester Royal Infirmary, UK

2001

274

—

0.7

Harbor UCLA

2001

123

1.6

0.8

New York University

2001

2476

0.9

—

212]

University of Düsseldorf

2001

2262

1.2

0.5

263]

Universite Catholique de Louvain, Belgium

2001

600

0.5

0.2

186]

Southern Illinois University

2001

1068

0.7

0.4

Multiple

2001

1729

0.4

0.2

Cleveland Clinic

2002

195

—

0.5

77]

Economopoulos et al[
Hamdan et al[
Zannetti et al[
Bowyer et al[

16]

Archie[

51]

Chang et al[

187]

Maxwell et al[

216]

Papavasiliou et al[

234]

Radak et al[

188]

McCarthy et al[
Katras et al[
Hayes et al[

18]

Aziz et al[

243]

Rockman et al[
Ommer et al[
Scavee et al[
Mattos et al[

38]

Bond et al[

209]

O’Hara et al[
Total

28,362
1

*

0.4

*

MI, myocardial infarction.

* Of series reporting same.

ischemia) exclude carotid operations in their protocols. (2) MIs after aortic surgery average about 2%, and the values have remained fairly stable despite a plethora of strategies to avoid cardiac morbidity in the 1990s. (3) The average fatal and nonfatal MI
rates after infrainguinal surgery (performed acutely) average approximately 4%; there seems to be a trend in decreasing rates in more recent series, perhaps suggesting that surgeons are believing the data we presented regarding the cardiac morbidity of
infrainguinal bypasses in the early 1990s. Overall, improvements also may be related to more widespread use of beta blockers, optimization of anesthesia, or—an unknown—more frequent use of preoperative coronary revascularization (though we doubt it,
based on our review).

PREOPERATIVE SCREENING TESTS
Although “outcomes research” is gaining ground rapidly, perhaps no topic related to vascular surgery has generated more articles than preoperative screening tests to assess cardiac, pulmonary, and other perioperative risks associated with vascular procedures

168]
157]
summarizes these tests in patients with stable CAD. In addition, we have summarized the strengths and weaknesses of many of these studies in previous publications.[

and to attempt to decrease complications. A review article by Lee and Boucher[

[160]
The principal goals of preoperative identification of patients at high risk for adverse cardiac outcomes are to permit intervention to treat underlying CAD (e.g., PTCA or CABG), use more intensive anesthetic monitoring or “safer” anesthetic techniques (e.g.,
use of pulmonary artery pressure monitoring catheters), administer medications to decrease cardiac morbidity (e.g., beta blockers), or change preoperative plans (e.g., performance of axillobifemoral rather than direct aortic reconstruction for aortic occlusive
disease). Preoperative screening tests run the gamut from completely noninvasive (e.g., scoring systems), to minimally invasive (e.g., echocardiographic estimation of ejection fraction), to moderately invasive (e.g., dipyridamole thallium screening tests), to
maximally invasive (e.g., coronary angiography). The number and variety of tests and sophisticated algorithms available underscore the absence of a consensus for
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1 70 107] [117] [118] [168] [169] [172] [215]
optimal cardiac risk stratification in patients undergoing peripheral vascular surgery. With respect to preoperative CAD risk stratification, an abundant variety of clinical risk indices has been proposed.[ ] [ ] [
[272] [275] [304] [309] We and others have recently reviewed the copious literature and varieties of strategies for cardiac screening.[161] [204] [205]
Additional recommendations for preoperative cardiac evaluation abound. Although the following list is far from inclusive, it describes some of the many proposed tests:

64] [65] [71] [145] [192] [268]

1. Exercise treadmill testing (e.g., the “Bruce protocol,” which many vascular patients cannot perform because of claudication, congestive heart disease, or chronic lung disease)[

158] [178] [202] [217] [231] [233]

2. Ambulatory ECG (Holter monitoring)[

151] [218] [220]

3. Radionuclide ventriculography[

19] [33] [46] [68] [74] [154] [162] [206] [236] [274] [303]

4. Dipyridamole-thallium scintigraphy[

19] [33] [68] [162]

5. Dobutamine stress echocardiography (DSE) or sestamibi stress echocardiography[

Various combinations of studies to predict the occurrence of adverse cardiac outcomes also have appeared—literally by the hundreds (e.g., comparison of clinical examination, exercise testing, dobutamine stress echocardiography, and coronary arteriography

293]
).

by Therre and colleagues[

Most authorities would agree that coronary angiography provides precise anatomic assessment of the status of CAD, but in light of current hypotheses of the pathophysiology for perioperative cardiac morbidity, as discussed earlier, it is difficult to justify

219

183

] Using the technique of decision analysis, Mason and coworkers[
] from Stanford University compared three strategies to deal with CAD in vascular
routine arteriography, unless the patient’s symptoms warrant revascularization on their own merits.[
patients. Decision analysis found that vascular surgery without preoperative coronary angiography generally leads to better outcomes. According to these investigators, preoperative coronary angiography should be reserved for patients whose estimated
112

] performed a decision-tree model to compare the cost-effectiveness of four preoperative screening strategies based on data regarding patient mortality, morbidity,
mortality from vascular surgery is substantially higher than average. In contrast, Glance[
and costs from a literature review. He concluded that selective screening before vascular surgery may improve 5-year survival and may be cost-effective, especially compared with routine angiography. The incremental cost-effectiveness ratio for selective
275]

screening was significantly lower than for routine angiography ($44,800/years of life saved versus $93,300/ years of life saved; P< .02). Similar cost comparisons have been described by others.[

As previously discussed, all of these screening tests rely heavily on development of hemodynamically related symptoms (which generally occur because of hypoperfusion) or demonstration of a hemodynamically significant stenosis. Because it has not been
possible to identify the most vulnerable and unstable plaques, these tests all have failed to predict reliably postoperative myocardial events. A normal test does correlate with absence of events, most likely because of a lesser atherosclerotic—CAD— burden;

222

] of preoperative DSE in patients who subsequently died of acute MI and who
hence the good “negative predictive value” of many studies but failure to predict accurately adverse cardiac outcomes. In a well-conducted study by Poldermans and associates[
underwent autopsy by a pathologist unaware of the DSE results, there was relatively poor correlation of the anatomic location of the infarction; in 50% of the patients, the MI extended beyond the ischemic territory assessed by DSE. Poldermans and associates
[222] concluded that perioperative medical therapy should be aimed at coronary plaque stabilization.

In 1996 and more recently in 2002, the ACC and the American Heart Association (AHA) appointed a task force of respected scholars to develop guidelines for perioperative cardiovascular evaluation for noncardiac surgery. Aside from the able representation
of Hertzer, who was a member of the 1996 committee, surgeons generally have been underrepresented in this task force. The 2002 document is 58 pages long. In fairness to the committee, the guidelines are an attempt to be complete—akin to “Everything you
ever wanted to know about cardiac disease in vascular patients.” The lack of surgical input and the complexity of the document limit its utility, however. Figure 56–3 is an algorithm that summarizes the ACC/AHA guidelines. Although there is much useful
information in the publication, it is limited by almost overwhelming complexity; simply trying to follow the suggested steps and arrows for a given patient is an ordeal.

260]

Despite this complexity, numerous publications have appeared showing the apparent utility of employing the ACC/AHA Guidelines. Samain and colleagues[

retrospectively applied the guidelines to a group of 133 patients undergoing aortic surgery.

84

Similar to the guidelines, this study was complex; it concluded that had the investigators used the guidelines, at least one cardiac-related death could have been avoided, but this is pure speculation. Farid and colleagues[ ] at the Cleveland Clinic found
abnormal test results in 27 of 181 patients scheduled for major surgery; 2 patients declined treatment, 8 patients had primary medical management, and 17 had cardiac catheterization with a variety of findings (including two “normals”). Only 15% (27 of 180)
of the patients with indications for a stress test had a positive result, and even fewer patients had any alteration of the perioperative period. It would seem from the results of this study that the authors could answer the question they posed in the title as follows
“effect on perioperative outcome—very little.” A prospective evaluation of implementation of the ACC/AHA Guidelines for preoperative cardiac risk assessment before aortic surgery has been completed at the University of Michigan, and results should be
available soon (personal communication).

OUTCOME OF CARDIAC COMPLICATIONS

2 113] [114] [191]
142] [287]
Much of what is known about the incidence of acute MI and fatal coronary heart disease comes from isolated community surveillance studies,[ ] [
cohort studies of cardiovascular disease, [
or studies of managed care
193]

programs.[

We have already discussed the apparent decrease in deaths
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Figure 56-3 Algorithm recommended by the American College of Cardiology and American Heart Association (ACC/AHA) with steps to help evaluate vascular patients with presumed coronary artery disease. The ACC/AHA Guidelines is a scholarly and
well-written document, but it is complex and difficult to follow. CHF, congestive heart failure; ECG, electrocardiogram; MI, myocardial infarction. (From Eagle KA, Berger PB, Calkins H, et al: ACC/AHA guideline update for a report of the American
College of Cardiology/American Heart Association Task Force on Practice Guidelines (Committee to Update the 1996 Guidelines on Perioperative Cardiovascular Evaluation for Noncardiac Surgery.) Circulation 105:1257–1267, 2002.) Algorithm
recommended by the American College of Cardiology and American Heart Association (ACC/AHA) with steps to help manage vascular patients with presumed coronary artery disease.

Figure 56-3 Algorithm recommended by the American College of Cardiology and American Heart Association (ACC/AHA) with steps to help evaluate vascular patients with presumed coronary artery disease. The ACC/AHA Guidelines is a scholarly and
well-written document, but it is complex and difficult to follow. CHF, congestive heart failure; ECG, electrocardiogram; MI, myocardial infarction. (From Eagle KA, Berger PB, Calkins H, et al: ACC/AHA guideline update for a report of the American
College of Cardiology/American Heart Association Task Force on Practice Guidelines (Committee to Update the 1996 Guidelines on Perioperative Cardiovascular Evaluation for Noncardiac Surgery.) Circulation 105:1257–1267, 2002.) Algorithm
recommended by the American College of Cardiology and American Heart Association (ACC/AHA) with steps to help manage vascular patients with presumed coronary artery disease.

TABLE 56-4 -- Adverse Outcomes in 16 of 42 Patients Undergoing Extended Cardiac Evaluations before Major Vascular Surgery in a 1-Year Period at Denver VAMC
COMPLICATION

NO. PATIENTS

Patient refused vascular surgery for which cardiac evaluation was undertaken

8

Limb loss owing to delay in vascular surgery because of cardiac evaluation

2

Prosthetic graft infection after arteriogram requiring graft removal/revision

1

Iatrogenic femoral artery pseudoaneurysm requiring surgical repair

2

Sternal wound infection after coronary artery bypass graft operation

1

Contrast-induced renal failure requiring hemodialysis

1

Anoxic brain injury after CABG

1

Total

16 (38%)

CABG, coronary artery bypass graft.
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194 283

194

][
] Mesh and colleagues[
] from Cleveland and
of prophylactic myocardial revascularization at the University of Iowa led to CABG procedures in 15 patients, with a mortality rate of 6.7% and postoperative complications in 20% of patients.[
Cincinnati, Ohio, reported 3.6-fold higher morbidity rates (39.7%) in patients with PAD who underwent CABG compared with non-PAD patients (16.7%). Often the recovery from this major morbidity either precluded or substantially delayed the peripheral
120 136

][
] Finally, the increased long-term survival in patients with CAD treated by
vascular surgery for which the cardiac evaluation was undertaken. Even PTCA in patients with PAD carries higher morbidity and mortality than in patients without PAD.[
coronary revascularization as proven by the CASS (Coronary Artery Surgery Study) trial, may not apply to older patients with peripheral vascular disease, which is a strong, independent predictor of long-term mortality in patients with stable CAD; in addition,
75] [76] [240]

the CASS patients all were significantly symptomatic, whereas that may not be true for the patient with PAD whose CAD is discovered by provocative testing (i.e., it may be unfair to extrapolate the CASS results to the PAD population).[

184

] examined the results of coronary revascularization compared with
Although to date there are no prospective randomized comparisons between “aggressive” cardiac management versus best “conservative” medical care, a report by Massie and associates[
control subjects. Ischemic responses to dipyridamole scans were observed in 297 patients, of whom 70 underwent cardiac catheterization and 25 underwent coronary revascularization procedures. Adverse outcomes affected 46% of the coronary angiography
group and 44% of the control group. Patients who underwent coronary angiography and were considered for cardiac revascularization had fewer cardiac events with a subsequent vascular operation than did the control subjects. Any possible benefit from
invasive cardiac evaluation was offset, however, by three deaths and two MIs that complicated the cardiac evaluation. There was no significant difference between the angiography group and the matched control subjects with respect to perioperative nonfatal
MI (13% versus 0%), fatal MI (4% versus 3%), late nonfatal MI (16% versus 19%), or late cardiac death (10% versus 13%). The risks of extended cardiac evaluation and treatment did not produce any improvement in either the perioperative or the long-term
survival rate. The authors concluded that for most vascular surgery patients who have a positive dipyridamole-thallium scan, coronary angiography does not provide any additional useful information or benefit.
ROLE OF PERIOPERATIVE PULMONARY ARTERY CATHETERS AND PHARMACOLOGIC THERAPY
Intuitively, it would seem that optimizing a vascular patient’s volume status by means of a perioperative use of pulmonary artery catheters would enhance the safety of vascular surgery. Neither retrospective nor prospective trials have convincingly shown this

300

] suggested that this approach was responsible for the low
expected result. Since 1980, reports have described attempts at maintenance of optimal cardiac performance to improve results of vascular (particularly aortic) surgery. Whittemore and associates[
perioperative mortality rate and improved late survival rate in their patients, but the study was retrospective and based on historical control subjects. More recent randomized, controlled trials of pulmonary artery catheters generally have failed to achieve
29

improved outcomes. In 1997, Bender and coworkers[ ] randomized 104 consecutive patients having major vascular operations to a pulmonary artery catheter versus placement of a catheter only “if clinically indicated” (introducing potential bias into this
study). Except for discrepancy in the amounts of fluids administered, there were no significant differences in outcomes or surgical intensive care unit length of stay, suggesting no benefit of routine pulmonary artery catheters in elective vascular surgery

298

298

] performed a truly randomized trial of this technique. Valentine and colleagues[
] randomized 120 patients undergoing elective aortic surgery to placement of pulmonary artery catheters (n = 60) versus a
patients. In 1998, Valentine and colleagues[
control group receiving intravenous hydration on the ward (n = 60). These investigators found no significant differences in cardiac morbidity, renal insufficiency, pulmonary events, intensive care unit stay, or hospital stay between groups; they concluded that
26]

there was no benefit to routine use of pulmonary artery catheters. A meta-analysis of routine perioperative pulmonary artery catheterization concluded that it has no effect on rate of complications in vascular surgery patients.[

Although some of the articles mentioned placed pulmonary artery catheters in the intensive care unit the day before surgery, they variably attempted to “optimize” the cardiac function of the patients involved. There is even more controversy over the utility of

30] [47] [90] [225]

such optimization. At least 10 studies have addressed perioperative hemodynamic optimization to improve outcomes after vascular surgery, but most have been retrospective reviews with historical controls with contradictory findings.[

[237] [276] [300] Four prospective, randomized controlled trials of preoperative hemodynamic optimization of cardiac and volume status in vascular surgery patients showed no benefit, even when the goals of maintaining optimal arterial and venous
[37] [146] [298] [311]

One “positive” randomized, prospective study of the effect of deliberate perioperative increase of oxygen delivery on mortality in high-risk surgical patients using dopexamine hydrochloride showed

oxygen saturations were achieved.

41]

improved outcomes, but this study was not limited to vascular operations.[
would be enormous.

Most randomized, prospective trials of preoperative hemodynamic optimization in vascular surgery have failed to show significant benefits, and the costs to perform this routinely

There have been remarkably few reports on the efficacy of administering theoretically beneficial medications to prevent cardiac complications in vascular surgical patients. Prophylactic nitroglycerin infusion during noncardiac surgery does not reduce

72]
Another impractical study examined the efficacy of a small oral dose of clonidine in patients having vascular surgery; although it appeared that this drug was
[285]

perioperative ischemia, as shown in a prospective, randomized study from Columbia University.[

beneficial, absorption of an oral agent is unpredictable in vascular surgery, and the work has not been confirmed by other studies.
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TABLE 56-5 -- Controlled, Randomized Trials of Perioperative Beta Blockade
AUTHOR

YEAR

No.

DRUG

FOLLOW-UP

CONTROL

BETA BLOCKERS

284]

Stone et al[

181]

Mangano et al[

224]

Poldermans et al[

230]

Raby et al[

297]

Urban et al[

223]

Poldermans et al[

1988

128

Control = 39; labetalol = 29; atenolol = 30; oxprenolol = 30

Intraoperative

28% Ischemia

2% Ischemia; P < .001

1996

200

Control = 101; atenolol = 99

2 Years

21% Mortality

10% Mortality; P< .019

1999

112

Control = 53; bisoprolol = 59

30 Days

17% Cardiac death

3.4% Cardiac death; P= .02

1999

26

Control = 11; esmolol = 15

48 Hours

73% Persist ischemia

33% Persist ischemia; P< .05

2000

107

Control = 55; esmolol = 52

48 Hours 16% cardiac
morbidity

15% Ischemia; 6% MI;

6% Ischemia; 2% MI; 11%
cardiac morbidity; P = NS

2001

101

Control = 44; bisoprolol = 57

2 Years

32% Cardiac events

12% Cardiac events; P= .025

MI, myocardial infarction; NS, not significant.
Finally, mivazerol, a drug with α2 -agonist properties (the “active” counterpart of a beta blocker), was evaluated in a randomized, blinded, prospective study of 1897 patients with CAD undergoing noncardiac surgery (48% vascular surgery), with no alteration

210]

in the rates of MI or cardiac death.[

Studies of this agent in vascular patients in the United States have been discontinued.

In contrast to the absence of efficacy of the drugs discussed in the preceding paragraph, it is now well accepted that beta blockade is efficacious in reducing short-term and long-term cardiac morbidity and mortality in vascular surgery patients. Selzman and

269

] published a thoughtful, thorough review article of β-adrenergic blockade as prophylaxis against perioperative cardiovascular morbidity and mortality. This publication reviews the history of β-adrenergic blockade and summarizes the
colleagues[
pathophysiology of its mechanisms of action and the data supporting beta-blocker use in virtually all vascular patients. Beta blocker therapy is not a new concept, although its popularity had not surged until more recent prospective trials proved its efficacy.
241] [261]

The neurohormonal stress of surgery is related in part to adrenal cortical stimulation with catecholamine release, one of the links to perioperative myocardial ischemia associated with vascular and other serious operations.[

Catecholamines increase

42
278]
recommended continuous propranolol infusion after abdominal surgery. Yeager and
each of the four major determinants of myocardial oxygen consumption (heart rate, preload, afterload, and contractility).[ ] In 1982, Smulyan and associates[
309
[
]
coworkers

reported reduction in perioperative MIs after vascular surgery using beta blockade. This work and subsequent nonrandomized studies led to five controlled, randomized, prospective trials of perioperative blockade in patients (mostly vascular)

181] [223] [224] [230] [284] [297]

with known or probable coexistent CAD. These studies are summarized in Table 56–5 , and all show a decrease in acute or chronic cardiac morbidity and mortality using beta blockade.[

[17]

perioperative ischemic events, MIs, cardiac death, overall mortality, and adverse cardiac events in general are decreased in frequency by administration of beta blockers.

It is apparent that acute

The advantageous effects of beta blockers relate to the decreased myocardial oxygen

17 42
124]
consumption they produce as illustrated in Figure 56–4 , which summarizes the methods by which myocardial oxygenation may be minimized.[ ] [ ] Administration of beta blockers in the perioperative period is safe and effective.[
RECOMMENDATIONS

62

This chapter has been replete with disclaimers regarding retrospective studies, absence of control data, and a notable absence of level 1 data to guide treatment protocols.[ ] A randomized prospective multicenter trial currently is under way that is expected
to provide extremely important information with respect to optimal management of the vascular surgery patient who may have CAD. The protocol has been approved and funded by the VA Cooperative Studies Program section, and a complete protocol has

190

] Figure 56–5 summarizes the details of randomization and algorithm of the CARP study. In brief, a sample size of 559 randomized patients will provide 90% power to detect a difference in 3.5-year survival
been described by McFalls and coworkers.[
rates of 75% versus 85%. Allowing for 10% of the patients to drop out after randomization, the final target sample size is 620 patients, which will be gathered at 18 high-quality VA medical centers. As in every VA study, the results will suffer from an excess
of men versus women, and recruitment has been difficult so far. Nevertheless, the study is proceeding well, and we are about halfway to completion. Only prospective randomization of comparable patients will provide the answer whether coronary evaluation
or coronary revascularization or both before elective vascular surgery would enhance the safety of vascular surgery or prolong life of patients.
Until the CARP results are available, our recommendations are to keep things simple. Rather than attempting to follow the complex ACC/AHA guidelines, we prefer to assume that most of our vascular patients have at least some degree of CAD. Because beta
blockade is effective in
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Figure 56-4 Factors that play a role in myocardial oxygen consumption. ACE, angiotensin-converting enzyme; CABG, coronary artery bypass graft; GP, glycoprotein; HMG CoA, hydroxymethylglutaryl coenzyme A; LMWH, low-molecular-weight heparin;
PTCA, percutaneous transluminal coronary angioplasty.

Figure 56-5 Algorithm of the CARP (Coronary Artery Revascularization Prophylaxis) study, a Department of Veterans Affairs–sponsored study that comprises a randomized prospective multicenter trial to answer the hypothesis that coronary artery
evaluation and revascularization enhance the acute safety of peripheral arterial operations and potentially increase long-term survival of patients. AAA, abdominal aortic aneurysm; LV, left ventricular; LVEF, left ventricular ejection fraction.
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Figure 56-6 Until the CARP results are available (level 1—evidence-based data), recommendations by Eagle and colleagues[ ] for dealing with most patients with peripheral arterial disease and (probably) coronary artery disease (CAD) in a simple,
straightforward approach. The Eagle risk factors include (1) age older than 70, (2) myocardial infarction by history or Q wave on electrocardiogram, (3) angina pectoris, (4) history of congestive heart failure (CHF), (5) diabetes mellitus, and (6) ventricular
ectopy requiring therapy. CABG, coronary artery bypass graft; PE, physical examination; PTCA, percutaneous transluminal coronary angioplasty. (From Eagle KA, Coley CM, Newell JB, et al: Combining clinical and thallium data optimizes preoperative
assessment of cardiac risk before major vascular surgery. Ann Intern Med 119:859–866, 1989.)
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Chapter 57 - Respiratory Complications in Vascular Surgery

JAYME E. LOCKE MD
PAMELA A. LIPSETT MD, FACS, FCCM

1 2 3
Postoperative pulmonary complications can be a major cause of morbidity and mortality in the perioperative period.[ ] [ ] [ ] The incidence of postoperative pulmonary complications has been reported to range from 5% to 80%, depending on the patient

4
population and criteria used to define complications.[ ] A comprehensive definition of postoperative pulmonary complications could include all patients with fever and either pulmonary signs or symptoms (e.g., productive cough, rhonchi, or diminished
4

breath sounds) or changes on chest x-ray (e.g., atelectasis, consolidation, or incomplete expansion).[ ] Although such a definition is inclusive, many of these complications are of no clinical relevance; a more useful and narrow definition would comprise the
problems that produce identifiable disease or dysfunction that is clinically significant and adversely affects the clinical course ( Table 57–1 ). This chapter discusses identification and prevention of pulmonary complications with particular emphasis on
identification of preoperative patient-related risk factors and newer modes of ventilator management.
TABLE 57-1 -- Common Postoperative Respiratory Complications
Atelectasis
Bronchospasm
Hypoventilation from analgesics and residual neuromuscular blockade
Infection
Aspiration
Pulmonary edema
Acute lung injury and acute respiratory distress syndrome
Respiratory failure

RISK FACTORS AND PREOPERATIVE OPTIMIZAITON

5 6 7 8 9
Risk factors for pulmonary complications can be grouped into patient-related and procedure-related risks ( Table 57–2 ). [ ] [ ] [ ] [ ] [ ] Although procedure-related risk factors may be the more important risk factors, except in choice of procedure, these
factors may not be greatly modifiable. The potential patient- related
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TABLE 57-2 -- Potential Patient-Related and Procedure-Related Risk Factors for the Development of Postoperative Pulmonary Complications
PATIENT-RELATED RISK FACTORS
Chronic lung disease

PROCEDURE-RELATED RISK FACTORS
Surgical site (thoracic or upper abdominal)

Asthma
Tobacco use

Duration of surgery (>3 hours)

Health status

Type of anesthesia

Obesity

Type of neuromuscular blockade

Age
Upper respiratory infection
Metabolic factors

factors studied include the following: (1) chronic lung disease, (2) asthma, (3) tobacco use, (4) general health status, (5) obesity, (6) age, (7) upper respiratory infection, and (8) metabolic factors. A complete history and physical examination are the most
important elements of preoperative risk assessment. Significant risk factors should be identified. Evidence suggesting unrecognized chronic lung disease should be sought, including a history of exercise intolerance, unexplained dyspnea, or cough. Physical

9
examination should be directed toward evidence for obstructive lung disease, especially noting decreased breath sounds, wheezes, rhonchi, or prolonged expiratory phase.[ ]

Chronic Lung Disease

6

Known chronic lung disease is the most important patient-related risk factor for postoperative pulmonary complications with reported unadjusted relative risks ranging from 2.7 to 6.[ ] Clinical studies using preoperative findings of decreased breath sounds,
prolonged expiration, rales, wheezes, or rhonchi or chest radiographs consistent with the diagnosis of chronic obstructive pulmonary disease (COPD) have shown complications varying from 26% in patients with these findings to 8% in patients without these

6 10
findings. Despite the increased risk of postoperative pulmonary complications in patients with obstructive lung disease, there seems to be no prohibitive level of pulmonary function below which surgery is absolutely contraindicated.[ ] [ ] The benefit of
surgery must be weighed against the known risks; even extremely high-risk patients may proceed to surgery if the indication is sufficiently compelling.
Preoperative Preparation

11

The treatments and preparation of patients who have COPD before elective surgery are the same as those in nonoperative settings.[ ] Clinicians should not employ treatments because of upcoming surgery unless the treatments are otherwise indicated
independent of the need for surgery. Multimodality treatment programs, including chest physical therapy, bronchodilators, smoking cessation, and antibiotics and corticosteroids (when indicated) reduce the risk of postoperative pulmonary complications in

8 9 12
11 13
patients who have COPD.[ ] [ ] [ ] Standard therapy for COPD includes use of ipratropium for patients who have daily symptoms plus the addition of inhaled β-agonists as needed for symptoms.[ ] [ ] Theophylline use should be reserved for patients
6

who are not responsive to other maximal therapies. Approximately 20% to 30% of patients with COPD respond to the use of systemic corticosteroids.[ ] Unless a patient has been shown previously to be a nonresponder, clinicians should use systemic
corticosteroids for patients who have COPD before surgery if airflow obstruction has not been maximally reduced and the patients are not at their optimal baseline despite other therapies, as determined by symptoms and peak flow. There is no role for routine
antibiotics before surgery; clinicians should recommend antibiotics only if a change in the chest radiograph or the character or amount of sputum suggests lower respiratory tract infection. In these cases, elective surgery should be canceled until the patient has
returned to the baseline level of function.

Asthma

Despite early reports indicating that patients with asthma had higher than expected rates of postoperative pulmonary complications, patients with asthma who are well controlled and who have a peak flow measurement of greater than 80% of predicted or

6

14]

personal best can proceed to surgery at average risk.[ ] In a report of 706 patients having general surgery, there were no incidents of death, pneumothorax, or pneumonia in the entire sample.[
(12) and laryngospasm (2). One patient developed postoperative respiratory failure without sequelae.

15]

Physicians should prepare patients who have asthma for surgery in the same fashion as optimization of airway obstruction and reactivity in the nonsurgical setting.[

There were 14 minor complications, including bronchospasm

A 1-week course of systemic corticosteroids (e.g., prednisone, 40 to 60 mg daily) can be

16 17 18
used safely as needed without an increase in the risk of respiratory infection or wound complications.[ ] [ ] [ ] The goal of treatment is to render the patient wheeze-free and asymptomatic if possible and to achieve a peak flow rate of greater than 80%

of predicted or personal best.

Smoking

19] [20] [21] [22]
This risk exists even among patients who do not have superimposed chronic lung disease. Three studies analyzed the risk of postoperative
[20]

Current smoking increases the risk for postoperative pulmonary complications by threefold.[

reported a relative risk of
pulmonary complications attributed to smoking, and all three studies reported the same counterintuitive result: Recent quitters have a higher rate of pulmonary complications than do current smokers. Bluman and colleagues
pulmonary complications of 6.7 for smokers who had recently quit or reduced cigarette use compared with current smokers undergoing noncardiac surgery. Most of these patients had quit or reduced smoking within 1 month before surgery. Patients who

22]
likewise reported higher pulmonary complication rates among patients undergoing pulmonary surgery who had quit within 4 weeks of surgery (54%)

reduced smoking closer to the date of surgery had higher complication rates. Nakagawa and colleagues[

than among current smokers (43%) or patients who had stopped smoking for more than 4 weeks (35%).
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The mechanism for this repeated and seemingly paradoxical finding is unknown, but it might relate to the clinical observation that many smokers experience an increase in the quantity of cough and sputum in the 1 to 2 months after stopping cigarette use or to
selection bias in that sicker patients were more likely to attempt cigarette cessation or reduction before surgery. As a practical conclusion, smoking cessation must begin at least 1 to 2 months before elective surgery to confer a reduction in pulmonary
complications. Patients should be strongly encouraged to stop smoking 2 months before major elective surgery when possible.
General Health Status
Overall health status is an important determinant of pulmonary risk. The commonly used American Society of Anesthesiologists classification considers any systemic disease that affects activity or is a threat to life. This classification also would capture

6 23
patients with chronic lung disease. This classification system generally has correlated with pulmonary risk: An American Society of Anesthesiologists class greater than 2 confers a 1.5-fold to 3.2-fold increase in risk.[ ] [ ]
Obesity

24

Physiologic changes that accompany morbid obesity include reduction in lung volumes, ventilation-perfusion mismatch, and relative hypoxemia.[ ] These findings might be expected to accentuate similar changes seen with anesthesia and increase the risk of
pulmonary complications. The literature on the independent contribution of obesity to perioperative pulmonary complications is conflicting, with some studies showing increased risk and others showing no increased risk when adjustments for co-morbidities

25 26

27

are made.[ ] [ ] The study by Calligaro and associates[ ] of 128 aortic surgery patients, 26 of whom were obese, showed a pulmonary complication rate of 27% in the obese group versus 17% in the nonobese group, an unadjusted ratio of 1.6 for obesity
as a risk factor. A careful analysis would suggest that patients with co-morbidities and obesity are at increased risk, and identification of these associated diseases is important.

Age

28]
These studies were not adjusted for overall health status, however, or the presence of known pulmonary disease. A multivariate model for postoperative respiratory

Early studies suggested an increased risk of pulmonary complications with advanced age.[

29]

failure identified age older than 60 years as a minor risk factor.[

The odds ratios for age 60 to 69 years and age older than 70 years were 1.51 and 1.91. The data are conflicting as to the risk due to age, but it seems that any risk due to age alone, when

30 31
corrected for co-morbidities, is small.[ ] [ ]
Upper Respiratory Infection
Data regarding the risk of pulmonary complications among adults undergoing high-risk surgical procedures with current or recent upper respiratory infection are limited. It would seem wise, however, to avoid elective surgery in this setting.
Metabolic Factors

29]
Albumin less than 3 g/dL and blood urea nitrogen greater than 30 mg/dL each predicted risk; odds ratios were 2.53 and 2.29.

A multifactorial risk index for postoperative respiratory failure identified two metabolic risk factors.[

PROCEDURE-RELATED RISK FACTORS

6 32
Surgical factors that potentially may affect pulmonary risk perioperatively include the site and duration of the operation, the method of anesthesia, and the specific use of pancuronium as a neuromuscular blocker (see Table 57–2 ).[ ] [ ]
Surgical Site
Surgical site is the most important factor in predicting the overall risk of postoperative pulmonary complications; the incidence of complications is inversely related to the distance of the surgical incision from the diaphragm. The choice of incision is likely to

33] [34]

influence respiratory muscle and diaphragmatic function.[

1 34 35
The complication rate is significantly higher for thoracic and upper abdominal incisions than for all other procedures.[ ] [ ] [ ] Complication rates for upper abdominal surgery range
34] [35]

from 17% to 76%; for lower abdominal surgery, 0 to 5%; and for thoracic surgery, 19% to 59%.[
Duration of Surgery

36 37 38

Surgical procedures lasting more than 3 to 4 hours are associated with a higher risk of pulmonary complications.[ ] [ ] [ ] A study of risk factors for postoperative pneumonia in 520 patients found an incidence of 8% for surgeries lasting less than 2
hours versus 40% for procedures lasting more than 4 hours. This observation suggests that, when available, a less ambitious, briefer procedure should be considered in an extremely high-risk patient.

Type of Anesthesia

39 40 41 42

39

There are conflicting data with regard to the pulmonary risk of spinal or epidural anesthesia compared with general anesthesia.[ ] [ ] [ ] [ ] Although not specific to vascular surgery, a large review of 141 trials that included 9559 patients[ ]
reported a reduction in risk of pulmonary complications among patients receiving neuraxial blockade (either epidural or spinal anesthesia) compared with patients receiving general anesthesia. Patients receiving neuraxial blockade had an overall 39%

43

reduction in the risk of pneumonia and a 59% decrease in the risk of respiratory depression. In a large clinical trial performed at our institution by Norris and colleagues,[ ] 168 patients undergoing abdominal aorta surgery were randomized to receive either
a thoracic epidural anesthesia combined with a light general anesthesia or general anesthesia alone intraoperatively and either intravenous or epidural patient-controlled analgesia postoperatively. Although epidural patient-controlled analgesia correlated with a
significantly shorter time to extubation, the treatment groups had comparable times to intensive care unit (ICU) discharge, ward admission, first bowel sounds, first flatus, tolerance of clear liquids and regular diet, and
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independent ambulation. Postoperative pain scores also were comparable. This study could not identify any major advantage or disadvantage for the light general anesthesia followed by intravenous or epidural versus general anesthesia alone.
Type of Neuromuscular Blockade

44

Pancuronium, a long-acting neuromuscular blocker, leads to a higher incidence of postoperative residual neuromuscular blockade than do shorter acting agents. Berg and colleagues[ ] performed a trial of 691 patients undergoing surgery with general
anesthesia and randomized them to pancuronium (long acting), atracurium (shorter acting), and vecuronium (shorter acting) as the neuromuscular blocker. The incidence of residual neuromuscular blockade after surgery was 26% in the pancuronium group and
5% in the group receiving shorter acting agents. Among the patients receiving pancuronium who had residual neuromuscular blockade, there was a 3.5-fold increase in the risk of postoperative pulmonary complications. While this report awaits confirmation
by other investigators, it is reasonable to avoid pancuronium in patients who are at high risk for pulmonary complications.

PREOPERATIVE TESTING
Pulmonary Function Testing

45 46 47 48

Except in pulmonary resection, there is considerable debate regarding the role of preoperative pulmonary function tests (PFTs) for perioperative risk stratification.[ ] [ ] [ ] [ ] There are two reasonable goals that could justify the use of preoperative
PFTs: (1) identification of a group of patients for whom the risk of the proposed open vascular surgical procedure is not justified by the benefit or in whom a percutaneous or endoluminal procedure would be better tolerated or (2) identification of a subset of

48

patients at higher risk for whom aggressive perioperative management is warranted. Although a 1990 American College of Physicians consensus statement recommended liberal use of preoperative spirometry,[ ] more recently available literature suggests a
more limited use might be appropriate. PFTs should not be obtained routinely for patients having abdominal surgery, and they should not be used as the primary reason for denying a patient an operation. PFTs might be useful for patients with COPD or asthma
if clinical evaluation cannot determine if the patient is at his or her best baseline and that airflow obstruction is optimally reduced. In this case, PFTs may identify patients who would benefit from more aggressive preoperative management. Similarly, in
patients with dyspnea or exercise intolerance that remains unexplained after clinical evaluation, PFTs may be indicated. In this case, the differential diagnosis may include cardiac disease or deconditioning. The results of PFTs may change preoperative
management.

Arterial Blood Gas Analysis and Chest Radiographs

No data suggest that the finding of hypercapnia identifies high-risk patients who otherwise would not have been identified based on established clinical risk factors. In addition, abnormal chest radiographs are seen with increasing frequency with age. Chest

49]

radiographs add little to the clinical evaluation in identifying healthy patients at risk for perioperative complications. A meta-analysis of studies of routine preoperative chest radiographs reached the same conclusion.[

Of 14,390 preoperative radiographs,

there were only 140 unexpected abnormalities and only 14 cases in which the chest radiograph was abnormal and influenced management. The available literature does not allow an evidence-based determination of which patients would benefit from a
preoperative chest radiograph. A chest radiograph also should be performed if there has been a recent change in cardiac or pulmonary status.

PULMONARY RISK INDICES

50]
Although several studies have attempted to identify and quantify the risk for postoperative pulmonary complications, each study has
[29]

Cardiac risk indices have been used widely since 1977 to stratify the risk of perioperative cardiac complications.[

51 52 53 54 55

This index is modeled after the widely used cardiac risk
significant limitations.[ ] [ ] [ ] [ ] [ ] The most ambitious risk index was developed to predict the risk of postoperative respiratory failure in a large Veterans Administration database.
indices. The authors evaluated the factors that predicted postoperative respiratory failure and assigned each factor points based on its strength in the multivariate analysis ( Table 57–3 ). Procedure-related risk factors dominate the index, with type of surgery
and emergency surgery being the most important predictors. New observations in this study included the importance of abdominal aortic aneurysm repair, emergency surgery, and metabolic factors as risk
TABLE 57-3 -- Multivariate Risk Factors for Postoperative Respiratory Failure
PREOPERATIVE PREDICTOR

POINT VALUE

Type of surgery
Abdominal aortic aneurysm

27

Thoracic

21

Neurosurgery, upper abdominal, or peripheral vascular

14

Neck

11

Emergency surgery

11

Albumin (30 g/L)

9

Blood urea nitrogen (>30 mg/dL)

8

Partially or fully dependent functional status

7

History of chronic obstructive pulmonary disease

6

Age
70

6

60–69

4
CLASS

POINT TOTAL

PREDICTED PROBABILITY OF POSTOPERATIVE PULMONARY FAILURE
(%)

1

<10

0.5

2

11–19

2.2

3

20–27

5

4

28–40

11.6

5

>40

30.5

From Arozullah AM, Daley J, Henderson WG, Khuri SF, for the National Veterans Administration Surgical Quality Improvement Program: Multifactorial risk index for predicting postoperative respiratory failure in men after major noncardiac surgery.
Ann Surg 232:242, 2000.
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factors. In the validation cohort of this study, the index accurately predicted the risk of respiratory failure, with complication rates ranging from 0.5% (class 1) to 26.6% (class 4). None of the predictive factors are modifiable, other than potentially changing the
proposed procedure to a less ambitious and lower risk intervention, such as an endovascular aneurysm repair. As a result, this index is more valuable to predict risk and to determine candidacy for surgery than as a tool for risk reduction strategies. A

55]

prospective index also has been published to predict perioperative risk of pneumonia.[

PERIOPERATIVE PULMONARY PHYSIOLOGY
In a normal, nonstressed individual, respiratory rate is 10 to 12 breaths/min; each breath has a tidal volume of approximately 500 mL, with a total minute ventilation of 5 to 6 L/min. Total minute ventilation consists of alveolar ventilation and the anatomic
dead space, which is the portion of a breath not available for gas exchange. Anatomic dead space is roughly equal to 130 to 180 mL each breath. Gas exchange depends on alveolar ventilation rather than total minute ventilation.

33 56 57

Reduction in lung volumes resulting from anesthesia and surgery is the primary physiologic mechanism that contributes to the development of atelectasis and other postoperative pulmonary complications.[ ] [ ] [ ] Patients, particularly after upper
abdominal and thoracic surgery, typically experience a significant change in pulmonary function. The mechanisms are primarily a decrease in phrenic nerve activity and a resultant decrease in diaphragmatic function and increases in intercostal and abdominal
muscle tone that occur in response to pain and spinal reflex arcs postoperatively. The most important physiologic change observed in postsurgical patients is a decrease in the functional residual capacity (FRC), the volume of air left in the lungs after normal
expiration. In the absence of intervention, FRC reaches a nadir at 24 to 48 hours postoperatively and returns to normal in uncomplicated non–high-risk patients in approximately 1 week. The relationship between FRC and closing capacity (CC), the volume left
in the lungs as the midsize and small airways begin to collapse, is a major determinant of postoperative pulmonary function and the resultant pulmonary morbidity. Normally, FRC is well above CC, and tidal volumes result in air distribution throughout the
alveoli units. In the postoperative period, FRC decreases dramatically, whereas the CC remains unchanged. Patients who are experiencing severe pain often are not able to generate a tidal volume sufficient to overcome the CC, resulting in lack of airflow to
most alveolar units, leading to atelectasis. Similarly, although patients experiencing only mild pain may be able to generate adequate peak inspiratory flow to overcome CC, the ability to oxygenate alveolar units only at the peak of inspiration leads to
ventilation-perfusion abnormalities (ventilation-perfusion mismatch), contributing to postoperative hypoxemia. Adequate pain control is essential to facilitate the patient’s ability to breathe more deeply (increase tidal volume and FRC) and cough more
effectively (increased forced expiratory volume in 1 second), averting the worsening of pulmonary dysfunction associated with surgery and general anesthesia. Although lower abdominal surgery is associated with similar changes, but to a lesser degree,
reductions in lung volumes are not seen with surgery on the extremities.

ATELECTASIS

32]

Atelectasis is one of the most common pulmonary complications in the postoperative period. Clinically significant atelectasis has been reported in 20% of patients undergoing upper abdominal surgery and in 30% of patients undergoing thoracic surgery.[

58]

Altered compliance of lung tissue, impaired regional ventilation, and retained airway secretions contribute to the development of atelectasis.[

Postoperative strategies differ from the above-mentioned strategies, which reduce or avoid risk factors. Strategies after surgery involve lung expansion maneuvers and pain control; both strategies work to minimize the expected decrease in lung volumes after
surgery and decrease pulmonary complication rates. Lung expansion maneuvers range from simple but effort-dependent strategies, such as incentive spirometry and deep breathing, to more complex, expensive, and effort-independent strategies, such as

59]
reported odds ratios for pulmonary complications for incentive spirometry and deep breathing exercises of 0.44 and 0.43.

continuous positive airway pressure (CPAP). In a meta-analysis of different lung expansion techniques, Thomas and McIntosh[

60

Using a more rigorous study selection strategy that excluded all studies with a methodologic flaw, Overend and colleagues[ ] found 35 of 46 retrieved articles on incentive spirometry to be flawed. Of the remaining 11, only 5 studies used pulmonary
complications as an endpoint, and 2 of these showed a benefit of incentive spirometry. Although the literature contains flawed studies, incentive spirometry and deep breathing exercises are low risk, are inexpensive, and are recommended as a strategy to

61

reduce risk. The combination of these two interventions is no more effective than either one alone. Postoperative CPAP is an equally effective strategy. Stock and colleagues[ ] randomly assigned patients after upper abdominal surgery to postoperative
CPAP, incentive spirometry, or coughing and deep breathing. Atelectasis was less common in the CPAP group than in either of the other two groups (23% versus 42%). Because CPAP is more costly and carries a small risk of barotrauma, it is reasonable to
reserve this intervention for patients who are unable to cooperate with effort-dependent strategies.

Intermittent positive pressure breathing (IPPB) was used commonly in the 1960s and 1970s, but it is associated with more complications than other methods of lung expansion. This association was illustrated in a prospective study, which found that the rates

62]

of postoperative pulmonary complications in an IPPB-treated group were similar to the rates in patients receiving incentive spirometry or voluntary deep breathing exercises[
because of abdominal distention. In addition, IPPB is more costly than other methods of lung expansion. IPPB should not be used for routine prophylaxis.

; however, 18% of the IPPB-treated group required discontinuation of therapy

Pain control strategies, including epidural analgesia and intercostal nerve blocks, reduce splinting and promote the ability to take deep breaths after thoracic, aortic, and upper
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abdominal surgeries. Although pain control is improved with epidural analgesia and intercostal nerve blocks compared with systemic opioids, studies of their ability to reduce postoperative pulmonary complications have shown conflicting results. In a

42

systematic review and meta-analysis, Ballantyne and colleagues[ ] helped to determine the benefit of specific pain control strategies. Epidural opioids and intercostal nerve blocks showed a nonsignificant trend toward reduced pulmonary complications,
whereas epidural local anesthetics reduced pulmonary infection rates (relative risk 0.36, confidence interval 0.21 to 0.65) and total pulmonary complications (relative risk 0.58, confidence interval 0.42 to 0.80).

ACUTE RESPIRATORY FAILURE

63 64

Acute respiratory failure is an umbrella term for many pulmonary pathologies.[ ] [ ] In a general sense, it implies that profound ventilation, perfusion, or gas exchange abnormalities are present. Acute respiratory failure can be thought of as primarily
hypoxic in origin, hypercapnic (ventilatory failure), or with both combined. Commonly the lungs of these patients are plagued by marked decreases in compliance, often requiring higher inspiratory pressures to achieve the same level of inflation and an
increased work of breathing. This increased work of breathing can result in further oxygen debt or in mechanical ventilatory failure.
Shallow breathing secondary to poorly controlled pain in the postoperative patient, aspiration, bronchospasm, absorption atelectasis from anesthesia, or pneumothorax or hemothorax from central line placement all can cause alveolar collapse and decrease
FRC. Alveolar collapse affects gas exchange by creating a ventilation-perfusion mismatch. Acutely, compensation occurs through pulmonary artery spasm and shunting of blood to ventilated areas. The loss of volume secondary to alveolar collapse creates a
decrease in lung compliance, making it difficult to ventilate patients. Positive end-expiratory pressure (PEEP) is often used in this setting to “recruit” alveoli, increasing the size of the functional lung. This recruitment results in improved compliance, decrease
in dead space, increase in oxygenation, and decrease in shunting. In the attempt to recruit collapsed alveoli, normal alveoli may become overdistended. Normal lung is vulnerable to this phenomenon because it is the most compliant. To avoid this side effect,
plateau inspiratory pressures should be kept at less than 30 to 35 cm.
Pulmonary edema also results in decreased FRC, which affects gas exchange and compliance. Three main causes for pulmonary edema exist: increased hydrostatic pressure from left ventricular failure and fluid overload, decreased plasma oncotic pressure
from liver failure, and increased capillary permeability as seen in burn and septic shock patients. Patients often require positive-pressure ventilation to improve gas exchange when pulmonary edema exists. This mode of ventilation limits alveolar collapse,
increases surface area for water accumulation, and overcomes the effects of bronchial occlusion. Pulmonary edema is a more serious cause of acute respiratory failure than alveolar collapse alone because the protein-rich fluid makes the patient highly
susceptible to infection and fibrosis.
The approach to and management of respiratory failure can be broken down simply into a four-step process:
1.
2.
3.
4.

Rule out mechanical causes for the failure, such as pneumothorax, hemothorax, plugged endotracheal tube, occluded airway, or ascites.
Optimize delivery of oxygen (see later).
Attempt to decrease or limit oxygen consumption by treating infection and fever and by providing adequate sedation.
Optimize carbon dioxide removal. Improve minute ventilation. Avoid heavy carbohydrate loads in the patient’s diet.

Ultimately, if the patient’s underlying disease process is not corrected and a systemic inflammatory response persists, acute respiratory failure does not reverse and culminates in a disease process known as acute respiratory distress syndrome (ARDS).
Oxygen delivery (DO2 ) is equal to the oxygen content of the blood (CaO2 ) multiplied by the cardiac output. CaO2 is determined by the concentration of oxygen-saturated hemoglobin and dissolved oxygen in the blood ( Table 57–4 ). Based on this

equation, oxygen kinetics depend heavily on ventilation and perfusion. When delivered to the periphery, oxygen is consumed (VO2 ) at a rate of about 200 mL/min in the average adult. VO2 has many regulators, including catecholamines and thyroid

hormones. DO2 can be increased by improving oxygenation, correcting anemia, and optimizing cardiac output. Although optimizing DO2 may seem a worthy goal, studies using a pulmonary artery catheter to set a specified goal (>500 mL/min) have not

65] [66]

convincingly shown any improved patient outcomes.[

This study and others were primarily of unselected, not specifically ill patient populations, however. Vascular surgery patients with abnormal DO2 or patients with high

TABLE 57-4 -- Oxygen Measurements
MEASUREMENT

EQUATION

Arterial oxygen content (CaO2 )

CaO2 = (1.36 × [Hbg] × SaO2 ) + (PaO2 × 0.0031)

Mixed venous oxygen content (CvO2 )

CvO2 = (1.36 × [Hbg] × SvO2 ) + (PvO2 × 0.0031)

Arteriovenous oxygen difference (a-vDO2 )

a-vDO2 = (CaO2 – CVO2 )

Oxygen delivery (DO2 )

DO2 = ([1.36 (Hbg) × SaO2 ] + [PaO2 × 0.0031]) × CO

Mixed venous oxygen saturation (SvO2 )

SvO2 = (1.36 × [Hbg] × SaO2 ) + (PvO2 × 0.0031)

Oxygen consumption (VO2 )

VO2 = CO × (a-vDO2 )

CaO2 , arterial oxygen content (mL O2 /dL blood); CvO2 , mixed venous oxygen content (mL O2 /dL blood); a-vDO2 , arteriovenous oxygen difference (mL O2 /dL blood); DO2 , systemic oxygen delivery (mL O2 /min/m2 ); VO2 , systemic oxygen
consumption (mL O2 /min/m2 ); CO, cardiac output (mL/min/m2 ); Hbg, hemoglobin concentration (mg/dL); SaO2 , arterial oxygen saturation; SvO2 , mixed venous oxygen saturation; PaO2 , arterial partial pressure of oxygen (mm Hg); PvO2 , mixed
venous partial pressure of oxygen (mm Hg).

VO2 (abnormal DO2 -to-VO2 ratios) have not been definitively studied. As a practical matter, patients with abnormal DO2 with low mixed venous saturations should have cardiac output or hemoglobin concentration or both modified.
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ACUTE RESPIRATORY DISTRESS SYNDROME
In 1994, the American-European Consensus Conference on Acute Respiratory Distress Syndrome defined ARDS as a diffuse inflammatory process involving both lungs that arises as a complication of diseases that produce a severe form of systemic

67

inflammatory response.[ ] The disease must have an acute onset; the arterial partial pressure of oxygen-to-fraction of inspired oxygen ratio must be less than 200; the chest radiograph should have bilateral infiltrates, without a clinical suspicion of
pneumonia; and the left atrial pressure should be normal or if suspicion of an elevated left atrial pressure is present, a pulmonary artery catheter should be placed to assess wedge pressure. A pulmonary capillary wedge pressure of less than 18 mm Hg
combined with the previously stated findings would be consistent with ARDS. A European study involving 78 ICUs from nine countries noted that 7.4% had or developed acute lung injury (arterial partial pressure of oxygen-to-fraction of inspired oxygen ratio

68]

of 200 to 300) or ARDS (2.8% acute lung injury and 5.3% ARDS).[

Epidemiologic data suggest that ARDS may account for 36,000 deaths per year in a country the size of the United States. Although there is evidence that the mortality of ARDS may be

69]
found that survivors of ARDS had persistent functional disability 1 year after discharge from the ICU.

declining over time, it remains high (30% to 40%), and it is an important cause of morbidity in patients who leave the hospital. Herridge and associates[
Despite the bleak outlook for this patient population, research in the field of critical care medicine has elucidated new treatment strategies.

68

Predisposing conditions for ARDS include sepsis, receipt of blood products, catheter sepsis, pneumonia, pulmonary contusion, cardiopulmonary bypass, and pancreatitis.[ ] ARDS is often progressive and characterized by distinct stages with different
clinicopathologic and radiographic manifestations. The acute or exudative phase is manifested by the rapid onset of respiratory failure in a patient at risk for the condition. Arterial hypoxemia that is refractory to treatment with supplemental oxygen is a
characteristic feature. Computed tomography has shown that alveolar filling, consolidation, and atelectasis occur predominantly in dependent lung zones, whereas other areas may be relatively spared. Lavage of these areas reveals substantial inflammation,
however. Although the disease may resolve in some patients after this acute phase, in other patients it progresses to fibrosing alevolitis with persistent hypoxemia, increased alveolar dead space, and a further decrease in pulmonary compliance.

70

The cellular constituents of the lung change greatly during ARDS.[ ] The alveolar epithelium has extensive necrosis of type 1 cells, which slough from the alveolar surface to be replaced by proteinaceous deposits (hyaline membranes). Type 2 cells, in
addition to secreting surfactant, provide a population of cells capable of replication and differentiation to replace type 1 cells. Type 2 cells are more vulnerable to the effects of stretch at day 1 of culture than at day 5. Fundamentally the lung may be more
susceptible to stress/stretch–related trauma during this time.

71

Historically, traditional ventilator strategies have relied on tidal volumes in the range of 10 to 12 mL/kg.[ ] Because of the amount of atelectasis present, delivery of a tidal volume of 10 to 12 mL/kg into this smaller actual lung volume has consequences.
Dependent portions of the lung that are atelectatic do not open with this lung volume; the remaining lung of necessity accommodates this larger lung volume, causing higher peak and plateau inspiratory pressures. Portions of the lung in the midzone have
alveoli that open, but become overdistended with this tidal volume, whereas alveoli that are partially collapsed may be recruited. Alveoli that are overdistended may develop shear force stress, increased vascular permeability, loss of surfactant function,
cytokine production, and further local and systemic end-organ injury. This increase in lung inflammation perpetuates the systemic inflammatory response syndrome. Strategies for management with a smaller tidal volume during ARDS were developed out of
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these concepts. In an elegant study by Ranieri and coworkers,[ ] patients were managed with a conventional tidal volume and PEEP versus a protective ventilation strategy in which PEEP and tidal volume were set between the lower and upper inflection
points of the pressure-volume curve. Alevolar fluid was sampled by bronchoalveolar lavage (BAL), and serum and BAL fluid were tested for the cytokines, tumor necrosis factor (TNF), and interleukin-1 and interleukin-6. Before randomization by ventilation
strategy, patients were similar in both groups. TNF levels decreased in the low tidal volume group, however, compared with conventional ventilation. Findings of the other cytokines paralleled that of TNF. Serum values and end-organ failure also were lower
in the protective lung strategy.

73

Other authors have suggested that the high mortality rates associated with ARDS are due to direct alveolar injury from cyclic alveolar reopening and overdistention. Amato and associates[ ] randomized 53 patients to conventional or protective mechanical
ventilation. Protective mechanical ventilation was defined as elevated PEEP, tidal volume less than 6 mL/kg, permissive hypercapnia, and use of pressure-limited ventilator modes. Patients receiving protective mechanical ventilation compared with
conventional ventilation had a lower 28-day mortality, higher rate of weaning, and decreased rate of barotrauma. It is likely that this strategy maximizes alveolar recruitment and aeration, minimizing sheer stress and decreasing inflammation in the lung tissue.
Although the protective ventilation strategy in this study was associated with a substantial and significant decrease in mortality, patients with conventional ventilation had a surprisingly high baseline mortality (70%) compared with historical mortality rates for
ARDS of 40%.

In a multicenter randomized trial involving 517 critically ill patients, the ARDS Network compared traditional ventilation tidal volumes, 12 mL/kg, with lower tidal volumes, 6 mL/kg, and found that the use of lower tidal volumes in patients with ARDS

74]
The ARDS Network has reported on the ALVEOLI trial, which confirmed the benefit of a

resulted in fewer ventilator-dependent days and decreased mortality (40% conventional versus 31% protective lung).[
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strategy that lowers tidal volume and limits plateau pressure in patients with ARDS. The death rates of patients ventilated with high and conventional pressure end-expiratory pressure strategies were less than 30% and did not differ between the groups.[ ]
The optimal PEEP in patients with ARDS could not be determined. Today, patients with ARDS should be managed with a protective lung ventilation strategy that incorporates a tidal volume of 4 to 6 mL/kg with limitation of plateau pressure to 35 cm H2 O.

Because lower tidal volumes are used in this protective strategy, traditional goals of gas exchange have to be modified.

76

Nuckton and coworkers[ ] identified a pulmonary-specific risk factor for death in ARDS, the dead space fraction. In a prospective study, these authors measured the dead space fraction in 179 intubated patients and found it to be elevated early in the course
of ARDS and to be higher in the patients who died. More specifically, they determined that for every 0.05 increase in pulmonary dead space, the risk of death increased by 45%. These findings are significant because the dead space fraction provides prognostic
information about patients with ARDS.

ALTERNATIVE MODES OF MECHANICAL VENTILATION
Noninvasive Positive-Pressure Ventilation
Acute respiratory failure that is unresponsive to conservative medical therapy often requires mechanical ventilation via an endotracheal tube. Endotracheal intubation poses a risk of morbidity, however, including upper airway trauma, nosocomial pneumonia,
and sinusitis. In more recent years, noninvasive positive-pressure ventilation (NPPV) (i.e., the combination of pressure support and PEEP delivered via facemask or nasal mask) has been used increasingly to avoid endotracheal intubation in patients with acute
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respiratory failure.[ ] [ ] The effectiveness of NPPV depends on the etiology or indication for its use. For acute exacerbations of COPD, the clinical trial evidence strongly suggests that NPPV not only brings about rapid symptomatic and physiologic
improvements, but also reduces the need for intubation, mortality rates, and, in some studies, hospital length of stay. Although NPPV may be associated with nasal bridge ulceration in less than 46% of patients, and gastric distention occasionally occurs, major

78]

complications, such as aspiration, are infrequent. A consensus opinion recommended that NPPV be considered as the ventilatory mode of first choice in selected patients with exacerbations of COPD.[

78

For asthmatic patients, the data supporting NPPV are inconclusive.[ ] A reasonable approach to an asthmatic patient who does not respond promptly to initial medical therapy, but who has not developed a contraindication to NPPV, may be a trial of this
therapy. Asthmatic patients may deteriorate rapidly, however, and delay of needed intubation is a risk. NPPV also may be used in patients with upper airway edema after extubation and patients with acute respiratory failure resulting from obstructive sleep
apnea.

78]

For patients with pulmonary edema, CPAP (10 cm H2 O) should be used initially, with NPPV reserved for patients with substantial hypercapnia or unrelenting dyspnea.[

This recommendation is based on the fact that CPAP is effective and that the single

randomized trial comparing CPAP and NPPV for patients with acute pulmonary edema showed an increase in myocardial infarction rate in the NPPV patients. A study of high-flow oxygen versus NPPV did not show any differences in myocardial ischemia
rates, however. For selected groups of patients with severe community-acquired pneumonia, patients with chest wall restrictive diseases, and immunocompromised patients, NPPV has been administered successfully.

There is accumulating evidence that NPPV may be useful in lung resection and postgastroplasty. Specifically, one randomized trial of NPPV in lung resection patients with acute respiratory insufficiency showed significant reductions in the need for
intubation, ICU length of stay, and mortality rates compared with conventionally treated subjects. Although these studies have not been conducted specifically in postoperative vascular surgery patients, it is reasonable to believe the mechanical benefits of

78]

NPPV would extend to this patient group. NPPV is contraindicated, however, after upper airway or esophageal surgery. A detailed review of the acute applications of NPPV has been published.[

High-Frequency Oscillatory Ventilation

79

Since the 1990s, case reports and observational studies of high-frequency oscillatory ventilation (HFOV) in patients failing conventional ventilation strategies have suggested improved oxygenation in adult patients with severe ARDS.[ ] These reports have
suggested that early initiation of HFOV (<2 days) is more likely to result in survival than delayed treatment (>7 days). In a randomized controlled trial of HFOV for ARDS versus pressure-controlled ventilation, early improvement in oxygenation (<16 hours)
was seen in the HFOV group but not in the pressure-controlled ventilation group over 72 hours. Mortality at 30 days was 37% in the HFOV group and 52% in the conventional group (P = .10). Although HFOV is nonstandard therapy, its use in adults may be
considered when fraction of inspired oxygen requirements exceed 60% and mean airway pressure is approaching 20 cm H2 O or higher. The potential role of additional adjunctive therapies with HFOV, such as prone ventilation, inhaled nitric oxide,

aerosolized vasodilators, and liquid ventilation, currently is being considered.

NOSOCOMIAL PNEUMONIA

80] [81]
Most cases of nosocomial pneumonia occur outside of ICUs. The highest risk is in patients
[80]

Nosocomial pneumonia is the leading cause of death due to hospital-acquired infections, with estimates of associated mortality ranging from 20% to 50%. [

on mechanical ventilation (ventilator-associated pneumonia [VAP]), for an average risk of 1% per day, although the daily risk of acquisition of VAP is higher in the first week of intubation.

82]
Although some authors believe that an endotracheal tube is protective against aspiration, the presence of an endotracheal tube permits the aspiration of

Aspiration is thought to play a central role in the pathogenesis of nosocomial pneumonia.[
oropharyngeal or gastric pathogens.
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Depending on the number and virulence of the organisms reaching the lung, pneumonia may ensue.

82

Gram-negative bacteria colonize the oropharynx within several days of admission, and 75% of severely ill patients are colonized within 48 hours.[ ] In addition, the near-sterility of the stomach and upper gastrointestinal tract may be disrupted by alterations
in gastric pH secondary to illness, medications, or enteric feedings. Less frequently, pneumonia can result from inhalation of infectious aerosols or from bacteremia originating in a distant focus.

Pathogens

81

Nosocomial pneumonias are frequently polymicrobial, with gram-negative bacilli predominating. Gram-negative bacilli cause 60% of nosocomial pneumonias, constituting six of the seven most frequently identified pathogens ( Fig. 57–1 ).[ ] In some
institutions, Acetobacter species can be an important pathogen. Large variations in pathogens may be seen within and between institutions, and clinicians should be familiar with the specific pathogens and their sensitivity in their own institution.

Risk Factors and Prevention

80] [82]

The most significant risk factor for nosocomial pneumonia is mechanical ventilation. Many authors use the terms nosocomial pneumonia and VAP interchangeably. Intubation increases the risk of nosocomial pneumonia 6-fold to 21-fold.[

[83]

factors are listed in Table 57–5 . Some of these risk factors are easily modifiable and should be modified in all patients. A patient on mechanical ventilation should be formally assessed for suitability for weaning and extubation on a daily basis.
assessment is best performed by a daily spontaneous breathing trial, usually as a T-piece trial for 30 to 120 minutes. The longer time

Figure 57-1 A, Species commonly seen in early-onset nosocomial pneumonia and referred to as “core” organisms. B, Species commonly seen in late-onset, often severe nosocomial pneumonia.

Other risk
This

TABLE 57-5 -- Risk Factors for the Development of Nosocomial Pneumonia
Mechanical ventilation
Age >70 years
Chronic lung disease
Depressed level of consciousness or an intracranial pressure monitor
Large volume aspiration
Operative site on the chest wall
Frequent ventilator circuit changes
Nasogastric tube
Reintubation

Previous antibiotic therapy, especially third-generation cephalosporins
H2 blocker or antacid therapy
Transfer to and from intensive care unit for diagnostic or therapeutic tests or procedures
Supine position
Hospitalization in fall or winter

interval may be best for marginal patients, although both time intervals have been studied and successfully predict success or failure of extubation in most patients. In addition to daily breathing trials, patients should be kept in an upright position unless there is
a specific contraindication. Although tight glucose control (80 to 110 mg/dL) is not linked specifically to preventing pneumonia per se, the incidence of infection is decreased by 45%, and in ICU patients with a prolonged stay, tight glucose control should be

84]

employed.[

Role of Gastric pH
Several studies have suggested an increased incidence of nosocomial pneumonia when the gastric pH was increased with the use of H2 blockers or antacids. A meta-analysis of studies published before 1990 failed to corroborate this assumption at a

85]

statistically significant level.[

In the randomized controlled trial of ranitidine versus sucralfate, which was designed to assess specifically efficacy of prophylaxis in nosocomial pneumonia rate, no significant difference in pneumonia was seen, but

86]

surprisingly ranitidine was more efficacious in preventing stress ulcer bleeding.[
Decontamination of the Digestive Tract

Selective decontamination of the digestive tract (SDD) is another strategy that aims to decrease the incidence of nosocomial pneumonia by preventing oropharyngeal and gastric colonization with aerobic gram-negative bacilli and Candida species, without
disrupting the anaerobic flora. Although the data are convincing that SDD prevents nosocomial pneumonia, SDD has not found widespread favor in North America. Although the reasons for this are many, probably the most compelling rationale for not using

87]

SDD is the fear of encouraging widespread resistant organisms.[
Patient Positioning

88] [89] [90]

Several studies have shown that patients in the supine position are predisposed to microaspiration of gastric contents compared with patients in the semirecumbent position.[

A randomized trial of positioning in 90 intubated patients was stopped

90
early when interim analysis found a significantly lower incidence of clinically suspected and microbiologically confirmed nosocomial pneumonia in semirecumbent versus supine patients.[ ] Although no effect of positioning on mortality has been shown, it

seems prudent to place intubated patients preferentially in the semirecumbent position unless contraindicated.

Subglottic Drainage

Drainage of subglottic secretions also may lessen the risk of aspiration and decrease the incidence of VAP. A specially designed endotracheal tube has been developed for continuous aspiration of subglottic secretions (CASS). In a randomized clinical trial of

91]

150 patients admitted to the ICU of a single institution, patients who underwent CASS using the most extensively employed device, the Hi-Lo Evac (Mallinckrodt Inc, Athlone, Ireland), had a lower incidence of VAP (4% versus 12%).[

CASS using the

92
93
same device did not achieve this result, however, in a larger randomized trial of 343 postoperative cardiac surgery patients.[ ] The clinical role and economic impact of CASS are currently unclear.[ ]
Diagnosis
Details of establishing the diagnosis of VAP or nosocomial pneumonia are beyond the scope of this chapter. Nosocomial pneumonia when diagnosed clinically is commonly treated when the condition is not clearly present and cannot be confirmed by
histologic grounds. Whether an aggressive invasive strategy employing BAL should be used remains a subject of active debate. A study from France evaluated whether an invasive diagnostic approach using protected brush specimens or BAL was superior to

94

clinical criteria in 413 ICU patients with a clinical suspicion of VAP.[ ] Patients managed with the invasive strategy had a significantly lower 14-day mortality (16% versus 26%); this mortality advantage persisted at day 28 and was associated with
significantly more antibiotic-free days and a lower mean number of antibiotics administered.
Treatment

95]

Many patients are incorrectly suspected of having pneumonia, which leads to frequent overtreatment with its attendant risks of superinfection and antibiotic toxicity. Appropriate initial antibiotic therapy significantly affects survival.[

If treatment is

[96]

In addition, duration
indicated, the choice of antibiotic should be influenced by the patient’s recent antibiotic therapy (if any), the resident flora in the hospital or ICU, the presence of underlying diseases, and available culture data (interpreted with care).
of hospitalization and severity of illness should influence the choice of empirical coverage. Because increasing data suggest that initial appropriate empirical antibiotic therapy is linked to survival, the current opinion for the treatment of nosocomial therapy is
with de-escalation therapy, that is, to decrease therapy as information and clinical status change.
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SUMMARY
Pulmonary complications are frequent and potentially lethal complications for patients undergoing major vascular surgical procedures. Preoperative identification and optimization of patients with COPD and asthma can reduce postoperative complications.
Prevention of atelectasis, minimizing duration of mechanical ventilation, control of glucose, and prevention of bacterial infection are the primary modalities used to minimize pulmonary complications. NPPV is expected to be an increasingly used modality for
preoperative respiratory support. If ARDS develops postoperatively, new modes of ventilation that use protective lung strategies of low tidal volume and limiting plateau pressure can minimize the development of additional lung and organ system dysfunction.

REFERENCES

1. Lawrence VA, Hilsenbeck SG, Mulrow CD, et al: Incidence and hospital stay for cardiac and pulmonary complications after abdominal surgery. J Gen Intern Med 10:671, 1995.
2. Pronovost PJ, Jenckes MW, Dorman T, et al: Organizational characteristics of intensive care units related to outcomes of abdominal aortic surgery. JAMA 281:1310, 1999.
3. Pronovost PJ, Dang D, Dorman T, et al: Intensive care unit nurse staffing and the risk for complications after abdominal aortic surgery. Effective Clin Pract 4:199, 2001.
4. Svensson LG, Hess KR, Coselli JS, et al: A prospective study of respiratory failure after high-risk surgery on the thoracoabdominal aorta. J Vasc Surg 14:271, 1991.
5. Pedersen T: Complications and death following anesthesia: A prospective study with special reference to the influence of patient-, anaesthesia-, and surgery-related risk factors. Dan Med Bull 41:319, 1994.
6. Smetana GW: Preoperative pulmonary evaluation. N Engl J Med 340:937, 1999.
7. Hall JC, Tarala RA, Hall JL, et al: A multivariate analysis of the risk of pulmonary complications after laparotomy. Chest 99:923, 1991.
8. Gracey DA, Divertie MB, Didier EP: Preoperative pulmonary preparation of patients with chronic obstructive pulmonary disease. Chest 76:123, 1979.
9. Stein M, Cassara E: Preoperative pulmonary evaluation and therapy for surgery patients. JAMA 211:787, 1970.
10. Stein M, Cassara EL: Preoperative pulmonary evaluation and therapy for surgery patients. JAMA 211:787, 1970.
11. American Thoracic Society: Standards for the diagnosis and care of patients with chronic obstructive pulmonary disease. Am J Respir Crit Care Med 152:S77, 1995.
12. Tarhan S, Moffitt EA, Sessler AD, et al: Risk of anesthesia and surgery in patients with chronic bronchitis and chronic obstructive pulmonary disease. Surgery 74:720, 1973.
13. Sestini P, Rensoni E, Robinson, et al: Short-acting beta 2 agonists for stable chronic obstructive pulmonary disease. Cochrane Review Issue 3, 2003.
14. Warner DO, Warner MA, Barnes RD, et al: Perioperative respiratory complications in patients with asthma. Anesthesiology 85:460, 1996.
15. National Heart, Lung and Blood Institute National Asthma Education Program Expert Panel Report: Guidelines for the diagnosis and management of asthma: Part X. Special considerations. J Allergy Clin
Immunol 88:425, 1991.

16. Oh SH, Patterson R: Surgery in corticosteroid-dependent asthmatics. J Allergy Clin Immunol 53:345, 1974.

17. Pien LC, Grammar LC, Patterson R: Minimal complications in a surgical population with severe asthma receiving prophylactic corticosteroids. J Allergy Clin Immunol 82:696, 1988.
18. Kabalin CS, Yarnold PR, Grammar LC: Low complication rate of corticosteroid-treated asthmatic undergoing surgical procedures. Arch Intern Med 155:1379, 1995.
19. Warner MA, Offord KP, Warner ME, et al: Role of preoperative cessation of smoking and other factors in postoperative pulmonary complications: A blinded prospective study of coronary artery bypass patients.
Mayo Clin Proc 64:609, 1989.

20. Bluman LG, Mosca L, Newman N, et al: Preoperative smoking habits and postoperative pulmonary complications. Chest 113:883, 1998.
21. Moller AM, Maaloe R, Pedersen T: Postoperative intensive care admittance: The role of tobacco smoking. Acta Anaesthesiol Scand 45:345, 2001.
22. Nakagawa M, Tanaka H, Tsukuma H, et al: Relationship between the duration of the preoperative smoke-free period and the incidence of postoperative pulmonary complications after pulmonary surgery. Chest
120:705, 2001.

23. Brooks-Brunn JA: Predictors of postoperative complications following abdominal surgery. Chest 111:564, 1997.
24. Hall JC, Tarala MD, Hall JL, et al: A multivariate analysis of the risk of pulmonary complications after laparotomy. Chest 99:923, 1991.
25. Pasulka PS, Bistrian BR, Benotti PN, et al: The risks of surgery in obese patients. Ann Intern Med 104:540, 1986.
26. Thomas E, Goldman L, Mangione C, et al: Body mass index as a correlate of postoperative complications and resource utilization. Am J Med 102:277, 1997.
27. Calligaro KD, Azurin DJ, Dougherty MJ, et al: Pulmonary risk factors of elective abdominal aortic surgery. J Vasc Surg 18:914, 1993.
28. Djokovic JL, Hedley-White J: Prediction of outcome of surgery and anesthesia in patients over 80. JAMA 242:2301, 1979.
29. Arozullah AM, Daley J, Henderson WG, Khuri SF, for the National Veterans Administration Surgical Quality Improvement Program: Multifactorial risk index for predicting postoperative respiratory failure in
men after major noncardiac surgery. Ann Surg 232:242, 2000.

30. Thomas DR, Ritchie CS: Preoperative assessment of older adults. J Am Geriatr Soc 43:811, 1995.
31. Polanczyk CA, Marcantonio E, Goldman L, et al: Impact of age on perioperative complications and length of stay in patients undergoing noncardiac surgery. Ann Intern Med 134:637, 2001.
32. Mohr DN, Jett JR: Preoperative evaluation of pulmonary risk factors. J Gen Intern Med 3:277, 1988.
33. Xue FS, Li BW, Zhang GS, et al: The influence of surgical sites on early postoperative hypoxemia in adults undergoing elective surgery. Anesth Analg 88:213, 1999.
34. Ford GT, Whitelaw WA, Rosenal TW, et al: Diaphragm function after upper abdominal surgery. Am Rev Respir Dis 127:431, 1983.
35. Gracey DR, Divertie MB, Didier EP: Preoperative pulmonary preparation of patients with chronic obstructive pulmonary disease. Chest 76:123, 1979.
36. Garibaldi RA, Britt MR, Coleman ML, et al: Risk factors for postoperative pneumonia. Am J Med 70:677, 1981.
37. Kroenke K, Lawrence VA, Theroux JF, et al: Operative risk in patients with severe chronic obstructive pulmonary disease. Arch Intern Med 152:967, 1992.
38. Pedersen T, Eliasen K, Henriksen E: A prospective study of risk factors and cardiopulmonary complications associated with anaesthesia and surgery: Risk indicators of cardiopulmonary morbidity. Acta
Anaesthesiol Scand 34:144, 1990.

39. Rodgers A, Walker N, Schug S, et al: Reduction of postoperative mortality and morbidity with epidural or spinal anesthesia: Results from overview of randomised trials. BMJ 321:1, 2000.
40. Christopherson R, Beattie C, Frank SM, et al: Perioperative morbidity in patients randomized to epidural or general anesthesia for lower extremity vascular surgery. Perioperative Ischemia Randomized

Anesthesia Trial Study Group. Anesthesiology 79:422, 1993.

41. Major CP, Greer MS, Russell WL, et al: Postoperative pulmonary complications and morbidity after abdominal aneurysmectomy: A comparison of postoperative epidural versus parenteral analgesia. Am Surg
62:45, 1996.

862

42. Ballantyne JC, Carr DB, de Ferranti S, et al: The comparative effects of postoperative analgesic therapies on pulmonary outcome: Cumulative meta-analysis of randomized, controlled trials. Anesth Analg
86:598, 1998.

43. Norris EJ, Beattie C, Perler BA, et al: Double-masked randomized trial comparing alternate combinations of intraoperative anesthesia and postoperative analgesia in abdominal aortic surgery. Anesthesiology
95:105, 2001.

44. Berg H, Roed J, Viby-Mogensen J, et al: Residual neuromuscular block is a risk factor for postoperative pulmonary complications: A prospective, randomised, and blinded study of postoperative pulmonary
complications after atracurium, vecuronium and pancuronium. Acta Anaesthesiol Scand 41:1095, 1997.

45. Lawrence VA, Page CP, Harris GD: Preoperative spirometry before abdominal operations: A critical appraisal of its predictive value. Arch Intern Med 149:280, 1989.
46. De Nino LA, Lawrence VA, Averyt EC, et al: Preoperative spirometry and laparotomy: Blowing away dollars. Chest 111:1536, 1997.
47. Zibrak JD, O’Donnell CR, Marton K: Indications for pulmonary function testing. Ann Intern Med 112:763, 1990.
48. American College of Physicians: Preoperative pulmonary function testing. Ann Intern Med 112:793, 1990.
49. Archer C, Levy AR, McGregor M: Value of routine preoperative chest x-rays: A meta-analysis. Can J Anaesth 40:1022, 1993.
50. Goldman L, Caldera DL, Nussbaum SR, et al: Multifactorial index of cardiac risk in noncardiac surgical procedures. N Engl J Med 297:845, 1977.
51. Arslan V, Barrera R, Ginsberg R, et al: Cardiopulmonary risk index (CPRI) does not predict complications after thoracic surgery [abstract]. Am J Respir Crit Care Med 153:A676, 1996.
52. Epstein SK, Faling J, Daly BD, et al: Predicting complications after pulmonary resection: Preoperative exercise testing vs. a multifactorial cardiopulmonary risk index. Chest 104:694, 1993.
53. Castillo R, Haas A: Chest physical therapy: Comparative efficacy of preoperative and postoperative in the elderly. Arch Phys Med Rehabil 66:376, 1985.
54. Brooks-Brunn JA: Validation of a predictive model for postoperative pulmonary complications. Heart Lung 27:151, 1998.
55. Arozullah AM: Development and validation of a multifactorial risk index for predicting postoperative pneumonia after major noncardiac surgery. Ann Intern Med 153:847, 2001.
56. Wahba RM: Airway closure and intraoperative hypoxaemia: Twenty-five years later. Can J Anaesth 43:1144, 1996.
57. Rosenberg J, Rasmussen GI, Wojdemann KR, et al: Ventilatory pattern and associated episodic hypoxaemia in the late postoperative period in the general surgical ward. Anaesthesia 54:323, 1999.
58. Warner DO, Warner MA, Offord KP, et al: Airway obstruction and perioperative complications in smokers undergoing abdominal surgery. Anesthesiology 90:372, 1999.
59. Thomas JA, McIntosh JM: Are incentive spirometry, intermittent positive pressure breathing, and deep breathing exercises effective in the prevention of postoperative pulmonary complications? A systematic
overview and meta-analysis. Phys Ther 74:3, 1994.

60. Overend TJ, Anderson CM, Lucy SD, et al: The effect of incentive spirometry on postoperative pulmonary complications: A systematic review. Chest 120:971, 2001.

61. Stock MC, Downs JB, Gauer PK, et al: Prevention of postoperative pulmonary complications with CPAP, incentive spirometry, and conservative therapy. Chest 87:151, 1985.
62. Celli BR, Rodriguez KS, Snider GL: A controlled trial of intermittent positive pressure breathing, incentive spirometry, and deep breathing exercises in preventing pulmonary complications after abdominal
surgery. Am Rev Respir Dis 130:12, 1984.

63. Rubenfeld GD: Epidemiology of acute lung injury. Crit Care Med 31(Suppl):s276, 2003.
64. Vincent JL, Sakr Y, Ranieri VM: Epidemiology and outcome of acute respiratory failure in intensive care unit patients. Crit Care Med 31(Suppl):s296, 2003.
65. Sandham JD, Hull RD, Brant RF, et al: A randomized, controlled trial of the use of pulmonary-artery catheters in high-risk surgical patients. N Engl J Med 348:5, 2003.
66. Barone JE, Tucker JB, Rassias D, Corvo PR: Routine perioperative pulmonary artery catheterization has no effect on rate of complications in vascular surgery: A meta-analysis. Am Surg 67:674, 2001.
67. Bernard GR, Artigas A, Brigham KL, et al: The American-European Consensus Conference on ARDS: Definitions, mechanisms, relevant outcomes, and clinical trial coordination. Am J Respir Crit Care Med
149:818, 1994.

68. Ware LB, Matthay MA: The acute respiratory distress syndrome. N Engl J Med 342:1334, 2000.
69. Herridge MS, Cheung AM, Tansey CM, et al: One-year outcomes in survivors of the acute respiratory distress syndrome. N Engl J Med 348:683, 2003.
70. Pinhu L, Whitehead T, Evans T, et al: Ventilator-associated lung injury. Lancet 362:332, 2003.
71. Brower RG, Rubenfeld GD: Lung-proctective ventilation strategies in acute lung injury. Crit Care Med 31(Suppl):s312, 2003.
72. Ranieri VM, Suter PM, Tortorella C, et al: Effect of mechanical ventilation on inflammatory mediators in patients with acute respiratory distress syndrome: A randomized controlled trial. JAMA 282:54, 1999.
73. Amato MBP, Barbas CSV, Medeiros DM, et al: Effect of a protective-ventilation strategy on mortality in the acute respiratory distress syndrome. N Engl J Med 338:347, 1998.
74. Acute Respiratory Distress Syndrome Network: Ventilation with lower tidal volumes as compared with traditional tidal volumes for acute lung injury and the acute respiratory distress syndrome. N Engl J Med
342:1301, 2000.

75. ARDS Clinical Network: The Assessment of Low Tidal Volume and Elevated End-expiratory Volume to Obviate Lung Injury (ALVEOLI) trial: A prospective randomized multi-center trial of higher endexpiratory lung volume/lower FiO2 versus lower end-expiratory lung volume/higher FiO2 ventilation in acute respiratory distress syndrome. Available at http://hedwig.mgh.havard.edu/ardsnet/alveoli.pdf. Accessed
November 6, 2002.

76. Nuckton TJ, Alonso JA, Kallet RH, et al: Pulmonary dead-space fraction as a risk factor for death in the acute respiratory distress syndrome. N Engl J Med 346:1281, 2002.
77. Lightowler JV, Wedzicha JA, Elliott MW: Non-invasive positive pressure ventilation to treat respiratory failure resulting from exacerbations of chronic obstructive pulmonary disease: Cochrane systematic
review and meta-analysis. BMJ 326:1, 2003.

78. Liesching T, Kwok H, Hill N: Acute applications of noninvasive positive pressure ventilation. Chest 124:699, 2003.
79. Derdak S: High-frequency oscillatory ventilation for acute respiratory distress syndrome in adult patients. Crit Care Med 31(Suppl):s317, 2003.
80. Fagon JY, Chastre J, Hance AJ, et al: Nosocomial pneumonia in ventilated patients: A cohort study evaluating attributable mortality and hospital stay. Am J Med 94:281, 1993.
81. Centers for Disease Control and Prevention: Guideline for prevention of nosocomial pneumonia. Respir Care 39:1191, 1994.
82. Scheld WM: Developments in the pathogenesis, diagnosis and treatment of nosocomial pneumonia. Surg Gynecol Obstet 172(Suppl):42, 1991.

83. MacIntgre N, Cook DJ, Ely EW, et al: Evidence-based guidelines for weaning and discontinuing ventilatory support. A Collective Task Force Facilitated by the American College of Chest Physicians; the
American Association for Respiratory Care; and the American College of Critical Care Medicine. Chest 120(Suppl):375s, 2001.

84. van den Berghe G, Wouters P, Weekers F, et al: Intensive insulin therapy in critically ill patients. N Engl J Med 345:1359, 2001.
85. Cook DJ, Laine LA, Guyatt GH, et al: Nosocomial pneumonia and the role of gastric pH: A meta-analysis. Chest 100:7, 1991.
86. Cook DJ, Guyatt GM, Marshall J, et al: A comparison of sucralfate and ranitidine for the prevention of upper gastrointestinal bleeding in patients requiring mechanical ventilation. N Engl J Med 338:791, 1998.

863

87. van Nieuwenhoven CA, Buskens E, van Tiel FH, et al: Relationship between methodological trial quality and the effects of selective digestive decontamination on pneumonia and mortality in critically ill
patients. JAMA 286:335, 2001.

88. Torres A, Serra-Batlles J, Ros E, et al: Pulmonary aspiration of gastric contents in patients receiving mechanical ventilation: The effect of body position. Ann Intern Med 116:540, 1992.
89. Orozco-Levi M, Torres A, Ferrer M, et al: Semirecumbent position protects from pulmonary aspiration but not completely from gastroesophageal reflux in mechanically ventilated patients. Am J Respir Crit Care
Med 152:1387, 1995.

90. Drakulovic MB, Torres A, Bauer TT, et al: Supine body position as a risk factor for nosocomial pneumonia in mechanically ventilated patients: A randomised trial. Lancet 354:1851, 1999.
91. Smulders K, van Der Hoeven H, Weers-Pothoff I, et al: A randomized clinical trial of intermittent subglottic secretion drainage in patients receiving mechanical ventilation. Chest 121:858, 2002.
92. Kollef MH, Skubas NJ, Sundt TM: A randomized clinical trial of continuous aspiration of subglottic secretions in cardiac surgery patients. Chest 116:1339, 1999.
93. Shorr AF, O’Malley PG: Continuous subglottic suctioning for the prevention of ventilator-associated pneumonia: Potential economic implications. Chest 119:228, 2001.
94. Fagon JY, Chastre J, Wolff M, et al: Invasive and noninvasive strategies for management of suspected ventilator-associated pneumonia: A randomized trial. Ann Intern Med 132:621, 2000.
95. Luna CM, Vujacich P, Niederman MS, et al: Impact of BAL data on the therapy and outcome of ventilator-associated pneumonia. Chest 111:676, 1997.
96. Hospital-acquired pneumonia in adults: Diagnosis, assessment of severity, initial antimicrobial therapy, and preventive strategies. A consensus statement, American Thoracic Society, November 1995.Am J
Respir Crit Care Med 153:1711, 1996.

Chapter 58 - Renal Complications

KIMBERLEY J. HANSEN MD
JEFFREY D. PEARCE MD

The complex relationships between fluid shifts and renal function that occur during aortic surgery have been the subject of intense study for 30 years. An improved understanding of these relationships has led to the ability to perform complex aortic and branch

aortic reconstruction, while maintaining adequate excretory renal function. Insight into the causes of renal dysfunction complicating vascular surgery remains fragmentary, however. Despite the increased awareness of the need for fluid resuscitation and the
frequent use of invasive monitoring devices, renal dysfunction is a frequent occurrence. Because of the limited ability to alter the natural history of acute tubular necrosis (ATN) and the significant mortality associated with acute renal failure (ARF), regardless
of renal replacement therapy, it is imperative that vascular surgeons be familiar with measures to prevent this complication. To address the mechanism and presentation of ATN and ARF associated with vascular surgery, one first must consider normal renal
physiology. From this reference point, a variety of aberrations in renal function are presented.

NORMAL RENAL FUNCTION
Although a complete discussion of normal renal physiology is beyond the scope of this chapter, a basic understanding of intrarenal and excretory renal function is necessary to understand abnormal renal function complicating the management of vascular
disorders. The kidney serves as the dominant site for maintenance of normal intravascular volume and composition. Under normovolemic, unstressed conditions, the kidneys receive approximately 25% of the cardiac output. Based on a 5 L/min cardiac output,
the kidneys receive approximately 900 L/day of plasma flow. Given the fact that the glomeruli filter 20% of the renal plasma flow and that the normal 24-hour urinary output for a 70-kg man is less than 1.8 L, the kidney’s tubular system must reabsorb more

1
than 99% of the 180 L/day of filtered plasma to maintain homeostasis. The initial composition of the ultrafiltrate is the electrolyte and solute concentration of plasma. Electrolytes and other solutes, such as glucose, also must be almost totally reabsorbed.[ ]

Reabsorption of electrolytes from the tubular fluid occurs by active transport and by passive back-diffusion. The sodium ion is reabsorbed in the early proximal tubule by its cotransportation with organic solutes, bicarbonate, and divalent cations through an
active transport mechanism. Similarly, sodium is actively transported in the late proximal tubule in combination with chloride transport. Because water freely follows this movement of solutes and ions, the tubular fluid is iso-osmotic to plasma as it enters the
loop of Henle.

Depending on their location, the tubular cells of the loop of Henle vary in their permeability. This variable permeability establishes a hypotonic tubular fluid and medullary osmotic gradient. The descending loop of Henle is permeable to water but relatively
impermeable to sodium and chloride, whereas the ascending loop of Henle is impermeable to water but actively transports the chloride ion, with sodium passively following. The resulting countercurrent mechanism produces a medullary osmotic gradient
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that regulates urine osmolarity from 50 to 1200 mOsm. Distal tubular reabsorption of sodium also is active. In the distal tubule and in the proximal collecting ducts, sodium is actively and almost completely reabsorbed under the control of aldosterone ( Fig.
58–1 ). Of the approximately 25,000 mEq of sodium filtered daily, only 50 to 200 mEq ultimately is excreted (<1%).
Filtered potassium is almost totally reabsorbed in the proximal tubule and the loop of Henle. The electrochemical gradient and intracellular concentration of potassium promote its passive secretion by the distal tubules and early collecting ducts into the tubular

1 2
lumen. Essentially all of the potassium in the urine is transported there through this process.[ ] [ ]
Neuroendocrine Modulators of Renal Function
Intravascular volume is regulated primarily by a series of stretch receptors or baroreceptors located in the arterial tree and the atria. Because these receptors not only sense pressure or volume changes (atrial receptors), but also monitor the rates of change
during the cardiac cycle, they govern the effective circulating volume. Factors that decrease cardiac performance alter the intravascular volume perceived by these receptors and alter renal function to retain salt and water, increasing the effective circulating
volume. Similarly, when the concentration of circulating plasma proteins is reduced, there is a net diffusion of intravascular water into the extravascular space secondary to the decreased intravascular oncotic pressure. This net decrease in circulating volume is
sensed by these same receptors, and neuroendocrine regulators of urinary output inhibit excretion of water to correct the volume deficiency.
When the baroreceptors perceive a reduction in circulating volume, their afferent signals are reduced, which decreases their tonic inhibition over the neuroendocrine system. This reduced inhibition leads to increased secretion of vasopressin, β-endorphins,
growth hormone, and adrenocorticotropic hormone through the central nervous system and to an increase in release of epinephrine from the adrenal medulla. At the level of the nephron, baroreceptors within

Figure 58-1 Anatomic depiction of the nephron and its major hormonal regulators.

Figure 58-2 The juxtaglomerular apparatus of the nephron. a, Thick ascending loop of Henle; b, macula densa; c, juxtaglomerular cells; d, afferent arteriole; e, efferent arteriole; f, glomerular capillary; g, mesangial cell; h, Bowman’s space; i, proximal
convoluted tubule; j, renal sympathetic nerves.

TABLE 58-1 -- Inciting Events Causing Renal Dysfunction
PRERENAL

PARENCHYMAL

Low cardiac output/cardiogenic shock

Increased vascular space

Septic shock

POSTRENAL

Nephrotoxic drugs

Catheter kinking

Radiologic contrast

Catheter clot

Myoglobinuria

Bladder clot

Acute tubular necrosis

Ureteral obstruction

Other causes

Renal pelvic obstruction

Hypovolemia
Blood loss
Dehydration
Third-space sequestration

have not shown clear benefit. Of equal importance in postoperative management is the appreciation that hourly parenteral fluid replacement requirements during surgery are severalfold those required during a resting state and may vary from 100 to 500 mL/hr.
Even this range of additional replacement fluids is inadequate, however, during and after acute blood loss. These increased fluid replacement requirements continue in the immediate postoperative period owing to continued sequestration of fluid into the areas

10]

of the operative site and persistent effects of inflammatory mediators.[

Mobilization of the sequestered third-space fluid is delayed for 2 to 5 days depending on the magnitude of operative and postoperative stress, cardiac performance, and intravascular oncotic pressure. Reabsorption of third-space fluid usually begins on
postoperative day 2 or 3. If not managed with appropriate reduction in maintenance parenteral fluid administration or the addition of diuretic therapy, reabsorption of third-space fluid can lead to intravascular volume overload and acute congestive heart failure.

RENAL DYSFUNCTION AFTER VASCULAR SURGERY
Renal dysfunction after vascular surgery varies widely in its causes and severity, ranging from a mild natriuresis to fulminant ATN and ARF requiring dialysis. For purposes of discussion, inciting events causing renal dysfunction can be classified as prerenal,
renal, or postrenal in nature ( Table 58–1 ). Although the incidence of renal dysfunction complicating vascular surgery has decreased with the development of appropriate perioperative fluid resuscitation, better surgical technique, and less nephrotoxic

11] [12]

radiocontrast material, the mortality associated with ARF remains high, ranging from 10% to 80% depending on the associated presence of multiorgan system failure.[
Diagnosis of Renal Dysfunction

Postoperative renal dysfunction usually is identified by oliguria or increases in serum creatinine. Evaluation of the many possible causes of postoperative renal dysfunction allows the clinician to develop an organized plan of diagnosis and treatment. The
general evaluation must include a thorough physical examination of the patient. Evidence of intravascular volume depletion, hemodynamic instability, sepsis, or congestive heart failure directs the differential diagnosis toward possible prerenal, renal, and
postrenal causes for renal dysfunction. Prerenal causes are the most frequent source of acute renal dysfunction in the early postoperative period. An evaluation of the patient’s intravascular volume status and cardiac performance is required. A patient with
signs of volume depletion, such as flat neck veins, dry mucous membranes, and reduced filling pressures, requires replenishment of intravascular volume with physiologic saline. In light of the possibility of renal failure, potassium-containing solutions should
be avoided. If examination reveals that diminished cardiac performance is responsible for the oliguria, as suggested by findings of distended neck veins, S3 gallop, pulmonary edema, acute electrocardiogram changes, dysrhythmias, decreased cardiac output,

13]

and elevated filling pressures, judicious inotropic support is provided while measuring indices of cardiac performance.[

If correction of filling pressures or myocardial performance fails to improve urinary output, samples of urine and blood are obtained, and diuretic therapy is considered. Serum electrolytes, blood counts, and urine studies allow evaluation of other possible
sources of oliguria and renal failure, such as ATN or myoglobinuria. Urine studies include urinalysis, urine sodium, urea and creatinine concentrations, urine osmolality, and estimation of fractional excretion of sodium ( Table 58–2 ). An additional source
TABLE 58-2 -- Urinary and Blood Parameters in Renal Dysfunction

PRERENAL DYSFUNCTION

RENAL PARENCHYMAL
DYSFUNCTION

POSTRENAL DYSFUNCTION

>1.020

1.010

1.012

Urine osmolarity (mOsm/L)

>400

300 ± 20

300 ± 40

U/P osmolarity

>1.5

1

1

UNa (mEq/L)

<20

>30

CHARACTERISTIC
Urine specific gravity

<30
Fractional excretion of sodium

<1%

*

>1%
<1%

UNa/[U/P Cr]

<1

>1

BUN:Cr

20

10

*

<1
10–20

U/P Cr

>40

<20

*

<20

BUN, blood urea nitrogen; Cr, creatinine; UNa, urinary sodium; U/P, urine/plasma.
Adapted from Muther RS: Acute renal failure: Acute azotemia in the critically ill. In Civetta JM, Taylor RW, Kirby RR (eds): Critical Care, 2nd ed. Philadelphia, JB Lippincott, 1992, pp 1583–1598.

* First 24 hours only.
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of prerenal dysfunction is renal artery occlusive disease. When other etiologies have been excluded, the diagnosis of bilateral renal artery stenosis or occlusion should be considered and evaluated by renal duplex sonography. We proceed with renal duplex
sonography, however, only if we are prepared to follow the scan with angiographic confirmation and intervention.

Categorization of Renal Dysfunction
Prerenal Dysfunction

Prerenal causes are the most frequent source of acute renal dysfunction in the early postoperative period. Renal failure from a prerenal cause is usually the direct result of a contracted intravascular volume secondary to inadequate fluid replacement during
intraoperative and postoperative fluid losses. Less commonly, it is secondary to a primary reduction in cardiac performance, which triggers neurohormonal reflexes to increase intravascular volume by increasing tubular reabsorption of sodium and water. In
their pure forms, these two causes of reduced renal function are easily discernible. Hypovolemia is associated with flat neck veins, dry mucous membranes, and reduced pulmonary artery wedge pressure, whereas renal dysfunction secondary to poor cardiac
performance is associated with distended neck veins, clinical fluid overload, and elevated pulmonary artery wedge pressure. The therapy for hypovolemic prerenal azotemia is to increase intravascular volume by administration of balanced salt solution and red
blood cells as needed. Conversely, therapy for renal dysfunction of cardiogenic origin is directed at improving myocardial performance by administering afterload-reducing agents and inotropic agents and instituting diuretic therapy as needed to diminish the
preload of the failing left ventricle.
Because an atherosclerotic patient who is undergoing major vascular surgery frequently has associated coronary artery disease and impaired left ventricular function, distinction between these two causes of prerenal dysfunction (hypovolemic versus
cardiogenic) can be difficult. Preexisting heart disease may raise the baseline total body volume for an individual to higher central filling pressures, and apparently normal or low-normal cardiac filling pressures may reflect relative hypovolemia. In this clinical
situation, we maintain a constant infusion of afterload-reducing agents and inotropic agents (e.g., dobutamine) and cautiously administer small boluses of balanced salt solutions, while monitoring cardiac output and pulmonary artery wedge pressure. If no
urinary response is noted when filling pressures begin to increase, diuretic therapy is added. The vascular surgeon should have reliable estimates of cardiac function and filling pressures before inotropic or diuretic therapy, or exacerbation of compromised

14] [15]

renal function may result.[

A more recently recognized prerenal cause of acute and chronic renal insufficiency is occlusive disease of the renal arteries. Also termed ischemic nephropathy, this diagnosis is made by exclusion of other causes. If other causes of prerenal dysfunction have
been excluded, renal duplex sonography is used to determine whether there is occlusive disease of the main renal arteries. Hemodynamically significant renal artery stenosis or occlusion is characterized by focal increase in the peak systolic velocity (≥1.8 m/
sec) with distal turbulent Doppler waveforms (i.e., stenosis) or absence of Doppler flow (i.e., occlusion). By contrast, because interstitial swelling from parenchymal causes of ATN may increase renal parenchymal resistance dramatically, ATN is characterized
by a marked decrease in the diastolic velocity and increased resistance index measured from the renal artery spectral analysis. In the absence of acute or chronic renal parenchymal disease, the diastolic velocity is increased, reflecting a compensatory decrease

16]

in renovascular resistance.[

When the duplex scan is positive and correction of a renovascular occlusion is contemplated, we perform contrast angiography to clarify the presence of the occlusion and to plan its correction.

Postrenal Dysfunction

Postrenal mechanisms represent the least frequent cause of postoperative oliguria leading to renal dysfunction. The pathophysiology involved in this process is obstructive and is usually at the level of the urethra or urinary catheter and less commonly at the
level of the ureters. Hematuria or traumatic catheter insertion can predispose to clots and obstruction of indwelling urinary catheters, resulting in obstructive uropathy. For this reason, when rapid cessation of urine flow is detected, initial maneuvers should be
directed toward catheter irrigation or replacement, which is usually successful at restoring urinary flow. Problems encountered with catheter insertion should be noted, such as the presence of clots or urethral strictures or both. Similarly, catheter kinking should
be avoided because this occasionally can cause obstruction.
Postrenal oliguria also can be caused by ureteral or renal pelvic obstruction, and these mechanisms should be sought after other causes of oliguria have been excluded. Causes include iatrogenic injury or compression of the ureters associated with aortic surgery
and graft placement and stone disease. Preliminary diagnosis can be suggested on the basis of renal ultrasound or isotope renography and can be confirmed using retrograde urography. Therapy may require the placement of ureteral stents or percutaneous

13]

nephrostomy to relieve such an obstruction.[

Acute urinary retention from obstructive uropathy rarely can accompany urinary catheter removal. Clinical situations in which acute urinary retention can arise include voiding dysfunction after urinary catheter removal in patients with epidural catheters
placed for pain control and in patients with prostatic hypertrophy. Generally, we allow 6 to 12 hours to elapse after epidural analgesia is discontinued before removal of urinary catheters to avoid urinary retention. Prostatitis or traumatic urinary catheter
insertion combined with general anesthetic also can precipitate acute urinary retention. Both of these problems, if recognized early, are easily treatable by catheter reinsertion and rarely progress to obstructive uropathy.
Renal Parenchymal Dysfunction

Parenchymal causes of acute renal dysfunction are diverse and pose the greatest risk for permanent compromise of excretory renal function. The associated pathophysiology depends on the specific etiology. For this discussion, it is
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best to categorize the types of renal failure commonly seen as they relate to vascular surgery. In the broadest sense, ATN describes all renal parenchymal causes of ARF. More specifically, the pathophysiologic mechanism of ATN involves a decrease in
cellular adenosine triphosphate, which is associated with a loss in the actin cytoskeleton; this causes a loss of renal tubular cell membrane polarity with subsequent loss of intercellular tight junctions. Shedding of the apical portion of tubule cells into the

17 18

tubules can cause tubular obstruction and lead to a further reduction or cessation of glomerular filtration in the nephron.[ ] [ ] ARF ultimately results. Manifested clinically by an abrupt rise in the serum creatinine, either with or without a change in
urinary output (oliguria), it is sometimes possible to detect the presence of tubular cells in the urinary sediment on microscopic urinary evaluation. Although ATN may be transient and self-limited, its causes related to vascular surgery include ischemic injury

13]

(shock, acute renal artery occlusion, multiorgan failure, and atheroembolic injury) and toxic injury (myoglobinuria and dye related injury).[

ISCHEMIC INJURY
Acute Ischemic Injury
Caused by either temporary periods of interruption of renal perfusion or periods of systemic hypoperfusion associated with major vascular procedures, the pathophysiology of acute ischemic injury is twofold. First, as a consequence of the magnitude and
duration of ischemia, tubular cell swelling occurs after reperfusion. This swelling can cause tubular obstruction, leading to further reduction or cessation of glomerular filtration in the nephron. Second, tubular cells either can lose their basement membrane
attachment secondary to the interstitial edema that develops after reperfusion or can undergo cell death during ischemia, subsequently being sloughed into the tubule. The medullary thick ascending loop of Henle and the pars recta of the proximal tubule seem

17] [18] [19]

to be the segments of the tubular epithelium that are most sensitive to ischemia. After loss of the tubular cell, a back-leak of glomerular filtrate into the renal parenchyma develops.[

The risk of renal dysfunction after vascular surgical intervention is greatest for aortic surgery. Aortic repair requiring a suprarenal cross-clamp poses a significant risk for ischemic renal insult, and the risk is greater for repair of thoracoabdominal aneurysm, in
which longer periods of renal ischemia can be anticipated. Rates of ARF approaching 18% routinely have been quoted in larger series for elective repair of thoracoabdominal aneurysms ( Table 58–3 ). Ultimate recovery of renal function after suprarenal aortic

20] [21] [22]

cross-clamping relates to preexisting renal dysfunction, patient age, and duration of renal ischemia. Periods of hypotension related to blood loss, myocardial dysfunction, or sepsis also can diminish renal blood flow and incite ARF.[

23] [24] [25] [26] [27] [28] [29]

Contemporary series report the occurrence of renal failure after infrarenal aortic aneurysm repair to range from 1% to 13%.[

Acute renal artery occlusion is discussed thoroughly in Chapter 134 . It can result from emboli from a cardiac origin, trauma, or aortic or renal artery dissection. When related to a cardioembolic event, the diagnosis often is delayed, and ultimate recovery of
renal function depends on the magnitude of the occlusion and the presence of preexisting collaterals to the kidneys. Back, flank, or abdominal pain; new onset of hypertension; hematuria; and elevation in serum lactate dehydrogenase may provide a clue

30

regarding the diagnosis and treatment.[ ] Traumatic renal artery occlusion is suggested by the presence of hematuria and nonvisualization of kidney on an intravenous pyelogram. Prompt angiography is necessary to confirm the process, although the success
of revascularization largely depends on the ischemic period, which is frequently prolonged. Dissection of the renal artery can be caused by catheter-related injury or arise from preexisting disease (fibromuscular dysplasia). The treatment and opportunity for
functional recovery are based on the extent of the dissection and, in cases of complete occlusion of the renal artery, the period of ischemia before surgical revascularization.
Vascular procedures complicated by sepsis, myocardial dysfunction, and reperfusion injury can incite transient or permanent degrees of renal dysfunction. In these instances, recovery of excretory renal function depends on elimination of the septic focus and
improvement in left ventricular performance to ensure adequate renal perfusion.
Atheroembolism to the renal arteries has been increasingly recognized as a cause of ARF and can cause renal damage culminating in end-stage renal disease. Catheter-based peripheral and coronary angiography and endoluminal interventions, such as coronary
artery balloon angioplasty, are well-recognized sources of renal atheroemboli. Atheromatous disease from proximal diseased aortic segments can complicate suprarenal cross-clamping or manipulation of the aorta. Atheroembolism also can occur
spontaneously from these proximal sources or from renal artery atheromatous plaques. The clinical diagnosis is suggested by a deterioration in renal function in a patient who displays other extrarenal manifestations of atheroembolism (e.g., blue toe syndrome)

31] [32] [33] [34]

and is highly suggested by the laboratory finding of eosinophilia (71%). Diagnosis is confirmed by renal biopsy, and treatment is supportive.[

TABLE 58-3 -- Incidence of Acute Renal Failure and Renal Replacement Therapy After Aortic Surgery
MORTALITY
PROCEDURE
Elective

N

ARF (%)

210

RRT(%)
2

Infrarenal

76]

AAA[

CrCl >45

162

8

0

CrCl <45

48

18

7

166

10

2

39

28

3

22]

Infrarenal AAA[

22]

Suprarenal AAA[

ARF (%)

RRT (%)

20]

234

18

15

49

TAA[

73]

1509

18

9

23

TAA107

475

25

8

38

56

70

12

16

25

Ruptured TAA[

18

22

Ruptured AAA108

112

34

66

86

Ruptured TAA109

314

29

Ruptured AAA110

105

32

TAA[

21]

Elective TAA[

21]

6

18

65

AAA, abdominal aortic aneurysm; ARF, acute renal failure; comb, combined mortality for ARF and RRT; CrCl; creatinine clearance in mL/min; RRT; renal replacement therapy; TAA, thoracoabdominal aneurysm.
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Chronic Ischemia—Ischemic Nephropathy
Ischemic nephropathy is discussed in Chapter 130 . The term ischemic nephropathy describes reduced renal excretory function in combination with renovascular disease. Usually the renovascular disease is bilateral in distribution or involves a solitary kidney
to implicate diminished renal artery perfusion as the cause of elevated serum creatinine. The significance of this condition is that it tends to be rapidly progressive in nature and is thought to be responsible for 20% of patients becoming dialysis dependent.
Uncorrected renovascular disease as a cause of end-stage renal disease is associated with a rapid rate of death during follow-up, with a median survival of only 27 months after the initiation of dialysis and a 5-year survival of only 12%. Although dialysis

35]

dependence places the patient at increased operative risk, patients who survive successful renal artery revascularization have an improved probability of long-term survival.[

36

In patients with atherosclerosis and a recent worsening of renal function along with hypertension or worsening of renal function while taking an angiotensin-converting enzyme inhibitor, the presence of ischemic nephropathy should be sought.[ ] In contrast
to renovascular hypertension secondary to unilateral renal artery stenosis, in which hypertension is renin dependent, the hypertension in ischemic nephropathy tends to be volume dependent. Patients with this pattern of disease present with severe hypertension,

36] [37] [38]

elevated serum creatinine, and volume overload. Alternatively the clinical presentation may be that of recurrent episodes of flash pulmonary edema. This entity almost always coexists with some element of intrinsic renal parenchymal disease.[

[39]
Toxic Injury and Angiography
Chemical injury to the kidney can result from many sources. Nephrotoxic agents should be identified and used with caution, particularly in a vascular patient with compromised renal clearance. Aminoglycosides are one of the most common compounds
responsible for such injury in the postoperative period; myoglobin and radiologic contrast media also have been implicated. Aminoglycosides appear to exert their renal toxicity at the tubular cell by causing mitochondrial damage, cell membrane destruction,

40

phospholipase activation, or alteration in lysosomes.[ ] Because of this relationship and the frequent history of reduced renal function in postoperative vascular surgery patients, it is important to identify risk factors that can contribute to nephrotoxicity
before the administration of aminoglycosides. These risk factors include preexisting renal insufficiency, advanced patient age, extracellular volume depletion, and concomitant use of other nephrotoxins. The routine use of aminoglycoside blood levels to

13]

predict or prevent nephrotoxicity is probably not warranted.[

Although alternative antibiotics with less nephrotoxicity have reduced the use of aminoglycosides in vascular surgical patients, all pharmacologic agents should be administered with caution and

40 41
the dosage adjusted for renal clearance.[ ] [ ]
Myoglobinuria is an important cause of renal failure in patients submitted to revascularization after prolonged periods of limb ischemia. Circulating as a breakdown product of muscle death, myoglobin is filtered freely by the glomerulus. Myoglobin exerts its

42

toxicity through direct tubular cell injury and through precipitation and obstruction of the tubule.[ ] Hematuria after reperfusion of the profoundly ischemic extremity suggests pigment toxicity and should prompt urinalysis. Myoglobinuria is suggested when
the urine is dipstick positive for blood, but no red blood cells are present on microscopic analysis and can be confirmed by testing the urine for myoglobin. When diagnosed, injury to the kidney may be lessened by maximizing the urine flow rate through the

43]

administration of intravenous crystalloid infusion and diuretics (mannitol) and by alkalinizing the urine (sodium bicarbonate).[

Of particular importance as it relates to vascular surgical practice and renal complications is contrast-induced nephrotoxicity. Conventional contrast agents have iodine incorporated into their structure to absorb x-ray photons, achieving visualization of the
vasculature. The nephrotoxicity of such iodinated contrast agents has been recognized for many years. The principal site of contrast-induced nephrotoxicity is the renal tubule from transient regional renal ischemia; the effects on glomerular function seem to be

44] [45]
The ionization and high osmolarity of early contrast agents may contribute to their nephrotoxicity. Nonionic contrast agents (e.g., iohexol) are now available that provide comparable absorption of x-ray photons yet are significantly less
[46]

mild.[

charged than traditional agents. It was hoped that the reduced ionic nature would decrease their nephrotoxicity, but severe adverse renal events did not differ between ionic and nonionic contrast media in a large randomized clinical trial.

46]

Renal nephrotoxicity after exposure to ionic agents occurs most commonly in patients with preexisting renal insufficiency (3.3 relative risk) alone or in combination with diabetes mellitus, especially when diabetes is juvenile onset.[

Other risk factors, such

47
as dehydration, volume of contrast agent used, and simultaneous exposure to other nephrotoxins, contribute to the likelihood of acute contrast nephrotoxicity.[ ] Other risk factors include multiple myeloma and heavy proteinuria. Overall, the incidence of
[48]
In

acute renal dysfunction after contrast angiography varies from 0 to 10%, although these estimates are skewed by several studies that included only juvenile diabetes patients. In one study, hospital-acquired nephropathy occurred in 12% of patients.

49
patients with normal renal function, however, the incidence of contrast nephropathy is only 1% to 2%.[ ]
50] [51]

The impact of diabetes on the risk of ARF after angiography seems to depend on the type of diabetes and the magnitude of secondary diabetic nephropathy. Type 1 diabetics seem to be more susceptible to contrast-induced ARF than type 2 diabetics.[

50

52

Harkonen and Kjellstrand[ ] found that 22 of 26 patients (76%) with a prestudy serum creatinine level of greater than 2 mg/dL who underwent excretory urography developed ARF. Weinrauch and associates[ ] reported that ARF after coronary
angiography developed in 12 of 13 patients (92%) with juvenile-onset diabetes and severe diabetic nephropathy. In addition, the cause of chronic renal insufficiency seems to affect recovery from contrast-induced ARF. Although diabetic and nondiabetic
patients with renal insufficiency are at increased risk for contrast-induced ARF, diabetics seem to recover less
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50] [51] [52]

often and are at greater risk of permanent dependence on dialysis as a consequence of contrast-induced ARF.[

Specific measures to minimize the risk of contrast-induced ARF are controversial, and the results from controlled studies are largely inconclusive. Nevertheless, the basic relationship between the use of contrast material and the risk of contrast nephropathy
seems to be related to the amount of time the kidney is exposed to the contrast material. For this reason, maximizing urine flow rate during and immediately after angiography and limiting the quantity of contrast agent used are important considerations.
Maximal urine flow rate should be achieved by preliminary intravenous hydration of the patient. Studies that examined the optimal preparation for patients with renal insufficiency indicated that hydration with 0.45% saline provides better protection against

53

acute decline in renal function associated with radiocontrast agents than does hydration with 0.45% saline plus mannitol or furosemide.[ ] We routinely admit any patient with the above-mentioned risk factors 12 hours before angiography for intravenous
hydration at 1.5 mL/kg/hr. Immediately before angiography, the patient usually receives a bolus of intravenous fluid (3 to 5 mL/kg). Finally, intravenous hydration is continued for 4 to 6 hours after completion of the study.

Although attempts to calculate a safe upper limit of contrast material have met with some success, no definitive limit currently exists. Even small doses (30 to 60 mL) may induce renal failure in patients with extreme renal insufficiency (glomerular filtration

54

rate [GFR] ≤15 mL/min). Conversely, more than 300 mL of contrast material may be administered safely to other patients with no risk factors for ARF.[ ] We limit the quantity of nonionized contrast agent to less than 50 to 75 mL in patients with a
significant reduction in GFR (<20 to 30 mL/min). If additional contrast material is required to complete the vascular evaluation, we postpone further study and approach the total evaluation in a sequential manner. In some instances, digital subtraction
techniques have been useful in limiting the quantity of contrast material required. Nevertheless, we have found that a single midstream aortic injection, using 30 to 40 mL of nonionic contrast material and conventional cut-film techniques, is just as safe as
digital subtraction angiography.

55 61

Adjuncts or alternatives to conventional angiography are appropriate in many instances. In addition to the use of digital subtraction techniques, carbon dioxide gas can be used for angiography with minimal renal risk.[ ] [ ] Because it offers limited detail,
carbon dioxide angiography often is used to identify the site of disease, which is better defined with conventional contrast agents. Other alternatives to conventional angiography that reduce or eliminate the risk of nephrotoxicity include the use of gadolinium

56] [57]

as a contrast agent for angiography,[

58]
and abdominal ultrasound with visceral/renal artery duplex sonography.

magnetic resonance angiography,[

59]
studied patients with chronic renal dysfunction who required nonionic contrast administration for computed tomography.
[59]

By scavenging reactive oxygen species, acetylcysteine may protect against contrast-induced nephrotoxicity. Tepel and colleagues[

They documented a significant reduction in serum creatinine with the use of oral acetylcysteine and hydration compared with placebo and hydration.
administer two oral doses of acetylcysteine (600 mg) before and after these studies in patients at high risk for contrast nephrotoxicity.

Further study is needed to define better the role of acetylcysteine during aortography; however, we

Finally, high-dose loop diuretics, angiotensin-converting enzyme inhibitors, and angiotensin II receptor antagonists are held for at least 72 hours before aortic reconstruction or exposure to arterial contrast agents. Selective beta blockers and calcium channel

60]

blockers are substituted when necessary.[

SPECIAL CONSIDERATIONS
Renal Failure Associated with Aortic Surgery

23 24 25 26 27 28 29

ARF after aortic surgery continues to be associated with an extremely high mortality. Although it is reported to have an incidence ranging from 1% to 13% in elective aortic surgery,[ ] [ ] [ ] [ ] [ ] [ ] [ ] the occurrence of ARF depends on the
clinical circumstances of the operation, level of aortic repair undertaken, preoperative renal function, intraoperative and postoperative events, and overall prior health status of the patient. The reported data from several series regarding rates of ARF after

20 21 22 73 76
operations performed for ruptured abdominal aortic aneurysms are summarized in Table 58–3 .[ ] [ ] [ ] [ ] [ ] , 107 ,108 ,109 ,110 . The incidence of ARF complicating rupture of aortic aneurysms has remained formidable despite a 20-year period
of surgical and technologic advancement. Nevertheless, recognition of the clinical syndrome of multiorgan system failure has shed some light on factors that increase this mortality. In patients with postoperative renal failure as an isolated system failure, the
associated mortality ranges from 25% for nonoliguric renal failure to 70% for oliguric renal failure. Determinants of outcome include the preexisting disease and precipitating events. In contrast, when renal failure is only one of several system failures,
11 66 67

mortality is extremely high, approaching 100% for three or more organs failing simultaneously.[ ] [ ] [ ] It might be surmised that one simply needs to prevent or provide improved treatment of multiorgan system failure to improve the probability of
survival in this group with renal failure. To date, the prevention of multiorgan system failure has proved an illusive goal.

ARF after procedures involving the juxtarenal aorta seldom parallels pure pathophysiologic models, but rather results from a combination of underlying causes. For purposes of discussion, however, the respective causes are addressed here as independent
sources of ARF with the understanding that all of these mechanisms may be active in the production of postoperative renal failure in an individual patient.

A temporary isolated period of renal ischemia caused by suprarenal aortic cross-clamping, temporary renal artery occlusion, a single episode of hypovolemic shock, post–cross-clamp hypotension, or cardiogenic shock in the perioperative period is the most

68] [69] [70] [71]

common cause of acute renal dysfunction and renal failure associated with aortic surgery. Through observations of patients and use of investigative models, Myers and associates[
temporary

postulated that a pathophysiologic cascade of events after

871

renal ischemia leads to ARF. Renal biopsy specimens and autopsy studies in patients with postischemic ARF have shown minimal, if any, disturbance in glomerular architecture, yet profound disruption of tubular morphology. These findings led Oliver and

72]

colleagues[

to suggest that this form of ARF is initiated through tubular luminal obstruction caused by sloughed tubular cells as discussed earlier.

73]
large series of patients undergoing thoracoabdominal aneurysm repair quoted an 18% incidence of
[74]

Clinically observed rates of renal failure after aortic surgery may be divided according to the level of aortic repair undertaken. Svensson and associates’[

Factors identified to
renal failure (serum creatinine >3 mg/dL) and a 9% rate of dialysis-dependent renal failure. Series using regional renal hypothermia for renal protection and clamp-and-sew technique identified occurrence of ARF in 11.5% of patients.
predict renal dysfunction included a preoperative creatinine greater than 1.5 mg/dL and a total cross-clamp time greater than 100 minutes. These results do not seem to differ from series in which partial left heart bypass and distal aortic perfusion were used.

[74] In cases of juxtarenal and suprarenal abdominal aortic aneurysms, preservation of renal function may be enhanced through the use of renal hypothermia.[75] For elective infrarenal aortic surgery, preoperative creatinine clearance less than 45 mL/min
has been associated with a significant risk of subsequent renal failure. In the same series, no patient with preoperative serum creatinine less than 1.5 mg/dL required postoperative dialysis, whereas 8% of patients with a preoperative serum creatinine greater

76]

than 1.8 required postoperative dialysis support.[

An alternative cause of ARF in aortic surgery that may be considered a permanent form of ischemic insult is renal atheroembolism. Although this mechanism receives much less attention than the pathophysiologic consequences of temporary ischemia, it may

77

be the dominant cause of ARF in patients without prolonged renal ischemia, excessive blood loss and hypotension, or other recognized nephrotoxic insult to renal function.[ ] The quantity of microembolization produced during manipulation of the
juxtarenal aorta during dissection depends on the embologenic potential of the atheromatous debris and the operative techniques employed to prevent such an event. The clinical impact of such renal microembolization depends on the quantity of functioning
renal parenchyma embolized and the presence of other causes of ARF. In the absence of other factors favoring ARF and a normal mass of functioning nephron units, relatively large amounts of atheromatous microemboli can occur without an immediate

78]

impact on renal function.[

In contrast, if there is a minimal renal reserve, the added insult of even minor microembolization can lead to decompensation and ARF.

Protection of Renal Function
Measures to protect renal function during aortic surgery should be practiced because the mortality of ARF requiring dialysis remains high. These protective measures include limiting the period of warm renal ischemia, providing adequate circulating blood

volume before operation by means of preoperative intravenous fluid hydration and adequate blood volume replacement during and immediately after surgery, avoiding repetitive or prolonged renal ischemia, and maintaining maximal parameters of cardiac

79 80 81 82 83 84

performance. Additional modalities include the use of mannitol, furosemide, and other diuretics; renal hypothermia; renal vasodilating drugs; and other, more investigational techniques.[ ] [ ] [ ] [ ] [ ] [ ] Conceptually, all of these modalities are
directed toward reduction of the severity or duration of renal tubular ischemia, reduction of renal tubular metabolic needs during periods of ischemia, or prevention of tubular obstruction by sloughed tubular cells. No single modality or combination of

85] [86]

modalities entirely prevents the insult of aortic surgery on renal function, but by using these preventive measures, one can lessen the severity and duration of renal dysfunction.[

Careful attention should be given to limiting the period of warm renal ischemia. For a normally perfused kidney, less than 40 minutes of warm ischemia is well tolerated. For a chronically ischemic kidney, the duration of safe warm ischemic time is extended
for an unknown period depending on the amount of collateral flow that has developed. Preoperative evaluation and intraoperative preparation can help to reduce the ischemic time and diminish the chances of time-consuming intraoperative complications.
In addition to routine heparinization and confirmation of systemic anticoagulation by measurement of activated clotting time, intravenous administration of mannitol, 12.5 to 25 g, before aortic cross-clamping is widely practiced as a routine measure to prevent
ARF. Extensive investigation of its actions suggests that mannitol not only acts as an osmotic diuretic to increase urine flow rate, but also may attenuate the reduction in cortical blood flow that occurs during and immediately after aortic cross-clamping.

80]

Mannitol also acts as a free radical scavenger.[

Compared with saline administration before aortic cross-clamping in patients undergoing infrarenal aortic aneurysm repair, mannitol causes a reduction in subclinical glomerular and renal tubular damage.

[85]

87

These results are not uniformly reproduced, however, because others have found an absence of clinical benefit from using mannitol and dopamine over volume expansion alone.[ ] Profound and sustained alterations in renal hemodynamics are
observed in patients with impaired renal function or when surgical occlusion of the aorta is prolonged. ARF after aortic surgery requires aggressive therapy, and goals should be aimed at correcting extracellular volume deficits. The conversion of oliguric renal

66]

failure to a nonoliguric state is associated with fewer complications and an improved survival.[

88]

Dopamine is administered frequently during aortic surgery. Low-dose dopamine in healthy adults causes increases in renal perfusion, GFR, and urine output.[

The effect of low-dose dopamine in patients undergoing aortic surgery is less well understood.

89
90 91
During aortic reconstruction, dopamine administration may cause increased urine output through inotropic effects.[ ] The clinical benefit of prophylactic dopamine administration in patients undergoing aortic surgery is unproved, however.[ ] [ ]
[88]

Because dopamine may cause tachyarrhythmias, myocardial ischemia, pulmonary shunting, or mesenteric vasoconstriction,

its routine use should be approached with caution.

Fenoldopam is a dopaminergic type 1 (DA1 ) receptor agonist that may reduce the risk of ARF. Two dopamine

872

receptors are found in the kidney: DA1 and DA2 . Activation of the DA1 receptor causes increased GFR likely mediated by increased blood flow to the inner cortex and medulla of the kidney. Activation of the DA2 receptor causes a reduction in renal blood

92]

flow and GFR.[

95]

clamping. [

93]
94
It seems to maintain kidney perfusion in animal models of radiocontrast-induced nephrotoxicity[ ] and aortic cross-

Because it is a selective DA1 agonist, fenoldopam significantly increases renal blood flow in healthy adults.[

96]
Atrial natriuretic peptide and fenoldopam infusions have shown benefit in preventing contrast-

Atrial natriuretic peptide is an endogenous hormone released from the cardiac atria with vasodilatory, diuretic, and natriuretic properties.[

94 97

98 99 100 101

][
] Their role in patients undergoing aortic surgery is not yet defined clearly, however. At this time, experience with fenoldopam is limited but encouraging.
induced nephropathy[ ] [ ] and renal dysfunction after cardiac surgery. [ ] [ ] [
Additional investigation is needed to elucidate better the role of fenoldopam and atrial natriuretic peptide during aortic surgery.
102]

Distal aortic perfusion may be used to maintain renal perfusion during repair of thoracoabdominal aneurysms. This technique is most attractive during the repair of an isolated thoracoabdominal aneurysm[

or when complex disease precludes prompt

103]
104]
Distal aortic perfusion may be modified with “octopus” catheters to perfuse the renal arteries directly during distal reconstruction.[
Because the routine use of distal aortic perfusion has been
completion of the proximal thoracic aortic anastomosis.[
104
105
[
][
]
associated with an increased incidence of ARF despite spinal cord protection in extensive (type II) thoracoabdominal aneurysm,

we prefer other strategies to provide renal protection.

Regional renal hypothermia has been used sporadically for many years to protect renal function during periods of ischemia. Its use is based on the valid premise that even modest decreases in core temperature significantly reduce metabolic needs. These unmet
metabolic needs during ischemia lead to a series of events that produce ARF. The technique usually employs the infusion of 500 mL to 1 L of cold (4°C to 5°C) crystalloid solution with or without other additives into the isolated segment of the aorta
containing the renal arteries or directly into the renal artery ostia using a handheld cannula or infusion balloon catheters. The protective effect of minimal changes in core temperature has been evaluated in rats. The first 10°C reduction in tissue temperature

106]

seems to provide the greatest protection. Postoperative serum creatinine levels and renal tubular morphology data revealed that a protective effect occurred with a minimal, sustained decrease in core temperature to 35°C.[

Finally, one cannot overstate the importance of operative technique in preventing microembolization of atheromatous debris during juxtarenal aortic dissection and control. One should avoid repetitive cross-clamping because this increases the risk of
atheroembolization to the renal arteries from proximal atheromatous debris. Because the embologenic potential of the debris cannot be judged definitively until after the aorta is opened, one should assume the worst until it is proved otherwise. For this reason,

we temporarily occlude renal artery flow immediately before the application of the aortic cross-clamp whenever the aortogram suggests the presence of complicated perirenal atherosclerosis; this applies to infrarenal and suprarenal aortic cross-clamping.
Although the authors can provide only anecdotal support for this maneuver, we believe it has been an important adjunct in minimizing the incidence of postoperative ARF among our patients.
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Chapter 59 - Infection in Prosthetic Vascular Grafts

DENNIS F. BANDYK MD, FACS
MARTIN R. BACK MD, FACS

The use of prostheses (grafts, metallic stents, endovascular stent-grafts) in the arterial or venous circulations has permitted palliation of a large number of disabling or fatal vascular conditions. Despite routine antibiotic prophylaxis and refinements in
implantation technique, microbial infection of the vascular prosthesis can occur and eventually produce a perilous condition. Infection involving a prosthetic graft is difficult to eradicate. If not recognized or treated promptly, implant failure will occur by

6 14 27 33 52 56

producing sepsis, hemorrhage, or thrombosis.[ ] [ ] [ ] [ ] [ ] [ ] In general, surgical therapy is always required, often coupled with prosthesis excision, because antibiotics alone are insufficient to eradicate an established infectious process. Patient
care requires adherence to specific criteria in selecting an appropriate treatment care plan whether the management involves graft excision alone, graft preservation within the implant wound, in-situ graft replacement, or graft excision in conjunction with extra-

8 17 23] [25] [34] [62] [67] [78] [79]
Even when treatment is successful, the

anatomic bypass grafting. Improved results have been reported following both graft excision coupled with extra-anatomic bypass and in-situ replacement procedures.[ ] [ ] [
morbidity associated with vascular graft infections is considerable, with outcomes often worse than the natural history of the vascular condition that led to graft implantation.

6 18 21 27 35 52

The clinical manifestations of prosthetic vascular infections vary depending on the anatomic location and the virulence of the pathogen.[ ] [ ] [ ] [ ] [ ] [ ] The resulting clinical spectrum of graft infection mandates surgeons use a patient-specific
treatment approach. Keys to successful outcome include using accurate diagnostics to identify the infecting organism and extent of graft infection, the administration of culture-specific antibiotic therapy, and a well-planned surgical intervention to excise or
replace the infected graft. Since most patients present with a low-virulence graft infection, in-situ replacement therapy has evolved to be a “preferred” treatment strategy using autogenous venous conduits, cryopreserved allografts, or antibiotic-impregnated

5 8 10 22 23 25 31 43 45 55 75 79

prosthesis to replace the infected grafts.[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] A single-stage procedure that involves excision of the infected graft with immediate in-situ replacement is appealing because it avoids the complexity and
increased morbidity of staged or multiple procedures associated with graft excision and extra-anatomic bypass grafting. Regardless of the technique used to eradicate the graft infection, success is measured by patient survival, freedom from recurrent infection,
patency of the revascularization, and the avoidance of major morbidity or amputation.
Epidemiology

6 7
The reported incidence of infection involving a vascular prosthesis varies, occurring after 0.2% to 5% of operations, and is influenced by the implant site, indication for intervention, underlying disease, and host defense mechanisms ( Table 59–1 ). [ ] [ ]
[21] [28] [30] [33] [36] [52] [53] [54] [55] [56] [57] [66] [71] Vascular surgeons now realize that the potential for graft infection extends well beyond the perioperative period. Aortic graft infections can develop months to years after implantation,
[38]

Graft infection occurs much less frequently than
and thus the long-term incidence is higher. During a 10-year period after prosthetic grafting of the aorta, a population-based study from the Mayo Clinic estimated the incidence of infection to be 5%.
wound infection, with the incidence of early (<30-day) graft infection being in the range of 1% of procedures. Infection is more likely to involve prosthetic grafts implanted during an emergency procedure (e.g., for ruptured abdominal aortic
TABLE 59-1 -- Incidence of Prosthetic Graft and Endovascular Device Infection Relative to Implant Site
INFECTION AND DEVICE

INCIDENCE, %

Graft Implant Site
Descending thoracic aorta

0.7–3

Aortoiliac

0.2–1.3

Aortofemoral

0.5–3

Femorofemoral1

.3–3.6

Axillofemoral

5–8

Femoropopliteal

1–10

Femorotibial

2–3.4

Carotid patch

0.3–0.8

Carotid-subclavian

0.5–1.2

Axilloaxillary

1–4

Endovascular Device
Aortic stent-graft

0.4–0.8

Iliac stent

<0.5

Carotid stent

<0.5
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aneurysm [AAA], acute arterial ischemia) and when the prosthesis is anastomosed to the femoral artery or placed in a subcutaneous tunnel (e.g., with axillofemoral or femorofemoral bypass). In a Canadian prospective, multicenter trial of nonruptured AAA

3 28 44 58
repair, the incidence of graft infection was 0.2%, which is similar to the incidence reported following endovascular stent-graft AAA repair (0.4%).[ ] [ ] [ ] [ ] Infection can also develop following percutaneous stent angioplasty, but the incidence is
26]

low (<0.5%), with case reports suggesting colonization occurred during an episode of bacteremia.[

Prosthetic graft infections can be classified by appearance time, relationship to postoperative wound infection, and the extent of graft involvement ( Table 59–2 ). An early (<4 months after graft implantation) infection correlates with a Szilagyi grade III

71]

wound infection that involves the vascular prosthesis.[

These infections are caused by virulent hospital-acquired bacteria and present with sepsis evidenced by fever, leukocytosis, bacteremia, and an advanced wound infection. There is evidence that even

5 6
Szilagyi grades I and II wound infections increase the likelihood of a late-appearing graft infection. Late infections are the result of graft colonization by “low-virulence” organisms such as Staphylococcus epidermidis or infrequently Candida species. [ ] [ ]
[7] [8] [36] [44] [78] The low titer of microorganisms on graft surfaces produces an indolent infection without signs of sepsis, and cultures of perigraft fluid or tissue may yield no growth.
14]
Categories include perigraft

Bunt proposed using a standardized terminology to reflect the spectrum of graft infection and allow comparison of treatment outcomes.[

TABLE 59-2 -- Clinical Classifications of Prosthetic Graft Infections
Appearance Time after Implantation
Early: <4 mo
Late: >4 mo
Szilagyi’s Classification (Applicable to Postoperative Wound Infections)
Grade I: cellulitis involving wound
Grade II: infection involving subcutaneous tissue
Grade III: infection involving the vascular prosthesis
Bunt’s Classification (Modified)
Peripheral graft infection
P0 graft infection: infection of a cavitary graft (e.g., aortic arch; abdominal and thoracic aortic interposition; aortoiliac, aortofemoral, iliofemoral graft infections)
P1 graft infection: infection of a graft whose entire anatomic course is noncavitary (e.g., carotid-subclavian, axilloaxillary, axillofemoral, femorofemoral, femorodistal; dialysis access bridge graft infections)
P2 graft infection: infection of the extracavitary portion of a graft whose origin is cavitary (e.g., infected groin segment of an aortofemoral or thoracofemoral graft, cervical infection of an aortocarotid graft)
P3 graft infection: infection involving a prosthetic patch angioplasty (e.g., carotid and femoral endarterectomies with prosthetic patch closure)
Graft-enteric erosion
Graft-enteric fistula
Aortic stump sepsis following excision of an infected aortic graft

infection (P0, P1, P2, and P3), graft-enteric erosion (GEE), graft-enteric fistula (GEF), and aortic stump infection. Most early graft infections present after discharge from the hospital, typically within 1 to 3 months, and involve an extracavitary graft. Cavitary

5 9 56 60 66 77
(i.e., aortic) graft infections present as a late (>4 months) infection with a mean appearance times of more than 40 months.[ ] [ ] [ ] [ ] [ ] [ ] Both early and late infections can present with either total (P0, P1) or partial (P2, P3) graft involvement.
PATHOGENESIS

32]

The presence of a foreign body potentiates the infectivity of bacteria. In 1957, Elek and Conen demonstrated that a single-braided silk suture significantly reduced the inoculum of staphylococci required to produce a local infection.[
body infection can be predicted by the formula:

The risk of foreign

The initiating event is bacterial adherence to the biomaterial surfaces, followed by colonization and development of “bacterial-laden” biofilm that resists host defenses and antibiotic penetration. Both graft and bacterial characteristics influence the likelihood
of colonization. Bacterial adherence to polyester grafts is 10 to 100 times greater than to polytetrafluoroethylene (PTFE) grafts; and gram-positive bacteria, such as staphylococci, produce an extracellular glycocalyx, or “mucin,” that promotes adherence to
biomaterials in greater numbers than gram-negative bacteria. The increased adhesion of staphylococci to biomaterials is due to specific capsular adhesions that mediate microorganism attachment and colonization. Antibodies to these specific cell-surface

glycoproteins have been developed and have been used clinically for the diagnosis of graft infection, and their application to graft surfaces can inhibit bacterial adherence.
Etiologic Factors Involved in Graft Colonization
A vascular prosthesis exposed to microorganisms (bacteria or fungi) can result in clinical infection by the following four major mechanisms:
1.
2.
3.
4.

Perioperative contamination via the surgical wound
Bacteremia seeding of the biomaterial
Mechanical erosion into bowel or genitourinary tract or through the skin
Involvement caused by a contiguous infectious process

Perioperative Contamination

Skin and lymph nodes are a major reservoir of bacteria. Biomaterial surfaces can contact microorganisms (1) by a direct route during implantation, (2) through the surgical wound (in the event of a healing complication), or (3) by hematogenous or lymphatic
sources arising from remote sites of infection (e.g., urinary tract infection, tinea pedis, pneumonia, venous or arterial catheter sepsis, endocarditis, and ischemic foot lesions). Important potential sources of
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direct graft contamination include breaks in aseptic operative technique; contact with the patient’s endogenous flora harbored within sweat glands, lymph nodes, diseased artery walls (e.g., atherosclerotic plaque or aneurysm thrombus), disrupted lymphatics,
or intestinal bag effluents; and injury or opening of the gastrointestinal or genitourinary tract. If the surgical wound does not develop a fibrin seal or heal promptly following operation, the underlying vascular prosthesis is susceptible to colonization from any
superficial wound problems (e.g., erythema, dermal necrosis, and lymphocele). Wounds with persistent drainage indicate the presence of ischemic or injured tissues, which if complicated by superficial infection can extend to deeper tissue and involve the

6

prosthesis. Diseased artery walls and reoperative wounds are an unappreciated source of bacteria, with microbiology cultures recovering pathogenic strains of staphylococci in 10% to 20% of cases.[ ] Bacteria can be harbored in the scar tissue or lymphoceles
of healed wounds and contact prosthetic grafts undergoing revision or replacement for thrombosis or anastomotic aneurysm. Cultures of explanted graft material from such procedures have isolated microorganisms, typically S. epidermidis, from 50% to 70%

44]

of thrombosed grafts and more than 80% of grafts associated with anastomotic aneurysms.[
Bacteremia

Bacterial seeding of the prosthesis via a hematogenous route is an uncommon but important mechanism of graft and stent infection. Experimentally, intravenous infusion of 107 colony-forming units of Staphylococcus aureus produces a clinical graft infection
in nearly 100% of animals if administered within days of implantation. Thus, bacteremia arising from infected intravascular catheters, urinary tract infections, or other remote tissue infections (e.g., pneumonia, infected foot ulcer) increases the risk of graft
infection and occurs regularly in the elderly vascular patient during the postoperative period. In debilitated, leukopenic, or septic patients, it is best to avoid the use of prosthetic vascular grafts or stents. Parenteral antibiotic therapy has been shown
experimentally to significantly decrease the risk of graft colonization from bacteremia and is the rationale for both antibiotic prophylaxis and culture-specific antibiotic therapy in patients with a known site of infection. As the prosthesis heals and becomes
incorporated with surrounding tissue, susceptibility to bacteremic colonization decreases, but vulnerability has been documented beyond 1 year after implantation, with infection developing as the result of dental and gastrointestinal diagnostic procedures.
Transient bacteremia, in combination with altered immune status, may account for graft infections occurring years after the original operation. It is also possible for a low-grade graft infection to become secondarily infected by a more virulent organism. For
example, Escherichia coli urosepsis might inoculate an unincorporated graft involved by a S. epidermidis biofilm infection, converting a low-grade infection into a more virulent graft infection.
Mechanical Erosion

Erosion of a prosthetic graft through the skin or into the gastrointestinal or genitourinary tract results in a perigraft infection that then spreads along the graft length. GEE/GEF can develop as a result of pulsatile pressure transmitted via an aortic graft to the
overlying adherent bowel, most commonly to the third part of the duodenum. The reported incidence after prosthetic aortic grafting is 0.4% to 2%. Three anatomic types of graft-enteric communication have been reported: (1) direct fistula to the suture line, (2)
fistula to false aneurysm, and (3) prosthetic erosion into the bowel. Theoretically, this complication can be avoided by adequate coverage of the graft with retroperitoneal tissue or omentum at the time of implantation. The pathogenesis of GEF involves
complex anatomy, including communication of the bowel with the graft-artery suture line, and in one half of cases a pseudoaneurysm of the aorta is present. In most patients, the clinical history indicates that the infection of the aortic prosthesis occurred first,
followed by extension to involve the suture line with infection weakening the native aortic wall and subsequent pseudoaneurysm formation. The microflora associated with GEE/GEF are commonly gram-positive organisms, except in a graft segment with bile
staining where E. coli and other coliforms are isolated. Graft erosion through intact skin is most commonly the result of a low-grade infection caused by S. epidermidis. The perigraft infection produces an inflammatory reaction that damages overlying skin and
leads to a graft-cutaneous fistula. In rare cases, skin injury at the time of extra-anatomic graft tunneling can result in cutaneous exposure of the prosthesis.
Involvement by a Contiguous Infectious Process

Prosthetic grafts can become colonized as a result of an adjacent infection. The most common clinical scenarios are an aortofemoral graft limb infection due to diverticulitis and peripheral graft infection due to an infected lymphocele. Frequently the graft
segment adjacent to the contiguous bowel or soft tissue infection may be involved. Initial treatment should be directed at drainage of the perigraft abscess and, if present, the bowel abnormality.

Pathobiology of Biomaterial-Associated Infections

The most common cause of graft infection is microorganism contamination of the graft during implantation or in the perioperative period. The pathogenesis of biomaterial-associated infection involves the following fundamental steps:
1.
2.
3.
4.

Bacterial adhesion to graft or stent surfaces
Microcolony formation within a bacterial biofilm
Activation of host defenses (neutrophil chemotaxis, complement activation)
Inflammatory response involving perigraft tissues and the graft-artery anastomoses

The vascular prosthesis and the adherent bacteria act together as a co-inflammatory stimulus to activate the immune system, in particular the inflammatory cytokines. The result is an inflammatory process that attempts to localize the infection but is
accompanied by tissue-damaging effects, including recruitment of polymorphonuclear granulocytes, production of tumor necrosis factor α, and activation of other humoral and cellular defenses ( Fig. 59–1 ). The prosthesis is not an “innocent
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Figure 59-1 Pathogenesis of vascular biomaterial-associated infections.

TABLE 59-3 -- Risk Factors for Graft Infection

Bacterial Contamination of the Graft
Faulty sterile technique
Prolonged preoperative hospital stay
Emergency surgery
Extended operative time
Reoperative vascular procedure
Simultaneous gastrointestinal procedure
Remote infection
Postoperative superficial wound infection/skin necrosis/seroma/lymphocele
Altered Host Defenses
Local factors
Biomaterial foreign body reaction
Bacterial slime production producing a protective biofilm
Systemic factors
Malnutrition
Leukopenia/lymphoproliferative disorder
Malignancy
Corticosteroid administration
Chemotherapy
Diabetes mellitus
Chronic renal failure
Autoimmune disease
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anastomosis breakdown. One or more of these risk factors can be identified in more than 90% of patients who develop a graft infection.
Local and systemic conditions that diminish host defenses are also important risk factors for graft infection. All biomaterials produce a local foreign body reaction that impedes tissue ingrowth and neutrophil (WBC) bactericidal function. The architecture of
prosthetic grafts permits bacterial colonization within the interstices of the biomaterial and formation of biofilms that resist both antibiotic and WBC penetration. An important virulence factor of gram-positive and gram-negative bacteria is the ability to
produce an extracellular glycocalyx called slime that protects bacteria within adherent microcolonies. Body surface culture results indicate that most patients who undergo prosthetic graft implant procedures are colonized with slime-producing bacteria strains
of staphylococci, the primary opportunists of foreign body infections. The altered immune function associated with malignancy, lymphoproliferative disorders, or drug administration (e.g., steroids or chemotherapy) can predispose patients to graft infection
with low numbers of contaminating bacteria.

PREVENTION
Prevention of graft infection is an important concept, and the surgical team must be cognizant of preoperative, operative, and postoperative prophylactic measures. Vascular infections can be minimized if the following principles are applied:
■ Avoid a prolonged preoperative hospital stay to minimize the development of skin flora resistant to commonly used antibiotics (i.e., hospital-acquired strains).
■ Have patients shower or scrub with an antibacterial soap the night before the operation.
■ Control any remote infection before an elective operation, especially if a prosthetic graft or stent implantation is planned.

■ Remove operative site hair immediately before the operation using clippers rather than a razor to minimize skin trauma.
■ Protect vascular grafts from contact with any potentially contaminating sources, especially the exposed skin adjacent to the operative field, by the use of iodine-impregnated plastic drapes or antibiotic-soaked towels.
■ Avoid simultaneous gastrointestinal procedures during grafting procedures to prevent graft contamination with enteric organisms.
■ Use prophylactic antibiotics whenever a prosthetic graft or stent is implanted.
■ Longer (>48-hour) duration of perioperative antibiotics should also be considered when two or more patient-related risk factors for surgical wound infection are identified, including extremes of age, malnutrition, chronic illnesses (diabetes,
chronic obstructive lung disease), remote infections, immunosuppression, recent operations, or prior irradiation of the surgical site.

Prophylactic antibiotics should be infused before incision of the skin, and at regular intervals during the procedure to maintain tissue drug levels above the minimal bactericidal

TABLE 59-4 -- Antibiotic Prophylaxis in Adults Undergoing Prosthetic Graft or Patch Implantation During Clean Surgical Procedures

*

Cefazolin 1–2 g IV slowly prior to induction of anesthesia and repeated (1–2 g) q 8 hours for 24–48 hours, or cefuroxime 1.5 g IV and q 12 hours for total of 6 g; a single dose of cefazolin 1 g IV is recommended prior to endovascular stent deployment
When methicillin-resistant Staphylococcus aureus is cultured on body surfaces or is a known important pathogen in hospitalized patients, add vancomycin 1 g IV infused over 1 hour
If the patient has a cephalosporin allergy, give aztreonam 1 g IV q 8 hours for 24 hours
If patient has a vancomycin allergy, give clindamycin 900 mg IV over 20–30 minutes followed by 450–900 mg IV q 8 hours for 24 hours
IV, intravenous.

* There is no evidence to support prophylaxis until central venous or Foley catheters are removed.

concentration for expected pathogens ( Table 59–4 ). Additional dosing may be needed during the operation depending on the rate of drug elimination and volume of distribution, larger or more frequent dosing necessary during prolonged (>4-hour) procedures
or excessive changes in blood volume, fluid administration, or renal blood flow during the procedure. Culture-specific antibiotics should be prescribed for patients undergoing vascular graft implantation who have coexisting infections of the leg or another
remote site. At some vascular centers, prophylactic antibiotics are continued for 3 to 5 days in patients deemed to be at high risk for infection from bacteremia, prolonged preprocedure hospitalization, or high (>10%) institutional wound infection rates.
Meticulous attention to sterile technique is imperative to avoid bacterial contact of vascular devices with implant procedures, especially during emergency or prolonged reconstructive procedures. The graft can be protected from potentially contaminating
sources, especially the exposed skin, by the use of iodine-impregnated plastic drapes or antibiotic-soaked towels or sponges. Careful handling of the tissues, meticulous hemostasis to prevent hematoma formation, and closure of the groin incisions in multiple
layers to eliminate dead space are important technical measures that decrease wound healing problems and subsequent infection. Irrigating wounds with topical antibiotics before closure or soaking the prosthetic has been shown to decrease wound infection
rates. In a randomized clinical trial of 2522 patients, use of a rifampin-soaked (1 mg/mL) gelatin-impregnated polyester aortofemoral graft reduced groin wound infection rates (4.4% vs. 2.7% control, P < 0.05), but subsequent graft infection rates were similar

11]

(0.6% vs. 0.3%, controls).[

All graft infections were caused by S. aureus.

Simultaneous gastrointestinal procedures should be avoided during grafting procedures to prevent graft contamination with enteric organisms. A possible exception is cholecystectomy for asymptomatic cholelithiasis. An 18% incidence of postoperative acute
cholecystitis has been reported in patients following elective AAA repair, and a Mayo Clinic retrospective review of simultaneous cholecystectomy with aortic reconstruction indicated a low risk of graft infection but an overall higher procedural complication
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rate.[ ] Cholecystectomy should be performed after aortic grafting and the retroperitoneum has been closed over the vascular prosthesis. If an unplanned enterotomy should occur during celiotomy, graft implantation should be postponed. The arterial
reconstruction can be scheduled for several days later with planned implantation of an antibiotic-impregnated prosthesis, and if feasible, via a retroperitoneal approach.
After prosthetic graft implantation, patients should be informed of the potential risk for graft colonization and infection via bacteremia, especially following interventional procedures such as dental work, colonoscopy, and cystoscopy. Antibiotic prophylaxis is
recommended for these procedures: amoxicillin 2 g orally 1 hour prior to the procedure or, if a penicillin allergy is present, clindamycin 500 mg orally 1 hour prior to the procedure.

BACTERIOLOGY
Although virtually any microorganism can infect a vascular prosthesis, S. aureus is the most prevalent pathogen, accounting for one fourth to one half of infections depending on the implant site ( Table 59–5 ). Graft infections due to S. epidermidis or gramnegative bacteria have increased in frequency. This change in the microbiology of graft infection is the result of reporting both early- and late-appearing graft infections, including aortic graft infections associated with GEE or GEF. Surgeons have also become
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aware of microbiologic sampling errors in late infections owing to low numbers of bacteria present within the graft surface biofilm.[ ] Graft infections associated with negative culture results are caused by S. epidermidis or other coagulase-negative
staphylococci, and on occasion by Candida species. Infections due to gram-negative bacteria such as E. coli, Pseudomonas, Klebsiella, Enterobacter, and Proteus species are particularly virulent. The incidence of anastomotic dehiscence and artery rupture is
high and is due
TABLE 59-5 -- Bacteriology of Prosthetic Vascular Graft Infections: Incidence from 1400 Collected Cases
INCIDENCE (%)
MICROORGANISM

AEF

AI

AF

FD

TA

ICS

Staphylococcus aureus

4

3

27

28

32

50

Staphylococcus epidermidis

2

3

34

11

20

15

Streptococcus species

9

3

8

11

2

3

Escherichia coli

28

30

12

7

2

5

Pseudomonas species

3

7

6

16

10

6

Klebsiella species

5

10

5

2

2

4

Enterobacter species

5

13

2

2

2

—

Enterococcus species

8

10

2

7

6

—

Bacteroides species

8

3

3

2

—

—

Proteus species

4

—

4

7

2

—

Candida species

3

—

2

1

4

5

Serratia species;

1

—

1

2

—

—

Other species

3

2

3

6

2

—

No growth culture

8

13

2

2

9

12

AEF, aortoenteric fistula or erosion (n = 450); AI, aortoiliac or aortic tube graft (n = 54); AF, aortobifemoral or iliofemoral graft (n = 460); FD, femoropopliteal, femorotibial, axillofemoral, or femorofemoral graft (n = 285); TA, thoracic aorta graft (n = 65);
ICS, innominate, carotid, or subclavian bypass graft or carotid patch following endarterectomy (n = 90).

19] [20]
Fungal infections of grafts (e.g., with Candida, Mycobacterium, and Aspergillus species) are rare, and

to the ability of the organisms to produce destructive endotoxins (e.g., elastase and alkaline protease) that compromise wall structural integrity.[
most patients with such infections either are severely immunosuppressed or have an established fungal infection elsewhere.

9

Methicillin-resistant S. aureus (MRSA) now accounts for one fourth of early prosthetic graft infections.[ ] The recent increase in MRSA wound infections may justify use of specific antibiotic prophylaxis for all vascular device implant procedures. Gramnegative organisms such as Proteus, Pseudomonas, Klebsiella, and Enterobacter species can also be involved in early postoperative graft infections, with anastomotic bleeding most commonly associated with a Pseudomonas aeruginosa infection. Graft
complications such as GEE or GEF typically involve infection with gram-negative enteric bacteria and occur beyond 4 months after implantation. Late-appearing graft infections are commonly associated with less virulent bacteria such as S. epidermidis, but
the incidence of MRSA has been noted to be increasing. Coagulase-negative staphylococci are present in normal skin flora but have the ability to adhere to and colonize biomaterials where growth occurs within a biofilm on the prosthetic surfaces.

DIAGNOSIS
Prompt diagnosis and treatment of prosthetic graft infections are essential to avoid complications (e.g., sepsis and hemorrhage) and death. Clinical manifestations are varied and may be subtle, particularly those associated with cavitary graft infections.
Operative exploration is the most accurate method for confirming infection and may be necessary when clinical suspicion of GEE exists. In equivocal cases, the vascular surgeon must prove that a graft infection is not present. Most graft infections are detected

6 7 68 77
more than 4 months after graft implantation,[ ] [ ] [ ] [ ] and fewer than 20% are detected in the early postoperative period. The urgency of diagnostic evaluation depends on the presentation and the clinical status of the patient.

Clinical Evaluation
Patient History

Vascular surgeons should maintain a low threshold for proceeding with additional diagnostic testing when any symptom or sign suggests graft infection. Aortic grafts confined to the abdomen can present as unexplained sepsis, prolonged postoperative ileus, or
abdominal distention as the only clinical signs. If infection involves an extracavitary graft (i.e., in leg, groin, or neck incisions), the initial sign of infection is an inflammatory perigraft process with cellulitis; the development of a cutaneous sinus tract or
anastomotic pseudoaneurysm is a later sign. Any patient with gastrointestinal bleeding and an aortic graft should be considered to have graft infection and GEE until another source of bleeding is conclusively identified by endoscopy or no graft-bowel

6 67 76
communication is verified at operation.[ ] [ ] [ ]

In patients with vague symptoms suggestive of and ultrasound or computed tomography (CT) evidence of perigraft
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fluid, careful review of the operative history and surgical notes may furnish clues that further support the diagnosis of graft infection and provide the rationale for invasive diagnostic testing. The patient should also be queried about recent medical illnesses that
may have resulted in hematogenous or lymphatic seeding of the graft with bacteria. Early graft infections due to S. aureus or other gram-negative bacteria typically present within weeks of the procedure as fever, leukocytosis, and obvious perigraft purulence.
Bacteremia is a sign of an advanced graft infection associated with artery wall or mural thrombus infection or the secondary development of endocarditis. Patients with a graft infection due to S. epidermidis typically present months to years after graft
implantation with graft-healing complication (e.g., anastomotic aneurysm, perigraft cavity with fluid, or graft-cutaneous sinus tract). Systemic signs of sepsis (e.g., fever, leukocytosis, and bacteremia) are characteristically absent.
Physical Examination

The clinician should carefully examine the site or sites of graft implantation for any signs of inflammation. Surgical incisions should be carefully inspected for erythema and draining sinuses. Masses near anastomotic sites can represent perigraft abscesses or
anastomotic pseudoaneurysms. The extremities should be examined for signs of septic embolization (i.e., a cluster of petechiae downstream from the infected graft). Other sources of infection, such as infected foot lesions, osteomyelitis, and infected urinary
calculi, should be sought because these conditions can predispose to hematogenous bacterial seeding and graft colonization.
Diagnostic Testing

An elevated WBC count (15,000 to 18,000 cells/mL) with left-shifted differential and an increased erythrocyte sedimentation rate (>20 mm/min) are common but nonspecific findings in patients with graft infection and fever. Routine laboratory testing should
also include urinalysis, blood cultures, and cultures of other clinical sites of infection, such as foot ulcers or surgical wound drainage. Positive blood cultures are uncommon (<5%) but, when present, indicate an advanced graft infection. All laboratory test
results may be normal in patients with late-appearing perigraft infections due to S. epidermidis. In patients with suspected GEE, a stool guaiac is positive in only approximately two thirds of patients with documented lesions.
Vascular Imaging

Vascular imaging is essential for the diagnosis and treatment of graft infection and its sequelae. Anatomic signs of graft infection, such as perigraft abscess, anastomotic aneurysm, and GEE/GEF, can be accurately identified (with > 90% sensitivity) using a
combination of ultrasonography, CT, magnetic resonance imaging (MRI), arteriography, or endoscopy. Functional radionuclide imaging (gallium 67 citrate, indium 111-labeled leukocyte, technetium 99m hexametazime-labeled leukocyte) can confirm the
presence of a clinically suspected graft infection when anatomic signs of perigraft abscess are equivocal. The combination of anatomic and functional vascular imaging techniques is highly accurate (sensitivity, 80% to 100%; specificity, 50% to 90%) for
confirming the presence of infection, planning management, and assessing operative sites for residual or recurrent infection ( Fig. 59–2 ). Arteriography is used to develop an operative strategy for revascularization and

Figure 59-2 Algorithm for evaluation of a suspected prosthetic graft infection. GEE, graft-enteric erosion; GEF, graft-enteric fistula; EGD, esophagogastroduodenoscopy; GI, gastrointestinal; Pos, positive; Neg, negative.

Figure 59-3 CT scan of an infected aortofemoral graft limb showing perigraft inflammation extending to the skin. The patient presented with groin sinus tract. Graft culture isolated Staphylococcus epidermidis.

Figure 59-4 Graft-enteric fistula.

Figure 59-5 Culture techniques for recovery of bacteria from prosthetic vascular grafts.

Figure 59-6 Excision of an infected femoral graft. A, Localized groin infection. B, Retroperitoneal exposure of noninfected graft segment. C, Excision of infected graft segment.

TABLE 59-6 -- Patient Selection Criteria or Treatment of a Prosthetic Graft Infection by Excision, In-Situ Replacement, or Ex-Situ Bypass and Graft Excision
TREATMENT OPTION

CLINICAL PRESENTATION

MICROBIOLOGY

Graft preservation

Early infection and no sepsis

All except Pseudomonas

Excision alone

Graft thrombosis and adequate collaterals

Positive cultures

Invasive graft infections without sepsis or GEE/GEF

Positive cultures

In-situ replacement
Autogenous vein

Allograft

Invasive graft infection without sepsis and no suitable autogenous conduit

Positive cultures

Rifampin-bonded graft

Localized biofilm graft infections

Staphylococcus epidermidis

Simultaneous

Unstable patient with GEE/GEF

No exclusion criteria

Preliminary—staged

Stable patient with aortic infection ± GEE/GEF

No exclusion criteria

Excision and ex-situ bypass

GEE/GEF, graft-enteric erosion/fistula.

Fortunately, most cases of graft infection are discovered in time to allow adequate preoperative preparation, identification of the infecting pathogen, and determination of the extent of graft infection. Patients should be prepared, physiologically and
psychologically, for the most extensive operation that may be required.
■ Cardiac function should be determined, and if abnormal, cardiac index and peripheral vascular resistance should be optimized with the administration of nitrates, antiarrhythmic medications, beta blockers, and α antagonists.
■ Pulmonary status should be evaluated and augmented with bronchodilators and respiratory therapy as needed.
■ If the serum creatinine level is abnormal (>1.5 mg/dL), renal function should be optimized by hydration, acetylcysteine (Mucomyst) prior to contrast agent administration, or low-dose dopamine (3 to 5 mg/kg/min).
■ Malnourished patients with depleted nutritional reserves or who are “anergic” to a battery of standard skin tests may benefit from supplemental enteral or parenteral nutrition, if time permits.
■ Diabetic patients should have glucose levels closely monitored and controlled prior to surgery.
■ The colon should be cleansed with mechanical and nonabsorbable antibiotic preparations in patients who have a cavitary graft infection.
■ Arterial circulation to the upper and lower extremities should be assessed by Doppler-derived pressure measurements and arteriography performed to assess for all potential revascularization alternatives to maintain limb perfusion after graft
excision.
■ Venous ultrasound of lower limb deep and superficial veins to assess patency and caliber should be performed if in-situ replacement is an option.
■ Systemic antibiotics should be selected according to isolated or suspected pathogens.
Determining the Extent of Graft Infection

75

Persistent infection of a nonexcised graft segment or in the arterial graft bed is the major reason for treatment failure and the cause of morbidity and death.[ ] Local control of infection is more successful when there is no gross purulence and when culture
results are negative or S. epidermidis is recovered. CT, MRI, and WBC radionuclide scans are helpful in localizing the infected portion of the graft, but surgical exploration remains the most reliable method of determining the extent of graft infection. The
finding of hydronephrosis on abdominal imaging studies is a reliable sign of advanced aortic graft infections that denotes diffuse graft involvement.
Removing the Graft

Removal of the entire infected graft is essential to eradicating the infectious process in patients who are septic, present with anastomotic bleeding, or have complete graft involvement. Attempts at graft preservation have been reported, but infection can persist,
particularly if the graft is made of Dacron. Treatment by serial wound débridement risks exsanguination from anastomotic or arterial rupture if wounds are left open. Calligaro and coworkers recommended specific criteria and treatment principles that, when
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adhered to, resulted in successful prosthetic graft preservation in approximately 70% of cases ( Table 59–7 ).[ ] [ ] [ ] Graft infection caused by Pseudomonas species, a virulent pathogen, represents a contraindication for management by graft
preservation adjuncts. At the time of serial infected wound débridements, implantation of antibiotic (vancomycin, gentamicin)-impregnated beads for 5 to 7 days can assist in sterilization of the wound. Once wound cultures are negative, the graft can be
replaced and the reconstruction covered with a muscle flap.

TABLE 59-7 -- Selection Criteria and Treatment Adjuncts for Selective Graft Preservation for Early Extracavitary Infections
Selection Criteria for Graft Preservation
Patent graft that is not constructed of polyester (Dacron)
Anastomoses are intact and not involved with infection
Patient has no clinical signs of sepsis
Treatment Adjuncts for Graft Preservation
Repeated and aggressive wound débridement in the operating room
Daily wound dressing change at 8-hour intervals using dilute povidone-iodine (1 mL of 1% povidone-iodine in 1 L normal saline)
If wound is closed between serial wound débridement, antibiotic (vancomycin, tobramycin)-impregnated methylmethacrylate beads are implanted in the subcutaneous tissue

Administration of culture-specific antibiotics
Rotational muscle coverage of the exposed prosthetic graft segment

886

TABLE 59-8 -- Results of Treatment for Aortic Graft Infections

PROCEDURE
Ex-situ bypass and total graft excision

OPERATIVE MORTALITY RATE,
%

AMPUTATION RATE, %

REINFECTION RATE, %

SURVIVAL > 1 YEAR, %

COMMENTS

11–24

5–25

3–13

73–86

Considered the gold standard, especially
for GEF

7–15

2–5

0–1

82–85

Complicated procedure; some patients
are not candidates

*

5

10–15

70–80

Graft rupture and late deterioration can
occur

*

<5

10–20

80–90

Bridge graft or used as in-situ
replacement in biofilm infections

In-situ replacement and total graft excision
Deep vein
Allograft
6–25
Rifampin-polyester or PTFE graft
0–15

GEE, graft-enteric erosion; GEF, graft-enteric fistula; PTFE, polytetrafluoroethylene.

* Higher mortality (25–50%) when used to treat GEE/GEFs.

For patients with infection localized to only a portion of an aortofemoral graft, a single treatment approach is not applicable or appropriate. Excision of the entire graft and extra-anatomic bypass are associated with amputation and mortality rates of 11% to
24% ( Table 59–8 ). Morbidity continues to be high, owing to persistent infection of the aortic stump (10% incidence), recurrent infection of the extra-anatomic bypass (5% to 10% incidence), and future secondary procedures for thrombosis of the failed extraanatomic bypass (25% to 50% incidence). The use of staged lower limb revascularization (preliminary axillofemoral bypass) followed in 1 or 2 days by aortic graft excision is associated with reduced morbidity.
In special cases, morbidity (death, amputation) may be decreased if the surgeon excises only the infected portion of the graft (partial graft excision), with distal revascularization via remote bypass (obturator) through tissues not involved with infection. At the
site of graft retention, culture specimens should be obtained and topical antibiotics instilled via wound irrigation systems or antibiotic-impregnated bone cement beads to cleanse perigraft tissues. The quantity and virulence of the pathogens, the adequacy of
local and systemic host defenses, and the extent of infections are critical factors that influence decision making and treatment outcomes.
Débridement of the Arterial Wall and Perigraft Tissues and Drainage

After graft excision, débridement of all inflamed tissues and drainage of the graft bed are important principles for preventing persistence of the infectious process. The artery wall adjacent to the infected graft is a potential reservoir of bacteria, and positive

5 7
artery wall culture findings increase the risk of aorta stump or artery disruption.[ ] [ ] The artery wall and perigraft tissues should be débrided back to normal-appearing tissues, especially in the presence of purulence or false aneurysm. Adequate débridement
5
of the aorta should be confirmed by histologic examination, and if positive wall culture results are obtained, patients should be treated with long-term antibiotic therapy.[ ]

It is essential to use monofilament permanent sutures to close a ligation artery or the aortic stump. Closed-suction drainage should be positioned in the infected graft bed when gross purulence is present. Coverage of the arterial closures with viable,
noninfected tissue, such as an omental pedicle or rotational muscle flaps, lessens the risk of stump blowout and separates the arterial closures from adjacent organs, the graft bed, and drains. Antibiotic-impregnated (vancomycin, tobramycin) beads can also be
left in the beds of infected grafts as an adjunct for tissue sterilization. The antibiotic beads are exchanged every 7 to 10 days until deep wound cultures yield no growth.
Antibiotic Therapy

When the pathogen(s) can be identified before operation, bactericidal antibiotics should be administered in large doses preoperatively and perioperatively. If the infecting organism has not been isolated, broad-spectrum antibiotics (i.e., an aminoglycoside plus
semisynthetic penicillin), a second-generation cephalosporin, or ampicillin plus sulbactam should be given. If S. aureus or S. epidermidis is the most likely pathogen, parenteral therapy with a first- or second-generation cephalosporin and vancomycin is

appropriate. Once operative cultures have isolated all infecting organisms, antibiotic coverage should be modified based on antibiotic susceptibility testing of the recovered strains. The duration of antibiotic administration after treatment by graft excision is
empirical, but at least 2 weeks of systemic antibiotics is recommended. Patients who received long-term antibiotics (parenteral antibiotics for 6 weeks, followed by oral antibiotics for 6 months) had significantly better results than patients treated with short-
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term therapy (2 weeks). Oral antibiotic treatment of MRSA infections is now possible using linezolid 600 mg orally every 12 hours.[ ] The incidences of recurrent infection and aortic stump sepsis may be decreased with long-term or lifelong antibiotic
administration, especially in the presence of positive arterial wall cultures. In patients with negative wound or graft cultures, parenteral antibiotics (vancomycin) should be administered for 2 to 4 weeks, followed by 3 months of oral therapy (quinolone,
amoxicillin/clavulanate).

Antibiotic therapy is an adjunct to the treatment of a vascular graft infection. Surgical management of the infection site by abscess drainage, débridement of devitalized tissue, and excision of the infected graft is essential. In selected patients, with exposed
grafts but no involvement
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of anastomotic site, preservation of the graft with serial surgical wound débridement, coupled with antibiotic therapy and early muscle flap coverage, may be possible in selected patients. Repeat wound cultures should be performed if staged procedures are
used to identify any development of bacterial resistance or change in the microbial flora. Patients with virulent graft infections may require nutritional support, in addition to antibiotic therapy, for successful resolution of the infectious process.
Revascularization of Organs and Limbs

Rarely can graft excision alone, without revascularization, be performed as treatment for a patent infected prosthetic graft. Occluded grafts and grafts implanted to alleviate symptoms of claudication may be treated by total graft excision without
revascularization or in combination with endovascular angioplasty. An end-to-side anastomotic configuration permits reconstruction of the native arteries after graft excision via autogenous patch angioplasty alone or in combination with endarterectomy. If a
monophasic Doppler arterial signal is present at the ankle after graft excision or if arterial systolic pressure is greater than 40 mm Hg at the ankle or forearm, delayed reconstruction is an option because sufficient collaterals are present to maintain limb
viability. In the presence of critical limb ischemia (i.e., when no distal Doppler signal is audible), arterial revascularization should not be delayed because of the associated morbidity from ischemic compartment syndrome and nerve ischemia.
It is preferable to perform limb revascularization before the infected graft is removed; in the presence of anastomotic bleeding and shock, however, control of hemorrhage takes precedence. Autogenous tissue grafts (greater saphenous vein, femoral vein,
endarterectomized iliac or superficial femoral artery), if available, are the conduits of choice for limb or organ revascularization. If a prosthetic graft is used for an ex-situ bypass, PTFE conduits are preferred to polyester grafts, although PTFE or a polyester
antibiotic-impregnated graft may be the conduits of choice for the treatment of graft infection by either in-situ replacement or extra-anatomic bypass grafting.
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Several vascular groups have demonstrated decreased morbidity and mortality with staged or sequential treatment as compared with traditional treatment (i.e., total graft excision followed by immediate extra-anatomic bypass).[ ] [ ] Preliminary
revascularization can be performed without increasing the risk of death, amputation, or new graft infection, and with staged treatment (i.e., revascularization followed in 1 to 2 days by total graft excision), the overall physiologic stress on the patient may be
reduced. Sequential treatment also avoids the necessity of keeping the patient heparinized during total graft excision and closure of the artery or aorta stump.
The options of graft preservation or in-situ replacement can be applied in carefully selected cases. When infection involves the thoracic aorta or visceral segment of the abdominal aorta, in-situ replacement may be the only practical approach. The perigraft
infectious process should be a low-grade one, not associated with anastomotic hemorrhage, and cultures should be sterile, or the anatomic and microbiologic characteristics of the graft infection should
TABLE 59-9 -- Selection Criteria and Treatment Components of In-Situ Prosthetic Graft Replacement for Bacterial Biofilm Graft Infection
Selection Criteria
Clinical
Presentation month to years after graft implantation
No systemic signs of infection: afebrile, normal serum white blood cell count, sterile blood culture
Anatomic
Inflammation of tissue adjacent to prosthetic graft
Perigraft cavity with absence of graft incorporation
Weakening of graft-artery anastomosis (pseudoaneurysm)
Microbiologic
Perigraft fluid Gram stain: white blood cells, no bacteria

Perigraft fluid culture: no growth
Graft biofilm culture: coagulase-negative staphylococci (Staphyloccocus epidermidis)
Treatment Components
Preoperative and perioperative administration of vancomycin—beginning 3 days prior to replacement
Wide débridement of inflamed (abnormal) perigraft tissue and sinus tract, if present
Excision of anastomotic sites
Cleansing/débridement of tissues and retained graft segment with wound irrigation system
Replace with rifampin-soaked (60 mg/mL) polyester gelatin or collagen-impregnated polyester vascular prosthesis
Muscle flap coverage of replacement graft segment in groin, if feasible
Prolonged (6-week) parenteral administration of culture-specific antibiotics

suggest infection with S. epidermidis. In-situ replacement has been used successfully to treat secondary aortoduodenal fistula, with an operative mortality rate as low as 19%. Patients with GEE and minimal retroperitoneal infection fared best.

In-situ replacement appears to be a safe and durable option for patients with prosthetic graft infections caused by S. epidermidis. From 1987 to 2000, the authors treated 45 aortoiliofemoral and 40 extracavitary prosthetic graft infections in patients presenting
with groin false aneurysm, inflammatory mass, or groin sinus tract. Selection criteria and components of surgical management are outlined in Table 59–9 . No deaths or early graft failures occurred, and during follow-up, all replacement grafts remained patent
and without signs of infection. Ten percent of patients required an additional graft replacement for infection that developed proximal to or involved the in-situ replacement graft. Failure of the in-situ prosthetic procedures was the result of virulent (MRSA) and
antibiotic-resistant bacterial strains.

In-situ treatment of bacterial biofilm graft infections is effective treatment for localized graft healing problems, but because of the indolent nature of this type of biomaterial infection, subsequent infection of previously uninvolved graft segments may be
expected. When advanced biofilm aortic graft infections are encountered (i.e., P0 graft infection), in-situ replacement using the neoaortoiliac deep femoral vein procedure or an arterial allograft is preferred ( Table 59–10; see also Table 59–9 ). In-situ graft
replacement should be avoided when GEF is the presenting problem.
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TABLE 59-10 -- Operative Technical Details in Using Cryopreserved Arterial Allografts for Aortic Infection
Excise infected vascular segments with perivascular débridement
Allografts are thawed and rinsed immediately before implantation
Use appropriate-length allograft to perform a tension-free anastomosis
Through-and-through ligature of allograft side branches—avoid use of metal clips
End-to-end anastomosis to native arteries or retained prosthetic graft
Anastomotic reinforcement with allograft strips
Use gentamicin-impregnated fibrin glue at suture lines
Aggressive wound drainage

Treatment of Infected Graft Sites
Aortoiliac or Aortic Interposition Graft Infections

Aortoiliac or aortic interposition graft infections are best treated by preliminary (right-sided) axillobifemoral bypass grafting through clean, uninfected tissues, followed either during the same operation or 1 or 2 days later by total graft excision of the infected

66] [75] 99
Extra-anatomic bypass grafting should be performed before the contaminated abdomen or

aortic graft (i.e., sequential treatment). Preliminary remote bypass is safe and is associated with lower morbidity than is traditional treatment.[

retroperitoneum is entered. Because the aortic graft is confined to the abdomen, the distal axillofemoral anastomoses can usually be attached to the common femoral arteries bilaterally.
After completion of the extra-anatomic bypass grafting, all wounds should be closed and covered with sterile protective dressings. Celiotomy or a left-sided retroperitoneal exposure is then performed to afford excision of the infected aortic graft.
Heparinization should be used during the extra-anatomic revascularization procedure but should be reversed during excision of the infected graft. In cases with proximal and distal end-to-side anastomoses, in-situ autogenous reconstruction should be
considered. This scenario is uncommon, however, because most aortic interposition and aortoiliac grafts were implanted to treat aneurysmal disease rather than atherosclerotic occlusive disease. Allograft replacement of an infected aortic graft has been
advocated as a “bridge,” but the logistics of cadaver aorta retrieval and maintaining a vascular tissue bank are not possible at most U.S. institutions. Cryopreserved aortic allografts demonstrate reduced antigenicity and improved cellular integrity as compared
to fresh homografts, but technical problems with usage, including early rupture and persistent infection, have caused graft-related mortality of 5% and 6% in two large series.
The entire infected abdominal aortic graft should be excised. Achieving proximal control at the supraceliac aorta before approaching the proximal anastomosis is of value, especially in patients who have a proximal anastomotic aneurysm or a juxtarenal
anastomosis. Meticulous care is necessary to dissect adherent viscera and duodenum from the graft capsule. If GEE or GEF is present, débridement of all necrotic or inflamed bowel wall is imperative, and primary end-to-end anastomosis of the bowel is
preferred. The iliac arteries distal to the graft should also be exposed for distal control before excision of the graft. Culture of explanted graft material should be performed using standard broth media and biofilm culture techniques.
The aorta should be débrided to normal-appearing wall and closed with interlocking monofilament sutures. Use of pledgets is not recommended because they increase the risk of stump infection. A pedicle of omentum should be passed through the transverse
mesocolon and carefully positioned over the aortic stump and into the bed of the excised graft. When necessary, the aorta can be excised to above the level of the renal arteries, in which case renal revascularization is achieved via bypasses originating from the

63]

splenic or hepatic arteries.[

Closed-suction drains should be placed in the infected graft bed and brought out the flank contralateral to the axillofemoral graft limb.

The distal aorta or iliac arteries should also be closed with monofilament suture. The ureter should be located and protected from injury throughout the procedure. Preoperative placement of ureteral stents can be helpful; however, they are usually not necessary
unless hydronephrosis is present. The site and the method of iliac artery ligation should be chosen to maintain perfusion to the colon, the pelvis, and the buttock muscles. After infrarenal aorta ligation, pelvic circulation can be adequately maintained via
retrograde blood flow from the extra-anatomic femoral bypass via the external and internal iliac arteries. Inflow to a single internal iliac artery is usually sufficient to maintain adequate pelvic perfusion because of the abundant collateral flow via the visceral
and deep femoral arteries.
Aortobifemoral Graft Infections

Aortobifemoral graft infections are more difficult to treat because involvement of the groin complicates lower limb revascularization and mandates distal anastomoses of the ex-situ bypass to the deep femoral, superficial femoral, or popliteal arteries.
Preoperative vascular imaging studies can identify localized aortofemoral graft limb infection, thus permitting partial graft excision, typically of the distal graft limb in the groin. Patients should have no CT evidence of perigraft infection or pseudoaneurysm at

56]

the aorta-graft anastomosis. For localized graft infection in the groin, local treatment by drainage of the perigraft abscess without graft excision, radical débridement of the perigraft tissues, and topical povidone-iodine irrigation have been successful.[

73]

Muscle flap coverage of the exposed graft facilitates graft coverage and wound healing.[

Treatment without graft excision is appropriate only in carefully selected patients and is not recommended when patients are septic, the prosthetic graft is occluded, anatomic signs of arterial infection are present, or the infecting organism is a Pseudomonas

19] [20]

species. [

Patients treated by graft preservation should be monitored in the intensive care unit, and persistence of perigraft purulence or systemic signs of infection should prompt the surgeon to recommend total graft excision.

If infection is localized to the femoral region of a single aortofemoral graft limb but sepsis or anastomotic involvement (e.g., femoral pseudoaneurysm or bleeding) is present, graft excision is recommended. Proximal control of the

Figure 59-7 Excision of an infected aortobifemoral graft with extra-anatomic bypass.
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Figure 59-8 Excision of an infected carotid-subclavian graft with axilloaxillary bypass.

TABLE 59-11 -- Results of Treatment of Femoropopliteal or Tibial Prosthetic Graft Infections
REFERENCE

71]

Szilagyi et al, 1972[

52]

Liekweg and Greenfield, 1977[

NO. OF CASES

MORTALITY RATE, %

AMPUTATION RATE, %

10

0

50

55

9

33

77]

Yashar et al, 1978[

30]

Durham et al, 1986[

35

0

67

38

0

67

graft can become infected and amputation is the only treatment option.
The local treatment of infrainguinal graft infections by aggressive perigraft tissue débridement, antibiotic use, and muscle flap coverage, without graft excision, has been successful in patients without graft sepsis or anastomotic disruption. Multiple small series

[20] [59] [62] have shown that this alternative treatment method can result in healing in approximately 70% of cases and may not harm the patient as long as early, aggressive management by graft excision is undertaken if sepsis or anastomotic disruption or
[70]

bleeding occurs.
performed.

In general, in-situ replacement therapy is preferred to graft preservation procedures. The morbidity and hospital length of stay are reduced, and a low (5% to 10%) amputation rate can be expected when autogenous bypass grafting can be

Thoracic Aortic Graft Infections

28 46

Thoracic aortic graft infection is a grave complication ( Table 59–12 ). The principles of graft excision and extra-anatomic bypass are not applicable to most cases of prosthetic aortic valve or ascending or transverse aortic arch graft infection.[ ] [ ] In-situ
replacement in conjunction with local antibacterial irrigation of the revascularization is required. The operative approach should be wide débridement of the infected tissues, graft excision and replacement, and coverage of the graft with viable, noninfected

24

tissues. Pericardial fat pads; adjacent muscle, including the pectoralis major, the rectus abdominis, and the latissimus dorsi; and the greater omentum pedicle have been used for graft coverage. These principles were used by Coselli and colleagues[ ] in 40
patients. There were five operative deaths: two due to coagulopathy and hemorrhage and three to cardiopulmonary and renal complications. Twenty-eight patients (70%) were alive and without any evidence of recurrent graft infection 4 months to 6.5 years
later.

Infections involving prosthetic grafts in the descending thoracic aorta may be amenable to graft excision and revascularization through clean, uninfected planes. A remote bypass graft can be placed through a median sternotomy from the ascending aorta to the

46]

abdominal aorta, tunneling through the diaphragm via an uninfected route. This graft should be placed before excision of the descending thoracic graft via a left thoracotomy.[

The aortic closure should be covered with viable tissue transferred locally.

Innominate, Subclavian, and Carotid Graft Infections

Management of infection of a bypass or patch graft of an innominate, subclavian, or carotid artery should be based on the same principles used for lower extremity graft infections. The risks of treatment of prosthetic infections at this location include not only
persistent sepsis and death but also stroke (see Table 59–12 ). The surgical approach to a patient with prosthetic infection of a transthoracic bypass graft often requires a median sternotomy and preparation for cardiopulmonary bypass and total circulatory

52

arrest, if needed for proximal control.[ ] Treatment should include total graft excision, administration of parenteral and topical antibiotics, and remote bypass, preferably with autogenous tissue, if needed. There have been reports of successful treatment of
infected prostheses with local irrigation, but this is not recommended because graft excision and remote revascularization are usually possible.
An infected transthoracic or extrathoracic bypass graft originally performed for upper extremity ischemia can often be removed without the need for immediate revascularization. Ligation of the proximal innominate or subclavian arteries, unlike ligation of the
iliac or common femoral arteries, is often tolerated and does not provoke critical extremity ischemia. A subsequent bypass, if needed, can be performed after the infection clears. Upper extremity amputation following removal of a subclavian bypass graft for

52

infection is rare; only case reports have been published.[ ] When severe upper extremity ischemia results from graft excision, bypass with autogenous conduits such as the femoral or greater saphenous vein is recommended. Patients with transthoracic
bypass grafts to the innominate and subclavian arteries often have multivessel disease of the aortic arch, necessitating that remote bypasses use the femoral artery, the descending thoracic aorta, or the supraceliac abdominal aorta as the inflow vessel.
Remote bypass following excision of an infected carotid-subclavian bypass can be performed with a carotid-carotid
TABLE 59-12 -- Collected Series Results of Treatment of Thoracic, Innominate, Carotid, or Subclavian Prosthetic Graft Infections
PERIOPERATIVE STROKES
GRAFT SITE

*

PERCENT SURVIVAL > 1
YEAR

NO. OF CASES

OPERATIVE DEATHS

Thoracic aorta

61

9

0

80

Innominate, carotid, or subclavian bypass graft

33

9

3

50

Carotid patch

60

4

2

80

Data from Kieffer et al, 1986; 2001; Ehrenfeld et al, 1979; and Bergamini et al, 1993.

†

* All patients with strokes were treated by carotid ligation without reconstruction, which resulted in four operative deaths and one late death.
† Late follow-up was not reported for 13 patients with an innominate, carotid, or subclavian bypass graft and for 1 patient with a carotid patch.
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bypass using saphenous vein or an axilloaxillary bypass using vein or PTFE. After excision of an infected axilloaxillary graft, flow can be successfully re-established with a supraclavicular subclavian-subclavian bypass, a carotid-carotid bypass, or a
femoroaxillary bypass.
The incidence of infection involving a prosthetic graft or patch reconstruction of the carotid artery ranges from 0.3% to 0.8%. Ligation of the carotid artery is not an option in the majority of patients due to inadequate collaterals via the circle of Willis.
Transcranial Doppler testing with common carotid compression can identify the patients likely to experience a stroke if treated by ligation without reconstruction. Ligation of the common or internal carotid artery may be safely performed in patients with
stump pressures higher than 70 mm Hg, but reconstruction of the artery to maintain cerebral blood flow and prevent stroke should be performed if possible.
After graft excision, revascularization is best done with autogenous tissue. The anatomy of the extracranial carotid artery often does not permit remote bypass through noninfected, uninflamed tissues, and it often requires autogenous bypass in the infected graft

35

bed. Coverage of the bypass with muscle can be of value in this situation in preventing the recurrence of infection. Autogenous bypasses with saphenous vein, internal jugular vein, or internal iliac artery are successful alternatives.[ ] Treatment of carotid
prosthetic patch infections is usually best achieved by excising the patch and reconstruction with vein patch angioplasty or interposition vein grafting. Electroencephalographic monitoring and selective use of carotid shunts to maintain cerebral perfusion are
useful adjuncts in these difficult, challenging procedures. The sternocleidomastoid muscle can be used as coverage for the vascular reconstruction. In general, a low (<5%) procedure mortality and stroke rate can be expected with either interposition grafting or

12]

patch angioplasty with autogenous vein. Stroke, recurrent infection, and carotid pseudoaneurysm formation are late complications in 12% of cases.[

FUTURE DIRECTIONS
Dissatisfaction with the morbidity and mortality of treating vascular graft infections, regardless of location, by total graft excision and remote bypass has been the impetus for the expanded application of in-situ replacement and graft preservation procedures.
Clinical experience with these less aggressive treatment options is evolving and based on experimental studies that have shown in-situ replacement can be successful in a contaminated field, and continued progress can be expected. Treatment outcome depends
on the virulence of the infecting organism, the extent of graft-artery infection, and the immune status of the patient. In-situ replacement of a graft infected with a virulent organism may not be safe if the immune status of the patient is also compromised.
Use of lower limb deep veins is the preferred method for replacement of large-caliber prosthetic grafts and is superior to standard therapy by staged ex-situ bypass and total graft excision in reducing the risk of reinfection and providing superior long-term graft
patency. Use of infection-resistant arterial conduits, including cadaveric arterial/venous homografts and antibacterial impregnated prosthetic grafts, is a treatment option in selected patients. Clinical safety and efficacy have been demonstrated for various types
of graft infection, but best results can be expected in the treatment of low-grade infections not complicated by GEF/GEE. Prophylactic use of an antibiotic-bonded graft would be of most clinical benefit in patients judged to be at increased risk for infection.
Other adjuncts to sterilize the surgical wound (i.e., degradable antibiotic beads) may improve the efficacy of all in-situ replacement procedures.
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Chapter 60 - Anastomotic Aneurysms

PATRICK J. CASEY MD
GLENN M. LAMURAGLIA MD

One of the ways that bypass grafts can fail is through degeneration of the anastomosis over time and development into an aneurysm. Although this process can occur in the vessel or in the body of the graft adjacent to the anastomosis, the area of deterioration
is more commonly the anastomosis itself. Anastomotic aneurysms generally evolve slowly over time, and in the partial or complete dehiscence of the anastomotic suture line ( Fig. 60–1 ), a pseudoaneurysm can develop. A pseudoaneurysm, or false aneurysm,
can be defined as a cavity without the three layers (intima, media, and adventitia) of the vessel wall. This disruption of vascular continuity results in extravasation of blood contained by scarification of surrounding tissue ( Fig. 60–2 ). Without the integrity and
strength of the vessel wall, this fibrous capsule can progressively enlarge, resulting in complications such as aneurysm rupture, erosion into or compression of contiguous structures, embolization, and vascular thrombosis. The focus of this chapter is the
etiology, diagnosis, and treatment of aneurysms associated with vascular graft reconstruction.

INCIDENCE
The incidence of anastomotic aneurysms has been described as low and depends on several factors that can be classified under the determinants surgical technique, patient factors, or anatomic location. These factors have been most often described after

1 2 3
4
prosthetic aortofemoral reconstruction for occlusive or aneurysmal disease.[ ] [ ] [ ] The sites of anastomotic aneurysm after aortic surgery are the femoral artery, the aorta, and the iliac arteries. Ernst and colleagues[ ] reported a low incidence of

4
anastomotic aneurysms in a 30-year experience with 6090 aorto-iliofemoral anastomoses. This study tabulated incidence of anastomotic aneurysms as 2.4% in the femoral arteries, 0.4% in the aorta, and 0.8% in the iliac arteries.[ ] Higher incidences were

3
reported from a 20-year follow up of 518 patients who underwent screening for anastomotic aneurysms with ultrasonography or angiography.[ ] In this study, the incidence of anastomotic aneurysms was 13.6% in the femoral artery, 4.8% in the aorta, and
6.3% in the iliac arteries. Although the rates are

Figure 60-1 Photograph of the surgical exposure of an opened femoral anastomotic aneurysm with the disrupted anastomosis (forceps). Note the frayed suture line.

Figure 60-2 Photograph of the surgical exposure of a femoral pseudoaneurysm. Proximally, a large red vessel loop encircles the limb of the aortofemoral graft, and the fibrous capsule of the dehisced anastomosis has been dissected, with white vessel loops

surrounding the superficial and profunda femoris arteries.

Figure 60-3 CT scan of a femoral anastomotic aneurysm larger than 5 cm occurring more than 15 years after aortofemoral graft placement. A, The aneurysm extends into the pelvis and has a significant amount of thrombus within the cavity. Note the smaller
but significant 3.5-cm right femoral anastomotic aneurysm. B, Angiogram of a left femoral anastomotic aneurysm that requires repair, in a patient who already has a right iliofemoral bypass with resection of the right femoral anastomotic aneurysm.

Figure 60-4 Depiction of the steps for surgical reconstruction of a femoral anastomotic aneurysm. A, After control of the vessels, the anastomotic aneurysm is entered, and the defect inspected. Débridement of tissue and the distal portion of the graft is
performed, and (B) the distal anastomosis is undertaken but not completed, leaving a flush hole. Both grafts are transected in a perpendicular orientation while taut. Two small wedges, at 3 o’clock and 9 o’clock, have been removed from the new distal graft to
permit imbrication of the distal graft just into the proximal one. C, The proximal anastomosis is performed, and after flushing, the distal anastomosis is completed, restoring circulation.

Figure 60-5 A, CT scan of an aortic anastomotic aneurysm. B, Aortogram showing corresponding level (arrow) of the CT scan. Note the characteristic lobulated appearance of the anastomotic aneurysm on the CT scan.

Figure 60-6 Axial CT scans demonstrating a large, 3.5-cm left iliac anastomotic aneurysm. A, The graft is delineated by the arrow. B, After placement of the stent graft, there is exclusion of the aneurysm with absence of contrast material (arrow) and a
decrease in size.

Figure 60-7 Abdominal radiograph (A) and three-dimensional reconstruction of a CT scan (B) after endograft repair of a left common iliac anastomotic aneurysm. After coiling of the hypogastric arteries (arrow in each), two stent-grafts (distal 15-mm and
proximal 20-mm cuff) were used to seal the graft proximally and the external iliac artery distally to exclude the anastomotic aneurysm.

Figure 60-8 Angiogram of a carotid artery pseudoaneurysm. The saphenous vein patch from a prior carotid endarterectomy has degenerated into a pseudoaneurysm (arrow), now requiring reconstruction.
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Chapter 61 - Aortoenteric Fistulae

VIKRAM S. KASHYAP MD
PATRICK J. O’HARA MD

One of the more uncommon but devastating conditions a vascular surgeon may face is a patient presenting with an aortoenteric fistula (AEF). The fistula may occur in the setting of a native diseased abdominal aorta (primary AEF) or, more commonly, in the
setting of a prior aortic reconstruction with prosthetic material (secondary AEF). The communication between the aorta and the bowel usually occurs between the infrarenal segment of the aorta and the third or fourth portion of the duodenum. Rarely, the

1
fistula may occur in other enteric areas of the small bowel, colon, stomach, or esophagus. The first description of a primary AEF between the infrarenal aorta and the duodenum was published in 1829 by Sir Astley Cooper.[ ] The first report of secondary

2
3
4
AEF was made in 1953 by Brock,[ ] who described a fistula between the proximal anastomosis of an aortic homograft and the duodenum. Zenker performed the first repair of a primary AEF in 1954 with primary closure.[ ] MacKenzie and colleagues[ ]
performed the first successful repair of a secondary AEF in 1958.

Despite progress in aortic surgery over the last four decades, AEF is often a lethal condition. The rarity of the disease, combined with a presentation similar to that of other gastrointestinal (GI) bleeding diagnoses, leads this condition to often go unrecognized
and be underdiagnosed. Furthermore, the limitations of our current diagnostic studies, and the physiologic stress of sepsis combined with operative treatment have contributed to the high morbidity and mortality rates of AEF. Management of this particular
entity requires a high index of suspicion in any patient presenting with GI hemorrhage and a history of aortic replacement, expeditious evaluation, and appropriate clinical judgment. Furthermore, technical skill is needed to successfully stop the hemorrhage,
remove the infected vascular prosthesis, and reconstruct both bowel and vascular continuity. This chapter reviews the etiology, diagnostic methods, and treatment modalities for successful management of AEFs.

CLASSIFICATION AND ETIOLOGY
The types of AEFs are primary and secondary. A primary AEF is a communication between the aorta, usually diseased, and the bowel lumen. The communication most commonly occurs between an aneurysmal infrarenal aorta and the third or fourth portion
of the duodenum (83% of patients), because these structures abut each other, especially with aneurysm expansion. The fixed nature of the duodenum in the retroperitoneum due to the ligament of Treitz also allows erosive mechanical factors to play a role in

5 6
7 8
fistula formation.[ ] [ ] Occasionally, other segments of the bowel may be involved—esophagus, stomach, jejunum, ileum, appendix, and colon.[ ] [ ]

9
Primary AEF occurs spontaneously in association with either aortic or GI disease. A review of more than 100 cases showed aortic aneurysm to be the dominant cause of primary AEF in more than 70% of cases.[ ] Usually, the aneurysm is sterile and
10]

secondary to degeneration of the aortic wall. In the remainder of patients, aortitis or mycotic aneurysm due to Staphylococcus infection causes the primary AEF.[
neoplastic erosion into the bowel and adjacent aorta, tuberculous mesenteric

Other, infrequent causes of primary AEF are peptic ulcer perforation into the aorta,
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11] [12] [13] [14] [15]

lymphadenitis, primary aortitis, and pancreatic pseudocyst penetration.[

5
Unusual causes of primary AEF are ingested foreign body, diverticulitis, appendicitis, and radiation injury.[ ] Of these GI causes of primary AEF, peptic ulcer

16

disease seems to be the most prominent and has been seen in more than two dozen cases.[ ] In these cases, peptic ulcer symptoms precede the formation of AEF, and continued untreated peptic ulcer disease leads to erosion of the bowel wall into the native
aorta. Because affected patients often carry the diagnosis of peptic ulcer disease, their episodes of bleeding are treated as such, and the underlying AEF is not appreciated. In 9 out of 24 cases in one series, a massive hemorrhage led to death, and diagnosis of

16]

AEF was made only at autopsy.[

Formation of primary AEF in patients who have peptic ulcer disease is not predictable, and presumably, the incidence is decreasing with the current widespread use of acid-lowering medications.

The pathogenesis of primary AEF is likely different from that of secondary AEF. Data on etiology are scarce and are derived mostly from clinical information and long-term follow-up of patients who have been observed carefully by clinicians. The etiologic
factors in the pathophysiology of AEFs are displayed in Figure 61–1 . Factors associated with primary AEF formation include both aortic and duodenal forces. Aortic forces causing primary AEF are mechanical compression of the duodenum by an enlarging
aorta, local inflammatory changes, and primary aortic infections. All

Figure 61-1 Etiologic factors for primary aortoenteric fistula (AEF). Pulsatile pressure from an expanding aneurysm is thought to be the predominant feature in the development of primary AEF. Other factors related to intrinsic bowel conditions may play a
role in the development of primary AEF in a minority of cases.

Figure 61-2 Etiologic factors for secondary aortoenteric fistula (AEF). Secondary AEF occurs after aortic reconstruction, and both graft factors and duodenal factors play roles in its development. Graft infection is the primary causative feature in secondary
AEFs, whereas continued pulsatile pressure can erode bowel tissue and is the predominant cause of aortoparaprosthetic sinus formation.

Figure 61-3 Esophagogastroduodenoscopy (EGD) shows an exposed Dacron graft that has eroded into the duodenum. Although this finding is unusual, EGD to visualize the fourth portion of the duodenum should be performed in most patients with
gastrointestinal bleeding and previous aortic reconstruction.

Figure 61-4 Contrast-enhanced CT scan of a patient with a secondary aortoenteric fistula. Note the accumulation of gas and retroperitoneal inflammation surrounding a bifurcated aortic prosthesis.

Figure 61-5 Aortography showing a secondary aortoenteric fistula (AEF) arising from the proximal anastomosis of a bifurcated aortic prosthesis. Note the presence of contrast agent in the bowel lumen. Angiography is useful in planning reconstruction after
graft excision, but it only rarely documents an AEF, because in most stable patients, an occlusive thrombus seals the fistula. (Reprinted from O’Hara PJ: Surgical management of infected abdominal aortic grafts. In Cowgill LD [ed]: Cardiac Surgery: State of
the Art Reviews. Philadelphia, Hanley and Belfus, 1987.)

Figure 61-6 Algorithm for the management of patients with a suspected aortoenteric fistula (AEF). This algorithm can be used as a guideline, with the understanding that the rate of hemorrhage and the clinical stability of the patient must ultimately influence
the management of the patient with suspected AEF. *Graft excision consists of (1) resection of all prosthetic graft, (2) débridement of retroperitoneum, and (3) closure of enteric defect. CT, computed tomography; EAB, extra-anatomic bypass; EGD,
esophagogastroduodenoscopy; GI, gastrointestinal; WBC, white blood cell; +, positive or positive result; −, negative or negative result.

Figure 61-7 A, Development of secondary aortoenteric fistula after synthetic aortobi-iliac graft placement. B, Surgical management involves extra-anatomic bypass with an axillobifemoral graft, resection of all abdominal prosthetic material, retroperitoneal
débridement, and closure of the bowel defect. (Adapted from O’Hara PJ: Surgical management of infected abdominal aortic grafts. In Cowgill LD [ed]: Cardiac Surgery: State of the Art Reviews. Philadelphia, Hanley and Belfus, 1987.)

Figure 61-8 A, Development of secondary aortoenteric fistula after synthetic aortobifemoral graft placement. B, Surgical management involves extra-anatomic bypass with bilateral axillofemoral grafting placed through noninfected tissue, resection of all
infected prosthetic material with autogenous patch closure of the femoral arteries, retroperitoneal débridement, and closure of the bowel defect. Alternatives include in-situ grafting and aortic reconstruction using autogenous deep veins from the lower
extremities. (Adapted from O’Hara PJ: Surgical management of infected abdominal aortic grafts. In Cowgill LD [ed]: Cardiac Surgery: State of the Art Reviews. Philadelphia, Hanley and Belfus, 1987.)

TABLE 61-1 -- Results of Surgical Treatment for Secondary Aortoenteric Fistula (AEF)

YEAR

PATIENTS (No.)

OPERATIVE MORTALITY
(%)

AMPUTATION (%)

LONG-TERM SURVIVAL (%)

1986

33

51

27

25

3-yr life-table

1986

25

40

NR

36

1–6 yr

1986

8

25

NR

75

1–5 yr

1987

23

22

0

65

5.2 yr

1987

14

58

NR

36

1 yr

1987

15 (4, 1° AEF)

47

7

53

1–3 yr

97]

1990

15

33

NR

NR

NR

95]

1990

15

33

7

53

4 mo-9 yr

90]

1993

17

35

23

18

18 mo, life-table

50]

1995

33

18

9

71

4.4 yr

STUDY

29]

O’Hara et al[

96]

Moulton et al[

28]

Thomas and Baird[

75]

Walker et al[

91]

Harris et al[

30]

Vollmar and Kogel[
Yeager et al[

Higgins et al[

McCann et al[

Kuestner et al[

LENGTH OF FOLLOW-UP

1996

27

41

NR

37

1–3 yr

1996

27

28

NR

42

43 mo

Nevelsteen et al[

1998

7

86

NR

NR

NR

85]

1999

15

13

0

NR

NR

73]

1999

10

40

10

NR

NR

2002

81

28

10.5

NR

3.9 yr

94]

van Baalen et al[

98]

Bergquist et al[

93]

Young et al[
Seeger et al[

81]

Reilly[

NR, not reported or results commingled with patients treated for other conditions, including graft infection without AEF.

913

Figure 61-9 Cumulative survival curves for patients who underwent surgical treatment of synthetic aortic graft infection. The 30-day survival for the 33 patients with aortoenteric fistula (squares) was 49%, significantly lower than the 86% survival for the 51
patients without aortoenteric fistula (circles). (Adapted from O’Hara PJ, Hertzer NR, Beven EG, Krajewski LP: Surgical management of infected abdominal aortic grafts: Review of 25-year experience. J Vasc Surg 3:725, 1986.)
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Chapter 62 - Ischemic Neuropathy

J. JEAN E. TURLEY MD, FRCS(C)
K. WAYNE JOHNSTON MD, FRCS(C)

Ischemic neuropathy is a term used to describe any injury of peripheral nerve caused by a reduction in blood supply. These disorders may be associated with diseases of large or small arteries. Large-artery lesions may be acute (e.g., those due to arterial
embolism, thrombosis, or injury) or chronic (e.g., those due to atherosclerosis). Small endoneurial arteries may be involved in periarteritis nodosa, rheumatoid vasculitis, Churg-Strauss syndrome, and Wegener’s granulomatosis. Capillary disease may be
significant in diabetic neuropathy. For the surgeon, ischemic disorders of nerve resulting from large-artery disease are important.

PERIPHERAL NERVES
Anatomy and Physiology
Peripheral nerves are composed of fascicles of nerve fibers. The fascicles are made of nerve fibers, Schwann cells, collagen, small vessels, and endoneurial fluid. Nerve fibers are bathed in endoneurial fluid that is maintained within narrow metabolic limits by
blood-nerve and perineurial barriers.
Structural proteins and macromolecules are produced in the nerve cell body and transported in the axon. Axon transport is energy dependent and requires oxygen and glucose,

916

which are supplied locally to the endoneurial fluid by endoneurial vessels. Transmission of nerve impulses is accomplished by transient depolarization of limited portions of the axonal membrane, during which time sodium and potassium diffuse across the
membrane and are then restored to resting levels. This flow uses stored energy that is replenished by glycolysis in the Krebs cycle through aerobic metabolism. Although the nerve continually uses energy to maintain resting ionic gradients, the oxygen

1
requirement of mammalian nerve is small, and even when this requirement is increased by activity, it is less than that of other tissues.[ ] As a result, peripheral nerves are relatively resistant to ischemia.

Blood Supply

The metabolic needs of large nerves are met by intraneural blood vessels, the vasa nervorum, whereas those of small nerves are met by diffusion from surrounding tissues. The vasa nervorum arise from nearby major arteries and enter nerve trunks at multiple
levels, frequently near joints. The epineural arteries branch, and arteriolar and precapillary branches then penetrate the perineurium to perfuse the endoneurium. There is a complete terminal network of capillaries through the perineurium that supplies blood to

1 2 3 4
nerve at some distance from the nutrient arteries.[ ] [ ] [ ] [ ] The abundant collateral circulation pattern of peripheral nerve explains why it is difficult to injure a peripheral nerve by occlusion of one or even several nutrient arteries. Regional nutrient

5
arteries have been ligated over considerable lengths of a nerve trunk without disturbing blood supply to nerve or adversely affecting the structure and function of nerve fibers.[ ] Extensive studies of the microvasculature of peripheral nerve have demonstrated

6
that the organization of vasa nervorum is such that a total interruption of circulation in nerves is highly unlikely unless drastic interference with the blood supply is produced.[ ]
5

The pattern of epineural vessels varies in different nerves, and some nerves may be more susceptible than others to ischemia.[ ] In some cases, a single nutrient artery provides the major blood supply to a considerable length of nerve, and this may predispose
to ischemic damage to the nerve trunk. At its upper end, the human sciatic nerve receives an arterial branch from the inferior gluteal artery. As the sciatic nerve enters the popliteal fossa, its blood supply is taken over by the popliteal artery and its branches.
The tibial nerve is intimately related to the posterior tibial artery, which supplies a large number of direct nutrient arteries.
The peroneal nerve, in contrast, diverges from the main vessels and is supplied in the region of the fibular head by small adjacent arteries. At the neck of the fibula, the major intraneural vessels occupy a superficial position that may expose them to damage
from pressure. In the calf, the posterior tibial and peroneal nerves receive branches from the anterior and posterior tibial arteries. The intraneural arterial pattern in the buttock and thigh contains several arterial channels of fairly large caliber, whereas below the

5
knee, one major vessel usually dominates. The peroneal nerve at the knee, and perhaps the more distal portions of the peroneal and posterior tibial nerves, may therefore be more prone to ischemic damage.[ ] In an animal model of large-vessel ligation, Kelly
7

and colleagues[ ] produced an ischemic neuropathy in animals, all of which showed clinical evidence of neuropathy in 1 week confirmed by nerve conduction studies. Examination of corrosion casts showed an area of underfilling of the microcirculation in
the region of the proximal tibial nerve with good filling of vessels proximal and distal to this, indicating that in generalized hypoperfusion states (e.g., large-vessel occlusion) the area of poorest perfusion is a watershed zone between two adjacent nutrient
vessels to the nerve.

Sympathetic nerve fibers innervate vessels in the epineurium and perineurium. High sympathetic drive may significantly reduce intraneural circulation. Sympathetically mediated vasoconstriction may be important in the pathogenesis of reflex sympathetic

3
dystrophy and chronic pain.[ ]
ISCHEMIC NERVES
Pathophysiology
Many studies have been carried out to determine the effect of anoxia on nerve function. A short period of experimental ischemia results in disturbed function of nerve, which can recover if circulation is restored. Severe acute ischemia appears to result in

8
decreased or abolished conduction of impulses. Thus, if ischemia is of short duration or is mild, function in peripheral nerve can be impaired in a transient manner.[ ] The slight metabolic needs of nerve and the diffusion of nutrients from surrounding tissues

5 9
enable it to survive. If ischemia is prolonged or severe, damage may be permanent.[ ] [ ]
Exactly how these functional changes of nerve occur is unknown. Obviously, ischemia impairs the metabolic processes that maintain the ionic gradient necessary for impulse transmission. Fast axoplasmic transport also depends on an adequate blood supply.

10]

The transport of material in the axon is impaired by ischemia at the same time that conduction is impaired, suggesting that both depend on the same sources of energy.[

The block of fast axoplasmic transport becomes irreversible after 6 to 8 hours of

11
ischemia. The permeability of endoneurial vessels during ischemia is impaired after 8 to 10 hours.[ ] Metabolic factors, including anoxia, hypercapnia, hyperkalemia, and acidosis, are probably important. Potassium accumulation in the extracellular space
[2] [12]
during anoxia may cause irreversible depolarization of cell membrane.

11]

There is controversy about the relative vulnerabilities of nerve and muscle to ischemia. The idea is entrenched in the literature that muscle is more sensitive, and Dyck,[

[13]

vulnerable to ischemic injury than nerve. Korthals and coworkers

in a review of hypoxic neuropathy, still considers skeletal muscle to be more

ligated the abdominal aorta and femoral artery in cats and found necrotic changes in muscle at 2 to 3 hours, whereas no nerve lesions appeared until 5 hours of ischemia. However, a study

14
by Chervu and associates[ ] of the relative sensitivities of skeletal muscle and peripheral nerve function to ischemia and reperfusion suggests that peripheral nerve is more susceptible to ischemia than skeletal muscle.
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Pathologic Changes

15

Pathologic studies have been performed of peripheral nerves in ischemic limbs. Farinon and colleagues,[ ] examining muscle and nerve biopsy specimens from patients with chronic arterial insufficiency, found a combination of segmental demyelination and
axonal degeneration. They believed that large fibers and small fibers were equally affected and further noted that the severity of the nerve pathology did not correlate well with the severity of vascular disease.

16]

Eames and Lange[

described the pathologic changes in sural nerve biopsy specimens from eight patients with vascular disease. They found evidence of segmental demyelination and remyelination, axonal degeneration and regeneration, and an increase in

17]
examined morphologic alterations in the sural nerve from patients with chronic atherosclerotic disease. Both axonal degeneration-regeneration and
[16]

endoneurial collagen. The unmyelinated fibers were essentially normal. Rodriguez-Sánchez and associates[

demyelination-remyelination were seen. In cases of atherosclerotic disease of large vessels, the lumina of the epineurial and endoneurial vasa nervorum in the sural nerves have been found to be markedly narrowed and the walls thickened.

18

A later study by Nukada and coauthors[ ] examined the pathology of nerves taken from amputated limbs of seven acutely and nine chronically ischemic legs. In acutely ischemic nerves, axonal degeneration of both myelinated and unmyelinated nerve fibers
was prominent if ischemia was present for more than 24 hours. Chronically ischemic limbs showed demyelination, remyelination, endoneurial edema, and relative preservation of unmyelinated nerves. All changes except the high rate of demyelination and
remyelination have been described in experimental models of acute ischemic and reperfusion injury. The authors concluded that “pathological alterations in chronic ischemic neuropathy may be due to the combined effects of acute ischemia/reperfusion and

18]

chronic hypoxia.”[

19 20 21 22 23

24

Many experimental studies have examined the morphology of animal nerve.[ ] [ ] [ ] [ ] [ ] Sladky and coworkers[ ] produced 50% to 75% endoneurial blood flow reduction in rats and found that nerve conduction velocities fell by 25% to 30%;
morphologic studies showed structural abnormalities at nodes of Ranvier and mild axonal atrophy. The authors suggested that reduced endoneurial blood flow insufficient to cause infarction may result in measurable functional and morphologic abnormalities

in peripheral nerves. In general, large myelinated fibers, particularly in the center of nerves, seem to undergo axonal degeneration.

ISCHEMIC POLYNEUROPATHY
Etiology
Chronic Arterial Insufficiency

In humans, neither the effects of chronic ischemia on the structure and function of nerves nor the limit of tolerance of peripheral nerve to ischemia is well defined.
The incidence of neurologic deficits in patients with chronic peripheral vascular disease has not been ascertained. Peripheral nerve involvement in atherosclerosis is probably underestimated because neuropathic symptoms—pain, sensory changes, and even
weakness—may be confused with claudication or rest pain. A number of series have reported symptoms such as painful burning and signs varying from sensory impairment to reflex loss, muscle wasting, and weakness in patients with peripheral arterial
occlusive disease.

25]

Hutchison and Liversedge found peripheral nerve dysfunction, as manifested by sensory deficits and absent reflexes, in 50% of their patients with peripheral vascular disease.[

They believed that the presence of neuropathy was related to the severity of the

16
vascular disease. Eames and Lange[ ] found impaired sensation in 88% of their 32 atherosclerotic patients, muscle weakness in 50%, and decreased or absent reflexes in 41%. Again, the extent of the deficit was proportional to the degree of ischemia. All
[26]
found neurologic deficits in

patients with claudication after walking less than 100 yards had a neurologic abnormality. Twenty patients had a superficial femoral artery occlusion, and the remainder had proximal vascular disease. Hunter and colleagues

27
28
22% of ischemic limbs. Miglietta[ ] found decreased ankle jerks and decreased vibration sense in 54% of his patients with atherosclerosis. Weinberg and associates[ ] recently evaluated 19 patients with chronic arterial limb ischemia: 84% had
neuropathic symptoms (primarily pain and sensory disturbance), with only 16% reporting weakness. On clinical evaluation, 70% had reduced ankle reflexes, 75% had decreased sensation, and 63% had distal weakness. In 48 diabetic patients evaluated by Ram

29]

and colleagues,[

vascular insufficiency has been shown to increase the severity of neuropathy.

30]

When electrophysiologic studies are added to the clinical evaluation, neurologic abnormalities are uncovered in an even greater number of individuals who have no apparent clinical symptoms or signs. Miglietta and Lowenthal[

found slowing of motor

26
conduction velocity in peroneal nerves in nearly all patients with severe vascular disease and no neurologic signs, but many patients had diabetes. Hunter and colleagues[ ] found abnormal peroneal nerve compound muscle action potential amplitudes in
[31]

examined nerve conduction findings in 44 limbs of 25 patients with
86% and abnormal conduction velocities in the lower extremities in 36% of atherosclerotic patients, whereas only 22% had clinical neurologic abnormalities. Weber and Ziegler
peripheral arterial occlusion of varying severity and no other causes for neuropathy. Fifty percent had sensory symptoms, and 50% had decreased ankle reflexes in the affected limb. They found reduced sural nerve conduction velocity and reduced compound
muscle action potentials in the feet and F wave abnormalities that were greater in patients with rest pain than with intermittent claudication, suggesting that the severity of the neuropathy was a function of the duration and severity of the vascular disease. A

32]

study by Pasini and coworkers[

of 64 patients with claudication, 19 with rest pain, and 7 with distal leg ulcers revealed reduction in sural and superficial nerve conduction velocities in all patients with a progression of abnormality as the disease advanced.

Therefore, it seems that peripheral neuropathy develops in some patients with chronic occlusive vascular disease. The precise location and the severity of the requisite arterial
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lesion have not been defined, nor has the precise incidence. Nevertheless, there is considerable clinical importance in detecting the presence of neuropathy before surgery. If some of the patient’s symptoms are neuropathic in origin, it is to be expected that
improvement of vascular supply to the limb may not immediately relieve all of the symptoms, even if adequate revascularization is achieved.
Acute Arterial Insufficiency

33]

Acute arterial occlusion due to embolism, thrombosis, or arterial injury is often associated with acute neural dysfunction. The motor and sensory deficit usually has a distal limb distribution, but selective peroneal palsy has been described.[

The frequency

34
1
of clear neurologic signs in the acutely ischemic limb has seldom been carefully analyzed. Haimovici[ ] reported that 22% of his patients presented with sensory symptoms, but no data on physical signs are presented. A number of other reports[ ] have
documented neurologic deficits with motor signs in about 20% and sensory deficits in 50%. After acute arterial occlusion, if flow is not re-established within several hours (and this time limit has not been clearly defined), symptoms and signs of neurologic
dysfunction may persist when circulation is restored and the neurologic deficit may be permanent.

5
The clinical features of ischemic neuropathy following trauma to major blood vessels were summarized by Sunderland.[ ] He reported that sensory loss is distal and of a “stocking-and-glove” type; it is associated with distal muscle wasting and weakness and
35]
subsequently described 14 cases of ischemic monomelic neuropathy in a single limb, with pain, paresthesia, and paralysis following the restoration of blood flow after

is sometimes accompanied by late fibrosis and contracture. Wilbourn and coworkers[
acute occlusion of a proximal limb artery.

The precise incidence of ischemic neuropathy and the various factors that predispose to the development of neuropathy in an ischemic limb have not yet been characterized by the publication of a large series or by a prospective study. After an episode of
severe ischemia, however, it is not unusual for patients with a satisfactorily revascularized leg to continue to complain of pain that is due to neuropathy. The neuropathic pain is burning and paresthetic in nature, is frequently worse with rest and at night, and is
unaffected or relieved by walking, in marked contrast with the pain of claudication. The patient perceives the foot to be cold, although it is in fact warm. The patient may remark on loss of mobility of the toes.
Examination no longer reveals signs of significant ischemia. Instead, the small muscles of the affected foot are wasted compared with those of the normal side, and they are weak. There may be slight ankle weakness, and the ankle reflex may be depressed
compared with that of the normal side. There is a unilateral stocking sensory loss, particularly to vibration sense. Unlike the findings in neuropathies caused by diabetes, uremia, drug intoxication, or alcoholism, the findings in ischemic neuropathy are
asymmetrical, with sensory and motor findings exclusively or prominently in the limb that was afflicted by severe ischemia.
Diagnosis
Vascular Assessment

The severity of ischemia can be assessed clinically or may be determined more objectively by noninvasive methods, including the measurement of ankle and toe pressures and Doppler waveform recordings. If the ankle pressure is greater than 50 to 60 mm Hg
or the toe pressure is greater than 30 mm Hg, ischemic rest pain is unlikely and the diagnosis of ischemic neuropathy should be suspected. Flat or monophasic Doppler waveforms confirm that the arterial disease is severe. If clinical examination and
noninvasive assessment confirm that the peripheral circulation is adequate, the pain is probably not due to ischemia. If the perfusion is inadequate, the pain may be due to ischemia, neuropathy, or both, and treatment should be directed first toward
improvement of the limb blood flow.
Electrophysiologic Studies

Careful electrophysiologic studies can establish the diagnosis of ischemic neuropathy and define its severity. Typically, a unilateral axonal neuropathy involving distal nerves is present.
Motor nerve conduction studies show a decrease in or an absence of the compound muscle action potential amplitude from the extensor digitorum brevis muscle when the peroneal nerve is stimulated and from the flexor hallucis brevis muscle when the
posterior tibial nerve is stimulated in the affected foot. Frequently, the distal posterior tibial nerve is more involved than the distal peroneal nerve. The abnormality is always most severe in the distal nerves. The distal latency, if one can be recorded, and the
velocity of conduction in the calf portion of the peroneal and posterior tibial nerves are relatively well preserved. These findings are in sharp contrast with those in diabetic and uremic neuropathies, in which distal latencies and conduction velocities tend to be
symmetrically reduced well below normal velocities at an early stage in both lower limbs.
Sensory nerve conduction studies show decreased or absent sensory potential amplitudes from sural, superficial peroneal, and plantar nerves, whereas sensory conduction velocity, when recordable, is normal.
Needle electrode examination reveals the changes of muscle denervation in the small muscles of the affected foot, particularly in the sole of the foot, with fibrillation potentials at rest and large motor units of long duration in much reduced numbers. Lesser
denervation changes are seen in the muscles of the calf if the ischemia has been severe.
Treatment

Once a diagnosis of ischemic neuropathy has been made by clinical and electrophysiologic investigations, what treatment can be offered? If peripheral blood flow is significantly reduced, vascular reconstructive surgery is justified. However, if perfusion is

35]

adequate, conservative treatment is indicated. Wilbourn and coworkers[

suggested that phenytoin, tricyclic antidepressants, and analgesics are ineffective but that carbamazepine produces partial relief. Three of their patients had a sympathectomy, and two
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reported pain relief. Persistent pain that is uncontrolled by such drugs, if dramatically relieved by sympathetic blocks, may well deserve sympathectomy, particularly if the passage of time does not indicate spontaneous regression is taking place. Many
clinicians believe that tricyclic antidepressants, sometimes in combination with small amounts of phenothiazine, are effective.

36 37

Kihara and colleagues[ ] [ ] have produced experimental ischemic neuropathy in rat sciatic nerve, treating with hyperbaric oxygen and limb cooling. They found that hyperbaric oxygen 2 hours per day for 7 days beginning within 30 minutes of ischemia
was effective in rescuing fibers from ischemic degeneration if ischemia was not extreme. In limbs with the same degree of ischemia, limbs that were hypothermic suffered less ischemic nerve fiber damage. These findings have not yet been applied clinically.

38

A new approach to treatment is therapy with phVEGF165 vascular endothelial growth factor gene. Trials of VEGF in rabbits 10 days after the induction of hind-limb ischemia restored nerve function earlier than in untreated animals.[ ] A recent trial of
intramuscular gene transfer for treatment of ischemic neuropathy in 17 patients with chronic limb ischemia over 6 months reported an improvement in vascular ankle-brachial index as well as improvement in clinical and nerve conduction assessment. Diabetic

39]

patients also responded. Therapeutic angiogenesis may be an effective treatment in the future.[
Prognosis

The prognosis of acute arterial insufficiency is uncertain. After other types of axonal nerve injury, peripheral nerves show a considerable capacity to regenerate, and regeneration has been seen in animal models after ischemia. Therefore, particularly in the
absence of any other causes of neuropathy, such as diabetes, uremia, blood dyscrasias, or carcinoma, axon repair might be expected to occur slowly, with relief of symptoms.

ISCHEMIC MONONEUROPATHY ASSOCIATED WITH ATHEROSCLEROTIC DISEASE OF LARGE ARTERIES
Ischemic mononeuropathy is a frequent occurrence in diseases of small vessels associated with vasculitis and diabetes. Ischemic mononeuropathies that seem distinct from compressive neuropathies have occasionally been documented in the literature in
association with atherosclerotic disease of large vessels.
Peroneal Neuropathy

33

Ferguson and Liversedge[ ] reported seven cases of peroneal palsy with vascular disease: three resulted from cardiac emboli, and four were associated with atherosclerosis. The precise location of the arterial occlusions was not documented angiographically.
As described earlier, the nature of the vascular supply to the peroneal nerve at the fibular head certainly predisposes to ischemic damage, although the nerve is also prone to compression in the same area.
Peroneal neuropathy presents as weakness of dorsiflexion and eversion of the ankle, with preservation of inversion and plantar flexion, which are functions of the posterior calf muscles. The sensory deficit is confined to the dorsum of the foot and perhaps to
the lateral calf, and the ankle jerk is preserved. It is possible to confirm the diagnosis with nerve conduction studies, which demonstrate abnormality in peroneal function while all other nerve conduction is intact. It is usually possible to distinguish a
compressive peroneal neuropathy, which produces a local area of conduction slowing and block at the fibular head, from an ischemic lesion, which is primarily axonal in nature and produces a uniform conduction velocity throughout the length of the nerve
and a reduction in the motor and sensory potential amplitudes.
Tibial Neuropathy
In a recent study of 52 patients with tibial neuropathy, 19% were thought to be due to ischemia related to embolic events, compartment syndromes, or graft occlusions. Forty percent of these were isolated, and 60% were associated with a peroneal neuropathy.

40]

All had sensory loss in the sole and lateral aspect of the foot, and all had weakness of plantar flexion of the ankle and toes.[
Femoral Neuropathy

41]
reported slight wasting and weakness of the quadriceps muscle in 1 of 29 patients with atherosclerosis
[43]

Whether a femoral neuropathy occurs with vascular occlusion in the absence of compression, traction, or hemorrhage is unclear. Chopra and Hurwitz[

42

and claudication symptoms, and Archie[ ] reported a femoral neuropathy due to common iliac artery occlusion in a nondiabetic patient. D’Amour and associates
aneurysm with aortobifemoral bypass grafting and one following placement of an intra-aortic balloon pump.

reported two cases of femoral neuropathy, one following surgery for abdominal aortic

5
The main trunk of the femoral artery receives nutrient arteries from the iliac branch of the iliolumbar artery, from the deep circumflex iliac artery in the iliac fossa, and from the lateral circumflex femoral artery in the femoral triangle.[ ]

A femoral nerve lesion results in flaccid paralysis of the quadriceps muscle, an absent knee jerk, and loss of sensation over the anterior and medial thigh and the inner aspect of the calf down to the level of the medial malleolus. Electrophysiologic studies show
decreased or absent motor-evoked response from the quadriceps muscle when the femoral nerve is stimulated in the groin and an absent saphenous sensory potential at the ankle, together with fibrillation potentials and motor unit loss, on needle electrode
examination of the quadriceps muscle. Other nerves in the limb are normal. Femoral neuropathy is a frequent complication of diabetes and is presumably due to abnormalities of the vasa nervorum. The prognosis for recovery in both traumatic and diabetic
femoral neuropathy is excellent. The incidence of and prognosis for ischemic femoral neuropathy await further reports.
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Lumbosacral Plexus Lesions
Whether lumbosacral plexus lesions rather than lower cord or cauda equina lesions result from occlusive vascular disease is not well documented.
The lumbosacral plexus really has two parts: (1) a lumbar plexus arising from the second, third, and fourth lumbar roots and forming the femoral and obturator nerves, and (2) a sacral plexus arising from the fourth and fifth lumbar roots and the first three
sacral roots and forming the superior and inferior gluteal nerves and the sciatic nerve. Blood supply to the lumbosacral plexus is through five lumbar arteries from each side of the abdominal aorta, the deep circumflex iliac artery, a branch of the external iliac

5
artery, and the iliolumbar and gluteal branches of the internal iliac artery.[ ]
44]

Usubiaga and colleagues[

45]

described a lumbosacral plexus lesion after resection of an abdominal aortic aneurysm and aortobifemoral grafting. At autopsy, the plexus was totally infarcted. Voulters and Bolton[

reported lumbosacral plexus damage

43
following aortofemoral bypass grafting for repair of an abdominal aortic aneurysm. D’Amour and associates[ ] described a number of cases, one following aortofemoral bypass grafting for stenosis of the common and external iliac arteries; one following
acute occlusion of an aortobifemoral graft; one following aortofemoral bypass and femoropopliteal thrombectomy for occlusion of the common iliac, internal iliac, and superficial femoral arteries; and one following occlusion of the common iliac and femoral

46

arteries. In these instances, the sciatic nerve seemed to be mainly involved. In two cases, neurologic symptoms appeared following vascular occlusion before surgery. Partial slow recoveries were reported. Gloviczki and coworkers[ ] reported on a noninsulin-dependent diabetic patient who had bilateral leg weakness following aorta-profunda femoris bypass grafting for internal iliac disease. The patient experienced slow partial recovery. Five further cases of lumbosacral plexus injuries with reoperative

47]

aortic procedures were described by Plecha and coworkers.[

Clinical evaluation of the patient with unilateral lower limb dysfunction can often distinguish a lesion of the lumbosacral plexus from one affecting the spinal cord or a major peripheral nerve. When the abnormality resides in the plexus, motor and sensory loss
affects more than one peripheral nerve and dermatomal segment. Weakness involves proximal muscles (the iliopsoas, hip adductors and abductors, or glutei) as well as distal muscles. The limb is flaccid and areflexic, with no response to plantar stimulation.
This is in contrast with spinal lesions, which produce a spastic, hyper-reflexic limb with extensor plantar response and dissociated sensory loss. Electromyography is usually essential to confirm the diagnosis. Localization to the lumbosacral plexus depends on
the unilateral absence of sensory potentials (these are preserved in cauda equina and proximal root lesions), the absence of paraspinal denervation, and the presence of denervation changes in muscles innervated by multiple nerves and roots.
It is important to attempt to distinguish the precise level of the lesion when severe unilateral limb dysfunction occurs. Although lesions of the lower spinal cord or cauda equina have a poor prognosis, there is some hope of recovery if the damage has occurred
to part of the lumbosacral plexus.

ISCHEMIC MONOMELIC NEUROPATHY WITH VASCULAR ACCESS SURGERY

48

In 1983, Wilbourn and associates[ ] described a group of hemodialysis patients with multiple mononeuropathies. Almost exclusively, the patients were diabetics, especially those with preexisting neuropathy or peripheral vascular disease, and symptoms
occurred within minutes or hours of placement of arteriovenous access, usually in a brachiocephalic or antecubital location. They had acute pain with weakness or paralysis of muscles of the hand and forearm, particularly wrist and finger drop with distal
sensory loss. The hand was usually warm, and a radial pulse may have been present. Nerve conduction studies show decreased motor and sensory-evoked responses from involved nerves with distal denervation. The antecubital fossa is a watershed for vasa

49]

nervorum of the three upper limb nerves.[

50]

Presumably the neuropathy is due to shunting of critical blood supply. Early diagnosis and access closure are critical to prevent hand paralysis.[

NEUROPATHY WITH ENDOVASCULAR GRAFT SURGERY
There are case reports emerging of nerve injury associated with endovascular stent-graft placement. Abnormalities have included lumbosacral dysfunction with bilateral limb weakness, sciatic neuropathy, femoral neuropathy, and autonomic neuropathy and

51] [52] [53] [54]

are presumably due to occlusion of the pelvic blood flow or other supplying arteries.[

SUMMARY
Nerve injury due to ischemia has been discussed. Although many experimental animal studies have been published, the association of atherosclerotic disease with clinical neuropathic lesions in humans has not been as clearly reported. Occlusive vascular
disease, both acute and chronic, seems capable of producing a painful unilateral axonal polyneuropathy, and major vascular occlusion may occasionally cause a mononeuropathy or lumbosacral plexus lesion. In the clinical setting, attempts should be made to
detect the location and severity of the neurologic lesion precisely so that clearer therapeutic and prognostic guidelines can be established. In general, if significant ischemia is present, revascularization is indicated; if perfusion is adequate, a conservative
approach is justified.
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Chapter 63 - Lymphatic Complications of Vascular Surgery

PETER GLOVICZKI MD, FACS
ROBERT C. LOWELL MD, FACS, RVT

Injury to the lymphatic system during open vascular surgical reconstructions is almost unavoidable. Fine lymph vessels run parallel to corresponding arteries and veins, and major groups of lymph nodes are close to major vessels. However, the ability of
transected or ligated lymphatics to regenerate and re-establish normal lymphatic transport is remarkable. Lymphatic injury frequently heals spontaneously and causes minimal or no morbidity. Injury to the lymphatics, however, is a major contributor to the

1 2 3 4 5 6 7 8 9 10 11
12 13 14 15 16 17
development of edema of a lower extremity after infrainguinal reconstruction.[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] Interruption of lymphatic vessels during surgical dissection may also cause a lymphatic fistula[ ] [ ] [ ] [ ] [ ] [ ] or
17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27]

lymphocele.[

22] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43]

Rarely, injury to the para-aortic or mesenteric lymphatics may result in chylous ascites,[

[44] [45] [46] and thoracic duct injury during cervical, thoracic, or thoracoabdominal aortic reconstruction[31] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] or after high translumbar aortography[57] may result in chylothorax. This chapter

reviews the pathophysiology, diagnosis, and management of the most frequent lymphatic complications following vascular reconstructions and suggests guidelines for prevention.

POSTBYPASS EDEMA

2 7

Lower extremity edema occurs in 50% to 100% of patients who undergo successful open infrainguinal arterial reconstruction for chronic ischemia.[ ] [ ] Leg swelling after femoropopliteal or femorotibial bypass becomes evident with dependency, usually
when the patient resumes ambulation. Pitting edema usually subsides within 2 to 3 months after reconstruction. During this period, normal ambulation may be impaired and wound healing delayed. In some patients, the edema may become chronic and cause
persistent functional disability despite successful arterial reconstruction.
Etiology and Pathogenesis
Lymphedema develops when the rate of production of protein-rich interstitial fluid exceeds the capacity of the lymphatic system to remove the increased volume of lymph. Insufficiency of lymphatic transport plays the most important role in the development

58]

of postbypass edema.[

Lymphatic insufficiency has two main causes ( Fig. 63–1 ). First, increased production of interstitial fluid after successful revascularization results in a significant increase in the lymphatic load. Second, the transport capacity of the

lymphatic system is reduced because of lymphatic injury and obstruction of deep and superficial lymph channels during dissection in the popliteal space, lymphatic damage along the great saphenous vein, and at the groin.

1 7
Increased capillary filtration results from elevated arterial pressure after revascularization, alterations in the regulation of the microcirculatory flow, and probable endothelial and smooth muscle injury from chronic ischemia.[ ] [ ] Decreased arterial and
59

8

arteriolar smooth muscle tone as a cause of hyperemia following revascularization was first proposed in 1959 by Simeone and Husni.[ ] Eickhoff,[ ] however, demonstrated that abnormalities in local blood flow regulation normalized within about a week
after reconstruction, whereas edema persisted much longer in these patients. Although derangement of the microcirculation contributes to postbypass edema to some degree, Eickhoff’s experiments support the theory that lymphatic obstruction due to surgical
injury is the most important cause of postbypass edema.
If the number of functioning major lymph channels decreases to a critical level, lymphedema develops. In one study, in which patients underwent lymphangiography after infrainguinal bypass, the average number of patent superficial lymph vessels visualized

1
4
was reduced to 1.7 per patient, as compared with the normal average of 9.5.[ ] In a similar series of 37 patients, edema was not significant when more than three intact superficial lymph vessels were visualized on the postoperative lymphangiogram.[ ]
9

AbuRahma and colleagues examined the involvement of the lymphatic system in the pathophysiology of edema formation in patients undergoing femoropopliteal bypass grafting.[ ] Edema developed in 29 (40%) of the 72 patients, and leg swelling occurred
in 17 (85%) of 20 of the patients treated by conventional dissection of the femoropopliteal arteries. When careful dissection was performed that preserved the lymphatics, edema developed in only 2 (10%) of 20 patients. Postoperative lymphangiography
showed normal anatomy in 6 of the 8 patients without edema, but the anatomy was markedly abnormal in all 8 patients with edema who underwent lymphangiography. Persson and coworkers found less edema in those patients who needed less dissection

10]

during surgery.[

10]

Significantly less swelling was observed in patients with prosthetic grafts than in those with vein grafts. Patients with above-knee grafts also had less edema than those with below-knee bypasses.[

Studies using albumin clearance in patients with post-revascularization edema also support the idea that edema is
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mainly lymphatic in origin. A reduction in plasma albumin level with a concomitant increase in the extremity albumin content was noted after femoropopliteal bypass.[ ] The increase in albumin content was three times greater in limbs revascularized by
femoropopliteal bypass than in those revascularized by aortoiliac grafts. These data correspond to the clinical observation that edema rarely develops after aortofemoral revascularization.

61] [62]
63 64
studies have demonstrated a low incidence of deep venous thrombosis in patients with postbypass edema.[ ] [ ] In one series, normal venous hemodynamics
[65]
[9]

Although venous thrombosis has been proposed as a cause of postoperative leg edema,[

and morphology were confirmed in 41 of 45 patients with leg edema after arterial bypass.

The incidence of deep venous thrombosis after femoropopliteal bypass was found to be similar in patients who had edema (7%) and in those who did not (10%).

7 58 66
Deep venous thrombosis, therefore, seems to play a minor role in postbypass edema in most patients.[ ] [ ] [ ]

Diagnosis

Mild, partially pitting ankle edema appears on the 2nd or 3rd postoperative day and resolves almost completely with leg elevation and bed rest. Deep venous thrombosis should be excluded as a cause of postoperative edema when there is excessive
postoperative swelling, cyanosis, muscle tenderness, or unusual pain. Duplex scanning of the deep veins is the test of choice for excluding deep venous thrombosis. If the cause of the edema is still in question, lymphoscintigraphy confirms lymphedema ( Fig.
63–2 ).

Management

Postoperatively, mild edema of the extremity should be treated with frequent elevation of the limb and some restriction of ambulation. Cardiac failure should be treated promptly to help preserve the normal pressure gradient and to allow venous return and
lymph flow toward the heart. Moderate to severe postbypass edema is treated with compression

Figure 63-1 Mechanism of postbypass edema. (Adapted from Gloviczki P, Bergman RT: Lymphatic problems and revascularization edema. In Bernhard VM, Towne JB [eds]: Complications in Vascular Surgery, 2nd ed. St. Louis, Quality Medical Publishing,
1991, p 366.)

Figure 63-2 A, Edema of the left lower extremity in an 88-year-old man 4 weeks after left femoropopliteal saphenous vein bypass performed for severe chronic ischemia. B, Lymphoscintigraphy confirmed the severe lymphedema of the left leg with no

visualization of the lymph vessels or inguinal lymph nodes. Lymphatic transport was normal on the right.

Figure 63-3 Injection of isosulfan blue (Lymphazurin) dye into the first and third interdigital spaces of the foot immediately visualizes the foot lymphatics (arrow) and during surgery helps identify the site of lymphatic injury at the groin.

Figure 63-4 Bilateral lower extremity lymphoscintigraphy demonstrates a large left groin lymphocele (arrow) and extravasation of the colloid in the left thigh.

Figure 63-5 Intraoperative photograph of a dissected left groin lymphocele with an easily identifiable lymphatic pedicle. The pedicle was ligated, and the lymphocele was removed.

Figure 63-6 CT scan of a 70-year-old woman reveals a large left retroperitoneal lymphocele 9 months after repair of a thoracoabdominal aortic aneurysm.

Figure 63-7 Anatomy of the mesenteric and ascending lumbar lymphatic trunks and the cisterna chyli. (From Gloviczki P, Bergman RT: Lymphatic problems and revascularization edema. In Bernhard VM, Towne JB [eds]: Complications in Vascular
Surgery, 2nd ed. St. Louis, Quality Medical Publishing, 1991, p 366.)

Figure 63-8 Anatomy of the thoracic duct. (©1992, Mayo Foundation.)
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Chapter 64 - Postoperative Sexual Dysfunction After Aortoiliac Interventions

RALPH G. DEPALMA MD, FACS

1
Impotence has interested vascular surgeons since Leriche’s 1923 observation[ ] that erectile dysfunction was often the first signal of aortoiliac occlusive disease, particularly in young men. In these cases erectile failure was due to compromised arterial inflow
2 3 4
to the corpora cavernosa. Using techniques to minimize damage to the pelvic nerves and restoring flow into the internal iliac arteries, potency can be restored after aortoiliac reconstruction.[ ] [ ] [ ] Aortoiliac reconstruction itself can also cause erectile

5
dysfunction not present preoperatively due to failure to perfuse the internal iliac arteries or to damaged autonomic genital nerves with conventional open procedures.[ ] These cases are of particular interest to vascular surgeons. The general problem of erectile
dysfunction as a chief complaint has proven to be more complex and is considered in Chapter 88 .
6

7

Early in the 1970s, erectile dysfunction was assumed to be due to arterial insufficiency and that this effect was progressive with aging. Beginning in the early 1980s, intracavernous injection with vasoactive agents such as papaverine[ ] and phentolamine[ ]
was discovered to facilitate erection by relaxation of corporal smooth muscle. This provided a better understanding of the physiology of erection along with the recognition that the defect in men with the chief complaint of erectile dysfunction was more often

8 9
due to failure of smooth muscle relaxation. Normal erectile function requires adequate inflow, which can be assessed using penile plethysmography in a nonerect state[ ] [ ] or Doppler duplex measurements of penile arterial flow after injection of a
10] [11]

vasoactive agent.[

SCOPE OF THE PROBLEM

2 12 13 14 15 16 17 18 19

A number of studies report that 25% of men regained erectile function after aortoiliac reconstructions, including open repairs for patients of varying age for both occlusive disease and aneurysms.[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] The prevalence
and etiology of preoperative erectile dysfunction in various series are difficult to assess with accuracy. Erectile function depends on age, co-morbid factors including the use of drugs, as well as methods of subjective and objective documentation available to

2 7 20

the clinician to estimate, with some degree of confidence, sexual dysfunction. In a personal series of 126 aortoiliac reconstructions, using preoperative evaluation and operative techniques previously described,[ ] [ ] [ ] 53 (42%) men with an average age
of 65 years had erectile dysfunction and remained impotent postoperatively, and 30 (25%) men with an average age of 57 years who were potent preoperatively remained so postoperatively. In addition, 39 (31%) men with erectile dysfunction preoperatively
regained normal function and 4 (3%) men in the 4th to the 7th decades of life became impotent postoperatively. Two of these men had emergency operations for ruptured aneurysms, and in the other two, internal iliac aneurysms required ligation. These
individuals were followed up to 3 years postoperatively. In all of the instances of erectile dysfunction, penile plethysmography showed flat lines, with penile brachial blood pressure ratios well below 0.5.

12

Flanigan and coworkers[ ] stated that with planning to avoid diversion of pelvic blood flow, nerve-sparing aortoiliac dissections, and selective employment of indirect methods, iatrogenic impotence can be minimized and that a significant proportion of
patients regain normal postoperative sexual function. In a retrospective series of 110 patients using direct and indirect aortoiliac revascularization, 45% of patients with preoperative vasculogenic impotence regained normal sexual function postoperatively, no
patients with normal preoperative sexual function were rendered impotent, and two men developed retrograde ejaculation.

21]
of aortoiliac operations using conventional techniques. Eleven of 20 men with aneurysms were impotent preoperatively and 19
[16]

Recognizing limitations inherent in these largely retrospective series, it is useful to examine Fredburg and Mouritzen’s report[

reported
(95%) reported sexual dysfunction postoperatively. Among 48 patients undergoing operation for occlusive disease, 15 (31%) presented with erectile dysfunction and 29 (60%) had postoperative sexual dysfunction. Similarly, Miles and associates
that 22% of 76 patients undergoing conventional aortoiliac operations for aneurysmal or occlusive disease described preoperative sexual dysfunction, and an additional 30% were rendered impotent. Impotence was twice as common in men reporting
unspecified preoperative “minor dysfunctions.” It appears unlikely that prospective trials comparing conventional aortic reconstructions to nerve-sparing internal iliac revascularization techniques will surface, since attention to such technical details of these
procedures imposes little additional surgical burden.

Rich interconnections of the vegetative nervous system about the aortoiliac vessels and the inferior mesenteric artery include both sympathetic and parasympathetic fibers that promote normal ejaculatory function. Damage to these fibers can cause other types
of sexual dysfunction: retrograde ejaculation with or without erection and orgasm; anejaculation; failure of emission; and rarely, normal erection with
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22

23]

failure to achieve either ejaculation or orgasm. Ejaculatory disorders have been reported to be the most prevalent sexual dysfunction, approaching 40% of men.[ ] This condition is more likely encountered in urologic[
been a prominent compliant in my vascular practice. Ejaculatory disorders should be differentiated from erectile dysfunction, though its psychological consequences can interfere with erection in some men.

or fertility practices and has not

24

In the past, women have been considered to be less susceptible to sexual dysfunction after aortoiliac surgery.[ ] In my experience, three women regained arousal, lubrication, and orgasm after aortoiliac surgery using nerve-sparing aortoiliac reconstructions
that provided internal iliac flow. In this anecdotal experience, these operations were performed using the same technique as in men. The approach was done out of habit, without an intent to influence sexual function; the women only later reported favorable

25

effects. Only scanty data have been gathered because so few females of active sexual age require aortoiliac reconstructions, and measurement methods to assess female arousal are difficult to perform. Hultgren and colleagues[ ] described sexual
dysfunction, based on questionnaires, in women before and after aortoiliac operation. They stressed the possibility of iatrogenic nerve damage as a cause of postoperative sexual dysfunction. Female sexual dysfunction (FSD) has been described after radical

26]

hysterectomy with ligation of the uterine arteries and ovarian collaterals.[

27] [28]

Nerve-sparing hysterectomy and more limited operations have been proposed to prevent these effects.[

Only recently have methodical investigations begun for the

29
diagnosis and treatment of FSD, estimated to afflict 30% to 50% of American women.[ ]
LARGE-VESSEL INTERVENTION TECHNIQUES

30] [31]

Large-vessel interventions have proved more effective and durable than microvascular penile procedures, although vascular interventions are applicable to no more than 7% of men with the chief complaint of impotence.[
techniques are crucial among patients undergoing major vascular surgical reconstructions.

Therefore, preventive

Surgical approaches to the aortoiliac arteries to prevent erectile failure or restore normal function are relatively straightforward. These are (1) preservation of nerve fibers in the periaortic and pelvic fields and (2) perfusion of the internal iliac arteries.
For open aneurysm repair, I prefer an inlay technique with entry into the sac well to the right, avoiding the mesenteric leaf on the left side, the inferior mesenteric artery, and the pelvic neural plate ( Fig. 64–1 ). The inferior mesenteric artery is closed by suture
of its orifice from within the sac. These maneuvers require minimal dissection and likely help avoid colon and spinal ischemia. I cannot recall a need to reimplant the inferior mesenteric artery, nor has colon ischemia been a problem. Figure 64–2 illustrates the
approach to the right common iliac bifurcation. Small abdominal aneurysms, typically less than 5.5 cm in diameter, occasionally cause penile ischemia due to emboli into the internal iliac artery. Therefore, recognition of this pathophysiologic mechanism

30

would liberalize the indications for repair of smaller aneurysms as recently described,[ ] and this potential complication should be guarded against during surgical repair. We have not investigated the sexual functional effects of extraperitoneal exposure of
the aorta, although the ability to dissect the nerve bundle from the aortic bifurcation and left iliac artery using this approach appears clear. Division of the inferior mesenteric artery is required, and autonomic nerves accompany this vessel into the pelvic plate.

32

Among patients undergoing operation for occlusive disease, a right-sided nerve-sparing approach with limited aortic mobilization is also used to preserve erectile and ejaculatory function ( Fig. 64–3 ). Van Schaik and coworkers[ ] from Leiden have
contributed elegant anatomic studies of periaortic nerve plexus reproduced in Figures 64–4 and 64–5 . A retroperitoneal approach to the internal iliac artery can be used when this vessel is selected as a target. While operating through a midline incision, it is
important to recognize that the internal iliac arteries lie deep in the pelvis and course laterally beneath the external iliac arteries and veins. Peritoneal incisions lateral to the colon with medial retraction of the intestine and ureters can be used to expose these
vessels as they exit the greater sciatic notch.

Another approach that may be selected among patients with aortoiliac occlusive disease is femorofemoral bypass, sometimes combined with transluminal dilation of a donor common iliac artery. In fact, this strategy has yielded good results in restoring penile

33]

blood flow.[

Plethysmography results correlate with return of erectile function as reported by patients. This procedure completely avoids the aortoiliac dissection, and the long-term results of femorofemoral bypass are reasonably durable.

Transluminal dilation of the external iliac artery along with stenting also can improve penile perfusion by relieving steal through the internal iliac and gluteal arteries ( Fig. 64–6 ). Axillofemoral bypass is more applicable to limb salvage in high-risk
individuals rather than for prevention of

Figure 64-1 Right-sided approach and planned incision for abdominal aortic aneurysm and minimal dissection of common iliacs and neck. Note the application of distal clamps first.

Figure 64-2 A, Preoperative arteriogram of a potent man showing details of a right iliac aneurysm (arrow). B, Method of reconstruction to preserve outflow and maintain internal iliac flow. (B, From DePalma RG: Management of impotence associated with
aortoiliac surgery. In Haimovici H [ed]: Haimovici’s Vascular Surgery. Cambridge, Mass., Blackwell Science 1996, pp 828–841.

Figure 64-3 Right-sided approach for occlusive disease. Note limited aortic dissection, retraction of nerve bundles on the aorta, and preservation of the inferior mesenteric outflow.

Figure 64-4 A, Ventral view into the abdomen with resection of the inferior vena cava (V) below the left renal vein (R). Note relationships of sacral hypogastric plexus (SHP), hypogastric nerves (HGN), and divided trunk of the inferior mesenteric artery (I).
B, A 90-degree rotational view showing right-sided splanchnic nerves (LSN) and the sympathetic chain (SC). C, A 90-degree rotational view from the left showing left-sided LSNs and the SHP on the left side of the picture coursing over the aortic bifurcation.
The probe lifts the LSNs. Note connections with the sympathetic chain (SC) delineated by the probe. A, abdominal aorta; CA, common iliac artery; P, psoas muscle; AAP, abdominal aortic plexus; IMP, inferior mesenteric plexus; U, ureter. (A to C, From van
Schaik J, van Baalen JM, Visser MJT, DeRuiter MC: Nerve-preserving aortoiliac reconstruction: Anatomical and surgical approach. J Vasc Surg 33:983–989, 2001.)

Figure 64-5 A and B, Ventral view into abdomen showing interposition of graft (G), in conventional midline approach; note total disruption of sacral hypogastric plexus (SHP). C and D, Placement of graft using nerve-sparing procedure. Note in D, the minor
disruption of LSNs on the right. Dotted lines indicate incisions. A, abdominal aorta; AAP, abdominal aortic plexus; CA, common iliac artery; CV, common iliac vein; E, endopelvic fascia; I, inferior mesenteric artery; IMP, inferior mesenteric plexus; P, psoas
muscle; Pr, sacral promontory; R, left renal vein; U, ureter; V, inferior vena cava. (A to D, From van Schaik J, van Baalen JM, Visser MJT, DeRuiter MC: Nerve-preserving aortoiliac reconstruction: Anatomical and surgical approach. J Vasc Surg 33:983–
989, 2001.)

Figure 64-6 A, Mechanism of pelvic steal in the presence of diffuse external iliac artery stenoses. The steal occurs through the gluteal arteries. B, Penile plethysmography. Note improved pulse waves and pressure after dilation of the external iliac artery. (A,
From DePalma RG: Iliac artery occlusive disease: Impotence and colon ischemia. In Moore WS, Ahn SS [eds]: Endovascular Surgery, 3rd ed. Philadelphia, WB Saunders, 2001, pp 355–360.)
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Chapter 65 - Postoperative Graft Thrombosis:

Prevention and Management

DANIEL WALSH MD

Postoperative graft thrombosis, especially in the first days and months after surgery, represents a signal failure for both the patient and the vascular surgeon. At 1 year after failure of infragenicular bypass grafts, more than 50% of patients have suffered major

110]

Among the remaining patients, 25% suffer from rest pain or ulceration and more than 15% have died. Seventeen percent of strokes that occur within 30 days of carotid endarterectomy are attributable to surgical technique or postoperative

[106]

In other series, complications at the endarterectomy site are the most common cause of stroke in the majority of patients.[

amputations.[
management.

38] [50]

The causes of graft thrombosis are myriad and involve both patient factors and technical issues that present themselves throughout the revascularization process from initial presentation through follow-up. If results of arterial revascularization are to be

24 101] [108] [115]
There are many techniques for accurate intraoperative
optimized, technical precision during that initial operation is mandatory. At present, technical errors are responsible for 4% to 25% of failures early after revascularization.[ ] [
assessment of the adequacy and precision of the revascularization. The subject first addressed in this chapter is the selection and application of these modalities to specific arterial reconstructions.

The remainder of the chapter focuses on the surgeon’s response once graft thrombosis has occurred. To achieve the best outcome for patients in this most difficult circumstance, one must make the correct choice among the many available therapeutic options.
Understanding the etiology, presentation, and current experience with available treatment options is crucial for achieving the best and most long-lasting results.

TECHNIQUES OF ASSESSMENT
Inspection, Palpation, and Flow Measurement
The most convenient methods of assessing technical adequacy of a revascularization are inspection and pulse palpation. These processes involve not only inspection of the revascularization for kinks, twists, and stenoses but also examination of the target
artery and the revascularized tissue, if possible. Intuitive in this process are the surgeon’s expectations. Does the distal carotid artery have a new, easily palpable pulse? Is the foot pink? Has capillary refill time been shortened? Is a pulse now palpable in the
foot?
The process is facilitated by having the target organ, as much as possible, prepared into a sterile field and available to the surgeon for intraoperative examination. For example, for aortobifemoral or more distal bypasses, clear plastic bags covering the sterilely
prepared feet allow their rapid examination after bypass completion. However, inspection and palpation are subjective and, thus, are susceptible to observer bias. After a complex reconstruction, the surgeon’s expectations may cloud the evaluation of capillary
refill time in the feet. Arteries calcified by the complications of diabetes may transmit improved pulses poorly. The effects of anesthesia combined with chronic superficial femoral artery occlusions may delay appearance of adequate lower extremity
reperfusion. More important, false-negative results can occur when a graft has a strong pulse owing to distal outflow obstruction.
Measurement of arterial inflow and outflow is often severely affected by anesthesia. Furthermore, small hemodynamically insignificant defects in the graft may also result in failure. Low-flow measurements also may accurately predict graft failure, but the

14]

finding does not localize a defect once discovered. Studies using an ultrasound flowmeter have confirmed the inability of graft flow alone to predict future graft function.[

Flow measurement by ultrasonically measured transit times has been reported to be

[92]

Performance of these studies is cumbersome and requires additional adjunctive measures to localize and identify specific graft defects. Because of these problems and the ease and effectiveness of other techniques,
sensitive and specific for graft defects.
these measures of blood flow have been used infrequently.
Arteriography
Since its introduction, intraoperative completion arteriography has been the “gold standard” for anatomic evaluation of the technical adequacy of arterial reconstructions. Arteriography is uniquely capable of assessing the anatomy of outflow arteries, which is
particularly important when preoperative studies in diffusely diseased vascular systems may not have adequately demonstrated runoff vessels. Although completion arteriography is an invasive procedure associated with potential complications due to arterial

20] [21] [56]

puncture (intimal injury, dissection), injection (air embolism), use of radiographic contrast agent (renal failure, anaphylaxis), and radiation exposure, the actual observed complication rate has been negligible in large series.[
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Figure 65-1 Normal intraoperative completion arteriogram of a femoroperoneal in-situ saphenous vein graft. A ceiling-mounted x-ray generator allows visualization of nearly the entire leg with a single exposure. A radiopaque ruler facilitates the localization
of any graft defects.

Figure 65-2 Intraoperative digital subtraction angiographic images of the plantar circulation performed prior to (A) and after (B) bypass.

Figure 65-3 A and B, Retained valve cusp in an in-situ bypass detected intraoperatively. C, Same area after valve lysis; note the decreased velocity after valve lysis. D, The distal anastomosis of the same graft appears in spasm. E, The velocity has decreased
significantly after the injection of papaverine.

Figure 65-4 A, Photograph of a valve via an angioscope prior to lysis. B, Photograph of an angioscopic image of a valve after lysis. (B from McCaughan JJ Jr, Walsh DB, Edgcomb LP, et al: In vitro observations of greater saphenous vein valves during
pulsatile and nonpulsatile flow and following lysis. J Vasc Surg 1:356, 1984.)

Figure 65-5 An intravascular ultrasonogram of a stent-graft. The rippled, uneven appearance of the inner wall represents infolds of the graft between the interstices of the stent frame.

Figure 65-6 Factors contributing to graft occlusion with time. (Modified from Rutherford RB: The prevention and management of graft thrombosis. In Kempczinski RF [ed]: The Ischemic Leg. Chicago, Year Book Medical, 1985.)

Figure 65-7 Intraoperative completion arteriogram demonstrating sparse runoff from a lateral plantar artery.

Figure 65-8 Comparison of long-term patency rates for secondary bypass, initial bypass salvage vein surgery, and thrombolysis among the patient groups with the best results. (From Walsh DB: Management of the thrombosed infrainguinal vein graft. In
Whittemore AD, Bandyk D, Cronenwett J, et al [eds]: Advances in Vascular Surgery, vol 6. Chicago, Mosby Year Book, 1998, p 181.)
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Limb ischemia occurs when an extremity is deprived of adequate blood flow. Symptoms depend on the severity of hypoperfusion. The process can develop suddenly and, when the patient presents soon after its onset, the entity is said to represent acute limb
ischemia. Acute limb ischemia is differentiated from those patients with an insidious onset of symptoms; these patients tend to present late and the phrase chronic limb ischemia is used to identify such a scenario. The extent of collateral flow across the site of
occlusion often determines the severity of symptoms. Patients with long-standing atherosclerotic lesions often have adequate time to develop collateral channels ( Fig. 66–1 ); hence, arterial occlusion in these patients often may fall into the “chronic” category.

In mild cases the patient may experience symptoms only with increased muscular demand, such as occurs with ambulation—an entity known as claudication. Patients with symptoms of claudication alone are at low risk for amputation, even without treatment.
Alternatively, when hypoperfusion is severe, inadequate oxygen delivery occurs even without activity. Such patients experience pain at rest and particularly at night, marking the onset of so-called limb-threatening symptoms, a situation associated with
significant risks of limb loss and even death if the hypoperfusion progresses unchecked ( Table 66–1 ).
The aim of this chapter is to outline the pathophysiology, diagnosis, treatment, and expected clinical outcome of patients with acute limb ischemia—defined for the purposes of discussion as ischemia of 14 days’ duration or less.

PATHOPHYSIOLOGY

4

Acute limb ischemia may occur as the result of embolization or in-situ thrombosis ( Table 66–2 ). Emboli originate from the heart in more than 90% of cases[ ] and normally lodge at the site of an arterial bifurcation ( Fig. 66–2 ) such as the distal common
femoral or popliteal arteries. The decreasing prevalence of rheumatic heart disease underlies a diminishing proportion of embolic versus thrombotic causes for acute limb ischemia. When embolization occurs, it usually does so

Figure 66-1 Chronic superficial femoral artery occlusion. Numerous collateral channels prevent the occurrence of acute ischemia despite a total occlusion.

TABLE 66-1 -- Outcome of Patients Presenting with Acute Limb Ischemia
STUDY

SEVERITY OF ISCHEMIA

YEAR PUBLISHED

†

*

AMPUTATION RATE, %

MORTALITY RATE, %

24]

1978

Not specified

25

30

Jivegård et al[

27]

1988

Not specified

Not specified

20

2
Ouriel et al (Rochester Trial)[ ]

1994

Class 2b

14

18

3
STILE Trial[ ]

1994

Classes 1, 2a, 2b

5

6

1
Ouriel et al (TOPAS Trial)[ ]

1998

Classes 2a, 2b

2

5

Blaisdell et al[

* The morbidity and mortality are dependent on the severity of ischemia, with a suggestion of improved results in the more recent studies.
† See text for definitions of the class criteria.

in the setting of atrial fibrillation or acute myocardial infarction, when portions of atrial or ventricular mural thrombus detach and embolize to the arterial tree. It is often difficult to distinguish embolus from thrombosis, but embolic occlusions should be
suspected in patients with the following features: (1) acute onset where the patient is often able to accurately time the moment of the event; (2) prior history of embolism; (3) known embolic source, such as cardiac arrhythmias; (4) no prior history of
intermittent claudication; and (5) normal pulse and Doppler examination in the unaffected limb.
Thrombosis as an etiology for acute limb ischemia is a much more diverse category than embolization. With the increased use of peripheral arterial bypass grafts for chronic limb ischemia, and noting the finite patency rate of any bypass graft conduit, it is not

1

surprising that acute graft occlusion is now the most frequent cause of acute lower extremity ischemia in most centers ( Fig. 66–3 ). [ ] Symptoms may be less dramatic than embolic occlusion, depending on the extent of collateral flow across the site of
occlusion. In addition to the presence of collateral channels, the location of the occlusion may also play a critical role in the severity of limb ischemia. For example, occlusion of the popliteal artery results in profound limb ischemia, since it is the only artery
crossing at the level of the knee ( Fig. 66–4 ). By contrast, occlusion of the anterior tibial artery is often asymptomatic because the posterior tibial and peroneal arteries can function as alternate parallel channels to supply the foot.
TABLE 66-2 -- Classification of Acute Limb Ischemia
Bypass graft occlusion
Prosthetic conduit
Intimal hyperplasia at the anastomoses (usually distal)
Occlusion without a demonstrable lesion
Autogenous conduit (e.g., saphenous vein graft)
Retained valve cusp of an in-situ graft
Stenosis at the site of a prior venous injury (e.g., superficial phlebitis)
Native arterial occlusion
Thrombosis at the site of an atherosclerotic stenotic lesion
Embolism to an arterial bifurcation
Thrombosis within a near-normal artery, usually as the result of a hypercoagulable state
Arterial inflammatory diseases such as giant cell arteritis (Takayasu’s aortitis)
Thrombosis of an aneurysm (e.g., popliteal aneurysm)
Rare etiologies (e.g., popliteal entrapment syndrome, adventitial cystic disease of the popliteal artery)

Irrespective of the etiology of ischemia, the end result is the build-up of toxic byproducts within the ischemic tissue bed. These toxins include the free radicals, which are oxygen-derived, chemically reactive molecules that are responsible for the injury that

5

occurs after ischemia and reperfusion. Ischemia induces leakage of protein and fluid from the capillary bed, resulting in tissue edema.[ ] Hydrodynamic pressure in the extravascular space rises to a level that competes with venous outflow, perpetuating a
vicious cycle that can eventually impede arterial inflow. At first, this process occurs at a microscopic level, but it may progress to the development of high tissue pressures at a regional level and the clinical entity known as the compartment syndrome. The
development of a compartment syndrome is hastened by the abrupt reperfusion of a previously ischemic tissue bed, a phenomenon that explains the relatively frequent need for fasciotomy after lower extremity surgical revascularization for severe limb

6
ischemia.[ ]
DIAGNOSIS
Acute limb ischemia is a clinical diagnosis. Patients complain of numbness and pain in the extremity, progressing in severe cases to motor loss and muscle rigidity. Examination

Figure 66-2 Embolic occlusion of the axillary artery. Note the typical site of embolic occlusion at branch points and the “meniscus” (arrow) seen with the embolic occlusion on the diagnostic angiogram.

Figure 66-3 Stump of a thrombosed femoropopliteal bypass graft.

Figure 66-4 Acute in-situ thrombotic occlusion of the popliteal artery. Note the absence of significant collateral channels. The patient had no Doppler pedal signals.

Figure 66-5 Dependent edema and ischemic blisters seen in a patient with acute limb ischemia.

TABLE 66-3 -- Characteristic Ankle-Brachial Indices in Patients Presenting with Lower Limb Ischemia
CLINICAL CATEGORY

ANKLE-BRACHIAL INDEX

Normal

>0.97 (usually 1.10)

Claudication

0.40–0.80

Rest pain

0.20–0.40

Ulceration, gangrene

0.10–0.40

Acute ischemia

Usually <0.10

confined to the superficial femoral artery have a normal femoral pulse but no palpable popliteal or ankle pulses below, whereas patients with aortoiliac disease have absent femoral pulses as well. Doppler segmental pressures are also useful in defining the

13]
For example, a superficial femoral arterial occlusion would be suggested in a patient with a systolic pressure of 120

level of involvement; a drop in pressure of 30 mm Hg or more between two segments predicts arterial occlusion between the two levels.[
mm Hg at the proximal thigh pressure cuff and 90 mm Hg at the above-knee cuff.

Contrast arteriography remains the gold standard with which all other tests must be compared. Even today, standard arteriography is the most accurate test for all but the occasional patient with such slow flow in the tibial or foot vessels that digital subtraction
imaging fails to demonstrate a patent artery. Arteriography is, however, a semi-invasive modality, and as such its use should be confined to those patients for whom a surgical or percutaneous intervention is contemplated. Patients with borderline renal function

14] [15]

may experience contrast-induced nephrotoxicity, and in this subgroup the use of alternate contrast agents such as gadolinium and carbon dioxide have been employed.[

16

Duplex ultrasound has been used in some centers to define the anatomic extent of peripheral arterial disease.[ ] Although duplex has been useful in documenting the patency of a single arterial segment such as a stented superficial femoral artery or a bypass
graft, evaluation of the entire lower extremity arterial tree remains imprecise, and its adequacy as the sole diagnostic modality for planning a percutaneous or open surgical intervention remains controversial. Magnetic resonance (MR) angiography is being
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used with greater frequency in patients with peripheral arterial disease.[ ] Using gadolinium as an MR contrast agent, the specificity and sensitivity of the test exceed that of duplex ultrasonography and approach the accuracy of standard arteriography. MR
angiography has been effective in demonstrating patent tibial arteries undetected with less sensitive conventional arteriography, identifying potential target vessels for an otherwise unfeasible lower extremity reconstructive bypass procedure. Today, MR
angiography is widely employed in patients with chronic renal insufficiency to limit the dye load. Another noninvasive imaging modality, computed tomographic (CT) angiography, is gaining appeal as a means of delineating anatomy to provide a means of

18

localizing the extent and severity of occlusive disease.[ ] With future improvements in hardware and software technology, it is likely that MR and CT angiography will effectively replace conventional diagnostic arteriography, and arterial cannulation will
be reserved solely for percutaneous interventional therapies.

TREATMENT
Unlike the situation in patients with chronic limb ischemia where observation alone is a common and quite appropriate treatment option, patients presenting with acute limb ischemia often require revascularization to salvage the leg. In fact, this is why they
present acutely and are often able to identify the precise time of the occlusive event, similar to the manner that a patient with a perforated peptic ulcer
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knows exactly when it occurred. In many cases, the paucity of preexisting collateral channels renders the limb very ischemic after thrombotic or embolic occlusion of the main arterial segment. Symptoms occur with severity and rapidity, forcing the patient to
seek treatment almost immediately.
Once the diagnosis is made, adequate systemic anticoagulation is instituted. A bolus of unfractionated heparin is standard, followed by a continuous infusion to maintain the activated partial thromboplastin time (aPTT) in a therapeutic range. The goal of
anticoagulation is twofold: (1) to decrease the risk of thrombus propagation and (2) in the case of presumed embolic occlusion, to prevent recurrent embolization. Occasionally, if early angiographic evaluation is feasible, heparinization can be withheld,
pending the establishment of arterial access. Otherwise, a micropuncture technique (small localizing needle [21 gauge], guide wire [0.018 inch], and a 4-French sheath) is used to gain access or the anticoagulation is withheld to allow the aPTT to fall to within
1.5 times control.
The severity of the ischemic limb based on the earlier-mentioned Rutherford classification dictates the extent of diagnostic tests performed for systemic risk factor assessment. Routine blood studies and coagulation tests should be drawn before heparin is
administered. Correction of underlying electrolyte imbalances and systemic anticoagulation should proceed concomitant with the other investigations. A plain chest radiograph and electrocardiogram should be obtained in every patient. In patients with
suspected embolism, an echocardiogram should be obtained as soon as time allows. Despite the desire for a complete workup, the treatment of an ischemic limb must take priority over other more complex and time-consuming investigations.
Unfortunately, the threat is not only to the limb, but these patients are also at a high risk for death. Limb hypoperfusion results in systemic acid-base and electrolyte abnormalities that impair cardiopulmonary and renal function. Successful reperfusion may
result in the release of highly toxic free radicals further compromising these critically ill patients. Therapeutic choices are often few, and patient expectations are not always realistic. The management of acute limb ischemia requires a thorough understanding
of the anatomy of the arterial occlusion and the open surgical and percutaneous options for restoring limb perfusion.
There exist several basic therapeutic options to pursue in patients with acute limb ischemia ( Fig. 66–6 ).
1. The first option is anticoagulation alone. If the ischemia is nonthreatening (e.g., Rutherford class 1 or 2A), such a nonaggressive course may be appropriate. Angiographic evaluation and elective revascularization may then be undertaken after the
patient has been fully prepared and other co-morbidities such as concurrent coronary artery disease have been addressed.
2. Patients who present with more severe ischemia (Rutherford class 2B) require some form of intervention to prevent progression to irreversible ischemia and limb loss. These patients should undergo early angiographic evaluation with adequate
imaging of the affected and the unaffected extremity. Arterial access is accomplished at a site distant from the ischemic extremity using a contralateral femoral artery or brachial approach to avoid the creation of needle entry sites in an artery that
might subsequently be infused with a thrombolytic agent.

Figure 66-6 Algorithm for management of patients with acute limb ischemia. Tx, treatment.

Figure 66-7 Skin edge necrosis in a patient with open surgical revascularization for acute limb ischemia.

2
Figure 66-8 The rate of amputation was identical in the two treatment groups in the Rochester Trial,[ ] but the mortality rate was significantly lower in patients assigned to the thrombolytic arm.

3
Figure 66-9 Outcome measures from the STILE data after 30 days of follow-up.[ ] The rates of death and amputation are similar.
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TABLE 66-4 -- Results in the TOPAS Trial[ ]of Recombinant Urokinase Versus Surgery for Acute Peripheral Arterial Occlusion
UROKINASE GROUP (N = 272)
INTERVENTION OR OUTCOME

SURGERY GROUP (N = 272)

6 Months

1 Year

6 Months

1 Year

48

58

41

51

Above the knee

22

25

19

26

Below the knee

26

33

22

25

315

351

551

590

Major

102

116

177

193

Moderate

89

98

136

145

Minor

124

137

238

252

128

135

55

70

Operative Intervention, No.
Amputation

Open surgical procedures

Percutaneous procedures

Worst Outcome, % of Patients

*

Death

16.0

20.0

12.3

17.0

Amputation

12.2

15.0

12.9

13.1

Above the knee

5.6

6.5

6.1

7.5

Below the knee

6.6

8.5

6.8

5.6

40.3

39.3

69.0

65.4

Major

23.6

24.3

39.3

39.3

Moderate

10.3

8.7

16.3

13.4

Minor

6.4

6.3

13.4

12.7

Endovascular procedures

16.9

15.4

2.1

1.7

Medical treatment alone

14.6

10.3

3.7

2.8

Open surgical procedures

* Worst outcome is the most severe event that occurred over the specified time period.
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TABLE 66-5 -- Results of Pharmacologic Thrombolysis Compared with Open Surgical Revascularization
THROMBOLYSIS, %
TRIAL

OPERATION, %

Amputation

Death

Amputation

Death

Rochester

18

16

18

42

STILE

12

6.5

11

8.5

TOPAS II

15

20

13.1
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thrombolysis, fully 32% of the thrombolytic patients were alive without amputation with nothing more than a percutaneous procedure after 6 months of follow-up. After 1 year, this number had decreased only slightly, with 26% alive, without amputation, and
with only percutaneous interventions. The original goal of the TOPAS trial, to generate data on which regulatory approval of recombinant urokinase would be based, was not achieved. Nevertheless, the findings confirmed that acute limb ischemia could be
managed with catheter-directed thrombolysis, achieving similar amputation and mortality rates but avoiding the need for open surgical procedures in a significant percentage of patients.

Because the major thrombolytic trials failed to demonstrate an improved outcome for percutaneous thrombolysis compared to open surgery ( Table 66–5 ), clinical consensus was never achieved. Physicians continue to offer patients therapy based on their field
of expertise and patient symptoms. Future advances have been redirected toward decreasing the dose and duration of thrombolytic agents to decrease the complications and mortality associated with the bleeding complications. It is hoped that by minimizing or
eliminating the bleeding risks of thrombolytic therapy, this form of minimally invasive percutaneous procedure would demonstrate superior outcomes compared with open surgical revascularization. In this setting, the use of mechanical thrombectomy devices
as an adjunct to pharmacologic thrombolytic therapy is gaining popularity.
Percutaneous Mechanical Thrombectomy Devices

Numerous percutaneous mechanical thrombectomy (PMT) devices are currently available in the United States for dialysis graft declotting; however, only two devices are approved for infrainguinal arterial use in the United States. Lists of various PMT devices
are given in Table 66–6 . Many of the devices are currently in an investigational phase, with minimal preclinical and clinical data. The devices may be classified into “aspiration” or “microfragmentation-only” devices. The latter embolize the microfragments
that are created by the mechanical component of the device. Many of these devices were designed primarily for dialysis graft declotting, where embolization is not seen as a device limitation. However, when used for peripheral arterial occlusion, the risk of
downstream embolization is clinically significant. A few of the PMT devices also function as “wall-contact” types. For example, there is the Arrow-Trerotola device, with a potential for significant endothelial damage that limits its use to synthetic dialysis
graft declotting.

TABLE 66-6 -- Percutaneous Mechanical Thrombectomy Devices
PRODUCT NAME

MANUFACTURER, CITY AND STATE

Aspiration Devices
AngioJet
Trellis

*

*

Possis Medical, Minneapolis, MN
Bacchus Vascular, Santa Clara, CA

Fino

Bacchus Vascular, Santa Clara, CA

Solera

Bacchus Vascular, Santa Clara, CA

Rescue

Boston Scientific, Watertown, MA

Oasis

Boston Scientific, Watertown, MA

Hydrolyser

Cordis Endovascular, Miami, FL

Gelbfish EndoVac

NeoVascular Technologies, Brooklyn, NY

Thrombex PMT System

Edwards Life Sciences, Irvine, CA

The Cleaner

Rex Medical/Boston Scientific, Watertown, MA

Xtrak Thrombectomy Device

Xtrak Medical, Salem, NH

Rotarex

Straub Medical, Wangs, Switzerland

X-Sizer

EndiCOR Medical, San Clemente, CA

Microfragmentation Devices
Arrow-Trerotola

Arrow International, Reading, PA

Amplatz Clot Buster

Microvena, White Bear Lake, MN

Cragg brush

Micro Therapeutics, Aliso Viego, CA

Castaneda brush

Micro Therapeutics, Aliso Viego, CA

Ultrasound Devices
Acolysis

Angiosonics, Morrisville, NC

Resolution 360 therapeutic wire

Omnisonics, Wilmington, MA

* Approved for infrainguinal vascular application in the United States.

The potential benefits of these devices include the minimally invasive nature of the procedure, rapid blood flow restoration, and a decrease in the dose and duration of adjunctive pharmacologic thrombolytic agents. The two devices approved for peripheral
vascular application are described in the following sections.
AngioJet System

The AngioJet system consists of three major components: the catheter, the pump set, and the drive unit ( Fig. 66–10 ). The pump set and the drive unit are responsible for producing a controlled high-velocity saline jet (350 to 450 km/hr) that is redirected at the
tip of a dual-lumen catheter back into the effluent lumen of the catheter. The inflow lumen is a low-profile stainless-steel tube that forms a transverse loop at the distal end of the catheter and has multiple small orifices (25 to 50 μm diameter each) directed
retrograde toward the inflow lumen. Saline solution from the pump drive unit is driven at 50 to 60 mL/min at 8000 to 10,000 psi resulting in a high velocity at the catheter tip. The high velocity of the saline jets produces an area of extremely low pressure

31]

(Venturi effect) that is exposed to the intra-arterial lumen at the tip of the catheter. Thrombus surrounding the catheter tip is fragmented (99.8% < 100 μm)[

and rapidly evacuated through the effluent lumen. Since it is concerned with thrombus, the actual

32] [33]

mechanical force of the saline does not produce removal, but by an indirectly created negative pressure zone (−760 mm Hg), luminal endothelial damage is minimal.[
stream technology that results in greater

The peripheral catheter is referred to as the Xpeedior, and it employs a cross-
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Figure 66-10 AngioJet pump drive, catheter, and evacuation setup. (Courtesy, Possis Medical, Minneapolis, Minn)

Figure 66-11 A, Acute in-situ thrombotic occlusion of the popliteal artery. B, Following an 8-hour infusion of urokinase followed by AngioJet thrombectomy, the patient had complete resolution of the thrombotic occlusion.

TABLE 66-7 -- Outcome of Clinical Trials with Use of the AngioJet Catheter for Acute Limb Ischemia
AUTHORS

34]

Müller-Hülsbeck et al [

n
112

CONDUIT, NO. (%)
Native, 99 (86)

NO. (%) SUCCESS
80 (71)

ADJUNCTIVE LYSIS, NO. (%)
20 (17.9)

Grafts, 16 (14)

COMPLICATIONS (%)

PRIMARY PATENCY (%)

Embolization (9.8)

6 mo (68)

Dissection (8)

2 yr (60)

Perforation (3.6)

3 yr (58)

Amputation (1.8)
Mortality (7)

35]

Silva et al[

22

Native, 13 (59)

21 (95)

None

Grafts, 9 (41)

Hemorrhage (10)

Not applicable

Embolism (9)
Dissection (5)
Occlusion (18)
Amputation (5)
Mortality (14)

36]

Wagner et al[

50

Native, 39 (78)
Grafts, 11 (22)

26 (52)

15 (30)

Hemorrhage (6)
Emboli (6)

1 yr (69)

Dissection (6)
Perforation (4)
Amputation (8)
Mortality (0)

20]

Kasirajan et al[

86

Native, 52 (63)

70 (84)

50 (58)

Graft, 31 (37)

Hemorrhage (3.5)

6 mo (79)

Embolism (2.3)
Dissection (3.5)
Perforation (2.3)
Amputation (11.6)
Mortality (9.3)

compared to 79 consecutive patients having undergone open surgical revascularization. The major clinical endpoints evaluated included death, major amputation, major morbidity, primary patency, and 12-month amputation-free survival. Only values with a
standard error of less than 10% are reported.
There was a greater incidence of hypertension (P < 0.001) in the AngioJet group; however, a greater proportion of patients in the open surgery group had cardiac risk factors (P = 0.036). The mean preprocedural ABI was similar in both groups (AngioJet, 0.16;
open surgery, 0.17; P = 0.51) with a comparable rise in post-treatment ABI (P = 0.50). Most of the occlusions were greater than 10 cm in length (AngioJet, 68%; open surgery, 89%). Native vessel occlusions were more common in both groups (AngioJet,
55%; open surgery, 71%; P = 0.06), primarily resulting from in-situ thrombotic occlusions (AngioJet, 77%; open surgery, 82%; P= 0.43). No difference was noted in the 1-month amputation rate (11% vs. 14%; P = 0.57); however, a reduction in the rate of
early mortality (1 month) was observed in the AngioJet treatment group (7.7% vs. 22%; P= 0.037). A lower event rate for local (P= 0.002) and systemic (P < 0.001) complications was observed for the AngioJet treatment group. The 4-month primary patency
rate was 77.8% (95% confidence interval [CI], 62% to 94%) for AngioJet treatment group compared to 67% (95% CI, 55% to 79%) for open surgery treatment group (P = 0.017). The 12-month amputation-free survival was 77% (95% CI, 65% to 89%) for
AngioJet treatment group and 61% (95% CI, 50% to 73%) for the open surgery treatment group (P = 0.07).
The 6-month survival benefit seen in the AngioJet treatment group (PMT, 88%; open surgery, 75%; P = 0.02), was primarily related to lower in-hospital mortality rates. The high in-hospital mortality rates among the open surgery group (AngioJet, 8%; open
surgery, 22%) reflect the magnitude of the operative procedures required in this group of medically compromised patients. Overall, the results of this retrospective study favor the use of the AngioJet with adjunctive thrombolytic therapy as a first-line therapy
in patients with acute limb-threatening ischemia.
Trellis System

The Trellis drug dispersion and thrombectomy catheter is a 6-French coaxial system that can be passed over a 0.035-inch guidewire. The proximal portion of the device, which remains outside the patient, has five separate entry ports (Fig. 66–12 (Figure Not
Available) ). Two of these ports are used to inflate the compliant balloons located at either end of the infusion and dispersion segment. The balloons can be

Figure 66-12 (Figure Not Available) The Trellis device.
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Figure 66-13 A, Acute occlusion of the left common femoral artery. B, Trellis device placed via an ipsilateral common femoral artery puncture. Note the occlusion balloons. C, Eleven minutes after Trellis run with 250,000 units of urokinase, showing
complete thrombus dissolution. D, Typical thrombus fragments aspirated with the Trellis device.
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Chapter 67 - Arterial Thromboembolism

SCOTT R. FECTEAU MD
R. CLEMENT DARLING III MD
SEAN P. RODDY MD

HISTORICAL BACKGROUND
In 1854, Virchow was the first to use the term embolus in the description of sudden obstruction of an artery by material that originated from a distal site. The term is derived from “embolos,” a Greek term meaning plug. The occlusive material may consist of
platelet-fibrin thrombus, cholesterol debris, laminated aneurysmal thrombus, or a foreign body that has gained access to the vascular system.
Originally, the treatment of an arterial embolus was solely observational, which eventually terminated in limb loss or death. In the early 1900s, the initial successful reports of surgical removal of embolic material were described and operative management

1
2 3 4
slowly gained acceptance.[ ] These early manuscripts documented the necessity for early intervention to avoid irreversible intimal damage and secondary thrombosis of vessels distal to the point of embolic occlusion.[ ] [ ] [ ] One of the great advances in

5
treatment of patients with thromboembolism was the introduction of heparin for use before, during, and after surgical intervention.[ ] Intravenous heparin infusions decreased the propagation of thrombus, stabilized the clot, and recruited collateral vessels.

Early in its evolution, the complete removal of thromboembolic material, especially when associated with large amounts of propagated thrombus, remained problematic. A variety of methods, including suction catheters, vigorous arterial flushing, and external

6 7 8
9
compression on the limbs, were used with moderate success.[ ] [ ] [ ] In 1963, Fogarty and associates proposed the use of a balloon catheter that offered a significant advance for the retrieval of thrombus, distal and proximal to the embolic site.[ ] For the
first time, intravascular thromboembolic material could be removed from a single, strategically placed arteriotomy, with relatively little trauma to the vessels.
10 11 12 13 14 15 16 17 18 19

The mortality associated with acute peripheral arterial occlusion remains high, averaging 10% to 25%.[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] Advanced age, severity of associated medical problems, and presence of coexisting chronic arterial
occlusive disease have offset improvements in the management of atherosclerotic heart disease despite technical advances in performing thromboembolectomy. In the past, patients presenting with acute peripheral arterial occlusion were most often in the 5th

20] [21] [22]

decade of life.[

This represents an era when rheumatic heart disease, associated mitral valvular deformity, and resultant peripheral embolization were the most common causes of ischemia. More recent data demonstrate that the mean age of

11] [23]

patients with acute peripheral arterial occlusion is 70 years, reflecting a shift in etiology from rheumatic to atherosclerotic heart disease and the increased frequency of peripheral atherosclerosis as an inciting cause for occlusion.[

With a growing number of angiographic interventions, the overall incidence of arterial embolism may be shifting yet again. Sharma and associates noted that 45% of all atheroemboli were iatrogenic in nature, with most of these (83%) occurring during

24]

angiographic manipulation of the proximal arteries.[
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CLASSIFICATION OF PERIPHERAL ARTERIAL EMBOLI
Arterial emboli can be classified on the basis of size, content, and site of origin. Although somewhat arbitrary, an understanding of this classification is important because clinical presentation, natural history, and management can vary based on the type of
embolus.
Microemboli
Although microembolization is discussed in detail elsewhere (see Chapter 68 ), it is briefly described here to provide perspective for the remaining portions of this chapter that focus on macroemboli and arterial thrombosis.
A variety of lesions act as sources of microemboli, ranging in location from the infrarenal aorta to the termination of the popliteal artery. Aneurysms of the popliteal artery have long been recognized for this predisposition. Iliac and common femoral
aneurysms rarely produce distal embolization and are more prone to acute thrombotic occlusion. In marked contrast, however, atherosclerotic lesions of the iliac, common femoral, and superficial femoral arteries are important sources of microemboli.
Although it may be instinctively surmised that pathologic degeneration of the larger arteries would be the predominant origin of such arterioarterial emboli, femoral arteries are the most common emboligenic sources. Apart from popliteal aneurysms, stenotic,
irregular, and ulcerated lesions of the iliac and femoropopliteal arteries are frequently microembolic sources, as shown by their relative incidence. However, when there is widespread atheromatous degeneration of the infradiaphragmatic arteries, it can be

25]

difficult to identify precisely the area responsible for the release of microemboli.[

26] [27] [28] [29] [30] [31]

Many authors have expressed the view that these microemboli result solely from fragmentation of atheromatous plaques and subsequent dislodgement of the debris.[

Indeed, atheromatous plaques are known to undergo

[30]

However, many of the microemboli of the lower limb consist of fibrinoplatelet or
ulceration and fragmentation, and atheromatous or cholesterol-containing material has been identified in digital vessels and in the smaller arteries of the calf muscles.
thrombotic material on pathologic examination. The microemboli, which are released from aneurysmal sources (e.g., popliteal, aorta), are part of the flocculent-laminated thrombus, which lines the arterial flow path. A common surgical finding is friable

32] [33] [34] [35]

atheromatous plaque; however, the shaggy, frondlike clumps of fibrinoplatelet debris, which are invariably present on these lesions, are not only impressive but also appear likely to dislodge.[

plaque (gravel) from a tibial artery and postulated that after these particles impact, surrounding fibrinoplatelet aggregates as well as propagated thrombus increase the degree of obstruction.

34]

Branowitz and Edwards concluded that the clinical and pathologic processes involve distal embolization of atheromatous debris, fibrinoplatelets, or other thrombotic material.[

Schechter recovered a shred of atheromatous

[36]

Kempczinski further identified that cholesterol emboli tend to originate in the

35
infrarenal aorta, are diffused, and are lodged in arteries 100 to 200 μm in diameter (e.g., muscular arteries).[ ] By contrast, microemboli formed from hemocellular elements often are larger and occlude vessels up to 1 mm in size. Digital arteries are
27] [34] [37] [38]
Larger emboli are identified less often and usually originate in severe atheromatous plaques

customarily involved, but emboli have been recovered that were large enough to occlude the tibial, popliteal, and superficial femoral arteries.[

39]
This clinical entity has been described in various ways. It has been called blue toe syndrome, atheromatous embolization, acute focal ischemia, and peripheral

within the infrarenal aorta, which has larger, loosely attached fibrinoplatelet clumps.[

31] [36] [38] [40] [41]

atheroembolism.[

39]

From the pathologic description, the term arterioarterial atherothrombotic microembolism, although cumbersome, is preferred because it most accurately describes all of the pathologic events.[

42]

Gore and Collins have shown by autopsy examination that atherothrombotic microembolization is a more frequent clinical problem than generally recognized.[

This option has been confirmed by Maurizi and associates, who conclude that the microemboli

30
usually lodge in the lower limbs and that recurrent microembolization, which finally leads to extensive tissue loss, is common.[ ] A typical scenario includes the sudden appearance of a painful digit, which is generally bluish in color (hence the name blue
toe syndrome), has a sluggish capillary return, and is quite tender to the touch. These symptoms may last only a few minutes and cause little noticeable disability, but more commonly, provide signs and symptoms for a few days. The sudden appearance of a
painful, discolored toe may be baffling when the rest of the foot appears well perfused, particularly when pedal pulses can be readily palpated. In contrast with focal digital ischemia, livedo reticularis may result from microembolic shower. The eventual
outcome is obviously determined by the available collateral pathways, which are themselves determined both by the site of embolic impaction and the effects of previous or unrecognized embolic episodes.
Macroemboli
Cardiac Emboli

Macroemboli arise from the dislodgement of a large plaque or mural thrombus and result in large single-vessel occlusions. The heart is by far the predominant source of spontaneous arterial macroemboli, cited in 80% to 90% of cases. Although this statistic
has remained constant over the last half-century, there has been a shift in the underlying heart disease from rheumatic valvular disease to atherosclerotic coronary vascular disease. Presently, atherosclerotic heart disease has been implicated as a causative factor

11] [43] [44]

in 60% to 70% of all cases of embolus, with rheumatic mitral valve disease and associated atrial fibrillation in the remaining 30% to 40%.[

45]

The close association of atrial fibrillation with modern-day heart disease may explain the rather constant appearance of arterial emboli despite the markedly diminished incidence of rheumatic disease.[

Regardless of the cause for atrial fibrillation, this

11 15 44
dysrhythmia is currently associated with two thirds to three fourths of peripheral emboli.[ ] [ ] [ ] As a result of stasis, clot formation is particularly common in the left atrial appendage. In this location, transthoracic echocardiographic techniques have
[46] [47]

had only intermediate success in thrombus detection.

Although transesophageal
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echocardiography offers a more thorough and accurate evaluation of the heart, the sensitivity of this modality has also been disappointing.[ ] [ ] [ ] [ ] Consequently, the absence of detected thrombus does not rule out the heart as a potential source.
Next to atrial fibrillation, myocardial infarction is the second most frequent entity associated with peripheral arterial embolization. In a series of 400 patients with peripheral emboli, Panetta and coworkers determined that myocardial infarction was the

15]

causative factor in 20%.[

54] [55]

patient population.[

52] [53]
Despite the frequent presence of left ventricular thrombus, the incidence of embolization is less than 5% in this
20
[ ]

Thrombus within the left ventricle most frequently follows an anterior transmural myocardial infarction.[

Darling and associates reported on the timing of embolic complications in relation to the initial cardiac insult.

They noted a lag in the development of symptoms, ranging from 3 to 28 days, with a mean of 14 days.

56
Electrocardiographic changes were noted in 64% of all patients presenting with acute extremity ischemia requiring surgical intervention.[ ] The presence of electrocardiographic changes predicted a higher morbidity and mortality.

Occasionally, embolic symptoms may be the first clinical manifestation of a “silent myocardial infarct.” This adds to the importance of careful evaluation of the electrocardiogram and serum cardiac enzymes of patients presenting with acute ischemic
syndromes. Delayed presentation of emboli originating from the heart as a result of myocardial infarction is frequently associated with the formation of a left ventricular aneurysm. Thrombus has been identified in 50% of cases, with 5% experiencing

57]

peripheral embolization.[

Coincidentally, it is the sheer magnitude of the prevalence of coronary artery disease that makes this a common cause of arterial emboli.

58

Cardiac valvular prostheses are another common source of emboli. Thrombus formation may occur around the sewing ring in a caged-ball or caged-disc valve.[ ] Tilting-disc valves predispose to thrombus formation at the hinge points, which correspond to
sites of low-velocity blood flow. Permanent anticoagulation therapy is required in patients with prosthetic mechanical valves, and embolic complications are particularly common when postimplantation anticoagulation is inadequate or discontinued.

59]

Biosynthetic valves, such as the porcine xenograft, are not as thrombogenic as prosthetic valves, and anticoagulation may not be required.[

20]
Similarly, vegetations from mitral or aortic leaflets in patients with bacterial or fungal endocarditis can also be a cause. Despite the improved spectrum of
[60] [61]

Intracardiac tumors, such as atrial myxomas, are a rare source of peripheral arterial emboli.[

antibiotic regimens, the incidence of endocarditis has increased largely as a result of intravenous drug abuse. This etiologic factor should be suspected in younger patients and in those without a history of atherosclerotic or rheumatic heart disease.

[62] Histologic examination of the surgical embolic specimen may provide a clue as to the etiology of the insult, especially if leukocytes or bacteria are visualized in the material.

Noncardiac Emboli

11]
Noncardiac emboli often originate from atherosclerotic disease of more proximal vessels. Thrombi arising from mural erosions can be large and produce a
[63]

Spontaneous emboli originating from noncardiac sources are noted in 5% to 10% of patients.[

clinical picture indistinguishable from emboli of a cardiac origin. Downstream embolization of mural thrombus associated with aortoiliac, femoral, or popliteal aneurysms has been reported.

Proximal aneurysms in the upper extremity as a result of

35 64 65
thoracic outlet syndrome may also contribute to the incidence of this phenomenon.[ ] [ ] [ ]

Noncardiac tumors and other foreign bodies may gain access to the arterial circulation and form arterial emboli. This event is more commonly noted in tumors that tend to invade the pulmonary vasculature or heart, such as primary or metastatic lung

66] [67]

carcinoma.[

68] [69]

Bullet emboli have also been reported.[

“Paradoxical embolization” occurs when a thrombus arising within the venous circulation passes from the right side of the heart to the left side through an intracardiac communication,

70 71
most often a patent foramen ovale, to become an arterial embolus.[ ] [ ] This scenario most commonly occurs after the occurrence of a pulmonary embolism, in which acute pulmonary hypertension is associated with the development of a right-to-left
shunt.

72]
Mixed symptoms of arterial and venous obstruction, and a history of deep venous thrombosis or pulmonary embolism in a patient presenting with
[47] [73] [74] [75]

In addition to venous-derived thrombus, tumor and foreign body paradoxical emboli have been reported.[

acute arterial occlusion should prompt consideration of this entity. Echocardiography and cardiac catheterization are helpful to identify the right-to-left shunt and to accurately define its location.
Unknown Source

20 76 77

An additional 5% to 10% of spontaneous emboli originate from a source that remains unidentified, despite an apparently thorough diagnostic interrogation.[ ] [ ] [ ] These have been termed cryptogenic emboli. The frequency of this diagnosis has
diminished significantly with improvements in imaging and increased recognition of noncardiac sources of emboli. More frequent use of arteriography (contrast or magnetic resonance) has contributed to the identification of proximal sources of peripheral
emboli. Additionally, transesophageal echocardiography permits more thorough evaluation of possible cardiac sources of emboli with improved visualization of the left atrial appendage thrombi, cardiac valvular vegetations, or thoracic aortic atheromas, all of
which are potentially important sources of peripheral arterial emboli. In some instances, confusion arises when one attempts to differentiate in-situ thrombosis from peripheral embolism. This is particularly true in the absence of an embolic source.

78]

Hypercoagulable states have been suspected, particularly in younger patients without evidence of concomitant occlusive disease or in patients with malignancy.[

SITES OF EMBOLISM

20]
It is likely, however, that embolization to these sites is markedly underdiagnosed. Acute strokes secondary to cerebrovascular emboli may

Approximately 20% of emboli eventually affect cerebrovascular circulation, and 10% involve the visceral vessels. [
be attributed to other pathologic
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11]
44
and Stanford University.[ ]

Figure 67-1 Incidence of embolic occlusions at different sites. Data are compiled from 1303 embolic events at the Massachusetts General Hospital[

Figure 67-2 An embolus is lodged at the bifurcation of the profunda femoris artery and the superficial femoral artery. The diameter of the common femoral artery is large enough to allow the intravascular debris to travel through it, but the individual diameters
of the profunda femoris artery and the superficial femoral arteries are too small. This photograph emphasizes the finding that most emboli lodge at the branch point.

Figure 67-3 A, Left iliac artery embolus. B, Acute occlusion of the superficial femoral artery in the adductor canal. The presence of the proximal embolus, lack of significant disease apparent in the proximal portion of the superficial femoral artery, and lack of
a well-developed collateral blood supply suggest that the superficial femoral artery occlusion is also embolic. This hunch proved correct on examination of embolectomized specimens following a surgical procedure.

TABLE 67-1 -- Differentiation of Embolism and Thrombosis

FACTOR

EMBOLISM

THROMBOSIS

Identifiable source

Frequently detected

None

Claudication

Rare

Frequent

Physical findings

Proximal and contralateral pulses normal

Ipsilateral and contralateral evidence of peripheral vascular disease

Angiography

Minimal atherosclerosis, sharp cutoff, few collaterals,
multiple occlusions

Diffuse atherosclerotic disease, tapered and irregular cutoff, well-developed collateral circulation
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with a history of hypertension and young patients with a marfanoid body habitus. It can usually be differentiated from an acute embolic occlusion by the presence of hypertension and chest or intrascapular back pain. Phlegmasia cerulea dolens can also be
confused with acute arterial ischemia. Although the swelling associated with this condition often makes pulses difficult to palpate, the presence of massive edema and cyanotic congestion is a marked contrast from the collapsed superficial veins and pallor
associated with acute arterial insufficiency. In late stages, secondary arterial insufficiency may in fact develop. Neurologic manifestations of acute ischemia may predominate and masquerade as primary neurologic disorders. For example, aortic saddle emboli
may present primarily with the sudden onset of bilateral lower extremity weakness and sensory loss, progressing rapidly to paraplegia. Care must be taken to avoid time-consuming and misdirected diagnostic and therapeutic efforts. Finally, low-output states
associated with hypovolemia and diminished cardiac output can also resemble acute embolic disease, particularly when superimposed on chronic arterial insufficiency.

THERAPY
Optimal therapy in most cases of arterial embolism is prompt surgical removal by embolectomy. However, knowledge of available surgical options, pharmacologic (primarily thrombolytic) therapies, and mechanical thrombectomy devices can allow one to
delineate the most appropriate treatment path for individual patients. No large prospective, randomized trials have compared the various therapeutic options in the treatment of embolic lower extremity ischemia, and each has advantages and disadvantages.
Ultimately, the therapeutic modality chosen should be based on (1) the clinical status of the leg, (2) the degree of thrombus propagation, and (3) the medical condition of the patient.
Surgical Modalities
Ideal treatment of an arterial embolus consists of expeditious diagnosis of acute arterial ischemia, recognition of the embolic source, rapid systemic anticoagulation, and surgical embolectomy. Embolectomy was popularized with the advent of the Fogarty

11]

embolectomy catheters in 1963 prior to which only 23% of arterial emboli were treated with an embolectomy technique. In contrast, 88% of emboli were treated with surgical embolectomy between 1964 and 1980.[

Timely operative intervention is the goal, and preoperative preparation should be minimal once the diagnosis of embolus is made. Baseline laboratory studies should include complete blood count, serum electrolytes, blood urea nitrogen and creatinine, baseline
cardiac enzymes, coagulation parameters, and blood typing with cross-matching. The use of local anesthesia and limited incisions is helpful in decreasing the operative risk in critically ill patients. Adequate communication between the anesthesiologist and
surgeon should eliminate unexpected changes in the hemodynamic state. Additionally, prolonged procedural times are likely detrimental to outcome.

Iliac and Femoral Thromboemboli

Lower extremity emboli lodging at the iliac or, more frequently, the femoral bifurcation can usually be successfully managed through a groin incision and a femoral arteriotomy. The common, superficial, and deep femoral (profunda femoris) arteries are
exposed and controlled. A transverse arteriotomy may be performed because it lends itself to primary closure without narrowing of the artery lumen. In the case of a heavily diseased artery, a longitudinal arteriotomy is helpful, facilitating closure of the artery
with a patch or anastomosis of a bypass graft if necessary.

The most common approach to catheter embolectomy involves the insertion of a balloon embolectomy catheter through the arteriotomy with blind passage proximally and distally. Several modifications in catheter design and adjunctive maneuvers have been
developed to improve results. “Over-the-wire” embolectomy catheters can be used in conjunction with intraoperative fluoroscopy and routine catheter and wire manipulations to accurately direct the catheter into the desired vessel without traumatic injury.

Surgeons performing catheter embolectomy are aware of certain crucial technical considerations. First, the importance of proper sizing is paramount. Oversized balloons can damage endothelium and cause rupture or dissection, particularly at vessel branch
points. Undersized balloons may fragment thrombus, causing embolization to the distal circulation. The iliac vessel is best addressed with a No. 5 catheter; a No. 4 catheter is appropriate for most femoral vessels. Generally, a No. 3 or 4 balloon catheter is used
for thromboembolectomy of the profunda femoris artery or the popliteal artery, whereas a No. 2 or 3 catheter is best for the smaller tibial vessels.

Several passes of the catheter are made until no further thrombus is extracted. When performing a thromboembolectomy of inflow vessels, the surgeon’s goal should be the restitution of forceful, pulsatile blood flow. As mentioned previously, vigorous
backflow after distal thromboembolectomy is unreliable. In the presence of robust collateral circulation, backflow may be perceived as brisk despite the presence of residual distal thrombus. Furthermore, backflow may not occur in patients without abundant
collateral channels, even in the absence of residual thrombus. It is important that the same surgeon inflates and withdraws the catheter. Inflation of the balloon should be initiated simultaneously with withdrawal of the catheter because this maneuver provides
more accurate feedback to the operator as to the appropriate amount of traction and inflation pressure to be used, thereby minimizing the risk of iatrogenic vascular injury. Overly forceful attempts to pass the catheter should be avoided. Vessel angulation or
tortuosity may hamper distal passage of the catheter. Helpful maneuvers consist of simultaneously inserting multiple catheters, varying the angle of the knee joint, creating a bend at the tip of the catheter followed by rotation of the catheter during induction,

and the use of fluoroscopically guided over-the-wire catheters.
One should remain cognizant of the length of the catheter passed to minimize the risk of vascular perforation. Perforation is most frequent at the terminus of the popliteal artery or at the bifurcation of the tibioperoneal trunk. Extracted thrombus should always
be examined. A smooth
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taper is suggestive of adequate clot removal, whereas a sharp, fragmented cutoff implies retained thrombus. After satisfactory thromboembolectomy of the proximal and distal vasculature, heparinized saline (1000 units in 100 mL saline) should be infused
prior to closure of the arteriotomy.
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It is essential for the surgeon to assess the adequacy of revascularization after thromboembolectomy. Early studies noted a 35% to 40% incidence of residual thrombus when routine post-thromboembolectomy arteriography was employed.[ ] Although
arteriographic evaluation does not supplant the need for clinical examination of the limb and palpation of distal pulses, these criteria are sometimes difficult to evaluate immediately after revascularization because of associated occlusive disease and

94]
Intravascular ultrasound can readily demonstrate the completeness of thrombus removal, and it can detect significant amounts of

vasospasm. Doppler pressure measurements or pulse volume recordings aid in evaluating the success of revascularization.[

95]

residual thrombus not apparent arteriographically in up to 60% of patients.[

If the intraoperative evaluation suggests incomplete thrombus removal, additional steps must be taken. Standard balloon embolectomy catheters are effective in the removal of soft, fresh thrombus. In contrast, older, more organized, and adherent thrombus and
thrombus within areas of atherosclerotic disease may be more difficult to remove. Low-profile graft thrombectomy catheters consisting of latex-covered spiral coils or bare wire elements of varying diameters allow the surgeon to exert additional traction on the
wall of the lumen, a feature that is particularly useful for removing the mature adherent pseudointima often found in synthetic grafts or arteriovenous fistulae.
Acute Aortic Occlusion
The transfemoral route is feasible as a means of aortic embolectomy, but a bilateral approach is mandatory. A No. 5 or 6 Fogarty catheter is passed from a femoral arteriotomy after exposure and control of both femoral arteries have been obtained. The catheter
is then withdrawn, extracting the bulk of the embolus. The contralateral femoral vessel is occluded simultaneously to prevent distal thromboemboli, and any remaining thrombus is removed by passing a catheter from the other side. If good inflow cannot be
restored, often as a result of preexisting occlusive disease, a direct transperitoneal or retroperitoneal approach to the aorta is indicated. A less attractive, but sometimes necessary, alternative is to simply bypass the emboli with an aortobifemoral or axillary
bifemoral reconstruction.
A recent report from the Albany Medical Center described 48 patients presenting with acute aortic occlusion over 12 years. A mix of acute emboli and thromboses was represented. The investigators noted a 27% mortality rate, and only 10% of the patients had
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disease amenable to isolated thromboembolectomy; the remainder required either a direct aortic or extra-anatomic bypass procedure.[

Patients with acute occlusion of the abdominal aorta are in an extremely compromised state. The patient’s status will likely further deteriorate at the instant of reperfusion, and sudden cardiovascular collapse is commonly encountered with the release of
accumulated metabolic byproducts into the circulation. Furthermore, blood loss associated with the flushing required with a bilateral femoral approach may be substantial. For this reason, a limited operative approach is often advisable, especially in patients
whose occlusion is truly embolic in nature (“aortic saddle embolus”).

Popliteal Thromboemboli

The preferred approach to emboli distal to the femoral bifurcation is still debated. Many surgeons prefer a groin incision and pass an embolectomy catheter into the distal circulation through a femoral arteriotomy. Adequate retrieval of thromboembolic
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material from the tibial vessels, however, may be quite problematic using this approach. Anatomic studies have shown that a catheter blindly passed from above preferentially enters the peroneal artery in nearly 90% of patients.[

Abbott and colleagues
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reported a dismal 49% success rate with a transfemoral approach to popliteal emboli.[ ]
Thus, the most efficient approach is via direct exposure of the distal popliteal artery and each of its three tibial outflow branches. The latter technique allows precise, selective passage of a small (e.g., No. 2) embolectomy catheter into the runoff vessels.
Completion arteriography is an important feature of a successful embolectomy, and retained thrombotic debris after a transfemoral embolectomy mandates direct exploration of the below-knee popliteal artery. On exposure of the popliteal artery, the
embolectomy catheter can be guided from the femoral arteriotomy into the individual branches by external compression of the other branches. Alternatively, a distal popliteal arteriotomy may be performed and each tibial vessel selectively catheterized under
direct vision.
Distal Tibial Thromboemboli

Despite a direct approach to the below-knee popliteal artery, residual thrombus within the tibial circulation is not uncommon, especially if substantial delay in operative intervention has occurred. In such circumstances, direct exploration of the distal tibial
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vessels at the ankle may be required.[ ] [ ] Each vessel is approached through a longitudinal incision just proximal to the ankle. The posterior tibial artery is located deep to the flexor retinaculum midway between the medial malleolus and the Achilles
tendon. The anterior tibial artery is located deep to the extensor retinaculum just lateral to the tendon of the extensor hallucis longus. A small transverse arteriotomy is made, and a No. 2 Fogarty catheter is passed retrograde and antegrade to extract thrombus.
Small-vessel arteriotomy, however, is met with frequent rethrombosis in the setting of an acutely ischemic limb. Endothelial damage attributable to prolonged ischemia, thrombus, and balloon manipulation predisposes to postoperative reocclusion.
Furthermore, the frequent need to explore multiple tibial vessels is associated with a significant risk of postoperative bleeding while therapeutic anticoagulation is maintained. Thrombolytic therapy (discussed later) is a remaining alternative in the setting of
retained clot in the distal tibial vessels. It is extremely difficult to remove thrombi lodged in the inframalleolar vessels by
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either thrombolytic or open surgical techniques. The lack of any patent arterial segment distal to the occlusive process is a grave finding, and the risk of tissue loss is very high irrespective of the nature or rapidity of therapeutic intervention.
Upper Extremity Emboli

100]

Embolic occlusion of the upper extremity vasculature is the most common source of acute ischemia of the hand. Only 17% of all emboli, however, lodge in this region.[

Most upper extremity emboli are of cardiac origin, with the remainder arising from

[101] [102]

subclavian aneurysms, occlusive lesions, or iatrogenic causes, including axillary bypass procedures ( Fig. 67–4 ) and arteriovenous hemodialysis fistulae.

Most upper extremity emboli lodge at the bifurcation of the brachial artery into the radial and ulnar vessels. The presence of abundant collateral circulation at this level makes acute brachial occlusion at this level better tolerated, and limb loss is far less likely
than with lower extremity emboli. Another common site is at the takeoff of the deep brachial artery. In both scenarios, an antecubital exposure of the brachial bifurcation is appropriate, usually using local anesthesia, and can be performed with relative ease
and safety. The results of transbrachial embolectomy are generally excellent.
Intraoperative Thrombolytic Therapy
An alternative method for dealing with retained distal tibial and small-vessel thromboembolic material that is not amenable to conventional catheter techniques is the intraoperative use of fibrinolytic agents. Recent surgical procedures are traditionally viewed
as a strong contraindication to thrombolytic therapy because of a high incidence of bleeding complications. In separate studies, however, Comerota and Quiñones-Baldrich have shown that infusion of thrombolytic agents during operative procedures is safe

103] [104] [105] [106] [107] [108]
Experimental work has demonstrated that blood flow is improved and salvage of ischemic muscle is accomplished with less reperfusion edema and cellular injury when lytic agents are infused.

and often beneficial.[

[107] [108] This result, which is presumably due to restoration of perfusion in the small arteriolar branches of larger axial vessels, is not possible with mechanical catheter thromboembolectomy.
The specific agents used, the dosages infused, and the method of infusion vary considerably. Urokinase was the thrombolytic agent used most frequently and appeared to be faster and safer than streptokinase. Recombinant tissue plasminogen activator and
reteplase have also been administered with success. Urokinase (250,000 to 500,000 IU) is infused into the distal vasculature, either as a bolus or as an infusion over approximately 30 minutes. Arteriography is then repeated to assess the results. Gonzalez-
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Fajardo and associates prospectively evaluated 66 patients undergoing balloon embolectomy, 31 of whom received 250,000 units of urokinase intraoperatively.[
patients, but this hemodynamic improvement did not translate into a reduction in the rate of amputation. Despite

Figure 67-4 Embolization to the brachial bifurcation from the stump of a ligated axillofemoral bypass graft.

They noted a statistically significant improvement in the ankle-brachial index in these

Figure 67-5 A, The Cragg thrombolytic brush. The brush is placed into the clot using an over-the-wire technique. The clot is then macerated into fine particles. B, The AngioJet system relies on the Venturi effect to remove friable thrombus. Both systems
represent mechanical thrombectomy devices that are placed percutaneously.
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Chapter 68 - Atheromatous Embolization

The atheromatous embolization syndrome is a poorly recognized and underdiagnosed multisystem disorder that is associated with a markedly high morbidity and mortality. The myriad of clinical manifestations are apparent across all specialties, making the
differential diagnosis broad and the diagnosis difficult. In addition, atheromatous embolization is a confusing entity to many physicians because it is known by many different names—cholesterol embolization, cholesterol crystal embolization, blue toe
syndrome, purple toe syndrome, atheroembolism, and pseudovasculitis. For the purposes of this chapter, these terms are used interchangeably. Once atheroembolism has occurred, therapy involves two major strategies, (1) treat the end organ that is the
recipient of the embolization and (2) prevent further embolization from occurring. Therefore, it is critical for clinicians to have a high index of suspicion and to recognize the risk factors that appear to precipitate or perpetuate this syndrome.

PATHOLOGY

1

2

Atheroembolism was first described more than a century ago by the German pathologist Panum.[ ] However, Flory[ ] is credited for accurately describing the syndrome in 1945; among 267 consecutive autopsies, he observed nine instances of cholesterol
crystal embolism: none in 63 cases in which aortic plaque ulceration was absent, two instances in 147 (1.4%) cases with moderate aortic plaque erosion, and seven instances in 57 (12.8%) cases with severe aortic plaque ulceration. Since that seminal paper, it
has become quite clear that the risk of atheroembolism is directly related to the severity of the aortic atherosclerosis ( Fig. 68–1 ).
Atherosclerotic plaques consist of a fibrous cap, under which are macrophages, necrotic debris, and cholesterol crystals. The vulnerable plaques, or the plaques at the highest risk of rupture, are those with a thin fibrous cap surrounding a large lipid-rich core.

[3] Atheroembolism is a process in which emboli from proximal lesions produce ischemia in distal arterial beds. Emboli may consist of thrombus, platelet fibrin material, or cholesterol crystals, either individually or in combination. Macroemboli may arise
[4]
from thrombus originating in aortic or peripheral aneurysms, from atheromatous ulcers, or from dislodgement of atheromatous plaques. Microemboli are platelet-fibrin emboli or cholesterol crystals.

5
Cholesterol crystals are white and rhomboidal or rectangular. They can also be elongated, biconvex, and needle shaped, and they range in size from 250 to less than 10 μm in diameter.[ ] In paraffin-fixed sections, the cholesterol crystals are dissolved,
leaving needle-like clefts ( Fig. 68–2 ). Frozen or wet formalin-fixed sections show

Figure 68-1 Gross autopsy specimen of a patient with a severely diseased aorta and atheroembolization syndrome.

Figure 68-2 Typical appearance of the cholesterol clefts in a specimen from a carotid artery plaque. The convex shaped crystals dissolve during the fixation process leaving the ghosts as seen in this section (H & E stain, ×200).

TABLE 68-1 -- Clinical Manifestations of Atheromatous Embolization
Skin

Purple or blue toes
Gangrenous digits
Livedo reticularis
Nodules

Renal

Uncontrolled hypertension
Renal failure

Neurologic

Transient ischemic attack
Amaurosis fugax
Stroke
Hollenhorst plaque

Cardiac

Myocardial infarction or ischemia

Gastrointestinal

Abdominal pain
Gastrointestinal bleeding
Ischemic bowel
Acute pancreatitis

Constitutional

Fever
Weight loss
Malaise
Anorexia

Adapted from Bartholomew JR, Olin JW: Atheromatous embolization. In Young JR, Olin JW, Bartholomew JR (eds): Peripheral Vascular Diseases, 2nd ed. St. Louis, CV Mosby, 1996.
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catastrophic event such as an acutely ischemic limb or renal or mesenteric infarction. Conversely, patients with microemboli may have milder localized signs or a clinical picture that suggests a systemic illness. There may be a temporal delay of up to 8 weeks

4
between the inciting event and the appearance of clinical findings (especially for renal failure).[ ]

Cutaneous Manifestations

62]

The skin manifestations are among the most common clinical manifestations of atheroembolism, and the common cutaneous features are livedo reticularis and blue toes.[

The appearance of cutaneous signs can be delayed, with 50% of patients in one

62
series showing skin signs of atheroembolism more than 30 days after their procedures or other inciting events.[ ]
Livedo reticularis is a blue-red mottling or discoloration of the skin that occurs in a netlike pattern most commonly seen on the buttocks, thighs, or legs ( Fig. 68–3 ). A detailed skin examination performed with the patient in both the supine and upright

63

7

positions is necessary, because livedo reticularis has been shown to be more readily demonstrable in the upright position.[ ] Livedo reticularis is most likely caused by obstruction of small arteries, capillaries, or venules in the deep dermis,[ ] and when the
skin is sampled for biopsy in patients with atheromatous embolization, cholesterol crystals may be seen in the dermal blood vessels. Livedo reticularis, however, is not pathognomonic of atheroemboli and has an extensive differential diagnosis, including but

64]

not limited to other causes of intravascular obstruction (i.e., antiphospholipid antibody syndrome, cryoglobulinemia, endocarditis, left atrial myxoma), vasculitis, and drug-induced obstruction (i.e., by quinidine, quinine, amantidine, catecholamines). [

64]
Livedo can occur in young healthy women and appears to be related to abnormal

Furthermore, there are also physiologic (cutis marmorata) and idiopathic (livedoid vasculitis) forms of livedo reticularis.[

Figure 68-3 Classic livedo reticularis on the lateral portion of the left foot and on both heels. Note the blue (cyanotic) second and fourth toes. The involvement of both heels indicates that the lesion is above the aortic bifurcation. (From Bartholomew JR, Olin
JW: Atheromatous embolization. In Young JR, Olin JW, Bartholomew JR [eds]: Peripheral Vascular Diseases, 2nd ed. St. Louis, CV Mosby, 1996.)

Figure 68-4 Example of a large purpuric lesion as a result of atheromatous embolization through the internal iliac artery.

Figure 68-5 Multidetector CT angiogram demonstrating marked atherosclerotic disease in the abdominal aorta. Note the two large ulcers present (arrows). (Courtesy of Corey Goldman, MD, PhD, Ochsner Clinic, New Orleans, LA.)

Figure 68-6 Transesophageal echocardiogram demonstrating mobile (seen on real-time imaging) protruding aortic atheromas located in the aortic arch (A) and descending thoracic aorta (B). This patient has had multiple strokes due to atheromatous
embolization from the ascending aorta and aortic arch.

TABLE 68-2 -- Incidence of Cardiovascular Events According to Plaque Thickness in the Aortic Arch Proximal to the Ostium of the Left Subclavian Artery

ANY VASCULAR EVENT

RECURRENT BRAIN INFARCTION

*

PLAQUE THICKNESS (mm)

Person-Years of Follow-up

Number of Events

Incidence Per 100 Person-Years
of Follow-up

Person-Years of Follow-up

Number of Events

Incidence Per 100 Person-Years
of Follow-up

<1

359.3

10

2.8

354.0

21

5.9

1–3.9

312.6

11

3.5

308.2

28

9.1

>4

92.4

11

11.9

88.4

23

26.0

From: Atherosclerotic disease of the aortic arch as a risk factor for recurrent ischemic stroke. The French Study of Aortic Plaques in Stroke Group. N Engl J Med 334:1216–1221, 1996.

* Includes brain infarction, myocardial infarction, peripheral embolism, and death from vascular causes.

135]

plaque calcification. These researchers in this study hypothesized that noncalcified plaques are probably the lipid-laden plaques with a thin fibrous cap, which are unstable and prone to ulceration, rupture, and thrombosis.[

Pedunculated, mobile plaques

129] [136] [137]
have also been associated with a higher risk of recurrent embolization.[
130] [131]
59
but also identify individuals at a high risk for cardiovascular events, approximately 26 per 100 person-years in one study.[ ] There are no
[138]

Complex thoracic aortic plaques not only are valuable “markers” of severe widespread atherosclerosis[

used TEE in a prospectively selected patient
clear guidelines on the most appropriate therapy for these patients. The data concerning the efficacy of anticoagulation in patients with complex thoracic aortic plaques are conflicting. Ferrari and colleagues
cohort to compare antiplatelet therapy with anticoagulation therapy; they found that patients treated with antiplatelet agents had more combined vascular events and a higher mortality rate than patients treated with oral anticoagulants. Similar results were

137]

reported by Dressler and associates,[

who found that patients with mobile aortic atheroma who were not receiving warfarin had a higher incidence of vascular events than those undergoing warfarin treatment (27% had strokes versus 0%, respectively).

102]

Conversely, a retrospective study showed no significant effect of warfarin therapy on the risk of cardiovascular events.[

On the basis of the evidence offered to date, it seems reasonable to follow the recommendations of the 2001 Sixth American College of Chest Physicians Consensus Conference on Antithrombotic Therapy, which recommends warfarin therapy in patients with

139]
It should be recognized that this recommendation is not based on findings of randomized controlled trials. Lipid-lowering therapy,

mobile aortic atheromas or aortic plaques thicker than 4mm as measured by TEE who have had an embolic event.[

111]
In a retrospective analysis of patients with complex aortic arch plaques, statin therapy reduced the risk of embolic events independently and

primarily with a statin, is warranted in all patients with symptomatic atherosclerotic vascular disease.[

133]

significantly.[

140]

Finally, surgical treatment of atherosclerosis of the thoracic aorta may be considered. Surgical therapy cannot be recommended routinely for the asymptomatic patient because the risks inherent in such a complex procedure outweigh the benefits.[

141

] reported a large increase in rates of
However, whether to perform aortic arch endarterectomy or aortic resection along with the planned cardiac procedure if severe atheromatous disease is discovered has been addressed. Stern and colleagues[
intraoperative stroke and mortality when surgery was performed to limit the risk of stroke after cardiopulmonary bypass. At this time, in the absence of randomized controlled trials, surgical indications for aortic endarterectomy should be restricted to highly
135]

selected patients, with a low operative risk who have multiple and documented embolic events despite optimal medical treatment.[
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Chapter 69 - Epidemiology and Natural History of Vascular Trauma
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Vascular trauma results from penetrating, blunt, or iatrogenic injuries. This chapter focuses on the epidemiology and natural history of vascular injuries. Emphasis is placed on the evolution of the management of vascular injuries, obtained initially from
military experience and subsequently applied to civilian trauma. The clinical presentations of the various forms of arterial injury are described.

EPIDEMIOLOGY

1
Approximately 2.6 million people are hospitalized annually in the United States as a result of accidental injury. Thirty-five million to 40 million emergency department visits occur for the evaluation and treatment of traumatic injuries.[ ] Most patients are
between 25 and 44 years of age, and 20% are between 15 and 24. People younger than 45 years of age sustain almost 80% of all injuries and account for 75% of the total lifetime costs of injury.

Young males are the highest risk group, due to their propensity to engage in high-risk activities. According to the National Center for Injury and Prevention control data, 56.6% of all trauma-related deaths in 1997 occurred in the age group of 15 to 49 years,

2
predominantly in the male population. Overall, the risk of dying following injury for the male population is seven times higher than that for the female population.[ ]

In addition to morbidity and mortality data, another important variable related to the societal cost of injury is the measurement of years of productive life lost (YPLL). This reflects the potential productivity lost as a result of premature death. Injury-related

3
deaths result in a higher number of YPLL when compared with cancer and cardiovascular deaths. For each traumatic death there are, on average, 36 YPLL compared with 16 for cancer and 12 for cardiovascular diseases.[ ]

4
The leading causes of injury include motor vehicle crashes, falls, firearms, cutting or piercing instruments, and burns. Fatalities after injury are mainly due to motor vehicle accidents (32%), gunshot wounds (22%), and falls (9%).[ ] The three leading causes

3
of traumatic death for persons younger than 35 years of age are the same in all groups: motor vehicle accidents, homicide, and suicide.[ ] Alcohol ingestion and the use of other drugs, such as marijuana and cocaine, also have been implicated in increased

5
trauma-related fatalities.[ ]
Peripheral vascular injuries account for 80% of all cases of vascular trauma. Most of the injuries involve the lower extremities. The great majority of patients are young males. Most injuries are caused by high-velocity weapons (70% to 80%), followed by stab

6 7 8 9 10 11 12
wounds (10% to 15%) and blunt trauma (5% to 10%). The incidence of vascular trauma in the military is comparable to the civilian arena and varies from 0.2% to 4% of injured patients.[ ] [ ] [ ] [ ] [ ] [ ] [ ] Table 69–1 depicts the incidence of
vascular trauma in survivors during military conflicts and in large comprehensive civilian series in distinct geographic areas.
Although most civilian penetrating vascular injuries occur in the extremities, military data reveal that the incidence of extremity vascular injuries overall is higher. Frykberg analyzed a large civilian series of survivors from 1960 to 1989 and reported an
incidence of 51% of extremity vascular trauma compared with 93.7% in the military
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TABLE 69-1 -- Incidence of Vascular Injuries in Military Conflicts and Civilian Practice

TOTAL NUMBER OF
VASCULAR INJURIES

EXTREMITY VASCULAR
INJURIES

PERCENTAGE OF
EXTREMITY VASCULAR
INJURIES

PERCENTAGE OF PENETRATING MECHANISM

World War I[

13]

443

Unknown

—

Unknown

6
World War II[ ]

2471

2409

97.5

Almost all

Korean War[

14]

304

286

94.1

Almost All

8
Vietnam War[ ]

1000

910

91.0

98.9

15]

Unknown

99

—

All

Houston[

10]

5760

2131

37.0

93.0

9
North Carolina[ ]

978

632

65.0

63.0

Australia[

175

79

45.0

11.4

San Diego

664

263

40.0

67

STUDY SUBJECTS, REFERENCE NO.

Georgia[

12]

16

setting.[ ] Explanations of differences include torso protection gear used by soldiers as well as the high-velocity weapons used in military conflicts causing immediate death when major vessels of the torso are injured. Alternatively, the total number of
injuries to the major vessels in the chest, abdomen, and pelvis that occur in military conflicts may be underestimated or under-reported. In general, most vascular injuries in the military setting are caused by a penetrating mechanism. In the civilian setting,

16]

though a penetrating mechanism still predominates,[

the relative incidence of blunt injuries has increased (see Table 69–1 ).

BIOMECHANICS OF INJURY
Classically, injury mechanisms are divided into penetrating or blunt type. Following blunt trauma, tissue injury is produced by local compression or rapid deceleration. In penetrating trauma, the injury is produced by crushing and separation of tissues along
the path of the penetrating object. Understanding the biomechanics of specific injuries is important in guiding the initial evaluation, since the natural history of arterial injuries is related to the type of injury, location, hemodynamic consequences, and
mechanism of injury.
Injury severity is proportional to the amount of kinetic energy (KE) transferred to the tissues, which is a function of the mass (M) and velocity (V):

This is valid for both blunt and penetrating mechanisms. Changes in velocity alter the kinetic energy transfer more significantly than changes in mass. This is critical when evaluating high- and low-velocity gunshot wounds and their corresponding injury
potential.

Another important concept in the understanding of the biomechanics of vascular injury is that of cavitation. Cavitation is a phenomenon that occurs as tissue recoils from the point of impact by a moving body, away from the object. After blunt trauma, the
resulting transient tissue cavity may be caused by rapid acceleration or deceleration. Extreme strain occurs at points of anatomic fixation during the formation of these temporary cavities. Forces can be produced both along the longitudinal axis (tensile or
compression strain) and across the transverse axis (shear strain). These types of forces cause deformity, tearing, and tissue failure or fracture. Following penetrating trauma, temporary cavitation is caused by the transfer of kinetic energy from the projectile to

17]

adjacent tissue, which is followed by the formation of a permanent cavity caused by tissue displacement. This mechanism explains why vessels can be injured even without being in contact with projectiles from firearms or bone fragments.[

NATURAL HISTORY OF ARTERIAL INJURIES
The clinical presentation of arterial injuries occurs in one of four ways: (1) external bleeding, (2) ischemia, (3) a pulsatile hematoma, or (4) internal bleeding accompanied by signs of shock.
Most major penetrating vascular injuries in the chest are identified intraoperatively after a chest tube is placed to treat a hemothorax. Depending on the amount of blood loss, signs of shock are present, leading to operative exploration and identification. After
blunt trauma, most arterial injuries in the chest are tamponaded by the mediastinal structures and adventitial containment. Suggestive signs on plain chest films (e.g., apical cap, extrapleural hematoma, tracheal deviation, widened mediastinum, or blurred
aortopulmonary window) are present and suggest a vascular injury.
In the abdomen, the type of clinical presentation depends on the presence of retroperitoneal tamponade. Patients with an intact retroperitoneum may be hypotensive or hemodynamically stable on presentation and constitute the group with the greatest chance of
survival. When the retroperitoneal tamponade is lost, signs of shock and acute hypovolemia are present. Usually these injuries are identified during surgical exploration for a penetrating abdominal injury. Blunt injuries to major abdominal vessels are rare.
Major injuries to large vessels in the mesentery (e.g., superior mesenteric artery) usually cause significant hemoperitoneum and shock.
It is in the extremities that knowledge of the clinical presentation and natural history of vascular trauma is of utmost importance (see Chapter 73 ). External bleeding is a rare form of presentation, and it is mostly associated with high-velocity gunshot wounds
in the presence of massive destruction of soft tissues and, consequently, loss of tissue
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tamponade. Prehospital information on vital signs as well as the amount and characteristics of blood lost at the scene (e.g., pulsatile, bright red blood) is helpful during the resuscitation phase. Most patients present as hypotensive without external blood loss,
although external bleeding may resume during fluid resuscitation owing to the expansion of the intravascular compartment and subsequent increases in arterial blood pressure.
The most common form of presentation of extremity arterial injury is acute ischemia. This occurs most commonly after stab wounds, low-velocity gunshot wounds, and blunt trauma associated with fractures and dislocations. Classically, signs and symptoms
of arterial injury are divided into hard and soft categories.
Hard signs include absence of distal pulses, active external arterial hemorrhage, signs of ischemia, pulsatile hematoma, and bruit or thrill. The clinical signs of ischemia are rest pain, paresthesia, paralysis, paleness, and poikilothermia, associated with
decreased or absent distal pulses. Soft signs include diminished distal pulses, injury in the proximity of a major vessel, a neurologic deficit, and hypotension or shock. A detailed and complete physical examination, including inspection, palpation, and
auscultation, is usually sufficient to identify the acute signs of ischemia.
The presence of a pseudoaneurysm or arteriovenous fistula should be suspected following a penetrating injury to the extremity in the presence of a pulsatile hematoma accompanied by a bruit or a thrill.
The spectrum of severity of arterial injuries depends on the “invasiveness” of the workup, as well as the mechanism, type, and location of the arterial injury and the duration of ischemia, if present. In the absence of clinical findings, there is still debate about
whether or not an angiogram should be obtained in penetrating extremity injuries when the wound tracts in proximity to major vessels. Any patient with significant mechanism of injury presenting with soft signs should undergo an objective evaluation of the
distal circulation. The most practical way of doing so in the trauma resuscitation area is to obtain the ankle-brachial index (ABI). Briefly, the distal systolic Doppler pressure of the extremity is measured and divided by the brachial systolic pressure of the
uninjured extremity. An ABI less than 1.0 is indicative of arterial injury and should prompt further diagnostic investigation. The ABI is also important to monitor the status of the distal circulation over time in patients with life-threatening injuries in other body
areas that require operative intervention (craniotomy, thoracotomy, or laparotomy) or in patients who are too unstable to undergo exploration of the arterial system.

TYPES OF INJURY
The clinical presentation depends on the type of arterial injury. The most common injuries are partial lacerations and complete transections. In general, complete transection leads to retraction and thrombosis of the proximal and distal ends of the vessel, with
subsequent ischemia. In contrast, a partial laceration causes persistent bleeding or pseudoaneurysm formation. Partial lacerations as well as contusions may be accompanied by intimal flaps. An intimal flap may progress to thrombosis. Small arterial contusions
with
TABLE 69-2 -- Types of Arterial Injury and Possible Clinical Presentation
TYPE OF INJURY

CLINICAL PRESENTATION

Partial laceration

Decreased pulse, hematoma, hemorrhage

Transection

Absent distal pulses, ischemia

Contusion

Initially, examination may be normal; may progress to thrombosis

Pseudoaneurysm

Initially, examination may be normal; bruit or thrill, decreased pulses

AV fistula

Same as pseudoaneurysm

External compression

Decreased pulses; normal pulses when fracture aligned

AV, arteriovenous.

limited intimal flaps may not cause distal hemodynamic compromise and may be undiagnosed. These are sometimes classified as “occult” or “minimal” arterial injuries when seen on angiography. Although these injuries carry a small risk of thrombosis,

18 19 20 21 22 23 24

several studies have documented spontaneous healing.[ ] [ ] [ ] [ ] [ ] [ ] [ ] Concomitant arterial and venous injuries may lead to the formation of an arteriovenous fistula and partial lacerations may cause pseudoaneurysm formation. The
correlation between the injury type and possible clinical presentation is shown in Table 69–2 .
Angiography remains the “gold standard” in the diagnosis of extremity arterial injuries. Adequate assessment of the extent of the injury, distal circulation, and surgical planning are some of the advantages of this diagnostic modality. In hemodynamically
unstable patients or those requiring surgical procedures in other body regions, angiography can be performed in the operating room. Angiography is also useful to determine repair patency. The accuracy of angiography varies from 92% to 98%; however, most
errors involve false-positive interpretation rather than missed injuries. Angiography is also highly reliable in demonstrating injuries that were clinically unsuspected (occult arterial injuries).
The classic indications for angiography include significant blunt injury to the extremity associated with fracture dislocations and signs suggestive of ischemia or ABI less than 1.0, multiple penetrating injuries to the extremity, or neurologic deficits. Until
recently, patients with penetrating extremity injuries in the proximity of major vessels would undergo angiography. Recently, this concept has been challenged, and most such patients are followed clinically and with serial ABIs.
The natural history of untreated vascular injuries varies with the extent and type of the injury. Occult vascular injuries are usually composed of intimal flaps, segmental narrowing, and hemodynamically insignificant arteriovenous fistulae or pseudoaneurysms.

18] [19] [20]

There is growing evidence suggesting that most of these injuries heal spontaneously or stabilize without further compromising the distal circulation and perfusion.[

animals

[21] [22]

These findings have been confirmed by several other independent studies in

[23] [24]

and by two recent human studies.

Potential complications of untreated peripheral vascular trauma include hemorrhage, thrombosis, pseudoaneurysm, arteriovenous fistula formation, and compartment syndrome.
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INCIDENCE OF VASCULAR INJURIES IN DIFFERENT BODY AREAS
Vascular Injuries in the Neck

25]

The most commonly injured structures in the neck are the blood vessels. The incidence of major vascular trauma following a penetrating neck injury is 20%.[

The incidence of neck arterial injuries following blunt trauma is extremely low, although in

26 27
26
recent years, there has been an increase in reported blunt carotid injuries due to aggressive screening.[ ] [ ] In a recently published series, 85 blunt carotid injuries in 67 patients were reported during an 11-year period.[ ] The most common injury

mechanism was motor vehicle crash (82%), followed by motorcycle crash (7%) and assault (6%).

26] [27] [28] [29]
Outcomes are dependent on several factors, but the size and location of the arterial injury

The mortality rate of blunt carotid injury varies from 20% to 40%, and permanent neurologic impairment occurs in 25% to 80% of the survivors.[
are key factors.

In recent years, the identification of vertebral artery injuries has increased, probably due to the liberal use of screening tests (computed tomography angiography or neck angiography) following both penetrating and blunt injuries. The incidence of vertebral

30]

artery injury following a penetrating mechanism varies from 1% to 7.5%.[

This variation is related to the indications for angiography, and some of these injuries may not need surgical intervention. The incidence of blunt vertebral artery injuries is low.

31 32
These injuries are commonly associated with cervical vertebral fractures.[ ] [ ]
Thoracic Aortic Injuries
Blunt aortic injury occurs following abrupt deceleration. This causes shear forces at points of anatomic fixation of the aorta and leads to transmural injuries. Most injuries are located distally to the take-off of the left subclavian artery (65%), although other

33]
Frontal motor vehicle crashes as well as side-impact collisions are the most frequent mechanism.

segments of the thoracic aorta such as the arch (10%), the descending aorta (12%), or multiple sites (13%) may be injured.[

Penetrating injuries to the ascending aorta are more commonly caused by stab wounds in survivors, whereas gunshot wounds are usually the mechanism of injury in the descending portion of the thoracic aorta.
Subclavian and Axillary Artery Injuries
Most injuries to the subclavian and axillary arteries occur following penetrating trauma. The incidence varies from 0.9% to 3% depending on the mechanism of injury (stab or gunshot wound). Blunt trauma is rare. These injuries occur following high-speed

34]

motor vehicle frontal crashes with significant deceleration and fracture to the clavicle or first and second ribs. The mortality rate of these injuries is high, and most patients do not reach the hospital alive.[

Abdominal Vascular Injuries

In contrast with military data, major abdominal vascular injuries are common in civilian practice. These injuries account for approximately 30% of all vascular injuries.

Most injuries (90% to 95%) are caused by a penetrating mechanism. Approximately 10% of patients undergoing surgical exploration following a stab wound to the abdomen and 20% to 30% of those undergoing surgical exploration following a gunshot wound

35]

to the abdomen sustain a major vascular injury.[

36] [37] [38] [39] [40] [41]

Hospital mortality rates vary from 30% to 80% for abdominal aortic injuries and from 30% to 65% for inferior vena cava injuries. A high number of patients never reach the hospital alive, dying at the scene or during transport.[

37] [42] [43]
The location of abdominal vascular injuries also determines survivability. Ease of surgical access for control directly correlates with increased

Death usually is due to exsanguination, despite aggressive resuscitation and early operation.[

36]

survivability.[

Extremity Vascular Trauma

11] [44] [45]

The overall incidence of arterial injuries following penetrating injury to the extremity (upper or lower) is approximately 10%, in contrast with 1% following blunt trauma.[

The brachial, femoral, and popliteal arteries are the most frequently

6 8 10 45 46
47
injured vessels in civilian as well as in military penetrating series.[ ] [ ] [ ] [ ] [ ] Most femoral artery injuries are the result of a penetrating mechanism, particularly gunshot wounds.[ ]

In contrast, a blunt mechanism accounts for 20% to 75% of popliteal artery injuries, although in some series a penetrating mechanism still predominates. These injuries encompass 19% of all extremity arterial injuries. Recently, Frykberg compiled 1209 cases
of civilian popliteal artery injury and reported 56% to be secondary to penetrating injury with a 10.5% amputation rate as compared with 27.5% following blunt trauma. Recent published series have demonstrated a significant decrease in the amputation rate,

48]

which reflects a significant improvement in management of these serious injuries.[

The incidence of vascular injuries below the popliteal fossa is difficult to determine because most of these injuries, when isolated, cause no vascular compromise. One study analyzing 755 patients sustaining gunshot wounds below the knee reported 136

49]

injuries below the popliteal fossa identified on angiography, an incidence of 18%.[

The association between arterial injuries and orthopedic lesions (fractures and dislocations) is well known. Table 69–3 summarizes the most common orthopedic injuries and their respective arterial injuries.
TABLE 69-3 -- Orthopedic Injuries Commonly Associated with Vascular Trauma
ORTHOPEDIC INJURY

ARTERIAL INJURY

Supracondylar fracture of the humerus

Brachial artery

Clavicular/first rib fracture

Subclavian artery

Shoulder dislocation

Axillary artery

Elbow dislocation

Brachial artery

Distal femur

Superficial femoral/popliteal artery

Posterior knee dislocation

Popliteal artery

Proximal tibia

Popliteal artery/distal vessels
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CONCLUSION
In summary, the epidemiology of vascular injuries in both civilian practice and military practice is now well described. Like all injuries, the presentation of vascular injury depends on the biomechanics and the amount of energy transfer that occurs at the
moment of injury. The natural history of arterial injuries depends on the injury’s location and how much of the arterial wall is injured. Further, presentation of ischemia, in large part, depends on the availability of collateral circulation. The most useful way to
organize injuries is to classify them simply as part of the neck, chest, abdomen, or extremities. Learning the surgical approaches and the natural history of injuries in each area is the responsibility of the vascular surgeon or any surgeon who encounters these
types of injuries.
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Chapter 70 - Carotid and Vertebral Artery Injuries

JEFFREY L. BALLARD MD
THEODORE H. TERUYA MD

Arterial and venous trauma to the cervicothoracic region continues to present a challenge for the surgeon despite advances in vascular diagnostics and surgical technique. Whether these injuries are due to penetrating or blunt mechanisms, the overall incidence
is low, whereas morbidity and mortality rates remain high. Although the collective experience with carotid and vertebral artery injuries from busy trauma centers has increased, controversies persist about the diagnostic evaluation, operative approach, and
surgical treatment of these potentially devastating injuries.

1 2 3 4 5 6

Several excellent reviews of this topic have been published.[ ] [ ] [ ] [ ] [ ] [ ] Therefore, the primary focus of this chapter is to review recent advances and controversies surrounding the treatment of carotid and vertebral artery trauma. The “pros and
cons” of duplex ultrasonography (DUS) and angiography in the diagnosis of carotid and vertebral artery injuries are highlighted, and selective (vs. mandatory) neck exploration for zone II penetrating injuries is discussed. New diagnostic imaging modalities
such as computed tomography angiography (CTA) and magnetic resonance angiography (MRA) are also reviewed. The importance of increased awareness of blunt carotid artery injury is also emphasized, including management dilemmas frequently
associated with it. In addition, this chapter reviews the use of endovascular techniques for the management of some of these injuries.

PENETRATING CAROTID ARTERY TRAUMA
Epidemiology
Most penetrating carotid artery trauma results from stab wounds or low-velocity missiles. Victims are generally young, otherwise healthy males who are often under the influence of drugs or alcohol. Carotid artery injuries are coincident to approximately 6%

5

of penetrating neck injuries and account for 22% of all cervical vascular injuries.[ ] The common carotid artery is injured more frequently than the internal carotid artery (ICA). Iatrogenic carotid artery trauma occurs occasionally during attempts at central
venous catheter insertion. Although exact figures are not known, jugular venous injury not infrequently accompanies penetrating carotid artery trauma.
Diagnostic Evaluation
Little controversy exists with regard to the management of the 8% to 25% of patients who present with “hard” signs of vascular injury such as shock, active bleeding, and expanding hematoma. These signs should prompt expeditious transport of the patient to
the operating room for stabilization and operative exploration. Penetrating injuries that do not traverse the platysma require no further vascular evaluation; however, controversy surrounds that majority of patients who present with “soft” signs of vascular
injury (i.e., history of pulsatile bleeding; small, stable hematoma; cranial nerve injury; unexplained neurologic deficit) or no signs at all but a “proximity” injury.

7
In 1969, Monson and colleagues proposed the following well-known division of the neck into three anatomic zones[ ] :
■ Zone I: extends from the sternal notch to 1 cm above the clavicular head
■ Zone II: extends from 1 cm above the clavicular head to the angle of the mandible
■ Zone III: extends from the angle of the mandible to the base of the skull
In the intervening years, it has become generally agreed that stable patients with penetrating zones I and III injuries should be evaluated by diagnostic arteriography, with selective
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8

intervention based on significant findings. However, the routine use of angiography for zone I penetrating injuries has been recently questioned. Eddy and colleagues[ ] suggest that physical examination and chest radiographs might be the only screening
studies necessary for this type of injury. Physical examination was considered normal if there was no clinical evidence of hypotension, active bleeding, unequal upper extremity pulses, expanding neck hematoma, motor function abnormalities, clavicular
fracture, subcutaneous air, and stridor or voice abnormalities. In their series of 138 patients with penetrating zone I injuries and a normal physical examination and chest radiograph, there were no detectable vascular injuries. Although the negative predictive
value was 100%, further investigation in this area is required before this approach can be adopted for routine use.

Similarly, considerable debate has surrounded the management of penetrating zone II injuries, with strong proponents of either mandatory or selective operative exploration based on routine angiography. Recent data have demonstrated that DUS may be a
viable substitute for “routine” arteriography with these zone II injuries, and good results have also been obtained with physical examination alone in the diagnostic evaluation of penetrating neck trauma.

9

A large experience that favors mandatory neck exploration was published in 1994 by Apffelstaedt and Muller from South Africa.[ ] Over a 20-month period they prospectively explored a remarkable series of 393 consecutive patients whose stab wounds
penetrated the platysma in zones I, II, or III. Clinical signs of vascular trauma were absent in 30% of patients whose neck exploration was “positive” and in 58% of those who had “negative” explorations. Overall, the negative exploration rate was 57%.
Morbidity and mortality rates for negative explorations were 2.2% and zero, respectively, and length of hospital stay averaged 1.5 days. These authors, and others, have cited the unreliability of physical signs for predicting cervical vascular injury.
Those who favor mandatory neck exploration for zone II injuries emphasize that currently available diagnostic studies have variable false-positive and false-negative rates in demonstrating significant cervicothoracic vascular injury. In addition, minimized use
of expensive personnel and equipment and overall low morbidity and mortality are cited as advantages of mandatory exploration over a selective approach based on screening diagnostic studies. Detractors point primarily to the high rates (40% to 60%) of

2
10
negative explorations associated with this approach.[ ] In fact, in an extensive review of the literature on this controversy, Asensio and coworkers[ ] concluded that neither the mandatory nor the selective approach is clearly superior.
In lieu of mandatory exploration for zone II injuries, routine four-vessel carotid-vertebral arteriography has been proposed. In Demetriades and associates’ prospective series of 176 hemodynamically stable patients who underwent arteriography, 19%

11]

demonstrated a vascular injury.[

However, only 8% of these injuries warranted surgical intervention based on the angiographic findings, and all were symptomatic. Nontherapeutic operations were essentially eliminated. These results corroborate those of

12] [13]
Clearly, routine arteriography consumes significant resources; furthermore, some patients are subjected unnecessarily to an invasive procedure and its attendant

previous studies that suggest a low yield for arteriography in asymptomatic patients.[

14] [15]

risks.[

14]

The cost and risk of arteriography have fueled the growth of alternative imaging techniques such as DUS, a modality that has proved to be quite accurate in the detection of arterial occlusive disease, particularly in the carotid distribution.[

15
carotid arteriography, DUS is inexpensive and completely noninvasive.[ ] Recent work has focused on the usefulness of this imaging modality for evaluating cervical vascular trauma.

Compared to

16

Fry and colleagues [ ] conducted a prospective evaluation of 100 consecutive patients with cervical trauma (89% penetrating, 11% blunt) who had no indication for immediate surgical exploration. The first 15 patients underwent DUS followed by
arteriography, and the remaining 85 had arteriography only when ultrasonography suggested an injury. In the first phase of the study, the one arterial injury identified by DUS was confirmed by arteriography. In the second phase, seven arterial injuries were
identified by DUS, and all were confirmed by arteriography or operative exploration. Two internal jugular vein injuries were suggested by DUS but were not investigated by venography or operation. The remaining 76 patients without vascular injury shown

16]

by DUS remained asymptomatic at 1-week follow-up. The authors noted savings of $1200 per study for DUS over angiography.[

17]

Demetriades and associates[

prospectively evaluated, with both arteriography and DUS, 82 stable trauma patients with penetrating cervical trauma (zones I to III) who had no indication for immediate exploration. Eleven patients (13.4%) had arterial

18

injuries that were identified by arteriography, but only two (2.4%) required operative intervention. DUS correctly identified 10 of 11 injuries, including both of those that required operative repair. Ginzburg and colleagues[ ] obtained virtually identical
results using a similar protocol. Thus, all three studies concluded that DUS might be a suitable substitute for arteriography as an initial screening test for penetrating cervical trauma that does not warrant immediate surgical exploration. In addition, these
authors suggest that, if DUS were the sole diagnostic modality, substantial cost savings with no decrease in overall accuracy would be the result.

Although both arteriography and DUS appear to have excellent diagnostic accuracy, it is apparent that their therapeutic yield is quite low. That is, among patients with soft or absent signs of carotid trauma, the number of vascular injuries that require operative
intervention is small. Thus, some propose managing this subgroup only by observation and serial physical examination.

19

The primary advocates of this approach have been Frykberg and colleagues[ ] in Jacksonville, Florida. They prospectively studied 145 patients with penetrating neck injuries over an 8-year period. Patients with isolated zone II injuries or who had no
evidence of proximity injuries were observed. Patients with hard signs of vascular trauma were immediately explored. Ninety-one patients were observed, and none had evidence of vascular injury during hospitalization or at the 2-week follow-up visit.
Twenty-three patients underwent arteriography for proximity or because the trajectory was believed to have crossed more than one zone. Three arteriograms had abnormalities; however, only
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one injury required operative repair. The missed injury rate with physical examination alone was 0.9% (1/114).
In a prospective study of 53 consecutive patients with penetrating zone II injuries, 17 had definite signs of vascular trauma and underwent immediate exploration. Two other patients required operative repair of aerodigestive tract injury, but no vascular

20

20]

disruption was found.[ ] Of the remaining 34 patients considered candidates for observation alone, 6 had arteriograms (all negative). The remainder, who were observed, exhibited no delayed signs of vascular injury at follow-up (mean 1.8 months).[
diagnostic approach based on physical examination alone requires extensive experience and the ability to perform careful serial clinical examinations. An obvious concern is the potentially devastating result of missing a significant injury.

A

It is apparent that good results can be obtained with mandatory exploration, routine arteriography or DUS, or physical examination alone in properly selected patients. Ultimately, the approach adopted should be based on experience, volume, local diagnostic
capabilities, and personnel resources. Current opinion supports immediate exploration of all injuries associated with hard signs of vascular trauma (active bleeding, large or expanding hematoma, neurologic deficit, or bruit). Penetrating injuries with soft signs
(history of bleeding; small, stable hematoma; or cranial nerve deficit) or a worrisome mechanism (e.g., shotgun blast [ Fig. 70–1 ] or severe direct blunt injury) should be screened by DUS or arteriography, depending on local availability and expertise.
Observation for certain penetrating cervical injuries in the context of normal physical findings is appropriate if the patient can be followed closely with serial examination.

Figure 70-1 Shotgun blast injury of left common carotid artery with multiple nonbleeding punctures and mural thrombus.

Figure 70-2 Left carotid artery dissection (between arrows) sustained during a motor vehicle accident.

Figure 70-3 Large right distal internal carotid artery pseudoaneurysm associated with dissection after direct blunt neck trauma.

Figure 70-4 Gunshot injury of left vertebral artery with pseudoaneurysm. This injury was originally packed during operative exploration and a concomitant internal carotid artery injury was repaired primarily.

Figure 70-5 Successful coil embolization of left vertebral artery injury.
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Chapter 71 - Thoracic Vascular Trauma

1
2
The majority of penetrating trauma to the thorax can be managed by tube thoracostomy.[ ] However, injuries near the thoracic outlet or midline may involve major vascular structures. Vascular injuries have been primarily a civilian phenomenon.[ ]
3

DeBakey and Simeone’s description of World War II injuries described no survivors of thoracic vascular injuries.[ ] Although many patients with thoracic vascular injuries die on the scene, improvements in emergency medical services have resulted in many
patients surviving to their arrival at the emergency center. Some patients present in extremis with either active bleeding externally or into the pleural cavity. However, many patients do arrive in stable condition as a result of a contained hematoma allowing
time for evaluation and management. A high index of suspicion is required to successfully manage these stable injuries.

2
Most of the thoracic vascular experience was developed from the inner city trauma centers. Mattox and associates’ review[ ] of 5760 civilian vascular injuries over 30 years revealed 168 subclavian artery injuries, 190 carotid artery injuries, 39 innominate
2
artery injuries, and 144 thoracic aortic injuries. More than 90% of these injuries were due to penetrating trauma.[ ]
PREHOSPITAL ISSUES
More than 80% of patients with blunt injury to the thoracic aorta die at the scene. In this group of patients preventive strategies such as eliminating risky driving habits, wearing seat belts, and perhaps the use of air bags may be the only way to reduce death.
Emergency medical services (EMS) have developed in two discrete directions that depend on the nature of the emergency. In responding to a medical cardiac arrest, EMS personnel have been trained in intravenous fluid therapy, endotracheal intubation,
cardiac pharmacology, electrocardiogram recognition, and cardiac defibrillation. EMS personnel have been trained to “stabilize” the medical patient on the scene prior to transport. This is beneficial for the patient with ventricular fibrillation given that

4
electrical countershock, which is definitive care, can readily be delivered in the field.[ ]
However, definitive care for the trauma patient is control of hemorrhage, and that is effectively available only in the operating room. Initial efforts to stabilize the bleeding patient from a thoracic vascular injury on the scene are, as expected, universally

5 6

unsuccessful. In fact, measures to deliberately raise the blood pressure such as with intravenous fluid therapy, placement of pneumatic antishock trousers, or use of pressor agents only cause additional bleeding.[ ] [ ] Recently it has been recognized that
controlling the airway, immobilizing the cervical spine, and immediately transporting to an appropriate facility result in the best outcomes. In fact, in many-tiered urban EMS systems, the basic emergency medical technicians have become the “trauma
specialists,” freeing up the advanced life support paramedics to address medical cardiac arrests.
EMS personnel can be extremely helpful in managing thoracic vascular trauma in that they can provide important historical information about the circumstances of the injury. Transaxial penetrating injuries or injuries to the thoracic outlet are at significant risk
for thoracic vascular injury and require rapid transport to a trauma center. A description of a blunt injury that implies significant amounts of energy were transferred to the patient increases the surgeon’s index of suspicion for a thoracic vascular injury. Clues

7
such as vehicle deformation, another death in the same vehicle, long extrication time, or fall from a significant height may direct the surgeon to consider a blunt thoracic vascular injury ( Table 71–1 ).[ ] Although telemedicine in an ambulance is probably not
necessary, some have considered using an instant photograph of the damaged vehicle to aid the emergency center personnel in their evaluation.
EMERGENCY DEPARTMENT ISSUES

8

Patients are evaluated in the emergency department typically via the American College of Surgeons advanced trauma life support (ATLS) protocols.[ ] An airway is established and the chest is examined for immediately life-threatening conditions such as
tension pneumothorax, massive hemothorax, or hemopericardium. Pericardial tamponade is considered. These life-threatening issues are addressed as discovered. The patient’s circulation and organ perfusion are assessed. A focused neurologic examination is
obtained,
TABLE 71-1 -- Historical Findings of Thoracic Vascular Injury
Steering wheel impact on chest wall
Automobile deformation
Fall from significant height
Ski lift accident
Aircraft accident
Death of another passenger in the same vehicle
Ejection injury from vehicle
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TABLE 71-2 -- Physical Findings of Thoracic Vascular Injury
Intrascapular murmur
Extremity pulse or pressure deficit
Thoracic spine fracture
Fracture of sternum, clavicle, or scapula
Hematoma of the thoracic outlet

and the patient is completely exposed. Some thoracic vascular injuries present as massive exsanguination and are addressed during the primary survey with an empirical exploration of the chest in the emergency department in an attempt to control the vascular
injury. Alternatively, thoracic vascular injuries can be diagnosed during the secondary survey, noting findings such as decreased or absent extremity/cervical pulses or hematomas of the thoracic outlet ( Table 71–2 ).

IMAGING
Imaging for thoracic vascular trauma can be divided into screening and diagnostic imaging. A common mode of screening for thoracic vascular injury involves careful history and physical examination followed by a plain chest radiograph. Chest film evidence
of blunt thoracic vascular injury includes hemothorax, loss of definition of the aortic knob, mediastinal or thoracic outlet hematomas, as well as effects of the hematoma such as deviation of the left main stem bronchus or nasogastric tube by a mediastinal
hematoma. Foreign bodies such as shrapnel in proximity to major vascular structures or an out-of-focus foreign body may suggest a missile embedded in a vascular structure. A confusing trajectory of a missile or a missile that is not seen on the chest

9
radiograph of a patient with a gunshot wound to the chest may suggest distal vascular embolization.[ ]
For patients with blunt injuries to the thoracic aorta, widened mediastinum on plain chest film is one of the more sensitive findings. Unfortunately, it is not very specific. Loss of the aortic knob or double shadowing of the aortic knob in our personal experience

10]
Other screening modalities have included computed tomography (CT) scan, helical or multidetector CT scan, intravascular

is one of the more specific findings. Additional radiographic clues that suggest blunt aortic injury are listed in Table 71–3 . [
ultrasound, or transesophageal echocardiography.
Chest CT Scans

11 12

In the past CT scanning was used by some to screen for patients with blunt aortic injuries.[ ] [ ] Unfortunately, patients with abnormal chest radiographs often had abnormal chest CT scans due to a mediastinal hematoma. These scanners did not have the
resolution to precisely locate the injury, took a significant amount of time to obtain results, and delayed definitive diagnosis by arteriography. However, recent advances in CT such as the helical scanners and multidetector scanners have resulted in greater

13] [14] [15] [16] [17]

resolution and decreased scan time.[

Additionally, these patients often are in the CT scanner to image the head or abdomen for other injuries. Thus, the additional few minutes needed to obtain an image of the chest is used by many to
TABLE 71-3 -- Radiographic Clues to Potential Blunt Aortic Injury

Loss or double shadow of the aortic knob
Widening of the mediastinum > 8 cm
Loss of the paravertebral stripe
Depression of the left main stem bronchus > 140 degrees
Calcium layering of the aortic knob
Deviation of the nasogastric tube
Lateral displacement of the trachea
Fracture of the sternum, scapula, multiple left ribs, and clavicle
Loss of aortopulmonary window
Apical hematoma

Massive left hemothorax
Blunt injury to the diaphragm

rule out mediastinal hematoma. Although these new scans have superior resolution, there are new artifacts on these detailed scans that often must be explained. These artifacts often confuse the evaluation and result in additional work-up. Thus, it is important
that the individuals reading the CT scan have significant experience in thoracic trauma imaging. Probably one of the least controversial use of screening CT for blunt aortic injury is in the patient with a normal chest radiograph that has a significant mechanism

10]

of injury.[

By documenting the absence of a mediastinal hematoma or aortic intimal flap, the CT allows diagnostic energies to be focused elsewhere.

Some medical centers have used the high-resolution CT scan as both a screening and diagnostic tool. This requires significant expertise in interpretation. Most surgeons who repair these injuries use arteriography to plan the operation, since arch anomalies

10]

exist that may be difficult to diagnose on CT. This is important during proximal control maneuvers when the brachiocephalic vessels are located by palpation through the large mediastinal hematoma. In addition, multiple injuries do occur.[

Three-

18
dimensional reconstructions may be able to create images similar to arteriography, but again experience is required to know the limitations of this modality. Currently, most surgeons use arteriography to plan the operative intervention.[ ]

Transesophageal Echocardiography

19] [20]
Unfortunately, the tracheal air column is interposed between the proximal aortic arch and the esophagus, making visualization of the innominate

Transesophageal echocardiography has been used to diagnose injuries to the descending thoracic aorta.[

21 22

artery origin difficult. This is the second most common area of blunt aortic injury.[ ] [ ] In addition, echocardiography can be overly sensitive in the diagnosis of these injuries. Echocardiography is extremely operator dependent, and many
echocardiographers do not have significant experience in evaluating aortic trauma. Thus, it is important to recognize the local expertise available if transesophageal echocardiography is to be used as a primary diagnostic tool .

ARTERIOGRAPHY

18]
Arteriography allows precise localization of the injury and provides information regarding

Arteriography for evaluation of blunt injury to the aorta remains the “gold standard.”[
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vascular anomalies and other factors that may influence the operative strategy. It is important that a specific arteriographic protocol be consistently used when investigating suspected blunt thoracic aortic injuries so that results are reproducible and a high
accuracy is achieved. Correct arteriographic diagnosis of these injuries often requires multiple views. Several anatomic variants of the thoracic aorta may mimic an aortic injury. For example, a ductus bump or infundibulum of a segmental artery may mimic an
aortic injury. These can often can be differentiated from an aortic injury by the smoothness of contour and the fact that the infundibulum may have a segmental artery originating from it. Alternatively, an aortic injury may look similar to an ulcerative

23] [24]

atherosclerotic plaque.[

10]

Newer diagnostic techniques will need to have equivalent accuracy and availability prior to being universally adopted.[

Arteriography for penetrating injuries to the thoracic aorta is also often necessary. However, owing to the large dye column, it is important to obtain tangential and multiple views at the area of anticipated injury so as to identify small pseudoaneurysms that
might otherwise be missed. Arteriography to diagnose brachiocephalic vessel injury can also be extremely valuable. Since different incisions and approaches are needed for control and repair of specific vascular injuries, an arteriogram can greatly assist with
patient positioning and surgical approach. Thus, in a patient with penetrating injury to the thoracic outlet, who is otherwise hemodynamically stable, arteriography is advisable.

CT arteriography can provide high-quality images similar to arteriography. The accuracy and usefulness of CT arteriography for thoracic trauma are currently under investigation. Magnetic resonance imaging (MRI) can also provide in-continuity vascular
images without the need for nephrotoxic contrast agent administration. Unfortunately, the logistics of obtaining an MRI in the multiply injured trauma patient who requires careful monitoring limits its use in acute thoracic trauma.

PREOPERATIVE PREPARATION

8

While the ATLS secondary survey is being completed and injuries documented,[ ] blood is sent to the blood bank for typing. Autotransfusion in the operating room is a useful adjunct to homologous transfusions, although large volumes of autotransfusion are
believed by some to lead to coagulopathy. Realistic discussions with the patient and family related to intraoperative and postoperative complications such as bleeding, paraplegia, and the significant associated mortality should occur whenever possible

ANESTHETIC ISSUES
For penetrating injuries in the upper chest, vascular access for transfusion and fluid administration should be obtained in the arm or centrally on the side contralateral to the injury. With high index of suspicion or knowledge from preoperative imaging studies

that the arterial injury is located in the upper mediastinum, intravenous access above and below the diaphragm is recommended. Swan-Ganz catheters are not routinely placed unless the patient has known preexisting cardiac disease. For injuries to the
descending thoracic aorta, right-sided central venous access is avoided because a right pneumothorax can result in inability to ventilate the patient during single-lung ventilation that is required for descending thoracic aorta repair. Single-lung ventilation is
obtained most readily with a double-lumen endotracheal tube. Bronchial blockers can be used though the results are often less than satisfactory. The inability to achieve single-lung ventilation due to associated pulmonary pathology may require that the
operation be delayed and the patient medically managed if possible. It is important to avoid aggressive fluid resuscitation to normalize blood pressure until vascular control is obtained.

OPERATIVE THERAPY
Incisions

1

Although the midline laparotomy is the universal incision for abdominal trauma, multiple incisions are possible to access thoracic vascular trauma (Fig. 71–1 (Figure Not Available) ).[ ] A patient in extremis from thoracic exsanguination may require an
emergency center thoracotomy. The left anterolateral thoracotomy can be extended across the sternum in a “clam shell” manner to provide access to the mediastinum if necessary. The incision can also be extended vertically through the upper sternum for

25

better access to the upper mediastinum.[ ] This provides suboptimal exposure for posterior structures such as the descending thoracic aorta. For injuries of the ascending aorta, arch, innominate artery, right subclavian artery, or left common carotid artery, a
median sternotomy with appropriate extension into the left or right neck or supraclavicular fossa provides the exposure necessary for vascular control and repair. Because the left subclavian artery runs deep to the pleural surface of the left chest, proximal

25]

control of the left subclavian artery in the thoracic cavity can be obtained via a high third anterior interspace. Repair of injuries is then performed with the help of a supraclavicular incision.[
fourth-interspace posterolateral thoracotomy. The pelvis is often rotated back 45 degrees for access to the groin for distal aortic perfusion if needed.

Injuries to the descending thoracic aorta are approached via a

Operative Considerations

It is critical that communication with the anesthesiologists, technicians, circulating nurses, and perfusionists is maintained throughout the operative procedure. It is difficult for these team members to view the operative field, so comments relating to blood loss,
probable injuries, and the anticipated repair can be extremely helpful. The application of vascular clamps for proximal control can significantly increase afterload, and the anesthesiologist requires time to pharmacologically reduce aortic afterload prior to
clamp placement. If active perfusion such as cardiopulmonary bypass, left heart bypass, or other perfusion strategies are required, communication with the perfusionist allows appropriate flow rates and manipulation of cardiac performance.

ADJUNCTS
For significant injuries, vascular grafts are often needed. In the patient who is neither hypothermic nor coagulopathic,
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Figure 71-1 (Figure Not Available) Incisions for thoracic trauma. A, Median sternotomy. B, “Book” thoracotomy (more commonly, the sternal connection is not needed). C, Posterolateral thoracotomy. D,
Anterolateral thoracotomy (the “utility” incision for the patient in extremis). E, Extension of the anterolateral thoracotomy to the opposite chest as a clam shell incision. (A to E,©Baylor College of Medicine, 1980.)
knitted polyester grafts (preclotted, collagen or gel impregnated) can be used to repair injuries to the aorta. The soft knitted polyester conforms well to the young aorta of the typical trauma patient. For patients who require full heparinization or who are
coagulopathic, the sealed polyester grafts are preferred. These gel- or collagen-impregnated grafts avoid the need to preclot or bake the grafts prior to insertion. Although many prefer polytetrafluoroethylene grafts for the brachiocephalic vessel injuries, knitted

25]

polyester has the advantage of conforming to the anatomic course and contours of the subclavian artery.[

26

Injuries to the aorta, vena cava, or brachiocephalic vessels may require a shunt while repair is performed.[ ] Loss of large portions of the superior vena cava can be traversed with a chest tube held in place with snare tourniquets until a repair strategy is
developed (Fig. 71–2 (Figure Not Available) ). Injury to the intrathoracic left carotid or innominate artery can be bridged with carotid shunts until additional surgical assistance can be obtained if needed. For acute short-term use, shunts do not require full

27]

heparinization.[

28] [29]
Other centers advocate perfusion strategies with centrifugal pumps to increase distal spinal cord perfusion

In many trauma centers a clamp-and-repair technique without distal perfusion is used to repair blunt injuries of the descending thoracic aorta.[

30 31 32

and unload the heart during aortic cross-clamping (Fig. 71–3 (Figure Not Available) ).[ ] [ ] [ ] Many patients with blunt injuries to the descending thoracic aorta are older than the typical trauma patient and have concomitant coronary artery disease.
They often do not tolerate aortic cross-clamping unless left atrial-femoral bypass is employed to offload the heart during repair. For complex aortic arch and ascending aortic injuries, full cardiopulmonary bypass and circulatory arrest are often required.

Although there has been significant debate regarding the “optimum” repair method for blunt injuries to the descending thoracic aorta, no one strategy is routinely optimal for any given patient. All repair techniques use vascular isolation of a segment of the

aorta that may contain critical blood supply for the spinal cord. Clamp-and-sew has the advantage of simplicity and greatest familiarity to the cardiovascular surgeon. Although some centers have used this method successfully with paraplegia rates of 2% to 8%,

[28] [29] recent meta-analysis and the American Association for the Surgery of Trauma blunt aortic injury data collection study by Fabian and colleagues have suggested higher rates of paraplegia, in the range of 16%.[18] Full cardiopulmonary bypass with
[33]

systemic heparinization can also be used with good results.

Its use is often limited, however, by concomitant brain injury, pelvic hematoma, and solid organ injury. This technique is technically more demanding with a potential for difficulty relating to

34

cannulation and cannulation sites. Thus cardiopulmonary bypass is associated with a low incidence of paraplegia but potentially the highest incidence of complications.[ ] Atrial-femoral bypass with the centrifugal pump has become popular because it is
believed to augment distal perfusion of the spinal cord. It can be performed without heparin, with heparin-bonded tubing, or with low-dose heparin, thus reducing bleeding complications. Although it is not completely protective for paraplegia, reported

18 34

35]
and technical cannulation problems remain problematic on occasion. Unfortunately, owing to the low individual

paraplegia rates are in the 2% to 3% range.[ ] [ ] However, with its increased use, a higher rate of complications has been reported,[
numbers of cases, a few additional complications in any treatment arm can significantly affect results.

The optimal approach occurs when the surgeon caring for these injuries is acquainted with all techniques and the method of repair is tailored to the patient as well as location and severity of the injury. Our service currently uses both
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Figure 71-2 (Figure Not Available) A to C, The use of a shunt in the superior vena cava to allow flow while repair is effected. (© Baylor College of Medicine, 1980.)

clamp-and-sew and left atrial-femoral bypass based on surgeon preference. Left atrial-femoral bypass for repair of an aortic injury in stable patients is used for unloading the heart during aortic cross-clamping. Clamp repair continues to be used in selected
cases, particularly when patients are in extremis with active, ongoing blood loss. Full cardiopulmonary bypass is used rarely and is reserved for complex injuries that extend proximally into the aortic arch and ascending aorta.

SPECIFIC INJURIES
Thoracic Aorta

36

The thoracic aorta is a deep midline structure. Unfortunately, although infrequent, injury due to penetrating trauma carries a mortality of 50%.[ ] Small or minimal injuries such as contained pseudoaneurysms permit evaluation and management. Stab
wounds more frequently injure the ascending aorta, whereas the descending thoracic aorta is more commonly injured by gunshot wounds. Injuries to the ascending aorta may present as pericardial tamponade with more limited blood loss or exsanguination into
a hemithorax. These injuries are often diagnosed during a salvage empiric thoracotomy. The chest is usually opened via a left anterolateral thoracotomy that can be extended across the sternum into the opposite chest if needed. Small injuries to the aorta can be
closed primarily. Lateral adjacent injuries can be connected and repaired as a linear suture line. Through-and-through injuries sometimes require that the aorta be divided. When this occurs, it is not uncommon to require a graft to re-establish aortic continuity.
Vascular control can be obtained with finger pressure, partial-occluding clamps, or thoracic aortic occlusion. In the patient who is not hypothermic or coagulopathic, a knitted polyester graft is our graft of choice for the soft aorta of the young adult.

Blunt injury to the aorta can occur to the ascending arch/innominate artery origin or descending thoracic aorta. Those with injuries to the ascending aorta commonly die on
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Figure 71-3 (Figure Not Available) Management of blunt injury to the descending thoracic aorta requires placement of vascular clamps that isolate a segment of the descending thoracic aorta. A, Clamp repair
without distal perfusion. B, Left atrial femoral active bypass commonly using a centrifugal pump. C, Ascending aorta to descending aorta passive shunt (currently seldom used). (A to C, ©Baylor College of Medicine,
1980.)

the scene (85% mortality); however, they can occasionally be seen at a busy trauma center. They are managed with cardiopulmonary bypass and cardioplegic cardiac arrest. Small injuries can be repaired primarily, though often a short tube graft is needed.
Because this is performed under full heparinization and cardiopulmonary bypass, a coated polyester graft is most commonly used. Though uncommon, our service has recently cared for three patients with this injury. The most recent involved a tear of the
ascending aorta at the superior aspect of the sinus of Valsalva associated with avulsion of the aortic valve leaflets and aortic insufficiency. This patient required composite graft replacement of the aortic root with reimplantation of the coronary arteries.

21

Blunt injuries to the aortic arch most commonly involve the takeoff of the innominate artery. Often classified as blunt innominate artery injuries, they are more accurately described as an aortic arch injury.[ ] As mentioned previously, this can be a blind area
for transesophageal echocardiography. Previously these injuries were managed by cardiopulmonary bypass and circulatory arrest. The bypass principle as described by Mattox and others greatly simplifies the management of these cases and eliminates the

21] [37]

need for cardiopulmonary bypass (Fig. 71–4 (Figure Not Available) ).[

The injury is exposed via a median sternotomy. The pericardium is opened, exposing the ascending aorta. Exposure is facilitated if the innominate vein is divided between

vascular clamps. The hematoma is avoided, and a partial-occluding clamp is placed on the ascending aorta. A 10-mm knitted Dacron graft is then anastomosed side to side to the ascending aorta. The distal innominate artery just proximal to the junction of the
right common carotid and right subclavian artery is then identified in an area away from the hematoma. This is clamped and the innominate artery is divided. End-to-end anastomosis between the distal innominate artery and the Dacron graft is then performed.
The simplicity of anastomosis results in a short clamp time. The anastomosis is flushed and carefully secured. After restoration of flow, a large partial-occluding clamp is used to gain control of the injury at the aortic arch, and this is oversewn with pledgeted

21]

sutures. This management strategy provides a simpler repair with a mortality of approximately 26%. It has been noted that patients who arrive with a preexisting neurologic deficit have a uniformly poor outcome.[
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Figure 71-4 (Figure Not Available) A to C, The bypass principle used to repair blunt injury to the proximal innominate-aortic arch. (A to C, ©Baylor College of Medicine, 1980.)

Injuries to the descending thoracic aorta can occur from just distal to the left subclavian artery all the way to the diaphragm. Although the arteriogram may suggest a more distal injury, it is prudent to obtain proximal vascular control between the left common
carotid and left subclavian artery at the aortic arch. Arteriography often underestimates the injury, and attempts to encircle the aorta distal to the left subclavian often result in release of the pseudoaneurysm and exsanguination. It is important to carefully
inspect the preoperative arteriogram for arch anomalies, since a large mediastinal hematoma often requires that the brachiocephalic vessels be identified by palpation alone. By dissecting along the anterior border of the left subclavian artery the aortic arch is
identified. After dissecting in the plane of the thoracic aorta, a finger can be passed around the aortic arch. Dissection is then carried inferiorly around the aortic arch, taking care to stay anterior to the subclavian artery. The subclavian artery can be controlled
with a vascular clamp or a snare tourniquet. Control of the distal descending thoracic aorta is obtained by looping it distal to the mediastinal hematoma. At this point, if a left heart bypass is used, the left atrium and distal aorta or common femoral artery can be
cannulated. After achieving vascular control, the hematoma is entered and the injury identified. The injury is often against the posteromedial aspect of the aorta and not readily visible. The aorta frequently must be opened to visualize a small injury. Injuries

10

encompassing less than 50% of the circumference of the aorta can often be repaired primarily with a fine suture. However, approximately 85% of repairs require an interposition graft.[ ] Our preference is to use a knitted polyester graft. Once the extent of
the injury is determined, it is helpful to move the distal aortic clamp as close to the injury as possible to maximize perfusion of the intercostal arteries ( Table 71–4 ). After completion of the anastomoses, the subclavian and distal aortic clamps are removed and
the patient is carefully weaned from the
TABLE 71-4 -- Descending Thoracic Aortic Repair Pearls
■ Achieve proximal control between the left common carotid and left subclavian arteries.
■ Know the patient’s arch anatomy.
■ Do not débride the aorta.
■ Do not sacrifice the intercostals.
■ Move clamps closer to injury, when identified.
■ Use fine suture.
■ Use a soft graft.
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TABLE 71-5 -- Groups of Patients with Thoracic Aortic Injury[
GROUP

DESCRIPTION

TIME TO DIAGNOSIS

MORTALITY, %

CAUSE OF DEATH

<60 min

100

Bleeding

1

Dead/dying at scene

2

Unstable during transport

1–6 hr

>96

Multisystem trauma

3

Stable

4–18 hr

5–30

Head injury

18]

proximal aortic clamp. Overall, the mortality associated with managing blunt injuries to the descending thoracic aorta is approximately 31%.[

38] [39] [40]

Many trauma services care for patients who have devastating intra-abdominal or head injuries in combination with blunt injuries to the aorta. In many patients the aortic repair has been deferred hours, days, or sometimes months.[

This has led

41
Mattox and Wall to classify blunt aortic injuries into one of three categories ( Table 71–5 ).[ ]
■ Category 1 patients are those who have massive injuries with exsanguination at the scene. Attempts at surgical repair are universally futile.
■ Category 2 patients are those who present to the emergency center with unstable hemodynamics that are transient responders. There may be time to obtain studies and bring these patients to the operating room, but the mortality rate is high.
■ Category 3 patients are hemodynamically stable with a blunt aortic injury and a contained hematoma. These patients are initially not thought to have an aortic injury but are evaluated owing to the history of a deceleration injury. This group of

41]

patients usually does not require emergent repair, and in hospitals where aortic repairs are not routinely performed, they can usually be safely transferred.[

Should a surgeon elect to delay routine repair, the following caveats should be considered:
■ Use afterload and arterial upstroke—change in pressure versus time (dP/dT)—reduction agents, if needed.
■ Maintain the systemic blood pressure at or below the preinjury level.
■ Mediastinal hematoma should be “stable” on serial imaging.
■ The patient is fully informed of the decision and risks.
■ The decision to delay surgery and the management during the delay occur under a surgeon’s supervision.

41]

Among category 3 patients, an aortic-related death has rarely been reported.[

Should the surgeon elect to delay operative repair, it is optimal to perform surgery within 72 hours of injury, prior to fibrinous organization of the mediastinal hematoma.

It is important to carefully evaluate the arteriogram because multiple injuries sometimes occur. Injuries to the descending thoracic aorta and innominate artery, to the descending thoracic aorta and the common carotid artery takeoff, and multiple injuries to the
descending thoracic aorta have been reported. Knowledge of these injuries preoperatively helps plan the operation that may need to be performed in a staged manner.
Brachiocephalic Vessels

25]
Penetrating injuries to vessels of the thoracic outlet can result in a large upper mediastinal hematoma. If

A blunt injury to the origin of the left common carotid artery is managed in a manner similar that used for blunt innominate artery/aortic arch injuries.[

25

the patient’s condition permits, arteriography is helpful because different incisions are required to expose various injuries.[ ] Unfortunately, some of these patients present in extremis with exsanguination, and a best guess must be made during empirical
exploration. If a penetrating injury to the thoracic outlet involves primarily anterior structures, a median sternotomy with appropriate neck extension can be a useful empirical incision. Patients in extremis often undergo an anterolateral thoracotomy for
resuscitation. When these are extended to the opposite chest as a clam shell incision, the upper mediastinum can be accessed. If required, an upper sternotomy can then be added.
The left subclavian artery runs on the left side of the mediastinum along its pleural surface. Proximal control can be readily obtained via a high anterolateral thoracotomy so that a vascular clamp or snare tourniquet can be placed. Injury to the subclavian artery
can then be addressed via a supraclavicular incision. An intrathoracic left subclavian injury that is adjacent to the arch is often best approached via a fourth interspace–left posterolateral thoracotomy similar to exposure of the descending thoracic aorta. For the
rare injury that is immediately behind the head of the clavicle or lower, the anterolateral thoracotomy and supraclavicular incision can be connected to form the “book” or “trapdoor” thoracotomy (see Fig. 71–1 (Figure Not Available) ). Fortunately this

25]

incision is seldom needed because it carries significant morbidity. In an effort to avoid this incision, some have oversewn/ligated the proximal subclavian artery and re-established flow to the arm via carotid subclavian bypass or transposition.[

The subclavian artery is an extremely soft vessel. A graft is required for most repairs because mobilization and primary anastomosis are usually not technically feasible. Proximal and distal vascular control of the subclavian artery reduces the bleeding from
“torrential” to just “bothersome” owing to the extensive arterial network of the subclavian artery. The left common carotid artery and the innominate artery are accessed via a median sternotomy with appropriate cervical extension. Small injuries can be
repaired primarily. More extensive injuries can be repaired using the bypass principle as described for blunt innominate injuries. Multiple injuries to the innominate and left common carotid can be repaired using a bifurcated Dacron graft in a similar manner.

[42]
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Pulmonary Vessels
Injuries to the proximal main right or left pulmonary arteries are uncommon. They most commonly occur secondary to penetrating trauma and may present with pericardial tamponade. They are typically found during an empirical thoracotomy for

43

hemopericardium. Small injuries can be repaired primarily. More extensive injuries in appropriate patients may require the use of cardiopulmonary bypass to ensure a bloodless field and expose injuries that are posterior.[ ] Distal pulmonary artery injuries
outside of the mediastinum may occur from blunt and penetrating trauma. Extensive injuries may require lobectomy or pneumonectomy. The mortality rate for pneumonectomy for trauma ranges from 50% to 75%. Pulmonary venous injuries can be from
penetrating trauma or from avulsion of the hilum of the lung from a deceleration injury. They often present as massive hemothorax, and they are found during empirical thoracic exploration of a patient in extremis with a massive hemothorax. These injuries

2
have high mortality as well and frequently require a lobectomy or pneumonectomy.[ ]
Vena Cavae
Because they are short structures, the intrathoracic vena cavae are rarely injured. If injured, pericardial tamponade is a common presentation. Small injuries can be managed with lateral venorrhaphy. Partial-occluding clamps or brief periods of inflow

44]

occlusion can be used to permit repair.[

More extensive injuries may require interposition graft placement. A chest tube can be used as a shunt to preserve cardiac filling if inflow occlusion is not tolerated. More extensive injuries particularly to the

45]

posteroinferior vena cava may require cardiopulmonary bypass for exposure and management.[

The azygos vein is a complementary venous drainage system to the inferior vena cava and has high flow. Injury to the azygos vein is uncommon, though it has a mortality rate similar to that for a vena cava injury. Azygos vein injuries should be considered

46]

during thoracotomy when a large amount of dark blood from a posterior source is noted. They can be managed with oversewing or ligation.[

Miscellaneous Vessels

Trauma patients who present with massive hemothorax and undergo an empirical thoracotomy are often bleeding from chest wall vessels. If an incision is extended across the sternum, the internal mammary arteries should be controlled prior to closing the
sternum. They are often in spasm at the completion of procedure and are often routinely oversewn to avoid delayed bleeding.

Intercostal vessels can be extremely difficult to control. Although they can periodically be oversewn directly, it is sometimes helpful to loop the entire rib and intercostal bundle with a heavy absorbable suture proximal and distal to the injury. These injuries
often require a separate incision for control and can be frustrating to manage.

Penetrating injuries to the great vessels may also involve the lung. In the past, deep penetrating injuries in the lung often required lobectomy. This was a daunting procedure in a patient with associated great vessel injury. One technique that has been useful in
the management of these deep penetrating injuries to the lung is pulmonary tractotomy. By opening the wound tract between vascular clamps or the stapler, the parenchyma of the lung can be inspected and individual bleeding and air leaks ligated with fine

47]

suture. This is a simple procedure with an associated mortality of approximately 17%. It has evolved into a damage control technique that permits the lung injury to be addressed rapidly and effectively (Fig. 71–5 (Figure Not Available) ). [

POSTOPERATIVE CARE
Postoperatively, most patients with thoracic vascular injuries require management in the intensive care unit. Patients with multiple injuries may require rewarming and correction of coagulopathy. Arteriovenous rewarming may be helpful in the severely

48]

hypothermic patient.[

If the patient is not bleeding, crystalloid infusions are minimized because pulmonary edema often significantly affects the postoperative course after thoracotomy. When bleeding is controlled, aggressive resuscitation should be

49] [50]

curtailed. In appropriate patients, thoracic epidural catheters may assist with pain control.[

NEW TECHNOLOGIES
Managing injuries to the thoracic outlet requires incisions that are potentially morbid. Fortunately, many thoracic outlet injuries present as contained hematomas that permit diagnosis. This may permit the use of endovascular techniques to manage subclavian,

51

carotid, and innominate injuries without thoracotomy.[ ] Although penetrating injuries to the aorta often result in exsanguination, blunt injuries may present as a contained pseudoaneurysm. Many of these patients have other devastating injuries such that
definitive aortic repair is delayed, as discussed earlier. For these patients endovascular repair is an option to be considered. The use of stent-graft technology to address aortic injuries requires significant preparation and resources. Originally the devices had to

52] [53] [54]

be homemade or adapted from other uses; thus, the original experience was for patients in whom the repair was performed in a subacute, semielective situation.[

There recently have been a number of small series using stent-graft technology for

55 56 57 58
59
the acute repair of blunt rupture of the descending thoracic aorta.[ ] [ ] [ ] [ ] Semba and coworkers described the use of endovascular techniques in managing pseudoaneurysms of the aorta from iatrogenic and penetrating etiologies.[ ] These

injuries are likely best managed by a team approach with a surgeon with significant experience in both endovascular and open repair. Blunt injury to the descending thoracic aorta often occurs immediately adjacent to the takeoff of the left subclavian artery.

60

61

During endovascular repair, the endograft is often routinely placed with the proximal end across the subclavian artery orifice.[ ] This seems to be tolerated well in most patients.[ ] If needed, flow can be re-established to the arm via a carotid subclavian
bypass or transposition. Although early results in using stent-graft technology to manage acute blunt aortic injuries appear favorable, long-term follow-up is not available. As this technology evolves, it is clear that it
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Figure 71-5 (Figure Not Available) Pulmonary tractotomy with selective vascular ligation. A gunshot wound tract is opened between vascular clamps or the linear cutting staplers. Air leaks and bleeding points are
selectively ligated using fine polypropylene sutures. This has evolved into a damage control procedure to rapidly address a lung injury associated with a major vascular injury. (©Baylor College of Medicine, 1994.)

requires significant resources of the hospital and personnel so that the technology, the appropriate equipment, and trained medical providers are available.

REHABILITATION
Significant incisions are often required for the management of thoracic great vessel trauma. Appropriate pain control can be extremely important and allows aggressive pulmonary toilet. It can be helpful to involve the rehabilitation service early in the
management of these patients. It is not uncommon for patients to develop adhesive capsulitis of the shoulder after thoracotomy, which can be debilitating.

MEDICAL AND LEGAL CONSIDERATIONS
Injuries to the thoracic vascular structures can be highly lethal. The surgeon is often confronted with an extremely difficult situation emergently with little time for decisions or consultation. Despite the surgeon’s best efforts, complications and death may
ensue. Patients often present with preexisting neurologic or vascular deficits. It is wise to document these preoperatively. Despite the surgeon’s best efforts, the complication of paraplegia can occur. Though it is not often possible, it is helpful to discuss with
the patient and family the significant incidence of complications (e.g., paraplegia) and death prior to attempted repair of great vessel injuries. Owing to the emergent presentation of most thoracic vascular injuries and the high expected mortality, a negative

62]

outcome is common and not necessarily evidence of malpractice.[

SUMMARY
Injuries to the aorta and major vessels of the chest are often fatal on scene. Prehospital factors such as rapid transport and minimal fluid resuscitation have improved early survival. Those surviving to reach trauma centers may be stratified based on their
stability. Hemodynamically unstable patients require thoracotomy and exploration, whereas patients who are stable can undergo appropriate diagnostic tests that will permit operative planning. Patients with blunt aortic injury and stable contained hematoma in
the face of polytrauma can be considered for delayed management. Unlike in the abdomen, injuries to the vessels in the chest require that careful consideration of operative incision be made for proper access to the injury. Adjuncts such as partial or total
cardiopulmonary bypass and venous shunts may be required to achieve hemodynamic stability to allow surgical repair.
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Chapter 72 - Abdominal Vascular Injuries

DEMETRIOS DEMETRIADES MD, PHD, FACS

Abdominal vascular injuries remain the most common cause of death following penetrating abdominal trauma. The surgical exposure and the often-associated intra-abdominal injuries may challenge the skills and judgment of even the most experienced
surgeons. Rapid transportation to a trauma center, early recognition of the injuries, early surgical interventions, excellent knowledge of the anatomy, and good surgical judgment are critical for survival.

SURGICAL ANATOMY
For vascular trauma purposes, the abdomen is conventionally divided into the following four anatomic areas ( Fig.72–1 ):
■ Zone 1, which includes the midline retroperitoneum extending from the aortic hiatus to the sacral promontory. This zone is subdivided into the supramesocolic and inframesocolic areas. The supramesocolic area contains the suprarenal aorta and its
major branches (celiac axis, superior mesenteric artery [SMA], and renal arteries), the supramesocolic inferior vena cava (IVC) with its major branches, and the superior mesenteric vein (SMV). The inframesocolic area contains the infrarenal aorta
and IVC.
■ Zone 2 (left and right), which includes the kidneys, the paracolic gutter, and the renal vessels
■ Zone 3, which includes the pelvic retroperitoneum and contains the iliac vessels
■ Perihepatic area, which contains the hepatic artery, the portal vein, the retrohepatic IVC, and the hepatic veins

INCIDENCE AND EPIDEMIOLOGY

1

Penetrating trauma is responsible for most abdominal vascular injuries and accounts for about 90% of cases in urban trauma centers.[ ] Low-velocity missiles cause direct injury to the vessel. High-velocity missiles and blasts can also cause vascular trauma
by means of the shock wave and transient cavitation. Some of these injuries may manifest with early or late thrombosis or hemorrhage.

2
Earlier reviews of vascular injuries reported a very low incidence of penetrating abdominal vascular injuries. DeBakey and Simeone reported 2471 arterial injuries during World War II, which included only 49 abdominal arterial injuries (2%).[ ] Similarly,

3
Rich and associates[ ] in a study of 1000 arterial injuries from the Vietnam War reported only 29 abdominal arterial injuries (2.9%). However, in civilian penetrating injuries, the incidence of abdominal vascular trauma is significantly higher than that in
4
military injuries. In a prospective study of gunshot injuries to the abdomen, the incidence of vascular trauma in 217 patients who underwent exploratory laparotomy was 14.3%.[ ] The incidence of vascular injuries in patients undergoing laparotomy for stab

5
wounds is 10%.[ ] The incidence of vascular injuries in
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Figure 72-1 Retroperitoneal vascular zones: Zone 1 (upper, center box) includes the midline vessels from the aortic hiatus to the sacral promontory; zone 2 (upper, right and left boxes) includes the paracolic gutter and the kidneys; and zone 3 (lower box)
includes the pelvic retroperitoneum.

Figure 72-2 The pelvic location of the missile on abdominal radiograph, combined with hypotension, is highly suspicious of iliac vascular injury.

Figure 72-3 CT of a traffic accident victim shows a large pelvic hematoma (circle) due to injury of the right common iliac artery.

Figure 72-4 CT scan with intravenous contrast material following a fall from a significant height shows poor contrast uptake of the right kidney due to an occlusion of the renal artery (circle).

Figure 72-5 Postoperative CT scan of a patient with a gunshot wound shows an abdominal aortic false aneurysm (circle).

Figure 72-6 Postoperative CT scan of a patient with a gunshot wound shows an aortocaval fistula (circle).

Figure 72-7 Five-year-old child with severe pelvic fracture and absent right femoral pulse. Angiography shows a complete occlusion of the right common iliac artery (arrow).

Figure 72-8 Intravascular ultrasound shows a false aortic aneurysm (Pseudo A.) at the superior mesenteric artery (SMA) level (arrow) following a gunshot wound to the aorta.

Figure 72-9 Medial left visceral rotation provides a good exposure of the supramesocolic aorta and the origin of the celiac axis, the superior mesenteric artery (SMA), and the left renal vessels.

Figure 72-10 Medial rotation of the right colon and the hepatic flexure and Kocher mobilization of the duodenum and pancreas provide an excellent exposure of the inferior vena cava (IVC) and the origins of the renal veins. (From Buckman RF, Pathak AS,
Badelino MM, Bradley KM: Injuries of the inferior vena cava. Surg Clin North Am 81:1431–1447, 2001.)

Figure 72-11 Temporary arterial shunt for damage control in a hemodynamically unstable patient with a gunshot wound and complete transection of the iliac artery (circle).

Figure 72-12 Angiography shows a dissecting aneurysm of the abdominal aorta (arrows) following a motor vehicle accident. The patient was successfully managed with an endovascular stent.

Figure 72-13 A, Traffic accident victim with a large hematoma at the base of the mesentery found at laparotomy. This is suspicious for superior mesenteric artery (SMA) injury and needs to be evaluated, preferably postoperatively. B, Postoperative
angiography shows a large SMA false aneurysm.

Figure 72-14 Angiography shows an intimal tear of the right renal artery (circle) due to fall from a height. The patient was successfully managed with an endovascular stent.

Figure 72-15 Large hematoma in the pelvis (circle) following a gunshot wound. This is highly suspicious of iliac vascular injury, and proximal control should be obtained as soon as possible.

Figure 72-16 A, Right common iliac artery thrombosis in a 16-year-old patient following a motor vehicle injury. The diagnosis was made many months after the injury. B, The patient was managed with an angiographically placed endovascular stent.

Figure 72-17 Atriocaval shunt for severe retrohepatic inferior vena cava (IVC) injuries: Placement of an endotracheal tube through a pursestring in the right atrial appendage and inflation of the cuff above the renal veins. A tourniquet is applied in the
intrapericardiac IVC. Note the extra holes in the endoatrial part of the tube. This technique should be considered when liver packing does not control the hemorrhage.

Figure 72-18 Stapled division of the neck of the pancreas provides a good exposure to the retropancreatic portal vein and the superior mesenteric vessels. SMA, superior mesenteric artery; SMV, superior mesenteric vein.
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81]

Approximately 90% of all peripheral arterial injuries occur in an extremity. Civilian studies report the majority of arterial injuries to be in the upper extremity, whereas the military experience defines lower extremity injuries to be more common.[

During

19
49
World War II, extremity arterial injuries were routinely ligated. For popliteal artery injury, the amputation rate was 73%.[ ] The poor results of arterial ligation prompted Hughes[ ] to perform formal repair of peripheral arterial injuries during the Korean
[82]
War. Rich and associates reported further refinements of arterial repair during the Vietnam War, decreasing the amputation rate for popliteal artery injuries to 32%.

loss in most civilian series to less than 10% to 15%.

[70] [102] [103]

Continuing refinements in arterial surgery over the ensuing 3 decades have reduced limb

106]

However, long-term disability, predominantly resulting from associated skeletal and nerve injuries, remains a persistent problem for 20% to 50% of patients.[

MECHANISM OF INJURY
The initial and ultimate outcome of vascular injury depend in large part on the wounding agent or mechanism of injury (see Chapter 69 ). Determining the mechanism of injury is
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of utmost importance if the surgeon is to use available diagnostic and treatment options appropriately. Peripheral vascular injuries in an urban environment most often result from penetrating trauma from knives or bullets. In a recent series of penetrating

77]

injuries, arterial injuries were due to gunshot wounds in 64%, knife wounds in 24%, and shotgun blasts in 12%.[

With increasing frequency, high-velocity firearms are the causative agent in civilian vascular trauma. In addition to the vascular injury, extensive associated musculoskeletal injury is commonplace. Vascular injuries in this setting result from the dissipation of

28]
Experimental studies have demonstrated a positive correlation between muzzle velocity and the microscopic extent and “length” of damage to the vessel
[67]

energy into the surrounding tissues, fragmentation of the projectile or of bone, or the blast effect.[

3
wall.[ ] In many ways these wounds mimic lower velocity shotgun injuries in their devastating combination of penetrating and blunt tissue injury.

3 110]
The morbidity of blunt vascular injuries can be magnified by associated
Motor vehicle accidents and falls are the most common causes of blunt injury and are becoming more frequent, owing to the ever-increasing mobility of modern society.[ ] [
fractures, dislocations, and crush injuries to muscles and nerves.
DIAGNOSTIC EVALUATION
Extremity arterial injuries have varied clinical presentations. A few patients present with obvious clinical evidence, or “hard signs,” of arterial disruption such as pulsatile external bleeding, an enlarging hematoma, absent distal pulses, or an ischemic limb
( Table 73–1 ). For patients with overt signs of arterial injury, immediate surgical exploration in the operating room without further diagnostic testing is preferred. In most instances, when arteriography is required, an intraoperative arteriogram is sufficient to
identify the location and extent of injury and to guide the surgical repair.
Most arterial injuries, however, are clinically occult and pose a diagnostic challenge if they are to be identified. The diagnostic approach has changed substantially since the Korean War. Initially, the severity of soft tissue destruction typical of military wounds

prompted the recommendation that all penetrating extremity wounds in proximity to a neurovascular bundle be explored routinely. When applied to civilian injuries, this practice detected normal intact vessels in a large percentage of cases, up to 84% in one

41]

series.[

These patients had undergone expensive, nontherapeutic operations, which occasionally resulted in additional morbidity.
TABLE 73-1 -- Traumatic Vascular Injury
HARD SIGNS

SOFT SIGNS

Observed pulsatile bleeding

Significant hemorrhage by history

Arterial thrill by manual palpation

Neurologic abnormality

Bruit auscultated over or near area of arterial injury

Diminished pulse compared to contralateral extremity

Absent distal pulse Visible expanding hematoma

In proximity to bony injury or penetrating wound

With the appearance of readily available arteriography in most trauma centers, this diagnostic modality supplanted wound exploration, and screening (“exclusion”) arteriography became routine and widespread. Like wound exploration, mandatory or routine
screening arteriography for proximity wounds, in the absence of other suspicious clinical findings, resulted in a large proportion of normal arteriograms (90%), at significant cost. In addition, arteriograms were found to be less than perfect, having a low, but
real, incidence of false-negative and false-positive findings. Because of its invasive nature and the potential nephrotoxicity of contrast media, arteriography also occasionally results in serious complications, thus increasing patient morbidity and further
increasing the cost of care.

1 15 22
It is now widely accepted that selective rather than routine arteriography is appropriate for patients who may have an occult extremity arterial injury. Several studies have documented that a selective use of arteriography is appropriate and safe.[ ] [ ] [ ]
[109] In a study designed to determine the diagnostic yield of arteriography when performed for proximity alone or for signs suggestive of an arterial injury,[109] 373 patients with a unilateral penetrating injury to an upper extremity (distal to the
deltopectoral groove) or lower extremity (distal to the inguinal ligament) were evaluated during an 18-month period. Arteriograms were obtained when a distal pulse deficit, neurologic deficit, hematoma, history of hemorrhage or hypotension, bruit, fracture,
major soft tissue injury, or delayed capillary refill was present or, in the absence of these findings, when the path of the penetrating object was judged to run close to a major neurovascular bundle. For 210 of the 373 patients, Doppler pressures in the injured
and the uninjured contralateral extremity were obtained and indexed using the brachial Doppler pressure of an uninjured arm as a reference (ankle-arm [brachial] index [ABI]). The minimum ABI (MABI), defined as the lower of the two ABIs at the ankle or
wrist, was recorded. Of the 373 patients, 216 presented with one or more abnormal physical findings, and arterial injury was identified arteriographically in 65 (30%). Proximity was the sole indication for arteriography in 157 patients, and an injury was
identified in 17 (11%). Only a pulse deficit, neurologic deficit, or shotgun injury correlated (P< .05) with arteriographic evidence of an arterial injury. The presence of one or more of these variables identified a high-risk group of 104 patients who had 40
injuries (38%), 15 of which required repair. An intermediate-risk group consisting of patients with an MABI less than 1.00 or with “soft signs” of arterial injury (fracture, hematoma, bruit, decreased capillary refill, history of hemorrhage, hypotension, or soft
tissue injury) was identified, 20% (33/165) of whom had an arterial injury. Five of 33 injuries in the intermediate-risk group required intervention. A low-risk group of 104 patients with none of these findings remained. Nine injuries were identified (9%) in
this low-risk group, none of which required therapeutic intervention.

85]

A follow-up study further investigated the ability of Doppler indices to detect occult arterial injuries in a consecutive cohort of 514 patients with unilateral, isolated penetrating extremity injuries.[
(pulse deficit, neurologic deficit, shotgun injury) or intermediate-risk group (one or more “soft” signs or an MABI less than 1.00). Low-risk patients

Arteriography was limited to patients in the high-risk
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were observed for 24 hours and then discharged if stable. Twenty-two (4%) patients with limb-threatening ischemia or ongoing hemorrhage who required immediate operation and 23 (4%) patients who refused arteriography were excluded from analysis. Of
the remaining 469 patients, 213 (45%) were at low risk, 151 (32%) at intermediate risk, and 105 (23%) at high risk for arterial injury. No complication developed in any patient with a low-risk profile during the 24-hour observation period. Arteriography
identified injuries in 26% of patients in the intermediate-risk group and 36% in the high-risk group. All patients with a major arterial injury had either a pulse deficit or MABI below 1.00.

15

A selective use of angiography in evaluation of patients with penetrating extremity trauma was recently confirmed by Conrad and colleagues.[ ] Five hundred thirty-eight patients were reviewed retrospectively. Similar to previous studies, angiography was
limited to patients presenting with an abnormal pulse examination or Doppler indices less than 1.0. Patients with a normal physical examination and Doppler indices of 1.0 or greater were discharged home without further work-up. Four angiograms were
performed with no change in patient management. Three hundred patients with asymptomatic proximity wounds and normal physical examination were discharged home. Fifty-one percent of these discharged patients were available for an average follow-up
of 9.8 months. There were no missed injuries or late complications identified in the group.

4

For blunt extremity trauma, the indications for arteriography parallel what has been established for penetrating injuries. A prospective study analyzed the results of arteriography in 53 patients with unilateral blunt lower extremity trauma.[ ] Thirty-one
patients had physical findings suggestive of an arterial injury, and an arterial injury was demonstrated in 15 patients. A pulse deficit or decreased capillary refill correlated significantly (P< .05) with arteriographic evidence of injury. Of the 15 arterial injuries,
12 were found in patients who had one or both of these findings and four of those injuries required repair. In the remaining 22 patients with neither a pulse deficit nor decreased capillary refill, three minor injuries were found, none of which required repair.

97]
Popliteal artery injury was demonstrated arteriographically in 27 (23%) of 115 patients. An abnormal pedal pulse identified popliteal artery injuries with
[21]

Another series of blunt injuries focused specifically on 115 patients with knee dislocations.[

sensitivity of 85% and specificity of 93%. All injuries that required intervention were associated with a diminished pulse. Dennis and coworkers reported an identical experience in 37 patients with knee dislocations.

In all patients who required popliteal

1
repair, pedal pulses were absent. More recently, Abou-Sayed and Berger confirmed the sensitivity of physical examination in 52 patients with blunt popliteal artery injuries.[ ] Twenty-three patients with a normal pulse examination did not undergo

angiography and required no vascular interventions. Angiography was performed in 13 patients with normal pulse examinations (at the discretion of the attending surgeon); similarly, no clinically significant lesions were identified that required intervention.
Again, the assertion that the clinical examination can define a subset of high-risk patients who need an arteriogram, and possibly surgical repair, was validated.

63

Similar evidence for the reliability of the clinical examination combined with noninvasive pressure measurements has been provided by Lynch and Johansen.[ ] In a series of 100 patients with blunt or penetrating limb trauma, all patients had ABIs measured
and were studied by arteriography. Arterial injuries that required intervention were discovered in 14 cases, and an ABI less than 0.90 predicted the injury with 87% sensitivity and 97% specificity. Because two of the arteriogram results were false positive,
sensitivity and specificity of ABI less than 0.90 were even higher—95% and 97%, respectively—when clinical outcome was the standard.

Based on these published reports, a consensus has developed that a patient with a penetrating or blunt injury who has a normal extremity pulse examination and MABI of 1.00 or more does not require arteriography. A period of observation for 12 to 24 hours
is all that is necessary. Furthermore, all clinically significant arterial injuries are found in extremities in association with a distal pulse deficit or an MABI less than 1.00. It is in this group of patients that diagnostic arteriography is useful and has its greatest
yield.

Finally, although careful physical examination and pressure measurements appropriately select most patients (>95%) who have significant arterial injury and require arteriography, occasional injuries are missed. In most cases, however, the missed injuries are

21] [35] [93]

clinically unimportant and include occlusive and nonocclusive injuries to minor branch vessels and minimal nonocclusive injuries of major vessels that heal without specific intervention, among others.[

With these principles in mind, the

47
diagnostic algorithm shown in Figure 73–1 was constructed.[ ]
69

Because of continued improvements in noninvasive vascular imaging, color-flow duplex (CFD) ultrasonography has been suggested as a substitute for or complement to arteriography.[ ] CFD ultrasonography has several obvious advantages. It is
noninvasive and painless. It is portable and can easily be brought to the patient’s bedside or the emergency department or operating room. Repeated and follow-up examinations are easily performed without morbidity and are relatively inexpensive.

11

34

Bynoe and colleagues[ ] reported sensitivity of 95%, specificity of 99%, and accuracy of 98% when CFD was used to evaluate blunt and penetrating injuries of the neck or extremities, and Fry and coworkers[ ] documented 100% sensitivity and 97.3%
specificity in a similar series. In these two studies, however, a comparison arteriogram was available for only a few patients. Bergstein and associates reported on 67 patients who had 75 penetrating extremity injuries, all of whom underwent both CFD and

8
arteriography.[ ] Using arteriography as the “gold standard,” CFD had two false-negative results and one false-positive (sensitivity 50%, specificity 99%) result. Gagne and coworkers published a series of 37 patients with proximity injuries in 43 extremities.
[37] Arteriography identified three injuries to the deep femoral, superficial femoral, and posterior tibial arteries that were not identified by CFD; however, CFD did detect a superficial femoral artery intimal flap that arteriography missed.
Despite some uncertainty about the ability of CFD to detect all arterial injuries, these reports suggest that
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Figure 73-1 Diagnostic algorithm for extremity arterial trauma. ABI, ankle-brachial index. (From Hood DB, Yellin AE, Weaver FA: Vascular trauma. In Dean R [ed]: Current Vascular Surgical Diagnosis and Treatment. Norwalk, CT, Appleton & Lange,
1995, p 405.)

Figure 73-2 Popliteal artery shotgun injury with a small false aneurysm (arrow), which was managed nonoperatively.

Figure 73-3 A large peroneal artery false aneurysm (left) was successfully treated by coil embolization (right).

Figure 73-4 Retroperitoneal exposure for proximal control of the iliac and proximal common femoral arteries. (From Yellin AE, Weaver FA: Vascular system. In Donovan AJ [ed]: Trauma Surgery. St. Louis, Mosby-Year Book, 1994.)

TABLE 73-2 -- Amputation Rates in Association with Perioperative Risk Factors in Blunt Popliteal Artery Trauma
RISK FACTOR

PRESENT, NO. (%)

ABSENT, PVALUE

NO. (%)

Severe soft tissue injury

13/31 (42)

2/69 (3)

<0.0001

Deep soft tissue infection

9/17 (53)

6/83 (7)

<0.0001

Preoperative ischemia

15/64 (23)

0/36 (0)

<0.001

Preoperative delay > 6 hr

10/40 (25)

5/24 (21)

NS

Preoperative delay > 12 hr

2/14 (14)

13/50 (26)

NS

Systemic anticoagulation

6/71 (8)

9/29 (31)

<0.01

Primary arterial repair

3/49 (6)

12/51 (24)

<0.05

Palpable pedal pulse within 24 hr

4/55 (7)

11/45 (24)

<0.05

*

Trifurcation arterial injury

6/29 (21)

9/71 (13)

NS

Popliteal vein injury

6/29 (21)

9/71 (13)

NS

Ligation of venous injury

2/6 (33)

4/23 (17)

NS

Fasciotomy (operative or delayed)

11/61 (18)

4/39 (10)

NS

Delayed fasciotomy

1/4 (25)

14/96 (15)

NS

Preoperative compartment syndrome

2/17 (12)

13/83 (16)

NS

NS, not statistically significant.
Modified from Wagner WH, Caulkins E, Weaver FA, et al: Blunt popliteal artery trauma: One hundred consecutive cases. J Vasc Surg 7:736, 1988.

* Two-tailed Fisher’s exact test.
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Figure 73-5 Posterior approach for a penetrating popliteal injury behind the knee. (From Yellin AE, Weaver FA: Vascular system. In Donovan AJ [ed]: Trauma Surgery. St. Louis, Mosby-Year Book, 1994.)
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Chapter 74 - Compartment Syndrome:

Pathophysiology, Recognition, and Management

Compartment syndrome, a clinical symptom complex resulting from pathologically increased tissue pressure contained in a nonexpansile space, has been described in a variety of anatomic locations. This condition most commonly is observed after acute
injury or ischemia in the upper and lower extremities. Abdominal compartment syndrome is an increasingly recognized, potentially lethal complication of trauma resuscitation or surgical procedures and is described in Chapter 72 . Other clinical conditions (e.
g., epidural and pelvic compartment syndromes, closed head injury, testicular torsion, and angle-closure glaucoma) represent variants of classic compartment syndrome, and their etiology and treatment often can be best defined when considered as such.
Traditionally, compartment syndrome refers to increased intramuscular pressures associated with reperfusion or traumatic injury and confined by the fascial envelopes of the muscles of the extremities.

PATHOPHYSIOLOGY
Simple physics dictates the mechanism by which compartment pressure increases in a constrained space: The volume of tissue confined within the space increases, the space available for the tissue to occupy decreases, or a combination of the two occurs.

1
Decreased compartment volume is best exemplified by circumstances in which various external devices—casts, constrictive dressings, or military antishock trousers (MAST suit)[ ] —exert pressure on the limb. Compartment syndrome even has been

2
described as a consequence of application of elastic compression wraps after uncomplicated varicose vein surgery.[ ] A circumferential burn wound resulting in a rigid nonexpansile eschar represents another scenario for “extrinsic” compartmental
3
hypertension.[ ]
Compartmental hypertension also can develop with an increase in the volume of tissue constrained within an
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4
inelastic osseofascial envelope. Space-occupying lesions, such as hematoma, abscess, pseudoaneurysm, and synovial fluid (e.g., ruptured Baker’s cyst),[ ] and inadvertent fluid administration, such as infiltrated intravenous catheters, interosseous fluid

5
6
resuscitation,[ ] and extravasated joint irrigation fluid during arthroscopy,[ ] all can increase compartmental pressure and have been described as etiologies for compartment syndrome.
The most common pathophysiologic cause of compartmental hypertension arises from swelling of the soft tissue contents—primarily skeletal muscle—within the fascial compartment. It has long been understood that post-traumatic soft tissue swelling can

7

result from an increase in interstitial fluid and from cellular swelling. In 1910, Rowlands[ ] hypothesized that compartment syndrome can occur when ischemia results in a plasma leak and that muscular and neural dysfunction result from elevated
compartment pressure. Although we now understand much more about ischemic injury at the cellular and molecular level, Rowlands’ “unifying hypothesis” regarding the pathophysiology of compartment syndrome remains relevant today.
Ischemia-Reperfusion

8 9 10

Ischemia followed by reperfusion triggers a complex, maladaptive response that originally may have been meant to protect organs from infection but clearly enhances tissue damage.[ ] [ ] [ ] Ischemia results in the depletion of intracellular energy stores,
which, after reperfusion and the generation of toxic oxygen radicals, results in a cascade of pathophysiologic consequences, including (1) activation and adhesion of leukocytes and platelets, (2) generation of inflammatory mediators, (3) calcium influx into

8
cells, (4) disruption of cellular membrane ion pumps, and (5) transudation of fluid.[ ] In the aggregate, these consequences produce cellular swelling and excess interstitial fluid (edema) formation.
If ischemia has been severe, there are three well-defined zones of tissue pathology: (1) a proximal area, which has sustained no permanent injury and which needs no further attention; (2) a distal area of tissue necrosis, which no therapy can salvage and which
merits invasive intervention only when local or systemic effects mandate débridement or amputation; and (3) “stunned” tissue, which is at risk for progression to necrosis, but which may recover if conditions are optimized. This third zone is the only one that
can be helped by treatment and is the tissue that produces most of the inflammatory mediators that are prerequisites for the development of compartment syndrome.
Inflammatory mediators released from ischemic skeletal muscle produce local and systemic effects. The local effect of inflammation is to increase capillary permeability and activate the coagulation cascade, which acts to produce more tissue damage and

11]

inflammation. The magnitude of the systemic response after an ischemia-reperfusion injury may be minimal if the mass of muscle involved is small. As pointed out by Haimovici[
results in a systemic inflammatory response of such magnitude that it may be lethal.

in 1960, however, reperfusion of an entire severely ischemic limb often

The final common pathway for the development of tissue damage from compartment syndrome is pathologically increased intracompartmental pressure. Venular pressure, normally 4 to 7 mm Hg, increases progressively because of venous outflow obstruction
from increased tissue pressure: A vicious circle of steadily increasing capillary pressure exacerbates fluid transudation and cellular swelling, further increasing intracompartmental pressure. Ultimately, when intracompartmental pressure equals capillary
pressure, nutrient blood flow is reduced to zero. Unless compartmental hypertension is relieved, cellular perfusion ceases, and tissue infarction commences.

Late Pathologic Consequences

12] [13]

Undiagnosed, compartment syndrome frequently progresses to skeletal muscle infarction. Infection is a frequent cause of additional morbidity, especially when fasciotomy has been performed and wound closure is delayed.[

If untreated,

[14]

has described the subsequent “myonephropathic-metabolic syndrome,” which is
compartment syndrome may progress to rhabdomyolysis, with release of multiple metabolic toxins, such as myoglobin, potassium, and organic acids. Haimovici
characterized by myoglobinuric renal failure, progressive organ failure, and a high mortality rate. In this situation, amputation should be considered early because it can be lifesaving.

As previously noted, the development of compartmental hypertension now is considered to be primarily a consequence of ischemia-reperfusion. Many models of ischemia-reperfusion depend on the experimental production of a compartment syndrome. Such

15]

models have been used to show that complete ischemia results in more post-reperfusion complications than if partial skeletal muscle perfusion is maintained.[

Other models have shown that gradual reperfusion after an ischemic event, rather than acute

16
17
18
19 20
restoration of blood flow under systemic pressure, results in a less severe manifestation of the reperfusion syndrome.[ ] Similarly, hypothermia[ ] or administration of perfluorocarbons,[ ] hyperosmolar volume expanders,[ ] [ ] fibrinolytic agents,
[21]
[22]
[23]
[24]
heparin,

cyclooxygenase inhibitors,

or precursors for adenine nucleotide production

during reperfusion seems to mitigate subsequent development of compartment syndrome.

10]

Leukocyte margination, activation, and adhesion to the vascular endothelium have been shown to play a pivotal role in the development of ischemia-reperfusion injury,[

25] [26]

and blocking these processes has been shown to reduce tissue damage.[

27]
28
29
nitric oxide synthesis,[ ] and eicosanoid metabolism[ ] ) also has been shown to reduce the deleterious effects of ischemia-reperfusion. In addition,
[31]

Interference with many metabolic pathways mediated by neutrophils (i.e., platelet activation,[

30]

inactivation or depletion of white blood cells by antiadhesion antibodies[

or chemotherapeutic agents

seems to diminish the deleterious effects of ischemia-reperfusion.

Reactive oxygen species play a key role in the development of compartment syndrome. Reactive oxygen species produce DNA damage, which triggers complex energy-consuming DNA repair mechanisms. The subsequent adenosine triphosphate depletion

32]
Pretreatment with mannitol, catalase, superoxide dismutase, dehydroepiandrosterone, or other oxygen radical scavengers reduces the formation of

results in the production of more inflammatory mediators and, if severe enough, may lead to cell death.[
reactive oxygen species and has been shown in experimental models
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19] [20] [26] [33] [34] [35]

to diminish cellular damage after ischemia-reperfusion injury.[

These experimental observations have implications as adjunctive therapies in the treatment of established compartment syndrome. It is conceptually attractive that some adjunctive therapies might be used to diminish or prevent the development of
compartment syndrome in certain settings (e.g., before embolectomy or thrombectomy in an ischemic limb). Surgical decompression remains the mainstay of therapy, however.
Clinical-Pathologic Correlation
The earliest symptom of compartment syndrome is pain in the affected muscle compartment, which can be quite nonspecific and difficult to separate from the pain of the initial insult. Early signs are neurologic, explained by the fact that the tissues most
sensitive to hypoxia are the nonmyelinated type C sensory fibers that carry fine touch and result in symptoms such as paresthesias. If hypoxia continues, additional tissues become affected—myelinated nerves, then skeletal muscle, and (most resistant to
hypoxia) skin and bone. Although nerves are the first tissue to become dysfunctional in the presence of hypoxia, skeletal muscle is more likely to sustain permanent damage (i.e., muscle dies before nerve). Muscle cell dysfunction fuels the progression of
compartment syndrome.

9 36

Traditionally, absolute measures of compartmental pressure were used to guide therapy; pressures greater than 40 to 45 mm Hg at any point or sustained at greater than 30 mm Hg for more than 3 to 4 hours mandated fasciotomy.[ ] [ ] Compartment
syndrome occasionally occurs at lower tissue pressures in hypotensive patients, however, and fails to develop despite markedly abnormal tissue pressures in individuals who are well perfused. A more sensitive and specific predictive measure is the arterial
perfusion pressure, the gradient between diastolic arterial pressure and the interstitial pressure. Intervention now is recommended when a measured compartment pressure is within 20 to 30 mm Hg systemic diastolic blood pressure or 30 mm Hg mean blood

37] [38]

pressure.[

The tolerance of skeletal muscle and nerve to elevated compartmental pressures is not well defined and likely relates to the severity of the ischemia produced by the compartment syndrome. In severe acute arterial insufficiency, the likelihood of muscle

39]

infarction is overwhelming if revascularization does not occur within 6 to 8 hours. Similarly, compartmental hypertension may result in irreversible muscle and nerve loss if unrelieved for 8 hours.[

The ultimate fate of skeletal muscle subjected to increased interstitial pressure and subsequently relieved by fasciotomy is not always apparent at initial operation. Commonly, muscle that initially appears well perfused and even contracts to galvanic

40] [41]

stimulation at the time of initial decompression may become necrotic over the ensuing several days. This phenomenon may be explained in part by the observation that nonviable muscle dies “from the inside out.”[
muscle, aggressive débridement of all nonviable tissue, and prevention of supervening infection are mandatory to ensure maximal salvage of a functional limb.

Daily inspection of all exposed

CLINICAL PRESENTATION
The diagnosis of compartment syndrome rarely is made in a timely fashion in the absence of a high index of suspicion. Compartment syndrome occurs primarily in circumstances, usually post-traumatic or postischemic, in which a substantial soft tissue
volume expansion develops within an intact inelastic tissue envelope to produce pathologically elevated compartment pressures. Compartment syndrome most frequently is associated with (1) major extremity trauma (crush injuries or closed fractures) or (2)
reperfusion after severe acute arterial insufficiency (i.e., popliteal or brachial thromboembolectomy). For practical purposes, extremity compartment syndrome is seen rarely except in the calf and the forearm.
Symptoms of compartment syndrome include severe pain, often described as being “out of proportion to clinical findings,” which worsens progressively despite appropriate care for the underlying injury (e.g., fracture stabilization). Important neurologic signs
include distal motor and sensory dysfunction—characteristically numbness followed by weakness in the distribution of nerves passing through compromised tissue compartments (e.g., the peroneal nerve in the leg and the median nerve in the forearm). The
result is numbness in the first dorsal web space with weakness of foot dorsiflexion in the lower extremity and numbness in the first web space and weakness in wrist extension in the upper extremity.
Physical findings commonly include tense muscle compartments that are tender to palpation; passive flexion/ extension of the wrist or ankle is painful. The above-mentioned sensory and motor deficits develop next and should be aggressively sought because
they indicate a limb at high risk for amputation. Because compartment syndrome occurs at tissue pressures well below systolic arterial pressure, distal pulses are frequently intact. It is common, albeit erroneous, for the diagnosis of compartment syndrome to
be discounted because of the presence of palpable distal pulses.
The vascular pathophysiology of compartment syndrome can be inferred from the development of this disorder after primary arterial obstruction. Compartment syndrome also has been reported, however, in circumstances of extensive venous occlusion in the

42]

extremities (e.g., phlegmasia cerulea dolens),[

43]

after electrical injuries, after venomous snakebite, or after massive volume resuscitation for hypovolemic shock.[

It also has been described in “medical” conditions, such as inherited bleeding disorders,

[44] acquired immunodeficiency syndrome,[45] hypothyroidism,[46] malignant hyperthermia,[47] and diabetes insipidus. [48] Iatrogenic compartment syndrome has been reported as a consequence of a wide variety of nonvascular therapeutic
[49]
[50]
[6]
[51]

interventions, including prolonged operative positioning (especially in the lithotomy position),

reaming for tibial nailing,

irrigation during knee arthroscopic procedures,

closure of muscle hernias,

5
and intraosseous fluid administration. [ ]

Establishing a diagnosis of compartment syndrome in patients who are unconscious, intubated, intoxicated, brain injured, or spinal cord injured, or who cannot sense or communicate sensations of pain or cannot participate in a physical examination, is a
diagnostic challenge. In these and
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other situations, objective measurement of compartment pressures can be instrumental in initiating treatment before the development of irreversible muscle and nerve damage.

OBJECTIVE TESTS
Compartment syndrome cannot exist without (1) increased tissue tension and (2) obstruction of venous outflow within the compartment. Objective measurement of these parameters is potentially useful in providing supporting evidence for the diagnosis of

52]

compartmental hypertension. Other methods, such as somatosensory evoked potential monitoring, have been shown to be accurate in monitoring nerve dysfunction produced by compartmental hypertension.[
cumbersome, however, and has not gained favor in clinical practice.

This method is expensive, invasive, and

9 36
Because elevated tissue pressure defines compartment syndrome, objective measurement of compartment pressure using needles or catheters was developed in the 1970s.[ ] [ ] Modifications of this technique include the use of intravenous catheters with
53]

common bedside pressure transduction equipment,[

54] [55]
56
57
self-contained handheld disposable manometers,[ ] and use of automated intravenous infusion devices.[ ]

complex catheter systems,[

9 36

As noted earlier, it initially was believed that any compartment pressure greater than 40 to 45 mm Hg or greater than 30 mm Hg for more than 3 to 4 hours warranted fasciotomy.[ ] [ ] Isolated measurement of compartment pressure is neither sensitive nor
specific, however, for determining the degree of muscle ischemia—the driving force for the development of a compartment syndrome. The important variable has been found to be the gradient between diastolic blood pressure and compartment pressure.

37] [38]

Fasciotomy is recommended when measured compartment pressure is within 20 to 30 mm Hg of diastolic blood pressure.[

58]

One of the first manifestations of the pathophysiologic mechanisms that produce compartment syndrome is venous outflow obstruction: Compartment syndrome cannot exist without derangements of venous flow dynamics. Jones and coworkers[

pointed

[59]

showed that loss of normal
out that venous duplex scanning focused on the tibial veins might be an accurate means of indirectly determining the presence of compartmental hypertension. Subsequent experimental work by Ombrellaro and colleagues
respiratory venous phasicity correlates well with elevated tissue pressure. Although duplex scanning of the veins by itself cannot confirm the presence of pathologically increased tissue pressures, the finding of normally phasic tibial venous flow on duplex
scanning of a calf muscle compartment effectively rules out elevated tissue pressures in that compartment.
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61]

Additional noninvasive modalities providing data to support the diagnosis of compartment syndrome have been suggested, including near-infrared spectroscopy,[ ] laser Doppler flowmetry,[
experimental, and such data should not be used independently to exclude the presence of compartment syndrome, but rather to provide corroborative evidence that it does exist.

62]

and tissue tonometry.[

These approaches are

TREATMENT
Fasciotomy

63]

Failure to recognize the presence of compartment syndrome or to manage it in timely fashion frequently results in limb loss and is a common source of medicolegal litigation.[

[64]

decompression by complete dermotomy and fasciotomy. The operative procedure should include all four compartments in the leg or both (some authors say three
are treated by complete decompression using a longitudinal incision over the affected compartment.

The proper management of established compartment syndrome is

) compartments in the forearm. Other compartment syndromes (e.g., foot, hand, or thigh)

The sole purpose of fasciotomy is to release compartment hypertension and prevent necrosis of compressed tissue. It is effective only if performed correctly and in a timely fashion. Early decompression of well-perfused tissue that was previously severely
ischemic is preferable. We usually perform decompressive fasciotomy at the time of revascularization, especially if significant neurologic symptoms were present in the affected limb preoperatively. A technically successful fasciotomy consists of the
following:
1. Complete incision of the skin overlying the affected compartments
2. Longitudinal incision of the entire fascia investing each of the compartments
3. Meticulous local wound care followed by complete closure (or coverage) when the swelling subsides

In the lower extremity, four-compartment fasciotomy of the calf can be performed through a single lateral incision, started one fingerbreadth anterior to the fibula and carried from just below the fibular head to just above the lateral malleolus. As shown in
Figure 74–1 , access to the anterior, lateral (peroneal), and superficial posterior compartments is straightforward after raising narrow skin flaps anteriorly and posteriorly. Access to the deep posterior compartment is best obtained distally, where the
gastrocnemius and soleus muscles become tendinous. The soleus muscle is dissected off the posterior aspect of the fibula, and the now-exposed fascia of the deep posterior compartment is incised easily. A simpler (albeit more invasive) technique for
decompression of the posterior compartments requires a separate medial incision one fingerbreadth posterior to the tibia ( Fig. 74–2 ). In our opinion, fibulectomy is not required for effective decompression of the calf musculature.

In the upper extremity, a single curvilinear volar incision starting just above the antecubital fossa and ending at the palm of the hand effectively decompresses all of the forearm muscle compartments. The anatomy of the forearm musculature allows effective
compartment release with a single fascial incision. Carpal tunnel decompression also must be performed.

Skeletal muscle viability is assessed by color, presence of arterial bleeding, and contraction to galvanic (electrocautery) stimulation. Muscle-relaxing anesthetic agents do not interfere with this response. Muscle that does not contract is not viable and should be
débrided. Additional
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Figure 74-1 Lower extremity fasciotomy via a single anterolateral incision. A, Lateral skin incision from the fibular neck to 3 to 4 cm proximal to the lateral malleolus. B, The skin is undermined anteriorly, and a fasciotomy of the anterior and lateral
compartments is performed. C, The skin is undermined posteriorly, and a fasciotomy of the superficial posterior compartment is performed. D, Interval between superficial posterior and lateral compartments is developed. Flexor hallucis longus muscle is
dissected subperiosteally off the fibula and retracted posteromedially. The fascial attachment of the tibialis posterior muscle to the fibula is incised to decompress the muscle. (Redrawn from Davey JR, Rorabeck CH, Fowler PJ: The tibialis posterior muscle
compartment: An unrecognized cause of exertional compartment syndrome. Am J Sports Med 12:391–397, 1984. From Azar AM: Traumatic Disorders. In Canale ST (ed): Campbell’s Operative Othopaedics, 10th ed. St. Louis, Mosby, 2003, p2453.)

Figure 74-2 Lower extremity fasciotomy via anterolateral and medial incisions. (From Janzing H, Broos P, Rommens P: Compartment syndrome as a complication of skin traction in children with femoral fractures. J Trauma 41:156, 1996.)
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Chapter 75 - Causalgia and Post-traumatic Pain Syndromes

ALI F. ABURAHMA MD
ROBERT B. RUTHERFORD MD

BACKGROUND
Post-traumatic pain syndromes, most often called causalgia or reflex sympathetic dystrophy (RSD), are some of the most poorly understood and frequently misdiagnosed entities encountered in clinical practice. These painful conditions can develop after
damage to peripheral nerves in a variety of settings. In susceptible patients, the initiating event may be relatively insignificant, even obscure. Although a discussion of the management of all types of post-traumatic pain is beyond the scope of this chapter, the
management of causalgia is relevant to the vascular surgeon for several reasons.
First, one form of causalgia is caused by ischemic damage to nerves secondary to delayed revascularization, and the vascular surgeon may injure peripheral nerves inadvertently during a revascularization procedure. Second, the vasomotor phenomena
associated with causalgia often cause such patients to be referred to a vascular surgeon. The associated vascular signs often convince the referring physician that he or she is dealing mainly with a painful vascular condition. Such a referral may be fortuitous
because although sympathectomy is now rarely used for vascular disease (see Chapter 85 ), vascular surgeons perfected this procedure and made it safe, and sympathectomy may provide the most dramatic and lasting relief from causalgia.

COMPLEX REGIONAL PAIN SYNDROME
Terminology and New Classification

43]
43
48
Although it was described in detail by Mitchell and colleagues in 1864,[ ] Paré [ ] may have reported the first case in the 16th

The term causalgia is derived from the Greek causos, meaning “heat,” and algos, meaning “pain” (i.e., burning pain).[

43]

century. Mitchell and colleagues’[

classic observations were made in the course of treating American Civil War soldiers with gunshot wounds of the extremities:

The great mass of sufferers described this pain as superficial, but others said it was also in the joints, and deep in the palms. If it lasted long, it was referred finally to skin alone. Its intensity varies from the most trivial burning to a state of
torture, which can hardly be credited, but which reacts on the whole economy, until the general health is seriously affected.
The part itself is not subject to an intense burning sensation, but becomes exquisitely hyperesthetic so that a touch or a tap of the finger increases the pain. Exposure to the air is avoided by the patient with a care which seems absurd, and
most of the bad cases keep the hands constantly wet, finding relief in moisture rather than in the coolness of the application.
As the pain increases, the general sympathy becomes more marked. The temper changes and grows irritable, the face becomes anxious and has a look of weariness and suffering. The sleep is restless, and the constitutional condition reacting
on the wounded limb exasperates the hyperesthetic state so that rattling of a newspaper, a breath of air, another’s step across the ward, the vibration caused by a military band, or a shock of the feet in walking, gives rise to increase in pain.
At last the patient grows hysterical if we may use the only term which covers the fact. He walks carefully, carries the limb tenderly with a sound hand, he is tremulous, nervous, and has all kinds of expedients for lessening the pain.

These early reports described incomplete peripheral nerve injury secondary to penetrating trauma (e.g., partial rather than complete transection) with subsequent burning pain, autonomic dysfunction, and “limb atrophy.” With time, symptoms of similar
severity were noted to occur subsequent to trauma of a less serious nature and even in the absence of obvious injury to a peripheral nerve. In 1973,

1066

49

Patman and colleagues[ ] consolidated the many terms that had appeared in the literature describing a variety of pain syndromes similar to causalgia, but of different causes, under the name mimocausalgia. This term, also derived from the Greek, means
“imitating causalgia.” Previously, it had been popular to refer to these syndromes as minor causalgia, in contrast to the full-blown symptom complex associated with incomplete nerve injuries, referred to as major causalgia. Other commonly used terms are the
following:
■ Minor and major traumatic dystrophy—describing the intensity of the syndrome when it develops after an injury that does not damage a peripheral nerve
■ Shoulder-hand syndrome—RSD that involves the entire upper extremity
■ Sudeck’s atrophy—a post-traumatic reflex dystrophy with bone involvement demonstrable on radiographs
Table 75–1 lists more than 40 terms from the literature that describe similar symptom complexes that are minor variations from the classic triad of burning pain, sympathetic dysfunction, and limb atrophy.

63

As a result of the confusion surrounding the various terms used to describe this syndrome, Stanton-Hicks and associates[ ] convened a consensus committee on the nomenclature of causalgia and RSD. The committee, which met in Orlando, Florida, in
November 1993, determined a need to revise the taxonomic system for RSD. It was agreed that the term RSD had lost all clinical or research utility because of its indiscriminate use without regard to diagnostic or descriptive criteria. The relationship to the
sympathetic nervous system was considered to be inconsistent, and the “reflex” implied by the name has never been shown. It also was suggested that the term dystrophy was used imprecisely and might not always be present. RSD also had become a
“nondiscriminating” diagnosis for patients
TABLE 75-1 -- Terms Used to Describe Causalgia and Post-traumatic Pain Syndromes
Acute atrophy of bones
Algodystrophy
Algoneurodystrophy
Causalgia
Causalgia-like states
Chronic segmental arterial spasm
Chronic traumatic edema
Disuse phenomenon
Homans’ minor causalgia
Major causalgia
Mimocausalgia
Minor causalgia
Mitchell’s causalgia
Painful osteoporosis
Peripheral trophoneurosis
Post-traumatic dystrophy
Post-traumatic fibrosis
Post-traumatic neurovascular pain syndrome

Post-traumatic osteoporosis
Post-traumatic pain syndrome
Post-traumatic painful osteoporosis
Post-traumatic spreading neuralgia
Post-traumatic sympathalgia
Post-traumatic sympathetic dysfunction
Post-traumatic sympathetic dystrophy
Post-traumatic vasomotor disorders
Reflex neurovascular dystrophy
Reflex dystrophy
Reflex dystrophy of the extremities
Reflex nervous dystrophy
Reflex sympathetic dystrophy
Shoulder-hand syndrome
Steinbrocker’s shoulder-hand syndrome
Sudeck’s atrophy
Sudeck’s osteodystrophy
Sudeck’s syndrome
Sympathalgia
Sympathetic neurovascular dystrophy
Traumatic angiospasm
Traumatic edema
Traumatic neuralgia
Traumatic vasospasm

8
showing a resistance to therapy for some elements of neuropathic pain.[ ]
23

The term complex regional pain syndrome (CRPS) was developed to replace causalgia and RSD. CRPS includes a spectrum of conditions that have similar clinical manifestations that often are grouped together for the sake of clinical utility.[ ] Hallmarks of
this syndrome include dysfunction and pain of duration or severity out of proportion to what might be expected from the initiating event. The cause of this pain syndrome and the underlying pathophysiology remain obscure; as a consequence, descriptors that
implied cause or mechanism (e.g., the role of the sympathetic nervous system) were excluded from the new nomenclature. The new classification is based on a descriptive method that should allow for future modifications as indicated by new scientific

8 63
findings.[ ] [ ]
A summary of the key features of CRPS is as follows:
1. Complex denotes the dynamic and varied nature of the clinical presentation, within a single person over time and among persons with seemingly similar disorders. It also includes the autonomic, cutaneous, motor, inflammatory, and dystrophic
changes that distinguish this syndrome from other forms of neuropathic pain.
2. Regional describes the wider distribution of the clinical symptoms and findings beyond the area of the original lesion; this is considered a key characteristic of the syndrome. The distal part of a limb usually is affected, but occasionally pain occurs in
other parts of the body (e.g., the face or torso) and may spread to other body parts.
3. Pain, the hallmark of CRPS, is out of proportion to the initiating event. The designation refers to spontaneous burning pain and thermally or mechanically induced allodynia.

Syndrome Types
Two types of CRPS have been recognized. Type I corresponds to the former term RSD; type II corresponds to the former term causalgia. The definitions of CRPS I and II contain criteria that exclude (1) pain and other findings that are physiologically,
anatomically, and temporally appropriate to some form of injury and (2) myofascial pain syndrome. The terms sympathetically maintained pain (SMP) and sympathetically independent pain (SIP) were considered, not as separate entities, but as descriptions of
types of pain that can be associated with a variety of pain disorders, including CRPS I and II.

63]
41
and Merskey and Bogduk,[ ] are as follows:

The diagnostic criteria for CRPS I (formerly RSD), as adapted from Stanton-Hicks and coworkers[
1.
2.
3.
4.

CRPS I follows an inciting noxious event.
Spontaneous pain or hyperalgesia/allodynia exists beyond the territory of a single peripheral nerve and is disproportionate to the initiating event.
Edema, skin blood flow abnormality, or abnormal sudomotor activity in the region of the pain have developed since the initiating event.
The diagnosis is excluded by the presence of conditions that otherwise would account for the degree of dysfunction and pain.
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The diagnostic criteria for CRPS II (formerly causalgia) are as follows:
1. CRPS II is a syndrome that results specifically from a nerve injury; otherwise, it is similar in all other aspects to CRPS I. Spontaneous allodynia or pain occurs that is not limited to the region of the injured nerve.
2. Since the original nerve injury, edema, temperature and skin blood flow changes, abnormal sudomotor activity, and motor dysfunction in the region of the pain have developed.
3. The diagnosis is excluded by the presence of conditions that otherwise would account for the degree of dysfunction and pain.
Etiology
Three precipitating causes of CRPS have been identified:
■ Traumatic (fractures, dislocations, sprains, crush injuries, burns, and iatrogenic injuries)
■ Nontraumatic (prolonged bed rest, neoplasms, metabolic bone disease, thrombophlebitis, myocardial infarction, and cerebrovascular accidents)
■ Idiopathic

6
50
Most cases of CRPS are post-traumatic. The proportion of nerve injuries that result in causalgia (CRPS II) ranges from 1.8% to 12%.[ ] The incidence of CRPS in trauma patients ranges from 0.05% to 5%.[ ] CRPS also has been reported in 0.2% to 11%
31]

of patients with Colles’ fracture[

17]
30
The incidence of CRPS in myocardial ischemia patients varies between 5% and 20%.[ ]

and in 12% to 20% of patients with hemiplegia.[

64

Chronic painful conditions of the upper extremity subsequent to myocardial infarction have been grouped into a category designated shoulder-hand syndrome. This category originally was described by Steinbrocker and coworkers, [ ] who pointed out that
15% of patients with myocardial infarction developed persistent pain in the shoulder, arm, wrist, or hand sometime during their recovery. It was concluded that many different states could result in reflex vasomotor disturbances, pain, muscle spasms, and
atrophy of the upper extremity and that the pathophysiologic mechanisms were related to afferent stimulation of an internuncial pool located within the spinal cord; this was thought to be the cause of reflex efferent sympathetic stimulation. In support of this
theory is the fact that prompt stellate ganglion blockade is effective in relieving the vasomotor abnormalities and the pain. The incidence of shoulder-hand syndrome has been reduced significantly, probably because of much more rapid postinfarct mobilization.

[30]
Pathogenesis
Many theories have been proposed to explain CRPS, but none has been accepted universally. Most were developed to explain the causalgia associated with nerve injury (CRPS II). The most popular theory is probably that of “artificial synapses” occurring at

18]

the site of a nerve injury, as first proposed by Doupe and colleagues.[

According to this theory, a “short circuit” occurs at the point of partial nerve interruption or demyelinization, which allows efferent sympathetic impulses to be relayed back along

6
afferent somatic fibers. Such an artificial synapse has been shown experimentally in crushed nerves,[ ] and the interruption of sympathetic efferent impulses may explain the warm, red, and dry extremity seen initially in cases of major causalgia. It also has
51]
71
The work of Walker and Nielsen[ ] in humans suggests the possibility of an artificial synapse. Stimulation of the

been shown that stimulation of a sensory nerve along its course makes the nerve more sensitive to the usual types of sensory stimuli.[

postganglionic sympathetics after upper thoracic preganglionic sympathectomy reproduces the causalgia for which the surgery was performed. No such pain was produced, however, in patients whose sympathectomy was performed for a condition other than

73]

causalgia. White and Sweet[

confirmed these findings.

6

One piece of evidence weighing against this theory was the demonstration that frequently nerve block with local anesthetic beyond the site of the nerve injury (and presumably beyond this artificial synapse) affords relief.[ ] Proponents of the artificial synapse
theory have countered, however, that the efferent sympathetic impulses that are short-circuited at the site of injury may not always be strong enough by themselves to cause retrograde propagation of impulses and that summation of these impulses, together

4
with other afferent somatic impulses, may be necessary. Barnes[ ] suggested that impulses at sympathetic-sensory fiber short circuits may travel in both directions. Proximally directed impulses would cause pain, and impulses directed distally would release
12]

“antidromic” substances, shown by Chapman and coworkers[

to lower the threshold for sensory stimuli, further increasing the sensory input.

Although these explanations seem plausible in cases of demonstrable nerve injury, obvious difficulties complicate extending them to explain the similar pain experienced without overt nerve injury (CRPS I). These theories do not explain the sympathetic
overactivity often seen in the later stages of this condition; the pain relief associated with intra-arterial injections of a peripheral adrenergic blocking agent, such as tolazoline hydrochloride; or the fact that, in early cases, relief of pain frequently lasts beyond
the duration of a sympathetic block. A convincing hypothesis for the mechanism of CRPS I also must explain the modification of pain by emotional and sensory stimuli and the relief of pain by contralateral sympathectomy after failure of an apparently

53

35]

adequate ipsilateral sympathectomy.[ ] The hypothesis also must be compatible with the relief of pain by spinal anesthesia below the sympathetic-lumbar outlet and before sympathetic blockade response.[
sympathectomy in some long-standing cases.

35]

In the late 1930s, Livingston[

Finally, it must explain the failure of

proposed that in causalgia there is a “vicious cycle of reflexes” consisting of three components:

1. Chronic irritation of a peripheral sensory nerve with increasingly frequent afferent impulses
2. Abnormal heightened activity in the “internuncial pool” in the anterior horn of the spinal cord
3. Increased efferent sympathetic activity

66]

This theory was supported experimentally by Toennie’s[

demonstration that individual stimulation of more than
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one third of the afferent fibers of a cat’s saphenous nerve produced not only related impulses cephalad from the spinal center, but also impulses directed back down efferent fibers, including sympathetics. Livingston’s theory explains many characteristics of

18

CRPS I that cannot be resolved by the artificial synapse theory of Doupe and colleagues.[ ] In particular, it accounts for the high incidence of sympathetic “overactivity” observed in these patients and for the modifying effect of emotional or sensory stimuli,
all of which could act by heightening the background activity in this internuncial pool. It should follow that anything that breaks this vicious cycle, be it interruption of sympathetic efferents by spinal anesthesia or interruption of somatic nerve conduction,

70

could relieve pain. This latter theory enjoyed only a brief wave of enthusiasm, however, probably because it did not conform to the classic concepts of sensory perception originally proposed by von Frey.[ ] According to von Frey, individual receptors exist
for pain, touch, warmth, and cold, and these sensations involve simple transmission of a sensory impulse up a modality-specific peripheral nerve fiber, followed by relay from the spinal center to the brain via the spinothalamic tract.

Modern neurophysiology has advanced far from the attractive but simplistic views of von Frey, and although new knowledge has not supported a return to Livingston’s concepts, it has shown that the responsible mechanisms are complex. Further

65

understanding has spawned the “gate control” theory of pain mediation.[ ] In the substantia gelatinosa of the dorsal horns of the spinal cord, the synapses between the peripheral nerves and the synapses that relay their impulses up the long tracts to the brain
are modulated by sympathetic input. Simplified for the sake of explanation, it is as if a gate existed at this point of relay and transmission that controls the relationship between the number or frequency of incoming peripheral impulses and the number or
frequency of outgoing pulses reaching the brain. High-frequency stimulation of the latter pathways in awake patients is perceived as burning pain. When the gate is open—an effect of increased sympathetic activity—sensations of touch or pressure, which
normally would result in lower frequency impulses being relayed to the brain, instead might be perceived as burning pain because of the higher frequency of the impulses getting through the open gate. This theory is still under study and is expected to undergo
modifications and definition over time, but it does offer an explanation not only for causalgia and the role of sympathetic tone (the susceptible patient, the associated peripheral sympathetic activity, and relief by sympathectomy, which closes the gate), but also
for other heretofore unexplained observations (e.g., variations in “pain threshold,” relief by transcutaneous nerve stimulators, and the apparent benefit of acupuncture in “receptive” persons).

57]

A few studies have reviewed the mechanisms underlying the plasticity of dorsal root ganglia and dorsal horn neurons that lead to central pain from a peripheral nerve injury.[

57]

In a neurologic review, Schwartzman and associates[

indicated that there is

evidence that points to molecular changes in the nociceptive terminals, ectopic firing of afferent pain fibers at the level of the dorsal root ganglia, and physiologic changes of the N-methyl-D-aspartate receptor that cause chronic nociceptive pain. These

investigators concluded that central sensitization is the physiologic manifestation of several severe, peripherally induced pain states. They also concluded that it is maintained by nociceptive input and a physiologic change in the N-methyl-D-aspartate
receptor. The central sensitization consists of (1) hypersensitivity at the site of injury; (2) thermal hyperalgesia; (3) hyperpathia; (4) mechanoallodynia; (5) extraterritoriality in the case of CRPS; and (6) associated neurogenic inflammation, autonomic

57]

dysregulation, and motor phenomena.[

SYMPATHETICALLY MAINTAINED PAIN AND SYMPATHETICALLY INDEPENDENT PAIN
The terms SMP and SIP describe not separate disorders, but rather the types of pain that can characterize a variety of pain syndromes, including CRPS I and II. The role of the sympathetic nervous system in the pain associated with CRPS is unclear. Because
of poor understanding of the pathophysiologic mechanisms, it was decided that words that had mechanistic connotations, such as those involving the sympathetic nervous system, would not be included in the new nomenclature for CRPS.

54]
More recently, the term SMP has been used to describe the pain maintained by sympathetic efferent innervation, circulating catecholamines, or neurochemical
[11]

SMP originally was described as a pain state maintained by the sympathetic nervous system.[

SIP refers to pain states not sustained by the sympathetic nervous system. SMP may vary over time,
action. SMP denotes pain that can be relieved by pharmacologic blockade or local anesthetic block of the sympathetic ganglia that serve the painful area.
and a patient may have a pain syndrome in which part of the pain is sympathetically maintained and another part is sympathetically independent (i.e., the patient can have SIP and SMP at the same time). Alternatively a patient may have SMP at one time and

23]

SIP later.[

23]

Haddox [

indicated that an important aspect of the role of autonomically mediated pain is that it may be a feature of several types of painful entities and is not a requirement of any one type. SMP and SIP may include, but are not limited to, CRPS,

63

phantom pain, herpes zoster, neuralgias, and metabolic neuropathies.[ ] SMP may or may not be present in a patient with CRPS. CRPS has strict inclusion criteria, but the presence or absence of SMP is not one of them. SMP is not synonymous with CRPS I
or II. Provision has been made for some conditions to be present in several variants (e.g., nerve injury plus CRPS II or nerve injury with SMP in which sympathetic block relieves some of the pain), but the presentation does not contain features sufficient for

8
the full CRPS diagnosis.[ ]
Clinical Presentation and Diagnosis

19]

Drucker and colleagues[

divided the natural history of post-traumatic pain syndromes into three clinical stages:

■ Stage 1, acute: The clinical course is characterized by warmth, erythema, burning, edema, hyperalgesia, hyperhidrosis, and, after a few months, patchy osteoporosis. At this stage, a good result can be expected with Bier block or chemical
sympathectomy, one that often lasts longer
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than the normal duration of the block. Spontaneous resolution may occur in this stage, particularly with therapeutic support (see later section on treatment); the clinical course is reversible.
■ Stage 2, dystrophic: The clinical course is marked by a good response to sympathetic block, symptoms are present for a fixed interval, and spontaneous resolution is rare. Characteristics include coolness and mottling of the skin; cyanosis; brawny
edema; dry, brittle nails; continuous pain; and diffuse osteoporosis. At this stage, not only is a bone scan “positive,” but also changes in bone structure usually are seen on plain films.
■ Stage 3, atrophic: Pain always extends beyond the area of injury, and florid trophic changes occur, including atrophy of the skin and its appendages and fixed joint contractures. Radiographs show severe demineralization and ankylosis.
Although these stages oversimplify the condition, they provide a framework for diagnosis, treatment, and prognosis for CRPS. Among patients who are in stage 1 or 2, prompt treatment may produce permanent relief of pain, and stage 1 patients may not even
need sympathectomy. For patients in stage 3, the likelihood of a poor result is greater, and sympathectomy may not give lasting relief.

7 59

CRPS I can occur in any age group, with a female-to-male ratio of 2:1. Although CRPS I has been reported in children,[ ] [ ] it is not as disabling as in adults, with minimal radiographic or bone scan changes, and the response is usually better with
conservative therapy. Persistent pain out of proportion to that expected from the initial extremity injury is an important clue in the diagnosis of CRPS I.

22]

The consensus committee that met in Orlando in 1993 were unable to develop a uniform list of symptoms and signs because of the variability of the clinical criteria.[
symptoms and signs of CRPS:

74]

The following criteria, which were adapted from Wilson,[

can be used to describe the

1. Pain is a necessary symptom for the diagnosis of CRPS. The pain is located in the affected extremity and is disproportionate to what would be expected from the initial event. It may be spontaneous or evoked and usually is reported as burning or
diffuse pain. It is not consistent with the distribution of a peripheral nerve, even if the initial injury involved such a nerve. This important feature distinguishes CRPS from pain of other causes and from more specific neuropathic pain disorders. The
pain may be reported as throbbing or aching, intermittent or continuous, and exacerbated by physical or emotional stresses. The patient often adopts a protective posture to protect the affected extremity.
2. Sensory changes usually are reported at some stage and include allodynia and hyperesthesia in the region of the pain. Allodynia may occur in response to thermal stimulation (cold or warm), deep pressure, light touch, or joint movement.

3. Sympathetic dysfunction is reported as a sudomotor or vasomotor instability in the affected extremity compared with the unaffected extremity. This dysfunction may vary in severity from time to time, and the patient may report that the extremity is
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warm and red or cold and blue, purple, or mottled. Veldman and associates[ ] reported that 92% of patients had altered skin temperature. Sweating, particularly of the palms or soles, may be reported as increased, decreased, or unchanged. Normal
sympathetic function may be present at certain times.
4. Swelling may be reported at any stage of the syndrome. This swelling is typically peripheral and may be intermittent or permanent and may be exacerbated by the dependent position of the extremity. There also can be pitting or brawny edema.
5. Trophic changes of the skin may be reported later in the course of the syndrome. The nails may be atrophic or hypertrophic. Hair growth and texture may be decreased or increased, and the skin may become atrophic.
6. Motor dysfunction may include dystonia, tremor, and loss of strength of the affected muscle groups. Joint swelling and stiffness also may be reported, particularly of the digits.
Comprehensive Clinical Evaluation
With the foregoing features in mind, the clinical evaluation can be enhanced by focusing on particular aspects or using adjunctive tests, as follows:
1. Sensory examination: Allodynia may be evaluated by applying non-noxious stimuli to the affected extremity (warm, cold, light touch, deep pressure, joint movement) and comparing sensory reports from the affected extremity and a normal
extremity. Hyperalgesia can be evaluated by applying noxious stimuli and comparing sensory reports from a normal area and the painful area.

56]
21
37
or quinizarin or cobalt blue testing[ ] or as part of the quantitative sudomotor reflex test,[ ] which measures resting sweat output by hygrometry and changes

2. Sudomotor examination: Resting heat output may be estimated by skin impedance[

38

3.
4.
5.
6.
7.

evoked by iontophoresis of acetylcholine into the skin.[ ]
Vasomotor examination: Simultaneous temperature measurements of the affected and unaffected extremities are taken at corresponding anatomic sites. The temperature of the digit pads, palms and soles, and forearms and calves can be measured
with noncontact thermometry or thermography. Serial measurements should be taken because peripheral temperatures vary widely under normal circumstances. Skin perfusion can be evaluated visually or by pulse oximetry.
Edema: Edema generally is judged by clinical impression by comparing one extremity with the other because most volume displacement methods, which provide quantitative estimates of the extent of the edema and allow objective measurement of
the results of treatment, can be cumbersome.
Trophic changes: The skin, hair, and nails of the two sides are compared.
Motor dysfunction: The presence of dystonia, tremor, and changes in strength can be measured clinically. Objective measurements should be taken (e.g., apposition and opposition pinch strength, grip, weight bearing on lower extremity).
Psychological changes: No psychometric instrument has been validated for the treatment of CRPS. The psychiatrist or psychologist generally uses familiar instruments as part of the initial assessment and follow-up.
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TABLE 75-2 -- Diagnostic Criteria for CRPS I
CLINICAL SYMPTOMS AND SIGNS

LABORATORY RESULTS

INTERPRETATION

Burning pain

Thermometry or thermography

If total number of positive findings is:

Hyperpathia or allodynia

Bone radiography

>6: CRPS I probable

Temperature or color changes

Three-phase bone scan

3–5: CRPS I possible

Edema

Quantitative sweat test

<3: CRPS I unlikely

Hair or nail growth changes

Response to sympathetic block

52]

The clinical features are summarized in Table 75–2 and Figure 75–1 .[

16] [32] [33]

Radiologic findings of CRPS may take many weeks or months to develop. Osteoporosis and abnormal bone scans (measured by technetium 99m) can be found in most cases of CRPS.[
are usually increased, but occasionally they are diminished.

Asymmetric blood flow is usually seen; flow and uptake

The diagnosis of CRPS II is certain when the clinical presentation includes superficial burning pain in the distribution of a single somatic sensory nerve, hyperesthesia, vasomotor abnormalities, radiographic evidence of osteoporosis, and a good response to
sympathetic blockade. In CRPS I, certain clinical features may be minimal or absent, although the response to sympathetic block may still be a reliable sign. The ultimate relief obtained by surgical sympathectomy can be predicted by careful documentation of
the response to a “one-shot” local anesthetic sympathetic blockade.

Studies on the external and internal validity of the International Association for the Study of Pain criteria suggest that patients should have at least one symptom in each of the following general categories—sensory (hyperesthesia), vasomotor abnormalities

(temperature or skin color abnormalities), sudomotor-fluid balance (edema or sweating), or motor dysfunction (decreased range of motion, weakness, tremor, or neglect)—and at least one sign within two or more of the following categories—sensory
(allodynia or hyperalgesia), sudomotor-fluid balance (objective edema or sweating abnormalities), vasomotor abnormalities (objective temperature or skin color abnormalities), or motor abnormality (objective decrease of range of motion, weakness, tremor, or

10] [24]

neglect).[

Diagnostic Sympathetic Block

The validity of a clinical diagnosis of CRPS may be strengthened greatly by a positive response to sympathetic blockade. Patients should be encouraged to quantify the degree of pain relief experienced (e.g., 100% relief, 50% relief). The degree of pain relief a

1
patient experiences with such a block is an excellent predictor of how much relief can be expected from surgical sympathectomy.[ ] Some caution should be exercised here, however, because sympathectomy can afford some degree of nonspecific relief of
9 36
almost any pain, including ischemic pain.[ ] [ ] CRPS pain usually is dramatically relieved by sympathetic blockade (e.g., almost always 75% to 100% relief), whereas relief of pain of other causes is usually only mild to moderate (25% to 50% at most).
Differential Diagnosis

In the differential diagnosis of post-traumatic pain, one of the most important alternatives is nerve entrapment. Causalgia-like pain may occur if a nerve is caught in a

Figure 75-1 Clinical features of complex regional pain syndrome type I (reflex sympathetic dystrophy) (CRPS I [RSD]).
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Chapter 76 - The Chronically Ischemic Leg:

An Overview

K. WAYNE JOHNSTON MD FRCS(C)

During the past 50 years, vascular surgeons have made outstanding progress in treating patients with chronic ischemia of the lower extremities by developing an understanding of the natural history of the disease; using multiple diagnostic methods;
developing, applying, and evaluating new therapeutic options; and following up the patient to detect treatable graft abnormalities that may lead to failure. Although atherosclerosis is the most common cause of chronic limb ischemia, other conditions, including
popliteal artery entrapment, mucinous cystic degeneration, Buerger’s disease, abdominal aortic coarctation, peripheral emboli, fibrodysplasia, pseudoxanthoma elasticum, persistent sciatic artery, iliac artery syndrome of cyclist, and primary arterial tumors,
may be present. Risk factors associated with atherosclerosis include smoking, diabetes, hypertension, lipid abnormalities, family history of atherosclerosis, and elevated homocysteine levels. Atherosclerosis may be aggravated by hypercoagulable states
(especially in younger patients), polycythemia, and reduced cardiac output. This overview highlights some of the important issues raised in the chapters in this section.

NATURAL HISTORY ( Chapter 77 )
Peripheral arterial occlusive disease (PAOD) presents as a clinical spectrum—an asymptomatic disease, claudication, or critical ischemia. Most patients are symptom-free or have only mild claudication. Claudication generally is associated with a favorable
natural history. Overall, approximately one in four patients complain of increasing symptoms over time, revascularization is required in less than 20% of patients at 10 years, and the amputation rate is 1% to 7% at 5 to 10 years. The natural history is less
favorable if the ankle-brachial blood pressure index is low, the patient continues to smoke, or the patient has diabetes (especially if it is poorly controlled).
The TransAtlantic Inter-Society Consensus (TASC) conference defined critical limb ischemia as persistent, recurring ischemic rest pain requiring opiate analgesia for at least 2 weeks, ulceration or gangrene of the foot or toes, and ankle systolic pressure less
than 50 mm Hg or toe systolic pressure less than 30 mm Hg (or absent pedal pulses in patients with diabetes). Most, but not all, patients with rest pain or tissue necrosis have limb loss. Small ulcers may heal with aggressive local management, and intermittent
rest pain or night pain may improve with the development of collaterals or improvement in cardiac hemodynamics.
The mortality rate associated with patients who have claudication is 50% at 5 years, and for patients with critical limb ischemia, the rate is 70%. This high mortality rate is most commonly associated with cardiac disease and is generally unrecognized by
clinicians. Consequently the opportunity for risk factor or cardiac intervention may be overlooked.

NONOPERATIVE TREATMENT ( Chapter 77 )
Atherosclerosis Management
Atherosclerosis risk factor management is an important strategy in reducing the high mortality rate associated with PAOD. Studies have shown that these patients are often
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poorly managed with regard to smoking cessation; treatment of hyperlipidemia; and management of hypertension, diabetes, and other possible contributing factors, including hyperhomocysteinemia, hypercoagulability, and hyperfibrinogenemia. Antiplatelet
treatment usually should be recommended for patients with PAOD to reduce the risk of myocardial infarction, stroke, and death due to vascular disease.
Treatment of Peripheral Arterial Occlusive Disease
Exercise therapy for the treatment of claudication has been shown to improve walking distance and quality of life. To date, only two agents are currently approved by the U.S. Food and Drug Administration: pentoxifylline and cilostazol. These and other drugs
are discussed in this chapter.

EVALUATION OF PATIENTS WITH LOWER LIMB ARTERIAL OCCLUSIVE DISEASE ( Chapter 78 )
A careful structured history and thorough physical examination of the patient usually reveal claudication and distinguish it from musculoskeletal disorders and neurologic abnormalities, including the most difficult differential diagnosis, spinal stenosis. Clinical
evaluation also determines the severity of the PAOD and the relative disabilities from cardiorespiratory problems and other diseases. The symptoms of critical ischemia are usually straightforward, but in some cases it may be difficult to distinguish rest pain
and night pain from the discomfort associated with neuropathy. Because patients with PAOD have a high probability of having other significant atherosclerotic lesions, clinical and laboratory investigation of cardiac, carotid, and atherosclerotic risk factors is
important. Diagnosis and management of hypercoagulable states is important.
Noninvasive procedures form the basis for the initial evaluation and follow-up of patients with PAOD. If intervention is considered on the basis of the severity of the patient’s symptoms, comorbid conditions, and location and severity of the arterial occlusive
disease, detailed evaluation of the site and severity of PAOD can be determined by more detailed noninvasive studies, contrast arteriography, computed tomography angiography, or magnetic resonance angiography (MRA), depending on the tests that are
available and their suitability for evaluating the individual patient’s disease.
Because atherosclerosis is generally a progressive disease, clinical and vascular laboratory follow-up is justified. For patients who undergo intervention, a surveillance program is particularly important to detect a failing intervention rather than a failed
procedure and to correct it, if feasible.

DIRECT RECONSTRUCTION FOR AORTOILIAC OCCLUSIVE DISEASE ( Chapter 79 )
Although 5% to 10% of patients have truly localized aortoiliac disease, most patients with disabling claudication or critical ischemia have diffuse involvement and usually a combination of aortoiliac and infrainguinal disease. Patients with PAOD localized to
the aortoiliac segment often do well with conservative management because of the potential for the formation of excellent collaterals. For patients with disabling claudication or critical ischemia, percutaneous catheter-based intervention may be feasible and is
associated with good long-term results when the arterial disease is localized or when there is direct aortic reconstruction or extra-anatomic bypass grafts (see Chapter 80 ). The decision between an aortobifemoral bypass graft and an extra-anatomic graft is
based on the patient’s age and expected length of survival, which must be balanced against the better long-term patency rate associated with an aortobifemoral bypass graft.
In Chapter 79 , Brewster emphasizes several important technical points: The proximal anastomosis should be close to the renal arteries, where atherosclerotic disease is usually less severe; end-to-side anastomosis is indicated when there is coexisting
aneurysmal disease and complete occlusion extending up to the renal arteries; side-to-side anastomosis is preferable if accessory renal arteries are present or it is necessary to maintain the patency of a large inferior mesenteric artery, or if the external iliac
arteries are diseased, it is important to maintain internal iliac flow; and when the superficial femoral artery (SFA) is occluded, any stenosis of the profunda femoris artery must be detected and corrected with a profundaplasty. There are several other important
technical considerations: retroperitoneal approach, laparoscopy, the problem of dealing with the calcified or small aorta, and management of associated renal and mesenteric artery disease.
In patients with multilevel disease, an inflow repair usually provides good symptomatic relief if the aortoiliac involvement is hemodynamically significant. Synchronous proximal and distal reconstruction may be necessary in uncommon cases, however, when
patients have advanced limb-threatening ischemia and particularly if the aortoiliac involvement is only of modest severity. Prevention and management of early complications (e.g., hemorrhage, limb ischemia, renal failure, intestinal ischemia) and late
complications (e.g., graft occlusion, infection, aortoenteric fistula) are discussed. With proper patient selection and a carefully performed aortobifemoral bypass graft by an experienced vascular surgeon, the perioperative mortality rate is 3% to 4%, and graft
patency is 85% to 90% at 5 years and 70% to 75% at 10 years on the basis of the results of several large series.

EXTRA-ANATOMIC BYPASS ( Chapter 80 )
Extra-anatomic bypass grafts provide an alternative to the higher risk associated with direct arterial reconstruction in patients with significant ischemic symptoms who have major co-morbid conditions. These grafts also are considered when an aortic
replacement would be technically difficult because of a “hostile abdomen” or is contraindicated because of an intra-abdominal infection or other disease. These procedures are used to revascularize the extremities in association with the removal of an infected
prosthetic aortic graft. In general, the long-term results are less satisfactory than the results with an aortobifemoral bypass, and consequently the procedure is rarely indicated for claudication.
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Femorofemoral Bypass
Femorofemoral bypass is useful to treat patients who have thrombosis of the limb of an aortobifemoral bypass or have unilateral disease. Before surgery, careful assessment of the donor vessel is important to confirm that it is “normal.” A papaverine test may
be necessary in addition to clinical, noninvasive, and angiographic assessment. If the donor iliac artery has a lesion that is favorable for angioplasty (e.g., a short common iliac stenosis), it is reasonable to proceed with angioplasty and a femorofemoral bypass.
The results depend on patient selection. The mortality rate averages 3%, and at 3 to 5 years, the primary and secondary patency rates are 60% and 70%.
Axillofemoral Bypass
Despite the enthusiasm for axillofemoral bypass among a few authors, most continue to view this operation as most appropriate for patients who are not candidates for iliac angioplasty and are at high risk for aortobifemoral bypass or as part of treatment for
infection of the native aorta or previously placed aortic prostheses. It is usually possible to determine if a donor axillary artery is normal by noting that the upper extremity blood pressures are equal and Doppler waveforms are normal without evidence of
disturbed flow. Occasionally, MRA or contrast angiography may be necessary.
Generally, vascular surgeons believe that an axillobifemoral bypass graft has a superior patency rate compared with an axillo-unifemoral graft; however, despite the higher blood flow velocity in a bifemoral graft, many authors have found little or no
improvement in patency rates. Externally supported grafts may prevent physical compression, but there is no solid evidence to support their use.
Reports on the results of this procedure are extremely variable because multiple groups of patients are usually included. Patients undergoing axillofemoral bypass as part of the treatment for infection of the aorta or an aortic prosthesis or for aortoenteric fistula
tend to have high perioperative morbidity and mortality rates, but survivors tend to have better patency than patients who undergo the operation for chronic arterial occlusive disease. For patients with occlusive disease, the patency rate depends on the severity:
40% 3-year primary patency rate for patients with critical ischemia and 85% patency rate for patients with claudication.
Obturator Bypass
Obturator bypass is a technically challenging procedure that may be useful when there is infection in the groin (prosthetic bypass graft, access graft, false aneurysm from drug injection or diagnostic cannulation) or occlusive disease from groin irradiation. The
bypass originates from the iliac artery or from the limb of an aortobifemoral bypass graft, but only if the graft is uninfected and is incorporated. It passes through the obturator canal and most commonly is anastomosed to the distal SFA or popliteal artery, but
it can be anastomosed to the deep femoral artery. The latter case is not usually feasible because of the risk of entering the infected groin.
Thoracofemoral Bypass
The indications for this bypass include replacement for an infected aortic prosthesis or a failed aortobifemoral bypass graft. If the patient is fit for thoracotomy, the long-term results of the thoracofemoral bypass have proved to be comparable to results of an
aortobifemoral bypass.

INFRAINGUINAL BYPASS ( Chapter 81 )
Chapter 81 describes the indications, patient selection, techniques, and results of infrainguinal bypass grafts for the treatment of arterial occlusive disease, but excludes traumatic, aneurysmal, and nonatherosclerotic indications. Significant advances have
resulted in improved results, especially for patients with critical limb ischemia who otherwise usually would face amputation.
Extensive evaluation of the patient’s general status is problematic in patients with critical limb ischemia because these patients have a high probability of having significant underlying cardiac disease and require prompt intervention to avoid amputation.
Postponing infrainguinal bypass to allow further cardiac evaluation is recommended only in the presence of unstable or poorly controlled angina, recent myocardial infarction, poorly controlled congestive heart failure, or symptomatic or untreated arrhythmia.
Nearly all patients in whom infrainguinal bypass is indicated have suitable target vessels if diagnostic angiography is performed properly. In some cases, it may be necessary to perform intraoperative angiography or selective exploration of dorsal pedal or
distal posterior tibial arteries if flow is detectable by Doppler or duplex imaging.
Assessment of the availability and quality of autogenous veins with duplex mapping is important preoperatively. If the ipsilateral greater saphenous vein (GSV) is absent, unsuitable, or of insufficient length to perform the anticipated bypass, the contralateral
GSV, lesser saphenous vein, and upper extremity veins are scanned to detect the location and quality of an available vein. Contralateral GSV should be harvested if necessary because it is necessary for future bypass surgery in no more than 20% to 25% of
patients. Superficial femoral vein is occasionally useful for shorter bypasses but is difficult to harvest. If the adequacy of the inflow is in question, it can be assessed by the direct measurement of intra-arterial pressure before and after the administration of intraarterial papaverine.
Significant occlusive disease involving the common femoral origin and proximal deep femoral artery should be addressed at the time of the infrainguinal bypass whenever the bypass is to originate from the common femoral artery. The general principle of
infrainguinal reconstruction is to bypass all hemodynamically significant disease and to insert the bypass to the most proximal limb artery that has at least one continuous runoff artery to the foot.
Autogenous veins should be used whenever possible for infrainguinal bypass. Other options are less satisfactory but may be necessary in selected patients, including polytetrafluoroethylene (PTFE), human umbilical vein, radial artery, and cryopreserved vein
grafts. For long bypasses, ipsilateral GSV, contralateral GSV, and spliced vein are recommended in decreasing order of preference. If only 5 to 15 cm of extra length is required and a more distal origin site is not feasible, eversion endarterectomy of the SFA
with anastomosis to the available vein segment is a useful technique that avoids the harvesting and splicing of additional vein. For
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shorter bypasses, arm vein or lesser saphenous vein is effective. If vein is truly unavailable, PTFE and Dacron are the best options for above-knee bypass. If the improved results with heparin bonding are confirmed, heparin-bonded Dacron may become the
preferred conduit for above-knee bypass in the absence of suitable vein. For infrageniculate insertion sites, PTFE with distal anastomotic modification (cuff, boot, or patch) is recommended if vein is unavailable. Randomized prospective trials show
equivalence between in-situ and reversed vein conduits. The use of these techniques is dictated by operative considerations and surgeon preference and experience.
Intraoperative objective assessment of the bypass graft is recommended with completion angiography or duplex scanning. For in-situ or on reverse grafts, duplex scanning may be more sensitive than angiography. Toe or forefoot amputations or major wound
amputations generally are delayed for 4 to 10 days to allow clear demarcation and maximization of the reperfusion. If a graft fails in the early postoperative period, it is important to identify and correct the underlying cause, such as anastomotic abnormalities,
a local flap, an injury from a vascular clamp, a poor conduit, or inadequate outflow. If no cause can be identified, the prognosis for long-term patency is poor.
Regular surveillance by the measurement of ankle-brachial blood pressure index and duplex scanning improves patency by detecting graft abnormalities, which occur in approximately 30% of patients with vein grafts and threaten graft patency. In the first 1 to
2 years, intimal hyperplasia is the most common abnormality, but at later intervals, inflow lesions, outflow lesions, or both develop. The decision to carry out a primary amputation rather than revascularization is a complex one, but may be the appropriate
option for elderly patients with critical limb ischemia who are living in nursing facilities and are minimally ambulatory.

PROFUNDAPLASTY ( Chapter 82 )
With good results from a distal bypass operation, the importance of profundaplasty sometimes has been overlooked. When the SFAs are occluded, the profunda femoris artery serves as the primary collateral channel. When a significant stenosis of the profunda
femoris artery is present, a profundaplasty is carried out as an adjunctive procedure to provide maximal outflow for an inflow operation or to a proximal graft thrombosis. An isolated profundaplasty (usually with common femoral artery repair as well) may be
indicated for selected patients with critical limb ischemia who are not candidates for direct revascularization or in some patients to improve perfusion and permit healing of a below-knee amputation.
Accurate assessment of the severity of a profunda femoris artery stenosis can be difficult but is an important predictor of success. Duplex ultrasonography may show the stenosis, but usually oblique views from contrast angiography or MRA are necessary.
When carried out as an adjunctive procedure, intraoperative palpation of the profunda femoris artery and inspection of its origin through the common femoral arteriotomy is useful.
Patients undergoing profundaplasty are a heterogeneous group, and evaluation of the results is difficult. The mortality rate is low, and complications are infrequent. Because of the interruption of lymphatic vessels and division of lymph nodes that may be
necessary with the extensive dissection, however, edema, a lymphocele, or a lymphatic fistula is more common than with other groin procedures.

SECONDARY ARTERIAL RECONSTRUCTIONS IN THE LOWER EXTREMITY ( Chapter 83 )
Revision of an infrainguinal intervention may be necessary in the early stage (within 30 days) because of a technical error, insufficient inflow or outflow, a hypercoagulable state, reduced cardiac output, or hypotension or at a later stage because of the
development of intimal hyperplasia or progression of atherosclerotic disease. After graft thrombosis, the results of repeat intervention are poor, whereas repeat intervention for failing grafts is usually technically straightforward and the results have been good.
Regular follow-up is important, and further investigation is necessary if the patient reports a recurrent symptom, pulses are reduced, ankle-brachial index decreases, or duplex scanning shows an abnormality.
Chapter 83 reviews the multiple strategies and technical options for managing a thrombosed or failing graft, including autogenous and failed prosthetic grafts. For treating early failures, vascular surgeons should detect and treat the cause and critically evaluate
the graft by using an intraoperative arteriogram, duplex evaluation, or direct pressure measurements to rule out any gradient. When the treatment of a late graft failure is planned, complete angiography is important. Venography or duplex ultrasonography is
useful in predicting the length and diameter of residual venous segments. Surgical repair is usually the most durable, and re-operation includes a combination of “blind” or fluoroscopically guided thrombectomy along with endovascular treatment, segmental
graft replacement, or local repair. Alternatively, total replacement of the bypass graft with an autogenous or composite graft may be used. Some vascular surgeons think that thrombolysis may have a role if the patient’s limb is not severely ischemic and there
is time to permit this treatment. Catheter-directed thrombolysis may re-establish perfusion, may identify a lesion that can be treated percutaneously, and may clear thrombus from distal vessels that could not be opened surgically. Although the role of
percutaneous transluminal angioplasty for treating vein graft stenosis is controversial, it may be useful for treating short stenoses, particularly in an inaccessible part of the vein, or for managing some inflow and outflow stenoses.

ENDOVASCULAR SURGERY IN THE MANAGEMENT OF CHRONIC LOWER EXTREMITY ISCHEMIA ( Chapter 84 )
Endovascular approaches play an integral role in the management of chronic infrarenal atherosclerotic occlusive disease. Since the introduction of balloon angioplasty in the 1970s, significant advances have been made, including improved balloon technology;
development of digital
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subtraction arteriography; refinement of guide wires, catheters, and sheaths; the availability of stents, including covered stents and drug-eluting stents; and the application of thrombolytic therapy.
When a patient is evaluated, the greater risk of open surgery must be balanced against the lower durability and more limited applicability of endovascular treatment. The severity and distribution of the arterial occlusive disease usually can be determined
through the patient’s history and results of a physical examination, supplemented by noninvasive vascular laboratory tests. Arteriography is used for strategic planning of the revascularization and should be done so that it facilitates the performance of
endovascular treatment during the same procedure, if possible. Peripheral angioplasty is more likely to be successful if the lesion is a relatively short stenosis involving a proximal large artery localized to one artery segment that is associated with good runoff
and if the indication is claudication and the procedure is carried out by an experienced surgeon.
Technical details are considered in Chapter 84 and in Chapters 50 , 51 , 52 , 53 , 54 and include planning the puncture site; crossing the lesion; and performing angioplasty, stent placement, and completion angiography. Chapter 84 reviews the results and
complications for the treatment of aortic, aortic bifurcation, iliac, femoral popliteal, and distal arterial angioplasty and emphasizes the use of uniform assessment and reporting standards to improve the accuracy of reporting and facilitate comparisons among
studies. Catheter-based treatment has proved to be reliable and durable for the management of many patients with PAOD. Although laser angioplasty and atherectomy devices have not proved to be generally applicable, future advances may include the use of
drug-eluting stents and stent grafts.

LUMBAR SYMPATHECTOMY ( Chapter 85 )
Although sympathectomy has a relatively minor role in the treatment of a patient with severe inoperable PAOD, it may improve cutaneous nutritive blood flow and allow healing of small superficial ischemic ulcers or relieve mild rest pain or night pain.
Success is unlikely if an autosympathectomy has resulted from diabetes or another neuropathy, if the patient is severely ischemic and the peripheral arterial bed is already maximally dilated, or if the cutaneous ischemic lesion is large (sympathectomy increases
cutaneous blood flow only by a relatively small amount). Causalgia remains the best indication for sympathectomy. Cold-induced vasospasm can be treated with sympathectomy, but the long-term results are poor when occlusive disease is present. In other
cases, nonoperative treatment usually suffices. Sympathectomy is effective in the control of hyperhidrosis; in contrast to the upper extremities, involvement of the lower extremities rarely requires surgical treatment. Success is more likely if sympathetic blocks
have shown subjective and objective improvement.
For most clinical indications, L2 and L3 ganglionectomy is sufficient, but also removing L4 is advised to reduce the possibility of collateral reinnervation due to crossover fibers, which are found in 15% of patients at this level or L5. Overall, three lumbar
ganglia are most commonly found because of fusion of the L1 and L2 ganglia. Sympathetic innervation of the foot and lower leg is primarily conveyed through the L2 and L3 ganglia; the proximal leg region is primarily innervated from the L1 to the L4
ganglia. Percutaneous sympathectomy through the injection of phenol or absolute alcohol with three needles to the L2, L3, and L4 vertebral levels seems to produce a less complete and less durable effect. Experience with this technique in the United States
seems to be increasing. Small series of laparoscopic lumbar sympathectomy have been reported.

NONATHEROMATOUS CAUSES OF CHRONIC INFRAINGUINAL ISCHEMIA ( Chapter 86 )
In young patients without atherosclerotic risk factors, the following diseases should be considered when the patient has claudication: popliteal artery entrapment syndrome, adventitial cystic disease, fibromuscular disease, external iliac endofibrosis found in
cyclists, arteritis, embolus, and occlusive arterial lesions seen in pseudoxanthoma elasticum. Dorsiflexion and plantar flexion, along with pulse palpation, auscultation for a popliteal fossa bruit, ankle blood pressure measurements, and duplex ultrasound
studies, are useful. Popliteal occlusion with active plantar flexion can be seen on duplex scanning in more than 50% of healthy people. Computed tomography is useful for the detection of adventitial cystic disease, and magnetic resonance imaging or MRA has
been useful for diagnosis.
Popliteal Artery Entrapment Syndrome
More than half of patients with claudication who are younger than age 50 years have popliteal entrapment syndrome, and often it is bilateral. The anomaly is classified into four types; a fifth type is reserved for venous entrapment. A functional entrapment
diagnosed by a diffuse narrowing of the popliteal artery may be difficult to distinguish from the transitory compression or temporary occlusion that occurs in half the normal population with the extremes of plantar flexion or dorsiflexion. Passive dorsiflexion
of the foot and active plantar flexion against resistance may obliterate the pedal pulses or show a popliteal artery bruit. Surgical correction by division of the compressing muscle and tendinous bands is advised to prevent progressive fibrosis of the artery,
which leads to thrombosis or aneurysm formation. If thromboembolic complications have occurred, angiography reveals an irregular arterial lumen, or if the artery is thickened and nodular at the point of entrapment, arterial repair is advised. The indication for
surgery is far less clear when there is a functional entrapment.
Adventitial Cystic Disease
Although the cause is obscure, involvement of the popliteal, femoral, external iliac, and other arteries in proximity to joints by a cystic clear mucinous fluid collection in the adventitial layer raises the possibility that adventitial disease may be due to mucinsecreting cells derived from the mesenchyme of the adjacent joint that are included in the
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adventitia of the artery or vein during embryologic development. In a 15:1 ratio, men in their 30s and 40s are most commonly affected. If the artery is occluded, a bypass or interposition graft is necessary; however, cystotomy is the preferred treatment if total
evacuation can be accomplished. Percutaneous aspiration has a higher rate of recurrence.

MANAGEMENT OF FOOT LESIONS IN DIABETIC PATIENTS ( Chapter 87 )
Diabetic patients have a risk of amputation that is 15 times higher than nondiabetic patients. Several factors are contributory, including the higher prevalence of arterial occlusive disease, neuropathy, and infection. Patients with diabetes have an increased
propensity to atherosclerosis. Good blood glucose control, smoking cessation, and the use of statins and angiotensin-converting enzyme inhibitors are important.
Neuropathy sets the stage for pressure ulceration, unsuspected injury, and infection. Sensory neuropathy first manifests as loss of pain and temperature sensation even though light touch may be intact. Motor neuropathy first involves the innervation of the
intrinsic muscles of the foot, and without the influence of the lumbrical muscles, the strong flexor muscles cause the toes to draw up in a “claw” position and create pressure points under the metatarsal phalangeal joints and tips of the toes. Autonomic
neuropathy creates dry skin that is prone to cracks and fissures through the loss of eccrine gland function.
The neuroinflammatory response to injury is blunted. Normally, in response to injury, through the neuroinflammatory response, neuropeptides are released and cause vasodilatation, increased capillary permeability, and white blood cell migration to the site of
injury. Loss of neuroinflammatory response probably explains the blunted response to infection in the foot of a diabetic patient. Also, normal cellular and tissue functions are probably compromised in the foot of a diabetic patient.
A diabetic patient with a physiologically compromised foot requires more perfusion to resist ulceration and to respond to injury, and when an ulcer is present, revascularization is necessary. As a general rule, if a full-thickness skin ulcer of the foot occurs in a
patient with diabetes, and neither the dorsalis pedis pulse nor the posterior tibial pulse is easily palpable, arteriography should be performed. A continuous Doppler wave usually suffices to determine if the dorsalis pedis or posterior tibial artery signals are
triphasic. Noninvasive assessment with duplex ultrasonography or transcutaneous oxygen pressure is of little value in most patients. The authors of Chapter 87 report excellent results and emphasize the value of a bypass to the dorsalis pedis artery with
autogenous conduit, which can originate from any normal proximal artery. For healing of ulcers, the posterior tibial artery is the preferable target artery, but the dorsalis pedis artery also has proved to be effective.
Other issues must be addressed during treatment. When the foot has a deep infection, it is important to drain any abscess promptly and remove obvious necrotic tissue, in addition to bringing glycemia under control and initiating broad-spectrum antibiotic
treatment. After revascularization, additional débridement of infected or necrotic tissue may be necessary. For closure to be achieved, resection of bone and joints and muscle flaps may be necessary.

VASCULOGENIC IMPOTENCE ( Chapter 88 )
Penile erection results from an increase of arterial inflow into the corporeal bodies along with a reduction or cessation of venous outflow. This increased arterial flow is neurally mediated. When the penis is flaccid, the corporal smooth muscle and the
cavernosal arteries are contracted because of a normally present overriding adrenergic tone. The initiating event of penile erection is vasodilatation with progressive smooth muscle relaxation, facilitating increased arterial inflow, and an increase of
intracavernous pressure. With increased intracavernosal flow, a greater amount of oxygen is thought to stimulate nitric oxide synthesis by cavernosal nerves and endothelium. With full smooth muscle relaxation, the penile veins become obstructed because of
the occluding action of the subalbugineal smooth muscle.
Multiple factors contribute to impotence (erectile dysfunction), including arterial, neurogenic, psychological, endocrine, and metabolic factors and drugs. Arteriogenic impotence can result from large vessel aortoiliac disease and abnormalities of the distal
pudendal arterial supply. Intrinsic abnormalities of the penile arteries or smooth muscle also may cause impotence. Only a few men with the chief complaint of erectile dysfunction have aortoiliac disease, but vascular surgeons must recognize the importance
of preventing iatrogenic impotence at the time of aortic surgery.
Because erectile dysfunction is a symptom and not a single disease, there is no universally accepted approach to evaluation, diagnosis, and treatment. After a patient provides a complete history, including risk assessment, and undergoes a physical examination,
an accepted approach is patient goal directed. Detailed investigations are undertaken if simple measures, such as oral medications, intracavernous administration of vasoactive agents, or vacuum constrictor devices, prove ineffective. Duplex ultrasonography to
scan the penile vessels at intervals after intracavernous injection of vasoactive agents is often used before considering invasive procedures, such as highly selective pudendal arteriography and dynamic infusion cavernosometry and cavernosography, to
measure penile blood pressure and flow changes and detect sites of leakage. Nocturnal penile tumescence monitoring studies are not used routinely but can be useful when psychogenic impotence is suspected. Most patients now show a satisfactory response to
medical therapy, but it is suggested that approximately 6% to 7% of patients do not respond. The results of microvascular procedures for penile artery bypass, deep dorsal vein arterialization, and venous ligation do not justify their routine use for treatment of
erectile failure at this time.

MARK R. NEHLER MD
HEATHER WOLFORD MD
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Chapter 77 - Natural History and Nonoperative Treatment of Chronic Lower Extremity Ischemia

Vascular surgery is unique compared with other surgical subspecialties. In contrast to cardiothoracic surgery, oncologic surgery, and general surgery, there has not been a companion medical subspecialty that shares the nonoperative care of most of the
vascular patient population and provides significant patient referrals. Vascular medicine has established a role since the 1980s, but most vascular surgery practices in the United States outside of academic centers do not share patients with vascular internists. In

1
part as a result of this isolation of the specialty, referring physician understanding of peripheral arterial disease (PAD) is modest at best.[ ] For the foreseeable future, a large amount of the nonoperative care of vascular patients will be rendered by vascular
surgeons; a modern vascular practice will continue to include nonoperative management of chronic lower extremity arterial disease.

The morbidity and mortality associated with chronic lower extremity ischemia are unappreciated by physicians and patients. PAD affects approximately 10% of patients older than age 70, with the total number affected upward of 10 million. As a result of the
well-recognized aging of the U.S. population, the impact of PAD on health care will grow in the near future. Since the 1990s, much data have accumulated regarding risk factor reduction of cardiovascular events and pharmacologic and gene therapy for critical
limb ischemia (CLI) and claudication. This chapter reviews the natural history of chronic lower extremity ischemia. Approaches to risk factor modification and current pharmacologic therapies also are discussed briefly; both of these topics are covered in more
detail in other chapters.

STRATIFICATION OF CHRONIC LOWER EXTREMITY ISCHEMIA
Owing to the ubiquitous nature of degenerative joint and spine disease in the elderly, in combination with the prevalence of PAD in this population, much of the practicing vascular surgeon’s initial clinical evaluation is aimed at determining whether patients
referred with lower extremity pain actually have PAD and, if so, whether it is responsible for their symptoms. Chronic lower extremity ischemia represents a clinical spectrum. The two important variables are clinical symptoms and the measured circulatory
impairment. The traditional Fontaine classification system for lower extremity arterial occlusive disease groups patients by symptoms: I, asymptomatic; II, claudication; III, ischemic rest pain; and IV, ischemic ulceration/necrosis. Work by McDermott and

2 3 4 5 6
others[ ] [ ] [ ] [ ] [ ] has shown, however, that many patients considered “asymptomatic” have some degree of exertional leg pain, but not the classic symptoms of claudication. Likewise, although claudication and ischemic rest pain have typical

7
symptomatic complaints, patients with ischemic pedal ulceration and necrosis are a heterogeneous group with respect to extent of pedal involvement, severity of the necrotic process, and underlying etiology (e.g., trauma, pressure necrosis).[ ] All of these
factors are likely important in ultimate patient outcome and are only beginning to be investigated.

Despite marked advances in noninvasive imaging, the ankle-brachial pressure index (ABI) remains the most common tool used to diagnose PAD and stratify objectively the extent of occlusive disease. Population studies in PAD have shown that ABI

8 9 10
11
correlates with increased risk of limb loss and cardiovascular mortality.[ ] [ ] [ ] Conversely, a severe reduction in ABI without limb threat is not an indication for revascularization. Fowl and colleagues[ ] reviewed the course of 23 patients with an ABI
11]

less than 0.35 and no evidence of rest pain or gangrene. Over a period of 43 months, 50% of the patients remained clinically stable, and 10% had an improvement in symptoms.[

12]

Similar findings have been reported by Gertler and coworkers.[

Functional assessment of claudication in the office typically involves a measurement of walking distance. Claudication history typically has been reported as the number of blocks a patient can walk on level ground at a normal speed without having to stop,
although more recent trials have shown that patients are frequently poor judges of objective walking distance. In randomized pharmaceutical trials, absolute claudication distance on a treadmill using either fixed or graded protocols is the standard primary

13]

endpoint.[

14]

Many investigations have focused on patient- reported functional assessment with chronic lower extremity ischemia. The Walking Impairment Questionnaire[

and Rand Short Form 36 provide data regarding walking in the community, and

15
the Walking Impairment Questionnaire has been validated against treadmill walking.[ ]
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NATURAL HISTORY OF INTERMITTENT CLAUDICATION
Intermittent claudication is lower extremity muscular pain in the calves (less frequently the buttocks or thighs) induced by exercise and relieved with short periods of rest. Claudication is caused by arterial obstruction proximal to affected muscle beds, which
limits the normal exercise-induced increase in blood flow and produces transient muscle ischemia during exercise. Only a fraction of PAD patients complain of intermittent claudication. The presence of asymptomatic PAD varies, but available data indicate

16]
Subjective complaints of intermittent claudication vary in degree and severity based on individual factors,
[17]
[18]

that for every patient with intermittent claudication, there are probably three others with similar disease who do not complain of symptoms.[

including occupational and recreational habits. The proportion of patients with intermittent claudication who consult a physician varies markedly from 10% in the inner city

1

to 50% in rural communities.

In addition, physicians frequently are unaware of PAD present in their patient populations. Data from the Partners program[ ] showed 13% of the total 6979 patients older than age 50 in the more than 350 primary care practices screened were found to have
abnormal ABI with or without symptoms of intermittent claudication. Only 24% of these patients found to have chronic lower extremity ischemia previously had been diagnosed with PAD by their physicians.

Objectively, claudication usually is associated with ABI ranging from 0.5 to 0.95, although occasionally a patient with mild intermittent claudication may have a normal ABI at rest that decreases only when stressed by treadmill walking (usually indicating

19

obstructive disease limited to the aortoiliac system).[ ] Rare patients have markedly reduced ABI without limb-threatening symptoms, either with claudication or asymptomatic. When the diagnosis has been made, patients and physicians fear disease
progression and limb loss in addition to the functional limitations secondary to intermittent claudication. Multiple natural history studies show, however, that relatively few patients who present with claudication ever require revascularization to prevent limb

20 21 22 23 24

25

loss. Multiple longitudinal studies[ ] [ ] [ ] [ ] [ ] show an amputation rate of 1% to 7% at 5 to 10 years, with approximately one in four patients complaining of increasing symptoms over time. A study[ ] of 2777 veterans with claudication
followed for a mean of almost 4 years confirms these data. Major and minor amputations were performed at a rate of less than 10% over 10 years. Revascularizations totaled less than 20% at 10 years; most were performed for claudication rather than CLI.

26

There are no clear criteria indicating when a patient with claudication should undergo revascularization.[ ] Although some vascular surgeons argue against performing infrainguinal bypass for anything other than limb threat, most lower extremity bypass
series published indicate claudication as the operative indication in 10% to 20% of patients. Patients with aortoiliac disease frequently undergo endovascular therapy. Many patients do not have an ideal anatomy for endovascular therapy, however. A

27]

randomized trial of angioplasty versus exercise for claudication screened 600 patients to find 61 with short segment lesions amenable to endovascular intervention.[

for claudication.

Aortobifemoral bypass is a durable operation in most patients and is primarily performed

[28]

Several reservations regarding interventions in claudication exist. First, the natural history of claudication is relatively benign regarding eventual limb threat (see earlier). Conversely, an undefined number of patients who undergo revascularization experience

29]

30] [31] [32] [33]
A single series of infrainguinal revascularization for claudication in 233 consecutive patients (90% endovascular) showed fairly sobering

graft failure and present with limb threat,[

particularly patients with premature atherosclerosis.[

34]

results at a mean follow-up of almost 7 years:[

Primary patency at 5 years was 27%, half of the patients required one or more secondary interventions (21% of limbs initially treated with endovascular methods required surgery), and 12% of limbs

35 36 37 38

39

40 41 42

ultimately developed CLI. Second, significant morbidity is associated with surgical bypass aside from graft occlusion, including perioperative mortality, lymphedema,[ ] [ ] [ ] [ ] graft surveillance,[ ] and wound healing.[ ] [ ] [ ]
Conversely, favoring intervention for claudication is the improvement in quality of life for the duration of graft patency. Ultimately, it is a public health issue whether to expend resources for claudication, particularly when many patients continue to smoke
tobacco. Few issues in vascular surgery are more controversial and lead to more polarization of opinion than when or if to intervene for claudication.

The level of arterial occlusion (measured by ABI) at first encounter predicts disease progression in all populations of PAD. An additional important risk factor in claudication disease progression is continued tobacco use. A single report of 224 patients with

43]

intermittent claudication showed that only 8% of patients who did not smoke or quit smoking within 1 year of diagnosis of PAD developed rest pain compared with 21% who smoked or quit more than 1 year after diagnosis.[

associated with increased development of CLI in claudicant populations.

Diabetes also has been

[44]

Patients with claudication are significantly limited in their perceived quality of life and community function. Several studies show 50% or greater reduction in scores of physical function, community walking, and perception of health compared with normal

31] [45] [46] [47]

controls.[

Some of this disability may be due to co-morbid conditions, however. In a study of multiple quality-of-life indices in 200 people with intermittent claudication, cardiovascular risk factors and other co-morbidities played a

48]

significant role in determining quality of life, especially on aspects of health other than strictly physical health dimensions of the test.[

NATURAL HISTORY OF CRITICAL LIMB ISCHEMIA
Limb-threatening ischemia is defined as inadequate arterial blood flow to accommodate the metabolic needs of resting tissue. CLI is clinically diagnosed as rest pain or pedal necrosis with appropriate documentation of circulatory impairment (Fontaine stages
III and IV). Rest pain presents as a burning dysesthesia of the foot, aggravated by elevation and relieved with dependency, presumably resulting from the increase in arterial pressure from gravity in a limb with a nonfunctioning venoarteriolar reflex due to

49]

ischemia.[

Pedal necrosis includes ischemic ulcerations or gangrene
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after minor trauma or surgical incisions involving the foot. There is some disagreement regarding what level of circulatory impairment is required to qualify for CLI, but the TransAtlantic Inter-Society Consensus considered ankle pressure less than 50 to 70

50]

mm Hg, toe pressure less than 30 to 50 mm Hg, or transcutaneous partial pressure of oxygen at the foot less than 30 to 50 mm Hg.[

51 52

The incidence of CLI is not known with certainty. Using multiple different extrapolation methods, it is estimated that 500,000 to 1 million new cases occur per year.[ ] [ ] One of the greatest deficiencies in the current understanding of CLI is the
antecedent natural history. Many clinicians assume that patients progress through the Fontaine stages in a stepwise manner. As stated previously, however, few patients with claudication progress to CLI unless they undergo interventions. In most patients, CLI

53]
showed in a multicenter prostaglandin trial that 50% of enrolled patients were asymptomatic 6 months before major amputation for CLI. Others have shown similar findings.

progresses directly from Fontaine I to stage III or IV. Dormandy and colleagues[

[7] This observation possibly can be explained by the co-morbidities that make these patients less likely to ambulate to an extent that would promote symptoms of claudication.
54]
Smoking is an independent risk factor for the development of PAD, a correlation stronger than between tobacco and coronary

Major risk factors for CLI include age, smoking, and diabetes. The incidence of major amputation increases markedly with age.[

24]
The greatest risk factor for CLI remains diabetes, however. Although diabetes affects only 2% to 5% of Western populations, 40% to 45%
[55]

artery disease (CAD). Continued smoking is also a major risk factor for development of CLI in PAD populations.[

of all major amputees are diabetic. Major amputation is 10 times more frequent in diabetic patients with peripheral vascular disease than in nondiabetic patients with peripheral vascular disease.

The correlation is independent of age and smoking, but

[52]

diabetic smokers need amputation earlier in life than nondiabetic smokers.

There is a general belief that patients with chronic ischemic rest pain or tissue necrosis inevitably progress to limb loss without prompt revascularization. Despite this belief, available data indicate that many CLI patients have symptoms weeks or months

7

56

before vascular referral, particularly patients with Fontaine stage IV.[ ] Patients with progressive gangrenous changes and constant ischemic pain have an unstable clinical situation requiring prompt therapy.[ ] Abundant clinical experience indicates,
however, that patients with CLI with intermittent rest pain may improve noticeably during periods of presumed improved cardiac hemodynamics and have small ulcerations that heal with protective dressings alone. Several randomized pharmacologic trials in

57] [58] [59]
60 61
although in most of these trials, less than half of the control patients were alive without a major amputation at 6 months.[ ] [ ]

CLI have documented ulcer healing in 40% of patients randomized to placebo,[

SURVIVAL
Survival in patients with PAD is variable. Survival can be stratified based on symptoms and objective measures of peripheral occlusive disease via the ABI. The 5-, 10-, and 15-year mortality rates for patients with intermittent claudication are approximately

25]

30%, 50%, and 70%. [

62]

Multiple risk factors have been defined as important contributors to this increased long-term cardiovascular mortality, including advanced age at presentation, continued tobacco use,[

63]

diabetes, [

64]

and dialysis dependence.[

[65] Most deaths are due to CAD, which is nearly universal in the PAD population. In the classic study by Hertzer and associates,[66] coronary angiograms in 1000 consecutive patients undergoing peripheral vascular operations showed greater than 90% of
[67] [68] [69]

patients had some evidence of CAD, with more than 30% showing severe multivessel disease. Likewise, studies
undergoing infrainguinal revascularization.

screening carotid arteries have shown a 30% incidence of greater than 50% asymptomatic stenosis in PAD populations

70]

Survival for patients with CLI is poor, making much of their care often palliative in nature. Mortality for patients presenting with rest pain reaches 70% at 5 years and 85% at 10 years.[

50% to 60% 5-year patient survival rate.

[71] [72]

A universally consistent data point in all surgical series for CLI is the

[73]

Approximately 80% of patients with PAD die from a vascular event: more than 60% from CAD and 10% from strokes.

74]
Small series indicate arterial obstructions below the knee to be a particularly ominous sign of abbreviated survival.

Data indicate that survival is inversely related to the degree of objectively determined chronic lower extremity ischemia at presentation.[

[75] The severity of systemic atherosclerosis is accurately reflected by the severity of the lower extremity disease. The objective data regarding lower extremity ischemia severity accurately predict the long-term prognosis for life and limb. This knowledge is
important in planning individual patient interventions. Most importantly, much of the nonoperative care in PAD patients needs to focus on risk factor modification to reduce cardiovascular events and improve survival.

YOUNG PATIENTS WITH CHRONIC LOWER EXTREMITY ISCHEMIA
PAD is considered almost exclusively a disease of the elderly. Premature PAD—usually defined as disease onset before the 30s or 40s—represents a unique population with regard to etiology and prognosis. Because of the rare nature of the condition, most

76]
These patients are almost uniformly heavy smokers, and more than 70% show lipid abnormalities, including elevated low-density lipoprotein

patients with premature PAD experience delay in diagnosis, representing another area for physician education.[

77]

(LDL), depressed high-density lipoprotein (HDL), and hypertriglyceridemia.[

A clinical series screening 50 patients with premature PAD for hypercoagulable markers revealed that 90% had laboratory abnormalities, including reduced inhibitors

78

(antithrombin III, protein C, and protein S), elevated homocysteine, and abnormal fibrinolytic activity.[ ] Other risk factors are similar to those of older patients with PAD, including diabetes, hypertension, and family history of cardiovascular disease.
Premature PAD must be distinguished from other causes of peripheral ischemia in young adults, including Buerger’s disease, collagen vascular disorders, popliteal entrapment syndrome, and chronic compartment syndrome.
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Many surgeons advocate a conservative approach to revascularization in premature PAD. The greater functional expectations and frequent limitations in gainful employment experienced by young claudicants complicate their ability to tolerate a prolonged

33 79

80 81

course of nonoperative therapy. Several series showed poor results with reconstruction and a high incidence of limb loss, presumably to the aggressive nature of their disease because many of these patients present with CLI.[ ] [ ] Other reports[ ] [ ]
describe successful interventions in premature PAD patients with claudication, however. These authors also note many patients who remain unemployed, regardless of revascularization success. Although survival is reduced in young patients with peripheral

82] [83]

vascular disease compared with age-matched controls, on balance coronary atherosclerosis does not seem to be as aggressive as atherosclerosis affecting the lower extremities.[

NONOPERATIVE MANAGEMENT OF PERIPHERAL ARTERIAL DISEASE

1

The initial focus of nonoperative management for PAD is educating patients and their primary physicians. Overall, awareness of this disease in the medical community is extremely poor. A study of primary care offices throughout the United States[ ]
revealed that primary care physicians identified PAD less than 50% of the time. In addition, inadequate antiplatelet therapy and poorly controlled hypertension and hyperlipidemia were noted. The problem is not isolated to primary care, however. Patients with

84] [85]
Given that most patients with PAD eventually die from their cardiovascular disease, physicians need to control risk factors aggressively.

known PAD also are poorly managed regarding smoking cessation, hyperlipidemia, and hypertension. [

In addition to risk factor modification for mortality benefits, nonoperative management goals include increasing walking distance and functional capacity in claudicants and improving perfusion in patients with CLI. The Trans Atlantic Intersociety Consensus
recommendations regarding efficacy of therapy include the following outcomes: (1) improved claudication distance, (2) reduced cardiovascular event rates, (3) improved quality of life, and (4) freedom from adverse side effects.

RISK FACTOR MODIFICATION

86] [87] [88] [89] [90] [91] [92]

Although many well-established guidelines based on level I evidence for the management of hypertension, hyperlipidemia, smoking cessation, and diabetes exist,[

[84] [85] [93] [94]

inconsistently in modern medical care.

there is ample evidence that these guidelines are applied

Several independent research efforts are under way to improve primary care delivery and increase the number of patients receiving preventive care in line with established guidelines using feedback

95

96] [97]

from computerized databases. Ongoing projects at University of Washington and Stanford are designed to improve the care of patients with diabetes[ ] and hypertension.[
database feedback with controls showed improvement in guideline use employing the feedback method (15.6% of controls compared with 32% of feedback patients).

98]

A randomized trial[

in primary care settings from Duke comparing

Antiplatelet Therapy

Antiplatelet agents have been well established to reduce mortality in patients with cardiovascular disease. Aspirin is the most extensively studied antiplatelet agent. It acts as an irreversible cyclooxygenase inhibitor that blocks thromboxane A2 production in

platelets, leading to decreased platelet aggregation. In the Antiplatelet Trialists’ Collaboration review of 189 trials including more than 100,000 patients, there was a 25% reduction in myocardial infarction (MI), stroke, and vascular death with aspirin

99]

compared with placebo.[

Some studies suggest that antiplatelet agents have a beneficial effect on peripheral atherosclerosis. In the Physicians’ Health Study, a prospective, randomized controlled trial of aspirin versus placebo in more than 22,000 healthy

100

101

] Since the 1990s, other, more potent, antiplatelet agents have been introduced. The CAPRIE study[
] compared clopidogrel, a thienopyridine
men, aspirin use was associated with a small, but significant decrease in risk of peripheral arterial surgery.[
derivative that blocks adherence of fibrinogen to the platelet’s surface, with aspirin in patients with known cardiovascular disease. The study concluded that clopidogrel was more effective in reducing the risk of ischemic stroke, MI, and vascular death than
aspirin. This effect was primarily driven by the subset analysis of patients with PAD. Ticlopidine, another antiplatelet agent with a mechanism similar to clopidogrel, initially seemed to prevent thrombotic events and vascular surgery in PAD populations;
however, risk of neutropenia has largely eliminated interest in widespread use of this drug. Overall, aspirin should be recommended for all patients with PAD.
Smoking

102] [103] [104]
from the early 1980s regarding the dangers of second-hand smoke led to legislation restricting tobacco use in public and private facilities. The last few
[105]

The paradox of tobacco in modern society is readily evident. Data from several studies[

years have witnessed for the first time tobacco companies losing several high-profile legal battles. There is evidence that mass media antismoking campaigns have had some effect on the incidence and prevalence of tobacco use.

[106]

public image, however, the tobacco industry is thriving. The cost of legal expenses has been transferred to the consumer. Young American smokers, particularly women, are increasing in number.

Despite a negative

This increase continues despite overwhelming evidence

107]
The annual total direct health care costs from tobacco are estimated to exceed $16 billion, with indirect
regarding the lethal nature of tobacco. The estimated annual excess mortality due to cigarette smoking in the United States exceeds 350,000 deaths.[
108
[
]

costs greater than $37 billion.

109

] The tobacco industry is well defended, however. Their annual legal defense budget is estimated at $900 million. In addition, owing to projected annual
Tobacco companies are under fire by state-sponsored and individual-sponsored class action lawsuits.[
payments to be made to individual states from recent settlements in combination with major state budget cuts, maintaining the tobacco industry is in their financial interest. The tobacco industry has been able to raise the funds necessary to offset current losses
110]

by increasing the price of product. It is projected that a package of cigarettes may cost $5 to $7 in the near future.[
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The specific mechanisms through which tobacco exerts adverse effects on arteries remain poorly understood. Multiple toxicities of the innumerable components of tobacco smoke are recognized, including alterations in vascular endothelium, prostaglandin

111] [112] [113] [114]
115]
In a duplex study[
determining the incidence of femoral artery atherosclerosis, in more
[116]

metabolism, platelet function, lipid metabolism, blood viscosity, and coagulation. Several excellent reviews on this subject are available.[

than 700 subjects, smoking was the most important risk factor, more predictive than exercise, hypertension, and total cholesterol. Smoking is associated with acute decreases in treadmill walking distances, presumably secondary to carbon monoxide.

24]

Smokers have an increased risk of PAD progression,[

117]
43
118] [119]
Smokers also have an increased risk of disease progression to CLI[ ] and of major amputation.[

MI, stroke, and death.[

120]
showed no significant improvement in treadmill walking after smoking cessation in claudicants,
121
122
123
124
[
][
][
][
]
[125]

Abundant evidence exists regarding the benefit of smoking cessation in the treatment of chronic lower extremity ischemia. Although a meta-analysis[

improved patency of arterial repairs in nonsmokers has been shown for aortofemoral and femoropopliteal reconstructions.
carboxyhemoglobin levels) and incidence of graft occlusion.

Wiseman and colleagues

showed a direct relationship between degree of tobacco use (measured by

126

127 128 129

] Although social environment is a primary determinant of smoking behavior, genetics also plays a role.[
][
][
] Nicotine is the active component of tobacco
Less than half of all persons who experiment with tobacco go on to smoke regularly.[
smoke responsible for the positive symptoms of arousal, relaxation, relief of hunger, and enhanced vigilance/task performance that a smoker experiences. Nicotine is also primarily responsible for the tolerance observed in habitual users. Withdrawal symptoms
include restlessness, irritability, anxiety, sleep disturbance, delayed reaction times, impaired concentration, and weight gain. The daily smoking cycle ( Fig. 77–1 ) shows that the first few

Figure 77-1 Model for the nicotine addiction cycle during daily cigarette smoking. The solid line represents plasma nicotine concentrations as individual cigarettes are smoked. The upper dashed line represents the threshold nicotine concentration for
producing arousal, and the lower line represents nicotine concentrations below which symptoms of withdrawal occur. The shaded area represents nicotine concentrations in which the smoker is comfortable without either arousal or withdrawal stimuli. The
threshold levels for both stimuli increase progressively during the day secondary to neuroadaptation, with overnight cessation allowing for drug resensitization. (From Benowitz NL: Cigarette smoking and nicotine addiction. Med Clin North Am 76:415–437,
1992.)

TABLE 77-1 -- Recommendations for Lipid Therapy for Patients with Chronic Lower Extremity Ischemia
PARAMETER

TARGET GOAL

THERAPIES

LDL cholesterol

<100 mg/dL

Diet, statins

HDL cholesterol

Men, ≥35 mg/dL; women, ≥45 mg/dL

Diet, exercise, niacin, fibrates

Triglycerides

<150 mg/dL

Diet, exercise, gemfibrozil, niacin

HDL, high-density lipoprotein; LDL, low-density lipoprotein.

91] [149]

or stabilization of PAD.[

Diabetics have an increased incidence of neuropathic ulcers and should be counseled regarding regular preventive foot care.

Hypertension

92]

Hypertension is considered a major risk factor for PAD[

; however, it is unproved whether effective control would alter the progression of disease. Two agents that are widely used in the population are β-adrenergic antagonists (beta blockers) and

150]

angiotensin-converting enzyme inhibitors. Beta blockers initially were thought potentially to reduce peripheral circulation in patients with PAD, but a meta-analysis[

of the available literature showed no deleterious effects. These agents frequently are

151]
152]
Angiotensin-converting enzyme inhibitors also may confer cardiac protection beyond that expected from reduction in blood pressure.[
given perioperatively in patients with PAD to reduce the risk of myocardial ischemia.[
Homocysteine

153]

Elevated homocysteine has been linked to increased PAD.[

Elevated serum homocysteine is detrimental to the vascular endothelium, increases the auto-oxidation of LDL cholesterol, enhances smooth muscle cell proliferation, and accelerates

154]
Normalizing serum homocysteine via folate or vitamin B derivative therapy has not been proved to cause regression or stabilization of atherosclerosis.
atherosclerosis.[
EXERCISE REHABILITATION

46]

It is apparent that claudication causes severe disability. Pell[

reported that compared with population norms, all functional status/health-related quality-of-life scores were lower in patients with claudication. As a whole, claudication has adverse effects on

45 155

156

] Regular physical activity promotes symptoms and reduces the incidence of asymptomatic atherosclerosis.[
] Despite this paradox, exercise therapy has been instituted as a
functional status and quality of life and ambulatory ability specifically.[ ] [
primary treatment for claudication for decades. The most effective exercise programs consist of supervised walking on treadmill of 60 minutes or more, at least three times a week. The benefit of exercise rehabilitation in improving absolute claudication
157]

distance has been shown in more than 20 randomized trials[

; this translates into a mean improvement in absolute
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120]

claudication distance of almost 200 m over controls.[

47]

In addition, exercise rehabilitation improves quality of life and community-based walking capacity.[

158]

The mechanism behind the beneficial effect of exercise rehabilitation is unclear. It does not produce substantial alterations in limb blood flow, and changes that do occur are not correlated with clinical response.[

exercise rehabilitation improves oxygen extraction in the lower extremities,

[159]

Despite the lack of hemodynamic benefit,

[160]

possibly as a result of improved metabolism in skeletal muscle, particularly carnitine.

161

] similar to cardiac rehabilitation. Supervised exercise programs are not covered by medical insurance, however,
Although exercise rehabilitation is effective, it has several limitations. The best results require supervision and a motivated patient,[
preventing their widespread usage. Exercise training must be continued indefinitely, or the benefits fade. These issues limit the overall effectiveness of exercise rehabilitation in the modern therapy for claudication.
PHARMACOLOGIC THERAPIES FOR CLAUDICATION
The 1980s and 1990s have seen a plethora of research in pharmacologic therapies for claudication. To date, only two agents are approved by the U.S. Food and Drug Administration (FDA), however—pentoxifylline and cilostazol. The following discussion
includes these two agents and several agents used in Europe. We close with a few comments regarding gene therapy.
Pentoxifylline

162]
Patients with PAD show abnormal red blood cell rheology. Pentoxifylline, a methylxanthine derivative, acts primarily as a

In 1984, pentoxifylline became the first drug approved by the FDA as an effective treatment for intermittent claudication.[

163]

hemorheologic agent, increasing red blood cell flexibility and ultimately decreasing blood viscosity. Initial positive studies showed modest increases in maximal treadmill walking distances.[

Several more recent meta-analyses failed, however, to show

164] [165]
Pentoxifylline also is associated with gastrointestinal side effects, occasionally severe enough to cause patients to discontinue this medication.
consistent and sustained improvements in walking distance and lack of effect on functional outcomes.[
Currently, its widespread use in claudication cannot be supported.
Cilostazol
The second drug approved by the FDA for treatment of intermittent claudication was cilostazol in 1999. Cilostazol inhibits phosphodiesterase type 3, increasing cyclic adenosine monophosphate and causing vasodilatation, antiplatelet effects, and modification

166

] Traditionally, vasodilatation agents have not improved claudication symptoms. Steal phenomenon created by vasodilatation of less stenotic vessels may even worsen symptoms. Cilostazol’s therapeutic effect is likely from another
of plasma lipoproteins.[
mechanism of action yet to be discovered. It has been shown to improve overall walking distance and quality of life. A 1999 meta-analysis of the effects of cilostazol reported increases of 50% in maximal walking distance compared with placebo and
167

] There seems to be a dose-response effect, with 100 mg twice daily being more efficacious than 50 mg twice daily. The main adverse effects include
significant improvements in quality of life as measured by Rand Short Form 36 questionnaires. [
headache, palpitations, and diarrhea, leading approximately 15% of people to stop the medication. Congestive heart failure is a major contraindication to use of cilostazol, owing to the concern of sudden death in this class of drug.
164

] Results at 24 weeks showed a significantly greater
Multiple comparison studies have been done between pentoxifylline and cilostazol. The largest placebo-controlled, randomized study compared 698 patients given cilostazol, pentoxifylline, or placebo.[
increase in mean walking distance in the cilostazol group compared with the other two groups. Increase in mean walking distance with pentoxifylline was no better than the control group, providing further doubt regarding its efficacy.

Naftidrofuryl

Naftidrofuryl is widely used in Europe for treatment of claudication. It is a serotonin antagonist postulated to improve aerobic metabolism in oxygen-depleted tissues through stimulation of carbohydrate and fat entry into the tricarboxylic acid cycle. The drug

168] [169]

also may have beneficial rheologic effects and reduce platelet aggregation. Several small studies suggest a 15% to 100% improvement in walking distance[
naftidrofuryl are mixed, and it has not yet been approved for use in the United States.

170]

and increased quality-of-life scores[

with naftidrofuryl. Overall, the data on

Blufomedil

Another claudication drug used in Europe is blufomedil. This agent reduces α1–2 -mediated vasoconstriction and may have beneficial effects on platelet aggregation and hemorheology. Several small studies show improvement in walking distance greater than

171]
Similar to naftidrofuryl, it is not yet available in the United States.

40% compared with controls.[
Carnitine

Carnitine augments muscle metabolism in the face of ischemia by increasing the conversion of acetyl-CoA into free CoA and acylcarnitines, improving fatty acid metabolism. Patients with PAD have abnormal skeletal muscle metabolism of carnitine.
Supplementing patients with oral carnitine (propionyl-L-carnitine) has been shown to improve claudication symptoms in predominately European trials, with 50% to 60% increases in walking distance and significant improvement on quality-of-life

172] [173]

questionnaires.[

A large multicenter randomized U.S. trial of this agent is nearing completion.
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Prostaglandins
Prostaglandin analogues relax vascular smooth muscle, inhibit platelet aggregation, and suppress vascular smooth muscle proliferation. Currently, trials with prostaglandins have shown only modest benefits in patients with intermittent claudication and have

174] [175]

been limited by significant side effects (flushing, headaches). Beraprost, an oral prostacyclin analogue, has shown mixed results in several studies, ranging from no difference from placebo to a 60% to 80% increase in maximal walking distance.[

176]
It failed to show a reduction in major outcomes, including amputation, gangrene, and rest pain. Also, approximately 50% of patients dropped out because of side

Iloprost, an oral prostacyclin analogue, was tested in patients with severe limb ischemia.[
effects, including headache, nausea, and diarrhea.
Vascular Endothelial Growth Factor

Formation of collaterals is an important mechanism for compensating for lower extremity occlusions. Vascular endothelial growth factor (VEGF) is an important growth factor in the promotion of angiogenesis. It has been postulated that supplementation with

177]

recombinant VEGF would increase angiogenesis and ameliorate symptoms from PAD. Increased collateral vessel development and capillary density have been documented in rabbit skeletal muscle.[

178]

A multicenter phase II randomized trial[

[179]

single session of intramuscularly delivered VEGF in 105 patients with claudication showed no change in maximal walking times or quality-of-life scores at 12 weeks. Further multicenter trials in patients with claudication are in progress.

of a

The use of

180] [181] [182]
Initial results have shown healing of ulcers and resolution of rest pain, but without controls, these results mean little.
VEGF in patients with CLI has been limited to small (10 to 15 patients), single-institution series.[

L-Arginine
Nitric oxide is a critical component of maintaining normal endothelial function. It is a potent vasodilator and inhibits platelet aggregation. Inhibition of nitric oxide formation has been shown in patients with PAD, possibly mediated by an accumulation of

183]

asymmetric dimethylarginine, an endogenous inhibitor of nitric oxide.[

arginine supplementation, but further data need to be accumulated.

Dietary supplementation with L-arginine, a precursor of endogenous nitric oxide, may be able to reverse this inhibition. Several small studies have shown a beneficial effect with L-

[184] [185]

FUTURE DIRECTIONS
The future of nonoperative management of PAD includes better education for primary care physicians. It is hoped that this education would lead to improved management of risk factors, likely paired with usage of computerized databases and management
algorithms consistent with national guidelines. The role of additional pharmacotherapies for claudication is less clear. Proving statistically significant efficacy in phase III trials does not guarantee widespread usage. Given the likely expense of any new therapy
approved, it may not be readily implemented by large formularies. Patients are often reluctant to purchase expensive medications unless dramatic symptomatic relief is the norm.
Modern medical decisions are increasingly data driven. Assessment of the functional benefits of nonoperative management is imperative to justify a place in the modern health care budget. An example of a current quandary is a young PAD patient with severe
claudication who has economic reasons to improve ambulation, but is also a patient who is likely to convert to limb threat with eventual bypass failure. Many of these patients do not receive adequate symptom relief with current nonoperative management for
the activity level desired to return to employment.
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Chapter 78 - Evaluation of the Patient with Chronic Lower Extremity Ischemia

JOHN V. WHITE MD

1

Although the manifestations of atherosclerosis may be localized, the development of symptoms associated with atherosclerotic lesions indicates a high likelihood of silent lesions in other vascular beds.[ ] For this reason, the clinical suspicion of peripheral
arterial disease (PAD), whether or not symptomatic, should initiate a systematic search for the site and severity of arterial occlusive lesions and the underlying risk factors for the advancing disease process. Health history information should be directed toward

2

the delineation of pertinent symptoms and the presence of risk factors for atherosclerosis. This information is valuable not only for documenting the presence of problems, but also for following the benefits of treatment at future visits.[ ] In a classic
presentation of intermittent claudication, the patient experiences calf symptoms ranging from fatigue to aching while walking. These symptoms are alleviated by a brief period of rest. With higher levels of arterial occlusion, pain may be felt in the buttock or
thighs or both. Initially the symptoms are intermittent, interspersed with the ability to walk well beyond that distance. Symptoms can be well defined through a simple series of questions ( Table 78–1 ).

A definition of the symptom complex is helpful in distinguishing vasculogenic claudication from other causes of similar calf discomfort ( Table 78–2 ); however, it does not establish the underlying etiology. Several other disorders produce symptoms that may
mimic arterial occlusive disease. Of these, perhaps the most challenging to differentiate is peripheral nerve pain from nerve root compression by a herniated disk or osteophytic bone growth encroaching on its exit from the spinal canal. This abnormality also
causes
TABLE 78-1 -- Relevant History for the Evaluation of Intermittent Claudication
Location of the pain or discomfort
Duration of the symptom
Whether it worsens or improves with time and whether conservative therapy has had an effect
Distance the patient can now walk before (1) experiencing the discomfort and (2) being forced to stop
Elapsed time after exercise is stopped before the pain is relieved
Type of rest or position of patient (standing at rest, sitting, lying) necessary to relieve the pain
Whether the pain returns after the same time and distance if exercise is then resumed
Adapted from TASC Working Group: Management of peripheral arterial disease. J Vasc Surg 31(Pt 2):S56, 2000.

leg pain while standing or walking and can mimic closely symptoms of intermittent claudication. A careful history can aid the vascular specialist greatly in identifying patients with significant arterial occlusive disease. Although atherosclerosis is the most
common cause, other forms of arterial pathology may interrupt distal blood flow through luminal narrowing or extrinsic arterial wall compression ( Table 78–3 ).

A complete health history also provides an opportunity to identify significant co-morbid conditions. For a patient with vascular disease, the physician’s direct assessment of the patient provides an important step in the identification of overall health, risk
factors, and impact of vascular impairment. Only by incorporating all of these data into the diagnostic and therapeutic plan can the vascular specialist begin to improve the patient’s quality and, perhaps, quantity of life.

RISK FACTOR ASSESSMENT
Atherosclerosis is a pathologic process related to aging of the human body. There is a stepwise increase in the incidence of intermittent claudication in men with each passing decade of age ( Fig. 78–1 ). Multiple other risk factors also can seem to accelerate
the development and growth of atherosclerotic lesions ( Table 78–4 ). Risk factors, including the classic risks of hypertension, diabetes mellitus, and cigarette smoking and other less frequently recognized factors, must be identified and defined during the
health history documentation. It is essential that risk factors be controlled to slow the progression of atherosclerosis and enhance the benefits of any vascular intervention. Hypertension increases the risk of developing symptoms of intermittent claudication 2.5-

3 4
3 4 5
fold in men and 3.9-fold in women.[ ] [ ] The relationship between diabetes and intermittent claudication also has been well documented.[ ] [ ] [ ] When all other variables are controlled, the incidence of claudication is more common in patients with

3 5
diabetes than in patients without this metabolic disorder. Similarly, cigarette smoking has been well established as a stimulus for atherosclerosis and increases the risk of development of PAD in men and women.[ ] [ ] The stoichiometry seems to be
6
straightforward, with the severity of arterial occlusive disease proportional to the number of cigarettes smoked.[ ] Each additional risk factor independently increases the risk of developing symptomatic PAD ( Fig. 78–2 ).

The absence of commonly recognized risk factors; a more sudden onset of symptoms, especially in younger
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TABLE 78-2 -- Differential Diagnosis of Intermittent Claudication

CONDITION

LOCATION OF PAIN OR
DISCOMFORT

CHARACTERISTIC
DISCOMFORT

ONSET RELATIVE TO
EXERCISE

Intermittent Claudication (Calf)

Calf muscles

Cramping pain

After same degree of exercise

Chronic compartment syndrome

Calf muscles

Tight, bursting pain

Venous claudication

Entire leg, but usually worse in
thigh and groin

Nerve root compression (e.g.,
herniated disk)

EFFECT OF REST

None

Reproducible

After much exercise (e.g., jogging) Subsides very slowly

Relief speeded by elevation

Typically heavy-muscled athletes

Tight, bursting pain

After walking

Subsides slowly

Relief speeded by elevation

History of iliofemoral deep
venous thrombosis, signs of
venous congestion, edema

Radiates down leg, usually
posteriorly

Sharp lancinating pain

Soon, if not immediately after
onset

Not quickly relieved (also often
present at rest)

Relief may be aided by adjusting
back position

History of back problems

Symptomatic Baker’s cyst

Behind knee, down calf

Swelling, soreness, tenderness

With exercise

Present at rest

None

Not intermittent

Intermittent Claudication (Hip,
Thigh, Buttock)

Hip, thigh, buttocks

Aching discomfort, weakness

After same degree of exercise

Quickly relieved

None

Reproducible

Hip arthritis

Hip, thigh, buttocks

Aching discomfort

After variable degree of exercise

Not quickly relieved (and may be
present at rest)

More comfortable sitting, weight
taken off legs

Variable, may relate to activity
level, weather changes

Spinal cord compression

Hip, thigh, buttocks (follows
dermatome)

Weakness more than pain

After walking or standing for
same length of time

Relieved by stopping only if
position changed

Relief by lumbar spine flexion
(sitting or stooping forward)
pressure

Frequent history of back
problems, provoked by increased
intra-abdominal pressure

Intermittent Claudication (Foot) Foot, arch

Severe deep pain and numbness

After same degree of exercise

Quickly relieved

None

Reproducible

Arthritic, inflammatory process

Aching pain

After variable degree of exercise

Not quickly relieved (and may be
present at rest)

May be relieved by not bearing
weight

Variable, may relate to activity
level

Foot, arch

Quickly relieved

EFFECT OF BODY POSITION OTHER CHARACTERISTICS

From TASC Working Group: Management of peripheral arterial disease. J Vasc Surg 31(Pt 2):S59, 2000.
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TABLE 78-3 -- Nonatherosclerotic Causes of Intermittent Claudication
Thromboangiitis obliterans

Popliteal aneurysm

Aortic coarctation

Arterial fibrodysplasia

Takayasu’s disease

Pseudoxanthoma elasticum

Remote trauma or radiation injury

Persistent sciatic artery

Peripheral emboli

Iliac syndrome of the cyclist

Popliteal entrapment

Primary vascular tumors

Popliteal cyst

Modified from TASC Working Group: Management of peripheral arterial disease. J Vasc Surg 31(Pt 2):S59, 2000.

7

individuals; or a more rapidly progressive form of arterial occlusive disease should raise suspicion of an unrecognized and uncontrolled risk factor for accelerated atherosclerosis, such as hyperhomocysteinemia or hypercoagulability. McCully[ ] examined the
autopsy results of 194 consecutive patients and correlated the extent of atherosclerosis with serum cholesterol and other risk factors. Of patients who died of complications from arterial occlusive disease, the mean serum cholesterol was 186.7 ± 41.8 mg/dL,
65% had a serum cholesterol level less than 200 mg/dL, and 92% had a serum cholesterol level less than 250 mg/dL. In 66% of cases with severe systemic atherosclerosis, there was no elevation in cholesterol, no hypertension, and no diabetes present. This
study strongly supports the effort to seek out other, less common risk factors. The presence of elevated homocysteine levels, something often left unchecked during routine health assessments, may increase the patient’s likelihood of developing PAD nearly

8
9
sevenfold.[ ] Hypercoagulable states are more common in patients who require vascular reconstruction for the treatment of lower extremity arterial occlusive disease.[ ] In the absence of identification and control of these risk factors, invasive therapies for
the treatment of lower extremity arterial occlusive disease are merely palliative and provide no long-term health benefit for the patient.
PHYSICAL EXAMINATION
When the history is completed, a full physical examination should be undertaken. The physical examination should not be limited to the pulse assessment because atherosclerosis is

Figure 78-1 Weighted mean prevalence of intermittent claudication in large population-based studies. (From TASC Working Group: Management of peripheral arterial disease. J Vasc Surg 31[Pt 2]:S257-S258, 2000.)

TABLE 78-4 -- Risk Factors for Atherosclerosis
Age

Hyperlipidemia

Male gender

Hyperfibrinogenemia

Diabetes mellitus

Hyperhomocysteinemia

Smoking

Hypercoagulability

Hypertension
Adapted from TASC Working Group: Management of peripheral arterial disease. J Vasc Surg 31(Pt 2):S59, 2000.

a systemic disorder and most often affects many end organs. The examination should include vital signs with blood pressure and pulse recorded in both arms. Conjunctivae and sclerae may provide insight into the presence of severe hyperlipidemia, liver
dysfunction, or anemia. For a diabetic patient, visual impairment may indicate a vascular retinopathy and point toward intrinsic renal disease. The presence of thyroid nodules may explain changes in skin texture. Pulmonary examination may delineate further
the impact of smoking. A cigarette smoker with repeated episodes of pneumonia over a short span of time may be harboring a small lung cancer. The palpation of an abdominal aortic aneurysm may explain the sudden onset of symptoms of peripheral
ischemia. A neurologic assessment may reveal degenerative disk disease or peripheral neuropathy.

The appearance of the lower extremities also can provide an indication of the extent and severity of PAD. Loss of skin hair distally, thinning and dry skin, and thickening of the nails all suggest the presence of chronic, advanced ischemia. Calf, ankle, and
pedal edema may indicate a sedentary lifestyle with dependent positioning of the legs for relief of rest pain. Ulcers located on the forefoot and toes are frequently a manifestation of severe PAD, whereas ulcers located in the area of the medial malleolus are
more common with venous hypertension.

Figure 78-2 Range of odds ratios for risk factors for developing intermittent claudication. (From TASC Working Group: Management of peripheral arterial disease. J Vasc Surg 31[Pt 2]:S257-S258, 2000.)

TABLE 78-5 -- Initial Hematologic Evaluation of the Claudicant
Complete blood count, including white blood cells and platelets
Fasting blood glucose
Serum creatinine
Fasting lipid profile
Fibrinogen level
Urinalysis
From TASC Working Group: Management of peripheral arterial disease. J Vasc Surg 31(Pt 2):S59, 2000.
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triglyceride concentration, is important as a part of risk screening in patients. This assessment should be done at the time of the patient’s initial presentation for evaluation of vascular disease. The lipid profile evaluates the possibility that lipid abnormalities
underlie the progression of atherosclerosis to claudication or limb-threatening ischemia. Although the impact of elevated cholesterol or low-density lipoproteins on the course of atherosclerosis has been evaluated more clearly in patients with coronary artery

10]
11
The impact of diabetes on the progression of atherosclerosis may be worsened in the setting of lipid abnormalities.[ ] Careful control of lipid levels may reduce the risk of

disease than in patients with PAD, it is likely that lipids accelerate PAD as well.[

12]

coronary, cerebral, and peripheral morbidity and mortality.[

It is important to document a fasting lipid profile in each patient presenting with initial manifestations of PAD.

The fibrinogen level may be of value in detecting hypercoagulable states. Additionally, this value may be more predictive of cardiac morbidity than cholesterol in patients older than 60 years of age. When a fibrinogen cannot be readily obtained, an erythrocyte

sedimentation rate can serve as an acceptable surrogate marker. The increased fibrinogen content within the blood causes rouleaux formation of red blood cells and accelerates their sedimentation. Testing for erythrocyte sedimentation rate also is helpful in
assessing the presence of collagen vascular disease, which also may be a cause of lower extremity ischemia.
An evaluation for a hypercoagulable state should be undertaken when such a condition is suspected clinically on the basis of prior thrombotic events or a familial history. Despite the plethora of tests available for the specific diagnosis of a hypercoagulable
state, the best screening test is a carefully performed patient history. Random thrombotic events without a specific cause should raise suspicion of an abnormal clotting disorder. Hypercoagulable states can be identified in a significant proportion of patients

9
with arterial occlusive disease.[ ] When such a condition is suspected, a broad range of testing may be required ( Table 78–6 ).
The discovery of protein C deficiency is especially important in patients who will be treated with warfarin (Coumadin) because the administration of this medication to patients with low levels of protein C without heparin increases the possibility of skin
necrosis. Heparin-induced thrombocytopenia is increasingly identified in patients who
TABLE 78-6 -- Secondary Hematologic Evaluation Based on Clinical Suspicion
Thrombin/prothrombin time
Activated partial thromboplastin time
Protein S/protein C assays
Factor V Leiden assay
Lupus anticoagulant assay
Heparin-induced platelet antibodies
Platelet adhesiveness/aggregability
Fibrinogen/plasminogen levels
Antithrombin activity
Anticardiolipin antibody assay
Modified from TASC Working Group: Management of peripheral arterial disease. J Vasc Surg 31(Pt 2):S59, 2000.
manifest not only acute thrombotic occlusions, but also diffuse distal arterial occlusive disease and accelerated graft failure. This disorder should be suspected in patients who present with PAD, evidence of sudden onset of symptoms, and no other significant
risk factors. The likelihood of heparin-induced platelet aggregation is greater in patients who show a decrease in platelet count after the administration of heparin for venous thrombosis or other reasons.
Patients who develop manifestations of PAD at an early age, without other identifiable risk factors, should have a plasma homocysteine level documented. High levels of homocysteine indicate hyperhomocysteinemia, which may accelerate atherosclerosis

13 14

through a variety of mechanisms.[ ] [ ] High levels of this amino acid may be toxic to endothelial cells and reduce their ability to generate and release nitric oxide. Excessive concentrations of this amino acid also may promote medial smooth muscle cell
proliferation and arterial wall inflammation and increased levels of plasminogen activator inhibitor. As a result, arterial wall atherosclerotic plaque formation may be increased and thromboresistance decreased. Patients with hyperhomocysteinemia may

15]

develop clinically apparent vascular disease at a young age[

and coronary artery occlusive disease in the absence of other risk factors.

16

The relationship between increased levels of homocysteine and vascular disease in older patients is not as well defined. Taylor and colleagues[ ] evaluated homocysteine levels in 214 patients with symptomatic arterial occlusive disease and tracked anklebrachial indices (ABI) over time. They found that there was a more rapid progression of occlusive disease in patients with elevated homocysteine levels after correction for other variables. Other authors have not identified a similar impact, however. Valentine

17

and associates[ ] performed a case-control study of the impact of lipoprotein, homocysteine, and hypercoagulable states on the presentation of symptomatic arterial occlusive disease in younger men. These investigators found no significant difference in
homocysteine levels between men with and men without peripheral arterial occlusive disease. In Germany, a study of 6880 primary care patients found only a slightly enhanced degree of arterial occlusive disease, as evidenced by the ABI in patients with high

18]

levels of homocysteine compared with patients with low levels.[

Nonetheless, because treatment of hyperhomocysteinemia is relatively simple with the oral administration of folate and other vitamins and nutrients, many vascular specialists believe that

19]

evaluation for this potential cause of accelerated atherogenesis should be undertaken.[

Other laboratory tests may be necessary to define more clearly and control risk factors for progressive atherosclerosis. These tests need not be included in the initial evaluation of the patient presenting with lower extremity arterial occlusive disease.

CARDIAC AND CEREBROVASCULAR EVALUATION
The importance of evaluating the extent of cardiac and cerebrovascular disease in patients with manifestations of PAD is being increasingly clarified. The systemic nature of atherosclerosis has a significant impact on all vascular beds
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TABLE 78-7 -- Clinical Predictors of Increased Perioperative Cardiovascular Risk: Myocardial Infarction, Heart Failure, Death
Major
Unstable coronary syndromes
Acute or recent myocardial infarction with evidence of important ischemic risk by clinical symptoms or noninvasive study
Unstable or severe angina (Canadian class III or IV)
Decompensated heart failure
Significant arrhythmias
High-grade atrioventricular block
Symptomatic ventricular arrhythmias in the presence of underlying heart disease
Supraventricular arrhythmias with uncontrolled ventricular rate
Severe valvular disease
Intermediate
Mild angina pectoris (Canadian class I or II)
Previous myocardial infarction by history or pathologic Q waves
Compensated or prior heart failure
Diabetes mellitus (particularly insulin-dependent)
Renal insufficiency
Minor
Advanced age
Abnormal electrocardiogram (left ventricular hypertrophy, left bundle-branch block, ST-T abnormalities)
Rhythm other than sinus
Low functional capacity (e.g., inability to climb one flight of stairs with a bag of groceries)
History of stroke
Uncontrolled systemic hypertension
From Eagle KA, Berger PB, Calkins H, et al: ACC/AHA guideline update for perioperative cardiovascular evaluation for noncardiac surgery: Executive summary. Circulation 105:1257–1267, 2002.

to a greater or lesser extent. The extent of coronary artery and cerebrovascular disease must be assessed in all patients with new onset of manifestations of PAD who have not undergone such studies. In a study of 66 consecutive patients who had percutaneous

20]
noted that at the time of discharge and at 6-month evaluation, few patients had control of risk factors for atherosclerosis. Of the 66 patients, 12 had myocardial infarction

interventions for the treatment of symptomatic PAD, Mukherjee and colleagues[
(MI), stroke, or death within 6 months.
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In a study comparing the presence of angina, prior MI, or resting electrocardiogram (ECG) abnormalities in 300 consecutive claudicants with 100 age-matched controls, Sonecha and Delis[ ] detected coronary artery disease in 47% of the claudicants but
only 6% of controls. Stress ECG detected coronary artery disease in 46% of claudicants and 11% of controls. Of claudicants who had no symptoms of angina, prior MI, or resting ECG abnormalities, 28% did have significant coronary artery disease.

Patients undergoing peripheral vascular surgery are at high risk (>5% likelihood) of having a perioperative MI and frequently manifest more than one of the clinical predictors of MI, heart failure, or death ( Table 78–7 ). Evaluation of patients for cardiac

disease should be directed toward the identification of the presence and the severity of the disease. This evaluation can be done most effectively in a stepwise
TABLE 78-8 -- Management of Specific Preoperative Cardiovascular Conditions
Hypertension
Indications for treatment
Systolic blood pressure >180 mm Hg
Diastolic blood pressure >110 mm Hg
Treatment
Long-term control should be initiated and continued during and after perioperative period
Acute control with rapid-acting medications should be attempted before urgent or emergency surgery if possible
Beta blockade may be beneficial for reducing risks of perioperative infarction
Valvular Heart Disease
Indications for treatment
Symptomatic stenotic lesions
Treatment
Valve replacement in appropriate candidates
Myocardial Disease
Indications for treatment
Dilated and hypertrophic cardiomyopathy associated with heart failure
Treatment
Preoperative management to maximize cardiac performance
Arrhythmias and Conduction Abnormalities
Indications for treatment
New or hemodynamically significant arrhythmias
Treatment
Identification and treatment of underlying cause and control of cardiac rhythm
Adapted from Eagle KA, Berger PB, Calkins H, et al: ACC/AHA guideline update for perioperative cardiovascular evaluation for noncardiac surgery: Executive summary. Circulation 105:1257–1267, 2002.
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manner. The guidelines for patient assessment developed by the American Heart Association and the American College of Cardiology provide a framework for this aspect of patient care.[ ] Algorithms for the perioperative management of cardiovascular
disease are based on clinical markers, functional capacity, and surgery-specific risk ( Fig. 78–3 ). Recommendations for the appropriate management of cardiac risk factors and disease states also are provided ( Table 78–8 ). Resting left ventricular function

23]

alone has not been a specific indicator of perioperative MI.[

Patients with lower extremity ischemia also have an increased incidence of carotid artery stenosis. In a prospective study of 225 patients undergoing infrainguinal bypass for either claudication or limb threat who were screened for carotid artery disease with

24

25

duplex imaging, Gentile and colleagues[ ] noted hemodynamically significant stenoses in 28.4%. More than 12% had a stenosis of 60% or greater, and 4% had a greater than 80% stenosis requiring surgery. Similarly, De Virgilio and associates[ ] noted
that 11 of 89 patients (12%) with symptomatic lower extremity arterial occlusive disease who were prospectively screened for carotid artery stenosis had greater than 75% diameter reduction. Patients had no symptoms of cerebrovascular disease at the time of
diagnosis. Newly presenting patients or patients who have progressive PAD should undergo carotid arterial duplex imaging.
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Figure 78-3 For legend, see page 1102. Algorithm of perioperative cardiovascular evaluation for noncardiac surgery. CHF, congestive heart failure; MI, myocardial infarction; ECG, electrocardiogram; METS, metabolic equivalents of O2 consumption. (From

Eagle KA, Berger PB, Calkins H, et al: ACC/AHA guideline update for perioperative cardiovascular evaluation for noncardiac surgery: Executive summary. A report of the American College of Cardiology/American Heart Association Task Force on Practice
Guidelines [Committee to Update the 1996 Guidelines on Perioperative Cardiovascular Evaluation for Noncardiac Surgery]. Circulation 105:1257–1267, 2002.)

Figure 78-3 For legend, see page 1102. Algorithm of perioperative cardiovascular evaluation for noncardiac surgery. CHF, congestive heart failure; MI, myocardial infarction; ECG, electrocardiogram; METS, metabolic equivalents of O2 consumption. (From
Eagle KA, Berger PB, Calkins H, et al: ACC/AHA guideline update for perioperative cardiovascular evaluation for noncardiac surgery: Executive summary. A report of the American College of Cardiology/American Heart Association Task Force on Practice
Guidelines [Committee to Update the 1996 Guidelines on Perioperative Cardiovascular Evaluation for Noncardiac Surgery]. Circulation 105:1257–1267, 2002.)

TABLE 78-9 -- Recommended Surveillance for Lower Extremity Revascularization
Interval history to identify returning or new symptoms of distal ischemia
Vascular examination of leg with comparison of pulse presence and intensity to prior examination
Measurement of resting and, ideally, postexercise ankle-brachial index
Duplex scanning of vein grafts and angioplasty sites
Modified from TASC Working Group: Management of peripheral arterial disease. J Vasc Surg 31(Pt 2):S59, 2000.

SUMMARY

The evaluation of the patient with PAD provides the physician with a unique opportunity not only to design treatment strategies to reduce the likelihood of limb loss, but also to identify and treat risk factors, which may lead to an increase in quality and
quantity of life. Undertaken in collaboration with the patient’s primary and vascular physicians, the evaluation can assess risk of stroke, MI, visceral ischemia, and limb jeopardy. Control of systemic risk factors can slow the progression of atherosclerosis and
reduce significantly the impact of this process on critical target organs. In this context, treatment of chronic lower extremity ischemia becomes more than palliation and leads to an overall improvement in the health status and quality of life of the patient.
Patients with lower extremity arterial occlusive disease have systemic atherosclerosis and must be followed periodically to maintain the benefits of risk factor control and therapy, whether through exercise, percutaneous intervention, or open intervention.
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Chapter 79 - Direct Reconstruction for Aortoiliac Occlusive Disease

DAVID C. BREWSTER MD

1

The infrarenal abdominal aorta and the iliac arteries are among the most common sites of chronic obliterative atherosclerosis in patients with symptomatic occlusive disease of the lower extremities.[ ] Indeed, atherosclerotic narrowing or occlusion of these
vessels, most commonly located at the aortic bifurcation, occurs to various degrees in most patients with symptoms of arterial insufficiency severe enough to require surgical revascularization. Because arteriosclerosis is commonly a generalized process,
obliterative disease in the aortoiliac segment frequently coexists with disease below the inguinal ligament. Despite its generalized nature, however, the disease is usually segmental in distribution and is thereby amenable to effective surgical treatment. Even in
patients with several levels of disease, successful correction of hemodynamic impairment in the aortoiliac inflow system often provides satisfactory clinical relief of ischemic symptoms. In addition, careful assessment of the adequacy of arterial inflow is
important even in patients whose primary difficulty is located in the femoropopliteal or tibial outflow segment if good and durable results of distal arterial revascularization are to be obtained.

Since the introduction of the initial reconstructive methods of thromboendarterectomy and homograft replacement in the late 1940s and early 1950s, great progress has been achieved in the surgical management of aortoiliac occlusive disease. Currently, a
variety of methods exist for accurate evaluation of the extent and physiologic severity of the disease process. In addition, improvements in the preoperative assessment of patient risk have helped clarify the decision about the optimal management in individual
patients. Advances in graft materials, surgical techniques, intraoperative management, and postoperative care all have contributed to a steady reduction in perioperative morbidity and mortality and to excellent long-term results. Indications for operation have
become fairly well accepted and standardized, and various operative approaches and methods of revascularization are available for use in differing clinical circumstances. With proper patient selection and a carefully performed, appropriate operative
procedure, a favorable outcome may be anticipated at low risk to the patient, making surgical management of aortoiliac occlusive disease one of the most rewarding areas of vascular surgical practice today.

CLINICAL MANIFESTATIONS
The symptoms and natural history of the occlusive process are significantly influenced by its distribution and extent ( Fig. 79–1 ). Truly localized aortoiliac disease (type I), with occlusive lesions confined to the distal abdominal aorta and common iliac

2
vessels, is seen infrequently (5% to 10% of patients) and, in the absence of more distally distributed disease, rarely produces limb-threatening symptoms.[ ] In such localized aortic obstruction, the potential for collateral blood flow around the aortoiliac
arterial segment is great. Collateral pathways include both visceral and parietal routes, such as the following:
■ Internal mammary artery to inferior epigastric artery
■ Intercostal and lumbar arteries to circumflex iliac and hypogastric networks
■ Hypogastric and gluteal branches to common femoral and profunda femoris (deep femoral) arterial branches
■ Superior mesenteric to inferior mesenteric and superior hemorrhoidal pathways via the marginal artery of Drummond (meandering mesenteric artery)

The relatively low incidence of localized aortoiliac disease is based on the angiograms of patients whose symptoms were severe enough for them to be seriously considered for direct surgical intervention. With the

Figure 79-1 Patterns of aortoiliac occlusive disease. In type I, localized disease is confined to the distal abdominal aorta and common iliac arteries. In type II, more widespread intra-abdominal disease is present. In type III, the pattern denotes multilevel
disease with associated infrainguinal occlusive lesions.

Figure 79-2 Translumbar aortogram of a 50-year-old woman with localized type I aortoiliac disease.

Figure 79-3 Aortogram demonstrating enlarged, meandering inferior mesenteric and left colic arteries (arrows), indicative of associated occlusive disease in the celiac and/or superior mesenteric arteries.

Figure 79-4 Femoral artery pressure (FAP) measurement. A significant fall in peak systolic pressure is noted in the tracing on the right (arrowhead) as the catheter is withdrawn down the left iliac artery. p-bar, after.

Figure 79-5 Left, Steps in aortoiliac endarterectomy. A, Occlusive disease is limited to the distal aorta and common iliac arteries. Location of typical arteriotomies is indicated by dotted lines. B, Endarterectomy plane is achieved, and atheromatous disease is
removed from the level of the proximal aortic clamp to the bifurcation. C, Satisfactory endpoint is attained at the iliac bifurcation, and endarterectomy is carried proximally. Tacking sutures may be necessary to secure an adequate endpoint. D, Closure of the
arteriotomies to complete the procedure. Patch closure may occasionally be necessary or desirable. Right, Photograph of operative specimen removed by endarterectomy.

Figure 79-6 Aortofemoral graft. A (inset), Schematic illustration of a preoperative aortogram. B, A segment of diseased aorta is resected, and the distal aortic stump is oversewn. C, End-to-end proximal anastomosis. D, Completed reconstruction.

Figure 79-7 Anatomic findings or patterns of disease and profunda femoris artery stenosis favoring end-to-side proximal anastomosis of an aortofemoral graft. A, Patent and enlarged inferior mesenteric artery. B, Low-lying accessory renal artery arising from
the distal aorta or proximal iliac vessels. C, Occlusive lesions confined largely to the external iliac arteries, with the aorta and common iliac and internal iliac arteries fairly well preserved. In my experience, this is the most common indication for end-to-side
anastomosis. D, Reconstitution of pelvic circulation by collateral sources, which would be interrupted with end-to-end anastomosis. In all of these circumstances, end-to-side aortic anastomosis may be advantageous.

Figure 79-8 Femoral anastomosis in a patient with multilevel disease. A, With associated femoropopliteal occlusive disease, any disease at the orifice of the profunda femoris artery may limit graft limb runoff and subsequent patency. B, Extension of the
common femoral arteriotomy into the proximal profunda femoris artery, distal to the orificial stenosis. C, The heel of the long, beveled graft hood is anastomosed to the common femoral artery. D, The femoral anastomosis is completed with the tip of the graft
extended down the profunda femoris artery, thus achieving a patch profundaplasty. Three to five interrupted sutures are first placed at the tip and are not tied down, facilitating visualization and accurate placement without constriction.

Figure 79-9 Transaxillary aortogram demonstrating total juxtarenal aortic occlusion.

Figure 79-10 Interrupted mattress suture technique of aortic anastomosis. A, A posterior row of five mattress sutures is placed, with a double-armed suture passed through the posterior graft wall and then through the host aorta. B, A posterior row of sutures is
tied down over pledgets of polytetrafluoroethylene (Teflon) felt. C, The graft is turned inferiorly toward the patient’s feet, and a similar anterior row of five mattress sutures is placed with pledgets. D, Completed interrupted suture line. This technique is
extremely helpful for the small aorta or fragile, diseased vessel.

Figure 79-11 Clinical circumstances and disease patterns associated with favorable or unsatisfactory outcome of aortofemoral grafts alone in patients with multilevel disease. FAP, femoral artery pressure.

Figure 79-12 Unilateral iliofemoral bypass graft. A, In this usual situation, such a reconstruction may be considered; occlusive disease is confined largely to one external iliac artery. B, Positioning of skin incisions for retroperitoneal exposure of the iliac
vessels and standard approach to the femoral arteries. C, Iliofemoral graft is inserted.

Figure 79-13 Options for outflow reconstruction during reoperation for aortofemoral graft limb occlusion. A, Addition of a short extension of new prosthetic graft end to end to the profunda femoris artery below orificial disease. B, If more extensive disease is
present, insertion of a longer new graft segment as a bypass to the distal profunda femoris artery is preferred. C, Most frequently, endarterectomy of the common femoral artery and profunda femoris artery is performed, with a separate patch closure employing
autogenous or prosthetic material and graft reanastomosis above this (C1) or closure with the long beveled tongue of new graft segment (C2). (A to C2, From Brewster DC: Surgery of late aortic graft occlusion. In Bergan JJ, Yao JST [eds]: Aortic Surgery.
Philadelphia, WB Saunders, 1989, p 533. )
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Chapter 80 - Extra-anatomic Bypass

Most arterial bypass grafts are positioned “anatomically,” that is, roughly parallel and directly adjacent to the arteries they bypass. Two clear examples of anatomically positioned grafts are aortobifemoral and “conventional” femoropopliteal bypass grafts. The
term extra-anatomic has been used to describe grafts that are placed in anatomic positions substantially different from those of the arteries bypassed by these grafts.
The term extra-anatomic has been criticized as imprecise at best. The preferred techniques used to treat certain arterial lesions may be considered extra-anatomic. For example, most of the preferred open surgical procedures used to treat chronic occlusive
disease of the great vessels (the arteries originating from the transverse arch of the aorta) are “extra-anatomic.” Femorotibial bypass using the greater saphenous vein in situ could be considered an extra-anatomic technique. Despite concerns about the
terminology, the term extra-anatomic is in common usage when describing the four basic procedures discussed in this chapter: femorofemoral, axillofemoral, obturator, and thoracofemoral bypasses.
Femorofemoral and axillofemoral grafts were originally designed as replacements for direct aortofemoral bypass in patients who were either too ill to undergo aortofemoral bypass or to treat infection of the native aorta or prosthetic aortic grafts. Axillofemoral
bypass and, to a lesser extent, femorofemoral bypass were subsequently extended to patients with “hostile abdomen” and in whom a direct aortic replacement would be technically difficult or contraindicated owing to active intra-abdominal infection or other

1 2 3 4
pathology. These remain as primary indications for these operations today. However, many authors have argued that these procedures should be extended even further to patients who are not within these categories (see later).[ ] [ ] [ ] [ ] The use of

5 6 7
femorofemoral bypass with aorto-unifemoral endovascular repair has emerged as one option for treatment of abdominal aortic aneurysm[ ] [ ] [ ] and is discussed in Chapter 52 . Obturator bypass was developed essentially as a replacement for
8

femoropopliteal bypass to deal with infection of prosthetic arterial grafts or of the native femoral arteries in the groin.[ ] Infection and other hostile conditions in the groin, particularly radiation injury and other types of trauma, remain the primary indications
for obturator bypass today. Thoracofemoral bypass is an alternative technique for reconstruction of patients who have previously undergone aortic ligation either as part of removal of an infected aortic graft or for primary aortic infection or who have suffered

9
multiple failures of prior arterial reconstructions.[ ]
10 11 12 13 14 15

Axillofemoral and femorofemoral bypass configurations have been found by most observers to be inferior with respect to patency when compared with direct aortofemoral bypass grafting.[ ] [ ] [ ] [ ] [ ] [ ] There have been no prospective,
randomized trials comparing aortofemoral bypass to these other competing alternatives, and the inferior results may reflect case selection. Aortofemoral bypass has been considered inappropriate for anatomic or physiologic reasons in many patients and
axillofemoral or femorofemoral bypass are the most appropriate alternatives. However, the hemodynamic performance of the latter two configurations is clearly inferior to aortofemoral bypass and at least in the case of axillofemoral bypass, patency appears

12] [13]

inferior to that achieved with aortofemoral bypass in comparable patients.[

The contrast between aortofemoral bypass and this alternative is clouded by the fact that younger patients with more isolated disease who might have undergone aortofemoral

16]
Consequently, aortofemoral bypass grafts are now less commonly performed than axillofemoral and femorofemoral alternatives in some institutions.

bypass in the past are much more likely to be treated with endovascular techniques today.[

HISTORY

17]
They used an endarterectomized superficial femoral artery as the conduit. However, Vetto’s 1962 article was probably the first comprehensive and widely read
[18]

The first recognized description of femorofemoral bypass was by Freeman and Leeds.[

description of the results of the femorofemoral bypass performed with prosthetic graft material using techniques that are similar to those used today.

The first axillofemoral bypass grafts were probably those described essentially simultaneously by

19
20
21
Blaisdell and Hall[ ] and Louw[ ] in 1963. Blaisdell in particular continued to write about the application of this technique in situations of infection, hostile abdomen, or high-risk patients.[ ] Shaw and Baue described the obturator bypass in an article
[8]
[22]

that described the approach to a variety of infectious complications of prior vascular surgery in 1963.
procedures in some form has been part of the vascular armamentarium for more than 40 years.

The first thoracofemoral bypass was probably that described in 1961 by Stevenson and associates and performed in 1956.

Thus, each of these

FEMOROFEMORAL BYPASS
Basic Concepts, Indications, and Patient Selection
Femorofemoral bypass depends on the capacity of one iliac arterial system to supply adequate blood flow to both legs. Evidence from multiple studies confirms that this is the case at rest as long as there is no significant stenosis in the donor
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iliac arterial system (see later). Iliac balloon angioplasty has evolved to be an excellent method to treat selected patients with iliac stenosis and even some patients with total occlusion as is discussed elsewhere in this text. Unilateral iliofemoral bypass has also

23] [24] [25] [26] [27] [28]
Aortofemoral bypass remains the standard against which all other methods of

enjoyed resurgence in interest recently and is an excellent choice in patients with an appropriate common iliac artery for inflow to the graft.[

29]

reconstruction for iliac artery occlusive disease must be measured.[

However, femorofemoral bypass is one possible reconstructive alternative for patients with symptoms related to unilateral stenosis or occlusion of a common or external iliac artery.

Technique and Graft Configuration
The operation is performed with the patient positioned supine. The operation can be performed with local infiltration anesthesia but is most often performed under spinal or general anesthesia. The abdomen is prepped along with the groins and anterior thighs.
Longitudinal incisions are used to expose and control the femoral arteries on both sides. General considerations described elsewhere in this text as well as geometric considerations discussed later may affect the selection of the site of the arterial anastomoses.
Femorofemoral bypass is certainly less injurious to the patient than is aortofemoral bypass, and the technique is regarded as trivial by many surgeons. However, femorofemoral bypass, both as a stand-alone procedure and as part of an axillofemoral,
thoracofemoral, or other bypass procedure, presents unique technical (geometric) challenges. The graft is tunneled from one groin incision to the other in the abdominal wall superior to the pubis ( Fig. 80–1 ). The tunnel is created bluntly with a large clamp or
tubular tunneler. The prefascial subcutaneous plane is the appropriate location for the graft tunnel in most patients, but subfascial or even preperitoneal positions may be appropriate if unfavorable conditions exist in the abdominal wall such as prior surgery,
radiation-damaged skin or other skin

Figure 80-1 Standard inverted C configuration of femorofemoral bypass graft.

Figure 80-2 Typical area of exposure for an axillobifemoral bypass graft. The right axillary artery is the donor artery in this case.

32

Figure 80-3 Three configurations of axillobifemoral bypass grafts. All three are shown with a right-sided axillofemoral graft component. A illustrates the most common configuration.[ ] Note that in this case, the right anastomosis of the femorofemoral
graft component is piggybacked onto the distal anastomosis of the axillofemoral graft component to try to maintain maximum volume flow throughout the axillofemoral component into the ipsilateral femoral outflow. B and C illustrate modifications described

21

68

21

by Blaisdell [ ] and Rutherford and Rainer,[ ] respectively, designed to prevent competitive inflow from a patent ipsilateral iliac system.[ ] In B, the common femoral artery is divided superior to the distal axillofemoral anastomosis and the
femorofemoral graft component is anastomosed end to end to the distal part of the divided common femoral artery. In C, the common femoral artery is divided as in B, but the common femoral artery is anastomosed to the side of the axillofemoral graft, which
is then continued from the right groin to the left groin for the left femoral anastomosis. This latter configuration has the potential advantage of reducing the total number of anastomoses from four to three. Prevention of competitive inflow in configurations
illustrated in B and C may theoretically reduce the chance of thrombosis.

TABLE 80-1 -- Comparison of Indications, Patient Characteristics, and Mortality with Graft Patency

FIRST
AUTHOR,
REFERENCE
NO.

CHRONIC
LIMB
CHRONIC
THREAT, CLAUDICATION,
%
%

N

MEAN
AGE,
YEARS

76]

59

66

79]

94

61

88

5

0

7

80]

56

69

95

0

5

0

Eugene[
Allison[
Ascher[

64

12

ACUTE
ISCHEMIA,
%

OTHER
SMOKING
INDICATION, HISTORY,
%
%

0

24

—

CORONARY
ARTERY
HYPERTENSION,
DISEASE, %
%

COPD,
%

DIABETES
MELLITUS,
%

61

19

3-YEAR
OPERATIVE
3-YEAR
PRIMARY
MORTALITY, MORTALITY, PATENCY,
%
%
%

76 “heart
disease,”

41

8

80

45

55

40

—

6.4

68

≥41

41

—

32

5

53

*

44

40

*

39

*

43

3-YEAR
SECONDARY
PATENCY, %
—
—

47
85

*

57 @ 5 yr
Donaldson

100

67

64

19

0

17

—

51 “cardiac
disease”

38

44

19

8

38

54

72

34

70

88

6

6

0

100

91

68

74

56

18

65

63

74

90

67

67

6

0

27

—

—

—

—

20

9

50

68

—

82

50

—

13

11

66 @ 5 yr

71

79

—

—

—

—

1.8

—

76 @ 5 yr

[77]
12]

Schneider[

78]

Kalman[

38

81]

Naylor[

68

95

0

5

0

—

21

*

33 @ 5 yr

72]

Johnson[

56

63

78

22

0

0

—

,

84

§

—

13

29

3

57

74 @ 3 and
5 yr

—

†
108

68

80

20

0

0

86

22

37

11

22

3.7

—

79

—

Ray[

32]

54

67

31

59

0

10

72

68

57

—

30

4.5

—

85

—

3 ‡
Harris[ ] ,

76

65

—

—

—

26

93

58

62

35

16

5

4
Passman[ ]

74]

el-Massry[

33
79

69

59

38

0

3

77

*

85
88
78 @ 5 yr

COPD, chronic obstructive pulmonary disease.
Modified from Schneider JR: The role of extraanatomic bypass in the management of bilateral aortoiliac occlusive disease. Semin Vasc Surg 7:35–44, 1994.

* Not quoted for 3 years but estimated from life table graphs in original article.
† Method of patency calculation in this article appears consistent with the Society of Vascular Surgery definition of secondary patency.[

75]

§ Listed as “heart disease,” not clearly restricted to coronary artery disease.
‡ Included because of unusually high graft patency despite lack of adequate information regarding indications for surgery and late mortality. Subsequent update of this

90]

series showed 78% 3-year primary patency.[

resting ischemia. Finally, some of these favorable reports were based on the use of what is currently termed secondary patency. Nearly all authors have noted that

*

axillofemoral bypass grafts are more likely than aortofemoral grafts to suffer thrombosis, and the favorable secondary patency of the former was at the expense of a
significantly more frequent requirement for graft thrombectomy. Some reports have also considered the axillofemoral and femorofemoral components of axillobifemoral
grafts as two distinct grafts, thus doubling the total number of “observed” grafts. Thrombosis of one component has only half as much impact on the patency calculations as
it would if the entire graft is considered as a unit. We consider this approach as misleading at best since a patient would find little consolation in persistent patency of half of
their graft when they are told they will require amputation because of thrombosis of the other component of their graft.
Reviews of the published literature addressing axillofemoral bypass for chronic lower extremity ischemia in the nearly 25 years since those earlier optimistic articles have generally been much less optimistic. The two possible exceptions have been the

74]

uniquely favorable experience of el-Massry and colleagues[
numbers of claudicants.

14]

Table 80–1 represents the results of our prior review[

3 4
and that reported by the group at the Oregon Health Sciences University.[ ] [ ] It is intriguing to examine these reports after separating them into those without and those with significant

4
with the addition of data from Passman and coworkers.[ ] We selected articles that we thought provided adequate information about indications for axillofemoral bypass, co-morbidities, and late
75]
It was often unclear in these articles whether patency was calculated by number of graft limbs or number of patients. These
3
4
12
32
72
74
76
77
78
79
80
[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [81]
[77]

mortality and that clearly used life table methods to calculate patency as defined using Society for Vascular Surgery criteria.[

With the exception of the report of Donaldson and associates,

studies are arranged in Table 80–1 in order of ascending primary patency.

the results are fairly easily separated into series with

77

few claudicants, including our own previous report versus series that include significant numbers of claudicants, the former comprising six of the first seven citations and the latter comprising Donaldson and associates[ ] plus the last five citations in the
table. Thus, it appears that inclusion of as few as 20% claudicants in such a series has potentially dramatic impact on the patency experience of axillofemoral bypass. Operative and late mortality, where reported, are also lower in those series with larger
numbers of claudicants, thus enhancing the patency predictions by the mechanisms discussed earlier. Finally, there is a wide range in the frequencies of various co-morbidities in patients undergoing axillofemoral bypass, reinforcing the contention that “high

82]

risk” is different in different institutions. Jämsén and colleagues have also provided an excellent recent description of their results, but the lack of separation of claudicants from those with resting ischemia did not allow inclusion in Table 80–1 .[
review of those authors’ results show them to be generally consistent with those described by others and included in Table 80–1 .

However,

We have identified no prospective, randomized comparisons of axillofemoral and aortofemoral bypass, and we are aware of only five reports using the case-control approach to analyzing outcome in contemporaneous patients treated with axillofemoral and
aortofemoral bypass in a single institution. Johnson and colleagues compared primary axillofemoral bypass to contemporaneous results with aortofemoral bypass in the same institution and observed 76% (axillofemoral) versus 77% (aortofemoral) secondary

72

12]

graft patency at 5 years.[ ] Our experience was substantially different, yielding 63% (axillofemoral) versus 85% (aortofemoral) primary patency at 3 years for contemporaneous patients in a study with only 6% claudicants in the axillofemoral group.[
Inspection of the life table patency graph in the study by Mason and coworkers suggests significantly
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11

4

lower patency for axillofemoral bypass as compared to aortobifemoral bypass.[ ] Passman and associates reported a 5-year primary patency rate of 74% (axillofemoral) versus 80% (aortofemoral), a difference that was not statistically significant.[ ] The
discrepancy in results is almost certainly related to significant differences in patient mix as noted earlier, the use of secondary patency in Johnson’s work and primary patency in ours, and the fact that our own review included both primary and secondary
axillofemoral and aortobifemoral bypass procedures. The results reported by Passman and associates remain impressive even after this type of scrutiny. Despite the enthusiasm for axillofemoral bypass among a few authors, most continue to view this operation

83]

as most appropriate for patients at very high risk for aortofemoral bypass and who cannot be treated with iliac balloon angioplasty or as part of the treatment for infection of the native aorta or previously placed aortic prostheses.[

A more recent publication

[84]

from the same institution as Passman and associates do not report life-table estimates of patency, but review of the material in that article suggests that patency results in patients treated more recently are not as favorable as those reported previously and
are more consistent with others’ experience. Onohara and associates have performed a multivariate analysis of patients undergoing axillofemoral and aortofemoral bypass, and their analysis suggests that axillofemoral bypass patency is comparable to that for

85]

aortofemoral bypass after adjustment for other factors.[

Such a conclusion is intriguing but would require validation by others before it could be generally accepted.

Limb salvage may be the best criterion to assess operations for limb-threatening ischemia, but appropriate life table estimates of limb salvage are unusual in published reports of axillofemoral bypass. Limb salvage may also include results in claudicants or
other patients whose surgical indications did not include limb-threatening ischemia. Examination of reports in which life table methods are clearly used in patients suffering predominantly from chronic limb-threatening ischemia or in which separate results are

12] [78] [81] [86]

tabulated for patients whose initial presentation was chronic, limb-threatening ischemia yields 3-year limb salvage ranging from 69% to slightly more than 80%, a range much narrower than that for patency.[
axillofemoral bypass does not provide complete hemodynamic normalization, it appears to provide limb salvage in most patients whose initial indication for reconstruction is limb-threatening ischemia.

Effect of Graft Material and External Support

Most important, although

The first axillofemoral bypasses were performed when only saphenous vein or unsupported Dacron grafts were available. Externally supported Dacron, ePTFE, and xPTFE have subsequently become available, and each has been touted as superior to their

87] [88] [89]
Published studies that suggest improved results with a new graft material suffer from the problem of

predecessors as measured by patency. Several retrospective studies comparing Dacron and PTFE detected no differences in patency.[

3
comparison to historical controls. Harris and colleagues[ ] reported excellent results with xPTFE when compared with the same group’s prior results with unsupported grafts of unspecified material. A subsequent update of this series produced a downward
90]

revision of patency, although the results remain impressive.[

However, the number of claudicants was not specified in that study, and we observed much less favorable results with the identical xPTFE graft placed during roughly the same period in a high-

12]
74
el-Massry and coworkers [ ] reported excellent results with externally supported Dacron grafts in a series with 38% claudicants, but their

risk group consisting nearly exclusively of patients with limb-threatening ischemia and severe outflow disease.[
results were only marginally better than those with unsupported Dacron

1146

32

91] [92]

prostheses from the same group published 14 years earlier.[ ] Finally, hemodynamic studies attempting to assess the importance of external compression as a potential cause of graft thrombosis have yielded conflicting results[
assumptions that graft compression is a cause of failure or that external support prevents compressive occlusion of the graft remain unconfirmed.

and the basic

A randomized, prospective comparison of supported Dacron versus xPTFE axillofemoral bypass grafts was completed several years ago and has at long last been published, demonstrating no detectable difference between externally supported Dacron and

93

xPTFE axillofemoral grafts.[ ] xPTFE, collagen-impregnated Dacron, and gelatin-coated Dacron grafts all are convenient, avoiding the requirement for preclotting and possible bleeding within the subcutaneous tunnel, and any of these can be used with
similar outcome expectations. The concept of external support has face validity, and we continue to employ externally supported grafts, although this is not based on solid evidence. Development of new prosthetic grafts may alter our preferences in the future.
Axillo-unifemoral Versus Axillobifemoral Configuration, Graft Diameter, and Other Hemodynamic Considerations

12

94

The average resting flow in an axillobifemoral graft is on the order of 600 mL/min.[ ] This is consistent with the estimated resting flow of 300 to 400 mL/min in each common femoral artery[ ] and is comparable to or even slightly less than the average
estimated flow in upper extremity arteriovenous dialysis fistulae. Thus it is not surprising that axillofemoral bypass can provide adequate flow to support the legs. However, axillofemoral bypass does not provide a normal hemodynamic result. There is some

38]
We previously noted that axillofemoral bypass resulted in a predicted ankle-brachial index of only about 0.7 with normal outflow vessels, much
[12]

evidence that axillofemoral bypass does not result in acceptable improvement in claudication symptoms.[

inferior to the results with conventional aortofemoral bypass, and we also noted a trend toward less satisfactory improvement as measured by ankle-brachial index in patients with greater estimated graft flow.
provides adequate enhancement of perfusion to allow limb salvage in most patients.

Nevertheless, axillofemoral bypass usually

Axillofemoral bypass was originally described as a unilateral (unifemoral) procedure. Sauvage and Wood were probably the first to suggest that patency of axillobifemoral grafts would be superior to axillo-unifemoral grafts because of the increased blood

95]
The majority opinion for more than 20 years was that axillobifemoral grafts enjoy patency superior to that of axillo-unifemoral grafts and that axillofemoral bypass should virtually always be performed in a bifemoral configuration.
32
38
72
78
96
[ ] [ ] [ ] [ ] [ ] [97] [98] [99]

flow in the former.[

Recent evidence suggests that this dogma may be flawed. Diameter of graft components is not stated in all published reports. Ray and colleagues suggested an increased rate of thrombosis for 8-mm-diameter grafts

32
12 73
when flow is less than 240 mL/min.[ ] Published estimates of flow in axillounifemoral grafts are only slightly more than this 240 mL/min threshold, whereas estimated flows are roughly twice as high in axillobifemoral grafts,[ ] [ ] thus providing a

plausible theoretical explanation for the alleged superior patency of the axillobifemoral configuration. Dr. Ray’s work also implies that larger diameter grafts would be at risk of thrombosis at even higher minimum flow rates, suggesting that axillofemoral
grafts should be no more than 8 mm in diameter and that 10- and 12-mm-diameter grafts would be at very high risk of thrombosis in axillo-unifemoral configuration.

12] [76] [80] [100] [101]
77
or no more than an insignificant trend toward improved patency[ ] for axillobifemoral grafts. Ascher and coworkers used 6-mm[80]

Despite these observations and the theoretical arguments, other authors have foun[d no difference[

diameter axillofemoral components for axillounifemoral and axillobifemoral grafts and observed no discrepancy in patency between these configurations.

mL/min for a 6-mm graft.

[32]

The work of Ray and associates would suggest a thrombosis threshold of substantially less than 240

It is also ironic that the highest reported patency for axillofemoral grafts that we have been able to identify came from a series dominated by axillo-unifemoral grafts and performed by the group that originally championed the

74
axillobifemoral configuration.[ ] Thus, it appears that axillo-unifemoral bypass performed with a 6- or 8-mm- diameter graft performs as well as an axillobifemoral bypass performed with an 8-mm axillofemoral component. I prefer an 8-mm xPTFE
axillofemoral component and a 6-mm xPTFE femorofemoral component for axillobifemoral grafts. I have generally used an 8-mm xPTFE graft for axillounifemoral grafts unless the patient is small, in which case I have chosen a 6-mm xPTFE graft.
Effect of Outflow Disease

32] [38] [73]
4 12 80
and by others not to impact on axillofemoral patency.[ ] [ ] [ ] Others and we have found it
[12] [69]

The patency of the superficial femoral artery has been found by some authors to be an important determinant of axillofemoral graft patency[

We have used the same principles, including passage of a 3.5necessary to perform local procedures to ensure good flow, usually to the deep femoral artery, in a substantial fraction of cases, certainly more than we have found in aortofemoral bypass.
mm probe into either the superficial or deep femoral artery, as in femorofemoral bypass to ensure adequate outflow. Thus, the inability to demonstrate a difference between patients with patent versus those with occluded superficial femoral arteries may reflect
the effect of an aggressive approach to ensuring adequate deep femoral arterial outflow.
Axillopopliteal Bypass
Axillofemoral bypass has occasionally been extended to the popliteal artery, primarily in cases when there is groin sepsis and the superficial femoral artery is an unacceptable distal target vessel or the surgeon believes that foot perfusion will not be adequately

102]
103]
and McCarthy[
and their colleagues noted acceptable performance of this configuration. However, both of these groups found that patency was inferior to

enhanced by a bypass to the groin because of infrainguinal occlusive disease. Both Ascher[
that expected with more conventional reconstructions. This is not surprising, given
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the long graft length and requirement to cross at least one flexion point. Indeed, it is more surprising that any of these compromised grafts remain patent. Nevertheless, this technique may occasionally be the only reasonable approach to patients with groin
sepsis or who are unacceptable risks for more conventional reconstruction and whose arterial occlusive anatomy is not amenable to either an inflow or outflow procedure alone.
Complications
Although axillofemoral bypass is subject to the same complications as other arterial operations discussed in Section X, there are several complications unique to axillofemoral bypass including brachial plexus injuries, the so-called axillary pullout syndrome,

104]

and thromboembolic risks to the donor arm and recipient legs following thrombosis of the graft. Kempczinski and Penn described two of these three complications, including two apparent brachial plexus injuries in four patients.[

[105]

reviewed five of their own cases of axillary pullout and cited a small number of prior descriptions as well as information provided by the U.S. Food and Drug Administration and concluded that axillary pullout is “not rare.”

appears to have been induced by crutch walking.

[106]

White and associates

At least one similar case

Taylor and colleagues have provided an excellent review of the literature concerning this problem and have described a proposed modification of the technique to allow some redundancy of the graft to

67 107]
It is likely that axillary pullout occurs because of placement of the axillary artery-to-graft anastomosis too far lateral on the axillary artery or failure to provide some graft redundancy as has been recommended earlier.
prevent this complication.[ ] [
108
109
[
]
[
]
[110]
[111]
Bandyk,

Khalil,

McLafferty,

and Mawatari

and their colleagues have described upper extremity thromboembolic complications in patients with thrombosed axillofemoral grafts. We have observed the latter phenomenon to occur in

104

112

] and later Hartman and coworkers[
] described axillary artery thromboses in patients with axillofemoral grafts, a
three episodes in all three involved extremities in a single patient with a thrombosed axillobifemoral graft. Kempczinski and Penn[
phenomenon likely mechanistically similar to the emboli described by Bandyk and others. Reports of these complications are unusual, and we have been unable to find any from the past several years, suggesting that they may be less common as the technique
has evolved and become more familiar to more surgeons. Infection of axillofemoral bypass grafts poses unique problems since these patients have often been treated for failure of prior reconstructions and often have multiple co-morbidities, making them
64] [113] [114]

extremely poor candidates for more surgery to deal with this problem.[

OBTURATOR BYPASS
Indications and Patient Selection

8
Shaw and Baue first described a bypass routed through the obturator foramen as a technique to deal with infected arterial prostheses in the groin.[ ] The term obturator bypass is imprecise at best. Alternative terms such as transobturator foramen bypass

8
would be preferable, but obturator bypass is in common usage. The original description employed Dacron in all three cases,[ ] but ePTFE, xPTFE, saphenous vein in various configurations, autologous deep vein, and human umbilical vein all have been
115 116 117 118

][
][
][
] The operation has also been used to reconstruct patients with groin sepsis without prior prosthetic grafting, patients with infected pseudoaneurysms after intra-arterial recreational drug abuse or after diagnostic or
employed.[
therapeutic femoral arterial cannulation, those with groin neoplasm, or arterial and other soft tissue damage from prior groin irradiation. The presence of an infected prosthetic aortofemoral graft limb on the side to be reconstructed is a relative contraindication
for obturator bypass, particularly if there is frank pus adjacent to the graft limb. Preoperative imaging studies may indicate involvement of the aortofemoral graft limb, and in such cases, other techniques such as axillopopliteal bypass may be the only
alternatives.

Technique and Graft Configuration

The operation is typically performed with general anesthesia. The patient is placed supine and the abdomen is prepped. The leg to be reconstructed is prepped circumferentially to allow manipulation during the operation. Infected wounds are excluded from the
field as much as possible. The donor artery is most often exposed using a curvilinear lower quadrant incision and a retroperitoneal exposure, although an initial transperitoneal approach may also be used. The common or external iliac artery may serve as the

119

] This alternative requires that the graft be divided and the distal infected portion
donor artery. As noted earlier, an aortofemoral graft limb may also serve as the donor vessel if the surgeon believes this portion of the graft is uninvolved with the infection.[
excluded from the operative field until the bypass has been completed and the wounds closed prior to exploring the groin wound for removal of infected prosthetic material and native tissue. Our experience with obturator bypass includes patients with infected
infrainguinal bypass grafts, infected prosthetic dialysis grafts based on groin vessels, infected pseudoaneurysms after recreational drug use or diagnostic or therapeutic arterial cannulation, and arterial occlusive disease in irradiated groins. Thus, none of our
patients has had a prosthetic inflow source, and we have not had occasion to use this approach. The obturator foramen is approached from this same incision by dissection medial to the external iliac vein and posterior to the pubic ramus and blunt dissection of
the obturator internus muscle away from the obturator membrane ( Fig. 80–4 ). The obturator artery and nerve perforate this membrane posterolaterally so that it is safest to avoid these structures by passing the graft through the anteromedial aspect of the
obturator foramen. The membrane is extremely strong and cannot be perforated bluntly without risk of injuring adjacent structures; therefore, it must be opened sharply.
120]
However, approaching the deep femoral artery from the posteromedial side, though technically possible, risks entry into the infected groin and

The target vessel is often the popliteal or distal superficial femoral artery but may be the deep femoral artery.[
should be avoided for this reason in most cases. In any case, an incision is made along the mid

Figure 80-4 Approach to the obturator foramen with adjacent iliac vessels as viewed from the medial side of the pelvis.

Figure 80-5 Typical course of the obturator bypass graft, in this case terminating at the popliteal artery.
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Figure 80-6 Typical course of the thoracofemoral bypass graft. This illustrates a single graft from the descending aorta to the left common femoral artery with a left-to-right femorofemoral graft. Other approaches, some involving the use of a bifurcated graft,
are possible (see text).
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Chapter 81 - Infrainguinal Bypass

Lower extremity arterial reconstruction is most commonly performed in patients with moderate to severe limb ischemia due to atherosclerotic occlusive disease (ASO). Although the techniques described herein may also be applied to patients with traumatic,
aneurysmal, and nonatherosclerotic conditions, this chapter focuses exclusively on patients with ASO. Infrainguinal bypass is defined as any major arterial reconstruction using a bypass conduit, either autogenous or prosthetic, that originates at or below the
inguinal ligament. Inflow sites may therefore include the common, deep, or superficial femoral arteries (SFAs), as well as the popliteal or even tibial arteries. The bypass insertion site may be the femoral, above- or below-knee popliteal, tibial, peroneal, or
pedal artery. Over the past decade, progressive evolution in patient evaluation, selection, and conduct of infrainguinal bypass operations has resulted in a more aggressive and generally more successful approach to distal arterial reconstructions, especially for
patients with critical limb ischemia (CLI) who otherwise face major limb amputation. Although graft patency and limb salvage rates have demonstrated parallel improvements, there remains a critical need for detailed clinical studies examining the costeffectiveness as well as patient quality of life outcomes after infrainguinal bypass procedures to ensure their appropriate use and to permit meaningful comparison with evolving less-invasive endovascular therapies.

INDICATIONS
The two primary operative indications for infrainguinal bypass are claudication and CLI. Claudication is defined as intermittent muscular pain reproducibly induced by exercise and relieved by rest. Patients who are significantly disabled by their symptoms
such that they are unable to perform their primary occupation, are unable to comfortably carry out the activities of daily living, or whose lifestyles are significantly limited are potential candidates for infrainguinal bypass. A trial of smoking cessation, lifestyle
modification, and exercise, with or without available medical therapy, is usually indicated prior to operative intervention. There is general consensus that bypass is preferable to angioplasty in patients with TransAtlantic Intersociety Consensus type D lesions

1

(complete common femoral artery [CFA] or SFA occlusions or complete popliteal and proximal trifurcation occlusions), but it may also be applied to patients with type B and C lesions.[ ] Operation should be offered only if the benefit-risk ratio is high and if
anatomic characteristics suggest a favorable and durable result. The primary reason for intervention in claudicants is to improve lifestyle, since the risk of severe clinical deterioration (20%) or major limb amputation (5%) over a 3- to 5-year period is quite low.

[1] In most centers with large infrainguinal bypass experiences, claudicants comprise only 15% to 30% of patients, with the remaining majority of patients undergoing bypass for CLI. Although these data reflect practice patterns in tertiary referral centers,
[2]
they may not reflect the realities of community-based practices.

3

4 5 6

Patients with CLI generally require intervention. Such patients fall into Fontaine III and IV[ ] and Rutherford 4 to 6 [ ] [ ] [ ] categories. The most recent European Consensus Document defines CLI as persistent, recurring ischemic rest pain requiring
opiate analgesia for at least 2 weeks and ankle systolic pressure lower than 50 mm Hg and/or toe systolic pressure lower than 30 mm Hg; or ulceration or gangrene of the foot or toes and ankle systolic pressure lower than 50 mm Hg or toe systolic pressure

7

8

lower than 30 mm Hg (or absent pedal pulses in diabetics).[ ] Wolfe and Wyatt have further subdivided such patients into the categories of critical and subcritical ischemia based on subsequent amputation risk.[ ] Subcritical ischemia includes patients with
rest pain and ankle pressure higher than 40 mm Hg. Critical ischemia is defined as rest pain and tissue loss and/or ankle pressure lower than 40 mm Hg. This distinction was based on a retrospective analysis of 20 publications analyzing 6118 patients. At 1
year, 27% of patients with subcritical ischemia achieved limb survival without revascularization in contrast with only 5% in the group of patients with CLI. In practice, these data indicate that selected extremely high-risk patients with subcritical ischemia
might be managed medically (nonoperatively) but that virtually all patients with true CLI require either bypass or major limb amputation.

PREOPERATIVE ASSESSMENT
There is widespread recognition that patients requiring infrainguinal bypass frequently have medical co-morbidities, including diabetes mellitus, chronic obstructive pulmonary disease, and renal insufficiency; there is a particularly high prevalence of
associated coronary artery disease (CAD). The incidence of perioperative myocardial infarction ranges from 2% to 6.5% following lower extremity arterial reconstruction; approximately 70% of both perioperative and late mortality in these patients is due to

9
concomitant CAD.[ ] The classic study of Hertzer and associates from a tertiary referral center of routine preoperative coronary arteriography in 1000 consecutive patients undergoing
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10]

evaluation for peripheral arterial disease (PAD) identified severe CAD (>70% stenosis of at least one coronary artery) in 25% of patients and severe inoperable CAD in 6% of such individuals.[

investigators.

[9]

These data have been corroborated by numerous other

It is clear that significant CAD is a nearly universal accompaniment of PAD. What remains controversial is which individuals are most likely to benefit from detailed, preoperative cardiac assessment and possible coronary intervention before

11]
My colleagues and I have used an approach between these two extremes.

undergoing infrainguinal bypass. Proposed algorithms have ranged from routine cardiac evaluation of all PAD patients to an almost nihilistic approach.[

12

13

14

All PAD patients require a detailed history and physical examination as well as a baseline electrocardiogram (ECG). Important risk factors (modified from Detsky,[ ] Goldman,[ ] Eagle,[ ] and their colleagues) to delineate include the presence or
absence of angina; previous myocardial infarction; congestive heart failure (CHF); ventricular ectopy requiring treatment; the presence of valvular heart disease, particularly aortic stenosis; and ischemic findings on ECG. Patients with no cardiac history, none
of the risk factors noted earlier, and a normal ECG may safely undergo infrainguinal bypass without further detailed cardiac evaluation; this approach results in an operative mortality of less than 3%. If the cardiac history is positive, the ECG is abnormal, or in
the presence of any of these risk factors, we would recommend a cardiology consultation for individuals with claudication. If the cardiac evaluation reveals a low cardiac risk, infrainguinal bypass may be safely performed. If significant CAD is identified,
percutaneous or open cardiac revascularization should be considered first. If severe, un-reconstructible CAD is identified, leg bypass for claudication should generally be deferred. Elective surgery for claudication is performed primarily for lifestyle
improvement, and there are often medical or less invasive endovascular options available that could be employed.

8
Patients with CLI pose a more complex problem, since there is a high anticipated amputation rate without lower extremity arterial reconstruction.[ ] CLI patients have an even greater prevalence of CAD than claudicants and also a significantly reduced 5-year
11

mortality, primarily due to associated CAD. However, because CLI patients also tend to be older and have a greater number of associated co-morbidities, cardiac intervention in such individuals has higher reported morbidity and mortality rates[ ] than in the
general population of patients with isolated CAD targeted for intervention. Our approach in CLI patients is to assume that they all have significant CAD. Perioperative blood pressure control, antianginal regimens, and treatment for CHF are optimized, and

15

16 17

based on level I data,[ ] perioperative beta blockade is employed if there are no contraindications.[ ] [ ] We would recommend postponement of infrainguinal bypass in CLI patients to allow further cardiac evaluation only in the presence of frequent or
unstable angina, recent myocardial infarction, poorly controlled CHF, or symptomatic or untreated arrhythmia. Even in these instances, cardiac evaluation should be focused and expeditious. Invasive coronary intervention should be pursued only if patient and
anatomic characteristics are favorable, if the benefit-risk ratio is high, and if it can be performed without prolonged delay. In the absence of such cardiac instability, CLI patients are best treated with meticulous perioperative medical care and expeditious lower
extremity reconstruction. Prolonged delays prior to limb revascularization in CLI patients increase morbidity and amputation risk.

PREOPERATIVE VASCULAR EVALUATION
The noninvasive evaluation of PAD patients has been covered elsewhere in the text (see Section III). Infrainguinal bypass requires careful assessment of the extent of arterial disease as well as detailed anatomic characterization of the inflow and outflow

18

19 20

arteries. In most patients, standard arteriography is still the “gold standard.” However, magnetic resonance (MR) angiography[ ] is improving, and particularly for patients with claudication, preoperative duplex imaging[ ] [ ] (see Chapter 16 ) may
provide sufficient anatomic information to proceed directly to the operating room without formal preoperative arteriography. In the latter circumstance, immediate pre-bypass arteriography in the operating room prior to infrainguinal bypass is a reasonable
approach. For most patients, however, especially for those with CLI, our preference is to perform initial diagnostic angiography at a separate sitting. We have chosen this approach for several reasons. Detailed high-quality diagnostic arteriograms can be
obtained and reviewed carefully before proceeding with bypass. In some patients, appropriate selection of outflow arteries may be difficult, and this area of decision making can be improved if films are reviewed and discussed with colleagues. In addition,
even in patients with CLI, selected lesions may be effectively treated by endoluminal techniques. Although this is especially true of tandem inflow lesions, as our experience with peripheral intervention has grown, we not infrequently find that selected SFA,
popliteal, and even tibial lesions can sometimes be treated with conventional or subintimal angioplasty techniques ( Fig. 81–1 ). Confining the initial procedure to diagnostic and/or therapeutic angiography obviates time constraints and scheduling difficulties
that arise in the operating room when trying to perform angiography and open reconstruction all in one sitting. We reserve the latter approach for carefully selected patients whose arterial anatomy has already been fairly well delineated by preoperative MR
angiography or duplex scanning. This confines the “one-stop approach” primarily to claudicants undergoing bypass for isolated, single-level femoropopliteal disease.

21 22

Nearly all patients in whom infrainguinal bypass is indicated have suitable target vessels if diagnostic angiography is properly performed.[ ] [ ] Only a tiny fraction of individuals, usually following multiple failed previous reconstructions, do not have an
identifiable target artery. Detailed runoff views are necessary, including magnification and lateral views of the foot. Such films can be obtained in nearly all patients with adjunctive techniques such as foot warming, local administration of intra-arterial
vasodilators, and proper positioning of the diagnostic catheter. It is frequently helpful to advance the catheter selectively into the SFA or popliteal artery if required to obtain adequate views of the infrapopliteal and pedal circulation, especially in patients with

1156

Figure 81-1 A 91-year-old woman with an ankle-brachial index of 0.3, ischemic rest pain, and right third toe gangrene underwent antegrade right femoral arteriography based on the presence of normal inflow and superficial femoral artery (SFA) occlusive
disease on duplex imaging. A 9-cm occlusion of the SFA (A) and a short focal below-knee popliteal artery stenosis (B) (arrow) were identified. Single-vessel runoff was via a continuous peroneal artery. The SFA occlusion was successfully treated with 5-mm
percutaneous transluminal angioplasty (PTA) (C) and the popliteal (POP) lesion was treated with 3-mm PTA (D). The ankle-brachial index improved to 0.78 with resolution of rest pain and rapid healing of a third toe amputation with a hospital stay of less
than 24 hours.

Figure 81-2 Lateral foot view obtained via distal selective superficial femoral arterial catheter injection identified excellent collaterals from the distal peroneal artery to both the dorsal pedal and posterior tibial circulations.

Figure 81-3 Combined use of Linton vein patch technique following endarterectomy of the distal common and proximal deep femoral arteries with anastomosis of the reversed vein graft to the patch.

199] [200]

Figure 81-4 The venotomy through the reversed vein is extended out through a suitable side branch (A) and anastomosed to the inflow artery (B and C) to avoid anastomotic stenosis at the graft heel.[
proximal anastomosis (Prox Fem Pop Anast) (D) or the distal anastomosis (E) and is useful when vein caliber is small or the arterial wall is thickened.

This technique may be used both at the

Figure 81-5 Depiction of common inflow and outflow incisions for infrainguinal bypass.

Figure 81-6 Lateral approaches to the deep femoral, anterior tibial, and distal peroneal arteries are shown.

TABLE 81-1 -- Randomized Clinical Trials: Above-Knee Popliteal Bypass and Graft Type and Below-Knee Popliteal/Infrapopliteal Bypass by Graft Type, Rings, and Cuffs
PATENCY, YR
FIRST AUTHOR (YEAR) (NO. OF PATIENTS) AND GRAFT TYPE

1

2

3

4

5

PVALUE

Above-Knee Popliteal Bypass: Dacron vs. PTFE

91]

Devine[

0.044
(2001) (n= 209)

Heparin-bonded Dacron

70

63

55

PTFE

56

46

42
NS

89]
(2001) (n= 194)

Post[

Dacron

64

PTFE

61

88]

Green[

NS
(2000) (n= 240)

Dacron

43

PTFE

45

90]

Robinson[

NS
(1999) (n = 108)

Dacron

70

56

47

PTFE

72

52

52

Above-Knee Popliteal Bypass: HUV vs. PTFE

99]

McCollum[

NS (0.27)
(1991) (n = 191)

HUV

68

63

57

PTFE (above knee)

61

56

48

100]

Aalders[
HUV

NS
(1992) (n = 96)
90
67

*

71.4

‡

PTFE

80

101]

Eickhoff[

63

38.7
0.001

(1987) (n = 105)

HUV (below knee)

74

42

PTFE

53

22

PTFE: Ringed vs. Nonringed

98]

Gupta[

NS
(1991) (n= 122) (above- and below-knee popliteal bypass)

Ringed

74

Nonringed

68

PTFE: Vein Cuff vs. No Cuff

96]

Stonebridge[

(1997) (n = 261)

Above-knee popliteal

NS

Cuff

80

72

No cuff

84

70

Below-knee popliteal

0.03

Cuff

80

52

No cuff

65

29

Above-Knee Popliteal Bypass: Vein vs. Prosthetic (PTFE or HUV)

105]

Klinkert[

0.035
(2003) (n = 151)

Vein

76

PTFE

52

106]

Johnson[

0.01
(2000) (n = 752)

Vein

81

73

HUV

70

53

PTFE

69

39

104]

Tilanus[

<0.001
(1985) (n = 49)

Vein

70

PTFE

37

103]

Veith[

(1986) (n = 845)

Above-knee popliteal

>0.25

†

Vein

61

PTFE

38

Below-knee popliteal

<0.05

Vein

76

PTFE

54

Infrapopliteal

<0.001

Vein

49

PTFE

12

HUV, human umbilical vein; PTFE, polytetrafluoroethylene; NS, not significant.

* Patency determined at 18 months.
‡ Patency determined at 6 years.
† Above knee, n = 176; below knee, n= 153; infrapopliteal, n = 204.
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92] [201]

Figure 81-7 The Miller cuff technique[

96]

has conferred improved patency for below-knee popliteal and tibial polytetrafluoroethylene bypass when used as a distal anastomotic adjunct in a controlled, randomized clinical trial.[

93] [95]

Figure 81-8 The Taylor patch technique may also offer improved patency for infrageniculate polytetrafluoroethylene bypass.[

94]

Figure 81-9 The St. Mary’s boot or prosthetic venous collar technique[

combines the attributes of the Taylor patch and the Miller cuff.

83]
(double arrows) can be performed. The everted arterial segment is anastomosed to the available vein graft to permit creation of an all-

Figure 81-10 When vein length is limited, an eversion endarterectomy of a proximal superficial femoral artery segment[
autogenous conduit of sufficient length to perform the required bypass.

Figure 81-11 Completion arteriography demonstrates poor runoff with minimal branching of the target plantar artery (arrow) (A). Initial exposure had been inadequate leading to incorrect target artery (lateral plantar) selection. The anastomosis was relocated
to the medial plantar artery (B) and the graft remains patent 2 years postoperatively.

Figure 81-12 Completion arteriography identified a significant distal anastomotic defect (A) despite a good graft pulse and distal continuous-wave Doppler signal. The anastomosis was re-explored, the defect was corrected (B), and the graft is patent at 3 years.

TABLE 81-2 -- Reversed Versus In-Situ Bypass
PATENCY (%)
FIRST AUTHOR (YEAR), GRAFT TYPE (NO. OF GRAFTS)

RVG

In Situ

P Value

88

71

NS

77

68

NS

BK popliteal

75

78

NS

Infrapopliteal

67

76

NS

Overall

67

69

NS

<3-mm veins

37

61

NS

70.2

64.8

NS

144]

Watelet[

143]

Harris[

*

(1986): AK/BK popliteal (n = 100 grafts)

(1993): AK/BK popliteal (n = 215 grafts)

*
140]

Veterans Administration Cooperative Study Group 141[

146]

Wengerter[

145]

Watelet[

(1991) (n = 125 grafts)

(1997) (n = 91 grafts)

§

(1988) (n= 461 grafts)

†

‡

NS, not significant; AK, above knee; BK, below knee; RVG, reversed vein grafts.

* Values at 36 months.
† Values at 24 months.
‡ Values at 30 months.
§ Ten-year results.
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TABLE 81-3 -- Above-Knee Femoropopliteal Grafts
PRIMARY PATENCY

*

1 MO

6 MO

1 YR

2 YR

3 YR

4 YR

Reverse saphenous vein

99

91

84

82

73

69

Arm vein

99

82

65

60

60

Human umbilical vein

95

90

82

82

70

70

89

79

74

66

60

Polytetrafluoroethylene

* All patencies are expressed as percentages; all series published since 1981.

TABLE 81-4 -- Below-Knee Femoropopliteal Grafts
PATENCY

*

1 MO

6 MO

1 YR

2 YR

3 YR

4 YR

Reverse saphenous vein

98

90

84

79

78

77

In-situ vein bypass

95

87

80

76

73

68

97

96

96

89

86

81

Arm vein

97

—

83

83

73

70

Human umbilical vein

88

82

77

70

61

60

Polytetrafluoroethylene

96

80

68

61

44

40

Reverse saphenous vein

100

92

90

88

86

75

In-situ vein bypass

97

96

94

84

83

—

Primary

Secondary
In-situ vein bypass

Limb salvage

* All patencies are expressed as percentages; all series published since 1981.

162

163

] Abou-Zamzam and colleagues,[
] also from
small fraction of patients in this report (14.3%) met these basic criteria for success. Golledge and others from South Australia, using similar criteria, showed that only 22% of patients had an ideal outcome.[
the Oregon group, identified preoperative independence and ambulation as the best predictors of postoperative independence and continued ambulation. These data emphasize the severity of underlying co-morbidities in CLI patients and the difficulties
encountered in obtaining functional limb salvage.
164

] from the University of Arizona analyzed a consecutive series of 318 patients undergoing infrainguinal bypass, 72% for CLI. Three nontraditional outcome measures were used to explore outcomes and define the clinical realities
Goshima and coworkers[
of treating patients with CLI: (1) index limb reoperation rate within 3 months of bypass, (2) hospital readmission rate within 6 months, and (3) wound healing time. Perioperative mortality was less than 1%, mean length of initial hospital stay was 9 days, 30day graft patency was 96.9%, and 3-month limb salvage was 96.5%. Five-year limb salvage in a similar group of patients from the same center was 91%, and the costs of bypass combined with graft surveillance and revision for 5 years were equal to or less
196

] However, 49% of patients required at least one reoperation within 3 months, and 50% required readmission to the hospital within 6 months. The cumulative length of stay for all readmissions
than those for patients undergoing major limb amputation.[
was 11 days. More than half of CLI patients required more than 3 months of postoperative care to achieve wound healing. The presence of preoperative tissue loss and minority status increased the odds of reoperation by 2.2- to
TABLE 81-5 -- Infrapopliteal Grafts
PATENCY

*

1 MO

6 MO

1 YR

2 YR

3 YR

4 YR

Reverse saphenous vein

92

81

77

70

66

62

In-situ vein bypass

94

84

82

76

74

68

Reverse saphenous vein

93

89

84

80

78

76

In-situ vein bypass

95

90

89

87

84

81

73

62

58

—

Primary

Secondary

Arm vein

94

Human umbilical vein

80

65

52

46

40

37

Polytetrafluoroethylene

89

58

46

32

—

21

Reverse saphenous vein

95

88

85

83

82

82

In-situ vein bypass

96

—

91

88

83

83

68

60

56 48

Limb salvage

Polytetrafluoroethylene

76

* All patencies are expressed as percentages; all series published since 1981.

3.1-fold, whereas ischemic tissue loss, renal failure, and diabetes were independently associated by multivariate analysis with the need for readmission. Diabetes mellitus was the sole independent risk factor for prolonged wound healing (odds ratio, 3.4).

165 166 167 168 169 170 171

][
][
][
][
][
][
] particularly to allow comparison with evolving less invasive techniques such
Further studies using such functional or patient-relative outcomes are needed to place the role of infrainguinal bypass in perspective,[
as subintimal angioplasty or even primary amputation in selected high-risk subsets of patients with CLI. Although it is generally agreed that nearly all patients with CLI are best treated with surgical revascularization, it is clear that both economic and
163] [164] [165] [166]

functional outcome considerations mandate consideration of alternative therapies, at least for certain subsets of patients with CLI such as those living in nursing facilities or who are minimally ambulatory.[

POSTOPERATIVE MANAGEMENT
Following bypass, patients should generally be maintained on their preoperative medical regimens for control of angina, arrhythmia, CHF, and hypertension. Patients with a recent history of CHF are at high risk for prolongation of hospital stay and

162] [164]

readmisssion[

; care should be taken to avoid volume overloading in these patients, and they may require supplemental diuresis. Perioperative beta blockade should be continued in the absence of contraindications; in moderate- and high-risk

16] [17]

patients undergoing vascular surgery, beta blockade with targeted heart rate control reduces cardiac complications and improves mortality.[

TABLE 81-6 -- At or Below-Ankle Grafts
PATENCY

*

1 MO

6 MO

1 YR

2 YR

3 YR

95

85

81

—

—

Reverse saphenous vein

96

90

85

81

76

In-situ vein bypass

93

93

92

82

72

99

94

93

87

84

Primary
Reverse saphenous vein
Secondary

Foot salvage

* All patencies are expressed as percentages; all series published since 1981.
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Figure 81-13 Distal view of completion arteriogram following popliteal artery to dorsal pedal artery reversed vein bypass in an 82-year-old diabetic man with chronic renal disease and a functioning renal transplant. Despite significant disease of the distal
dorsal pedal artery, the patient healed a toe amputation, and the graft remains patent with normal graft flow velocities during intermediate follow-up.

Figure 81-14 Duplex surveillance identified a critical vein graft stenosis in the proximal aspect of a femoropopliteal vein graft. There is marked spectral broadening and pronounced elevation of both the peak systolic (PSV) and end-diastolic (EDV) velocities,
diagnostic of a high-grade vein graft stenosis (A). A focal, severe proximal graft stenosis (arrow) was confirmed by arteriography (B) and successfully treated with a short interposition vein graft harvested from the upper extremity.

Figure 81-14 Duplex surveillance identified a critical vein graft stenosis in the proximal aspect of a femoropopliteal vein graft. There is marked spectral broadening and pronounced elevation of both the peak systolic (PSV) and end-diastolic (EDV) velocities,
diagnostic of a high-grade vein graft stenosis (A). A focal, severe proximal graft stenosis (arrow) was confirmed by arteriography (B) and successfully treated with a short interposition vein graft harvested from the upper extremity.
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Chapter 82 - Profundaplasty:

Isolated and Adjunctive Applications

PETER G. KALMAN MD, FRCSC, FACS

Under normal circumstances, the profunda is the main arterial blood supply to the thigh; however, when the superficial femoral artery (SFA), the popliteal artery, or both are severely diseased or occluded, the profunda serves as the primary collateral channel
from the iliac and common femoral arteries to the distal extremity. The value of the profunda artery when the SFA is occluded was emphasized first in 1961, when it was shown that an increase in blood flow through the profunda could improve distal

1 2
perfusion.[ ] [ ] Early on, it was shown that an extended profundaplasty could restore distal extremity flow effectively; over time, an extended profundaplasty has proved to be an effective alternative to distal bypass in selected patients with critical ischemia.
[3] [4]
Blood flow through this important collateral pathway can be compromised by disease of the profunda alone or in combination with inflow occlusive disease. In these circumstances, flow to the distal profunda can be achieved with an isolated profundaplasty

[5] [6] [7] [8] [9] [10] or with a profundaplasty in combination with an inflow procedure (aortofemoral, iliofemoral, femorofemoral, or axillofemoral bypass). The profunda serves as the sole outflow vessel for the proximal inflow procedure, and
[11] [12] [13] [14]
profundaplasties have been successful in improving distal perfusion and relieving symptoms in patients with critical lower extremity ischemia.

In the 1980s and 1990s, vascular surgeons became more aggressive with distal bypass to all levels of the lower extremity and in many cases ignored the importance of the profunda. Rather than being considered an alternative to distal revascularization or a
procedure to be considered when there are no other options, profundaplasty should be considered an important component of a surgeon’s armamentarium with specific indications and contraindications. As with most surgical procedures, patient selection is
crucial to maximize success.

ANATOMY, COLLATERAL POTENTIAL, AND DISEASE DISTRIBUTION
The profunda originates 3 to 5 cm below the inguinal ligament and marks the transition to the SFA ( Fig. 82–1 ). The profunda is directed posterior to and courses behind the circumflex femoral vein, then travels deep to the sartorius and vastus medialis
muscles; the distal half runs posterior to the adductor longus muscle. The most important proximal branches are the medial and lateral circumflex femoral arteries. The latter most commonly arise from the profunda, but also may originate from the common
femoral or superficial femoral arteries.
Collateral vessels are present to varying degrees to connect adjacent arterial segments. They represent preexisting channels, which under normal circumstances are small, but they enlarge when the intervening artery is chronically occluded. Collateral
development occurs when the main artery is occluded, and there is a significant
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Figure 82-1 Exposure of the proximal profunda requires division of the lateral circumflex femoral vein.

Figure 82-2 Color-flow imaging of the common femoral artery bifurcation. There is a significant stenosis at the origin of the profunda, as indicated by the mosaic color and the high peak systolic velocity. The V2/V1 ratio was 5.8 (267 cm/sec over 46 cm/sec),
indicating a greater than 75% diameter reduction.

Figure 82-3 A, Arteriogram identifying a significant stenosis at the distal end of the right limb of an aortobifemoral bypass, which required revision with a profundaplasty. B, Arteriogram showing an isolated severe stenosis of the proximal left profunda,
which was repaired with an isolated profundaplasty.

TABLE 82-1 -- Algorithm for Performing Isolated and Adjunctive Profundaplasty
Isolated Profundaplasty
Critical ischemia (rarely disabling claudication)

Critical ischemia ↓

↓

Extensive tissue necrosis

Rest pain/minimal tissue necrosis

↓

↓

Distal bypass

Good inflow
Significant profunda stenosis
SFA occlusion
Good distal profunda
Abundant collaterals with tibial outflow
↓
Isolated profundaplasty
Adjunctive Profundaplasty
Critical ischemia
Disabling claudication
↓
Good inflow

Significant profunda stenosis
SFA occlusion
Good distal profunda
↓
Inflow procedure profundaplasty (aortofemoral, iliofemoral, axillofemoral, femorofemoral)
SFA, superficial femoral artery.

profunda lesion and a patent distal profunda with extensive collaterals to the popliteal or tibial arteries.

The indications for isolated profundaplasty are less clear and require individual judgment. Distal perfusion is improved by profundaplasty, but not to as great an extent as it is with distal bypass. Only selected patients with disabling claudication should be
considered candidates for isolated profundaplasty due to they are most likely to continue to have symptoms because of the SFA occlusion, but perhaps to a lesser extent. Patients with rest pain and ulceration with minimal tissue necrosis are good candidates,

18

particularly when other possibilities for revascularization are poor (e.g., patients in whom the saphenous vein is absent or patients who could not tolerate a more extensive procedure because of co-morbidity).[ ] The best conditions for success of an isolated
profundaplasty include good inflow to the common femoral artery, the presence of a significant proximal profunda lesion, and a good distal profunda with good collaterals to the popliteal or tibial arteries. When most of these conditions are not present, a distal
bypass should be reconsidered.

INTERVENTIONS
Endovascular
When a focal lesion of the profunda has been identified by arteriography with oblique views, balloon angioplasty (percutaneous transluminal angioplasty [PTA]) can be considered as an option for intervention. As with lesions of the distal external iliac and
common femoral arteries, access

Figure 82-4 Technique for isolated profundaplasty.
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Figure 82-5 Technique for adjunctive profundaplasty.

Figure 82-6 Cumulative clinical success for isolated profundaplasty (a patent repair and clinical improvement). (From Kalman PG, Johnston KW, Walker PM: The current role of isolated profundaplasty. J Cardiovasc Surg 31:107–111, 1990.)

Figure 82-7 Ankle-brachial index (ABI) stratified by operative indication (- - - claudication versus — critical ischemia). The preoperative ABIs are different (**P < .01), and the postoperative ABIs are different (*P < .001); + slopes are different;
postoperative ABI improvement is greater when the indication for surgery was claudication (P< .0001, analysis of variance). (From Kalman PG, Johnston KW, Walker PM: The current role of isolated profundaplasty. J Cardiovasc Surg 31:107–111, 1990.)

Figure 82-8 Ankle-brachial index (ABI) and long-term success (- - - success versus — failure). Preoperative ABIs are not different; early postoperative ABI improvement is greater in patients who had long-term success (P< .01, analysis of variance). (From
Kalman PG, Johnston KW, Walker PM: The current role of isolated profundaplasty. J Cardiovasc Surg 31:107–111, 1990.)
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Chapter 83 - Secondary Arterial Reconstructions in the Lower Extremity
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Arterial reconstructions for lower extremity ischemia comprise aortoiliac, aortofemoral, and femorofemoral procedures and bypasses to the popliteal and infrapopliteal arteries. As indicated by the life-table patency rates shown in other chapters, all of these
operations have an intrinsic tendency to fail or to become ineffective as time elapses. The proportion of such operations in which this occurs increases with time and is greater at all times for reconstructions terminating more distally in the arterial tree. Because
a sizable minority of patients undergoing these operations have circulatory deterioration at some point in their lives, and because this deterioration often is associated with disabling or limb-threatening manifestations, appropriate management of this condition
has become a crucial aspect of vascular surgery to which the competent vascular surgeon must be committed to serve the interest of the patient. This chapter describes the general principles and strategies of this management with a specific focus on the aspects
of reoperative vascular surgery that distinguish it from a primary approach to lower extremity ischemia.

INDICATIONS

1

In general, we believe that arterial reconstructions should rarely be performed for intermittent claudication.[ ] Our reasons for this opinion are (1) the relatively high inevitable failure rate of such operations and (2) the fact that failure may be associated with
ischemia worse than that prompting the original operation. These factors and the greater difficulty and higher complication rate associated with most secondary operations, particularly if the involved arteries have been dissected, seem to justify a conservative
attitude toward primary operations for intermittent claudication. This attitude is by no means universal, however, and present practice accepts “truly disabling” claudication as an indication for primary arterial reconstruction to at least the popliteal level.
In contrast, almost all vascular surgeons tend to avoid secondary arterial operations for intermittent claudication. Gangrene, a nonhealing ischemic ulcer, or severe ischemic rest pain should be the indication for most secondary arterial reconstructions,

2

especially reconstructions below the inguinal ligament. Occasional patients with these classic limb-threatening manifestations and poor noninvasive test results can be managed effectively with conservative measures for protracted periods.[ ] Such treatment,
if possible, is particularly appropriate in patients who are faced with the need for a difficult distal reoperation. Except for the special circumstances occurring with a “failing graft” (see later), in most patients undergoing secondary arterial reconstruction, the
indication for operation is the unquestionable need for immediate limb salvage.

ETIOLOGY OF UNSUCCESSFUL PROCEDURES
Early Reoperations (Within 30 Days)

3
The need to reintervene soon after a primary arterial reconstruction may be the result of two situations.[ ] First, the original repair may undergo thrombosis or may fail in the early postoperative period (i.e., within 30 days). Generally, this occurrence is due to
4

a technical flaw in the operation, poor choice of inflow or outflow sites, insufficient runoff, or progression of soft tissue infection.[ ] In addition, thrombosis may occur for no apparent reason, presumably owing to the inherent thrombogenicity of the graft in a
low-flow setting. Usually, idiopathic thrombosis occurs only with polytetrafluoroethylene (PTFE) and other prosthetic grafts, but in rare instances it can occur with a vein graft. A transient fall in cardiac output, hypotension, or a hypercoagulable state can
contribute to such unexplained thrombosis.
Second, the original operation, although technically satisfactory and associated with a patent bypass graft, may fail to provide hemodynamic improvement sufficient to relieve the patient’s symptoms. This failure may be due to the choice of the wrong
operation (e.g., the performance of an aortofemoral bypass in a patient whose femoral artery pressure was normal and who actually needed a femoropopliteal bypass). Hemodynamic failure also may occur in the presence of multisegment disease and extensive

1 5 6
foot gangrene or infection. In this setting, uninterrupted arterial circulation to the foot may be required, and a primary or secondary sequential bypass may be indicated.[ ] [ ] [ ]
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Figure 83-1 Left, Arteriogram 18 months after a common femoral-anterior tibial bypass. A proximal stenosis produced the “failing state.” Right, Arteriogram 2 years after the stenosis was corrected by percutaneous transluminal angioplasty. The graft
remained patent 5 years later.

Figure 83-2 Arteriogram of a patient with a failing PTFE femoropopliteal graft 2 years after the initial operation. The arteriogram was performed because of a return of rest pain and the loss of distal pulses. The graft (between arrows) was patent despite a
proximal occlusion of the common femoral artery and an inflow pressure of only 40 mm Hg. A bypass from the external iliac artery to the original graft was performed, and the original graft remained patent until the patient’s death 6 years later.

Figure 83-3 Comparison of patency rates after re-intervention or reoperation for failing and failed (thrombosed) below-knee femoropopliteal and femorodistal PTFE grafts. Numbers of grafts at risk are shown at 6-month intervals. Standard error for all points
is less than 10%. (From Ascher E, Collier PE, Gupta SK, Veith FJ: Reoperation for PTFE bypass failure: The importance of distal outflow site and operative technique in determining outcome. J Vasc Surg 5:298, 1987.)

Figure 83-4 Operative exposure of the distal anastomosis. The incision in the hood of the graft is made to within 1 mm of the distal end of the graft. This provides optimal exposure of the distal anastomosis and facilitates thrombectomy. (From Ascher E,
Collier PE, Gupta SK, Veith FJ: Reoperation for PTFE bypass failure: The importance of distal outflow site and operative technique in determining outcome. J Vasc Surg 5:298, 1987.)

Figure 83-5 Thrombectomy alone is performed through the distal graft incision when no cause for graft failure is identified. Clot is removed from the graft and, if needed, from the artery proximally and distally. (From Ascher E, Collier PE, Gupta SK, Veith
FJ: Reoperation for PTFE bypass failure: The importance of distal outflow site and operative technique in determining outcome. J Vasc Surg 5:298, 1987.)

Figure 83-6 If disease in the outflow tract is detected, particularly a distal arteriosclerotic lesion, a graft extension is performed. (From Ascher E, Collier PE, Gupta SK, Veith FJ: Reoperation for PTFE bypass failure: The importance of distal outflow site and
operative technique in determining outcome. J Vasc Surg 5:298, 1987.)

TABLE 83-1 -- Early (<1 Month) Occlusion of Polytetrafluoroethylene Bypass Graft in 61 Failed Grafts
CAUSE

TREATMENT

NUMBER

INCIDENCE (%)

None found

Thrombectomy alone

34

56

Hypotension

Thrombectomy alone

2

3

Embolus

Thrombectomy alone

2

3

Patch graft

1

2

Technical

*

Inflow stenosis

Proximal extension

3

5

Distal disease

Distal extension

19

31

* Unrecognized stenotic lesion just beyond distal anastomosis.

Figure 83-7 Stenosis just distal to the anastomosis can be caused by an unrecognized atherosclerotic lesion. This can be corrected by extending the graft incision distally across its apex and down the recipient artery until its lumen is no longer narrowed. A
patch of PTFE or vein is then inserted across the stenosis to widen the lumen. Similar treatment is appropriate for intimal hyperplasia that causes late graft occlusion. (From Ascher E, Collier PE, Gupta SK, Veith FJ: Reoperation for PTFE bypass failure: The
importance of distal outflow site and operative technique in determining outcome. J Vasc Surg 5:298, 1987.)

Figure 83-8 Approach to an unsuccessful axillobifemoral bypass. The distal anastomosis and adjacent vessels are dissected free and are controlled. An opening is made in the hood of the graft to permit proximal thrombectomy and visualization of the interior
of this anastomosis.

Figure 83-9 Crossover portion of axillobifemoral procedure is placed directly over the first femoral anastomosis. (From Ascher E, Collier PE, Gupta SK, Veith FJ: Reoperation for PTFE bypass failure: The importance of distal outflow site and operative
technique in determining outcome. J Vasc Surg 5:298, 1987.)

Figure 83-10 Arteriogram showing a posterior tibial-to-posterior tibial bypass, which has now remained patent for more than 8 years. (From Veith FJ, Ascher E, Gupta SK, et al: Tibio-tibial vein bypass grafts: A new operation for limb salvage. J Vasc Surg
2:552, 1985.)

TABLE 83-2 -- Cause, Incidence, and Management of Late Occlusion in 104 Polytetrafluoroethylene Bypass Grafts
CAUSE OF FAILURE

NO. CASES

PERCENTAGE OF TOTAL

TREATMENT

Progression of distal disease

39

37

Thrombectomy and distal graft extension (30) or new bypass to more distal artery (9)

None found

29

28

Thrombectomy alone

Intimal hyperplasia

22

21

Thrombectomy and patch angioplasty

Progression of proximal disease

12

12

Thrombectomy and proximal graft extension

Hypotension/technical

2

2

Thrombectomy alone

Despite these points, in recent years we have increasingly attempted balloon catheter thrombectomy of failed femoropopliteal PTFE grafts. The balloon catheter and other endovascular instrumentation are introduced from a site in the graft remote from the

anastomoses, and the thrombectomy and instrumentation of the lesion causing graft failure are carried out under fluoroscopic and fluoroangiographic control using the techniques and devices described earlier for failed axillofemoral and femorofemoral grafts

32]

(see Chapter 44 ).[

These techniques are particularly useful in removing clot from the proximal anastomotic region and for treating inflow lesions at or proximal to the proximal anastomosis.

Femoral-Below-Knee Popliteal or Infrapopliteal Artery Bypass

When failure of a femoral-below-knee popliteal or infrapopliteal artery bypass results in the need for a secondary arterial reconstruction, we generally perform an entirely new secondary bypass, preferably employing an

Figure 83-11 Cumulative life-table patency rates for various types of PTFE bypasses subjected to one or more reoperations with salvage of the original graft. Numbers of grafts at risk are shown at yearly intervals. Extra-anatomic procedures include
axillofemoral and femorofemoral grafts. F-AKP, femoral-above-knee popliteal grafts; F-BKP, femoral-below-knee popliteal grafts; F-D, femoral-infrapopliteal artery grafts. (From Ascher E, Collier PE, Gupta SK, Veith FJ: Reoperation for PTFE bypass
failure: The importance of distal outflow site and operative technique in determining outcome. J Vasc Surg 5:298, 1987.)
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Chapter 84 - Endovascular Surgery in the Management of Chronic Lower Extremity Ischemia

PETER A. SCHNEIDER MD

This chapter describes the role of endovascular intervention in revascularization of the chronically ischemic lower extremity. Percutaneous transluminal balloon angioplasty (PTA) with or without stent placement is a widely accepted and clinically useful
technique for managing occlusive disease in the infrarenal arteries. PTA provides in-line, autologous reconstruction for a reasonable price and at relatively low morbidity in many clinical settings. Stents function by holding open an obstructed arterial segment
and may be used to supplement balloon angioplasty when necessary. The relative roles of other techniques also are noted in this chapter. Section IX of this book reviews the principles and fundamental considerations associated with endovascular intervention.
The complications of endovascular techniques are discussed in detail in Chapter 54 . Thrombolytic therapy and its uses are discussed in Chapter 53 .

APPLYING ENDOVASCULAR CONCEPTS TO CLINICAL PRACTICE
Vascular specialists are enthusiastic about the concept of effective, low-morbidity therapy for vascular disease introduced through a remote access site. The application of this concept to clinical practice requires a thorough understanding of the clinical
situations and the skills of endovascular intervention. Catheters form the avenue for endovascular surgery; they are disposable and relatively inexpensive, and most are not complex in design or application. Catheter-based therapy has had a profound and

1 2
continuously increasing impact on the treatment of lower extremity ischemia, as it has elsewhere in the noncoronary circulation. Occlusive disease is more common and the vasculature more forgiving in the lower extremity than in some other locations.[ ] [ ]
Many of the techniques and lessons learned using endovascular surgery in the infrarenal arteries over the past 25 years are being applied successfully to all other noncoronary vascular beds.
Determining a precise role for endovascular intervention in the lower extremity is a dynamic process as a result of the following factors:

1. Rapid changes in technology have made it difficult to obtain long-term results with any approach before modifications are made in equipment or technique. In this environment, the learning curve and results for new procedures are continually
renewed.
2. Vast differences in lesion and patient mix have made reported results difficult to compare, and relatively few randomized trials have been conducted.
3. Developing technology and maturing endovascular skills have fostered the treatment of increasingly complex lesions, especially in the iliac and infrainguinal arteries. Often, these complex endovascular procedures replace open surgery, even though
their results are not as good as the results of endovascular treatment of more focal lesions or the results of the open surgical option.
4. Varying levels of enthusiasm and expertise have led to wide variations in the aggressiveness with which endovascular techniques are applied to clinical practice from one institution to another.
5. Part of the promise of endovascular intervention is less expensive treatment. Actual costs are not known because the cost of maintaining patency may be high and should be included.

Spectrum of Endovascular Practice

Endovascular approaches play an integral role in the management of chronic infrarenal atherosclerotic occlusive disease. Balloon catheters for PTA of the aortoiliac and infrainguinal arteries has been available for more than 25 years. During this time, multiple
techniques have been developed that are shaping endovascular practice, including the following:
■ Digital subtraction arteriography (DSA)
■ Refinement and miniaturization of guide wires, catheters, and access sheaths
■ Improved balloon technology
■ Thrombolytic therapy
■ Stents, covered stents, drug-eluting stents

Higher resolution imaging permits shorter procedures with smaller loads of contrast agent. DSA permits immediate, intraprocedural feedback as to the integrity of the intervention site, road mapping, and postimage processing. Improved guide wires allow
more lesions to be traversed safely. Better catheters result in fewer aborted procedures and intraprocedural complications. Smaller platform guide wires and catheters (0.014- and 0.018-inch) have improved the technique for infrageniculate PTA. Thrombolytic
therapy facilitates more aggressive treatment of occlusions.

1193

Stents have had a profound impact on the development of endovascular practice. Stents have permitted an endovascular approach to complex infrarenal occlusive lesions that previously would have been manageable only with open operation. Stents provide a

3 4 5 6 7 8
“bailout” method of treatment for acute postangioplasty dissections and residual stenoses, avoiding emergency operation or acute limb-threatening ischemia ( Fig. 84–1 ).[ ] [ ] [ ] [ ] [ ] [ ] Endovascular specialists are tackling lesions that they previously

9 10 11 12 13 14
would not have considered for fear of causing major complications.[ ] [ ] [ ] [ ] [ ] [ ] Stents increasingly

Figure 84-1 Stent placement provides a method of treatment for inadequate results after PTA. A, Aortogram of a 65-year-old woman with very-short-distance left leg claudication and clinical evidence of iliac artery disease. B, Right anterior oblique projection
of the left iliac artery revealed a critical stenosis. C, After PTA to 7 mm, there was significant dissection. D, A stent was placed. Completion arteriography showed resolution of the dissection, and there was no pressure gradient. E, Right external iliac artery
stenosis causing claudication. After PTA, a 15 mm Hg pressure gradient was present. F, Oblique completion arteriogram after stent placement. The pressure gradient was resolved.

TABLE 84-1 -- Factors Affecting Outcome of Endovascular Interventions for Chronic Lower Extremity Ischemia
Lesion Characteristics
Location of lesion
Stenosis versus occlusion
Lesion length
Multiple stenoses in same segment
Pattern of Vascular Disease
Multilevel occlusive disease
Runoff status
Patient Demographics
Gender
Diabetes
Clinical Situation
Indication for intervention
Recurrent stenosis
Intraprocedural Factors
Dissection or residual stenosis after percutaneous balloon angioplasty
Initial hemodynamic response
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Patient demographics and the clinical situation are assessed by clinical evaluation. Noninvasive studies reveal preliminary information about lesion characteristics, location, and the overall pattern of disease. Arteriography, usually performed at the time of the
endovascular intervention, provides additional data about lesion length, location, severity, and appearance. Intraprocedural factors may arise during PTA. In general, larger arteries are more easily and successfully treated than smaller ones, and patients with
mild ischemia caused by focal disease with good runoff fare better.
Characteristics of Lesions
Because the aim of endovascular techniques is to achieve in-line repair of the artery rather than its replacement as with bypass surgery, characteristics of the lesion significantly influence the difficulty of the procedure and its expected outcome.
Location

The long-term patency after PTA depends on the dilatation site. Proximal, larger caliber arteries offer the best initial and long-term results, with progressively decreasing long-term patency rates for more distal dilatation sites. The mean patency rate for PTA of

24]
Dilatation sites in the common iliac artery have better patency rates than sites in the external iliac artery (65% versus 48% at 4
26
27
[ ] [ ] [28] [29]

infrarenal aortic lesions was 80% at 5 years compared with 69% for iliac arteries according to pooled data from the literature.[

25]

years). [

[27] [28]

Many studies have established the superiority of the results of iliac PTA over that of femoropopliteal PTA.

In the largest single-center series, 5-year patency rates were 60% for iliac PTA and 38% for femoropopliteal PTA.

30]

PTA of the femoropopliteal arteries had twice the initial failure rate of PTA of the iliac arteries (16% versus 8%) and twice the failure rate at 1 year (20% versus 10%).[

Stenosis Versus Occlusion

24] [25] [31]

The initial and long-term results of endovascular reconstruction are better for stenoses than for occlusions of the iliac arteries. Technical failure occurs in 10% to 20% of iliac occlusions but only 1% to 5% of iliac stenoses.[

A large, well-

25]
5 31 32 33 34 35
Stents have been placed to improve results in treating occlusions.[ ] [ ] [ ] [ ] [ ] [ ]

performed study showed 3-year patency rates of 48% for the treatment of iliac occlusions and 61% for iliac stenoses.[

36]

Compared with stenoses, occlusions in the femoral and popliteal arteries are associated with a higher rate of technical failures (18% versus 7%) and complications (22% versus 7%).[

After successful dilatation, however, the long-term results may be

28 37
36
similar for the two types of lesions. Some series have shown a 10% to 20% advantage in late outcome favoring stenoses over occlusions,[ ] [ ] whereas others have found no difference. [ ]
Length

36] [37]

The longer the stenosis, the lower the patency rate after PTA.[

9 38 39 40
Longer iliac artery stenoses have lower patency rates than shorter lesions after PTA alone or PTA with stent placement.[ ] [ ] [ ] [ ] Some investigators have suggested that lesion
10] [40]

length should be a relative indication for stent placement in the iliac artery, although the results of this approach are not yet conclusive.[

26] [36] [37]
A detailed breakdown of femoropopliteal lesion length reveals steadily decreasing 5-year success rates for longer occlusions: 40% for occlusions up to 9
26
[ ]

Lesion length has a significantly negative effect on the results of femoropopliteal PTA.[

cm in length, 29% for occlusions 9 to 14 cm, and 17% for occlusions longer than 14 cm.
Multiple Stenoses in the Same Segment

27]

Lesions composed of multiple stenoses present more potential sites for dissection, residual stenosis, or recurrent stenosis. The outlook after PTA for these lesions is inferior to that for focal stenosis over the long term in iliac and femoropopliteal segments.[

[28] [41] The initial success rate for iliac artery occlusions was 80% after dilatation of one site but was 46% when multiple sites required PTA.[25]

Pattern of Vascular Disease

The pattern of vascular disease indicates the extent of involvement with atherosclerosis and the presence or absence of runoff lesions that may influence the success at a PTA site.
Multilevel Occlusive Disease

Stenosis or occlusion of more than one arterial segment in an ischemic extremity may still be treated with PTA. Each dilated site has its own failure rate, however, and failure at any site could negatively affect the entire reconstruction. When common and

25]
In addition, the 3-year clinical benefit of iliac artery stent placement is 92% for focal disease and 61% for multilevel occlusive

external iliac arteries require dilatation, the 4-year patency rate is 52% versus 65% for a common iliac artery PTA alone.[

41]

lesions.[

Runoff Status

28] [36]
Good runoff was a strong predictor of success after iliac PTA (73% at 3 years versus 30% for poor

Although runoff status is not simple to quantify, it has been identified as a significant prognostic factor in the outcome of endovascular intervention.[

27]

runoff).[

This difference is accentuated in diabetic patients, who often have severe distal disease compromising runoff. In a study of PTA in diabetic patients, there was a 19% difference between groups with good runoff and poor runoff at 1 year (95%

38

42

versus 76%), but at 5 years, there was an almost fourfold difference in patency (77% versus 20%).[ ] In one large series,[ ] the 5-year primary patency rate was 50% for stenoses with good runoff, 38% for stenoses with poor runoff, 34% for occlusions
with good runoff, and 20% for occlusions with poor runoff; the length of lesion treated was not taken into account. Another study documented 2-year patency rates after femoropopliteal PTA as 55% in limbs with good runoff and 23% in limbs with poor

37]

runoff.[
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Patient Demographics
Multiple demographic factors may influence the results of endovascular intervention, but these variables are difficult to isolate, and the relative importance of each cannot be independently verified.
Gender

25]
Gender differences for many types of vascular reconstructions have been identified, and it is likely that there are multiple factors contributing to this

Women have a lower patency rate after external iliac PTA than men (57% versus 34% at 3 years).[

41]

finding.[

Diabetes

36] [42]

The presence of diabetes correlates with worse results in some series.[

Diabetes characteristically produces a different distribution of occlusive disease, however, with proportionally fewer favorable proximal iliac lesions and a high incidence of

38] [43]

infrapopliteal occlusive lesions, which result in poor runoff. When the distribution of occlusive lesions was controlled, there was no significant difference between diabetic and nondiabetic patients in outcome after angioplasty.[
Clinical Situation
The clinical presentation influences results: The worse the ischemia, the less likely is a successful long-term outcome for endovascular intervention.
Indication for Intervention

One of the strongest predictors of outcome is the indication for the procedure; patients with claudication have better long-term success rates and require fewer amputations than patients with limb-threatening ischemia. Limb-threatening ischemia usually is

44]

associated with a more diffuse, multilevel pattern of atherosclerosis and poor runoff. Patients who require PTA for limb salvage also are more likely to have other co-morbidities and a more limited life span than patients who present with claudication.[

25] [26] [27] [28] [29]

The long-term patency rate for iliac and femoropopliteal PTA procedures is significantly better among patients with claudication than among patients with limb-threatening ischemia.[

placement.

This is also the case for iliac artery stent

[40] [45]

Recurrent Stenosis

42] [46]
Although initial and long-term success rates after first and second dilatations appear to be similar, stent placement is recommended for repeat

Reports on the long-term results of repeat dilatation after failed iliac angioplasties show reasonable results.[

42] [47]

interventions.[

48]
Stenosis recurring after femoropopliteal PTA has a high chance of recurring after a second procedure; surgical

Recurrent femoropopliteal lesions do not fare as well. Second femoropopliteal PTA procedures resulted in a 2-year patency rate of 20%.[
reconstruction should be considered instead.

Intraprocedural Factors

The previously described factors are determined before the endovascular procedure. Additional events may occur during the periprocedural period and subsequently influence long-term results. Before the development of stents, intraprocedural complications
at the PTA site, such as postangioplasty dissection, a significant residual stenosis, or a poor hemodynamic result, often caused sudden early failure and occasionally resulted in urgent surgical reconstruction. These events usually can be corrected with stent
placement at the time of the revascularization.
Post–Percutaneous Transluminal Angioplasty Dissection or Residual Stenosis

4 5 29 49
Flow-limiting dissection or residual stenosis (>30%) occurs after PTA in 10% of patients.[ ] [ ] [ ] [ ] Stents may be placed to correct inadequate PTA in either the iliac or the femoropopliteal artery. The 3-year patency rate for iliac stent placement for

3 40 47
31
post-PTA dissection or residual stenosis ranges from 54% to 86%. [ ] [ ] [ ] Stent placement has resulted in a decrease in early failure rates.[ ]
Initial Hemodynamic Response

After angioplasty, the extent of improvement in the ankle-brachial index (ABI) serves as a gauge of the immediate hemodynamic improvement and as a prognostic indicator. Improvement in the ABI after iliac PTA has been shown to be strongly predictive of

27]

sustained patency.[

INDICATIONS FOR ENDOVASCULAR INTERVENTION
When the determination has been made that the ischemia is significant enough to warrant mechanical intervention, the role played by endovascular intervention depends on an understanding of its benefits and risks and how they compare with other treatment

29

options. Guidelines for PTA in each infrarenal vascular segment were proposed in 1994 by an American Heart Association (AHA) Task Force.[ ] These guidelines were derived from accumulated clinical experience with PTA in the pre-stent era. The
arteriographic extent of disease was divided into four categories, and the appropriateness of endovascular intervention was indicated in each category compared with open surgery. Table 84–2 contains (1) a general description of categories of occlusive
disease, (2) an index of the clinical usefulness of endovascular intervention and open surgery in each disease category, (3) recommendations for management of disease in each category with either endovascular intervention or open surgery, and (4) the

29]

previously published recommendations of the AHA.[

Much has changed since the original AHA guidelines were proposed. More rigorous reporting standards have been instituted, leading to a more accurate assessment of results. Longer postintervention follow-up is available for PTA in all types of infrarenal
occlusive lesions, and stents have been incorporated into the treatment regimen. Comparing various endovascular and open surgical treatment
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TABLE 84-2 -- Indications for Lower Extremity Endovascular Intervention Based on Lesion Arteriographic Categories of Disease
CLINICAL
USEFULNESS
BASED ON
RISKS/BENEFITS
GENERAL DESCRIPTION OF DISEASE

PTA

Surgery

AUTHORS’ RECOMMENDATION

AMERICAN HEART ASSOCIATION CATEGORIES OF
DISEASE

Category 1

Short, focal, stenotic disease at the site of
intervention. Mild or no disease in the proximal or
distal arterial segments

+++

0

Surgery not indicated as initial treatment

Lesions for which PTA alone is the procedure of choice. Treatment of
these lesions results in a high technical success rate and generally
results in complete relief of symptoms or normalization of pressure
gradients

Category 2

Moderate-length, focal, stenotic disease at the site
of intervention. Mild disease in the proximal or
distal arterial segments

++

+

PTA is appropriate initial therapy. Surgery is initial
therapy in selected cases (e.g., young, good-risk
patients)

Lesions that are well suited for PTA. Treatment of these lesions
results in complete relief or significant improvement in symptoms,
pulses, or pressure gradients. This category includes lesions that will
be treated by procedures to be followed by surgical bypass to treat
multilevel vascular disease

Category 3

Long stenotic disease or short occlusion at site of
intervention. Moderate disease in the proximal or
distal arterial segments

+

++

Surgery is initial therapy except in selected cases (e. Lesions that may be treated with PTA, but because of disease extent,
g., prohibitive surgical risk)
location, or severity have a significantly lower chance of initial
technical success or long-term benefit than if treated with surgery.
PTA may be performed generally because of patient risk factors or
because of lack of suitable bypass material

Category 4

Diffuse or extensive stenotic disease or long
occlusion at site of intervention. Severe disease in
the proximal or distal arterial segments

0

+++

Surgery preferable; PTA not indicated

Extensive vascular disease, for which PTA has a limited role because
of low technical success rate or poor long-term benefit. In very-highrisk patients or in patients for whom no surgical procedure is
applicable, PTA may have some place

+, with minimal disease elsewhere in that segment; ++, with mild-to-moderate occlusive disease elsewhere in that segment; +++, with moderate-to-severe occlusive disease elsewhere in that segment; PTA, percutaneous transluminal angioplasty.

Modified from Pentecost MJ, Criqui MH, Dorros G, et al: Guidelines for peripheral percutaneous transluminal angioplasty of the abdominal aorta and lower extremity vessels. Circulation 89:511–531, 1994.

options is possible only when indications are standardized. Guidelines have been developed that take these factors into account. Table 84–3 summarizes the suitability of lesions for treatment with endovascular intervention and open surgery based on

40

arteriographic categories of disease. Categories of disease (1 through 4) were applied to lesions of the aorta, iliac, femoropopliteal, and infrapopliteal arteries through the use of the format previously proposed by the AHA.[ ] Best results are achieved with
the use of endovascular intervention for category 1 lesions, which represent the least severe manifestation of occlusive disease and for which PTA is usually the treatment of choice. Endovascular intervention is progressively less useful for more severe forms
of disease in categories 2 and 3. PTA is reasonable as initial therapy for patients with category 2 disease; however, many patients so treated later require surgery for endovascular failures. Most category 3 diseases require open surgery, but occasionally it may
be reasonable to attempt PTA in patients at high risk for open surgery. Category 4 disease usually is not considered to be amenable to endovascular intervention and is almost always treated surgically.

50

An alternative classification system was developed by the TransAtlantic Inter-Society Consensus (TASC) Working Group, but it is limited to iliac and femoropopliteal disease ( Figs. 84–2 and 84–3 ).[ ] Endovascular therapy is recommended for TASC A
lesions, and open surgery is recommended for TASC D lesions. More evidence is needed to make firm recommendations about TASC B and C lesions. As the technical results of endovascular treatment in these more complex lesions has improved, its role has
increased even though there is no long-term evidence for its superiority over open surgery.

Many clinically significant issues essential to patient care cannot be expressed adequately in terms of guidelines, including the following:
■ Expertise of the treating physician
■ Impact of the ischemic symptoms on the patient’s life
■ Projected life span of the patient, during which time, it is hoped, the properly chosen intervention would continue to relieve ischemia
■ Consequences of failure
■ Long-term cost of care

Indications for Endovascular Aortoiliac Intervention

PTA is best for focal stenoses of the aorta or iliac arteries that cause significant symptoms (category 1 lesions). The justification for an endovascular approach to a wide variety
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TABLE 84-3 -- Suitability of Lesions for Endovascular Intervention or Surgery Based on Extent of Disease

ILIAC ARTERY

Category 1

Short (<2 cm) concentric noncalcified stenosis of
the intrarenal aorta (+)

Short (<2 cm) concentric noncalcified stenosis of
the common or external iliac artery (+)

Short (<2 cm) stenosis not involving the
proximal superficial femoral artery or distal
popliteal artery (+)

Short (<1 cm) stenosis of an infrapopliteal artery
(+)

Category 2

(1) Medium-length (2–5 cm) noncomplex
stenosis,

(1) Medium-length (2–5 cm) noncomplex
stenosis of common or external iliac artery,

(1) Medium-length (2–5 cm) stenosis,

Two or three short (<1 cm) stenoses of an
infrapopliteal artery (+)

(2) short (<2 cm) complex (calcified, eccentric)
stenosis (+)

(2) short (<2 cm) complex (eccentric, calcified)
stenosis (+)

(2) short (<2 cm) occlusion (+)

(1) Long (>5 cm) simple stenosis,

(1) Long (5–10 cm) simple stenosis of the
common iliac artery,

(1) Long (5–10 cm) stenosis,

(1) Moderate-length (1–2 cm) stenosis,

(2) medium-length (2–5 cm) complex (calcified,
eccentric) stenosis (++)

(2) medium-length (2–5 cm) complex stenosis of
common or external iliac artery (++)

(2) 2 or 3 short (<2 cm) stenoses,

(2) tibial trifurcation stenosis,

(3) heavily calcified stenosis (≤5 cm),

(3) multiple short (<1 cm) stenoses (++)

Category 3

FEMOROPOPLITEAL ARTERIES

INFRAPOPLITEAL ARTERIES (USED
FOR LIMB SALVAGE ONLY)

AORTA

(4) occlusion (2–5 cm) in length,
(5) lesion of the proximal superficial femoral
artery or the distal popliteal artery (++)

Category 4

(1) Long (>5 cm) complex stenosis,

(1) Any iliac stenosis >10 cm,

(1) Multiple lesions,

(1) Tibial occlusion,

(2) aortic occlusion,

(2) occlusion >2 cm,

(2) any stenosis >10 cm,

(2) long (>2 cm) stenosis (+++)

(3) aortic lesion with abdominal aortic aneurysm
or another lesion requiring aortoiliac surgery (++
+)

(3) another lesion requiring aortoiliac surgery,

(3) any occlusion >5 cm,

(4) external iliac stenosis that extends to the
common femoral artery,

(4) any heavily calcified lesion >8 cm,

(5) long (>5 cm) stenosis of external iliac artery,

(5) coexisting common femoral artery occlusion,

(6) any complex stenosis >5 cm (+++)

(6) distal popliteal occlusion (+++)

+, with minimal disease elsewhere in that segment; ++, with mild-to-moderate occlusive disease elsewhere in that segment; +++, with moderate-to-severe occlusive disease elsewhere in that segment.

of other types of lesions in other locations has been based on extrapolation from the excellent results achieved with focal aortoiliac stenosis.

Isolated, focal stenosis of the infrarenal aorta is an uncommon manifestation of vascular disease because aortic disease is usually diffuse or accompanied by significant iliac occlusive disease or both. The number of cases and length of follow-up are much less
for aortic PTA than for iliac PTA. Nevertheless, aortic PTA is appropriate for many lesions in category 1 and some in category 2 (see Table 84–3 ). Experience with aortic stents suggests that dissections and residual stenoses after PTA of category 1 or 2
lesions are adequately treated with stent placement. The availability of stents may extend indications for PTA to some patients with category 3 lesions, although the results of this approach are not yet known.

PTA alone is often all that is required to achieve good results for most patients with iliac lesions in category 1 (or TASC A). The option of selective stent placement for post-PTA complications provides encouragement for the treatment of many lesions in
category 2 and category 3 that previously would have qualified only for open operations. Routine, primary stent placement cannot be justified by currently available data. The risk and cost of treating long lesions or occlusions with endovascular intervention
are higher, however, and the long-term results are inferior to those obtained in the treatment of focal lesions. Multilevel lower extremity occlusive disease is sometimes amenable to endovascular intervention at one level and open surgery at another level, such
as iliac PTA combined with distal operative reconstruction.

Diffuse or lengthy lesions; occlusions longer than a few centimeters; and severe, combined aortic and iliac disease (category 4 or TASC D) are usually best treated with open surgery, provided that the operative risk is acceptable. Other types of reconstructive
techniques, such as atherectomy, laser, and endovascular grafts, have not matched the results of PTA with selective stent placement in terms of morbidity, cost, or results; these techniques should be considered only as last resorts or investigational alternatives.

Indications for Infrainguinal Endovascular Intervention

29]

PTA is appropriate for short (<2 cm) stenoses in the superficial femoral or popliteal arteries (category 1 or TASC A lesions). AHA guidelines advocate PTA for stenoses and occlusions 10 cm or less in length.[
endovascular techniques is probably not justified in patients who are otherwise reasonable surgical candidates. TASC guidelines advise PTA for stenoses less than 5 cm in length and occlusions less than 3 cm.

This level of aggressiveness with
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Figure 84-2 Morphologic stratification of iliac lesions by TransAtlantic Inter-Society Consensus (TASC) including treatment recommendations. (From TASC Working Group: Management of peripheral arterial disease. J Vasc Surg 31:S99, 2000.)

Figure 84-3 Morphologic stratification of femoropopliteal lesions by TASC including treatment recommendations. (From TASC Working Group: Management of peripheral arterial disease. J Vasc Surg 31:S106, 2000.)

Figure 84-4 Retrogeniculate popliteal PTA for limb salvage. A, Nonhealing foot ulcer in a 72-year-old woman. Surgical risk was increased by cardiomyopathy, renal insufficiency, and chronic obstructive pulmonary disease. Duplex mapping showed mild
superficial femoral artery disease with a critical popliteal artery stenosis, and this was confirmed with arteriography. B, The lesion was dilated to 5 mm. The arterial lumen was improved significantly on completion arteriography. The wound was healed within
3 weeks.

Figure 84-5 Technique of iliac artery balloon angioplasty. A, The guide wire is placed retrograde across an iliac artery stenosis. B, The diameter of the balloon is selected by measuring the diameter of the uninvolved, juxtaposed iliac artery on the cut-film
arteriogram. C, The balloon catheter is passed over the guide wire, through the hemostatic access sheath, and positioned across the lesion by fluoroscopic guidance. D, The balloon is inflated with an inflation device that monitors pressure within the lumen. E,
The lesion is dilated until the impression of the lesion on the balloon resolves, and the balloon assumes a cylindrical shape, as determined on fluoroscopy. (From Schneider PA: Balloon angioplasty: Minimally invasive autologous revascularization. In
Schneider PA: Endovascular Skills. New York, Marcel Dekker, 2003, pp 201–216.)

Figure 84-6 Dilatation of the atherosclerotic “waist.” A, The balloon catheter is placed within the lesion. The radiopaque markers straddle the lesion. B, The balloon begins to take shape at low pressure. C, At 2 atm of pressure, the waist of atherosclerosis is
evident. This represents the area of heaviest plaque formation and is usually the last area to be fully dilated. D, At 4 atm, a substantial residual stenosis is present. E, When the pressure is doubled to 8 atm, the waist is completely dilated. (From Schneider PA:
Balloon angioplasty: Minimally invasive autologous revascularization. In Schneider PA: Endovascular Skills. New York, Marcel Dekker, 2003, pp 201–216.)

TABLE 84-4 -- Factors Prompting Development of Standards for Assessing and Reporting Results of Lower Extremity Endovascular Intervention
Initial failures should be reported so that overall patency can be determined
Primary, secondary, and primary-assisted patency must be correctly categorized
Objective clinical and hemodynamic criteria for determining procedural success must be included
Documentation of the severity of underlying ischemia permits assessment of subsequent improvement and limb salvage rate
Documentation of the severity and morphology of the underlying lesion permits lesion classification so that results may be compared
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Figure 84-7 Technique of balloon expandable stent placement. A, A long dilator and sheath are advanced across the iliac lesion. B, The dilator is removed, leaving the sheath across the stenosis. C, A metal introducer with a beveled end opens the hemostatic
valve on the head of the sheath. D, The stent, which has been mounted on a balloon of appropriate length and diameter and crimped into place, is advanced into the sheath. E, The stent is placed at the desired location within the lesion using fluoroscopic
guidance. F, The sheath is withdrawn to expose the mounted stent. G, The balloon is inflated to deploy the stent. (From Schneider PA: A stent is an intravascular graft. In Schneider PA: Endovascular Skills. New York, Marcel Dekker, 2003, pp 237–270.)

Figure 84-8 Technique of self-expanding stent placement. A, The guide wire is placed across the iliac lesion. B, The stent delivery catheter is advanced over the guide wire. The proximal radiopaque marker on the delivery catheter is placed proximal to the
lesion. The metal pushing rod is held stationary, while the valve body is slowly withdrawn (arrow). C, The position of the stent is monitored continuously using fluoroscopy. As the stent opens, its position is reassessed. The stent can be “dragged” distally but
not advanced. (Some delivery systems permit the stent to be reconstrained if only a short length of the stent has expanded.) As the valve body is withdrawn along the length of the pushing rod (arrow), the covering sheath that constrains the stent is removed,
and the stent expands. D, After stent deployment, the stent delivery catheter is removed. Further balloon angioplasty of the stent is usually performed. (From Schneider PA: A stent is an intravascular graft. In Schneider PA: Endovascular Skills. New York,
Marcel Dekker, 2003, pp 237–270.)

Figure 84-9 Technique of superficial femoral artery balloon angioplasty. A, Arteriography reveals a superficial femoral artery stenosis that is suitable for PTA. B, The lesion may be approached either across the aortic bifurcation from the contralateral femoral
artery or through an ipsilateral antegrade common femoral artery puncture. C, The guide wire is advanced across the lesion. D, A hemostatic access sheath is placed over the guide wire and advanced into the proximal superficial femoral artery. E, Femoral
arteriography is performed through the side arm of the sheath to evaluate the lesion and confirm the intraluminal position of the guide wire. F, The appropriate balloon catheter is advanced over the guide wire, through the sheath, and across the lesion. G, The
lesion is dilated with fluoroscopic guidance. H, The balloon catheter is withdrawn, but the guide wire position is maintained across the lesion. Completion arteriography is performed through the side arm of the sheath. (From Schneider PA: Advice about
angioplasty and stent placement at specific sites. In Schneider PA: Endovascular Skills. New York, Marcel Dekker, 2003, pp 315–326.)

Figure 84-10 Technique of combined inflow balloon angioplasty and infrainguinal surgical reconstruction. A, After arterial exposure, conduit preparation, tunneling, and heparin administration, the guide wire and hemostatic sheath are placed in the exposed
common femoral artery. B, Balloon angioplasty of the inflow artery is performed. After completion arteriography confirms the adequate inflow, the guide wire and sheath are removed. C, The common femoral artery is clamped, and the arteriotomy is
lengthened and prepared for the proximal anastomosis. (From Schneider PA: Endovascular techniques in the operating room. In Schneider PA: Endovascular Skills. St. Louis, Quality Medical Publishing, 1998, pp 205–212.)

TABLE 84-5 -- Standards for Description of the Lesion to Be Treated with Endovascular Techniques
Location
Aorta, common iliac, external iliac, superficial femoral, popliteal, tibioperoneal trunk, tibial

Type
Occlusion versus stenosis, diffuse versus focal, eccentric versus concentric, ulcerated versus smooth, calcified versus noncalcified
Length
<2 cm, 2–5 cm, >5–10 cm, >10 cm
Runoff
Aortoiliac procedures: good = SFA <50% stenosis, poor = SFA >50% stenosis or occluded
Infrainguinal procedures: good = 2–3 patent tibial arteries, poor = 0–1 patent tibial arteries
SFA, superficial femoral artery.
From Ahn SS, Rutherford RB, Becker GJ, et al: Reporting standards for lower extremity arterial endovascular procedures. J Vasc Surg 17:1103–1107, 1993.

retrograde into each iliac artery, and the balloons, which are of equal size, are inflated simultaneously to dilate the entire aortic bifurcation. The results of PTA are difficult to interpret because these bifurcation lesions are usually included as part of larger series
of iliac artery lesions. Because these lesions are orifice lesions that involve both iliac arteries, the results of treatment and the need for adjunctive measures, such as stents, may differ from those for isolated iliac stenoses.

53] [79] [80]

Patency rates for aortic bifurcation PTA range from 76% to 92% at 3 years.[

82]

The largest series reported to date includes 79 patients with aortic bifurcation lesions. The cumulative clinical success rate at a mean of 4 years was 80%.[

83]

Thrombolysis for aortic bifurcation occlusions has not been widely reported. In one series of note, recanalization was achieved with thrombolysis and PTA in 13 of 25 patients, avoiding aortofemoral bypass.[

55] [84] [85]
The kissing stent technique usually produces an appealing cosmetic result, and orifice lesions seem well suited to the use of stents during reconstruction.
[86] [87] [88] [89]
[88]

In more recent years, stents have often been used to reconstruct the aortic bifurcation.[

Technical success with kissing stents at the aortic bifurcation has been reported at 95% to 100%.

In the largest series reported, the primary patency at 3 years was 79%.

Percutaneous Transluminal Angioplasty for Iliac Artery Stenosis

Balloon angioplasty is safe, effective, and durable in treating selected patients with iliac artery stenosis. Iliac PTA was integral to the development of endovascular surgery: Iliac PTA revolutionized the treatment of aortoiliac occlusive disease and brought
endovascular therapy into clinical relevance in the pre-stent era. Studies from the early 1990s
TABLE 84-6 -- Clinical Improvement After Percutaneous Interventions for Lower Extremity Ischemia
+3

Markedly improved

+2

Moderately improved

No ischemic symptoms, and any foot lesions completely healed; ABI essentially “normalized” (increased to >0.90)
No open foot lesions; still symptomatic but only with exercise and improved by at least one category
>0.10

+1

Minimally improved
>0.10 increase in ABI,

†

*

; ABI not normalized but increased by

but no categorical improvement, or vice versa (i.e., upward categorical shift without an increase in ABI of >0.10)

0

No change

No categorical shift and <0.10 change in ABI

−1

Mildly worse

No categorical shift, but ABI decreased >0.10, or downward categorical shift with ABI decrease <0.10

−2

Moderately worse

One category worse or unexpected minor amputation

−3

Markedly worse

More than one category worse or unexpected major amputation

ABI, ankle-brachial index.
From Rutherford RB, Baker JD, Ernst C, et al: Recommended standards for reports dealing with lower extremity ischemia: Revised version. J Vasc Surg 26:517–538, 1997.

* Categories refer to clinical classification.
† In cases in which the ABI cannot be measured accurately, an index based on the toe pressure, or any measurable pressure distal to the site of revascularization, may be substituted.

26] [27] [38] [50] [90]

reporting results using life-table analysis showed an initial technical success rate of 95% and 5-year patency rate of 61% using weighted averages.[

25]

Among the variables that significantly influenced results in a large single-institution series were (1) the indication for revascularization (claudication versus limb salvage), (2) site of the PTA (common versus external iliac artery), and (3) runoff status.[

[27] Among 313 common iliac artery stenoses treated, the success rate was 97% initially, 81% at 1 year, 71% at 2 years, 68% at 3 years, 65% at 4 years, and 60% at 5 years. The success rate for PTA in 209 external iliac arteries was 95% initially, 74% at 1
[91]
year, 62% at 2 years, 51% at 3 years, and 48% at 4 years. More complex lesions, composed of longer stenoses and multiple stenoses, carry lower long-term primary patency rates.

In general, one can expect an initial failure rate of 5% to 10%. Further failure rates are 19% to 26% during the first year, 10% to 12% the second year, and 3% to 5% per year in subsequent years. Overall, the results of iliac PTA have shown reasonable 5-year

30

patency rates, but consideration of certain characteristics that affect outcome helps in decision making.[ ] Long-term patency rates are between 85% and 45%, with an increment of roughly 10% being accounted for by each of the following features: (1)
location (common versus external iliac artery), (2) runoff status (superficial femoral patency or occlusion), (3) discreteness of lesion (short versus long or multiple lesions), and (4) clinical stage (claudication versus limb salvage). Excellent long-term results
may be achieved with iliac PTA through the use of judicious selection of patients with favorable lesions.
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Figure 84-11 Iliac PTA versus iliac stent placement: results of a meta-analysis. Cumulative primary patency after iliac PTA (n = 1,146, dashed line) and iliac PTA with stent placement (n = 843, solid line), unadjusted for covariates and including technical
failures. The cumulative percentage success is plotted against time of follow-up. The number of patients entering each follow-up interval is indicated. The standard error (SE) and the range found in the sensitivity analysis (SA) are given. (From Bosch JL,
Hunink MGM: Meta-analysis of the results of percutaneous transluminal angioplasty and stent placement for aortoiliac occlusive disease. Radiology 204:87–96, 1997.)

TABLE 84-7 -- Primary versus Selective Stent Placement for Iliac Artery Stenosis

STENT PLACEMENT
Selective

FIRST AUTHOR

40]

Henry [

96]

Cikrit[

FOLLOW-UP PATENCY

YEAR

NO.
PATIENTS

Initial

1 yr

2 yr

3 yr

4 yr

5 yr

1995

184

99

94

91

86

86

NA

1995

38

NA

87

NA

74

NA

63

Primary

3
Vorwerk[ ]

1996

109

97

95

88

86

82

72

97]

1992

486

99

91

84

69

NA

NA

98]

1995

83

99

89

NA

NA

86

NA

41]

1995

455

NA

92

92

92

NA

NA

Palmaz [

Murphy[

Laborde[
NA, not available.
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99] [100]

greater than 10 mm Hg.[

95]
At 2 years, patency by duplex evaluation was 71% for primary stent placement and 70% for selective stenting. A follow-up study of the same patients showed a
[94]

Selective stent placement was required in 43%.[

significant improvement in quality of life after treatment in both groups, but no difference between primary and selective stent placement for iliac artery stenosis.

Predictive factors for poor durability with iliac artery stent placement included more severe lesions, poor runoff, continued pressure gradient after stenting, multiple stented segments, female gender, external iliac artery disease, renal insufficiency, and limb-

101] [102] [103] [104] [105] [106]
40 107]
There is evidence to suggest that stent placement in the external iliac artery improves patency to levels that are similar to the levels achieved in the common iliac artery.[ ] [
Other studies
104
101
[
]
[
]

threatening ischemia.[

have shown better patency in the common iliac than in the external iliac arteries (76% versus 56% at 5 years).

Iliac stents have a lower patency in women than in men (38% versus 88% at 5 years).

When two or more iliac artery segments were

[102]

When more complex lesions were treated, such as TASC B and C lesions, the 5-year primary patency was 64% versus 86% after open surgery. The use of stents to extend the application of
treated, the 3-year patency was decreased to only 43%.
endovascular intervention to lesions unfavorable for PTA alone (e.g., categories 3 and 4) is clearly feasible, but the long-term results are unknown. Stents are costly, and multiple stents are commonly deployed for a complex reconstruction. Unless significant
short-term and long-term advantages over simple unilateral bypass (femorofemoral or iliofemoral) can be shown, iliac artery stent placement for these more complex lesions can be justified only for patients with prohibitive surgical risks. Selective stent

31] [95]

placement after inadequate PTA for iliac artery stenosis is justified. This approach is better than PTA alone and produces the same results as primary stent placement while being less expensive.[
Multilevel Occlusive Disease with Inflow Iliac Artery Stenosis

108] [109] [110] [111] [112] [113] [114] [115]
This usually involves balloon angioplasty (alone

Endovascular intervention has been combined with open surgery to treat lower extremity ischemia caused by multilevel occlusive disease ( Fig. 84–12 ).[

108] [111]

or with stent placement) for iliac inflow and a distal, open operation. This combination of procedures may be performed in a staged fashion, with PTA followed at some interval by a separate, open operation.[
effect of the PTA to be assessed before distal surgery, but also results in delay and the cost of a second procedure to complete the revascularization.

Staging permits the hemodynamic

109] [114] [116]

The preferred option is the simultaneous combination of intraoperative balloon angioplasty with operation at a more distal level, such as infrainguinal bypass, femoral endarterectomy, or femorofemoral bypass.[

This approach obviates the

113]
The advantage of this latter approach is that the scope of surgery may be extended with
need for a separate operation. Acute failure of an intraoperative angioplasty site is unlikely because stents may be used to manage inadequate post-PTA results.[

minimal additional time and operative morbidity to achieve the desired reconstruction immediately.

108] [116]

The staged and the simultaneous approaches seem to be safe and effective, and excellent results have been published for each approach. The 5-year primary patency rate for combined reconstructions ranges from 61% to 80%. [

Three studies have

109] [110] [117]
109]
Length of hospital stay and rate of complications were lower with the simultaneous approach.[
Iliac artery balloon angioplasty and selective stent
compared the staged and simultaneous approaches, and patency rates were similar.[

placement and simultaneous, combined open infrainguinal surgery is the treatment of choice for patients with multilevel lower extremity occlusive disease in need of complete revascularization.

Iliac Artery Occlusion

A substantial proportion of iliac artery occlusions can be recanalized with a combination of balloon angioplasty and stent placement, sometimes with the aid of thrombolytic therapy or laser. Initial success and long-term patency may be enhanced with stent

31] [118]

placement.[

114] [119]
Distal embolization during recanalization seems to occur less often with stent placement than when

Occlusions of less than 5 cm in length and occlusions located in the common iliac artery have better long-term patency.[

118] [119] [120] [121] [122]

PTA alone is used.[

32] [118] [121] [122]
32 118] [121]
Initial success rates exceed 90% when stents are placed.[ ] [
In the previously cited meta-analysis, the patency rate at 4

The results of primary stent placement for iliac artery occlusion are summarized in Table 84–8 .[

31]
The rates for PTA alone and PTA with stents were 44% and 53% at 4 years when critical ischemia was the indication for treatment of
32
[ ] [118]

years for iliac occlusions in patients with claudication was 54% for PTA alone and 61% when stents were also placed.[
the iliac artery occlusion. More recent series of primary stent placement show 4-year primary patency of 76% to 78%.

Thrombolytic therapy can play an important role in treating occlusions. In a study that evaluated the results of balloon angioplasty alone, early success was 100% when thrombolysis was complete, but only 88% when residual thrombus was present at the

123]

treatment site.[

124]

Thrombolytic therapy before PTA of an occlusion also enhanced 1-year patency rates.[

27 32 33 35 118 119 121 122 125

][
][
][
][
] This complication is one of the ways that claudication may
Distal embolization remains a significant problem and may occur in 1% to 10% of patients, even when primary stent placement is performed.[ ] [ ] [ ] [ ] [
be converted to limb-threatening ischemia as the result of an endovascular procedure. In addition, if the surgical alternative is a femorofemoral bypass, it usually can be performed with low morbidity.

TABLE 84-8 -- Results of Stent Placement for Iliac Artery Occlusion
FOLLOW-UP PATENCY

YEAR

NO.
PATIENTS

Initial

1 yr

2 yr

3 yr

4 yr

32]

1995

103

96

87

83

81

78

118]

2001

212

90

84

81

78

76

2002

73

97

79

NA

69

NA

2002

78

NA

78

75

64

NA

FIRST AUTHOR
Vorwerk[

Scheinert[

121]

Uher[

122]

Funovics[

NA, not available.
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Figure 84-12 Intraoperative iliac angioplasty and stent placement and combined femorofemoral bypass. A, The patient is a 76-year-old woman who presented with bilateral rest pain and right first toe gangrene. Aortography showed a long-segment right iliac
artery occlusion and a significant stenosis at the orifice of the left common iliac artery. B, Iliofemoral arteriographic runoff showed bilateral common femoral artery occlusions with reconstitution of the femoral bifurcations. The left external iliac artery was
patent but underperfused (arrow). C, Intraoperative left common iliac artery balloon angioplasty caused a mild dissection but made minimal improvement in the degree of stenosis (arrow). D, A Palmaz stent was placed, and a subsequent angioplasty resolved
the stenosis (arrow). A left femoral endarterectomy and a femorofemoral bypass were performed. E, Follow-up arteriography at 1 year showed a patent iliac stent site and distal reconstruction.

TABLE 84-9 -- Results of Balloon Angioplasty of the Femoral and Popliteal Arteries
FOLLOW-UP PATENCY
FIRST AUTHOR

YEAR

NO. PATIENTS

Initial

1 yr

3 yr

5 yr

1992

236

89

63

51

38

1996

176

93

58

38

26

36]

1991

217

90

71

51

48

129]

1994

106

89

47

42

NA

1993

106

95

57

45

45

28]

Johnston[

37]

Stanley[
Capek[
Matsi[

130]

Hunink[

evaluated the effect of lesion type: PTA of stenoses was more durable than PTA of occlusions in patients with claudication (61% versus 48% at 3 years). Lesion length has correlated with outcome in numerous studies. Femoropopliteal lesions that were shorter

26] [36] [37] [132]
Two of these studies had similar patency results at 5 years: 76% to 77% for lesions less than 1 or 2 cm and 50% to 54% for longer lesions.
[133]

than 2 cm (category 1) had significantly better patency than longer lesions (categories 2 and 3).[

[26] [132] In another study, the 3-year patency rates were 68% for single, short stenoses and 20% for long, multifocal stenoses.
[134]

procedures had failed within 6 months.

Dilatation of long (>5 cm) occlusions (category 4 or TASC D) had dismal results; 22 of 23 initially successful PTA

28]

In a study of 236 patients with stenoses, the 5-year success rate was 53% with good runoff and 31% with poor runoff.[

Thrombolytic infusions have been shown to improve the results of endovascular

124] [135] [136] [137]
intervention for chronic infrainguinal arterial occlusion, but at costs of higher complication rates and the need for adjunctive procedures.[

Although angioplasty of more extensively diseased femoropopliteal segments, either occluded or diffusely stenotic, is less durable, it may be reasonable to dilate such lesions for limb salvage indications in patients with prohibitive surgical risks, especially if

138

139

] The improved arterial circulation is often short-lived (several months), but it may save the extremity without surgical intervention. Rush and associates[
] treated 97 limbs in 86
they have persistent rest pain or superficial ulceration ( Fig. 84–13 ). [
patients with end-stage arterial occlusive disease in whom vascular reconstruction was not considered either appropriate or possible. Limb salvage was 76% at post-PTA intervals ranging from 1 to 45 months. The 1-year restenosis rate was 57%, and second
134]
reported a 2-year patency rate of only 60% and limb salvage rate of 42%.

PTA procedures successfully maintained patency in only 10 limbs. In another study of 50 similar patients, Currie and associates[

Femoropopliteal PTA carries an initial failure rate of 7% to 14%. An additional 20% to 40% of PTA sites fail in the first year. Thereafter, the failure rate continues at 4% to 8% per year. Best-case and worst-case scenarios at 5 years range from 70% to 20%,
with increments accounted for by clinical stage (20%, claudication versus limb salvage), type of lesion (10%, occlusion versus stenosis), runoff (20%), and length of lesion (20%).

Stent Placement in the Superficial Femoral and Popliteal Arteries
As is the case with aortoiliac intervention, stent placement has become an integral part of the management of infrainguinal occlusive disease. Technology for infrainguinal stents has continued to improve, and a variety of simple, low-profile self-expanding
stents with better delivery systems have been developed that may be added to a femoropopliteal PTA procedure when necessary. Primary patency rates in nonrandomized cohort studies have ranged from 49% to 81% at 12 months, similar to rates for PTA

40] [140] [141] [142] [143] [144]

alone.[

A meta-analysis that included 473 stent implantations performed between 1993 and 2000 showed
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Figure 84-13 Superficial femoral artery balloon angioplasty for limb salvage in a patient with prohibitive surgical risk. A, Right great toe gangrene in an 85-year-old, dialysis-dependent man with cardiomyopathy. The patient was not a candidate for distal
bypass. Arteriography identified diffuse infrainguinal occlusive disease, poor runoff, and tandem stenoses in the adductor canal (arrows). B, Balloon angioplasty improved the stenotic segments significantly (arrows), and ABIs increased from 0.22 to 0.58.
The wound was healed 1 month later.

Figure 84-14 Forefoot lesion in a diabetic with poor flow to the anterior foot. A, Left leg arteriogram shows runoff to the ankle where the posterior tibial artery occludes and the peroneal artery is poorly collateralized to the forefoot. B, Kissing balloon
angioplasty was performed between the tibioperoneal trunk and the anterior tibial artery, and a stent was placed in the proximal anterior tibial artery to restore perfusion to the forefoot.

TABLE 84-10 -- Complications of Percutaneous Transluminal Angioplasty for Lower Extremity Ischemia
INCIDENCE (%)

Location
Puncture site (total)

4

Bleeding

3.4

False aneurysm

0.5

Arteriovenous fistula

0.1

Angioplasty site (total)

3.5

Thrombosis

3.2

Rupture

0.3

Distal vessel (total)

2.7

Dissection

0.4

Embolization

2.3

Systemic (total)

0.4

Renal failure

0.2

Myocardial infarction (fatal)

0.2

Consequence
Surgical repair

2

Limb loss

0.2

Mortality

0.2

Modified from Pentecost MJ, Criqui MH, Dorros G, et al: Guidelines for peripheral percutaneous transluminal angioplasty of the abdominal aorta and lower extremity vessels. Circulation 89:511–531, 1994.

167] [172]

restored to the foot, the results are significantly better.[

154] [157]

Success is much higher when PTA is performed for a single stenosis than for occlusion or multiple stenoses.[

Infrapopliteal PTA is applicable at present only to a few patients

168] [169] [170]
requiring limb salvage.[

Angioplasty of Lesions in Other Locations

Some lower extremity arteries have a less favorable outlook with PTA, such as the common femoral artery and the profunda femoris (deep femoral) artery. Balloon angioplasty can be performed in these vessels under special circumstances, but they are not a
common part of endovascular practice.
Common Femoral Artery

Plaque in the common femoral artery is bulky and eccentric, often involves the femoral bifurcation, and is poorly suited to PTA. It is often associated with disease of the iliac or superficial femoral arteries. Because the common femoral artery is in an area of

62]

high mobility, it would not be expected to fare well after stent placement. Patency rates among 18 cases treated with PTA were 59% at 1 year and 37% at 3 years. [

Surgical repair of this artery is simple, has relatively low morbidity and high patency, and

109]
can be simultaneously combined with any other endovascular procedure that is required either proximally or distally.[
Profunda Femoris Artery

Clinical situations in which a temporary improvement in profunda femoris artery perfusion would salvage a limb occur, but are uncommon. In addition, the disease in this
TABLE 84-11 -- Major Complication Rates for Endovascular Procedures
AORTOILIAC INTERVENTIONS

MAJOR COMPLICATIONS (%)

RANGE (%)

PTA of stenosis

3.6

2.3–6.3

PTA of occlusion

6.0

3.1–10.6

Stent placement

5.2

0–17.0

artery is not generally favorable for PTA because it is usually either an orifice lesion, involving the femoral bifurcation, or diffuse disease along the length of the artery. Also, the profunda femoris artery tends to dissect in response to PTA. Older series suggest

171] [172]
As with the common femoral artery, if repair is required in the profunda femoris artery, surgery produces excellent results.

a reasonable technical success rate, but no long-term follow-up information is available.[

COMPLICATIONS
The complications of endovascular procedures are presented in detail in Chapter 54 . The usual motivation for performing an endovascular procedure to treat lower extremity occlusive disease, even though the surgical alternative may offer a better chance of
long-term success, is that the morbidity of an endovascular approach should be less. The expected rate of complications influences the decision about which procedure to advise.

29

The AHA Task Force on PTA Guidelines reviewed published complications among 3784 patients in 12 series of balloon angioplasty procedures in various lower extremity arteries ( Table 84–10 ). [ ] Complications of the puncture site, PTA site, or distal
vessel occurred in approximately 10% of patients, and serious systemic complications or death occurred in 1%. Table 84–11 includes weighted averages for major complications that occurred in the performance of aortoiliac and femoropopliteal interventions

50]

in contemporary series.[

3 9 32 98 118] [119] [121] [122] [173]
A survey of large iliac stent series revealed a rate of major complications ranging from 4% to 11%, especially when iliac artery occlusion was treated.[ ] [ ] [ ] [ ] [
Overall complication
32] [41] [45] [93] [174]

rates of 12% to 19% routinely have been reported after stent placement.[

Unusual but devastating complications of stent placement have been reported, including stent infection, pseudoaneurysm, thromboembolization from stents,

175] [176] [177] [178] [179] [180] [181] [182] [183] [184] [185] [186] [187] [188]
and retrograde aortic dissection.[
CONSEQUENCES OF FAILURE
Acute Failure of Endovascular Reconstruction (<30 Days)
The rate of acute failure of endovascular interventions for focal iliac and femoropopliteal lesions has decreased with improvements in equipment and technique. Acute failures still occur, however, because endovascular intervention is being attempted on an
expanding array of morphologically unfavorable lesions.
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189]

In a series of 318 iliac artery and femoropopliteal artery PTA procedures, early technical failures occurred in 17%, and none of the affected patients was worse than before the procedure.[

Technical failures are more common after PTA of occlusions than

27 28
25
after PTA of stenoses.[ ] [ ] After treating 83 iliac artery occlusions, Kalman and associates[ ] reported 15 early failures; in only 1 (6.7%) case, however, did worse ischemia occur. There were 8 technical failures of PTA for iliac stenosis among 584

patients; 1 patient required emergency surgery for ischemia, 1 patient died of iliac artery rupture, and 1 patient experienced contrast extravasation. The remaining patients were treated electively. Stents avoid many acute failures that would have occurred

31] [190] [191]

because of these problems.[

They also have encouraged attempts to treat lesions that should not have been approached with endovascular technique, however, and acute failures have resulted.

Later Failure of Endovascular Reconstruction (>30 Days)

Endovascular reconstructions of the iliac and femoropopliteal arteries that fail after 1 month usually do so as a result of recurrent stenosis. The affected patient most often presents with recurrent ischemic symptoms, usually claudication.

The implications of a failed angioplasty are usually less ominous than those of a failed graft, and recurrent stenosis at the dilatation site or new stenosis in the same arterial segment usually returns the patient to the predilatation clinical condition. In a study of

192]

223 failures among 631 angioplasties, 85% of patients returned to their original level of symptoms, 5.5% remained better off than they were originally, and only 9.5% were clinically worse than before PTA.[

and most investigators advise also placing stents.

[40] [96]

Among patients undergoing subsequent reconstructive surgery, a failed PTA had little effect on the type and outcome of the operation.

Recurrent lesions usually can be redilated,

75] [192] [193]
The secondary procedures are usually performed electively because acute ischemia is rarely the first

Options for treating recurrent disease within a stent include a second dilatation, a second stent placement, atherectomy, and surgery.[
symptom of recurrence.

INCORPORATING ENDOVASCULAR TECHNIQUES INTO THE OPERATIVE ARMAMENTARIUM

55 113

] Balloon angioplasty, stent placement, and thrombolytic therapy all have shown the reliability and durability
Lower extremity revascularization provides a venue for the incorporation of endovascular techniques into the operating room environment.[ ] [
required for their inclusion in the operative armamentarium. The simultaneous combination of endovascular intervention and open surgery is a reasonable option to achieve multilevel revascularization of a chronically ischemic limb. This combination
approach requires imaging equipment, catheter inventory, and endovascular skills to be brought into the operating room. Facility with this approach also permits the operator to use these techniques (1) in conjunction with intraoperative arteriography, (2) in the
treatment of failed dialysis access grafts or lower extremity bypass grafts, (3) for the management of acute limb ischemia, and (4) in stent-graft placement for aneurysm disease.
ROLE FOR ADJUNCTIVE DEVICES
Endovascular reconstruction of the aortoiliac and femoropopliteal segments using PTA and stents has a valuable role in clinical practice. New devices are introduced to extend the scope of endovascular intervention to the treatment of more extensive occlusive
lesions in a wider array of locations. Any newly introduced endovascular device must surpass the results of PTA and stent placement in at least some aspect to be considered clinically useful.
The universal response to endovascular trauma is neointimal hyperplasia. This response has been largely responsible for restenosis rates of 50% at 1 year. The long-term outlook for any new endovascular device depends on control of neointimal hyperplasia.
Drug-Eluting Stents

152 153 194

][
][
] Multiple stents with various therapeutic agents are in
Drugs that inhibit the cell cycle at various points have been bonded to stents in an effort to reduce the likelihood that intimal hyperplasia would occur in response to intervention.[
development. One drug-eluting stent, covered with sirolimus, has been approved for use in the coronary arteries. Preliminary data in the superficial femoral artery using a self-expanding nitinol stent covered with the same material show a significant decrease
152]

in intimal hyperplasia at 6 months.[

If this becomes clinically useful, the potential impact on infrainguinal intervention is substantial.

Stent-Grafts and Covered Stents
Stents and vascular graft material may be combined to create an intraluminal bypass (see Chapter 52 ). Although this concept has been aggressively applied to the clinical problem of aneurysm disease in recent years, occlusive disease also is being evaluated as
a potential application of this technique. If the entire luminal surface of a severely diseased vessel segment could be relined by a transluminally placed graft, the scope of occlusive disease that could be treated with endovascular intervention would be increased

195] [196] [197]

dramatically. Clinical evidence to support this promising concept is lacking. There have been experimental and clinical reports of periprosthetic thickening and thrombosis in response to covered stents.[

intraluminal iliofemoral bypasses have been published.

[198] [199] [200] [201] [202] [203]

[198] [204]

Early technical success generally exceeds 90%. Patency ranges from 80% to 89% at 6 to 18 months.

Several small, cohort series of

Results in the infrainguinal arteries also have

154] [155] [205] [206]
been mixed: Patency rates have ranged from 23% to 78% at 12 months.[

Laser and Atherectomy Devices

Lasers and atherectomy devices have been used in the past with mixed results and at present play only a minor adjunctive role. Laser energy has been used to penetrate an
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occluded infrainguinal arterial segment and to produce a channel adequate for introducing a balloon catheter. None of the laser devices has improved on the results of PTA and stents, and lasers carry a significantly higher expense in terms of equipment costs

207] [208] [209]

in addition to their complication rate.[

conferred an advantage over PTA and stents.

Intravascular Ultrasound

Several atherectomy devices have been released by the Food and Drug Administration for clinical use. None of these has a well-established role in patient care, however, because they have not

[210] [211] [212]

It is possible that when new methods of inhibiting the arterial response to intervention are introduced, plaque removal techniques may again be considered among the treatment options.

Intravascular ultrasound (IVUS) offers adjunctive guidance of therapeutic endovascular procedures and provides information that is not often obtainable with periprocedural arteriography. IVUS permits endoluminal imaging, which provides a unique cross-

213] [214] [215] [216]
Data suggest that the free lumen area, as measured by IVUS after PTA, may
[1]

sectional view of the treated segment. IVUS has a role in the deployment of endoluminal grafts for aneurysmal disease and complex stenting procedures.[

217]
The advantage of IVUS in the evaluation of stent placement appears to be enhanced with smaller stents (<5 mm), in which conventional arteriography is not as accurate.

be a strong predictor of outcome.[

FUTURE OF ENDOVASCULAR INTERVENTION FOR CHRONIC LIMB ISCHEMIA
Endovascular intervention for chronic lower extremity ischemia has matured significantly in recent years. Catheter-based management of a wide variety of lesions has evolved from the stage of mere clinical feasibility to the level of reliability and durability
required to become an integral tool in the treatment of occlusive disease. PTA and stents have an established and growing role in the management of lower extremity ischemia. Continued efforts to extend the scope of endovascular intervention will likely be
successful in the future as they have been in the past. The future of endovascular intervention is likely to be shaped by two relatively unpredictable factors: (1) advances in technology and (2) the political and economic forces of medicine.
Advances in Endovascular Technology
The concept of endovascular intervention has been well supported by the continuous advance of technology. Miniaturization of guide wires, catheters, stents, and other devices should increase accessibility of some lesions and decrease overall complication
rates. If covered stents can be made safe enough to place and durable enough to compete with other types of reconstructions, there may be a major role for this type of device. If restenosis could be controlled with drug-eluting stents, endovascular intervention
would be extended to a wider variety of clinical scenarios. These are primarily questions of technology and are well on their way to being answered. It is highly likely that during the next few years endovascular techniques will be further refined and become
more evenly used among the vascular patients who may benefit from them.
Opposing Forces in Endovascular Intervention
Opposing “market” forces will have a major influence on the future development of endovascular intervention. Pressure from patients to perform a less invasive procedure may favor more endovascular intervention. Interest in decreasing the overall care costs
may stimulate the elimination of procedures for indications other than a threatened life or limb, favoring less endovascular intervention. “Opposing forces” are nowhere more apparent than among the different medical disciplines that have a strong interest in
endovascular surgery. Some traditional open surgical procedures are being replaced by endovascular approaches. A wider variety of options will increase the spectrum of patients to whom some form of mechanical intervention may be offered. Although these
are just a few of the many dynamic issues to consider, the one reliable constant is that the field of endovascular intervention will likely flourish if the best interests of the patient are kept in mind.
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Chapter 85 - Lumbar Sympathectomy:

Indications and Technique
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20]
39
47
39
was first elaborated and tested by Jaboulay[ ] and Leriche.[ ] In 1889, Jaboulay[ ] performed a periarterial sympathectomy on a femoral artery. In 1921,

The concept of sympathetic denervation as a mode of therapy for arterial occlusive disease[

47]

Leriche[

popularized the procedure for the management of vascular diseases of the lower extremities. The experience with periarterial sympathectomy was disappointing because of reinnervation and vasospasm recurring within weeks of operation. In

66
3
1924, Royle[ ] suggested that sympathetic ganglionectomy might improve the function of spastic extremities, and he observed that after lumbar sympathectomy, the skin and toes of the ipsilateral foot became warm and dry. Adson and Brown[ ] first
introduced sympathectomy for the management of vasospasm in North America in 1925. These reports marked the beginning of an era in which sympathetic denervation ultimately became widely used for occlusive arterial disease, often as the only surgical
alternative to amputation.
During the next 30 years, variable results were reported, but the use of the procedure was not seriously challenged because alternative methods of improving limb perfusion were unavailable. With the development of arterial reconstructive techniques, direct
vascularization supplanted sympathectomy as optimal surgical therapy by the 1960s. A growing body of experimental data supported the clinical impression that the beneficial effects of sympathectomy were short-lived and only palliative.
Currently, noninvasive vascular testing, performed before and after sympathetic blockade, increasingly is being used preoperatively to provide objective evidence for a potential benefit of sympathectomy, rather than being applied empirically in the hope that it
might help. Current indications for sympathectomy generally are limited to patients with causalgia, patients with hyperhidrosis, and a few carefully selected patients with vasospastic or distal arterial occlusive disease not amenable to direct surgical or drug
therapy.

ANATOMIC CONSIDERATIONS
Proper performance of lumbar sympathectomy requires appreciation of the anatomic characteristics of the lumbar sympathetic chain. The sympathetic nervous system consists of afferent and efferent fibers that form a reflex arc. Afferent fibers originate in
blood vessels and other structures in the skin, muscles, and viscera and travel with the somatic nerves to cell bodies in the dorsal root ganglion of the spinal nerve. The central axons of these nerves synapse with the cell bodies of the efferent fibers located in
the anteromediolateral column of the spinal cord. These efferent fibers are myelinated and travel in the white rami communicantes as preganglionic fibers to ganglia in the sympathetic chain, to ganglia in the preaortic region (celiac, renal, superior, and inferior
mesenteric ganglia), and to terminal ganglia near the urinary bladder and the rectum. After synapsing in these ganglia, the postganglionic fibers, which are unmyelinated, travel in gray rami communicantes to join the somatic nerves and from there to innervate
blood vessels (vasomotor), sweat glands, and erector pili muscles (pilomotor) of the skin; blood vessels of the skeletal muscles; and blood vessels and smooth muscle of the visceral organs.
At segmental levels, efferent fibers from preganglionic neurons synapse with postganglionic neurons in paravertebral ganglia via white rami communicantes. A small percentage of preganglionic efferent fibers either bypass the paravertebral ganglia to synapse
in more peripherally located intermediate ganglia or cross over to innervate contralateral regions via conventional pathways. Characteristically, preganglionic fibers that supply a specific somatic region either synapse with multiple postganglionic fibers in
paravertebral ganglia or proceed more peripherally to synapse in intermediate ganglia that are at a distance from their segmental source. Complete sympathetic denervation of an extremity requires division of preganglionic fibers along their segmental origin
and resection of their corresponding relay ganglia and intercommunicating fibers.
Sympathetic outflow to the lower extremities originates in spinal cord segments from T10 to L3. Preganglionic fibers from these segments form extensive synaptic connections in paravertebral ganglia from L1 to S3 for innervation of the entire lower extremity
and pelvic region. Sympathetic innervation of the foot and lower leg is conveyed primarily through the L2 and L3 ganglia; the proximal leg region is primarily innervated from the L1 to the L4 ganglia. Variations in the number and location of sympathetic
ganglia are most common in the lumbar region, with most occurring at the L1, L4, and L5 levels.

91]
Crossover fibers occur in 15% of patients, with most leaving via the fourth and fifth lumbar ganglia.
[38]

Overall, three lumbar ganglia most commonly are found, with the fusion of the L1 and L2 ganglia most commonly accounting for the reduced number.[

[86] For most clinical indications, L2 and L3 ganglionectomy is sufficient, but also removing L4 is advised to reduce the possibility of collateral reinnervation. Imparato

advocated removal of all encountered lumbar
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ganglia to ensure that complete lower extremity sympathectomy is accomplished. Such extensive ganglionectomy usually is not warranted, however, and may result in ejaculatory disturbances in preclimacteric men when bilateral high ganglionectomies (i.e.,
including L1) are performed. Impotence also is claimed to occur under these circumstances but has no known physiologic basis at this level. Impotence is more likely to be produced by extensive dissection of the distal aorta, particularly around the origin of
the left common iliac artery. Nerve fibers serving ejaculation stem mainly from L1 and occasionally from L2. This disturbance of ejaculation may occur after resection of L2 when it is fused with L1.
Anatomic completeness of sympathectomy is essential. Although in humans there may be some sudomotor preganglionic outflow to the lower lumbar chain, few data are available to confirm the existence of preganglionic vasomotor outflow below the level of
the third lumbar ganglion. Denervation may be incomplete if only one lumbar ganglion is resected. To ensure denervation of the leg below the knee, removal of the second and third ganglia, their accompanying rami, and their lateral connections is usually
satisfactory. Regeneration of sympathetic fibers may occur if only a short segment of the trunk is resected; it occurs after simple resection of the nerves.

75

Simeone[ ] described in detail the causes of failure after sympathectomy. The most common causes of early failure are poor patient selection and incomplete denervation. Late failures are often related to progression of the original arterial disease. In some
cases, failure is due to sprouting and regeneration of sympathetic nerves, which usually occurs within 2 to 5 years after operation.

PHYSIOLOGIC CONSIDERATIONS
Critical understanding of the effects of lumbar sympathectomy requires synthesis of clinical and experimental data. Although sympathetic denervation increases blood flow to a normal limb, its impact on an extremity affected by arterial occlusive disease is
less clear. Elucidation of its role in improving microcirculatory hemodynamics and relieving ischemic symptoms can be considered in regard to several aspects, as follows:
1.
2.
3.
4.

Magnitude, distribution, and duration of the blood flow increase
Effect of the procedure on collateral perfusion in acute and chronic ischemia
Nutritive value of the observed flow increases
Alteration of pain impulse transmission

The effect of sympathectomy on each of these factors is examined within the context of more recent studies that attempt to define better the potential benefit of sympathectomy in limb ischemia.
Increase in Blood Flow
Lumbar sympathectomy increases total blood flow to an extremity by abolishing basal and reflex constriction of arterioles and precapillary sphincters. Flow increases ranging from 10% to 200% have been observed and vary with the degree of arterial
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occlusive disease involving the limb.[ ] [ ] [ ] [ ] Patients with severe, multilevel occlusions may receive no benefit from sympathectomy because their muscular and cutaneous arteries already are maximally dilated at rest. In normal and diseased
18

limbs, most of the observed flow increase is shunted through cutaneous arteriovenous anastomoses with only small increases in tissue perfusion.[ ] This alteration in blood flow distribution is due to elimination of the primary sympathetic function of
modulating the musculocutaneous distribution in response to thermoregulatory requirements. After sympathectomy, the positive distributional effects are maximal for the distal cutaneous circulation and characteristically produce the warm, pink foot or hand
that for many years was thought to reflect the overall improvement in limb perfusion.

This phenomenon of extremity blood flow redistribution is important because improved muscular perfusion previously was presumed to parallel increased cutaneous blood flow and justify the application of sympathectomy for claudication. Radioactively

68]

labeled microsphere studies by Rutherford and Valenta[

[17]

and Lindenauer

in a canine arterial occlusion model showed that neither resting nor exertional muscle perfusion is improved by sympathectomy. Using a similar technique in a canine hind limb study, Cronenwett

corroborated this finding in subjects with patent and acutely obstructed femoral arteries. These observations are explained by the relative sensitivities of precapillary sphincters in muscle and skin to adrenergic tone; cutaneous sphincters

76]

have low resting myogenic tone and are controlled exclusively by sympathetic impulses. Precapillary sphincters in muscle have high resting myogenic tone, however, and respond almost exclusively to local, primarily metabolic, humoral factors.[

In

[68] [76]

patients in whom proximal occlusive disease places relatively fixed limitations on arterial inflow, sympathectomy can adversely affect the natural redistribution of blood flow to exercising muscle by lowering cutaneous vascular resistance.

Regardless of the patency of the arterial tree, maximal vasodilatation is noted immediately after sympathectomy but begins to taper off within 5 to 7 days of denervation. This “fifth day phenomenon” is more noticeable after dorsal sympathectomy, but it

occurs in the lower extremities as well. Although at a much lower level than initially observed, peripheral cutaneous vasodilatation and blood flow remain elevated over basal levels for months, persisting in the face of stimuli that provoke vasoconstriction

84

through centrally mediated reflexes (e.g., the vasoconstrictor cold response test).[ ] Resting vasomotor tone usually returns to normal levels 2 weeks to 6 months after sympathectomy. Previous explanations for this return of sympathetic vasomotor tone have
included anatomically incomplete denervation, crossover reinnervation, and vascular hyperreactivity to circulating catecholamines. Isolated rabbit ear sympathectomy studies have shown that arteriolar smooth muscle cells are 1.5 times more sensitive to

8
30
exogenous norepinephrine but are unable to constrict maximally owing to viscoelastic changes in the vessel wall.[ ] This situation does not seem to involve endothelium-derived relaxing factor, however. [ ] In addition, a study of canine adrenergic
11]

receptors showed no change in the concentration of extrasynaptic, alpha2 receptors, which initiate vasoconstriction in response to blood-borne catecholamines.[

Although attenuated, the
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capacity for vasoconstriction and its mediators is not obliterated by sympathectomy. The degree of recovery of vasomotor tone after sympathectomy depends on circulating norepinephrine levels and the degree of vascular adaptation to loss of physiologic
constriction.
Effect on Collateral Circulation

21

The effect of lumbar sympathectomy on resting collateral blood flow in response to acute and chronic arterial occlusion has been studied in humans and dogs. Using a canine model of acute popliteal arterial occlusion, Dalessandri and associates[ ] showed
that lumbar sympathectomy produces a temporary but significant increase in paw blood flow as measured by plethysmographic tracings. This effect was noted after sufficient time had elapsed to allow maximal vasodilatation of collateral vessels around the

51]
observed submaximal collateral blood flow at rest in 30%. Sympathectomy produced an average 11% increase in distal perfusion among this

knee. Among patients with chronic foot ischemia as a result of multilevel arterial occlusions, Ludbrook [

81

subgroup of patients with inappropriate resting vasoconstriction. van der Stricht[ ] reported a similar phenomenon and postulated that sympathectomy increases collateral flow by increasing the pressure gradient across fixed obstructions at the femoral and
popliteal levels. Although this improvement is often relatively small and transient, sympathectomy does seem to increase distal perfusion, circumventing proximal obstructions in patients with inappropriate resting vasoconstriction. In most patients with
ischemia at rest, however, locally released humoral factors maximize flow through existing and newly formed collateral channels.
Nutritive Value of Blood Flow Increase
Central to the debate concerning the utility of sympathectomy is determination of the nutritive value of whatever blood flow increase is observed after denervation. Presuming that cutaneous arteriovenous anastomosis flow is non-nutritive because capillary

17
87
perfusion is bypassed, Cronenwett and Lindenauer[ ] maintained that sympathectomy does not increase blood flow to ischemic skin and should have no effect on rest pain or ischemic ulcers. This contention is supported by Welch and Leiberman’s[ ]
studies of cutaneous capillary perfusion using iodine 125–iodoantipyrine clearance in patients with peripheral vascular disease after lumbar sympathectomy or arterial reconstruction; no improved clearance was found in denervated limbs, in contrast to
accelerated clearance seen after arterial reconstruction.
58

54

Perry and Horton[ ] found no difference in spectrophotometric measurements of transcutaneous oxygen tensions in patients before and after lumbar sympathectomy. Using intradermal xenon 133 clearance, Moore and Hall[ ] showed improved skin
capillary perfusion and observed ischemic ulcer healing after lumbar sympathectomy in patients with severe vascular disease. Uncontrolled clinical series seemed to support Moore and Hall’s observations by reporting ischemic ulcer healing in 40% to 67% of
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patients after sympathectomy.[ ] [ ] [ ] [ ] Despite conflicting data, it seems fair to concede that in some patients sympathectomy produces a small but sufficient increase in nutritive perfusion to facilitate healing of small ulcers or relieve ischemic
rest pain. As discussed later, the key to its use is to select appropriate patients.

Alteration of Pain Impulse Transmission

An alternative mechanism to explain the relief of ischemic rest pain (rather than increased perfusion) is central and peripheral attenuation of painful stimulus transmission by sensory nerves. Although objective assessment of pain threshold changes is difficult,

60]
Theories concerning a relationship between sympathetic innervation and pain threshold suggest that sympathectomy decreases
[50]

aversive stimuli studies in cats have shown that lumbar sympathectomy enhances tolerance of hind limb noxious stimuli.[

noxious stimulus perception by decreasing tissue norepinephrine levels and reducing spinal augmentation of painful stimulus transmission to cerebral centers.

This theory also may explain clinical series, including one randomized trial, reporting a

20

56

significant portion of patients affected by disabling claudication or rest pain who were subjectively relieved without hemodynamic evidence of improved perfusion.[ ] Among the subset of patients with rest pain, Owens[ ] suggested that clear
differentiation of neuropathic from ischemic pain in patients with absent ankle pulses is not made. Including patients with causalgia (burning pain) in the clinical group with ischemic rest pain would spuriously increase the sympathectomy response rate.
Despite this possible flaw in inclusion criteria, clinical and experimental evidence suggests that lumbar sympathectomy can be efficacious in attenuating pain perception in patients with ischemic rest pain.
Summary of Physiologic Effects

Sympathectomy increases peripheral blood flow by the vasodilatation of arterioles primarily in cutaneous vascular beds. Much of this increased flow passes through naturally occurring arteriovenous anastomoses. Although overall extremity blood flow may be
increased, significant increases in nutritive flow occur only in distal cutaneous beds. Limitations in arterial inflow imposed by proximal occlusive lesions may mitigate this increase, and the return of vasomotor tone toward normal with time may diminish it
further. Nevertheless, some patients may receive sufficient increases to help heal superficial ischemic ulcers and relieve ischemic rest pain. In addition, although increases in blood perfusion are relatively small in the long run in patients with organic occlusive
disease, protection against an exaggerated vasoconstrictor response to cold, amelioration of sympathetic pain, and suppression of sweating are long lasting. These observations determine the appropriate indications for sympathectomy.

ASSESSMENT OF LUMBAR SYMPATHETIC BLOCK
It is often difficult to judge whether or not a complete sympathetic block has been obtained, especially when vascular disease is present. A significant increase in warmth,
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whether subjective or objective, cannot always be registered. Increased filling of the veins is a sign of sympathetic block, which is worth looking for because the venous system is less often the site of pathologic changes than the arterial system. Objective signs
of a complete sympathetic block are an appreciably increased skin temperature compared with the side not blocked, an increase in arterial pulsations shown by oscillometry or plethysmography, and abolished secretion of sweat in the foot.
Noninvasive diagnostic techniques can complement clinical evaluation in assessing patients for lumbar sympathectomy. Doppler arterial waveforms of the pedal arteries, although abnormal, should be present if the patient is to improve after sympathectomy.
Patients with unobtainable Doppler arterial velocity signals have ischemia that is too advanced to benefit from sympathectomy. The ankle-brachial systolic pressure index determined by ultrasound is usually less than 0.5 in patients with early rest pain. If the

90

5

ankle pressure index is less than 0.30, however, the patient is unlikely to improve after sympathectomy, according to the data of Yao and Bergan.[ ] Barnes[ ] has found digit plethysmography to be the most helpful predictor of response to lumbar
sympathectomy. The normal digit pulse waveforms mimic an arterial pressure pulse, with a rapid upstroke, a relatively sharp peak, and a dicrotic wave on the downslope. In the presence of arterial occlusive disease, the waveform is attenuated with a more
gradual upslope, a rounded peak, and loss of the dicrotic wave. In advanced ischemia, there may be no detectable waveform in the digit. The presence of sympathetic vasomotor tone may be assessed by noting the response of the digit pulse amplitude to a deep
breath. Normally the pulse amplitude is attenuated with such a maneuver, whereas patients with autosympathectomy, as in diabetes mellitus, surgical sympathectomy, or advanced ischemia, may lose this vasoconstrictive reflex. Finally, the ability of the digit
circulation to increase in response to ischemia, as by reactive hyperemia, may be assessed by noting the pulse waveform response to temporary arterial occlusion induced by a pneumatic cuff on the proximal digit. Normally the digit pulse amplitude should at

5
least double in response to temporary (3-minute) digit ischemia.[ ] Patients with advanced occlusive disease may not have the capacity for additional vasodilatation. Such patients are unlikely to benefit from lumbar sympathectomy.
LUMBAR SYMPATHETIC BLOCK TECHNIQUES
Pharmacologic block of the lumbar chain using conventional local anesthetic agents merely requires that the tip of the needle is placed into the perisympathetic space from the back. When a so-called chemical sympathectomy is to be performed, however,
using a small volume of phenol or alcohol, the point of the needle must be placed precisely adjacent to the sympathetic chain. Landmarks for this block are L1, which is situated at the level of the junction of the 12th rib and erector spinae muscles, and L4–5, at
the level of the line drawn between the posterior iliac crests. Preferably the patient should lie in the lateral position with the waist

Figure 85-1 Lumbar sympathetic block (three-needle technique). (From Callow AD, Ernst CB: Vascular Surgery: Theory and Practice. Stamford, Conn, Appleton & Lange, 1995, p 285.)

TABLE 85-1 -- Indications for Sympathectomy and Clinical Outcome
INDICATIONS FOR LUMBAR SYMPATHECTOMY
Causalgia

OUTCOME
Excellent

Hyperhidrosis
Vasospastic disorders complicated by digital ulceration (frostbite sequelae or occlusive Raynaud’s disease secondary to distal emboli or trauma)
Non-bypassable atherosclerotic occlusion with rest pain or limited necrotic tissue

Good to fair

Buerger’s disease
Claudication

Poor

Diabetic neuropathy

32 48 63

Better pharmacologic management of the initial stage causalgia and pure vasospastic disorders has reduced significantly the number of patients now being referred for sympathectomy.[ ] [ ] [ ] Increasing success with infrapopliteal bypass has reduced
further the number of patients in whom sympathectomy is considered in lieu of direct revascularization. Even in these cases, selection criteria have been tightened by noninvasive testing before and after trial blocks.

Presently the two conditions that are most likely to be relieved by lumbar sympathectomy are hyperhidrosis and causalgia ( Table 85–1 ). Disabling hyperhidrosis usually affects the upper extremities; however, occasionally the lower extremities are involved.
Rarely, lumbar sympathectomy may help in cases of incipient gangrene if the pathologic changes in blood vessels are not too severe.

Causalgia

The central role of the sympathetic nervous system in perpetuating causalgia makes sympathetic denervation particularly suitable for this entity. Uniform success is obtained when the diagnosis and therapeutic potential of sympathectomy are confirmed by trial

53]

block. Mockus and colleagues[

reported that early postoperative pain relief was obtained in 96% of patients by trial block, with 84% remaining asymptomatic after a median follow-up interval of 28 months. Similar results have been obtained by other

41]
1
In a report by our group,[ ] initial and late satisfactory results of 100% and 95% were achieved in patients who showed an excellent response to a trial

investigators and are superior to the results of repeated transcutaneous sympathetic blocks alone.[
sympathetic block.

Peripheral Vasospasm
Most patients with Raynaud’s phenomenon secondary to vasospasm complain more of upper extremity than of lower extremity discomfort. Occasionally the reverse is true, however, particularly for patients in colder climates, possibly because it is easier to
warm the hands periodically than the feet. Although the procedure is uncommonly
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needed, lower extremity vasospasm and cold intolerance respond remarkably well to lumbar sympathectomy, possibly even more so than with upper extremity involvement.

40

Janoff and colleagues[ ] reported their experience with 10 patients who had episodic distal vasospasm that was refractory to maximal medical management. Pernio, or chilblain, a localized itching and painful erythema on the fingers and toes produced by
cold damp weather, was noted in each patient and did not recur after lumbar sympathectomy. Hypothermic toe plethysmographic testing normalized, and all patients remained asymptomatic after 4 years’ mean follow-up. Felder and Gifford and their associates

[28] [33] reported similarly good and lasting symptom relief among a larger group of patients. Despite loss of resting cutaneous vasodilatation, reflex digital vasoconstriction in response to regional or remote cold stimuli did not recur in any of the more
recently studied patients.
Ischemic Rest Pain
Critical assessment of clinical reports on the efficacy of lumbar sympathectomy for ischemic rest pain is limited by (1) variations in the severity and anatomic distribution of occlusive disease, (2) failure to differentiate this from other forms of lower extremity
pain, and (3) differing criteria for determining “inoperability” for distal bypass. With these limitations in mind, the more recent reports cited, it is hoped, better reflect progress in infrapopliteal revascularization, pharmacologic manipulation, and noninvasive
testing. Nevertheless, most reports share the same flaw—they were not prospectively randomized against conservatively treated controls.
Of the two manifestations of critical lower limb ischemia that may be considered categorical indications for lumbar sympathectomy, rest pain has a higher response rate than ischemic ulceration, for two reasons:
1. The blood flow increase needed to satisfy oxygen demands at rest is less than the inflammatory response required for tissue healing.
2. Pain impulse attenuation may enhance tolerance of ischemic pain even if perfusion is not significantly increased.

59] [83]
:

Selection of patients for lumbar sympathectomy for both of these indications should be based on three simple assessment criteria, as follows[
1. An ankle-brachial index (ABI) of greater than 0.3
2. Absent neuropathy on physical examination
3. Limited forefoot tissue loss

78]

To these criteria may be added relief of pain associated with plethysmographic or other objective evidence of improved flow in response to sympathetic blockade.[

90]

Crucial to the success of lumbar sympathectomy is adequate arterial inflow, as indirectly measured by Doppler segmental limb pressures. Designation of a threshold ABI of 0.3 is based on Yao and Bergan’s[

[2]

this level was insufficient to allow perfusion augmentation or symptom relief with sympathectomy in 90% of patients. Similar observations were noted by our group

[62]

and by others.

original observation that arterial inflow below

This pressure index seems to predict that patients have adequate

62
collateral vessels and can support the increase in flow produced by removal of sympathetic tone. Plecha and collaborators[ ] performed similar hemodynamic studies and found that the index obtained by dividing the distal thigh pressure by the arm pressure
was a better predictor of the effectiveness of sympathectomy. They believed that if this pressure index is greater than 0.7, one can expect a favorable response to sympathectomy, which is defined as an increase in the distal thigh-arm pressure index of 0.1 or
greater. Subsequent studies have defined a range of ABI centered around 0.3 when patients with spuriously high ankle pressures as a result of incompressible vessels are excluded. In the minds of some investigators, this ABI threshold cast doubt on the
efficacy of sympathectomy because the natural history of rest pain alone in a patient with an ABI greater than 0.3 might not be significantly different from the response to sympathectomy.

20

This question was addressed and partially answered in a prospective, randomized clinical trial conducted by Cross and Cotton[ ] in which transcutaneous phenol lumbar sympatholysis was compared with saline sham lumbar injections. Forty-one limbs in 37
patients were objectively and subjectively analyzed at regular intervals 6 months after treatment. Among the control group, only 24% of patients reported symptomatic relief, as shown by a decrease in narcotic requirements, compared with 84% in the
treatment group. This highly significant subjective difference was not associated with objective signs of improved perfusion as measured by segmental limb pressures or blood flow and galvanic skin response monitored on the dorsum of the foot. This study
reflects the natural history of ischemic rest pain in “inoperable” patients (25% of whom spontaneously improved) and the pain impulse modulation effect of sympathetic denervation. Other clinical series reported similar symptomatic response rates ranging

10] [15] [44]

from 47% to 78%, with early “limb salvage” rates of 60% to 94%.[

59]
reported the best results for sympathectomy for this indication.

Persson and colleagues[

In patients followed 82 months after lumbar sympathectomy, 30 of 35 limbs with an ABI greater than 0.3 (86%) experienced early and sustained elimination or improvement of rest pain compared with 5 patients who received no relief and required early
amputation. No significant overall improvement in limb perfusion was noted, and reflective of the severity of their systemic atherosclerosis, nearly 50% of the patients experienced myocardial infarction 6 months to 4 years after operation. These results
support a limited role for sympathectomy as a pain control procedure for patients with ischemic rest pain whose occlusive arterial disease is truly not amenable to direct revascularization or transluminal angioplasty and is refractory to maximal medical
management.

A subgroup of patients are those with diabetes who not only have end-stage extremity arterial disease, but also an “autosympathectomy” that is due to progressive diabetic neuropathy. Rest pain in this group is rarely, if ever, responsive to sympathectomy. Not
only can increased distal
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38]
first noted the relationship between diabetic neuropathy and lack of responsiveness to surgical sympathectomy. He showed the histologic equivalence of
[34] [38]

perfusion not be expected, but also the prospect of enhanced pain tolerance is negligible. Imparato[

diabetic autosympathectomy and surgical lumbar sympathetic ganglionectomy by finding no difference in the number of periarterial sympathetic fibers in lower extremity amputation specimens from both groups.

Other clinical series have confirmed

22]

that the high frequency of a sensory and sympathetic neuropathy in diabetic patients with limb-threatening ischemia is associated with autosympathectomy and an unresponsiveness to lumbar sympathetic ganglionectomy in most patients.[
sympathectomy in patients with Buerger’s disease and patient selection are discussed in Chapter 25 .

The results of

Ischemic Ulceration or Tissue Loss

Assessment of the results of lumbar sympathectomy for distal ischemic ulceration or focal gangrene is subject to the same limitations as were described for rest pain. The additional flow above basal requirements, needed to heal wounds and combat infection,

61

creates even greater demands on sympathectomy than combating ischemic rest pain. Radionuclide perfusion studies show that close to a twofold increase in blood flow around the ulcer (hyperemic response) is necessary for healing.[ ] Infected or deeper
ulcers require even greater increases in regional perfusion. As expected, clinical and experimental studies indicate that sympathectomy rarely, if ever, provides sufficiently increased nutritive perfusion to allow healing of deep ulcers or large areas of skin
necrosis, even when secondary infection is not prominent.

10 15 44

59]

Clinical studies, noting partial or complete healing in 35% to 62% of patients with forefoot tissue loss, corroborate the intrinsic limitations of sympathectomy.[ ] [ ] [ ] The best results were reported by Persson and coworkers,[
sympathectomy on 22 limbs with adequate inflow but, importantly, with no evidence of neuropathy or subcutaneous infection; 77% showed complete ulcer healing, whereas only 22% required amputation.

who performed

46

Lee and colleagues[ ] reported lower healing rates for patients with superficial toe gangrene, with 56% of the involved digits “salvaged” by sympathectomy and a 40% toe salvage rate among patients with three or more digits involved. Among
“nonresponders” in such reports, the immediate amputation rate ranged from 27% to 38%, suggesting that not all of these cases were doomed without therapeutic intervention and that the level of amputation required was not improved by sympathectomy.

36

Holiday and associates[ ] analyzed the value of surgical and chemical lumbar sympathectomy in patients with critical lower limb ischemia without the option of vascular reconstruction. Clinical success rates, defined as improvement of ischemic stage, and
limb salvage rates were recorded for 76 limbs of 70 consecutive patients. Chemical lumbar sympathectomy patients were older and had more concomitant disease than surgical lumbar sympathectomy patients. The short-term success rate (at 6 weeks) in 36
patients treated with surgical sympathectomy (44%) was better than in 40 patients treated with chemical sympathectomy (18%, P = .01). The long-term success rate at 1 year was 47% for surgical sympathectomy and 45% for chemical sympathectomy. The

36]
concluded in their study that surgical and chemical lumbar sympathectomy can be performed with little

limb salvage rates at 1 year were 61% for surgical sympathectomy and 58% for chemical sympathectomy (not significant). Holiday and associates[
morbidity and may be beneficial to these patients.

42]

In a study of foot transcutaneous oxygen tension (tcPO2 ) response to lumbar sympathectomy in patients with focal ischemic necrosis, Johnson and coworkers[

prospectively evaluated all patients with superficial foot necrosis of 1 to 3 cm and tcPO2

values of less than 30 mm Hg. tcPO2 measurements of the forefoot were done preoperatively and every 2 to 3 days postoperatively. All of the 10 patients who were available for follow-up experienced increases in foot tcPO2 measurements during the first 4

to 5 days, with a mean increase of 23 mm Hg, which was significant (P = .04). Clinical improvement was defined as an average increase of 29 mm Hg by postoperative day 10, and clinical failure was defined as only an average increase of 5 mm Hg in

tcPO2 . The investigators concluded that a favorable response to sympathectomy could be predicted by a preoperative increase in tcPO2 by at least 20 mm Hg in response to dependency. They also concluded that sustained postoperative increases in tissue

oxygen levels by postoperative day 10 favored wound healing.

Precise characterization of an ischemic forefoot lesion that is most likely to respond to sympathectomy is difficult to glean from this literature. From a conceptual and practical point of view, use of sympathectomy should be confined to small, shallow,
uninfected forefoot ulcers or single-digit superficial gangrene in patients with an ABI greater than 0.3 and absent neuropathy. One might expect successful healing in at least 35% of such patients, but no change in amputation level can be anticipated should
amputation ultimately be required.
Sympathectomy as an Adjunct to Arterial Reconstruction

12] [71]
Some authors have reported better patency rates for proximal and distal arterial reconstructions when

Experimental evidence indicates that sympathectomy improves patency of small vessel anastomoses and the repair of traumatized arteries.[

27 69

concomitant sympathectomy is performed.[ ] [ ] It is difficult, however, to predict which reconstructions would be protected by sympathectomy. Its application in proximal reconstructions that have been performed in the face of distal thromboembolism,
poor runoff, or small “hypoplastic” vessels is less problematic because the sympathetic chain often can be exposed through the same incision. With distal reconstruction, however, sympathectomy would constitute an entirely separate surgical procedure and is
harder to justify.
Preferably, intraoperative electromagnetic flowmeter studies, documenting low graft blood flow that significantly increases in response to intra-arterial papaverine or tolazoline (Priscoline), should be used to justify the addition of
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lumbar sympathectomy. A multicenter trial showed, however, that dextran 40 infusions can produce a threefold decrease in early postoperative thrombosis of difficult distal bypass operations.[ ] This decrease in thrombosis results from an increase in flow
and a decrease in coagulability and would seem to provide a better alternative to sympathectomy. Prostanoids and hemorrheologic agents may offer future promise in this situation, and it is anticipated that the application of sympathectomy for this indication
will be negligible in the future.

Sympathectomy to Speed Up Development of Collateral Circulation

51

Sympathectomy is a commonly mentioned indication for which there is little scientific proof. Ludbrook[ ] showed that collateral arteries contributed 23% of the resistance at rest and 73% at peak flows in patients with claudication and 52% of the resistance
at rest and 89% at peak flows in patients with rest pain. Decreasing the resistance of the peripheral vascular bed distal to the obstruction by sympathectomy would not greatly decrease overall resistance or increase flow, particularly if the occlusive process was
a severe one. In the same situation, however, an equal decrease in the collateral artery resistance would have a significant effect on overall blood flow.

72]
using indirect methods of evaluating the collateral circulation, concluded that collateral vessels are under the control of the sympathetic nervous system.

The critical question is to what extent are the collateral arteries under sympathetic control? Shepherd,[

24]

Dornhorst and Sharpey-Schafer[

studied the effect of lumbar sympathectomy in 10 patients, however, and found that although the collateral resistance decreased in 7 patients, the decreases were transient. Similar findings were reported by Barcroft and

4
Swan.[ ] There probably is some improvement in the speed but not in the magnitude of development of collateral circulation after sympathectomy if it is performed early enough (i.e., the first few weeks after occlusion). This benefit may result from either
vasodilatation of the collateral channels themselves or the increased pressure gradient produced across the block by the decrease in distal resistance that results from sympathectomy. Despite these studies, reduction of collateral resistance is not an accepted
indication for sympathectomy. There is rarely a pressing enough need for this to warrant an operative intervention; some pharmacologic agents can produce similar effects.
Summary of Recommended Indications
Within the context of its physiologic consequences and the clinical results just presented, lumbar sympathectomy should be applied rarely and selectively to the following patients: (1) patients with lower extremity pain or ischemia, (2) patients whose condition

19

is refractory to medical management, and (3) patients who are not candidates for more effective revascularization techniques. Cross,[ ] in an editorial that reviewed the history of lumbar sympathectomy, concluded that if controlled clinical work is the only
reliable “gold standard” in clinical research, the total understanding of the effect of lumbar sympathectomy rests on the results of only four articles out of the many hundreds written on this subject. These show that sympathectomy does not improve
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claudication,[ ] it may improve ischemic rest pain,[ ] and it does not improve the long-term patency of peripheral vascular bypass grafts.[ ] [ ] Regardless of the indication, subjective and objective preoperative assessment of response to sympathetic
blockade greatly enhances the probability of therapeutic success. With these considerations in mind, lumbar sympathectomy may be indicated for the following conditions according to the recommended selection criteria:
1. Causalgia
2. Inoperable arterial occlusive disease with limb-threatening ischemia causing rest pain, limited ulceration, or superficial digital gangrene
3. Symptomatic vasospastic disorders
Causalgia

80]
Nonoperative treatment consists of mild analgesics, physiotherapy, tricyclic antidepressants, anticonvulsants, and α2 -

When detected and treated early (stage I), post-traumatic pain syndromes respond to intensive medical therapy in 40% to 60% of cases.[

32]
Surgical sympathectomy usually is not considered until conscientious participation in medical therapy has continued for 3 months. Multiple translumbar
[73]

adrenergic blockers administered in a stepwise manner according to symptom responsiveness.[

sympathetic blocks with local anesthetic agents are used to obtain and observe symptom relief, particularly in regard to degree and duration.

13]

Among patients with chronic pain or atypical pain and a “learned helplessness” personality profile, saline placebo injections may help to confirm or to rule out a true cause-and-effect relationship for the reported symptomatic relief.[

If reproducible pain

1 53 80
relief is achieved, lumbar sympathectomy yields a uniformly gratifying and sustained response rate.[ ] [ ] [ ] It should be applied as soon as the patient’s relief from sympathetic blockade, which lasts only as long as the effect of the local anesthetic used

(stage II), wears off. Patients allowed to progress to stage III do not respond to sympathectomy.
Inoperable Arterial Occlusive Disease

Before specific selection criteria are discussed, the term inoperable needs to be defined. In general, the application of direct revascularization techniques for ischemic limbs with severe infrapopliteal occlusive disease is limited by the level and characteristics
of the recipient artery, the adequacy of distal runoff, the conduit available for arterial bypass, and the technical expertise of the surgeon. Inadequate runoff (i.e., no distal arteries to bypass) is becoming an infrequent indication, thanks to intra-arterial digital
subtraction, color Doppler scanning, and, more recently, magnetic resonance arteriography. Improved application of in-situ, translocated, or reversed saphenous vein grafting techniques permits
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45]
With available autogenous vein and patent distal arteries, “inoperability” is determined by the technical proficiency of the surgeon.

bypass to suitable arteries in the lower calf, ankle, and foot with acceptable limb salvage rates.[
Rest Pain

Assuming that a critical degree of forefoot ischemia has been shown by objective criteria to confirm the clinical diagnosis of ischemic rest pain, lumbar sympathectomy is preferable to amputation if the following criteria are met:
1. ABI greater than 0.3
2. Absent neuropathy
3. Symptomatic relief obtained by trial block
Relief of rest pain from lumbar sympathectomy can be expected in 50% to 85% of patients meeting these criteria.
Limited Tissue Loss

Initial evaluation includes definition of the extent and depth of tissue loss, treatment of secondary infection with limited débridement, topical care, and culture-specific antibiotic therapy. In addition to noninvasive testing, perfusion scans with injections of

74

intravenous thallium or intra-arterial technetium 99m–labeled albumin microspheres permit determination of the hyperemic ratio surrounding the lesion and prediction of healing potential.[ ] If a perfusion ratio after a thallium 201 intravenous injection was
1.5:1 (< 1.75:1 predicts a nonhealing ulcer), but a repeated scan during the time of effect of a sympathetic block showed a ratio of 2.5:1, a sympathectomy may be recommended with confidence. Studies predicting nonhealing or the absence of signs of healing
after 6 weeks of intensive wound management warrant obtaining arteriograms using special timing or digital subtraction methods to show “operability.”

Other selection criteria for sympathectomy are similar to the criteria used for determining rest pain and include the following:
1.
2.
3.
4.

ABI greater than 0.3
Absent neuropathy
Limited ulceration or superficial single-digit gangrene
Absence of major deep infection

59] [83]

Strict adherence to these criteria can be expected to result in healing in 35% to 65% of patients after lumbar sympathectomy.[
Lower Extremity Vasospasm

Symptomatic vasospasm of the lower extremity primarily affects patients with Raynaud’s phenomenon or victims of frostbite. Discomfort and typical color changes in response to mild environmental cold with painful rewarming hyperemia or even a mild
superficial dermatitis (pernio) are noted. Severe vasospasm may produce digital ulcerations in the presence of readily palpable pedal pulses. Digital photoplethysmography discloses either artifactually peaked pulse volume recordings or sustained loss of

40]

pulsatile flow in response to a local or distant hypothermic challenge.[

One can predict a good response to sympathectomy by showing at least a 50% increase in amplitude of the digital pulse volume recording with cold exposure after chemical

[78]

sympathetic blockade.

Before lumbar sympathectomy is considered, maximal medical therapy with calcium channel blockers, cold avoidance, and cessation of smoking must be earnestly pursued. Vasospasm refractory to these measures warrants lumbar sympathectomy; immediate

28] [33] [40]

and lasting symptom resolution has been noted in nearly 90% of patients managed in this stepwise fashion.[
Would Minimally Invasive Sympathectomy Change the Indications?

In recent years, there have been increasing reports of early experiences with lumbar sympathectomy carried out by laparoscopic methods. Most of these reports mention a small number of cases, with general enthusiasm and surprisingly few complications or
other drawbacks mentioned. Specifically, major vascular injuries, especially the inferior vena cava on the left, do not seem to have been encountered. Only one report suggested that incomplete sympathectomy may be a problem (i.e., only 50% relief of pain at

37]

4 months[

).

43

14 25 37 43

Initially, some of these procedures were carried out transabdominally, with reflection of the colon,[ ] but most surgeons now use an extraperitoneal technique with balloon inflation to dissect the extraperitoneal plane.[ ] [ ] [ ] [ ] If one presumes
that this technique can produce a complete and lasting lumbar sympathectomy with safety and reduced morbidity, it may reduce the reluctance to perform the procedure for some indications (e.g., frostbite injury, symptomatic vasospasm, or hyperhidrosis), in
which the gain is relatively insignificant for an open surgical operation. For patients with causalgia or chronic critical ischemia and inoperable arterial occlusive disease facing amputation, the gain is potentially great. Such a procedure probably would speed up
the application of sympathectomy for causalgia if it did not increase its use, and it might allow it to compete more favorably with other, less effective nonrevascularization alternatives (e.g., epidural spinal stimulation, hyperbaric oxygen) and pharmacotherapy
in patients with inoperable arterial disease and limb threat. Identifying proper candidates, by objective evaluation of a trial block, will remain the cornerstone of patient selection, however.

CONVENTIONAL OPERATIVE TECHNIQUE
Lumbar sympathectomy begins with proper positioning of the patient so that the interval between the costal margin and iliac crest is “opened.” The surgeon can accomplish this objective by raising the flank region approximately 30 degrees by placing padded
rolls beneath the hip and thorax. With the mid-flank region centered over the kidney rest, the table is flexed approximately 10 to 15 degrees to widen the distance between the costal margin and the iliac crest. Tension on the ipsilateral psoas muscle is relieved
by flexing
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the patient’s upper (ipsilateral) thigh with appropriate padding beneath and between each leg.
An oblique incision is begun at the lateral edge of the rectus muscle, extending toward the middle of the space between the ribs and iliac crest and ending at the anterior axillary line. The musculofascial layers of the internal and external oblique and the
transversalis are split in the direction of their fibers or divided in line with the incision. The transversalis fascia should be divided laterally where the peritoneum is stronger, less adherent, and more easily separated from the fascial undersurface. The lateral
plane between the transversalis fascia and the peritoneum is developed easily by blunt finger dissection directed toward the vertebral column. Continued separation of the peritoneum is performed gently in medial, caudal, and cephalad directions to maximize
retroperitoneal exposure through the relatively small anterior flank incision.
With continued dissection toward the posterior midline, the surgeon should take care to remain close to the peritoneum and anterior to the psoas muscle rather than dissect into the retroperitoneal fat or posterolateral flank muscles, where bleeding may be
encountered. The ureter and gonadal vessels are left attached to overlying peritoneum and are lifted off the psoas muscle as the dissection proceeds medially. The ureter should always be visualized to avoid inadvertent injury.
The lumbar sympathetic chain is located medial to the psoas muscle and lies over the transverse processes of the lumbar spine. The lumbar chain should not be confused with the genitofemoral nerve, which lies more laterally over the medial third of the psoas
muscle itself. On the left, the lumbar ganglia lie adjacent and lateral to the abdominal aorta; on the right, the chain lies just beneath the edge of the inferior vena cava.

Tactile identification of the lumbar chain by plucking discloses a characteristic “snap” as a result of tethering of the nodular chain by rami communicantes. Other vertical, bandlike structures in this region (genitofemoral nerve, paravertebral lymph nodes, or
ureter) do not recoil as briskly. When identified, the mid-portion of the sympathetic chain is dissected free of surrounding tissues and retracted with a right-angle clamp or a nerve hook to draw it up under tension from the surrounding tissue. The ganglia are
mobilized by division of tethering rami with prior metal clip application. The surgeon facilitates orientation and ganglion numbering by identifying the sacral promontory and an adjacent lumbar vein that usually crosses the sympathetic chain in front of or
behind the third lumbar ganglion. A large space between the first and second lumbar ganglia is often found with the first ganglion partially obscured by the lumbocostal arch. Metal clip application to all elements of the sympathetic chain before division
prevents unexpected bleeding from vessels mistaken for rami or injury to non-neural structures during attempts to control the latter. When the chain, with at least two lumbar ganglia, is removed, hemostasis is secured, and the incision is closed in layers after
the table is flexed.

29]

This anterolateral approach of Flowthow[

66]

is most popular because the incision is well tolerated, dissection remains retroperitoneal, and exposure is adequate. The posterior approach of Royle[

is not favored because of significant postoperative

1
paraspinal muscle spasms. The anterior approach of Adson is applicable only for sympathectomy combined with an abdominal aortic or other intraperitoneal procedure.[ ] Using this anterior, transperitoneal approach, the surgeon identifies the right lumbar

chain by dissecting along the right lateral aspect of the inferior vena cava. Exposure of the left lumbar chain is best accomplished by mobilization and medial reflection of the left colon along the white line of Toldt. This approach avoids dissection through
lymphatic and vascular tissue immediately lateral to the aorta.

Laparoscopic Lumbar Sympathectomy Technique

7

Balloon-assisted retroperitoneoscopic lumbar sympathectomy procedures are usually performed under general endotracheal anesthesia. In one published technique,[ ] the patient is placed in a lateral decubitus position, and the table is flexed at the level of the
umbilicus to create a maximal space between the lower rib cage and the iliac crest. A 12- to 15-mm incision is made midway between the costal margin and the iliac crest at the anterior axillary line level. This mini-incision is carried down by splitting the
oblique muscle to enter the retroperitoneal space. With S-shaped retractors and blunt dissection, the peritoneal sac is pushed forward, which creates a safe space for the insertion of the distention balloon system (Origin Medsystem Inc, Menlo Park, Calif). The
balloon is inflated with vision via a 30-degree scope introduced into the balloon trocar. The fully inflated balloon is left in place for a few minutes to achieve hemostasis, then is deflated and removed. Next a Hasson trocar (Ethicon Endosurgery, Cincinnati,
Ohio) is introduced into the space created and secured with two sutures to the fascia to avoid gas leakage. The created space is insufflated with carbon dioxide to a pressure of 10 to 12 mm Hg. Then two to three additional 5-mm ports are inserted with direct
vision into the retroperitoneal space along a line 2 to 3 cm posterior to the first trocar, at the mid-axillary and posterior axillary lines. With the surgeon and an assistant standing in front of the patient, they can identify the peritoneal sac pushed backward and
medially, and they can view the psoas muscle in front and upward. The ureter and gonadal vessels and the genitofemoral nerve are visualized in the usual position. The vertebrae in the paravertebral space are palpated with laparoscopic instruments, and
dissection of this space is started at the medial border of the psoas muscle, close to the vertebrae.

Two to three instruments generally are used for traction, dissection, clipping, and cutting. The sympathetic chain usually is identified in front of the vertebral column along the inner margin of the psoas muscle, as seen in conventional lumbar sympathectomy.
The communicating rami and the blood vessels are divided with cautery or clips and endoscissors. The sympathetic chain is transected between clips at the desired level. At the end of the procedure, the retroperitoneal space is deflated, the retractors are
removed, and the fascia at the large port site is sutured.

7
Using this technique, Beglaibter and colleagues [ ] analyzed the data of 27 consecutive patients who underwent 29
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retroperitoneoscopic lumbar sympathectomies. Of patients, 22 had ischemia of the lower limb, and 5 had severe reflex sympathetic dystrophy. The procedure was accomplished successfully in all patients without any postoperative complications, with a mean
operative time of 136 minutes and a mean hospital stay of 1.4 days. All patients had significant improvement of pain or dystrophic changes.

85

In another study, Watarida and coworkers[ ] reported the results of seven patients with critical limb ischemia who underwent laparoscopic lumbar sympathectomy. After the procedure, skin thermometry was carried out on all patients. The postoperative skin
temperature of the affected leg increased to 36.6° C ± 0.5° C compared with 33.8° C ± 0.8° C preoperatively. None of these patients experienced postoperative neuralgia, and all achieved sustained symptomatic relief with no major perioperative complications.

89

Wronski [ ] described a videoscopic approach for lumbar sympathectomy. A transverse incision of 3 to 4 cm is made in the hypochondrium, lateral to the rectus sheath. The abdominal muscles are split along their fibers. The transverse fascia is opened, and
the peritoneum is carefully dissected backward. A trocar is introduced laterally from the skin incision, and under visual control, the sympathetic trunk is exposed and the specific ganglia are transected using cautery. Twelve lumbar sympathectomies were

81]

performed using this technique on nine patients with satisfactory results.[
Complications

Major complications result from failure to appreciate normal anatomic relationships, with resultant injury to the genitofemoral nerve, ureter, lumbar veins, aorta, and inferior vena cava. Although reported, such injuries are avoidable by attention to anatomic
detail and prevention of hemorrhage from vessels lying outside the proper plane of dissection.

49 53

The most common complication after lumbar sympathectomy is postsympathectomy neuralgia. This sequela appears in 50% of patients 5 to 20 days after sympathectomy. [ ] [ ] The pain is characterized as an annoying “ache” in the anterolateral thigh
region that is worse at night and is unaffected by activity or level of cutaneous stimulation. The discomfort responds to moderate analgesics and spontaneously remits within 8 to 12 weeks after onset. Counseling patients about this annoying complication
before surgery is essential and often attenuates overreactions. The cause is still speculative, and various technical maneuvers have not reduced its overall incidence.

64 88

In men, sexual derangement consists of retrograde ejaculation, which affects 25% to 50% of patients undergoing bilateral L1 sympathetic ganglionectomy.[ ] [ ] This complication rarely occurs after unilateral ganglionectomy, especially when the surgeon
takes care to preserve the first lumbar ganglion. Although potency should not be affected, many experienced surgeons insist that such derangements in sexual function do occur in men. Careful preoperative questioning about sexual function is important to
evaluate any changes reported after lumbar sympathectomy.
Systemic arterial steal syndromes resulting from lumbar sympathectomy have been reported but are largely unsubstantiated by careful analysis. Paradoxical gangrene of the contralateral extremity has been reported, but has been due to intrinsic arterial

9
occlusion of the affected leg, rather than to selective hypoperfusion at the aortoiliac level.[ ] Similarly, mesenteric arterial insufficiency with bowel infarction has been attributed to intrinsic mesenteric occlusive disease rather than to aortoiliac steal.
Apart from postsympathectomy neuralgia, the second most common “complication” is failure to achieve the desired objectives of pain relief or tissue healing. Additionally, attenuation of initially favorable results previously was considered to be secondary to
technical errors or inadequate sympathectomy. Further elucidation of the consequences and the intrinsic limitations of lumbar sympathectomy has shown that these sequelae are unavoidable. Within the context of the criteria and indications outlined in this
chapter, however, complications of this nature should be infrequent.

35]

Proper patient selection for operation and proper evaluation in terms of standard anesthetic risk factors, and improvement in perioperative management protocols have markedly reduced the mortality of this procedure. Although Haimovici and associates,[

57
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15] [44] [53] [59]

Palumbro and Lulu, [ ] and Taylor[ ] have reported mortality rates ranging from 2.9% to 6% in older series, we and others have noted no operative deaths among a large series of high-risk patients.[
performance of lumbar sympathectomy with an almost negligible risk of perioperative death.

Modern surgical care permits

SUMMARY
The role of lumbar sympathectomy in the modern management of lower extremity vascular disease is relatively minor; in carefully selected patients with no other surgical options, however, sympathetic denervation may sufficiently increase distal perfusion
and cutaneous capillary nutritive flow to allow healing in situations of limited ischemic tissue loss and decrease ischemic pain perception. Causalgia remains the best indication; although the procedure also is effective in cold-induced vasospasm, the level of
disability caused is so low and the success of nonoperative management is so high that sympathectomy is rarely warranted here. Although the procedure is effective in controlling hyperhidrosis, this is uncommonly a consideration in the lower extremities (in
contrast to the upper extremities), where desiccating foot powders can be helpful. Further elucidation of the influence of lumbar sympathectomy on microcirculatory hemodynamics in patients with end-stage arterial occlusive disease may refine criteria and
indications for future use. Unless the potential of laparoscopic lumbar sympathectomy is realized, it is likely that improved pharmacologic agents (e.g., prostacyclin analogues), rather than an increased application of sympathectomy, will fill this void.
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Chapter 86 - Nonatheromatous Causes of Popliteal Artery Disease

LEWIS J. LEVIEN MB, BCH, FCS(SA), PHD(MED)

Although atherosclerosis remains the most common cause of lower limb ischemia, other nonatherosclerotic causes of arterial disease must be considered in the differential diagnosis of a young patient who presents with lower limb claudication precipitated by
exercise or with rest pain secondary to more critical ischemia. In the subset of patients younger than 50 years old and without specific risk factors for atheroma, popliteal vascular entrapment and adventitial cystic disease of the lower limb arteries are the cause

1 2 3

of the symptoms in most cases.[ ] [ ] [ ] Because prompt correct diagnosis and surgical intervention can restore limb blood supply to normal in these young and active patients, this differential diagnosis should be considered in all young and athletic
individuals complaining of claudication. Other nonatherosclerotic causes of lower limb ischemia are encountered occasionally. These rarer causes include fibromuscular disease (most common in the iliac arteries), external compression syndromes found in the
external iliac artery in high-intensity athletes such as cyclists, and occlusive arterial lesions seen in pseudoxanthoma elasticum. These latter conditions are discussed in Chapters 27 and 28 .

HISTORICAL PERSPECTIVE
Popliteal Artery Entrapment

4
5
6
Although the anatomic abnormality of popliteal artery entrapment syndrome was first described by a medical student in 1879,[ ] the clinical condition of popliteal artery entrapment syndrome was not recognized until 1958.[ ] Hamming and Vink,[ ] who

described the first surgical case of popliteal artery entrapment, reported four additional cases and claimed that the incidence of popliteal artery entrapment was 40% in patients younger than 30 years old presenting with calf and foot claudication. Isolated cases

7 8 9 10 11 12 13 14 15
7 9
11
subsequently were reported,[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] but the term popliteal artery entrapment syndrome did not appear until the mid-1960s.[ ] [ ] Servello[ ] was the first to draw attention to diminished distal pulses observed with
12]
focused attention on the clinical syndrome of popliteal artery entrapment in an extensive review of the literature in 1977.

forced plantar flexion or dorsiflexion in patients with this syndrome. Biemans and Van Bockel[

7 9 12 13 14 15 16 17 18
The true incidence of the popliteal artery entrapment syndrome in the general population is unknown. Early authors believed the condition to be rare,[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] but it has become apparent more recently that the condition is
19] [20] [21] [22] [23]

considerably more common than previously appreciated.[

21]
reported a review of 20,000 Greek soldiers. They found 45 instances of the anomaly in 33

In the first large series of cases published, Bouhoutsos and Daskalakis[

13]
in a study of 86 autopsy specimens, showed the anomaly in four limbs with a prevalence of 3.5% in cadaver specimens. A large proportion of normal,
[24] [25] [26] [27] [28] [29]

subjects, an incidence of 0.165% in young men entering military service. Gibson and colleagues,[

Noninvasive techniques have little value as screening tests for evaluating the incidence of popliteal

asymptomatic individuals have compression or occlusion of the popliteal artery with forced plantar flexion or dorsiflexion.
artery entrapment syndrome in the asymptomatic general population.

1 2
6
In a young athlete presenting with claudication symptoms, popliteal artery entrapment syndrome may be the underlying cause in 60% of cases.[ ] [ ] The entrapment mechanism has been documented to involve the popliteal vein in one third of cases.[ ]
[10] [12] [14] Early reports assumed that the bilateral occurrence of the condition was rare, but more recent reports have indicated a higher prevalence of bilateral disease than previously reported.[7] [13] [15] [17] [29] [30]
18] [21]
; this resulted in confusing and overly complex classifications. Better appreciation of the embryology of this
[15] [23] [29]

Early attempts to classify the various types of popliteal artery entrapment syndrome were based on the anatomy observed at operation[

condition has led to a simplified classification based on the developmental anatomy; four types of popliteal artery entrapment syndrome are currently described.

A fifth type is reserved for venous entrapment when it occurs. A sixth type of

24] [25] [28] [29] [31]

entrapment has been described as a “functional” entrapment in symptomatic patients who have no apparent anatomic abnormality, but in whom the popliteal artery is compressed in certain positions.[

Adventitial Cystic Disease

32

Atkins and Key[ ] first described adventitial cystic disease in 1947. Except for the anatomic site of the cyst, their description of this condition was typical of the usual presentation of adventitial cystic disease. These authors described a 40-year-old man with
a 4-month history of progressive thigh and calf claudication. Surgical exploration of a mass in the region of the external iliac artery revealed the features of a conventional ganglion. Myxomatous tissue was found to be arising from the posterior aspect of the
middle third of the external iliac artery.
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Figure 86-1 Histology of an adventitial cyst removed from a radial artery. The microscopic appearances are similar to a simple ganglion, with a simple cuboidal cell lining.

Figure 86-2 Anatomic location and sex in 375 published cases of adventitial cystic disease.

Figure 86-3 Embryologic derivation of upper limb arteries. Remnants of the axial artery and arteries that develop with later differentiation are indicated. (From Levien LJ, Benn C: Adventitial cystic disease: A unifying hypothesis. J Vasc Surg 28:193, 1998.)

Figure 86-4 Embryologic derivation of the popliteal and other lower limb arteries. Remnants of the axial artery and arteries that develop with later differentiation are indicated. (From Levien LJ, Benn C: Adventitial cystic disease: A unifying hypothesis. J Vasc
Surg 28:193–205, 1998.)

Figure 86-5 Migration of the medial head of the gastrocnemius muscle through the popliteal fossa during the formation of the popliteal artery. A, The medial head of the gastrocnemius muscle begins migration from the region of the fibula. At this stage, the
axial distal popliteal artery lies deep to the popliteus muscle. B, The distal portion of the popliteal artery involutes as the medial head of the gastrocnemius muscle passes from lateral to medial. The proximal popliteal artery is derived from fusion with the
developing femoral plexus, whereas the mid-portion of the popliteal artery is formed from the persistent axial artery remnant. C, A new or nonaxial distal popliteal artery now forms superficial to the popliteus muscle, after the medial head has migrated
through the popliteal fossa. D, The normal definitive popliteal anatomy. (From Levien LJ, Veller MG: Popliteal artery entrapment syndrome: More common than previously necognised. J Vasc Surg 30:587–598, 1999.)

Figure 86-6 Classification of types of popliteal artery entrapment syndrome. (From Levien LJ, Veller MG: Popliteal artery entrapment syndrome: More common than previously recognised. J Vasc Surg 30:587–598, 1999.)
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DIAGNOSTIC MODALITIES

2 7

The diagnosis of popliteal artery entrapment syndrome and cystic adventitial disease may be supported by the findings of abnormal Doppler ankle pressures[ ] [ ] and pulse volume recordings at rest if a significant stenosis or occlusion is present, but these
noninvasive tests may be normal at rest if the artery remains widely patent. Imaging of an adventitial cyst and its relationship to the parent artery is easily achieved by ultrasonography. B-mode scans allow determination of the shape, dimensions, and number
of cysts present. The boundary between the cyst contents and vessel lumen is seen as a fine bright line that pulsates in real time. The absence of atherosclerotic plaques and flow signals within the cyst in the presence of a distinctive sign of aneurysmal

98]

enlargement of the artery can be considered signs pathognomonic for adventitial cystic disease.[

Duplex scanning of the popliteal artery may be used to identify popliteal compression. First a baseline scan is obtained of the popliteal artery. Decrease or disappearance of popliteal artery flow with active plantar flexion suggests popliteal artery entrapment.

[99] [100] One must interpret the duplex scan in relation to the patient’s clinical symptoms and other diagnostic studies, however, because popliteal occlusion with active plantar flexion can be seen on duplex scanning in more than 50% of normal people.
[28] [101]
27 99 100 102

103]

][
] computerized axial scanning,[
Duplex Doppler, [ ] [ ] [
artery entrapment syndrome. These diagnostic tests may

24] [26] [104] [105]
and magnetic resonance angiography all have been used successfully to show adventitial cystic disease and popliteal

magnetic resonance imaging (MRI),[
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Figure 86-7 Diagnostic (A) and therapeutic (B) algorithms. AS, atherosclerosis. (From Levien LJ: Popliteal artery entrapment and popliteal cystic adventitial disease. In Cronenwett JL, Rutherford RB [eds]: Decision Making in Vascular Surgery.
Philadelphia, WB Saunders, 2001, pp 228–231.)

Figure 86-7 Diagnostic (A) and therapeutic (B) algorithms. AS, atherosclerosis. (From Levien LJ: Popliteal artery entrapment and popliteal cystic adventitial disease. In Cronenwett JL, Rutherford RB [eds]: Decision Making in Vascular Surgery.
Philadelphia, WB Saunders, 2001, pp 228–231.)

Figure 86-8 Left, Angiogram reveals a normal course of the popliteal artery with a normal ankle pulse volume recording (inset) when the foot is in the neutral position. Right, With passive dorsiflexion of the foot, the popliteal artery becomes occluded, and the
ankle pulse volume recording becomes flat (inset).

Figure 86-9 Angiograms illustrating various aspects of popliteal artery entrapment syndrome. A, Medial kink due to a type III additional muscular or tendinous band compressing the artery in the stressed position. B, Popliteal aneurysm formation at the level
of the compression mechanism (knee joint level) with embolic occlusion of the popliteal artery below the knee joint. C, Focal compression of the distal popliteal artery with stress suggestive of a type IV entrapment. D, Elongated and diffuse narrowing across
knee joint level typical of “functional” popliteal entrapment.

Figure 86-10 Adventitial cysts may appear in variable locations on the popliteal artery. The expanding cyst may indent the artery (A), the “scimitar” sign; encircle the artery (B), the “hourglass” sign; or completely occlude the vessel (C).

Figure 86-11 A, Femoral angiogram shows compression of the right popliteal artery by an adventitial cyst. B, Lateral view of another patient shows anterior compression of the popliteal artery above the knee.

Figure 86-12 Histologic appearance of a popliteal artery shows (A) stage 2 disease with extensive degeneration of the media and (B) stage 3 disease with extensive destruction of the media with hyperplasia of the intima complicated by thrombosis.

TABLE 86-1 -- Characteristics of Medial and Posterior Approaches for Operations on the Popliteal Artery
MEDIAL APPROACH
Ease of harvest of the long saphenous vein, particularly from more proximal if larger diameter required

POSTERIOR APPROACH
Ease of appreciation of anatomy, particularly for a surgeon not experienced with this condition or the surgical anatomy of the
popliteal artery

More rapid return to sporting activities
Less anesthetic morbidity as patient does not need to be prone

Relationship of structures more apparent for more subtle abnormalities

Easy to extend repair of popliteal artery more distally
Anatomy more difficult to appreciate, may miss the abnormality; recurrence of symptoms more likely

Less prominent scar

the leg flexed 10 to 15 degrees. The incision is S-shaped, with the cephalad vertical portion of the S placed over the posteromedial thigh, the caudad vertical portion on the posterolateral aspect of the calf, and the horizontal limb in the popliteal crease ( Fig. 86–
13 ).

Wide flaps are raised in the subcutaneous tissue, exposing the deep fascia. The surgeon incises the deep fascia longitudinally, avoiding injury to the median cutaneous sural nerve, which lies immediately subfascial at this level. The accompanying lesser
saphenous vein may be sacrificed to afford better exposure.

The first of the deep structures to be identified is the tibial nerve, which is mobilized as the vessels are approached. The vein, unless it participates in the anomaly, is found in the deep popliteal fossa, passing between the heads of the gastrocnemius muscle.
The artery is not present in the normal location, but is identified high in the popliteal space as it exits from the adductor canal. With distal dissection along the arterial adventitia, the surgeon verifies the anomalous course either medial to the medial head of the
gastrocnemius muscle or lying entrapped by the anomalous tissue present.

Transection of the compressing muscle or fascial band is begun at the point where the artery passes deep to it. The tight compression of the artery between the muscle and the posterior femur and knee joint capsule may be remarkable. The transection of the
abnormality must be complete, and the entire artery should be mobilized. If the artery is compressed but not occluded, and secondary fibrotic changes have not taken place in the arterial wall, nothing further is necessary. The medial head of the gastrocnemius
may be resected without disturbing function. In types III and IV entrapment and in functional entrapment release, the muscular portion of the medial head of the gastrocnemius is extensively mobilized off the posterior aspect of the femoral condyles and
intercondylar fossa, but it is usually not necessary to divide the tendon of the medial head of the gastrocnemius lying on the most medial aspect of the popliteal fossa to achieve decompression.

2 116]
In the functional type, care must be taken to ensure that
For patients with functional entrapment (type VI), adequate myotomy of the medial head of the gastrocnemius muscle through a medial incision has resulted in complete relief of symptoms.[ ] [
26

any muscular fibers from the posterior aspect of the lateral femoral condyle and the intercondylar area are completely divided. Turnipseed and Pozniak[ ] described an unusual variant of popliteal artery entrapment in which the popliteal artery was
compressed by hypertrophied soleus and plantaris muscles in well-conditioned athletes. Symptoms were relieved by surgical release of the soleus muscle from the tibia and resection of the plantaris muscle.

Intra-arterial thrombolytic agents have been used to restore patency of a recently thrombosed artery. Because of arterial wall injury and subsequent fibrosis and degeneration from the long-standing entrapment, arterial bypass or

Figure 86-13 A, The S-shaped incision in the popliteal fossa is used for the posterior approach. B, Anatomic structures identified through the posterior incision are (1) the popliteal artery, (2) the tibial nerve, (3) the medial head of the gastrocnemius muscle,
(4) the lateral head of the gastrocnemius muscle, and (5) a Penrose drain wrapped around the accessory slip of the gastrocnemius muscle, causing arterial compression.
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Chapter 87 - Management of Foot Ulcers in Diabetes Mellitus

Foot ulceration leading to amputation is a common complication of diabetes mellitus. The annual rate of amputation is about 1% for people with diabetes who are older than age 65. Among all people with type 2 diabetes, the incidence is about 5%. Duration of

1 2
diabetes, poor glucose control, smoking, microalbuminuria, retinopathy, neuropathy, and absent foot pulses all are predictive of amputation.[ ] [ ] In the United States, the incidence is higher in Mexican Americans (7.4/1000/year) than non-Hispanic whites
3
(4.1/1000/year), independent of other risk factors.[ ] Diabetes is associated with an overall risk of amputation 15 times higher than in people without diabetes.
4
The increased amputation rate is related to the complex pathophysiology of neuropathy and ischemia in the diabetic foot.[ ] Appropriate management and success in preventing amputation depend on a clear understanding of the underlying pathophysiology.
This chapter clarifies the pathophysiologic mechanisms to provide a basis for successful therapy.
DIABETES AND VASCULAR DISEASE

5
An enhanced propensity to atherosclerosis and coronary artery disease seems to be associated with diabetes. Mechanisms contributing to this enhanced propensity are not clear but have been the subject of much investigation and speculation.[ ] The presence

6
of small amounts of albumin (< 300 mg) in the urine, referred to as microalbuminuria, is a marker for all of the complications of diabetes, including cardiovascular disease.[ ] An annual spot test for microalbuminuria should be part of the care of all patients

7
with diabetes. Dyslipidemia with lowered high-density lipoproteins and elevated low-density lipoproteins and triglycerides is associated with diabetes.[ ] Currently the use of statins is recommended even in patients who do not have elevated low-density

8
lipoproteins by traditional standards.[ ] Angiotensin-converting enzyme inhibitors have been effective in limiting progression of microalbuminuria and renal insufficiency. All patients with diabetes, even if not hypertensive, may benefit from angiotensin8 9

converting enzyme inhibitors.[ ] [ ] The medical care of cardiovascular disease in diabetes requires special attention. Often the development of a foot ulcer is the first recognized event related to cardiovascular disease. It falls to the vascular surgeon to
prompt an assessment of the medical management of the patient to provide the best long-term prognosis for cardiovascular disease.

10]

Lifestyle changes, weight loss, and exercise greatly improve prognosis.[

Good glucose control is a fundamental part of the care of every patient; this should include self-monitoring of blood glucose and hemoglobin Alc . Cigarette smoking is harmful,

11

creating two mechanisms of enhanced cardiovascular disease.[ ] Although it may not be appropriate or possible for the vascular surgeon to manage the medical aspects of cardiovascular disease in diabetes, it is helpful to understand these fundamentals.
Often the patient has been under the care of a surgeon for several years and would benefit from being guided to physicians with an interest and expertise in diabetes care.

NEUROPATHY

12

The neuropathy of diabetes is a distal symmetric neuropathy occurring in a “stocking” distribution.[ ] Sensory neuropathy tends to affect the small-diameter pain and temperature fibers first. It is not unusual for a patient to have light touch sensation intact
but to step on an insulin needle or other sharp object and be completely unaware. The sensory neuropathy also creates susceptibility to injury at pressure points. The motor neuropathy affects the longest fibers first—those innervating the intrinsic muscles of
the foot, including the lumbrical muscles. Without the influence of the lumbrical muscles, the strong flexor muscles cause the toes to draw up in a “claw” position ( Fig. 87–1 ). Pressure points are created under the metacarpophalangeal joints and tips of the
toes. The pressure points are augmented by the limited joint mobility associated with diabetes.
Autonomic neuropathy affects the skin through loss of eccrine (sweat) and sebaceous (oil) gland function. The skin consequently becomes dry, and cracks or fissures occur, creating a portal of entry for infection. Hard, dry calluses form over pressure points,
and the callus itself may cause an ulcer, much as would a stone or pebble in the shoe. Autonomic sympathetic neuropathy opens small arteriovenous shunts, depriving the capillary bed of perfusion. The skin of the foot consequently appears deceptively pink
and well perfused, unless the foot is elevated above heart level to show pallor. All of the above-mentioned aspects of neuropathy set the stage for pressure ulceration or unsuspected injury.
The neuroinflammatory response to injury is lost. Small (1 μm) axon branches of the nociceptive sensory C fibers play an important role in the response to injury. The sensory nerve has its cell body adjacent to the spinal cord. One
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Figure 87-1 Some of the pathophysiologic mechanisms contributing to ulceration in the diabetic foot. AV, arteriovenous. (Modified from LoGerfo FW: Bypass grafts to the dorsalis pedis artery. Adv Vasc Surg 10:173–181, 2002.)

Figure 87-2 Ulceration in the diabetic foot may occur even in the face of moderate perfusion. Because of the variability in foot biology, it is difficult to set standards for noninvasive testing as a guide to arterial reconstruction. If an ulcer is present and
perfusion can be improved, the ulcer will heal.

Figure 87-3 Pseudo-obstruction of the dorsalis pedis with the foot taped down in plantar flexion.

Figure 87-4 With the foot in slight dorsiflexion, the extrinsic pressure on the dorsalis pedis is relieved, and the artery is noted to be patent.

Figure 87-5 An incision bisecting the plantar flap at the time of a transmetatarsal amputation in a patient after dorsalis pedis bypass. These incisions are necessary to provide optimal drainage, and they heal in a well-revascularized foot.
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Chapter 88 - Vasculogenic Erectile Dysfunction

RALPH G. DE PALMA MD, FACS

1
2
Understanding of the pathophysiology and treatment of erectile dysfunction (ED) has improved considerably since the 1970s. Leriche’s[ ] 1923 observation that aortoiliac occlusion caused ED prompted the interest of vascular surgeons.[ ] It was later
3 4
5 6
learned that aortic surgical interventions often produced ED.[ ] [ ] Beginning in the 1970s, techniques were developed to measure penile perfusion, and attempts were made to characterize this complication better.[ ] [ ] Active attempts to use vascular

7 8 9
surgical procedures to improve erectile function were reported.[ ] [ ] [ ]
10

11

During the late 1970s and early 1980s, initial efforts focused on corpus cavernosum revascularization. In 1982, it was found that erection could be stimulated by injection of the vasoactive agents papaverine[ ] and phentolamine[ ] into the corpora
cavernosa. This discovery illuminated the processes of cavernosal smooth muscle function. Intracorporeal administration of vasoactive agents led to effective methods to test and quantify various aspects of ED, providing important tools for diagnosis and
treatment. Emphasis shifted from simple mechanistic efforts to increase arterial inflow to sophisticated investigations of corporeal smooth muscle function. Important contributions include elaboration of the roles of nitric oxide (NO) and oxygen tension in

12]

normal erection[

13]
; and gene interventions to correct abnormal smooth muscle relaxation responses, particularly novel use of cDNA constructs to induce NO synthetase activity.

; delineation of mediators of corporeal muscle contraction and relaxation[

[14]
Erectile dysfunction (formerly impotence) is defined as the persistent or repeated inability, for at least 3 months’ duration, to attain or maintain an erection sufficient for satisfactory performance in the absence of an ejaculatory disorder, such as premature

15]

ejaculation.[

ED should be distinguished from retrograde ejaculation, a neurogenic dysfunction in which bladder neck closure does not occur so that semen is ejaculated into the bladder. In the latter disorder, the patient still is able to complete coitus and

16] [17]

achieve orgasm. Although ED, by definition, is a disorder limited to men, women with aortoiliac artery obstructive disease might experience insufficient vaginal lubrication and loss of orgasm.[
more frequently in vascular practice than

Because men present with aortoiliac occlusive disease
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do women, the relationship between female sexual disorders and aortoiliac disease had been relatively neglected until more recently (see Chapter 64 ). This chapter reviews the physiology of erection and the current approaches to diagnosis and treatment of
ED.

PHYSIOLOGY OF PENILE ERECTION

13

Penile erection results from a neurally mediated increase of arterial inflow into the corporeal bodies along with a reduction or cessation of venous outflow. Findings reported by Rajfer and colleagues[ ] support the idea that endothelium-derived relaxant
factor is involved in nonadrenergic, noncholinergic neural transmission, which leads to the cavernosal smooth muscle relaxation required for normal erection. Histochemically, nerve fibers positive for the reduced form of nicotinamide adenine dinucleotide

18

19

phosphate (NADP) and diaphorase are found in human penile tissue, indicating NO synthase activity.[ ] Other neurotransmitters, such as vasoactive intestinal polypeptide and fibers positive for acetylcholinesterase, also are present.[ ] When the penis is
flaccid, the corporeal smooth muscle is contracted; contraction is due to a normally present overriding adrenergic tone. With erection, smooth muscle relaxation occurs. Primary effectors of smooth muscle tone include norepinephrine, endothelin-1,

20]

acetylcholine, NO, vasoactive intestinal polypeptide, and prostaglandin E1 (PGE1 ). For an updated review of these neurotransmitters, their tissue sources of origin, and second messengers, see the review by Rehman and Melman.[

The initiating event of penile erection is vasodilatation. With increased intracavernosal flow, a greater amount of oxygen is thought to stimulate NO synthesis by cavernosal nerves and endothelium. Cavernosal oxygenation promotes penile erection, whereas

21]

hypoxemia is inhibitory. Testosterone, in addition to its central effects, has been shown experimentally to stimulate NO synthase activity in corporeal tissues,[

enhancing sensitivity to cavernosal nerve stimulation in animals. NO activates conversion of

22]

guanosine triphosphate to cyclic guanosine monophosphate (GMP). GMP provides the message leading to relaxation of the smooth muscle within the corpora cavernosa.[

Agents that inhibit hydrolysis of cyclic GMP increase messenger cyclic GMP,

23
enhancing smooth muscle relaxation and promoting penile erection.[ ] Cyclic nucleotide phosphodiesterase (PDE) isoenzymes increase hydrolysis of cyclic GMP; among these, PDE-5 and PDE-6 are specific for the substrate in human cavernosal tissue.
[24]
Inhibitors of PDE have developed as an important new class of oral agents for treatment of ED.

HEMODYNAMICS AND DIAGNOSIS
Figure 88–1 presents a simplified concept of hemodynamics of the erectile process. During flaccidity, the corporeal smooth muscle and cavernosal arteries are contracted, and the emissary and pudendal veins are open. The intracavernous pressure is equivalent

25]

to venous pressure; the blood in the intracavernous spaces is desaturated. This important physiologic process has been reviewed in detail elsewhere.[

Advanced diagnostic methods, such as dynamic infusion cavernosometry and cavernosography (DICC), measure penile blood pressure and flow changes and detect sites of leakage. These invasive tests are performed in cooperation with specialists in urology
and radiology, and although still useful, with the advent of effective oral treatment for ED, they are employed less frequently now. At low intracavernous pressure in the flaccid state, a cavernosal or venous leak is always detected radiographically; in other
words, every flaccid penis exhibits a venous leak. This fact is key to understanding penile physiology and cavernosographic findings.

In the next stage of erection, intracavernous pressure increases to 80 to 90 mm Hg synchronously with progressive smooth muscle relaxation, facilitating increased arterial inflow. With full relaxation, the penile veins become obstructed secondary to the
occluding action of the subalbugineal smooth muscle. A turgid vascular erection corresponds to intracavernous pressures of about 100 mm Hg. With full erection, the cavernosal artery occlusion pressure (CAOP) tends to be equivalent to the intracavernous
pressure, but flow is markedly reduced. In the final stage, pelvic muscular contraction, suprasystolic pressures are generated, maximal rigidity occurs, and cavernosal artery flow transiently ceases during this stage. For diagnostic purposes, flow in the

26]

cavernosal artery can be measured by duplex scanning[

at intervals after the intracavernous injection of vasoactive agents.

Figure 88-1 Current theory of penile erection showing three stages of erection as smooth muscle relaxation occurs. Pressure measurements are those obtained before and after intracavernosal injection of vasoactive agents. Note onset of venous occlusion in the
second stage. (From DePalma RG: New developments in the diagnosis and treatment of impotence. West J Med 164:54, 1996.)

Figure 88-2 A right oblique schematic showing the internal iliac artery and the pudendal artery and its branches to the penis. This view can be seen on highly selective pudendal arteriography. Note bony landmarks. (Modified from DePalma RG: New
developments in the diagnosis and treatment of impotence. West J Med 164:54, 1996.)

Figure 88-3 Diagrammatic representation of neural pathways involved in penile erection.

Figure 88-4 Anatomic distribution of periaortic vegetative nerves showing connections between sympathetic and the aortic plexuses and course of sacral plexus and hypogastric nerves. A, abdominal aorta; AAP, abdominal aortic plexus; AIE, external iliac
artery; AII, internal iliac artery; AR, renal artery; CA, common iliac artery; CV, common iliac vein; I, inferior mesenteric artery; LSN 1, 2, 3, lumbar sympathetic nerves; R, left renal vein; SC, sympathetic chain, U, ureter; V, inferior vena cava. (From van
Schaik J, van Baalan JM, Visser MJT, De Ruiter MC: Nerve-preserving aortoiliac surgery: Anatomical study and surgical approach. J Vasc Surg 33:983, 2001.)

TABLE 88-1 -- Factors in Vasculogenic Erectile Dysfunction
FACTOR

PROBABLE CAUSE

Cavernosal
Arteriolar

Functional or anatomic; helicine vessel abnormalities; blood pressure medication

Fibrosis

Postpriapism; drug administration

Peyronie’s disease

Deformity invading cavernosal smooth muscle; venous leakage through tunica albuginea

Refractory smooth muscle

Hormonal: prolactinemia; low testosterone level; blood pressure medication
Metabolic: diabetes mellitus, uremia

Venous Leakage
Acquired

Abnormal tunica albuginea; traumatic lesions

Congenital

Isolated leakage from corpus cavernosum into the spongiosum

Arterial
Aortoiliac atherosclerosis
Steal due to external iliac disease
Occlusive disease of pudendal arteries: atherosclerotic or traumatic
Occlusive disease of penile arteries: atherosclerotic; idiopathic proliferative
Atheroembolic occlusion

A diagnostic sequence based on noninvasive screening also can be used before the office visit for a detailed history and physical examination. At the time of the office visit, depending on the initial findings and the patient’s desires, erectile function can be
assessed directly by intracavernosal administration of PGE1 . At the same time, blood specimens are obtained for measurements of prolactin, testosterone, glucose, and prostate-specific antigen. Initial noninvasive neurovascular testing can help determine the

53]

diagnostic category of the ED (i.e., vasculogenic or neurogenic). Noninvasive vascular methods of testing are described later. Each has advantages and limitations.[

6

Contributions in this area made by vascular surgeons are of some practical and historical interest and can be used by vascular laboratories to assess large vessel occlusive disease. Canning and colleagues[ ] noted in 1963 that vascular insufficiency of the
pelvic vessels, even in the presence of normal femoral pulses, caused vasculogenic ED. They attempted to identify affected patients by palpating penile pulses and performing impedance plethysmography. Subsequently, other investigators assessed penile

54] [55] [56] [57]

blood flow using mercury strain-gauge plethysmography, spectrographic or ultrasonic measurement of penile systolic pressure, and pulse volume recordings.[

58

Kempczinski [ ] reported on 234 patients using the Doppler velocimeter to measure penile systolic pressure. This value divided by brachial systolic pressure yielded a penile-brachial index (PBI). Pulse volume waveforms of penile volume change with each
systolic ejection also were recorded. The influence of sexual function and patient age on each of these parameters was determined. Age exerted a deleterious influence on all variables of penile blood flow independent of the status of sexual potency. Patients
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Figure 88-5 Distribution of penile-brachial index (PBI) values (mean ± standard deviation) in patients by age and sexual potency. (Data from Kempczinski RF: Role of the vascular diagnostic laboratory in the evaluation of male impotence. Am J Surg
138:278, 1979.)

Figure 88-6 Aortoiliac aneurysm and associated penile pulse volume recordings (PVR) and penile-brachial index values in a 60-year-old man with abrupt onset of erectile dysfunction. Note penile-brachial index of 0 over right dorsal penile artery branches.
Embolism is suggested from a small friable aneurysm at the bifurcation of the common iliac artery found at operation. PVR exhibited delayed upstroke and sine waves preoperatively and postoperatively. The patient was responsive to intracavernous injection
postoperatively. (Modified from DePalma RG, Olding M, Yu GW, et al: Vascular interventions for impotence: Lessons learned. J Vasc Surg 21:76, 1995.)

Figure 88-7 Algorithm showing sequences of testing and treatment for erectile dysfunction. Dashed lines indicate optional steps. Surgical treatment (bottom right) is used for only a few patients. BC, bulbocavernous reflex; CEP, cortical evoked potential; ICI,
intracavernous injection; PBI, penile-brachial index; PVR, pulse volume recording; VCD = vacuum constrictor device. (Adapted from DePalma RG: Vascular surgery for impotence: A review. Int J Impot Res 9:61, 1997.)
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Chapter 89 - Overview

Upper extremity vascular disease is uncommon and accounts for less than 10% of all cases in most vascular surgical practices. The incidence and spectrum of disease are widely different between the upper and lower extremities. Atherosclerosis is the most
common arterial disease that affects the lower extremity. Atherosclerosis is rare in the upper extremity, however, and most commonly affects the left subclavian artery. Similarly, deep venous thrombosis in the lower extremity is much more common than in
the upper extremity. Lower extremity deep venous thrombosis is associated with hypercoagulable conditions and stasis, whereas in the upper extremity, deep venous thrombosis is occasionally associated with a hypercoagulable state, but is most commonly
associated with trauma (thoracic outlet or central venous catheterization). In some instances, the explanation for the differences in the distribution of the diseases is obvious—mechanical trauma, mediastinal radiation, central catheterization. In others, the
differences are unknown. Takayasu’s disease preferentially involves the supra-aortic branches, coronaries, and mid-aorta. These differences in pattern of disease highlight the regional difference of the circulatory system and heterogeneity of the vascular
biology.
With the unique distribution of diseases that affect the upper extremity, it is important to have a logical and separate diagnostic algorithm. Arterial diseases of the upper extremity have been categorized in a variety of ways. Table 89–1 lists all the possible
diseases based on etiology and provides a broad framework for making clinical decisions. Another and perhaps more specific approach is to determine the affected artery ( Table 89–2 ). Atherosclerosis, giant cell arteritis, and Takayasu’s disease affect the
large proximal vessels (subclavian and axillary arteries). Medium and small arteries are more likely to be affected by diabetes mellitus and connective tissue diseases. Digital vessel damage may reflect more proximal lesions, embolic lesions, connective tissue
diseases, diabetes mellitus, and localized trauma.
For unexplained reasons, the upper extremity contains more precapillary vasoconstrictors than the lower extremity. As a result, vasomotor problems are more common in the hand. The categorization of these vasomotor changes in the hand into either
Raynaud’s syndrome or Raynaud’s phenomenon is confusing because the terms are not descriptive of the underlying mechanism. Porter and his group in Oregon suggested more descriptive terminology that has been widely accepted by the vascular surgical
community. Vasospastic disease of the hand may be associated with either obstructed or nonobstructed digital arteries ( Fig. 89–1 ). If a patient presents with Raynaud’s and the underlying arteries are obstructed, the possible diagnoses are limited to those
listed in Table 89–2 . In some patients, diagnostic arteriography is avoided if the noninvasive test is positive for digital artery occlusion and the serology is positive. For patients with nonobstructive Raynaud’s, the underlying arteries are normal and suggest a
pure vasomotor disorder. The topic of vasomotor problems in the upper extremity is covered extensively in Chapter 93 . This comprehensive review emphasizes the need for management of Raynaud’s.

CLINICAL AND DIAGNOSTIC EVALUATION
In determining the diagnosis, it is important to obtain an accurate history and physical examination supplemented with noninvasive blood flow studies. Systemic symptoms, such as fever, chills, and joint pain, and history of diabetes mellitus and renal failure
provide specific insights into the disease process. In addition, social and occupational histories are important with digital gangrene. Chapter 98
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TABLE 89-1 -- Causes of Severe Hand Ischemia
Arterial Vasospasm
Ergotism
Idiopathic vasospastic Raynaud’s syndrome
Vinyl chloride exposure
Arterial Obstruction
Large artery causes
Atherosclerosis
Thoracic outlet compression
Arteritis
Takayasu’s
Giant cell
Fibromuscular disease

Small artery causes
Connective tissue diseases
Scleroderma
Rheumatoid arthritis
Sjögren’s syndrome
Systemic lupus erythematosus
Myeloproliferative disorders
Thrombocytosis
Leukemia
Polycythemia
Buerger’s disease
Hypersensitivity angiitis
Cold injury
Henoch-Schönlein purpura
Cytotoxic drugs
Hypercoagulable states
Arterial drug injection
Proximal Large Artery Sources of Embolism to Distal Small Arteries
Ulcerated or stenotic atherosclerotic plaques
Aortic arch
Innominate artery
Subclavian artery
Aneurysms
Innominate artery
Subclavian artery
Axillary or brachial artery
Ulnar artery
From Landry GL, Moneta GL, Taylor LM: Severe hand ischemia. In Pearce WH, Matsumura JS, Yao JST (eds): Trends in Vascular Surgery 2003. Chicago, Precept Press, 2004, p 280.

reviews the anatomy, physical examination, and diagnostic evaluation of a patient with upper extremity vascular disease. This chapter describes the important anatomy and anatomic variations. In particular, the variability of the palmar arches and digital blood
supply is discussed. A section

Figure 89-1 Vasospastic disease of the hand. SED, sedimentation.

TABLE 89-2 -- Arterial Diseases and Artery Affected
SUBCLAVIAN
Atherosclerosis

•

Giant cell arteritis

•

Takayasu’s disease

•

AXILLARY

BRACHIAL

FOREARM

HAND

•

Fibromuscular dysplasia

•

Embolic

•

•
•

•

Connective tissue disease

•

•

Diabetes mellitus

•

•

Repetitive trauma
Hypercoagulation

•

Cryoglobulins

•

Pressors/polyvinyl chloride

•
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not the upper extremity. For historical reasons, the incorrect nomenclature of the thoracic outlet has never been changed to be anatomically correct. Clinically the thoracic outlet includes all of the structures from the second portion of the subclavian artery to
the third portion of the axillary artery. This area also includes the scalene muscles, first rib, neurovascular bundle, subclavian muscles, major and minor pectoralis muscles, clavicle, humeral head, and shoulder girdle muscles.
The shoulder girdle is a remarkable structure. The scapulae and clavicle provide a mobile platform for the glenohumeral joint. The system functions well when opposing muscles are balanced. Overuse, hypertrophy of muscles, and posture may damage any
part of the neurovascular bundle. In addition, the neurovascular bundle is entrapped in many locations by muscles, bony structures (normal or abnormal), and fibrous bands. This complex region and symptoms are divided according to the structure most

affected—venous, arterial, or neurogenic thoracic outlet syndrome. The pathologic mechanisms, diagnostics, and treatment strategies are explored in detail in Chapters 94 , 95 , and 96 . The dynamic characteristics of this area are highlighted in Chapter 95 .
Positional computed tomography scanning has added a great deal to understanding about bone structures of the thoracic outlet. Abduction and external rotation pushes the clavicle up an inclined plane of the first rib. In this process, the neurovascular structures
are being tethered by the scalene muscles and are compressed and distorted. In addition, hypertrophy of the muscles from overuse narrow the structures of the thoracic outlet, leading to further problems.
Neurogenic thoracic outlet syndrome is discussed in detail in Chapter 94 . This chapter describes the latest reports and personal experience with patients. Chapter 96 examines venous thrombosis in the upper extremity not only from the perspective of thoracic
outlet compression, but also in patients with central lines and hypercoagulable conditions. Deep venous thrombosis in the upper extremity is a common clinical problem in the hospital. The use of heparin is an important adjunct in these patients. In addition,
for patients with venous thoracic outlet syndrome, controversy surrounds whether the patient should undergo aggressive therapy or should be treated conservatively. Green provides his perspective in Chapter 96 .

UPPER EXTREMITY BYPASSES
The treatment of upper extremity ischemia is similar to the treatment for the lower extremity. Inflow vessels and outflow vessels must be identified before the surgical procedure. In general, most upper extremity bypasses use autogenous saphenous vein or
arm veins for reconstruction. What is unique about the upper extremity is the hypothenar hammer syndrome, in which distal bypasses are performed to palmar vessels. Chapter 92 reviews the various surgical procedures available for the treatment of upper
extremity ischemia and digital gangrene. Important among these is the treatment of patients with arterial complications of arteriovenous fistulae and iatrogenic trauma.

HAND PROBLEMS
The hand is the first manifestation of a variety of diseases (see Tables 89–1 and 89–2 ). Among these are neurosympathetic problems, including hyperhidrosis and Raynaud’s. Hyperhidrosis is a serious problem producing disabling sweating of the hands. This
embarrassing and sometimes job-limiting disease can be treated simply by interruption of the sympathetic outflow. Before the early 1990s, dorsal sympathectomy was performed by a small thoracotomy. The stellate ganglion and several distal ganglia were
taken in this proceess. A clearer understanding of the sympathetic outflow and the development of new technology has created a minimally invasive operation, however, with excellent results and few complications. Chapter 97 reviews hyperhidrosis and
details thoracoscopic-assisted dorsal sympathectomy.
Digital and hand ischemia is updated in Chapter 98 . The traditional hypothenar hammer syndrome has been revisited in Chapter 92 . Histologic examination of operative specimens shows fibromuscular dysplasia. Commonly when performing bilateral
arteriography for patients with hypothenar hammer syndrome, fibromuscular dysplasia is found in the asymptomatic hand. This finding leads to a new perspective on this disease process. Chapter 92 reviews all of the occupational and recreational activities
that lead to digital and hand ischemia.

COMMENT
Diseases of the upper extremity are challenging for the vascular surgeon. Standard operative surgical techniques that have been applied to the lower extremity can be used in the upper extremity. In addition, new endovascular procedures, such as angioplasty
and covered stenting, can be used in the upper extremity, although only preliminary data are available on long-term patency. The most interesting aspect of upper extremity arterial disease is the unusual differential diagnosis and the concomitant hyperactivity
of neurogenic control of precapillary vasoconstrictors. With a logical approach and a basic understanding of the differences between the upper and lower extremity, however, a successful outcome may be achieved.
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Chapter 90 - Evaluation of Upper Extremity Ischemia

G. MATTHEW LONGO MD
WILLIAM H. PEARCE MD
DAVID S. SUMNER MD

The clinical evaluation of upper extremity ischemia is more complex than that of the lower extremity. Atherosclerosis and complications of diabetes mellitus are the most common causes of lower extremity ischemia. However, the etiology of upper extremity

ischemia includes not only atherosclerosis but arteritis, blood dyscrasias, drug-induced occlusions, occupational trauma, thoracic outlet syndrome, trauma, aneurysms, and complications of renal dialysis fistulae as well. In order to accurately diagnose the
disorder, one must identify both the location of the obstruction and its nature (fixed or vasospastic). It is important to document whether the process is proximal or distal to the brachial artery. Once the location of the lesion is identified, the differential
diagnosis can be narrowed. The vasospastic component of the process can be defined as either primary or secondary. A careful history and physical examination constitute essential first steps in identifying the problem. However, a combination of physiologic
and imaging tests is needed to refine the diagnosis and develop a plan of treatment.

ANATOMY
Subclavian Artery
The right subclavian artery arises from the innominate artery behind the right sternoclavicular joint ( Fig. 90–1 ). The right subclavian passes upward and lateral to the medial margin of the scalenus anterior muscle. The left subclavian artery arises from the
aortic arch at the level of the fourth thoracic vertebrae, ascending in the mediastinum to the root of the neck, then arching lateral toward the medial border of the scalenus anterior muscle. The second portion of the subclavian artery passes behind and lateral to
the lateral margin of the scalenus anterior to the outer border of the first rib, where it becomes the axillary artery ( Fig. 90–2 ).
The branches of the subclavian artery are the vertebral, thyrocervical, and internal mammary arteries, and the costocervical trunk. On the left side, all four branches generally arise from the first portion of the vessel. Because the left internal mammary artery is
frequently used to revascularize the heart, proximal subclavian stenosis may lead to recurrent angina pectoris. On the right side, the costocervical trunk usually originates from the second portion of the vessel.
Axillary Artery
The axillary artery begins at the outer border of the first rib and ends at the lower border of the tendon of the teres major muscle, where it becomes the brachial artery. The vessel is divided into three portions; the first part lies above the pectoralis minor
muscle, the second behind it, and the third below it. The first part of the vessel along with the axillary vein and brachial plexus is enclosed with the axillary sheath, a fibrous sheath continuous with the deep cervical fascia. The branches of the axillary artery are
(1) the highest

Figure 90-1 Diagram depicting the “textbook” normal arterial patterns of the upper extremity.

Figure 90-2 The classic course of the right subclavian and axillary artery, demonstrating its position in relation to the scalenus anterior muscle, first rib, and pectoralis minor muscle.

Figure 90-3 Diagram showing the right subclavian artery arising as a separate trunk.

TABLE 90-1 -- Twelve Categories of Variant Patterns of Arm and Forearm Arteries
Superficial brachial artery
Accessory brachial artery
Superficial brachioulnar artery
Brachioulnar artery
Brachioradial artery
Superficial brachioradial artery
Brachiointerosseous artery

Superficial brachiomedian artery
Superficial brachioulnoradial artery
Superficial radial artery
Absence of the radial artery
Absence of the ulnar artery
Adapted from Rodriguez-Niedenfuhr M, Vazquez T, Nearn L, et al: Variations of the arterial patterns in the upper limb revisited: A morphological and statistical study, with a review of the literature. J Anat 199:547, 2001.

Figure 90-4 Three of the more common arterial variations of the upper extremity demonstrating abnormal origins of the radial and ulnar arteries.

Figure 90-5 Variations of the superficial volar arterial arch are shown, with the relative frequency of each variation represented as the percentage next to its diagram. The classic normal superficial volar arch is shown with the 9 variants. The variants include
both complete and incomplete arches.

Figure 90-6 Effect of cold exposure on normal fingers, fingers with primary Raynaud’s disease, and fingers with Raynaud’s phenomenon secondary to fixed arterial obstruction. Faucets represent arteriolar sphincters. When a faucet handle is turned to the
right, the arterioles are dilated; when it is turned to the left, the arterioles are constricted. Gauges represent digital arterial pressure, with increasing pressure indicated by clockwise rotation of the hand. Digital blood flow is represented by the output of the
faucets.

Figure 90-7 Apposition of the thumb and little finger is a test of median nerve function.

Figure 90-8 Pinching paper between two fingers can be used to demonstrate ulnar nerve function.

Figure 90-9 A depiction of the standard dermatome distribution. The diagonal lines represent the area supplied by C6, with its fibers forming the median nerve. The horizontal lines indicate C7 innervation, with its fibers forming the medial and radial nerves.
C8 distribution is denoted by the dotted regions. C8 fibers contribute to the median, ulnar, and radial nerves.

TABLE 90-2 -- Pressure Data: Normal Arms

*
GRADIENT (mm Hg)

Brachial-forearm

5.0 ± 4.8

−6 to +15

Forearm-wrist

6.6 ± 4.6

−19 to +14
INDEX

Forearm-brachial

0.97 ± 0.06

0.87 to 1.06

Wrist-brachial

0.99 ± 0.06

0.89 to 1.15

Data from Sumner DS, Lambeth A, Russell JB: Diagnosis of upper extremity obstructive and vasospastic syndromes by Doppler ultrasound, plethysmography, and temperature profiles. In Puel P, Boccalon H, Enjalbert A (eds): Hemodynamics of the Limbs
1. Toulouse, France, GEPESC, 1979, pp 365–373.

* Pressures at different levels in the same arm.
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antecubital, radial, and ulnar arteries, the gradients were 42 ± 30 mm Hg.[ ] The range, however, was large (12 to 114 mm Hg). Forearm-brachial and wrist-brachial indices in these patients ranged from 0.37 to 0.86, with a mean of 0.68 ± 0.16. A marked
difference between the pressure measured at the wrist with the Doppler probe over the radial artery and that obtained with the probe over the ulnar artery indicates which of these two vessels is more severely diseased.
Finger Pressure Measurements

23 24 25 26

The technique for measuring systolic blood pressures in the fingers is analogous to that employed in the arms.[ ] [ ] [ ] [ ] To avoid vasoconstriction, one should perform all measurements in a warm (≅25° C), draft-free room. The patient should be
relaxed, and efforts should be made to allay apprehension. A pneumatic cuff with a width of at least 1.2 times the diameter of the finger is wrapped around the proximal phalanx. A Doppler probe applied to a volar digital artery at the distal interphalangeal
joint may be used to detect the return of blood flow as the cuff is deflated. Alternatively, a mercury strain-gauge or a photoplethysmograph placed over the distal phalanx can be used. The values obtained with the cuff at the proximal phalangeal level reflect
pressures in the common and proximal proper digital arteries.

26]

Nielsen and colleagues,[

using a 2.4-cm cuff, found that finger pressures exceeded brachial pressures by 9 ± 7 mm Hg in subjects 17 to 31 years of age. The range was from 3 mm Hg lower to 21 mm Hg higher. In normal older subjects (43 to 57 years of

23

age), the average pressure difference was approximately zero, with a standard deviation of ±7 mm Hg. Using a somewhat larger cuff (3.8 cm), Downs and associates[ ] observed that simultaneously measured pressures in corresponding fingers of the two
hands differed by only 3.5 ± 3.2 mm Hg. In only 3% of subjects was the difference greater than 9 mm Hg. In their study, finger pressures averaged 9.5 ± 6.8 mm Hg less than wrist pressures, which in turn were 9.6 ± 7.0 mm Hg lower than those at the brachial

25]

level. These investigators considered a pressure difference exceeding 15 mm Hg between corresponding fingers, a wrist-digital gradient greater than 30 mm Hg, and an absolute finger pressure of less than 70 mm Hg to be abnormal. Hirai,[

were similar to those of Nielsen and colleagues,

[26]

whose results

considers any arm-finger pressure gradient greater than 19 mm Hg in subjects younger than 50 years or greater than 25 mm Hg in older subjects to be abnormal.

19

In a series of normal subjects, the mean finger-ipsilateral brachial index was 0.97 ± 0.09. Values ranged from 0.78 to 1.27 ( Fig. 90–10 ).[ ] Finger-ipsilateral brachial indices in patients thought to have primary Raynaud’s disease on the basis of clinical and
laboratory findings were similar to those in normal persons (mean, 0.96 ± 0.11; range, 0.60 to 1.23). In patients with evidence of proximal digital or palmar arterial obstruction in limbs with no inflow disease, however, the finger-ipsilateral brachial indices
were markedly decreased, averaging 0.56 ± 0.27 and ranging from 0 to 0.95. Low pressures were found in the fingers of both hands in 57% of the patients. Only one finger was affected in 17% of the hands, two fingers were affected in

Figure 90-10 Finger pressure indices (mean ± 1 standard deviation). Data for cold sensitivity are derived from patients with primary Raynaud’s disease. Those in the digital artery obstruction category are from patients who may or may not have secondary
Raynaud’s phenomenon. (From Sumner DS, Lambeth A, Russell JB: Diagnosis of upper extremity obstructive and vasospastic syndromes by Doppler ultrasound, plethysmography, and temperature profiles. In Puel P, Boccalon H, Enjalbert A [eds]:
Hemodynamics of the Limbs 1. Toulouse, France, GEPESC, 1979, pp 365–373.)

Figure 90-11 Digital artery pressures from the proximal phalanges of a 49-year-old man with an ischemic ulcer on the tip of the middle finger. The ipsilateral brachial pressure was 108 mm Hg. The arteriogram shows major obstruction of the proper digital
arteries to all fingers except the thumb, which has a normal pressure. Pressures in all the other fingers are markedly reduced.

Figure 90-12 Analogue recordings of Doppler flow signals from the right and left brachial and radial arteries of an 89-year-old woman with occlusion of the left subclavian artery. Brachial pressure: right, 164 mm Hg; left, 101 mm Hg. Wrist pressure: right,
154 mm Hg; left, 77 mm Hg. (From Sumner DS: Vascular laboratory diagnosis and assessment of upper extremity vascular disorders. In Machleder HI [ed]: Vascular Disorders of the Upper Extremity, 2nd ed. Mount Kisco, NY, Futura Publishing, 1989, pp
9–57.)

Figure 90-13 Plethysmographic pulse contours. A, Normal. B, Peaked. C, Obstructed. (From Sumner DS: Noninvasive assessment of upper extremity ischemia. In Bergan JJ, Yao JST [eds]: Evaluation and Treatment of Upper and Lower Extremity
Circulatory Disorders. Orlando, FL, Grune & Stratton, 1984, pp 75–95.)

Figure 90-14 Effect of sympathetic stimuli on digit volume and digital pulse amplitude in a patient with primary Raynaud’s disease and in a patient with scleroderma. Recordings in the right-hand panels were made at a higher sensitivity than those in the left.
The patient with scleroderma shows little or no response. (From Sumner DS, Lambeth A, Russell JB: Diagnosis of upper extremity obstructive and vasospastic syndromes by Doppler ultrasound, plethysmography, and temperature profiles. In Puel P, Boccalon
H, Enjalbert A [eds]: Hemodynamics of the Limbs 1. Toulouse, France, GEPESC, 1979, pp 365–373.)

Figure 90-15 Normal and abnormal reactive hyperemia responses in a patient with primary Raynaud’s disease (upper panels) and a patient with scleroderma (lower panels). Both patients had normal digital pressures at the level of the proximal phalanges.
(From Sumner DS, Lambeth A, Russell JB: Diagnosis of upper extremity obstructive and vasospastic syndromes by Doppler ultrasound, plethysmography, and temperature profiles. In Puel P, Boccalon H, Enjalbert A [eds]: Hemodynamics of the Limbs 1.
Toulouse, France, GEPESC, 1979, pp 365–373.)

Figure 90-16 Fingertip temperatures (mean ± SD) before, during, and after 20-second immersion of the hands in iced water. (From Sumner DS, Lambeth A, Russell JB: Diagnosis of upper extremity obstructive and vasospastic syndromes by Doppler
ultrasound, plethysmography, and temperature profiles. In Puel P, Boccalon H, Enjalbert A [eds]: Hemodynamics of the Limbs 1. Toulouse, France, GEPESC, 1979, pp 365–373.)

Figure 90-17 Approach to noninvasive diagnosis of upper extremity ischemia. P-graph, plethysmograph. (From Sumner DS: Noninvasive assessment of upper extremity and hand ischemia. J Vasc Surg 3:560, 1986.)

Figure 90-18 Doppler flow signals from the right radial artery of a 34-year-old man with thoracic outlet syndrome. Signals decrease with arm elevation and disappear when the head is turned to the left. Hyperemia appears when the head is turned to the right.
The brachial blood pressure shows similar changes. (From Sumner DS: Vascular laboratory diagnosis and assessment of upper extremity vascular disorders. In Machleder HI [ed]: Vascular Disorders of the Upper Extremity, 2nd ed. Mount Kisco, NY, Futura
Publishing, 1989, pp 9–57.)

TABLE 90-3 -- Blood Pressure (mm Hg) Before and After Revascularization in Patients with Brachial, Radial, and Ulnar Artery Obstruction
BRACHIAL ARTERY
SITE OF OBSTRUCTION

Before

RADIAL (FOREARM) ARCH ARTERY
After

*

Before

After

†

ULNAR PALMAR ARTERY
Before

After

Brachial

100

110

90

100

132

130

Forearm

88

102

70

104

—

—

Wrist

86

94

—

—

—

—

Finger (1)

0

106

22

98

126

128

Finger (2)

46

100

25

82

130

136

Finger (3)

30

102

—

—

130

128

Finger (4)

55

87

—

—

100

124

Finger (5)

25

103

—

—

60

118

‡

* Proximal brachial–antecubital bypass graft.
† Distal brachial–distal radial bypass graft.
‡ Distal ulnar–common digital bypass graft.

these methods have been reported to be successful by some investigators and unsuccessful by others, but few controlled studies have been performed. Given sufficient time, the circulation of most ischemic fingers improves spontaneously, although the

68]
Noninvasive tests, therefore, provide an objective method of assessing the effect of a specific therapy and of documenting the natural history of the

improvement may be temporary and may be concurrent with a decrease in circulation to another finger.[

39] [77] [84] [85] [88] [89] [90]

disease.[

Although alleviation of symptoms is the principal goal, subjective evaluations are notoriously unreliable.

Vasodilating drugs and sympathectomy are likely to be beneficial only when the terminal vasculature is capable of vasodilatation. Noninvasive tests designed to evaluate sympathetic activity should be performed when these forms of therapy are contemplated
(see Fig. 90–17 ). If, in response to a reactive hyperemia test, the digital pulse volume does not increase appreciably, it is doubtful that vasodilating drug therapy will be successful (see Fig. 90–15 ). Even when reactive hyperemia develops, sympathectomy or
sympatholytic drugs would not be expected to increase blood flow in the absence of a positive response to a deep-breath test (see Fig. 90–14 ). Before the patient is subjected to sympathectomy, plethysmographic pulses should be monitored, both before and

after sympathetic block, to confirm that vasodilatation is possible.
Patients with primary Raynaud’s disease almost invariably demonstrate reactive hyperemia and an active response to taking a deep breath (see Figs. 90–14 and 90–15 ). Although sympathectomy usually increases blood flow (at least temporarily), it is seldom
if ever indicated in these patients because their symptoms are rarely severe and their disease does not jeopardize tissue survival. Vasodilators may, however, be helpful. Unfortunately, sympathectomy and sympatholytic drugs are least efficacious in patients

Figure 90-19 Blood pressures in the distal phalanges of 32 replanted fingers (Operated) compared with those of the comparable fingers of the other hand (Nonoperated). Control pressures are from 52 normal fingers. (From Manke DA, Sumner DS, Van Beek
AL, et al: Hemodynamic studies of digital and extremity replants or revascularizations. Surgery 88:445, 1980.)
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Chapter 91 - Brachiocephalic Vessel Reconstruction

MARK D. MORASCH MD
RAMON BERGUER MD, PHD

Atherosclerotic occlusive disease involving the branches of the aortic arch is common in patients older than 65 years. The Joint Study of Arterial Occlusions reported that one third of patients undergoing arteriography are found to have significant lesions

1

involving one or more of the vessels supplying blood to the head and arms.[ ] Occlusive diseases affecting the supra-aortic trunks (SATs) make up a relatively small fraction of these lesions, however. Nonetheless, a number of well-recognized and welldocumented ischemic manifestations of occlusive and aneurysmal diseases affect the SAT in the cerebral hemispheric, ocular, vertebrobasilar, upper extremity, and cardiac vascular territories.
Surgical SAT revascularization for both cerebrovascular and noncerebrovascular indications, including upper extremity ischemia, is performed relatively rarely. Repair of occlusive lesions of the SATs accounts for less than 10% of the operations performed on
the extracranial cerebral vasculature. Reconstruction for aneurysms involving the SAT is even more uncommon. Nevertheless, and despite the fact that these vessels are relatively difficult to image noninvasively, substantive data have accumulated about the
natural history of these diseases, and significant experience with surgical SAT reconstruction has accrued over the past four decades. In addition, after two decades of experience with endoluminal therapy for treatment of SAT disease, some useful data have
become available.

HISTORY OF REPAIR

2
3
Savory was the first to describe a patient with signs and symptoms suggesting occlusive disease involving the SATs.[ ] Twenty years later, in 1875, Broadbent[ ] chronicled a patient who, while living, had no radial pulses and at postmortem examination
4
was found to have brachiocephalic and left subclavian artery occlusion. In 1908, Takayasu[ ] reported a patient with an ischemic retinopathy on ophthalmologic examination who later was found to have occlusive lesions in all three SATs from a chronic
5
6
inflammatory process that Shimizu and Sano[ ] later called “pulseless disease.” The inflammatory arteritis involving the arch branches now bears Takayasu’s name. In 1960, Contorni[ ] was the first to describe the anatomy of subclavian artery steal.
The first surgical procedures used to treat diseases of the SAT were performed for aneurysmal changes in these vessels, most of which were syphilitic subclavian lesions. The first attempt at surgical correction of a proximal subclavian aneurysm, by

7
8
9
innominate ligation, was carried out by Valentine Mott in 1818[ ] ; unfortunately, the patient did not survive long. A.W. Smyth has been credited with the first successful proximal ligation for a subclavian artery aneurysm in 1864.[ ] Halsted[ ] combined
10]
Subclavian aneurysm resection followed by replacement bypass grafting was first reported by

arterial ligation with subclavian aneurysm resection in 1892, and the first successful subclavian aneurysm resection was performed by Braithwaite in 1920.[

11]
in 1965.

Bjork[

12]

Henry T. Bahnson[

12]

was the first to perform a bypass from the ascending aortic arch to the innominate artery (IA) using an aortic homograft in a patient with occlusive lesions from syphilitic arteritis.[

13]

One year later, in 1954, Davis and colleagues[

14]

described endarterectomy of an IA through a right anterior thoracotomy for a symptomatic atherosclerotic occlusive lesion. Endarterectomy to reestablish flow through obliterated subclavian vessels was described by Cate and Scott[

in 1957. In 1956,

15
16
Lyons and Galbraith[ ] first reported a series of four subclavian–carotid artery bypasses from a cervical approach, and, in 1964, Parrott[ ] described two subclavian–carotid transpositions performed through a similar exposure. In 1994, Berguer and
[17]
colleagues

described transcervical extra-anatomic revascularization of the SAT via a retropharyngeal route.

18]
19
and Mathias and coworkers[ ] in 1980, and retrograde endoluminal techniques for stenting innominate and common carotid occlusive lesions were reported by
[21]

The first reports of subclavian artery angioplasty were published by Bachman and Kim[

20]

Queral and Criado[

in 1996. The first successful usage of stent-graft technology in a human was completed by Becker and associates

for the treatment of a post-traumatic subclavian artery pseudoaneurysm in 1991, and a single-center series reporting

22
successful treatment of SAT aneurysms using endografts was published by Hilfiker and colleagues[ ] in 2000.
ANATOMY
The SAT normally develops as three separate trunks, taking origin from the arch of the aorta within the superior mediastinum. The conventional definition of the SAT includes the innominate artery, the subclavian arteries to involve the origins of the vertebral
arteries, and the common carotid arteries proximal to their bifurcations. The innominate artery and the left common carotid artery
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originate in close proximity to each other and ascend in the neck on either side of the trachea. The brachiocephalic venous trunk crosses the mediastinum anterior to the origins of these vessels. The left subclavian artery, the third of three trunks, originates
posterior to and to the left of the left common carotid. The vagus and right recurrent laryngeal nerves cross the anterior aspect of the right subclavian artery adjacent to the innominate bifurcation ( Fig. 91–1 ). On the

Figure 91-1 Course of the normal right recurrent laryngeal nerve. (From Berguer R, Kieffer E: Surgery of the Arteries to the Head. New York, Springer-Verlag, 1992.)

Figure 91-2 Common anomalies of the supra-aortic trunk, with percentage distribution. A and B, Bovine configuration. C, Aberrant right subclavian artery. D, Aortic origin on left vertebral artery. (From Berguer R, Kieffer E: Surgery of the Arteries to the
Head. New York, Springer-Verlag, 1992.)

Figure 91-3 Magnetic resonance angiograph demonstrating an aberrant right subclavian artery as the fourth of four trunks.

Figure 91-4 Aplasia of the innominate artery in a patient with a right-sided arch.

Figure 91-5 Isolation of the left subclavian artery.

Figure 91-6 Reconstructed three-dimensional computed tomography. Shaded-surface display projection (A) and maximum intensity projection (B) demonstrate subclavian aneurysm with arm in a neutral position. C and D, Same imaging techniques used to
show aneurysm compression and subclavian artery obliteration between the clavicle and first rib in a patient with arterial thoracic outlet syndrome.

Figure 91-7 Traumatic innominate injury.

Figure 91-8 Young woman with severe, symptomatic Takayasu’s arteritis. (From Berguer R, Kieffer E: Surgery of the Arteries to the Head. New York, Springer-Verlag, 1992.)

Figure 91-9 A, Severe arterial damage following high-dose cervical thoracic irradiation. B, Same patient after bilateral common carotid vein graft replacement of vessels damaged by radiation.

Figure 91-10 Gadolinium-enhanced arch and four-vessel magnetic resonance angiograph. (From Yao JST, Pearce WH [eds]: Modern Vascular Surgery. New York, McGraw-Hill, 2000.)

Figure 91-11 Proximal right subclavian artery occlusion accounts for radiographic evidence of subclavian vertebral steal. (From Berguer R, Kieffer E: Surgery of the Arteries to the Head. New York, Springer-Verlag, 1992.)

Figure 91-12 A and B, Esophageal filling defect on barium swallow study was found to be secondary to compression by a posteriorly positioned aberrant subclavian artery. C, Fortunately, this patient did not undergo biopsy before this computed tomography
scan was obtained.

Figure 91-13 A, Anatomy of aneurysmal aberrant subclavian artery. B, Aberrant vessel as seen on computed tomography scan. (From Berguer R, Kieffer E: Surgery of the Arteries to the Head. New York, Springer-Verlag, 1992.)

Figure 91-14 Subclavian artery transposed into site of left common carotid artery in a patient with bovine anatomy followed by thoracic aneurysm repair with an endograft.

Figure 91-15 A, Exposure of the supra-aortic trunk through full median sternotomy. B, Upper partial sternotomy. (From Berguer R, Kieffer E: Surgery of the Arteries to the Head. New York, Springer-Verlag, 1992.)

Figure 91-16 Partial-occluding clamp facilitates proximal graft anastomosis. (From Berguer R, Kieffer E: Surgery of the Arteries to the Head. New York, Springer-Verlag, 1992.)

Figure 91-17 A, Embolizing innominate lesion. B, Expanded polytetrafluoroethylene graft used to bypass the lesion.

Figure 91-18 Aorto-innominate artery–left carotid artery bypass.

Figure 91-19 A to C, Subclavian artery–common carotid artery transposition. (A from Berguer R, Kieffer E: Surgery of the Arteries to the Head. New York, Springer-Verlag, 1992.)

Figure 91-20 A, Prosthetic carotid–subclavian artery bypass. B, Subclavian artery–carotid bifurcation bypass. (From Berguer R, Kieffer E: Surgery of the Arteries to the Head. New York, Springer-Verlag, 1992.)

Figure 91-21 A, The retropharyngeal route is the shortest and most direct route for a transcervical bypass. B, Retropharyngeal right subclavian artery–left carotid bifurcation bypass. (A from Berguer R, Kieffer E: Surgery of the Arteries to the Head. New York,
Springer-Verlag, 1992.)

Figure 91-22 A and B, Retrograde innominate artery angioplasty in a patient with a prior sternotomy.

Figure 91-23 A, Magnetic resonance angiograph showing symptomatic true left subclavian aneurysm. B, Same subclavian aneurysm before stent-graft repair but after surgical vertebral artery–carotid artery transposition. C, Successful endovascular repair
(note vertebral artery anastomosed to the common carotid artery).
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Chapter 92 - Upper Extremity Revascularization

JAMES M. EDWARDS MD

1
Symptomatic upper extremity arterial ischemia is present in less than 5% of patients presenting for medical treatment of extremity ischemia.[ ] Most of these patients have a primary vasospastic condition (Raynaud’s syndrome), and there is no indication for
2 3

operative intervention. Of the remaining patients, many have small artery occlusive disease, often from an associated autoimmune disease that is not amenable to revascularization.[ ] [ ] The few patients who may benefit from arterial revascularization have
a wide variety of pathologic conditions that may be seen elsewhere in the body, such as the lower extremities. Because of differences in collateral circulation, muscle mass, and typical use between the upper and lower extremities, there are differences in how
ischemia is tolerated and how patients present with ischemia. This chapter discusses the surgical treatment of occlusive disease of the axillary, brachial, radial, ulnar, and palmar arch arteries. Surgery of the brachiocephalic arteries and of digital artery
occlusive disease is discussed in Chapters 91 and 93 .

CLINICAL PRESENTATION
As in the lower extremity, patients may present with acute or chronic ischemia. Acute ischemia of the upper extremity results in pain, pallor, pulselessness, paresthesias, and later paralysis. Chronic upper extremity ischemia may present with the upper

4
extremity equivalent of claudication, with hand pain or forearm and upper arm muscular pain with repetitive use. This pain typically occurs in the dominant hand, even if the severity of ischemia is equivalent in both upper extremities.[ ] More severe
symptoms, including rest
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pain and gangrene, may result from either proximal disease or multilevel disease. Patients with digital gangrene have either significant multilevel disease or extensive distal palmar/digital arterial disease. Because of the rich collateral network, acute occlusion
of upper extremity arteries rarely results in tissue loss. It has been estimated that axillary artery ligation results in limb loss in only about 10% of cases and that ligation of the brachial artery distal to the deep brachial artery results in gangrene in only 3% to 5%
of cases.

ETIOLOGY
As in the lower extremity, upper extremity arterial ischemia may be due to myriad conditions. For the purpose of this chapter, these conditions are divided into the following groups:
1. Intrinsic arterial disease
2. Trauma
a. Iatrogenic
b. Non-iatrogenic
3. Emboli
Additionally, as in the lower extremity, patients may present with acute or chronic ischemia.
Intrinsic Arterial Disease

5
Although the most common cause of arterial disease in the lower extremity is atherosclerosis, typical atherosclerosis is rare in the arteries of the upper extremity.[ ] Patients with end-stage renal disease develop an advanced diffuse and primarily distal
6

atherosclerosis, which rarely is amenable to arterial revascularization and is not discussed further in this chapter.[ ] More typical-appearing atherosclerosis is seen occasionally in axillary, brachial, radial, and ulnar arteries. Fibromuscular disease of the upper
extremity has been reported in all arteries from the axillary artery to the distal ulnar artery in the palm. The syndrome of distal ulnar artery occlusion associated with using the hand as a hammer (hypothenar hammer syndrome) is likely the result of preexisting

7 8
9
fibromuscular disease.[ ] [ ] In these patients, the diseased ulnar artery apparently thromboses with the added injury of local trauma. Giant cell arteritis and radiation arteritis may result in axillary and brachial artery stenosis or occlusion.[ ] Giant cell
10]

arteritis often responds acutely to medical therapy, but in the chronic stages may lead to clinically significant upper extremity ischemia.[

11]
These diseases typically affect the most distal arteries. Bypass is rarely possible because of the lack of distal targets.

Thromboangiitis obliterans and connective tissue diseases rarely affect the larger arteries of the upper extremity.[
Trauma

Trauma, either iatrogenic or non-iatrogenenic, is a common cause of upper extremity arterial occlusion. Injury as a result of brachial artery catheterization is the most common cause of iatrogenic trauma. The incidence of significant brachial artery

12] [13] [14] [15]

complications after catheterization is reported to range from 0.9% to 4%.[

16] [17]

This percentage is higher than the 0.4% thrombotic complication rate reported with transfemoral catheterization.[

The factors associated with brachial artery complications during or after transbrachial catheterization include the experience of the cardiologist, preexisting brachial atherosclerosis, number of catheter changes, degree of anticoagulation during the procedure,
duration of the procedure, and female gender. The incidence of complications after brachial artery catheterization may be higher because acute and chronic thrombotic complications involving the brachial artery may be asymptomatic or result in minimal
symptoms. Currently, most interventional cardiologists use the transfemoral approach, and as a result it is rare to see complications of the brachial artery approach.

Although the diagnosis of acute brachial artery occlusion after transbrachial cardiac catheterization is made by physical examination with the findings of hand ischemia and the absence of a distal brachial, radial, or ulnar pulse after completion of the
procedure, these findings may not be present if there is an intimal injury or a short segment arterial occlusion. In these cases, patients may not notice symptomatic hand ischemia until they return to their home and use their extremity.

Transaxillary catheterization is a valuable approach, particularly in patients with aortic occlusion. The reported incidence of thrombotic complications after transaxillary catheterization is 0.8%, but most complications after transaxillary catheterization are

18]

nerve compression as a result of bleeding into the axillary sheath.[

Either complication of transaxillary catheterization typically results in acute symptoms, which if recognized lead to prompt treatment.

19 20

Radial artery catheterization may result in radial artery occlusion in 5% to 40% of cases, particularly if the catheter is left in for a prolonged time.[ ] [ ] Other factors associated with radial artery occlusion are large catheter size, hypotension or
hypoperfusion, treatment with vasoconstrictors, and preexisting arterial disease. Although the performance of an Allen test is recommended before placement of a radial arterial line, significant hand ischemia as a result of radial artery thrombosis is rare, on the
order of 0.3% to 0.5%.

Intra-arterial chemotherapy rarely may be administered via catheterization of the brachial or axillary artery. Thrombotic complications have been reported and are associated with prolonged catheter placement and the degree of anticoagulation.

21]
This injury may produce immediate or delayed arterial occlusion and symptoms. Mild traction injuries also
[22]

Non-iatrogenic trauma may be the result of blunt, penetrating, or traction injuries. Intimal disruption is seen with blunt upper extremity trauma.[

Acute arterial disruption may present as hemorrhage or
produce intimal injuries, whereas arterial disruption is seen with more significant injuries. Penetrating trauma may cause direct arterial injury or arterial injury secondary to a blast effect.
pseudoaneurysm. The symptoms of an upper extremity pseudoaneurysm depend on the size and location of the pseudoaneurysm. Small pseudoaneurysms adjacent to nerves may cause significant
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23] [24]

and early symptoms, whereas pseudoaneurysms located in muscles may grow with minimal symptoms. Non-iatrogenic trauma also may be seen in athletes, particularly baseball pitchers.[
and its branches by the humeral head.

Injuries in these patients are due to injury of the axillary artery

Emboli

25]
The source of the emboli may be external to the upper extremity (cardiac, aortic arch, subclavian artery pathology—stenosis or aneurysm) or intrinsic to the upper extremity

The upper extremity is the recipient of approximately 25% of arterial emboli.[

26 27

(intimal flaps, stenoses, injections of foreign substances).[ ] [ ] Most emboli are cardiac in origin, typically from atrial fibrillation. Cardiac emboli to the upper extremity lodge in the brachial artery 60% of the time, but also may lodge in the axillary and
more distal arteries of the forearm and hand. In the brachial artery, emboli lodge just proximal to branch point, such as the deep brachial artery and the brachial bifurcation.
Although the clinical presentation of large arterial emboli is usually dramatic, symptoms often improve rapidly as the emboli break up and travel distally. The degree of ischemia seen on physical examination also improves, but rarely returns to normal. The
diagnosis of emboli to the upper extremity also may be delayed if the degree of ischemia is such that only repetitive use of the upper extremity is sufficient to produce clinical symptoms. Emboli from noncardiac sources are often smaller than emboli from the
heart and lodge in the small arteries of the hand and fingers; this is also seen with emboli from septic endocarditis.

EVALUATION
The primary diagnostic modality in the diagnosis of acute upper extremity ischemia is the physical examination. Because of the limited size of the upper extremity and the fact that the arteries in the upper extremity are superficial, palpation is a reliable
diagnostic modality assuming normal hemodynamics. Localization of the level of occlusion is based on the presence or absence of pulses at each arterial level. Pulse status is not entirely reliable for the evaluation of chronic arterial ischemia because of the rich
collateral network.
Other diagnostic modalities used in the upper extremity include segmental pressures including measurement of digital pressures and waveforms; duplex ultrasound visualization; and angiography via direct injection, intravenous digital subtraction, computed
tomography, and magnetic resonance imaging. Noninvasive vascular laboratory studies are as accurate as angiography in determining the presence or absence of arterial occlusion, and angiography should be reserved for diagnostic purposes when there is

28 29

uncertainty about the cause of the ischemia and for when intervention is being planned.[ ] [ ] Angiography also is indicated for situations in which there is a high index of suspicion of arterial injury (traumatic injury of adjacent structures without physical
examination findings of arterial injury), although some authors believe that duplex ultrasound, if available, is the preferred diagnostic imaging modality (see Chapter 90 ).

TREATMENT
The treatment of upper extremity ischemia depends on the severity of ischemia and the location of the lesion. The treatment of each arterial section is described in turn without particular reference to the type of injury. Acute injuries resulting in severe upper
extremity ischemia should be treated with the urgency of treatment based on the severity of symptoms and comorbidities. Expectant therapy of severe symptomatic acute upper extremity ischemia is rarely successful. The treatment of chronic upper extremity
ischemia is based on the clinical picture. In the absence of rest pain, ischemic ulcers, or gangrene, the need for revascularization depends on the patient’s perception of disability, which may vary markedly from patient to patient.
The treatment of nonocclusive intimal injuries is controversial. There is evidence in the literature that smaller injuries with less than 50% luminal compromise have a benign outcome. Nonintervention for these injuries is an acceptable treatment if the patient is

30]

carefully observed.[
Axillary Artery

There are many approaches to the axillary artery, and the approach chosen depends on the type, location of the injury, urgency of the repair, and body habitus of the patient. The most proximal axillary artery is approached through a transverse incision on the

chest located in the deltopectoral groove ( Figs. 92–1 and 92–2 ). After dissection down through the pectoralis major fascia, the pectoralis major muscle is divided along its fibers. There are usually several venous branches crossing the axillary artery that need
to be divided. After division of the veins, dissection and control of the artery is possible. Division of the pectoralis major or minor muscles may enhance visualization of the artery. Care should be taken to avoid injuring adjacent veins and nerves.

Figure 92-1 Approach to the right axillary artery. A transverse incision is made as indicated. The axillary artery is beneath the pectoralis major fascia, and typically numerous crossing veins need to be ligated during the approach. (From Valentine RJ, Wind
CG: Anatomic Exposures in Vascular Surgery, 2nd ed. Philadelphia, Lippincott Williams & Wilkins, 2003.)

Figure 92-2 After the fascia is entered and the crossing veins are ligated, the vein is mobilized off the artery, and the axillary artery can be mobilized. (From Valentine RJ, Wind CG: Anatomic Exposures in Vascular Surgery, 2nd ed. Philadelphia, Lippincott
Williams & Wilkins, 2003.)

Figure 92-3 The approach to the second portion of the axillary artery. A vertical incision along the lateral border of the pectoralis major muscle allows medial retraction of the muscle and exposure of the artery. (From Valentine RJ, Wind CG: Anatomic
Exposures in Vascular Surgery, 2nd ed. Philadelphia, Lippincott Williams & Wilkins, 2003.)

Figure 92-4 Carotid-to-brachial and axillary-to-brachial artery bypass are shown. The vein graft is tunneled subcutaneously and in the case of the carotid-to-brachial bypass over the clavicle.

Figure 92-5 The brachial artery typically bifurcates just below the elbow. This approach allows retrograde embolectomy of the brachial artery and antegrade embolectomy of the radial and ulnar arteries. (From Valentine RJ, Wind CG: Anatomic Exposures in
Vascular Surgery, 2nd ed. Philadelphia, Lippincott Williams & Wilkins, 2003.)

Figure 92-6 The proximal brachial artery is surrounded by the median and ulnar nerves and typically paired veins. (From Valentine RJ, Wind CG: Anatomic Exposures in Vascular Surgery, 2nd ed. Philadelphia, Lippincott Williams & Wilkins, 2003.)

Figure 92-7 Angiogram shows radial and ulnar artery occlusion (A) and patent distal radial-to-palmar arch bypass (B).
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Chapter 93 - Raynaud’s Syndrome:

Vasospastic and Occlusive Arterial Disease Involving the Distal Upper Extremity

ROGER F. J. SHEPHERD MB, BCH

Upper extremity arterial disease is often considered to be one of the most challenging areas of vascular practice. Not only is it less commonly encountered than lower extremity arterial disease but it is more complex, with a wide range of clinical manifestations
and pathologic causes.
Ischemic symptoms of the hand and fingers often invoke a sense of concern and apprehension not only for the patient but also for the consulting physician. The patient is concerned about potential major disability from impaired hand function, and the
consulting physician is concerned with finding the correct diagnosis to ensure proper management and the best outcome. If it is determined that the patient has a primary vasospastic disorder, all that may be necessary is education and reassurance; however, if
a more serious underlying disease is present, the evaluation and management become significantly more complex.
Impaired arterial perfusion to the hands and fingers can result from obstruction of large proximal arteries, smaller distal arteries, or the microvasculature. Digital ischemia may be episodic or constant and can result from reversible vasospasm or be due to fixed

1
obstructive arterial disease.[ ] Symptoms may range from cold hands and pallor of the fingers to severe, irreversible tissue loss with digital ulcers, skin necrosis, and gangrene.

The vascular clinician who sees patients with Raynaud’s syndrome needs to be familiar with a large number of diverse disorders. These include thromboangiitis obliterans, connective tissue diseases (CTDs), vasculitis, and hematologic disorders as well as
conditions unique to the upper extremity including thoracic outlet syndrome and vibratory and traumatic occlusive arterial disease of occupational origin. A multidisciplinary approach is often necessary to ensure optimal management of these complex patients.
The focus of this chapter is vasospastic and occlusive disorders causing Raynaud’s syndrome. The chapter begins with the terminology and classification of Raynaud’s syndrome, followed by a review of the anatomy and physiology of blood flow in the upper
extremities, factors
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regulating the microcirculation in the fingers, and possible alterations of normal vascular function that may be responsible for primary vasospasm. Secondary causes of Raynaud’s syndrome are discussed and outlined in table format. Clinical presentations,
physical examination, noninvasive vascular laboratory testing, and angiographic features are reviewed with discussion of current treatment modalities for both primary vasospasm and secondary obstructive disease causing Raynaud’s syndrome.

RAYNAUD’S DISEASE AND RAYNAUD’S PHENOMENON

2

In 1882, Maurice Raynaud, a French physician, entitled his thesis for the Academy of Medicine “On Local Asphyxia and Symmetrical Gangrene of the Extremities.”[ ] In this paper he described 25 patients with intermittent digital ischemia and recognized
the relationship of local cold and emotional stress in the causation of these episodes. He attributed the attacks of digital ischemia to excessive sympathetic activity producing vasoconstriction of digital arteries. He also described the classic tricolor skin changes

3
of digital pallor, cyanosis, and rubor that are now associated with his name. These patients with intermittent vasospastic episodes of digital ischemia were hence diagnosed as having “Raynaud’s disease.”[ ]

Raynaud’s original series included a mixture of patients; some did have a primary vasospastic disease, but others with gangrene of the fingers likely had significant arterial obstruction. In 1901, Hutchinson recognized that there can be multiple causes of
Raynaud’s observations and coined the term Raynaud’s phenomenon to indicate the presence of an underlying abnormality causing this disorder. Over the past 100 years, by tradition, we have therefore classified all patients with digital vasospasm into the
following two groups based on the presence or absence of associated disease:
■ Raynaud’s disease refers to a primary vasospastic disorder where there is no identifiable underlying cause.
■ Raynaud’s phenomenon refers to individuals where vasospasm is secondary to an underlying condition or disease.

In clinical practice, use of the term Raynaud’s disease or Raynaud’s phenomenon has not been intuitive. These terms are commonly misunderstood and are often mistakenly interchanged; as a result, they have lost much of their original meaning. Review of the
Raynaud’s literature is complicated by the lack of a standard accepted diagnostic classification.

4
For more than 20 years John Porter and others have advocated replacing the old terms of disease and phenomenon with Raynaud’s syndrome.[ ]

Patients with Raynaud’s syndrome can be subdivided into two groups: (1) primary Raynaud’s syndrome, indicating those with idiopathic vasospasm, and (2) secondary Raynaud’s syndrome, indicating those who have an underlying disease causing vasospastic
episodes.

It has also been helpful to classify those with Raynaud’s syndrome as having either vasospastic or obstructive disease. This has important clinical utility because it underscores the different pathologic mechanisms, treatment options, and outcomes of these two
groups.

When vasospasm is due to another disorder such as Buerger’s disease, the diagnostic label should reflect the underlying causative disease (e.g., Buerger’s disease with secondary Raynaud’s syndrome).

If the patient has significant occlusive arterial disease, without features of vasospasm, this should not be referred to as Raynaud’s syndrome but instead should be identified by the underlying disease such as atherosclerosis. It is recognized that patients with
atherosclerosis may indeed have secondary Raynaud’s, but the main abnormality is occlusive disease. The mistaken use of the term Raynaud’s syndrome for all patients with fixed arterial occlusive disease has led to much of the current confusion and
perceived difficulty in evaluating and treating upper extremity arterial disease. There are many examples of severe, nonreversible, limb-threatening hand ischemia misdiagnosed as vasospastic Raynaud’s disease with resultant delayed or inappropriate
treatment.

This chapter is entitled “Raynaud’s Syndrome” but may at times use the older terms of Raynaud’s disease and Raynaud’s phenomenon solely to reflect historical literature. It is strongly recommended that Raynaud’s syndrome replace the older terminology.

Raynaud’s Syndrome: Definition

Raynaud’s syndrome is defined as episodic pallor or cyanosis of the fingers due to vasoconstriction of small arteries or arterioles in the fingers occurring in response to cold or emotional stress.
The hallmark of primary Raynaud’s syndrome is the change in skin temperature and color, brought on by cold exposure. A typical vasospastic attack is characterized by the sudden onset of waxy pallor of part or all of one or more digits. Cyanosis follows as
static blood in the capillaries becomes desaturated. The attack subsides with return of arterial inflow, and postischemic vasodilation results in hyperemia and rubor of the skin ( Figs. 93–1 and 93–2 ).

5
Vasospastic attacks most commonly involve the fingers but can affect both the fingers and toes in up to one third of patients ( Fig. 93–3 ). Vasospasm of the nose and ear and nipple[ ] has been reported but is unusual.

Other vascular beds prone to vasospasm include the coronary and cerebral vessels. Patients with Prinzmetal’s angina are more likely to have Raynaud’s phenomenon and migraine headaches. In one study of 62 patients with variant angina, 15 had Raynaud’s

6
phenomenon and 16 had migraine headaches.[ ] This suggests a common factor causing generalized vasospasm.
Raynaud’s syndrome predominantly affects young women, but it can affect both sexes and occur in any age group, including children. Older studies have noted that Raynaud’s syndrome affects women four times more often than men. More recent surveys

78]
The age of onset for primary Raynaud’s ranges from 11 to 45 years. A study by Allen and Brown of 474 patients with Raynaud’s syndrome reported an average age of 31

indicate men are commonly affected, with a male-to-female ratio closer to 1:1.6.[

9
years.[ ] Older patients with Raynaud’s syndrome are more likely to have a contributing underlying arterial disease.
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Figure 93-1 Palmar (A) and dorsal (B) views of hands of patient with a textbook example of Raynaud’s syndrome. Note that attacks of digital vasospasm cause well-demarcated pallor or cyanosis affecting one or more fingers brought on by cold exposure or
emotional stress.

Figure 93-2 Resolution of vasospasm with postischemic hyperemia (same patient as in Fig. 93–1 ).

Figure 93-3 Digital vasospasm can affect the toes as well as the fingers.

Figure 93-4 There are many potential causes of vasospastic attacks in primary Raynaud’s syndrome. Norepinephrine released from the sympathetic nerve ending acts on the postjunctional α2 -receptor located on vascular smooth muscle. Local cooling

enhances the response of the α2 - receptor, causing increased arterial contraction. Endothelial dysfunction may lead to insufficient nitric oxide or increased endothelin-1, changing the balance toward arterial constriction. Activated platelets release the

thromboxane A2 (TXa2 ) and serotonin, which may aggravate arterial vasospasm. A decrease in intraluminal distending pressure may decrease the “critical closing pressure” threshold and result in a vasospastic attack. 5-HT, 5-hydroxytryptamine; NE,
norepinephrine; EDCF, endothelium-derived contracting factor; EDRF, endothelium-derived relaxing factor.

TABLE 93-1 -- Clinical Features to Distinguish Primary from Secondary Raynaud’s Syndrome
TYPE
Primary

GENDER
Usually female

OTHER FEATURES
Age < 45 years
Vasospasm of multiple or all digits
Normal vascular examination
No skin abnormalities
Normal laboratory studies

Secondary

Male or female

Any age
Single digit involved
Abnormal pulse examination
Vascular laboratory abnormalities
Positive autoantibodies

for a normal physical examination and normal blood tests including at least a complete blood count and sedimentation rate. Many clinicians would suggest a normal antinuclear antibody and in selected cases further blood tests to ensure the absence of other
autoantibodies to exclude unsuspected CTD. Noninvasive vascular laboratory testing complements the history and physical examination. Table 93–1 outlines the clinical features to differentiate primary from secondary Raynaud’s syndrome.

There is an extensive list of secondary causes of Raynaud’s syndrome ( Table 93–2 ). These conditions may be classified into CTDs (in particular, scleroderma), atherosclerotic large-vessel disease and diabetic small-vessel disease, thromboangiitis obliterans,
vasculitis, arterial emboli, and atheroemboli. Diseases unique to the upper extremity include arterial entrapment—the thoracic outlet syndrome, occupational arterial disease, including the hypothenar hammer syndrome, vibration white finger, and thermal
damage to the fingers. Drug- and toxin-induced vasospasm are common. Lastly, systemic disorders leading to increased viscosity cause vasospasm including cryoglobulinemia and hepatitis antigenemia.

Connective Tissue Disease

56]
Other CTDs associated with Raynaud’s syndrome include systemic lupus erythematosus, mixed CTD,

Raynaud’s syndrome occurs in more than 90% of patients with scleroderma and can be the initial presenting symptom in one third of patients.[

16]

dermatomyositis, rheumatoid arthritis, and small-vessel vasculitis.[

A basic knowledge of CTDs is necessary for anyone who deals with patients with Raynaud’s syndrome.

Systemic Sclerosis

34] [57] [58]

Systemic sclerosis is the most common CTD associated with Raynaud’s syndrome, and it is therefore important that salient clinical features are recognized. There is a wealth of rheumatology literature dealing with Raynaud’s and scleroderma.[

[59]
Systemic sclerosis is also called scleroderma, which is derived from the words “skleros” (hard) and “derma” (skin). This is a rare multisystem disease of unknown etiology affecting an estimated 40,000 to 165,000 people in the United States with an incidence

60]

of 20 to 75 cases per 100,000.[
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TABLE 93-2 -- Conditions Associated with Secondary Raynaud’s Syndrome
GENERAL CATEGORY
Connective tissue disease

SPECIFIC DISORDERS
Scleroderma, CREST
Systemic lupus erythematosus
Rheumatoid arthritis
Mixed connective tissue disease
Overlap connective tissue disease
Dermatomyositis and polymyositis
Vasculitis (small, medium-sized vessel)

Occlusive arterial disease

Atherosclerosis
Thromboangiitis obliterans (Buerger’s disease)
Giant cell arteritis
Arterial emboli (cardiac and peripheral)
Thoracic outlet syndrome

Occupational arterial disease

Hypothenar hammer syndrome
Vibration induced

Drug-induced vasospasm

β-Adrenergic blocking drugs
Vasopressors
Ergot
Cocaine
Amphetamines
Vinblastine/bleomycin

Myeloproliferative and hematologic disease

Polycythemia rubra vera
Thrombocytosis
Cold agglutinins
Cryoglobulinemia
Paraproteinemia

Malignancy

Multiple myeloma
Leukemia
Adenocarcinoma
Astrocytoma

Infection

Hepatitis B and C antigenemia
Parvovirus
Purpura fulminans

Scleroderma is characterized by fibrosis of skin and internal organs and causes widespread small-vessel vasculopathy and fibrosis. Small arteries, arterioles, and capillaries are affected by obliterative and proliferative structural changes in the vessel wall
causing tissue ischemia.

Although autoantibodies are present in 95% of patients, systemic sclerosis is not an inflammatory vasculitis. The pathogenesis of arterial disease is not well understood; however, it is likely initiated by proliferation of smooth muscle cells in blood vessel
intima causing luminal narrowing. Activated platelets release platelet-derived growth factors and thromboxane A2 , which can induce vasoconstriction and stimulate growth of endothelial cells and fibroblasts. Fibrin is deposited within and around vessels,

60]

causing vessel obstruction.[

The most characteristic feature of scleroderma is tightening or thickening of the skin initially noted as puffiness of fingers and hands. In advanced scleroderma, the skin becomes tight and shiny. Joint contraction leads to a claw-hand deformity. Ulcers typically
form at the fingertips and over joints. These ulcers may be refractory to therapy and are slow to heal, causing significant ischemic digital pain ( Figs. 93–5 , 93–6 , 93–7 ).

Figure 93-5 Systemic sclerosis. Raynaud’s syndrome secondary to limited systemic sclerosis in a young male patient. There is cyanotic discoloration of the right third and fourth fingers. The diagnosis of scleroderma can be made by physical examination.
There is resorption of the end of the distal right index finger with healed ulcerations of several fingertips.

Figure 93-6 Systemic sclerosis. Note the tight, shiny, fibrotic skin encasing the fingers.

Figure 93-7 Advanced scleroderma with flexion contraction of the fingers and ulceration over joints. Even with the best wound care, these ulcers can be quite difficult to heal.

Figure 93-8 Calcinosis. Multiple areas of subcutaneous calcification in a patient with scleroderma.

Figure 93-9 CREST (calcinosis, Raynaud’s, esophageal dysmotility, sclerodactyly, telangiectasia) syndrome. A pathognomonic finding in systemic sclerosis is sclerodactyly and telangiectasia of the finger.

Figure 93-10 Bilateral upper extremity arteriogram of left (A) and right (B) hands in a patient with mixed connective tissue disease. There were features of scleroderma and CREST syndrome with strongly positive antinuclear antibody. The patient presented
with an ischemic right index fingertip that did not respond to topical nitroglycerin (see also Fig. 93–24 ).

Figure 93-11 Angiogram (A) of an elderly man with ischemic gangrene of the left little finger (B). The angiogram shows diffuse atheromatous disease and a localized subclavian aneurysm, which was the likely source of atheroemboli to the hand. The patient
underwent surgical repair of the aneurysm with a subclavian-to-brachial bypass with saphenous vein.

Figure 93-12 A young male patient with thromboangiitis obliterans presenting with digital vasospastic attacks. An upper extremity angiogram documents occlusive arterial disease involving several digits. Angiographic findings in thromboangiitis obliterans
may show palmar and digital artery occlusions and irregularity, sometimes with corkscrew collaterals. The angiographic findings, however, often are not specific for Buerger’s disease and can be seen in vasculitis and repetitive hand trauma.

Figure 93-13 A positive Allen’s test. The patient makes a fist to exsanguinate blood from the hand and then opens the hand while the examiner compresses both the radial and ulnar artery. After release of the ulnar artery, the hand remains pale, indicating
occlusion of the ulnar artery distal to the wrist level.

Figure 93-14 Hypothenar hammer syndrome. Right hand angiogram demonstrating ulnar artery occlusion in a 44-year-old laborer at a manufacturing company presenting with ulcers and gangrene of the fingertips. The patient had been using the palm of the
hand as a hammer to strike machinery at work. Ulnar artery reconstruction using reversed saphenous vein bypass graft resulted in dramatic improvement in hand symptoms and healing of all ulcers.

Figure 93-15 Purpura fulminans. Previously healthy woman with disseminated intravascular coagulation due to sepsis from a dog bite resulting in gangrene of all digits of both hands and feet.

Figure 93-16 Cryoglobulinemia. A 70-year-old woman with cryoglobulinemia type 1 associated with low-grade lymphoma. Cryoglobulins cause small-vessel occlusive arterial disease with cutaneous necrosis involving the extremities. Treatment with
apheresis, chemotherapy, and prednisone resolved the digital ischemia, and 4 years later the patient had no tissue loss.

Figure 93-17 Paraneoplastic vasculitis with gangrene of several digits in a patient recently diagnosed with small cell lung cancer. Digital ischemia improved with chemotherapy.

Figure 93-18 Splinter hemorrhages under the nails may be a normal finding due to local trauma but can also be an important indicator of distal atheroembolism as seen in this 45-year-old carpenter with hypothenar hammer syndrome. Note the splinter
hemorrhages under the fourth and fifth fingernails.

Figure 93-19 Scanning laser Doppler imaging shows low laser Doppler flow due to vasospasm (A). After warming the hands (B), a marked increase in digital blood flow is seen. On examination, the fingers were cool, with resting digital temperatures of 28°
C. Physical examination was normal, and there was no evidence of occlusive arterial disease. Blood tests, including complete blood count, sedimentation rate, cryoglobulin, antinuclear antibody, and extractable nuclear antigens all were negative. This patient
was diagnosed with primary Raynaud’s syndrome and treated with a long-acting nifedipine medication.

Figure 93-20 Magnetic resonance angiography of the hand shows distal ulnar artery occlusion, incomplete deep palmar arch, and severe disease of digital arteries with only faintly visualized arteries to the index, middle, and ring fingers. This patient presented
with a 3-year history of Raynaud’s symptoms and recent onset of ischemic pain involving the right index finger. Digital ischemia was refractory to vasodilator medication, and the patient was treated with an upper extremity pneumatic pump to improve arterial
perfusion to the fingers.

Figure 93-21 Algorithm for management of primary and secondary Raynaud’s syndrome. PTA, percutaneous transluminal angioplasty.

TABLE 93-3 -- Selective α1 -Adrenergic Receptor Blocking Agents
DRUG

DURATION OF ACTION, hr

THERAPEUTIC DOSE, mg

FREQUENCY OF ADMINISTRATION

Prazosin

4–6

1–5mg

2 or 3 times per day

Terazosin

> 18

1–10mg

Once daily

Doxazosin

18–36

1–8mg

Once daily
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by starting with a lower dose (1mg of terazosin) and administering the first dose at bedtime.
In a double-blind, placebo-controlled, crossover study of 24 patients, prazosin was reported superior to placebo in the treatment of Raynaud’s phenomenon. Subjective benefit with significant reduction in number and duration of attacks was noted in two thirds

150]

of those patients treated with prazosin (1mg three times a day) compared with placebo with improvement in finger blood flow assessed during a finger cooling test. Complete relief was observed in only 2 patients (8%).[

Long-acting forms of prazosin include doxazosin and terazosin, which allows once-daily dosing. These drugs have also been shown to be effective therapy for treatment for Raynaud’s syndrome by decreasing the number, intensity, and duration of attacks.

[151] Adverse side effects may be less.

Nitrates have been used in the treatment of Raynaud’s syndrome as oral, topical, or intravenous preparations but in general are not first-line therapy. Topical nitrates in the form of nitroglycerine ointment 2% can be applied locally to an ischemic finger but can

50]

cause paradoxical worsening of ischemia if there is fixed obstructive disease. Oral nitrates generally are limited by symptoms of nitrate-induced headaches and poor dose-response characteristics.[
systemic vasodilation but may not improve digital perfusion.

Intravenous nitroglycerine produces predominantly

ACE inhibitors block angiotensin II and ET novel transforming growth factor-β1 and have an antifibrotic effect. ACE inhibitors and angiotensin II receptor inhibitors may be of benefit in both primary and secondary Raynaud’s syndrome. The use of ACE

inhibitors should be considered in all patients with systemic sclerosis and hypertension to prevent scleroderma renal crisis.

Losartan is an angiotensin II receptor type 1 antagonist. In a recent study, losartan 50 mg daily was found to be more effective than nifedipine 40 mg daily in reducing the frequency of vasospastic episodes in patients with primary Raynaud’s syndrome and

152]

those with secondary Raynaud’s syndrome due to systemic sclerosis.[
Antiplatelet Therapy

There is no evidence that antiplatelet therapy is of benefit in primary Raynaud’s syndrome, but therapy with aspirin or clopidogrel should be considered for most patients with secondary Raynaud’s syndrome due to atherosclerosis obliterans.
Anticoagulation

Anticoagulation with intravenous or subcutaneous heparin may prevent further thrombosis in acute ischemia. Chronic anticoagulation is generally not indicated for most patients with small-vessel occlusive disease because the underlying process is an
obliterative and not a thrombotic vasculopathy.
Thrombolysis

Thrombolysis with urokinase or tissue plasminogen activators in standard vascular practice lyses acute thrombus and acute arterial emboli. Rarely have thrombolytics been attempted in distal small-vessel occlusions.
Novel Drug Therapies

58]
:

There are a number of novel drug therapies that may have potential benefit for Raynaud’s syndrome, including the following[

■ Fluoxetine is a selective serotonin reuptake inhibitor. A significant reduction in attack frequency and severity was found in both primary and secondary Raynaud’s syndrome treated with fluoxetine 20 mg daily but not in those treated with

153]

nifedipine 40 mg daily in a crossover trial. Laboratory testing showed improvement in recovery after a cold challenge test, with the greatest improvement seen in women with primary Raynaud’s syndrome.[
■ Piracetam inhibits thromboxane A2 and may be of modest benefit in Raynaud’s syndrome. Piracetam is not available in the United States.

■ Phosphodiesterase inhibitors (cilostazol and sildenafil) are potent vasodilators with potential but unproven benefit in Raynaud’s syndrome. Sildenafil has marked vasodilator properties of benefit for erectile dysfunction but has not been studied in

154]
Cilostazol may have additional antiplatelet properties but also has not been studied in patients with Raynaud’s syndrome.

Raynaud’s syndrome.[
Endothelin Inhibitors

ET is a potent vasoconstrictor and also causes cell proliferation. Bosentan may block vasoconstriction and has potential benefit in vasospastic disorders.

155]

Estrogen therapy has been suggested as a potential treatment of Raynaud’s syndrome; however, studies have not shown any benefit of estrogen or progesterone on digital blood flow.[

Food Supplements

50] [156]

Fish oil may decrease thromboxane A2 production and increase prostacyclin synthesis; however, this requires a large number of fish oil capsules daily.[

42]

L-Arginine is a substrate for NO synthesis and has a theoretical benefit of improving endothelial dysfunction in patients with both primary and secondary Raynaud’s syndrome, but relatively few studies have been able to show any benefit.[

In one study, brachial artery infusion of L-arginine or sodium nitroprusside (a direct donor of NO) both decreased vasospastic attacks in 15 patients with scleroderma. Attacks were induced by holding a beaker of iced water for 2 minutes and reducing the

157]

room temperature to 4° C. Attacks were fewer in hands infused with L-arginine. [

158]

In another study of 20 patients with primary Raynaud’s syndrome, there was no improvement in endothelium-dependent vasodilation in a double-blind, crossover trial of oral L-arginine (8 g daily for 28 days). [

Patients with systemic sclerosis have

[159]

reduced vasodilation to acetylcholine and nitroglycerine due to fixed occlusive disease. Another study by Khan and Belch found that administration of L-arginine did not improve vasodilation.

Acupuncture may be of benefit in some patients. In a small, randomized trial, acupuncture was found to be effective in reducing the frequency and severity of attacks in patients with primary Raynaud’s syndrome. The mechanism
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160] [161]

of action is believed to be stimulation of sensory nerves causing release of vasodilators such as substance P and calcitonin gene-related peptide.[
Nerve Stimulation

162]

Transcutaneous nerve stimulation has also been used in some patients to induce vasodilation with varying results.[
Spinal Cord Stimulator

A spinal cord stimulator may reduce pain and promote ulcer healing in severe cases of secondary Raynaud’s syndrome with trophic lesions. In one small study of 10 patients with Raynaud’s syndrome or reflex sympathetic dystrophy, 90% had significant relief

163]

of chronic pain; thermographic and plethysmographic changes were also observed.[
Management of Critical Digital Ischemia

General measures for critical ischemia includes keeping the extremity at body temperature with the use of a vascular mitten, providing local therapy of digital ulcers with wound care products to prevent infection, and protecting the finger from trauma ( Fig.

164]

93–22 ). Local débridement of dead tissue or removal of the fingernail is sometimes necessary, but local amputation of the end of a digit may be necessary in 10% to 20% of patients.[
amputation site may take longer to heal (if ever) than the original ulcer, and this can result in further skin necrosis at the amputation stump, necessitating a more proximal amputation.

Whenever possible, amputation should be avoided because the

Pumping Therapy

Intermittent pneumatic compression is established therapy in atherosclerotic limb ischemia after exhausting all surgical and medical options. Currently several pumps are on the market similar to venous pumps used for thromboembolic prophylaxis but with
more rapid and higher compression

Figure 93-22 A vascular mitten protects and maintains warmth of the hands. Patients with critical hand and finger ischemia can have further compromise in distal perfusion as a result of cool ambient room temperature causing vasoconstriction. A vascular
mitten keeps the hands at body temperature and maximizes distal finger blood flow by avoiding cold-induced vasoconstriction.

Figure 93-23 Pneumatic pumping of both upper extremities in a patient with digital ischemia due to scleroderma.

Figure 93-24 This patient presented with acute ischemia of the right fingertip. She was found to have a positive antinuclear antibody and anticentromere antibody. An angiogram showed severe digital artery occlusive disease consistent with a connective tissue
disease (see Fig. 93–10 ). Topical nitroglycerine ointment often fails to improve blood flow in the setting of critical ischemia due to severe underlying fixed small-vessel occlusive disease. The patient was treated with multiple agents, including oral, topical,
and intravenous vasodilators, antiplatelet therapy, doxazosin, and nifedipine.
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Chapter 94 - Neurogenic Thoracic Outlet Syndrome

ROBERT W. THOMPSON MD
MICHEL A. BARTOLI MD

The thoracic outlet represents a unique anatomic region dominated by the anterior and middle scalene muscles, the first rib, and their associated structures. The neurovascular structures that pass through this relatively confined space—the subclavian artery, the
subclavian vein, and the five nerve roots of the brachial plexus—are all potentially subject to extrinsic compression. Clinical problems that develop as a result of neurovascular compression in this area are collectively known as thoracic outlet syndrome (TOS).
The three distinct clinical types of TOS are classified according to the primary structure subject to compression as follows: (1) arterial TOS (subclavian artery), (2) venous TOS (subclavian vein), and (3) neurogenic TOS (brachial plexus nerve roots). All of
these conditions are uncommon, and their true incidence is unknown. Arterial TOS and venous TOS account for approximately 1% and 5% of all patients with TOS, respectively, whereas neurogenic TOS is far more common. Vascular lesions associated with
thoracic outlet compression typically give rise to easily recognized syndromes, such as effort thrombosis of the subclavian vein or post-stenotic aneurysms of the subclavian artery complicated by thromboembolism. In contrast, the diagnosis of neurogenic
TOS often remains difficult, confusing, and elusive.

1 2 3
A growing body of experience demonstrates that excellent outcomes can be achieved by a comprehensive, multidisciplinary approach to neurogenic TOS, including a prominent role for surgical treatment in well-selected cases.[ ] [ ] [ ] Nonetheless,
4 5 6

uncertainties in diagnosis and disappointing results of treatment have led some authorities to question the need for surgical management of neurogenic TOS and even to challenge whether the condition actually exists.[ ] [ ] [ ] The purpose of this chapter is
to review current understanding of the diagnosis, optimal management, and surgical techniques for neurogenic TOS. Because the vascular (arterial and venous) forms of TOS give rise to distinct clinical syndromes and require variations in management, these
conditions are covered in Chapters 95 and 96 .

ANATOMY

38

As shown in Figure 94–1 ,[ ] the anatomy of the thoracic outlet region comprises several bony and soft tissue structures as well as the nerves and blood vessels that pass through this area. A number of important variations in these structures may be
associated with neurogenic TOS, including changes extending from gross anatomy to the microscopic structure of the scalene muscles.
Boundary Structures
The central feature of the thoracic outlet is the anatomic space known as the scalene triangle. The scalene triangle is covered anteriorly by the scalene fat pad, a discrete structure that contains abundant adipose tissue and lymph nodes and is crossed by the
distal portion of the omohyoid muscle. These structures must therefore be reflected, resected, or traversed for the surgeon to obtain initial exposure of the thoracic outlet. The sides of the scalene triangle are composed of the anterior and middle scalene
muscles, and the base of the triangle is formed by the first rib. The anterior scalene muscle originates on the transverse processes of the lower cervical vertebrae (C4 to C6) and inserts on the superior aspect of the first rib at the site of a small bony
protuberance known as the scalene tubercle. Although the belly of the anterior scalene muscle is usually soft, its posterior aspect is often firm and tendinous near its attachment to the rib. The middle scalene muscle also arises from the transverse processes of
the C4 to C6 cervical vertebrae and inserts on the superolateral surface of the first rib. Its origin is incompletely separated from the origin of the posterior scalene muscle, which otherwise passes to insert on the second rib and is not a boundary of the scalene
triangle. The first rib forms a small, tight semicircle, arising from the transverse process of the T1 vertebra and attaching anteriorly to the sternum just below and behind the sternoclavicular joint.
Nerves and Vessels
The space formed by the scalene triangle is traversed by the five nerve roots that make up the brachial plexus, arising from cervical spine levels C5 through T1. Although each of these nerves can be identified as an individual structure upon entering the
scalene triangle, they begin to fuse into the initial trunks of the brachial plexus within this space and as they pass over the first rib. The three trunks of the brachial plexus are the upper trunk (formed by fusion of the C5 and C6 nerve roots), the middle trunk
(composed of the C7 nerve root), and the lower trunk (formed by fusion of the C8 and T1 nerve roots). Further merging and branching of these trunks outside the thoracic outlet result in formation of
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Figure 94-1 Anatomy of the thoracic outlet. The surgical anatomy of the thoracic outlet is centered on spinal nerve roots C5 through T1, which interdigitate to form the brachial plexus as they cross under the clavicle and over the first rib. The long thoracic
and phrenic nerves also arise within the thoracic outlet region. The brachial plexus nerve roots pass through the scalene triangle, bordered by the anterior and middle scalene muscles on each side and the first rib at the base. The subclavian artery also courses
through the scalene triangle in direct relation to the brachial plexus nerve roots. The subclavian vein crosses over the first rib immediately in front of the anterior scalene muscle, before joining with the internal jugular vein to form the innominate vein.
Symptoms of TOS are often exacerbated by arm elevation, in which greater strain is placed on the neurovascular structures passing through the scalene triangle. (Adapted from Thompson RW, Petrinec D: Surgical treatment of thoracic outlet compression
syndromes. I: Diagnostic considerations and transaxillary first rib resection. Ann Vasc Surg 11:315–323, 1997.)

TABLE 94-1 -- Classification of Congenital Bands and Ligaments Within the Scalene Triangle
Type 1

Extending from anterior tip of an incomplete cervical rib to the middle of the first thoracic rib; inserts just posterior to the scalene tubercle on the upper rib surface.

Type 2

Arises from an elongated C7 transverse process in the absence of a cervical rib and attaches to the first rib just behind the scalene tubercle; associated with extension of the transverse process of C7
beyond the transverse process of T1 on anteroposterior spine radiographs.

Type 3

Both originates and inserts on the first rib; starts posteriorly near the neck of the rib and inserts anteriorly just behind the scalene tubercle.

Type 4

Originates from a transverse process along with the middle scalene muscle and runs on the anterior edge of the middle scalene muscle to insert on the first rib; the lower nerve roots of the brachial plexus
lie against this band.

Type 5

The scalene minimus muscle arises with the lower fibers of the anterior scalene muscle, runs parallel to this muscle but passes deep to the muscle to cross behind the subclavian artery and in front of or
between the nerve roots, and inserts on the first rib; any fibers passing anterior to or between the plexus but posterior to the artery.

Type 6

Scalene minimus muscle inserts onto Sibson’s fascia over the cupula of the pleura instead of onto the first rib; labeled separately to distinguish its point of insertion.

Type 7

Fibrous cord runs on the anterior surface of the anterior scalene muscle down to the first rib, attaching to the costochondral junction or sternum; lies immediately behind the subclavian vein where it may
be a cause of partial venous obstruction.

Type 8

Arises from the middle scalene muscle and runs under the subclavian artery and vein to attach to the costochondral junction.

Type 9

Web of muscle and fascia fills the inside posterior curve of the first rib, compressing the origin of the T1 nerve root.

Adapted from Roos DB: Congenital anomalies associated with thoracic outlet syndrome. Am J Surg 132:771–778, 1976.
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Figure 94-2 First rib anomalies. Operating room photographs depicting bony abnormalities associated with neurogenic thoracic outlet syndrome. A, Resected specimen including a congenital cervical rib removed along with its attachment to the first rib,
which consisted of a complete joint (arrow). B, Top view of the resected specimen of a first rib that contained a healed fracture site from previous trauma (arrow). C, Bottom view of the same rib shown in B, showing healed fracture site (arrow).

Figure 94-3 Scalene muscle histopathologic sections showing changes consistently observed in neurogenic thoracic outlet syndrome (TOS). Sections of the anterior scalene muscle were stained with myosin ATPase (pH 9.4) to visualize fiber types, with type I
fibers staining lightly and type II fibers staining dark (original magnification ×100). A, Normal muscle has an equal distribution of type I and type II fibers. B, The muscle from a patient with TOS exhibits predominance of type I fibers, atrophy of type II
fibers, and a significant increase in the connective tissue matrix between fibers (arrows). (Adapted from Sanders RJ: Thoracic Outlet Syndrome: A Common Sequela of Neck Injuries. Philadelphia, JB Lippincott, 1991.)

TABLE 94-2 -- Differential Diagnosis of Neurogenic Thoracic Outlet Syndrome (TOS)
CONDITION

DIFFERENTIATING FEATURES

Carpal tunnel syndrome

Hand pain and paresthesia in median nerve distribution; positive findings of nerve conduction studies.

Ulnar nerve compression

Hand pain and paresthesia in ulnar nerve distribution; positive findings of nerve conduction studies.

Rotator cuff tendinitis

Localized pain and tenderness over biceps tendon and shoulder pain on abduction; positive findings on MRI; relief from NSAIDs, local steroid injections, or arthroscopic surgery.

Cervical spine strain/sprain

Post-traumatic neck pain and stiffness localized posteriorly along cervical spine; paraspinal tenderness; relief with conservative measures over weeks to months.

Fibromyositis

Post-traumatic inflammation of trapezius and parascapular muscles; tenderness, spasm and palpable nodules over affected muscles; may coexist with TOS and persist after surgery.

Cervical disk disease

Neck pain and stiffness, arm weakness, and paresthesia involving thumb and index finger (C5-C6 disk); symptom improvement with arm elevation; positive findings on CT or MRI.

Cervical arthritis

Neck pain and stiffness; arm or hand paresthesia infrequent; degenerative rather than post-traumatic; positive findings of spine radiographs.

Brachial plexus injury

Caused by direct injury or stretch; arm pain and weakness, hand paresthesias; symptoms constant, not intermittent or positional; positive findings on neurophysiologic studies.

CT, computed tomography; MRI, magnetic resonance imaging; NSAIDs, nonsteroidal anti-inflammatory drugs.
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left with a diagnosis of exclusion. The surgeon recognizing neurogenic TOS should not be dissuaded by the impression that these problems are frequently associated with psychiatric overtones, dependency on pain medications, and ongoing litigation. Many
patients with TOS have suffered a progressively disabling condition at a relatively young age without the satisfaction of diagnostic certainty or a reliable sense of prognosis. The evaluating surgeon must therefore be willing to expend considerable time and
energy to provide such patients with a thorough evaluation, detailed information, lengthy discussion, and ongoing support. The surgeon should explain the suspected nature of the condition, discuss the diagnostic and therapeutic uncertainties that surround
neurogenic TOS, and present an honest but reassuring outline of treatment expectations. Surgeons making this effort are typically rewarded by grateful patients with renewed hope for long-awaited improvement.

TREATMENT
Conservative Treatment

17

Physical therapy serves as the initial treatment for almost all patients with neurogenic TOS.[ ] It is important that the patient be referred to a therapist with experience, expertise, and interest in TOS, because the management of this condition is different from
that of other disorders affecting the neck, shoulder, and upper extremity. Many physical therapists do not have great experience with neurogenic TOS, and incorrect approaches to therapy can result in worsening of symptoms and premature failure of

18]

conservative management.[

The therapist treating the patient outlines a specific plan for initial treatment over 4 to 6 weeks, after which progress is reassessed. The initial goals of physical therapy are to maintain and improve the range of motion of the neck and affected upper extremity

19 20 21

through a combination of passive and assisted exercises.[ ] [ ] [ ] In particular, exercises designed to relax and stretch the scalene muscle are used, combined with hydrotherapy, massage, and other techniques. These efforts may be accompanied by use
of nonsteroidal anti-inflammatory agents, muscle relaxants, and non-narcotic pain medications as needed. Once initial improvement has been achieved, subsequent efforts can be focused on strengthening the muscles of posture and increasing achievable levels
of activity.

After the initial course of therapy the physician reassesses the progress made and outlines plans for future treatment. Most patients with mild symptoms of neurogenic TOS, and those in whom therapy has been started early after the onset of symptoms, exhibit
significant improvement. Therapy is then continued with the expectation that continued benefits will preclude the need to consider surgical treatment. Although in our experience this outcome is obtained in only 20% to 30% of patients referred for

22]

management of neurogenic TOS, the proportion of patients responding to conservative treatment is much higher in a more general population.[

When progress with the initial course of conservative management has been unsatisfactory, the basis for the diagnosis of neurogenic TOS is reviewed and any further testing thought to be appropriate is carried out. If the patient has not responded sufficiently

23

to conservative management and the physician is confident of the diagnosis of neurogenic TOS, surgical treatment is considered.[ ] Even when this decision appears predictable at the time of the initial visit, helping to form an established relationship
between patient and physical therapist is a valuable first step in treatment, because physical therapy and rehabilitation remain an important part of patient care after the operation.
Surgical Treatment
Selection of Operative Approach

24]

The first operations for thoracic outlet compression were focused on treatment of subclavian artery aneurysms in patients with a cervical rib, as described by Coote[

in 1861. By the turn of the century, the “cervical rib syndrome” was widely recognized,

25
26
and in 1927, Adson and Coffey[ ] described the use of anterior scalenotomy in treatment of this condition, including symptomatic patients without a cervical rib anomaly. The term “thoracic outlet syndrome” was introduced by Peet and colleagues[ ] in
[27]
[28]
1956, and several new operative approaches to TOS were described in the 1960s, including posterior thoracotomy (Clagett

) and transaxillary first rib resection (Roos

).

Although transaxillary first rib resection became popular and widely used during the 1970s, disenchantment arose when results were found to be no better than those of scalenectomy and a national survey indicated a significant incidence of permanent nerve

14] [29]

injuries after this operation.[

Surgeons also began to understand that symptomatic recurrences after transaxillary first rib resection often involved reattachment of the unresected scalene muscles to the remaining end of the first rib or adjacent tissues,

30]

leading to diminished enthusiasm for first rib resection and a reemphasis on alternative operative approaches to include more complete resection of the scalene muscle.[

[31]

Combined use of supraclavicular and transaxillary approaches was reported in 1984

32
33
followed by further description of the supraclavicular approach by Sanders and Raymer[ ] and by Reilly and Stoney.[ ] During the past decade, the supraclavicular approach appears to have become the most commonly

by Qvarfordt and associates,
employed approach in current practice. Although a number of other operative techniques for thoracic outlet decompression have also been described, this section focuses on the transaxillary and supraclavicular approaches.

With regard to the selection of operative approach, it is now generally accepted that neurogenic TOS may arise from compression of the brachial plexus nerve roots at several different levels through different etiologic factors, not solely as a consequence of
bony deformation by the first rib. Numerous soft tissue anomalies within the thoracic outlet have been described and classified, each of which can give rise to symptomatic neural compression. Significant factors playing a role in this process include scalene
muscle injury with spasm, scarring, and fibrotic inflammatory reactions surrounding the brachial plexus nerve roots, which may
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also be associated with pathologic changes in the scalene musculature. Current approaches to surgical treatment must take each of these potential contributing factors into account in the selection of the optimal treatment for the individual patient.
The primary advantages of transaxillary first rib resection are a relatively limited field of operative dissection, a cosmetically placed skin incision, and sufficient exposure to reliably accomplish resection of the anterolateral first rib. This approach also makes
it possible to achieve at least partial resection of the anterior scalene muscle as well as identification and removal of most anomalous ligaments and fibrous bands that may be associated with TOS. The disadvantages of the transaxillary approach include
incomplete exposure of the structures composing the scalene triangle, difficulty achieving complete anterior and middle scalenectomy or brachial plexus neurolysis, and the necessity for first rib resection in all cases. This approach is also limited when
vascular reconstruction is needed, requiring the addition of a separate incision or repositioning of the patient.
The supraclavicular approach carries the advantages of wider exposure of all anatomic structures associated with thoracic outlet compression. It allows complete resection of the anterior and middle scalene muscles as well as brachial plexus neurolysis with
direct visualization of all five nerve roots. In many cases, symptomatic relief of neurogenic TOS can be achieved by extended scalenectomy without first rib resection, an option permitted by the supraclavicular approach. This approach also allows for
resection of cervical ribs, anomalous first ribs, or the normal first rib. A further advantage is that all forms of vascular reconstruction can also be accomplished through supraclavicular exposure; although removal of the anteromedial portion of the first rib and
distal control of the vessels may require addition of a second infraclavicular incision, this incision is performed without the need for repositioning the patient.

The balance of advantages and disadvantages between these two operative approaches has now led many groups to prefer the supraclavicular approach to TOS. Some surgeons adopt a highly selective approach in which resection of the first rib is reserved

34]

solely for patients with vascular complications.[
Transaxillary Approach

After induction of general anesthesia, the patient is positioned supine with the back of the table raised about 30 degrees. A small towel pack is placed behind the shoulder to elevate the affected side. The arm is prepared circumferentially and wrapped in
stockinette, with the sterile field comprising the neck, upper chest, and posterior shoulder to the scapula. The arm is not placed on a table or crossbar; rather, it is held and positioned by a reliable, flexible, and sturdy assistant ( Fig. 94–4 ).
A transverse skin incision is made at the lower border of the axillary hairline, extending from the anterior border of the latissimus dorsi muscle to the lateral edge of the pectoralis major muscle (see Fig. 94–4 ). This incision is carried through the subcutaneous
tissues directly to the chest wall, with blunt dissection used to establish a plane extending to the apex of the axilla. The long thoracic, thoracodorsal, and second intercostobrachial nerves are identified near the chest wall to avoid direct injury. Excessive
elevation of the arm (unique to transaxillary exposure) is a potential mechanism of injury to the second intercostobrachial cutaneous nerve, resulting in postoperative pain and numbness along the medial aspect of the upper arm. The first rib is typically
palpable at the upper reaches of the areolar tissue plane along the chest wall. With use of a Deaver retractor to gently lift the subcutaneous tissues and axillary contents away from the chest wall, the first rib is more clearly exposed in the upper aspect of the
wound. It is necessary to carefully lift the arm to facilitate this exposure, both at this stage and throughout the remainder of the procedure, and the operating surgeon should use a fiberoptic headlight to properly illuminate the operative field.
Exposure obtained during the transaxillary approach is generally limited to the operating surgeon. It is therefore important that the surgeon be constantly aware of how the assistants are positioned and how the retractors are positioned with respect to the nerve
roots and blood vessels. In order to avoid serious injury, the blades of the retractors must not apply excess traction to the neurovascular structures visible above the first rib. In addition to the nerve roots of the brachial plexus, proper attention must be given to
avoid traction on the long thoracic nerve, which exits the plane between the middle and posterior scalene muscles

Figure 94-4 Patient positioning for transaxillary first rib resection. While the arm is carefully elevated by a reliable assistant, the initial skin incision is made at the lower edge of the axillary hair line. (Adapted from Thompson RW, Petrinec D: Surgical
treatment of thoracic outlet compression syndromes. I: Diagnostic considerations and transaxillary first rib resection. Ann Vasc Surg 11:315–323, 1997.)

Figure 94-5 Transaxillary resection of the first rib. A, Transaxillary division of the anterior scalene muscle. The tendinous insertion of the anterior scalene muscle onto the first rib is elevated with a right-angle clamp and divided with a scissors. B, Detachment
of the middle scalene muscle. After the intercostal attachments to the first rib are divided, a periosteal elevator is used to detach the middle and posterior scalene muscles. Injury to the proximal portion of the long thoracic nerve is prevented by keeping the
dissection directly on the rib. C, Removal of the first rib. The anterior and posterior aspects of the first rib are divided, with the surgical specimen including the resected portion of the anterior scalene muscle and the site of attachment of the middle scalene
muscle. (Adapted from Thompson RW, Petrinec D: Surgical treatment of thoracic outlet compression syndromes. I: Diagnostic considerations and transaxillary first rib resection. Ann Vasc Surg 11:315–323, 1997.)

Figure 94-6 Patient positioning for supraclavicular decompression of the thoracic outlet. A, A transverse skin incision is made two fingerbreadths above the clavicle to obtain full exposure of the structures associated with the scalene triangle. B, The scalene
fat pad is mobilized laterally to expose the underlying anterior scalene muscle, with identification and protection of the phrenic nerve. The omohyoid muscle is divided. The subclavian artery and the upper roots of the brachial plexus are identified behind the
lateral edge of the anterior scalene muscle. (Adapted from Thompson RW: Treatment of thoracic outlet syndromes and cervical sympathectomy. In Lumley JSP, Siewert JR, Hoballah JJ [eds]: Springer Surgery Atlas Series: Vascular Surgery. London,
Springer-Verlag, 2004.)

Figure 94-7 Supraclavicular anterior scalenectomy. A, The anterior scalene muscle is circumferentially mobilized from the underlying subclavian artery and the roots of the brachial plexus. B, The insertion of the anterior scalene muscle upon the first rib is
sharply divided with scissors, with the surgeon’s finger protecting the subclavian artery and the roots of the brachial plexus. C, The anterior scalene muscle is reflected superiorly and dissected free of underlying structures to the level of its origin. Any muscle
fibers passing between the upper nerve roots of the brachial plexus are also removed, including the scalene minimus muscle if it is present. (Adapted from Thompson RW: Treatment of thoracic outlet syndromes and cervical sympathectomy. In Lumley JSP,
Siewert JR, Hoballah JJ [eds]: Springer Surgery Atlas Series: Vascular Surgery. London, Springer-Verlag, 2004.)

TABLE 94-3 -- Collected Results for Anterior Scalenotomy
OUTCOMES REPORTED (%)
STUDY

40]

Annersten[

41]

Holden et al[

42]

Raaf[

*

YEAR

NO. OPERATIONS

Good

Fair

Failed

1947

19

89

0

11

1951

28

79

14

7

1955

17

47

0

53

1963

28

50

0

50

1966

106

52

18

30

45]

1971

23

26

39

35

46]

1986

10

40

0

60

1987

10

80

0

20

241

58

9

33

43]

Shenkin & Somach[

44]

deBruin[

Urschel et al[

Narakas et al[

47]

Takagi et al[
Totals

Adapted from Sanders RJ: Thoracic Outlet Syndrome: A Common Sequela of Neck Injuries. Philadelphia, JB Lippincott, 1991.

* Superscript numbers indicate chapter references.

these assessments is the fact that some reports do not distinguish between operations performed for neurogenic TOS and those performed for arterial or venous TOS, making it impossible to separate the results for treatment of neurogenic TOS alone.
It is recognized that the overall success of operations for neurogenic TOS can be considered only in the context of long-term outcomes. Most of these operations are performed in relatively young and active individuals, with the aim of improving function for
many years. Because the level of improvement obtained in the first few months after surgery may diminish with time, the durability of successful outcomes becomes another important measure of results. Unfortunately, many reports in the literature do not
include follow-up or assessment of results beyond several months to a few years, making it difficult to assess possible differences between different operations over longer periods.
Finally, it is uncertain whether the results reported by surgeons regularly performing operations for neurogenic TOS can be extended to those who perform thoracic outlet decompression only occasionally, since these procedures are technically demanding
operations not often performed by the majority of vascular surgeons. Thus, varying experience with different operations for TOS may also be a confounding factor in interpreting the results reported in various series.
Operative Results

25]

Anterior scalenotomy was initially described by Adson and Coffey[

and was widely applied until the 1960s. Table 94–3 summarizes eight reports published between 1947 and 1987 that describe results in a total of 241 patients undergoing anterior

25]

scalenotomy. The overall outcomes for this operation were good in 26% to 89% (mean 58%), fair in 0 to 39% (mean 9%), and failed in 7% to 60% (mean 33%). Anterior scalenectomy was also popularized by Adson and Coffey[
potential injury to the brachial plexus in patients with cervical ribs. Table 94–4 summarizes six reports of this procedure published up to 1989 (a total of

as a means to avoid

TABLE 94-4 -- Collected Results for Anterior Scalenectomy
OUTCOMES REPORTED (%)
STUDY

*

YEAR

NO. OPERATIONS

Good

Fair

Failed

1947

53

84

6

13

49]

1956

154

84

9

7

50]

1978

90

75

11

14

1988

12

58

17

25

1989

14

59

21

0

1989

15

93

0

7

48]

Adson[

Stowell[
Woods[

51]

Gu et al[

52]

Loh et al[

53]

Cikrit et al[

Totals

338

76

11

11

Adapted from Sanders RJ: Thoracic Outlet Syndrome: A Common Sequela of Neck Injuries. Philadelphia, JB Lippincott, 1991.

* Superscript numbers indicate chapter references.

338 patients), with good results in 26% to 89% (mean 56%), fair results in 0 to 39% (mean 13%), and poor results in 7% to 60% (mean 31%). At present neither of these operations is performed frequently for neurogenic TOS, in part because the long-term
results do not appear as good as those achieved with approaches involving resection of the first rib.

28

Transaxillary first rib resection has been one of the most frequently performed operations for neurogenic TOS since its introduction by Roos[ ] in 1966. By 1989, more than 3000 of these operations had been reported in 21 separate publications. The largest
of these series involved 1315 patients, with a successful outcome in 92% and a failure rate of 8%. As summarized in Table 94–5 , the overall rate of good outcomes for transaxillary first rib resection has ranged from 37% to 100% (mean 80%), with fair
outcomes in 0 to 14% (mean 6%) and failure of operation in 0 to 41% (mean 15%).

Supraclavicular first rib resection with anterior and middle scalenectomy has become one of the more commonly performed operations for neurogenic TOS over the past two decades. Table 94–6 summarizes results of operation from seven different

3
publications involving a total of 1222 patients, the largest being the series reported by Hempel and colleagues[ ] (770 operations). Overall, the results for supraclavicular decompression were good in 59% to 91% of cases (mean 77%), fair in 5% to 33% (mean
15%), and poor in 3% to 18% (mean 8%).
1 14 36 37

The most comprehensive analysis of results for neurogenic TOS has been presented by Sanders and colleagues,[ ] [ ] [ ] [ ] who used the life-table method to compare outcomes for different operative procedures. In a comparison of patients
undergoing transaxillary first rib resection (n = 112), anterior and middle scalenectomy (n = 286), or supraclavicular scalenectomy with first rib resection (n = 249), there was no difference in the initial success rate among the three procedures (91%, 93% and
93%, respectively). The percentage of patients with successful outcomes also declined over time with all three procedures. Although the long-term success of supraclavicular scalenectomy and first rib resection appeared somewhat better at 10 to 15 years
(71%) than the results of either anterior scalenectomy (66%) or transaxillary first rib resection (64%), there was no
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TABLE 94-5 -- Collected Results for Transaxillary First Rib Resection
OUTCOMES REPORTED (%)
STUDY

*

YEAR

NO. OPERATIONS

Good

Fair

Failed

54]

1968

69

90

0

10

55]

1973

26

92

4

4

1973

135

100

0

0

1975

49

94

0

6

Kremer & Ahlquist[

1975

48

86

0

14

59]

1979

113

80

13

7

1980

258

75

16

9

1982

1315

92

0

8

Sanders et al[
Roeder et al[

56]

Hoofer & Burnett[

57]

Dale[

58]

McGough et al[

60]

Youmans & Smiley[

61]

Roos[

1983

94

80

0

20

1983

72

81

12

7

1984

44

75

0

25

1984

97

79

0

21

1986

43

77

0

23

1987

48

79

0

21

1988

115

89

0

11

1988

460

79

14

7

1988

87

85

4

11

68]

1988

54

89

9

2

53]

1989

30

63

0

37

1989

175

59

0

41

1989

112

52

25

23

1996

380

53

25

22

3824

80

6

15

62]

Batt et al[

63]

Sallstrom & Gjores[

64]

Heughan[

31]

Quarfordt et al[

46]

Narakas et al[

47]

Tagaki et al[

65]

Davies & Messerschmidt[

66]

Selke & Kelly[

67]

Stanton et al[
Wood et al[
Cikrit et al[

69]

Lindgren et al[

70]

Lepantalo et al[

71]

Jamieson & Chimick[
Totals

Adapted from Sanders RJ: Thoracic Outlet Syndrome: A Common Sequela of Neck Injuries. Philadelphia, JB Lippincott, 1991.

* Superscript numbers indicate chapter references.

statistically significant difference between these operations. It must therefore be concluded that at present, there is no demonstrable difference in either short-term or long-term outcomes among these three operative approaches as applied to neurogenic TOS.
Persistent and Recurrent Thoracic Outlet Syndrome
Patients with neurogenic symptoms after thoracic outlet decompression are characterized as having either persistent or recurrent symptoms. Persistent symptoms are those that were not relieved even for a short time by the initial operation. In most cases,
persistent symptoms are due to another condition, and the diagnosis should be completely reevaluated. If the symptoms cannot be attributed to another condition and they resist conservative management for at least several months, the possibility of persistent
TOS is then considered. If the initial operation was a transaxillary first rib resection, symptoms may persist if there was inadequate relief of compression of the upper nerve roots,
TABLE 94-6 -- Collected Results for Supraclavicular Scalenectomy with First Rib Resection
OUTCOMES REPORTED (%)
STUDY

48]

Adson[

*

YEAR

NO. OPERATIONS

Good

Fair

Failed

1947

53

84

6

13

1973

78

91

5

4

1979

15

87

0

13

1983

128

83

13

4

1988

39

59

33

8

Loh et al[

1989

22

68

23

9

3
Hempel et al[ ]

1996

770

86

13

1

2001

170

65

17

18

1222

77

15

8

72]

Graham & Lincoln[

73]

Thompson & Henandez[

74]

Thomas et al[

33]

Reilly & Stoney[

52]

75]

Axelrod et al[
Totals

Adapted from Sanders RJ: Thoracic Outlet Syndrome: A Common Sequela of Neck Injuries. Philadelphia, JB Lippincott, 1991.

* Superscript numbers indicate chapter references.

because scalenectomy was not performed. In these cases, a supraclavicular scalenectomy should be considered. Although it is unusual to observe persistent TOS after supraclavicular scalenectomy, this possibility may be considered if the procedure did not
include first rib resection. In such cases, it may be reasonable to consider reoperation to remove the first rib by either the transaxillary or the supraclavicular route.
Recurrent symptoms of neurogenic TOS are considered to be present when the patient had good initial results from operation but later experiences symptoms of neurogenic TOS. The majority of such recurrences are observed within the first 2 years of the
primary operation. The symptoms are often the same as those present before the initial operation, and the diagnosis is made in the same manner as described earlier. If reoperation is considered, the choice of procedure again depends on the type of operation
performed initially. If a transaxillary first rib resection was performed, reoperation should occur through supraclavicular exposure to include scalenectomy, brachial plexus neurolysis, and resection of any remaining portion of the first rib. Experience with such
operations shows that the stump of the residual anterior scalene muscle has often become attached to the extrapleural fascia or the brachial plexus nerve roots; it is also common to find a segment of the posterior rib still present, because this portion cannot be
resected easily through the transaxillary approach. If the initial operation was a supraclavicular scalenectomy, a second operation should include first rib resection. The cause of recurrent TOS after supraclavicular scalenectomy and first rib resection is usually
formation of perineural adhesions, so reoperation through the supraclavicular route may still be of value because it permits a complete brachial plexus neurolysis to be achieved. Because reoperations are associated with a higher risk of nerve and vascular
injury than primary procedures, the decision to reoperate should not be taken lightly, and the procedure should be performed by an individual with considerable experience in these operations.
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Chapter 95 - Arterial Complications of Thoracic Outlet Compression

1 2 3

Patients with symptoms of arterial complications are a small fraction (< 5%) of the patients presenting with thoracic outlet compression.[ ] [ ] [ ] This chapter reviews the history, pathophysiology, diagnosis, and management of arterial compression with
emphasis on several features that are unique from neurologic and venous compression, which are addressed in Chapters 94 and 96 . Usual features distinct to arterial compression syndrome are presence of a bony abnormality, frequent indication for operative

4
treatment, need to address a primary arterial injury and secondary emboli, and complete resolution of presenting symptoms.[ ]
HISTORY

5
The history of arterial thoracic outlet syndrome dates back to the 2nd century, when Galenus and Vesalius described compression due to cervical rib.[ ] In 1815, Hodgson recognized the association of bony anomalies and arterial symptoms when he reported

1
6
in the modern literature a man with a cervical rib, absent pulses, and finger ischemia.[ ] In 1831, Mayo diagnosed a first rib abnormality and a diseased subclavian artery. In 1861, Coote[ ] performed the first decompressive operation, in which a cervical rib
7 8
was removed from a young woman with improvement in the wrist pulse. In 1905, Murphy[ ] [ ] reported a case of subclavian aneurysm associated with a cervical rib, which is the typical presenting pair of bony anomaly and arterial damage. In 1945, Wright
[9] recognized axillary artery occlusion in the “hyperabduction syndrome.” In 1956, Schein replaced a thrombosed subclavian artery associated with a cervical rib with an arterial homograft. In 1958, Lord and Rosati[10] identified arterial compression by the
humeral head. More recent decades have witnessed greater understanding of normal and pathologic arterial anatomy, improvement in diagnostic imaging, and introduction of therapeutic endovascular options. Vascular reconstructive techniques have continued
to improve (see Chapter 92 ), and direct arterial repair is a durable procedure.

PATHOPHYSIOLOGY
Arterial compression symptoms are commonly due to emboli from a proximal arterial injury that is associated with a combination of bony anomaly and overuse.
Bony Anomaly
A key feature of arterial compression in the thoracic outlet is the frequent presence of a bony abnormality, usually a complete cervical rib. Among arterial thoracic outlet patients, 88%
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Figure 95-1 The complete cervical rib is the most common cause of thoracic outlet arterial compression, as seen in this computed tomography (CT) reconstruction.

Figure 95-2 Shaded-surface rendering by spiral CT shows a large clavicular callus after previous fracture. With the arm in abduction, the subclavian artery is compressed.

Figure 95-3 Arteriogram of right subclavian artery shows large subclavian aneurysm.

Figure 95-5 Operative specimen of excised subclavian aneurysm that was the source of distal emboli.

Figure 95-6 Shaded-surface rendering of a normal volunteer shows arterial compression with arm abducted.

Figure 95-7 Transverse CT scan shows anterior deviation of the seventh cervical transverse process that is associated with thoracic outlet abnormalities.
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Chapter 96 - Subclavian-Axillary Vein Thrombosis

RICHARD M. GREEN MD

HISTORICAL PERSPECTIVE

87]

Primary thrombosis of the subclavian-axillary vein was described by Paget[

109]

in 1875. He called the syndrome of acute swelling and pain of the upper extremity gouty phlebitis and attributed it to vasospasm. In 1884, Von Schroetter[

postulated that

56
thrombosis of the subclavian and axillary veins caused these symptoms. The term Paget-Schroetter syndrome first appeared in 1949 in Hughes’[ ] comprehensive review of the world’s literature. At that time, subclavian-axillary vein thrombosis was

relatively rare; Hughes found only 320 cases of the disease.
By the 1960s, it had been established that primary subclavian-axillary vein thromboses were seen after exertion of the affected upper extremity, and the term effort thrombosis came into use. The condition has been reported in athletes, painters, beauticians,

65]

and many others who are highly functional.[

7
In the early 1970s, a steady shift in the predominant cause began as more cases of subclavian-axillary vein thrombosis were encountered in patients with indwelling central venous catheters. Aubaniac[ ] had
35]

described the first use of a subclavian vein catheter in 1952. These central venous lines were used for fluid resuscitation and were placed via a cutdown. In 1968, Dudrick and coworkers[

described the first percutaneous placement of a subclavian vein

26] [106]

catheter for total parenteral nutrition. Reports of catheter-associated subclavian-axillary vein thrombosis started appearing in the literature soon after the initial descriptions of placement of these catheters.[

An autopsy study by McDonough and

76
Altemeier [ ] in 1971 confirmed the association.
20

The use of central venous catheters increased rapidly after 1973 with the introduction of a silicone-rubber (Silastic) catheter, which was more flexible and easier to handle than previous catheters.[ ] Currently the subclavian vein is cannulated for a variety of
reasons, including nutrition, cardiac monitoring, hemodialysis, chemotherapy, resuscitation, and pacemakers. As the indications for central venous access have increased, so has the incidence of catheter-related subclavian-axillary vein thrombosis.

The following conditions are associated with an increased risk of subclavian-axillary vein thrombosis: extrinsic compression syndromes (thoracic outlet syndrome, mediastinal malignancy, mediastinitis); venous scarring from central venous catheterizations or
indwelling catheters; trauma, particularly of the clavicle and first rib; and hypercoagulable states. Some classifications consider thrombosis in association with thoracic outlet syndrome as primary and the other etiologies as secondary. There are acute and

48 52 83

41]

chronic consequences of subclavian-axillary vein thrombosis. Pulmonary embolism rates range from 7% to 20%.[ ] [ ] [ ] Postphlebitic symptoms can lead to functional disability in 25% to 40% of affected patients.[
determined by the extent of the thrombosis, the degree of recanalization and collateralization, and the functional needs of the patient.

Any long-term sequelae are

INCIDENCE

5 10 26 51 53 70 88

Upper extremity deep venous thrombosis (DVT) occurs in 1% to 4% of all DVTs.[ ] [ ] [ ] [ ] [ ] [ ] [ ] The introduction of percutaneous techniques and flexible, easily handled catheters brought about a large increase in the number of central
venous cannulations and a subsequent increase in the number of catheter-related thromboses. Primary subclavian-axillary vein thrombosis is reported to constitute about 25% of all upper extremity DVTs, catheter-associated subclavian-axillary vein thrombosis
constitutes 40%, and other forms of secondary subclavian-axillary vein thrombosis make up the remainder of upper extremity DVTs. Because primary and secondary subclavian-axillary vein thromboses have different etiologic patterns and treatment
considerations, they are considered separately here.

PRIMARY SUBCLAVIAN-AXILLARY VEIN THROMBOSIS
Etiology
The underlying cause of primary subclavian-axillary vein thrombosis is compression of the subclavian vein at the costoclavicular space, the most medial aspect of the thoracic outlet ( Fig. 96–1 ). This dynamic compression leads to fibrosis, stasis of blood

6

4

flow, and subsequent thrombosis. Repetitive arm and shoulder activity predisposes to thrombosis in numerous ways. Lifting heavy objects leads to depression of the shoulder.[ ] Adams and colleagues[ ] showed compression of the subclavian vein in the
costoclavicular space with hyperabduction of the arm, hyperextension of the neck, or downward and backward movement of the shoulder in normal patients without thrombosis of the subclavian vein. Microscopic intimal damage may occur, stimulating the

1 8 63 102]
coagulation process. Although patients usually present with acute swelling of the arm preceded by strenuous upper body exertion, the pathophysiologic process is a chronic one.[ ] [ ] [ ] [

Figure 96-1 Anatomy of the thoracic outlet.
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Figure 96-2 Venogram of an acute primary subclavian-axillary vein thrombosis.

Figure 96-3 A, Post-thrombolysis venogram with the arm to the side. B, Post-thrombolysis venogram with the arm in full abduction.

Figure 96-4 A, Venogram of acute primary subclavian-axillary vein thrombosis before therapy. Arrow shows site of occlusion. B, Venogram after successful thrombolysis and first rib resection. (From Molina JE: Need for emergency treatment in subclavian
vein effort thrombosis. J Am Coll Surg 181:414–420, 1995.)

Figure 96-5 Venogram after thrombolysis but with a residual intrinsic stenosis.

Figure 96-6 Venogram after percutaneous transluminal angioplasty and stenting of the subclavian vein with a Wallstent.

Figure 96-7 Fractured Wallstent (arrow) in the subclavian vein.

Figure 96-8 Algorithm for the treatment of primary subclavian-axillary vein thrombosis. C-D, catheter-directed.

TABLE 96-1 -- Results of Short Upper Extremity Venous Bypass for Subclavian-Axillary Vein Occlusion
AUTHOR

69]

Inahara[

NO. PATIENTS
1

BYPASS
GSV axillojugular bypass

PATENCY (%)

FOLLOW-UP

100

11 mo

Hashmonai et al[

1

Cephalic vein crossover

100

5.5 mo

57]

1

IJ

100

1 yr

34]

6

PTFE axillojugular bypass

50

1–3 yr

2

IJ

100

5 yr

4

GSV axillojugular bypass

50

4 yr

109]

5

IJ

100

2–4 yr

109]

1

PTFE axillojugular bypass

100

9 mo

11

IJ/GSV

100

11 yr

59]

Hansen et al[
Currier et al[

88]

Malcynski et al[

94]

Molina[

Sanders and Cooper[
Sanders and Cooper[

52]

Green et al[

GSV, greater saphenous vein; IJ, internal jugular vein; PTFE, polytetrafluoroethylene.

43 82

32

approach is useful when venous reconstruction of the innominate vein is required but does not provide sufficient access to the jugular vein for a transposition.[ ] [ ] DeWeese and coworkers[ ] recognized that exposure of the subclavian vein for
operative thrombectomy was facilitated when medial claviculectomy was performed. Medial claviculectomy is an effective treatment for many entities affecting the sternoclavicular joint, such as osteomyelitis, tumors, arthritis, fractures, and subluxations/
dislocations. In these settings, patients undergoing excision of the medial clavicle can expect full range of motion, acceptable cosmesis, and relief of symptoms. Regeneration of the excised portion occurs frequently, especially in younger patients, probably
because the medial clavicular epiphysis is the last of the long bones to ossify and the last to fuse. Excision of the medial clavicle offers a particular advantage over first rib resection in the effort thrombosis syndrome when a significant intrinsic abnormality
persists after thrombolysis because it allows for easy access to the involved venous structures. For properly selected patients (patients with significant arm swelling, patients with significant aching after modest arm use, highly active patients) with significant
subclavian venous obstruction after thrombolysis, the claviculectomy and venous reconstruction approach seems to provide excellent long-term patency with relatively few side effects.

SECONDARY SUBCLAVIAN-AXILLARY VEIN THROMBOSIS
Secondary subclavian-axillary vein thrombosis can be caused by a variety of factors. Where possible, the treatment is directed at the underlying cause and the occlusion itself. Many patients have one or more risk factors for DVT. The common denominator in

95

most patients with secondary subclavian-axillary vein thrombosis is a central venous catheter. There are currently more than 5 million central venous catheters inserted per year in the United States.[ ] It is a relatively rare patient who has severe congestive
heart failure, sepsis, an underlying malignancy, or other systemic risk factors for thrombosis without a concurrent central venous line. Because of the widespread and increasing use of these catheters and the related increase in upper extremity DVT, this
section focuses primarily on catheter-related thrombosis.

Incidence

The overall incidence of catheter-associated thrombosis has been difficult to determine. The literature has not shown consistency in the degree of aggressiveness or in the methods of detecting the presence of subclavian-axillary vein thrombosis. Estimates of

76] [77]

the overall incidence range from 2% to 26% of all central lines placed.[

Overall, approximately one third of patients with central lines eventually have DVT, but only 10% to 15% of these are symptomatic. The risk of thrombosis after internal jugular

[105]

vein insertion is four times greater than after subclavian vein insertion.
Etiology

Virchow’s triad (stasis, hypercoagulability, and intimal trauma) plays a major role in secondary subclavian-axillary vein thrombosis. From the time a central venous catheter is placed, there is ongoing injury to the vein. The method of insertion, composition,

52 61 99 103

] Strategies to reduce the incidence of thrombotic
size, and duration of use of the catheter all are important in the development of a thrombus. Difficulty in gaining percutaneous access to a central vein increases the risk of thrombosis.[ ] [ ] [ ] [
complications are listed in Table 96–2 . These strategies include recognizing risk factors for difficult catheterizations, getting help from an experienced operator, using ultrasound guidance for internal jugular cannulation, and avoiding routine catheter changes.
[77]
When central venous catheters were first developed, they were composed of relatively inflexible polyvinyl chloride and polyethylene. Newer catheters composed of Silastic and polyurethane are softer and more flexible and cause less injury to the venous
intima. A reduced rate of thrombosis has been found with less rigid catheters. Larger diameter catheters (e.g., sheath introducers and catheters used for hemodialysis) also are relatively inflexible and result in a higher incidence of subclavian vein thrombosis.

17] [54] [69] [86] [110]

Besides intimal injury, larger catheters also may cause stasis within the vein owing to their size in relation to the diameter of the blood vessel.[

10] [42] [45] [50] [69] [105] [110]

Thrombosis rates are high with short-term and long-term catheterizations.[
Parenteral

Catheter-related thrombosis is most common in hemodialysis and oncology patients and patients requiring long-term parenteral nutrition.
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TABLE 96-2 -- Catheter-Associated Thrombosis: Strategies to Reduce Thrombotic Complications
STRATEGY

RATIONALE

Recognition of risk factors for difficult cannulation

History of failed attempts, skeletal anomalies, prior surgical sites[

Seek assistance

Insertion by a physician with >50 cannulations is 50% less likely to result in complication than insertion by physician with <50 cannulations[

Use ultrasound for IJ cannulations

Reduces time and incidence of unsuccessful cannulation and carotid artery puncture and hematoma116

Do not schedule routine catheter changes

Increases risk of complications[

107]
107]

31]

IJ, internal jugular vein.
Data from Ryan JA, et al: N Engl J Med 290:757–761, 1974; and Steed DL, et al: J Vasc Surg 4:28–32, 1986.

37]
71
Drug incompatibility also may contribute to venous trauma.[ ] Other risk factors related to the catheter
[42]
[79]

nutrition and many cancer chemotherapeutic agents are directly toxic to vascular endothelium because of hyperosmolarity and extremes of pH.[

42]

include left-sided cannulation,[

18]
the presence of bilateral catheters,

placement of the tip of the catheter in veins other than the superior vena cava,[

and the caliber of the catheter.

Besides local trauma from the catheter, many patients have systemic factors that contribute to thrombosis. The presence of malignancy is probably the best-studied risk factor for thrombosis. The hypercoagulable state associated with malignancy has been well

53] [69]

documented.[

71] [83] [104]
Other disease processes, such as inflammatory bowel disease, sepsis, and obesity, also may be

Patients with solid tumors seem to be at higher risk for thrombosis than patients with hematologic malignancies.[

111]

associated with hypercoagulability.[

Stasis also plays a role in the development of secondary subclavian-axillary vein thrombosis. Many critically ill patients require central venous access for nutritional support and hemodynamic monitoring. Congestive heart failure, hypotension, dehydration,

50] [69]

and prolonged bed rest all can lead to stasis in the venous system.[

One final issue in the etiology of catheter-associated thrombosis is the presence of a fibrin sheath, which invariably forms around an indwelling catheter. Venographic and autopsy studies have documented the presence of a fibrin sheath in almost all patients
whose catheters have been in place for at least 1 week. The fibrin sheath is a result of the catheter surface’s being exposed to circulating platelets. To date, there is no evidence to suggest that the fibrin sheath contributes to the formation of an occlusive

9 18 25 55 72 105]
thrombus.[ ] [ ] [ ] [ ] [ ] [
Clinical Presentation
The clinical presentation of catheter-associated thrombosis may be subtle. The onset of thrombosis is usually slower than in primary subclavian-axillary vein thrombosis, and the affected segment is shorter; this may allow time for adequate collateral vessels to
form. Also, many patients with long-term indwelling catheters are critically ill or have other debilitating illnesses that limit the use of their upper extremity. These patients may be asymptomatic mainly because they are unable to use their arms enough to

29 50 72 76

produce symptoms. These reasons may account for the low incidence of clinically evident thrombosis.[ ] [ ] [ ] [ ] Symptomatic patients present similarly to patients with primary subclavian-axillary vein thrombosis. Most patients have edema of the
affected extremity, with some experiencing pain over the vein and in the arm, and distended veins around the shoulder girdle. In a large epidemiologic study, the incidence of pain, distended veins, erythema, and acrocyanosis was lower in catheter-associated

77]

thrombosis than in primary subclavian-axillary vein thrombosis.[

33]
found that of 10 limbs that initially presented with symptomatic thrombosis, none were symptomatic in long-term follow-up. Most patients who are
[42]

The natural history of catheter-associated thrombosis is usually indolent. Donayre and colleagues[

symptomatic initially become asymptomatic without further treatment other than removal of the catheter.

The isolated nature of these thromboses and the extensive venous collaterals of the shoulder girdle limit the long-term sequelae of catheter-

84

associated thrombosis. As mentioned, pulmonary embolus is common, even in secondary subclavian-axillary vein thrombosis. In a prospective study, Monreal and colleagues[ ] examined 79 patients, all of whom had indwelling central venous catheters,
with ventilation-perfusion scans. Of these patients, 16% had evidence of pulmonary embolism; of these patients, however, only 31% were symptomatic. Although many patients with subclavian-axillary vein thromboses are clinically asymptomatic, there is

21] [60]

still a risk of pulmonary embolism. Venous gangrene is a rare complication of catheter-related thrombosis and is usually a preterminal event.[
Treatment

Because there are no controlled studies on treatment, therapy guidelines are based on observational reports. The treatment of catheter-associated thrombosis depends primarily on the patient’s symptoms and the need for further central venous access. The

19] [29] [42]

catheter does not need to be removed unless access is no longer required. In symptomatic patients who no longer need lines, catheter removal is usually adequate treatment for the thrombosis itself.[

Patients may remain asymptomatic even

69
without oral anticoagulation, but short-term therapy is indicated to prevent clot extension, recurrence, or pulmonary embolus.[ ] If the patient still requires central venous access and if the catheter is functioning, anticoagulation agents are given until the
[19] [42]
catheter is no longer needed. The thrombus may resolve without removal of the catheter.
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19] [29] [42] [65]
If the need for central venous access persists, anticoagulation should be continued until the catheter can be removed.

Symptomatic patients should be anticoagulated. Symptoms usually resolve after a couple of days of heparin therapy.[

[42] When thrombosis occurs with a poorly positioned catheter, the catheter should be removed. If thrombolysis is used in the setting of a more proximal occlusion, the catheter should be left in place to decrease the likelihood of bleeding from the puncture
site. When angioplasty is performed and relief of the stenosis is achieved, the catheter can be removed.

19]

Because the course of catheter-associated thrombosis is usually benign, thrombolytic therapy has only a limited role. The direct instillation of thrombolytic agents into a catheter has been successful, at least temporarily, in reopening thrombosed catheters.[
This procedure can be done expeditiously on an outpatient basis. Thrombolytic therapy also has been employed to salvage catheters in completely occluded veins.

14

94

Beygui and colleagues[ ] successfully treated six of six veins with catheter-related thrombosis with thrombolysis. Seigel and coworkers[ ] treated 38 secondary subclavian-axillary vein thrombosis patients with catheter-directed thrombolysis and were
able to salvage catheter access in 87%. Because these patients required 1 to 5 days of thrombolytic therapy to lyse the clot and because this study was uncontrolled, it is unknown how many patients could have had access restored with transcatheter infusion of
lytic agents and anticoagulation with less morbidity and cost. Until more data are forthcoming, it seems reasonable to institute thrombolytic therapy only for significantly symptomatic patients when conventional therapy fails or when the patient has an
extended need for catheter access and is in danger of running out of available venous sites.
Endovascular therapies are more successful in treating secondary axillary-subclavian vein thrombosis than they are in treating the primary form. Symptomatic patients should be treated with thrombolytic and mechanical clot removal. Residual disease in

93] [95] [97]
The patency rates after stenting of subclavian and axillary venous stenoses in hemodialysis patients

symptomatic patients can be treated with self-expanding stents. Stents are particularly effective in the treatment of superior vena cava lesions.[

94]
reported a 64% early success rate for angioplasty in patients with residual stenoses after thrombolysis. Stents should be used only in situations in which
[107]

are not as favorable, and repeated angioplasty or surgical bypass is indicated. Seigel and colleagues[

satisfactory flow cannot be achieved with the use of oversized angioplasty balloons and high-pressure prolonged inflation.
this location. Careful follow-up is necessary because repeated dilatations are often required.

Nitinol self-expanding stents oversized by 2 mm with 1 to 2 cm axial coverage on each side of the stenosis are a good choice in

47] [49] [92]

Surgical bypass with polytetrafluoroethylene and greater saphenous vein have shown mixed results, but generally the longer the bypass, particularly with the use of a prosthetic conduit, the worse the outcome.[

most authors recommend placing an arteriovenous fistula distal to the bypass for 6 weeks to 3 months. With longer or prosthetic bypasses, closure of a well-tolerated arteriovenous fistula is not advised.

36

In constructing these bypasses,

[28] [67] [75] [90]

With the increasing recognition of catheter-associated thrombosis, prevention of thrombus formation has been emphasized. Fabri’s group[ ] administered 3000 U of heparin per liter of total parenteral nutrition in 24 patients with central venous catheters.
There was a significant decrease in the incidence of subclavian-axillary vein thrombosis compared with the control group. Other authors have confirmed that the addition of heparin to total parenteral nutrition formula decreases the incidence of catheter-

19] [58]

associated thrombosis.[

12]
randomized 82 patients with long-term central venous catheters for cancer chemotherapy to receive 1 mg/day of warfarin or none. At the end of
[15]

There is not a clear role for prophylactic anticoagulation in high-risk patient populations. Bern and coworkers[

found that anticoagulation to an international
90 days, there was a significantly lower incidence of thrombosis in the patients taking warfarin. There were no adverse bleeding complications in the group receiving oral anticoagulation. Bisset and associates
normalized ratio of 2.0 to 3.0 in an oncology patient population was effective in the management of catheter-related thrombosis, but that prophylactic administration of 1 to 3 mg of warfarin per day was not effective in preventing catheter-related thrombosis.
Although there may be some benefit to prophylactic anticoagulation in high-risk cancer patients, the data are not conclusive.
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Chapter 97 - Upper Extremity Sympathectomy

SAMUEL S. AHN MD
KYUNG M. RO MD

The use of cervicothoracic sympathectomy for the treatment of upper extremity disorders dates back to 1889, when Alexander performed the first cervical sympathectomy to treat epilepsy. Over the past century, this procedure has been used as therapy for a

1
variety of conditions, ranging from treatment of angioma of the external carotid artery in 1917 to the current treatment of hyperhidrosis ( Table 97–1 ). Various open surgical approaches have been described, including Telford’s[ ] supraclavicular approach,

2
3
4
5
Atkins’[ ] axillary transthoracic approach, Adson and Brown’s[ ] dorsal paravertebral approach, Cloward’s[ ] dorsal midline approach, and Goetz and Marr’s[ ] anterior transthoracic approach. Because of the morbidity and technical difficulties associated
with these operations, however, minimally invasive endoscopic surgical techniques have largely replaced open approaches to sympathectomy.

6
7
In 1942, Hughes[ ] was the first to perform thoracoscopic sympathectomy, and in 1954, Kux[ ] published his experience with thoracoscopic sympathectomy using electrocautery in more than 1400 cases. This technique was largely ignored until 1994, when
8
9
Ahn and colleagues[ ] described their preliminary results of successful thoracoscopic sympathetomy in 19 consecutive patients. In 1995, Drott and associates[ ] reported their results from 850 bilateral endoscopic transthoracic sympathectomies using
electrocautery to destroy the T2-3 ganglia. Many other reports followed thereafter.
Although most studies have reported the use of thoracoscopic sympathectomy for the treatment of essential hyperhidrosis, several investigators have extended this technique for the treatment of sympathetically mediated
TABLE 97-1 -- Conditions That Have Been Treated by Sympathectomy
Raynaud’s phenomenon

Causalgia

Erythrocyanosis

Hyperhidrosis

Frostbite

Deep venous thrombosis

Migraine

Perniosis

Constipation

Pancreatitis

Renal pain

Arteriosclerosis

Vasospasm

Exophthalmic goiter

Dysmenorrhea

Hirschsprung’s disease

Poliomyelitis

Chronic arthritis

Paget’s disease of bone

Retinitis pigmentosa

Obliterative endarteritis

Venous ulceration

Epilepsy

Angioma

Erythromelalgia
From Gordon A, Zechmeister K, Collin J: The role of sympathectomy in current surgical practice. Eur J Vasc Surg 8:129–137, 1994.

pain, vasospastic disorders, and long Q-T syndrome. The primary indication continues to be essential hyperhidrosis, however, because of its favorable long-term results and high patient satisfaction rates compared with other treatments.

HYPERHIDROSIS
General Considerations

10]
Typical stimuli include anxiety, heat, and taste; however, hyperhidrosis often occurs without triggers. This
[11]

Primary or idiopathic hyperhidrosis refers to a condition in which the eccrine glands produce sweat beyond that required for physiologic needs.[

sweating is localized to specific parts of the body, particularly the hands, axilla, and feet, and often results in sweat literally dripping off the patient.
occupational impact cannot be understated.

Although no physiologic harm comes from this excessive sweating, the emotional, social, and

Indications

The diagnosis of hyperhidrosis is often straightforward and can be made by the patient’s history alone. Nevertheless, the clinician should attempt to witness an episode of sweating to document the severity. The hand is often cool, clammy, erythematous, and
scaling from repeated episodes of drying the hands. Hyperhidrosis should not be confused with diaphoresis, exercise-induced sweating, or night sweats, all of which cause diffuse rather than focal sweating. A complete preoperative medical examination is
mandatory to evaluate for any hypermetabolic states that could be responsible for the symptoms and any underlying diseases of the lung and thorax that could prohibit successful surgical intervention. Patients often present to the surgeon after years of failed

12] [13] [14]

medical or allopathic therapy. Noninvasive medical therapy should be attempted before surgery is considered. Topical drying agents, iontophoresis, biofeedback, phenol blocks, and botulinum toxin A injections have had varying success rates.[

[15] [16] [17] [18] Generally, long-term results of these treatments have been inferior to the results reported with surgical intervention.

Results

Thoracoscopic sympathectomy has been well established in the literature as an effective treatment for primary palmar hyperhidrosis. In most studies of thoracoscopic sympathectomy for the treatment of patients with hyperhidrosis, the overall success rates
range from 93% to 100%, with
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20

recurrence rates of 0 to 13%.[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] Zacherl and coworkers[ ] conducted a retrospective review of 630 thoracoscopic sympathectomies performed in 352 patients, with a mean follow-up duration of 16 years. They reported
a 93% long-term technical success rate and found that 68% of patients were fully satisfied with their results, and 26% were partially satisfied but would undergo the procedure again. The patients who were dissatisfied with results of the procedure cited
compensatory hyperhidrosis as the cause.

21]

Claes and colleagues,[

using the electrocautery ablation technique, reported a 98% technical success rate in 130 patients undergoing thoracoscopic sympathectomy for palmar hyperhidrosis; however, their recurrence rate was 13% at a mean follow-up of

25

6.5 months. Chen and coworkers[ ] conducted a retrospective study of 180 patients during a 2-year period, with a follow-up of 2 to 12 months. They found that only five patients complained of recurrence of palmar hyperhidrosis 2 to 3 months
postoperatively, and the symptoms were still milder than the preoperative symptoms. In addition, these authors found that 95% of patients were satisfied with the results. In a survey of nearly 10,000 patients who were treated with endoscopic sympathectomy

26]

for hyperhidrosis over a 5-year period, Kao and others[

reported impressive intermediate and long-term results, with recurrence rates of 1% and 3% at 1 and 3 years of follow-up, respectively. In addition, complications, including Horner’s syndrome and

pneumothorax/hemothorax, were rare, with reported rates of 0.5% and 0.2%.

SYMPATHETICALLY MAINTAINED PAIN
General Considerations
Complex regional pain syndrome (CRPS) is a term introduced in 1995 to describe a constellation of symptoms previously categorized as causalgia and reflex sympathetic dystrophy (RSD). Patients present with pain conditions that often follow injury, occur
regionally, have findings that are disproportionate to their inciting event, and often result in motor function impairment.

27]
CRPS type I (formerly RSD) is defined by four diagnostic criteria, as follows:

The International Association for the Study of Pain categorizes CRPS into two distinct subtypes.[
1.
2.
3.
4.

Presence of an initiating noxious event or a cause of immobilization
Continuous pain that is disproportionate to an inciting event, with allodynia or hyperalgesia
Edema, change in skin blood flow, or sudomotor activity in the region of pain
Exclusion of other conditions that otherwise would account for the degree of pain

CRPS type II (formerly causalgia) is defined by three diagnostic criteria, as follows:
1. Evidence of peripheral nerve injury as the initiating factor
2. Continuous pain that is disproportionate to an inciting event, with allodynia or hyperalgesia
3. Exclusion of other conditions that otherwise would account for the degree of pain

28]

In addition to these broad diagnostic subtypes of CRPS, it has been postulated that CRPS, if left untreated, progresses through three sequential stages, each with its distinct constellation of symptoms, as follows[

:

■ Stage I: characterized by hyperalgesia, allodynia, signs of vasomotor dysfunction, and edema
■ Stage II: dystrophic stage, which often occurs 3 to 6 months after onset and is characterized by increased pain and sensory dysfunction and the development of motor or trophic changes or both
■ Stage III: atrophic stage, characterized by decreased pain and sensory disturbances

Categorizing CRPS into different subtypes allows for distinct definition of disease state. Surgical intervention generally is limited to patients with stage II disease. The surgeon should focus on selecting patients with significant sympathetically driven pain that
is refractory to medical treatment.

Indications

To determine whether a patient has sympathetic mediated pain (SMP) and may be a candidate for a sympathectomy, the clinician must pay close attention to the constellation of symptoms. SMP is a characteristically severe, continuous burning pain in an
extremity that does not fit a pattern of nerve root or peripheral nerve injury. In addition, the pain is often associated with vasomotor and trophic changes and may be triggered by strong emotional stimuli, a weather change, or severe auditory stimuli. On
physical examination, the patient may exhibit hyperalgesia, allodynia, or hyperpathia, which may lead to excessive guarding of the affected limb. Often, patients with SMP are exquisitely sensitive to mild cold stimuli and may respond to application of acetone
or ethyl chloride as opposed to saline. Invasive laboratory evaluation also can assist the clinician; paravertebral sympathetic blocks are the most widely used. Successful blocks are diagnostic of SMP, are often therapeutic, and may predict the outcome of
permanent cervicothoracic sympathectomy.

29

There are numerous medical approaches to SMP, and these should be exhausted before surgical intervention. It has been reported that 50% to 70% of patients respond to conservative treatment.[ ] Medical therapy consists of corticosteroids, sympatholytics
including phenoxybenzamine and clonidine, tricyclic antidepressants, calcium channel blockers, neuroleptics, and nonsteroidal anti-inflammatory drugs. These pharmacologic approaches are not intended to be first-line therapy or the sole method of therapy,
but rather serve as an adjunct to augment an intensive rehabilitation effort, which is the mainstay of therapy. Other reported therapies include transcutaneous electrical nerve stimulation, biofeedback, and psychological support. Sympathetic blocks are
therapeutic and diagnostic. For SMP, surgical sympathectomy is considered only after nonsurgical steps have been attempted and failed.

Results
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The outcome of cervicothoracic sympathectomy for the treatment of SMP is difficult to evaluate because of varying anatomic targets, different patient selection criteria, and subjective outcome measures. Nevertheless, long-term successful outcome is obtained

30]
examined seven patients who underwent transthoracic electrocautery of the sympathetic chain for causalgia. They reported a 79% postoperative reduction in pain but
[31]

in approximately 75% to 80% of thoracic sympathectomies. Samuelsson and colleagues[

reported on 42 patients with CRPS type II who were referred for sympathectomy over a 9-year period. Initial management was pharmacologic; for
had follow-up limited to only 1 year on only two patients, who had no recurrence. Singh and others
patients whose pain persisted beyond 6 weeks, a stellate ganglion block was performed to determine if the pain was sympathetically mediated. The authors reported excellent results of sympathectomy in 80.9% of group I and 23.5% of group II and satisfactory
clinical outcome in 100% of group I and 64.7% of group II. Group I consisted of patients with symptoms of less than 3 months’ duration, and group II consisted of patients with symptoms of greater than 3 months’ duration, which suggests that surgical

32

sympathectomy should be considered early in the natural history of SMP. Bandyk and colleagues,[ ] in their report of sympathectomy for CRPS type I (RSD), also argued that staging for RSD is a dying concept due to the unpredictable course of the
disease. They found that two thirds of their patients who underwent sympathectomy had stage I or II disease and one third had stage III disease; moreover, the incidence rate of sympathectomy failure was similar in patients with stage II and III RSD

33]

syndromes, 22% and 26%. Other investigators also reported that the interval between the inciting injury and surgical intervention affects long-term outcome and found good results in patients operated on within 12 months of injury.[
gender, and site and type of injury did not affect outcome. The effects of these variables, especially timing of intervention, are controversial.

Factors such as age,

VASOSPASTIC DISORDERS
General Considerations
The surgeon’s approach to patients with vasospastic disorders is similar to that of SMP. Careful diagnosis and preoperative evaluation are crucial to determine the appropriateness of intervention. The review of the literature is difficult to interpret because of
poor patient definition. Although the use of sympathectomy for upper extremity vasospastic disorders is controversial and is limited by the mediocre long-term results, its utility in treatment for these disorders cannot be fully abandoned, given some favorable
results in select patients.
Indications
In the treatment of these disorders, it is important to consider underlying collagen vascular or autoimmune diseases as the underlying cause; 20% of patients initially diagnosed with Raynaud’s disease are found eventually to have collagen vascular disease.
After a rheumatologic cause has been ruled out, the patient should undergo medical therapy, which may include vasodilators and calcium channel blockers to increase blood flow. Additional therapies may include steroids and methotrexate. A patient who has
upper extremity ulcers is not an automatic candidate for surgical interventions and should undergo a trial of local wound care and vasodilators first. If a patient with a vasospastic disorder fails the preceding therapeutic algorithm or cannot tolerate it, he or she
should be considered for surgical sympathectomy. Also, sympathectomy should remain an option for patients with severe arterial disease of the hands who are not candidates for arterial bypass surgery
Results

34]

Johnston and associates,[

using the open technique, reported that none of the patients in their study were completely relieved of their symptoms after surgery, but all had some relative improvement. Several other investigators also reported poor long-term

35] [36] [37]

results of sympathectomy for the treatment of Raynaud’s syndrome, with high 12-month recurrence rates.[

LONG QT SYNDROME
General Considerations
Idiopathic or congenital long QT syndrome (LQTS) is a rare cardiac condition, which carries high morbidity and mortality with risk of life-threatening ventricular arrhythmia and sudden cardiac death. The mechanism of LQTS is still not fully understood, but

38] [39]
T-wave alternans is characteristic of this disorder and can be reproduced by stimulating the left
[40]

it is believed to involve the sympathetic nervous system as a trigger of an already abnormal cardiac transmembrane channel or as the primary defect.[

38]

stellate ganglion.[

Studies suggest that the ablation of the left stellate ganglion has the effect of shortening the Q-T interval and increases ventricular fibrillation threshold, whereas ablating the right stellate ganglion has the opposite effect.

Indications

39

Nonsurgical therapeutic options for the treatment of LQTS include beta blockers, implantable cardioverters-defibrillators, and permanent pacing.[ ] Oral beta blockers have been the mainstay of therapy. Although beta blockers have been proven valuable,
many patients fail to respond to this therapy. As a result, left cervicothoracic sympathectomy has been used by a few centers as an alternative method of therapy for patients who remain refractory to pharmacologic treatment.

Results

41

42]

Left cervicothoracic sympathectomy for LQTS was first reported in 1970 by Moss and McDonald,[ ] who successfully performed this procedure in a patient with LQTS that was refractory to medical therapy. In 1984, Bhandari and coworkers[
performed left cervicothoracic sympathectomy in 10 patients and reported that the mean Q-Tc interval was

1388

shortened after sympathectomy and continued to remain abnormal in 9 of 10 patients. They concluded that left cervicothoracic sympathectomy was inadequate for long-term control of symptoms in most patients with LQTS. The rationale behind this technique
was to normalize the Q-T interval by removing the abnormal sympathetic stimulation. In practice, sympathectomy failed to normalize the Q-T interval in these patients in the long term, and as a consequence, the surgical approach to therapy began to fall out of

43

favor. However, In 1991, Schwartz and colleagues[ ] identified 85 patients (mean age 20) worldwide who were treated with left cardiac sympathetic denervation for LQTS. They found that sympathectomy resulted in a large reduction in the number of
patients with cardiac events, from 99% to 45%, with a 5-year survival rate of 94%.
As with vasospastic disorders, cervicothoracic sympathectomy for the treatment of LQTS is controversial and limited by poor long-term results. The role of sympathectomy in the treatment of LQTS has not been widely accepted because of variable results,
reports that indicate that most patients do not have complete reversal of the long Q-T interval, and a lack of clear predictive clinical outcomes.

INTRACTABLE ANGINA PECTORIS

44

The first reported sympathectomy for angina was by Jonnescu in 1921.[ ] In subsequent years, reports of open sympathectomy were encouraging. Studies conducted in the latter half of the 20th century showed, however, that sympathectomy for the
treatment of angina was generally effective in alleviating the symptoms of angina, but provided no treatment of the underlying coronary artery disease. Instead the resultant loss of the “warning signal” of angina placed patients at a greater risk of overexertion

45] [46]

and death from myocardial infarction.[

Now with the advent of modern myocardial revascularization and percutaneous intervention, sympathectomy, even thoracoscopically, is not recommended.

OPERATIVE APPROACHES
Open Sympathectomy
As with many procedures, numerous approaches are available to perform an effective upper extremity sympathectomy. The methods deployed by various surgeons are likely influenced more by anatomic and technical familiarity than other factors.
Neurosurgeons historically have favored the open paravertebral route, whereas most vascular surgeons have preferred the open transaxillary approach. The various methods have their own inherent advantages and disadvantages. The supraclavicular approach
is limited because of the increased incidence of Horner’s syndrome and frequency of brachial plexus injury. The paravertebral approach, although offering good visualization, involves extensive dissection, including back muscle division. As a result, this
operation is associated with long hospitalization and extensive rehabilitation. Finally, the transaxillary approach is associated with increased pain and resultant increased recovery time. All of these shortcomings can be eliminated or minimized through the
transthoracic approach.

47

Adar and associates[ ] performed 198 bilateral upper dorsal sympathectomies in 100 patients with hyperhidrosis using the supraclavicular approach. The reported follow-up involved 93% of patients and ranged from 4 to 50 months. Dry hands were
achieved in 98% of these patients, and 58% had recurrence of “moisture” that was distinctly milder than their presurgical hyperhidrotic state; however, some degree of compensatory sweating was found in many patients. Subjectively, 89% of the patients

47]

reported excellent results; there was one technical failure, and that patient reported a dissatisfactory outcome. The issue of temporary sweating and compensatory hyperhidrosis was not unique to the report by Adar and associates.[

[48]

Greenhalgh and others

also found that after sympathectomy using the supraclavicular approach, temporary sweating occurred on postoperative day 3 or 4, and compensatory sweating in the axilla was common.

Endoscopic Sympathectomy
Endoscopic thoracodorsal sympathectomy has essentially replaced the open surgical approach, with the open procedure being limited to unique circumstances in which an endoscopic approach is contraindicated. Since the 1980s, numerous investigators have
reported their experience using a broad range of surgical techniques, including en bloc electrocautery of T2-4, sharp excision, radiofrequency ablation, clipping, limited resection of the sympathetic trunk, and selective division of the rami communicantes—all
in an effort to decrease postoperative complications. The currently available techniques also differ in the use of various port sizes, number of ports, and video assistance.

19

Presently, resection of the second and third thoracic ganglion is likely the most efficient method of sympathetic denervation of the upper extremities. A meta-analysis conducted by Hashmonai and colleagues[ ] examined all thoracoscopic sympathectomies
performed from 1974 to 1999 and compared the efficacy of complete resection versus electrocautery ablation. Although the ablation method is simpler, faster, and requires less surgical skill than resection, the resection method is associated with a greater

49]
described a refined technique of thoracoscopic sympathectomy, which is outlined subsequently. The use of three separate 5- to 7-mm ports, complete sharp

immediate success rate compared with ablation (99.8% versus 95.2%). In 1998, Ahn and Ro[

resection of the T2-3 ganglia, and no clips or electrocautery reduced the incidence of Horner’s syndrome and compensatory hyperhidrosis and increased the long-term success rate.

50] [51]
52 53
and selective T2 sympathetic block by clipping.[ ] [ ] The single port technique is associated with decreased scarring and impressive immediate
[53]

Other approaches to thoracoscopic sympathectomy include the use of a single endoscopic port[

success rates; however, the data suggest that these techniques are associated with slightly higher postoperative pneumothorax or hemothorax rates and late recurrence. T. S. Lin and colleagues

and C. C. Lin and
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Figure 97-1 Patient in lateral decubitus position with ipsilateral arm abducted. The table is flexed to open the rib spaces.

Figure 97-2 Port placement: one in the third intercostal space along the anterior chest line (the chest line is not the same as the axillary line), a second port in the mid-chest line in the sixth (or seventh) intercostal space, and a third port along the posterior chest
line near the scapula in the sixth (or seventh) intercostal space. These last two ports should be in the same intercostal space to optimize mobility of the instruments.

Figure 97-3 Sympathetic chain coursing over the posterior neck of ribs. The stellate ganglion ends at the superior rostral rim of the second rib, the T2 ganglion is between the second and third ribs, and the T3 ganglion is between the third and fourth ribs. Note
the relationship of the various anatomic landmarks.

Figure 97-4 Dissection of rami communicantes away from the underlying intercostal vein, artery, and nerve, which normally course deep or posterior to the rami. Care must be taken not to injure the neurovascular bundle.

TABLE 97-2 -- Complications Associated with Thoracoscopic Sympathectomy
COMMON

RARE

Compensatory sweating

Postsympathectomy neuralgia

Horner’s syndrome

Hemothorax

Pneumothorax

Pleural effusions

Intercostal neuralgia

Injury to vagus nerve

Segmental atelectasis

Injury to phrenic nerve
Injury to subclavian artery
Injury to subclavian vein
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the intercostal nerves during the procedure. The incidence of this complication can be minimized by the use and careful placement of small, 7-mm, soft flexible ports rather than the rigid plastic ports. Also, the preferential use of sharp dissection and minimal
use of electrocautery limit inadvertent damage to the intercostal nerves and help prevent postoperative neuralgia.
Complete excision of the T2-3 ganglia with transthoracic thoracodorsal sympathectomy is the optimal technique to achieve permanent resolution of primary hyperhidrosis in the upper extremity, particularly in palmar hyperhidrosis. In the study reported by

9
Drott and others,[ ] complications included intercostal drainage secondary to hemothorax or pneumothorax (1%), treatment failure (2%), and recurrence of symptoms (2%); there was no mortality or life-threatening complications. At the end of follow-up
9

(median 31 months), 98% of the patients reported satisfactory results.[ ] Although multiple late adverse effects may occur, they are generally acceptable to the patient. The above-described surgical techniques correlate with reduced incidence of compensatory
hyperhidrosis and Horner’s syndrome. Overall, patients are satisfied with the long-term results.

19

In the meta-anaylsis conducted by Hashmonai and coworkers,[ ] reported rate of ptosis (the term Horner’s syndrome was not used to avoid confusion and to be more precise, as most authors report the incidence of ptosis alone as Horner’s without the
complete triad of miosis, anhidrosis, and ptosis) was 0.9% and 1.72% in the ablation and resection groups and was noted to be statistically significant (P = .017). Although the explanation for this difference is unclear, it was postulated that the higher rate of
ptosis may be due to the traction exerted on the sympathetic chain during resection. Ahn and colleagues, in a review of 232 transthoracic thoracodorsal sympathectomies performed over 10 years (unpublished data), found that the incidence of Horner’s
syndrome was only 2.2% (2 patients) after changes were made in the surgical technique; it was transient with complete resolution in both patients. The higher rate of permanent and transient Horner’s syndrome in this series before 1998 can be attributed to the

8
fact that the lower portion of the T1 ganglion was resected in the initial series.[ ]
SUMMARY
Advances in minimally invasive techniques have made the thoracoscopic approach the standard and preferable method to perform cervicothoracic sympathectomy. Hyperhidrosis has become the most common indication for this procedure. Long-term results
and patient satisfaction have been favorable, leading to the widespread application of this technique. The results of this procedure for CRPS, vasospastic disorders, and LQTS are less favorable with less predictable outcomes. Sympathectomy is contraindicated
for angina.
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Chapter 98 - Occupational Vascular Problems

MARK K. ESKANDARI MD
JAMES S. T. YAO MD, PHD

Upper extremity work-related injuries are a major societal problem in regards to disability, cost, and loss of workdays. Occupational injuries affecting the shoulders, arms, and hands have been recognized for nearly 300 years and generally are categorized into

1
injuries caused by accidents at work and injuries resulting from long-standing repetitive tasks.[ ] Injuries in the latter category result from small but additive amounts of tissue damage sustained from repetitive motions; they are known collectively as
2
cumulative trauma disorders. According to data released by the U.S. Bureau of Labor Statistics, cumulative trauma disorders account for more than 50% of all occupational illnesses in the United States today.[ ] Although most of these injuries affect the
3

musculoskeletal system, injuries to arteries and veins are known to occur.[ ] Work-related vascular injuries develop because of excessive or exaggerated job-related physical activity involving the shoulders, arms, or hands. Arterial occupational trauma
includes vibration-induced white finger syndrome, hypothenar hammer syndrome, acro-osteolysis, electrical burns, extreme thermal exposures, and athletic injuries.

VIBRATION-INDUCED WHITE FINGER

4

The term vibration-induced white finger was favored by the Industrial Injuries Advisory Council in 1970 to describe symptoms similar to those of Raynaud’s disease that were caused by exposure to vibration.[ ] Other investigators have used the term
Raynaud’s phenomenon of occupational origin or traumatic vasospastic disease. Regardless of the designation, the common and presenting symptoms are those of Raynaud’s phenomenon secondary to prolonged use of vibrating mechanical tools.

In the early stages, vibration injury may be manifested as slight tingling and numbness. Later, the tips of one or more fingers exposed to vibration experience attacks of blanching, usually precipitated by cold. With continued exposure to vibration, the affected
area increases in size, and the blanching extends to the entire finger exposed to vibration. Attacks of white finger typically last about 1 hour and terminate with reactive hyperemia (red flush) and often considerable pain. Prolonged exposure to vibration may

5
induce a blue-black cyanosis in the affected fingers. Only about 1% of cases progress to ulceration or gangrene.[ ] Hand-held tools (e.g., pneumatic hammers and drills, grinders, and chain saws) are associated with vibration-induced white finger. Such injury
4
potential is not restricted to a few types of tools but is present in a variety of situations in which workers’ hands are subjected to significant vibration exposure.[ ] Table 98–1 lists the types of tools that commonly cause vibration-induced white finger.

6
7
8
The first cases of this type of injury were reported in Rome in 1911 by Loriga.[ ] Blanching and numbness of the hands after using pneumatic drills was noted by Cottingham in 1918,[ ] and subsequent reports by Taylor and Pelmear[ ] and Ashe and

9
8
associates [ ] firmly established vibration-induced white finger as a discrete clinical entity associated with hand ischemia. According to Taylor and Pelmear,[ ] the disease can be divided into five categories ( Table 98–2 ); this classification has been accepted
as a standard by workers in this field. This classification is particularly useful in determining workers’ compensation.
10

The exact mechanism of injury is unknown. Repetitive trauma from the vibration of the tool is the main cause of the problem. The frequency of the vibration and the intensity of the trauma it produces affect the extent of damage to the endothelium.[ ] Local
platelet adhesion seems to be an important factor in arterial occlusion. It has been shown that sympathetic hyperactivity, in combination with local factors such as vibration-induced hyperresponsiveness of the digital vessels to cold, may be responsible for

11]

finger-blanching attacks.[

Diagnosis is made from a history of using vibrating tools and from the classic Raynaud’s symptoms. For a vasospastic condition, the most promising single objective test is cold provocation and recording of the recovery time of digital temperature. Digital

12] [13]
14
although more recently B-mode scanning has been adopted.[ ] In advanced disease, arteriography is helpful. Barker
[16] [17]

artery occlusion is best detected by recording the systolic pressure of the affected fingers with transcutaneous Doppler ultrasound,[

15]

and Hines[

[18]

first documented arterial occlusion by brachial arteriography in a group of workers who complained of hand blanching and attacks of numbness. Other authors have reported on the use of arteriography in investigating this injury.

TABLE 98-1 -- Tools Associated with Vibration-Induced White Finger
Pneumatic tools

Chain saws

Riveting

Grinders

Caulking

Pedestal

Drilling

Hand-held

Clinching and flanging

Chipping hammers

Rotary bur tools

Concrete vibrothickener

Pneumatic hammers

Concrete-leveling vibrotables
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TABLE 98-2 -- Stages of Vibration-Induced White Finger
STAGE

CONDITION OF DIGITS

WORK AND SOCIAL INTERFERENCE

0

Vibration exposure but no signs or symptoms

No complaints

0T

Intermittent tingling

No interference with activities

0N

Intermittent numbness

No interference with activities

1

Blanching of ≥1 fingertips, with or without tingling and numbness

No interference with activities

2

Blanching of ≥1 fingers with numbness, usually in winter

Slight interference with home and social activities; no interference with work

3

Extensive blanching; frequent episodes in summer and winter

Definite interference at work, at home, and with social activities; restriction of hobbies

4

Same as stage 3: extensive blanching, most fingers involved, frequent episodes in summer and winter

Same as stage 3, but occupation changed to avoid further vibration exposure because of the severity of signs
and symptoms

Updated from Taylor W, Pelmear PL (eds): Vibration White Finger in Industry. New York, Academic Press, 1975.

18]

Arteriographic changes in vibration tool injury are confined largely to the hands. Multiple segmental occlusions of the digits and sometimes a corkscrew configuration are seen.[

[19]

vibration magnitude, frequency of vibration, and lifetime exposure duration.

The intensity of symptoms and extent of digital artery occlusion depend on

In advanced cases, occlusion of digital arteries is common. Of 80 workers (chippers) with vibration-induced white finger investigated at the Blood Flow Laboratory at

20]
In 6 of the 25 workers, arteriography showed occlusion of digital arteries ( Fig. 98–1 ). Incompleteness of the palmar arch was seen not only in

Northwestern University, 25 (28%) exhibited significant reduction in systolic pressure in one or more digits.[
the symptomatic hand, but also in the contralateral, asymptomatic one. Symptoms of Raynaud’s phenomenon

Figure 98-1 Arteriogram of the hand in a vibratory tool worker. There is occlusion of the digital arteries (arrow).

Figure 98-2 Incidence of abnormal cold response, digital artery occlusion, and incomplete palmar arch by Doppler examination in vibratory tool workers and baseball players. (From Bartel P, Blackburn D, Peterson L, et al: The value of non-invasive tests in
occupational trauma of the hands and fingers. Bruit 8:15, 1984.)

Figure 98-3 Mechanism of ulnar artery injury in a patient with hypothenar hammer syndrome. The terminal branch of the ulnar artery is vulnerable to injury because of its close proximity to the hamate bone (inset).

Figure 98-4 Arteriogram of the hand in a carpenter. Note the aneurysm of the ulnar artery (arrow) because of repetitive trauma from using the hand as a hammer.

TABLE 98-3 -- Occupations of 33 Patients with Hypothenar Hammer Syndrome
Mechanic/automobile repair

15

Lathe operator

3

Fitter and turner

2

Tire braider

2

Carpenter

2

Engineer

2

Machinist

2

Painter

1

Butcher

1

Gardener

1

Tool and die worker

1

Bus conductor

1

Modified from Pineda CJ, Weisman MH, Bookstein JJ, et al: Hypothenar hammer syndrome: Form of reversible Raynaud’s phenomenon. Am J Med 79:561, 1985. With permission of Excerpta Medica, Inc.

25]

Clinically the patient reports symptoms of Raynaud’s phenomenon—numbness, paresthesias, stiffness, coldness, and blanching of one or more digits of the dominant hand. In the series of patients described by Conn and colleagues,[

the ring finger was

28
most often involved. The traditional triphasic color changes (white-blue-red) and thumb involvement are uncommon.[ ] Physical examination may disclose a prominent callus over the hypothenar eminence, coldness or mottling of the involved fingertip, and
atrophic ulceration. A positive Allen’s test result, which indicates ulnar artery occlusion, is common. Occasionally an aneurysm is observed as a pulsatile mass in the hypothenar eminence.
The diagnosis is suggested by a history of repetitive trauma to the dominant hand and physical finding of a pulsatile mass in the palm. B-mode ultrasound scanning is particularly useful in confirming the presence of an ulnar artery aneurysm. Traditional
arteriography is helpful in diagnosis of hypothenar hammer syndrome and in treatment planning. Arteriography defines the type of vascular lesion (spasm, aneurysm, occlusion), shows its site and extent, and identifies the presence of significant collateral
vessels. Frequently, these patients have an incomplete superficial palmar arch, even in the asymptomatic hand. More recently, high-resolution contrast-enhanced magnetic resonance angiography has been used as a noninvasive modality in place of standard

31]

angiography.[

Treatment of ulnar artery occlusion is often supportive, and surgical intervention is seldom needed or possible. Catheter-directed intra-arterial thrombolytic therapy may be beneficial if ischemic symptoms occur within 2 weeks. Occasionally an ulnar
aneurysm is uncovered by thrombolysis. Aneurysms of the ulnar artery should be resected to eliminate the source of emboli and can be treated by resection with end-to-end anastomosis or by an interposed vein graft. Satisfactory long-term results have been

32]

reported with this approach by Vayssairat and coworkers.[

OCCUPATIONAL ACRO-OSTEOLYSIS

33]

Occupational acro-osteolysis was first described by Wilson and colleagues[

in workers exposed to polyvinyl chloride. Many of these workers present with ischemic symptoms in the hand. Resorption of the distal phalangeal tufts develops, similar to that

34 35 36

seen with scleroderma. The dominant presenting symptoms are those of Raynaud’s phenomenon. Few reports of angiography in this syndrome have been published to document damage to the digital arteries.[ ] [ ] [ ] The findings include multiple
arterial stenoses and occlusions of the digital arteries along with nonspecific hypervascularity adjacent to the areas of bony resorption. The reason for the hypervascularity is not clear, but it may be related to stasis of contrast medium in digital pulp arteries
secondary to shortening and retraction of the fingers. Some of these digits were clubbed, a finding that also has been associated with hypervascularity in the fingertips.

ELECTRICAL BURNS
Electrical burns inflict tissue destruction in relation to the voltage applied. Currents of less than 1000 V cause injuries limited to the immediate underlying skin and soft tissues. High voltage (>1000 V) usually causes extensive damage as the current travels
from the point of entry to the point of exit. No tissue is immune to the devastating effects of high-voltage injury, and arterial injury may occur. The upper extremity, especially the hand, is more often involved than other parts of the body because of its grasping
function. The arterial injury is often manifested by arterial necrosis with thrombus or bleeding, occasionally producing gangrenous digits.

34

Bookstein[ ] described the angiographic changes in the upper extremity after electrical injury. The findings include extensive occlusion of the ulnar and digital arteries and thrombosis of the radial artery. Arterial spasm also may be present. Later on, damage
of the media may cause aneurysm formation. Figure 98–5 shows a brachial artery aneurysm in a patient who had sustained electrical burns 9 months earlier. Treatment depends on the associated soft tissue and bone injuries. Major artery occlusion documented

37]

by arteriography requires bypass grafting, and good results have been reported.[

EXTREME THERMAL INJURIES
Vasomotor disturbances in the hands of individuals exposed to extreme chronic thermal trauma typically present with Raynaud’s phenomenon. Workers at highest risk for thermal injuries are those in a profession that subjects their hands to chronic cold

38] [39]

exposure, such as slaughterhouses, canning factories, and fisheries.[
seem to be identifiable risk factors.

Epidemiologic studies examining this dilemma are limited. The action of alternating ice cold and hot exposure, use of plastic gloves in cold exposure, and long-term cold exposure

ATHLETIC INJURIES
Athletes, particularly professionals who engage in strenuous or exaggerated hand or shoulder activity, may develop hand or upper extremity ischemia as a result of arterial injury. Hand ischemia often is manifested by Raynaud’s phenomenon, symptoms of
sudden arterial occlusion, or embolization to digits. Three types of arterial injuries are common: hand ischemia, quadrilateral space syndrome, and thoracic
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Figure 98-5 Aneurysm of the brachial artery in an electrician who had sustained a high-voltage electrical burn 9 months previously.

Figure 98-6 Occlusion of the palmar arch in a Frisbee player. Because of the injury, there is poor filling of the contrast media in the second, third, fourth, and fifth fingers.

Figure 98-7 With the proximal interphalangeal joint in hyperextension, Cleland’s ligaments may compress and occlude the vascular supply to the fingertip. CL, Cleland’s ligaments; FTS, flexor tendon sheath; TRL, transverse retinacular ligament.

Figure 98-8 The posterior humeral circumflex artery and axillary nerve traverse the interval of the quadrilateral space.

Figure 98-9 Arteriogram of the right subclavian artery (arrow) in a professional baseball pitcher. No injury is seen when the arm is placed in neutral position.

Figure 98-10 In the same patient shown in Figure 98–9 , there is compression of the subclavian artery when the arm is placed in the pitching position (hyperabduction).

Figure 98-11 Artery of a major league baseball pitcher. Note the emboli of the posterior circumflex artery (arrow). (From Yao JST: Upper extremity ischemia in athletes. Semin Vasc Surg 11:96, 1998.)
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Chapter 99 - Overview

JACK L. CRONENWETT MD

The term aneurysm is derived from the Greek word aneurysma, meaning “a widening.” By current reporting standards, an aneurysm is defined as a permanent localized dilatation of an artery, having at least a 50% increase in diameter compared with the

1
expected normal diameter.[ ] Arterial dilatation less than 50% of normal is termed ectasia. Normal arterial diameter depends on age, gender, body size, and other factors. By practical convention, an aneurysm is defined as a localized dilatation at least 50%
1

larger than an adjacent normal portion of the same artery.[ ] If there is no adjacent normal artery segment, this definition must rely on an estimate of the expected normal diameter ( Table 99–1 ). Diffuse arterial enlargement involving several arterial segments
with an increase in diameter greater than 50% of normal is termed arteriomegaly. This condition is distinct from multiple aneurysms that are separated by normal-diameter arterial segments (sometimes termed aneurysmosis), although arteriomegaly often is
associated with multiple aneurysms.

HISTORICAL PERSPECTIVE

2
Arterial aneurysms have been recognized since ancient times. One of the earliest texts known, the Ebers Papyrus (2000 B.C.), contains a description of traumatic aneurysms of the peripheral arteries.[ ] Galen (A.D. 131–200) defined an aneurysm as a

3
localized pulsatile swelling that disappeared on pressure.[ ] The first elective operation for treatment of an aneurysm was reported by Antyllus in the 2nd century A.D. He recommended ligating the artery above and below the aneurysm, then incising the

4
sac and evacuating its contents.[ ] This recommendation for aneurysm repair remained the basis of direct arterial operations for the next 1500 years. In the 7th century, Aetius of Amida recognized the difference between true degenerative aneurysms and
5
traumatic false aneurysms.[ ] In medieval times, brachial artery false aneurysms were frequent iatrogenic complications of blood letting during attempted puncture of the median cubital vein. Paré (1510–1590) applied his principles of proper wound care to
6
2
these brachial aneurysms.[ ] Paré’s contemporary, Vesalius, wrote one of the first descriptions of an abdominal aortic aneurysm (AAA).[ ] A century later, Wiseman (1625–1686), known as “the father of English surgery,” successfully ligated a brachial
5
artery false aneurysm, despite its rupture after exposure for repair.[ ]
5

Hunter (1728–1793) performed perhaps the most famous operation for an arterial aneurysm.[ ] Hunter had observed variation in blood vessel content in the horns of deer that were grown and shed and inferred that “reserve vessels”—now termed collaterals—
might develop in humans if obstruction occurred in their arteries. In 1785, he treated a coachman with a pulsatile mass in the popliteal fossa, possibly secondary to repetitive trauma against the coach seat while driving on rough streets. The patient also had
claudication, presumably from arterial occlusion distal to the aneurysm, and Hunter concluded that collateral arteries must have developed around the occlusion. Standard treatment at that time entailed above-knee amputation, as strongly advocated by another

7

renowned London surgeon, Pott (1714–1788).[ ] Hunter incised above the knee at a location now called Hunter’s canal and ligated the artery with four sutures to avoid sawing through the vessel. After a bout of local infection, the patient survived and was
discharged. Later, Hunter performed four similar operations, and three were successful.

8
Cooper (1768–1841) was Hunter’s most acclaimed disciple. Although he is best remembered for his contributions to inguinal hernia repair and breast anatomy, his most celebrated operation was performed for a leaking iliac artery aneurysm in 1817.[ ] His
attempt to ligate the abdominal aorta
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TABLE 99-1 -- Reported Diameter of Normal Adult Arteries
ARTERY

DIAMETER (cm)

GENDER

Aorta, thoracic
Root

3.50–3.72

Female

3.63–3.91

Male

Ascending

2.86

Female/male

Descending, mid

2.45–2.64

Female

2.39–2.98

Male

2.40–2.44

Female

2.43–2.69

Male

2.10–2.31

Female

2.50–2.72

Male

1.86–1.88

Female

1.98–2.27

Male

1.19–2.16

Female

1.41–2.39

Male

Celiac

0.53

Female/male

Superior mesenteric

0.63

Female/male

0.97–1.02

Female

1.17–1.23

Male

0.54

Female/male

0.78–0.85

Female

0.78–1.12

Male

0.9

Male

0.3

Male

0.77

Female

0.63–0.84

Male

0.92

Female

0.99

Male

0.49

Female

0.55

Male

0.39

Female

0.42–0.44

Male

At diaphragm

Aorta, abdominal
Supraceliac

Suprarenal

Infrarenal

Iliac
Common

Internal
Common femoral

Popliteal

Carotid
Common

Bulb

Internal

Brachial

From Johnston KW, Rutherford RB, Tilson MD, et al: Suggested standards for reporting on arterial aneurysms. J Vasc Surg 13:452, 1991.

initially seemed successful, but the patient died suddenly after 40 hours. Cooper also reported the first documented case of a spontaneous aortoenteric fistula resulting from aneurysmal disease and cautioned that patients who present with one aneurysm should

8
be evaluated for the coexistence of others.[ ] The 18th century can be characterized as the era of arterial ligation for treatment of aneurysms with surgeons such as Anel, Brasdor, and Wardrop defending the merits of different sites of ligation in relation to the
9
aneurysm. Subsequent studies showed the ongoing risk of rupture in patients treated with nonresective methods.[ ]

In 1804, Scarpa (1747–1832) wrote a definitive treatise on the forms and diagnosis of arterial aneurysms. About this time, several ingenious treatments were introduced. Monteggia (1762–1815) unwisely attempted to cure an aneurysm by injecting a sclerosant
into it, which predictably failed because of rapid blood flow. Attempts to thrombose aneurysms by passing an electric current between needles stuck into the vessel were begun in 1832 and were still going on in the 1930s. Moore (1821–1870), at Middlesex

5
Hospital in London, introduced obliteration of aneurysms by inserting steel wires in 1864, once using 26 yards of the material.[ ] One of the most prominent Americans known to have aneurysmal disease in the 19th century was Kit Carson, who died of a
10]

ruptured AAA in rural Colorado in 1868.[

11]
12
In contrast to Carson, Einstein had been treated for his disorder by means of wrapping the aneurysm in cellophane, a technique introduced by Rea in 1948.[ ]

Albert Einstein also died of a ruptured AAA.[

A better method of treatment of peripheral aneurysms had been developed in 1888 by the legendary New Orleans surgeon, Matas (1860–1957). His technique of endoaneurysmorrhaphy involved clamping above and below the aneurysm, opening it, ligating

13]

branches from within, and buttressing the wall with imbricating sutures. By 1906, he had performed 22 obliterative operations and 7 restorative operations (preserving the arterial lumen) with no recurrences. Matas[

performed the first successful proximal

14]

ligation of an aortic aneurysm in 1923, approximately 106 years after Cooper’s innovative operation. Matas’ endoaneurysmorrhaphy presaged the current prevailing method of “internal” or intrasaccular reconstruction conceived by Creech[

and DeBakey.

15
Another notable achievement at the turn of the 20th century is attributed to Goyanes of Madrid.[ ] In 1906, Goyanes excluded a popliteal aneurysm by proximal and distal ligation. In addition, he mobilized the adjacent popliteal vein and used it as an in-situ
interposition graft between the proximal femoral artery and the distal popliteal artery by means of end-to-end anastomoses. This important contribution, which had a good outcome, remained largely ignored until many years later.
Modern techniques of aneurysm repair were made possible by Carrel (1873–1944), who showed in animals that a segment of aorta could be replaced with a piece from another artery or vein by successfully anastomosing these blood vessels. Carrel won the

16]

Nobel Prize for this work in 1912. It was not until March 29, 1951, however, that his countryman DuBost performed the first successful replacement of an aortic aneurysm with a freeze-dried homograft.[

He was inspired by a similar operation for an

17
18
19
occluded abdominal aorta by Oudot in 1950.[ ] The second and third aortic aneurysm repairs in which patients survived were performed on October 25, 1952, one by Julian’s group[ ] in Chicago and the other by Brock and associates[ ] in London.
[20]
[21]

DeBakey and Cooley

in Houston soon reported survival of five of six patients operated on for replacement of AAAs. In a series of 17 aortic aneurysm operations, Bahnson

[22]

aneurysm. In 1953, Voorhees and colleagues

from Johns Hopkins described the first successful repair of a ruptured aortic

introduced a major innovation by substituting Vinyon-N cloth for the unreliable homograft. The modern era of aneurysm repair had truly begun. The first successful repair of a thoracoabdominal aortic

23

24

aneurysm was reported by Etheredge and colleagues in 1955.[ ] Crawford[ ] became the authority on this formidable procedure beginning with his 1974 report delineating good results with 28 consecutive operations for thoracoabdominal aortic
aneurysms. Crawford’s contributions to the repair of complex aortic aneurysms were extraordinary and have greatly reduced the risks of surgery. Throughout the late 1950s and early 1960s, aortic aneurysm repair became a common and safe surgical
procedure throughout the world.

ANEURYSM CLASSIFICATION
Aneurysms are classified according to their location, size, shape, and etiology. By definition, (true) aneurysms represent a dilatation of all layers of the arterial wall. Confusion
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Figure 99-1 True arterial aneurysm (A) showing localized dilatation of all layers of the arterial wall with marked thinning of the media. Arterial injury causes hemorrhage (B), which, if contained by surrounding connective tissue, can result in a false aneurysm
(C) consisting of the contained hematoma in communication with the artery. False aneurysms also commonly arise if an arterial graft anastomosis is partially disrupted (D), owing to infection or degeneration of the native arterial tissue.

TABLE 99-2 -- Aneurysm Classification by Etiology
TYPE
Congenital

EXAMPLE
Idiopathic
Tuberous sclerosis
Turner’s syndrome
Menkes’ syndrome
Persistent sciatic artery

Connective tissue disorder

Marfan’s syndrome
Ehlers-Danlos syndrome
Cystic medial necrosis
Berry (cerebral)

Degenerative

Nonspecific (“atherosclerotic”)
Fibromuscular dysplasia

Infectious

Bacterial
Fungal
Syphilis

Inflammatory arteritis

Takayasu’s disease
Behçet’s disease
Kawasaki’s disease
Polyarteritis nodosa
Giant cell arteritis
Periarterial (e.g., pancreatitis)

Post-dissection

Idiopathic
Cystic medial necrosis
Trauma

Post-stenotic

Thoracic outlet syndrome
Coarctation

Pseudoaneurysm

Trauma
Anastomotic disruption

Miscellaneous

Pregnancy-associated
Inflammatory abdominal aortic

25

26 27

or eccentric aneurysms are believed to have a higher rupture risk,[ ] but new analyses of calculated wall stress based on shape show that this is a complex relationship (see Chapter 100 ). [ ] [ ] Aneurysm size is described by diameter and length, with
diameter being the important risk factor for rupture. Aneurysm etiology is the most clinically relevant classification system because it directly influences not only natural history, but also treatment. Although the specific etiology of some aneurysms is wellknown ( Table 99–2 ), most aneurysms are nonspecific in etiology. Such aneurysms formerly were termed atherosclerotic because they are universally associated with atherosclerotic changes in the arteries of elderly patients. It is now apparent, however, that
the etiology of these degenerative aneurysms is much more complex (see Chapter 29 ). For lack of a better descriptor, they are termed degenerative or nonspecific and constitute most aneurysms. Congenital aneurysms and aneurysms associated with arteritis
and connective tissue abnormalities are rare. Infected aneurysms are more common. Aneurysms that result from wall weakness after arterial dissection represent the most common specific etiology of aneurysms. Considerable confusion also exists concerning
the term dissecting aneurysm. As discussed in Chapter 104 , arterial dissection is a distinct pathologic entity that does not result in aneurysm formation. Chronic arterial dissections frequently are associated with aneurysmal degeneration, however, leading to
the confusion in terminology.
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ANEURYSM LOCATION
The most common site for degenerative aneurysms is the infrarenal abdominal aorta. In a large autopsy series of patients with aortoiliac aneurysms, the relative frequency by location was abdominal aorta alone, 65%; thoracic aorta alone, 19%; abdominal aorta

28]

plus iliac, 13%; thoracoabdominal, 2%; and isolated iliac, 1%.[

[30]

29]

Population-based studies estimate the incidence of clinically apparent AAAs to be 21 per 100,000 person-years[

compared with 6 per 100,000 person-years for thoracic aortic aneurysms.

30]

Although nearly all AAAs are degenerative in etiology, thoracic aortic aneurysms are much more diverse in etiology, with approximately half resulting from prior aortic dissection.[

AAAs also cause the largest number of deaths from aneurysm

31
rupture. In a Swedish study with a high autopsy rate, ruptured AAAs caused 0.6% of all annual deaths in men, a rate of 648 per 100,000 deaths.[ ] This rate was seven times higher than death caused by ruptured thoracic aneurysms; death from ruptured

AAA was twice as likely as death from aortic dissection. In women, the mortality rate from ruptured AAAs was only 285 per 100,000 deaths, which was three times higher than deaths caused by ruptured thoracic aneurysms, but less common than death from

31]

aortic dissection, which is relatively more frequent in women (343 per 100,000 deaths in this study).[

32]
compared with only 3 per 100,000 for iliac aneurysms and 4 per 100,000 for femoropopliteal aneurysms.

Nonaortic aneurysms are much less common. The incidence of AAAs in hospitalized patients in the United States is approximately 50 per 100,000[

[33] Popliteal aneurysms account for 70% of all peripheral aneurysms, whereas carotid aneurysms constitute less than 4%.[34] [35] Visceral and renal artery aneurysms are rare. The common femoral artery is the most common site for false aneurysms

because arterial grafts commonly begin or end there, and it is the preferred entry site for radiologic and interventional procedures. The femoral artery also is the most common location of infected aneurysms because of the frequency of vascular intervention
there and its preferred location for intravenous drug abuse.

CLINICAL PRESENTATION
The clinical presentation of an aneurysm depends on the type, size, location, and any confounding factors in the patient, such as connective tissue disorders, hypertension, or intravenous drug abuse. In general, aneurysms can rupture, thrombose, embolize
contained thrombus, cause symptoms from local compression of adjacent structures, or be detected in an asymptomatic state. Occasionally, systemic signs, such as sepsis, may be the first manifestation. The relative frequency of these presentations varies
significantly among different aneurysm types and locations. Among degenerative aneurysms, those involving the aorta, iliac, and visceral arteries are most prone to rupture, whereas femoral, popliteal, renal, and brachiocephalic aneurysms are more likely to
thrombose or embolize. Aneurysms of specific etiology, including congenital, infectious, and dissecting and aneurysms associated with arteritis are usually complicated by rupture. Details of the clinical presentation of different aneurysms are discussed in the
chapters of this Section. Because renal and carotid artery aneurysms are treated with methods similar to methods used for other disorders of these arteries, they are discussed separately in Chapters 133 and 143 .

ARTERIOMEGALY AND MULTIPLE ANEURYSMS

36]

Arteriomegaly originally was described by Leriche[

[37]

arteriomegaly was first proposed by Lea Thomas

in 1943 as diffuse ectasia of the aorta and iliofemoral arteries without discrete aneurysm formation, which he termed dolicho et mega-artere (which means elongated and enlarged arteries). The term

38]

in 1971 to describe diffusely enlarged arteries. In nearly 6000 patients who underwent aortofemoral arteriography, Hollier and coworkers[

identified arteriomegaly in 5%, of whom one third also had

38
discrete aneurysms in at least three different arterial segments. Arteriomegaly and multiple aneurysms often are associated. Hollier and coworkers[ ] recognized three distinct patterns of involvement: type I, with aneurysms of the aorta to common femoral

segments with more distal arteriomegaly; type II, with aneurysm of the femoropopliteal segments and more proximal arteriomegaly; and type III, with aneurysms of the aorta to popliteal segments and arteriomegaly of intervening nonaneurysmal segments. All
of these patients with arteriomegaly and multiple aneurysms were men who were approximately 5 years younger than the average-age patient with a solitary aneurysm. Arteriomegaly associated with femoral and popliteal aneurysms seemed to increase the risk

38]

of thrombosis in this segment. The recommended surgical reconstruction varied according to the exact location of aneurysms, but generally encompassed the intervening ectatic segments.[

Arteriomegaly also is associated with a familial risk of AAA

39
because 36% of patients with arteriomegaly had a first-degree relative with an aneurysm, all of which were aortic.[ ]
Although the term arteriomegaly generally is applied to the infrarenal aorta, iliac, femoral, and popliteal segments, the more proximal aorta often is involved with diffuse aneurysmal changes. In a review of more than 1500 patients treated for aortic aneurysms

40

in a specialized referral practice, Crawford and Cohen[ ] found that 13% had multiple aortic aneurysms. Most of these patients (72%) presented with multiple aneurysms synchronously, whereas 28% developed later metachronous aortic aneurysms. The
etiology of most aneurysms was degenerative (62%), followed by post-dissection (23%) and other specific etiologies (e.g., Marfan’s syndrome). The most common location of the primary aneurysm in these patients was the abdominal aorta (63%), followed by
the thoracoabdominal (14%), descending (13%), arch (5%), and ascending (5%) aorta. The most common pattern for multiple aneurysms was an infrarenal aortic aneurysm associated with a discrete descending thoracic aortic aneurysm. Although 12% of
patients with abdominal aneurysms had thoracic aneurysms, 68% of patients with thoracic aneurysms had other aortic aneurysms, most commonly an infrarenal AAA. In a more recent review of patients with multiple aortic aneurysms,
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Gloviczki and associates[ ] reported similar findings, although multiple aneurysms were found in only 3.4% of all patients with aortic aneurysms, of whom 75% were men. These studies indicate the need for evaluation of the entire aorta in patients with a
known aortic aneurysm; this is especially true for patients with a thoracic aortic aneurysm because of the high likelihood of finding of AAA. Patients who present with thoracic or thoracoabdominal aneurysms should have an initial imaging study of their
infrarenal aorta, with subsequent follow-up dictated by patient age and other risk factors. Conversely, for a patient with an AAA, initial computed tomography to exclude a thoracic aneurysm is appropriate if the chest radiograph suggests an aneurysm, if there

41]

is evidence of previous dissection or suprarenal aneurysmal involvement, or if the patient is young at presentation, when multiple aneurysms are more likely.[

In addition to multiple aortic aneurysms, patients with AAAs have a proclivity for lower extremity aneurysms. In a review of nearly 1500 patients with degenerative aortoiliac aneurysms, 3.5% had other aneurysms, of which 3% were femoral or popliteal, and

42

0.5% were visceral.[ ] All of these patients with aortoiliac and peripheral aneurysms were men. The likelihood of detecting an AAA was high in men with peripheral aneurysms, 92% for men with a common femoral artery aneurysm and 64% for men with a
popliteal aneurysm. Although other reviews have found lower probabilities for this association, it is generally agreed that at least one third of patients with femoral or popliteal aneurysms have an associated AAA (see Chapter 105 ); this emphasizes the
necessity for abdominal aortic imaging to exclude an AAA in such patients. Although it is likely that other aneurysms, such as renal, visceral, or carotid aneurysms, also are more likely in patients with aortic aneurysms, these are so rare that screening
generally is not recommended. Details concerning the specific aneurysms discussed in this overview are presented in subsequent chapters in this Section.
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Chapter 100 - Abdominal Aortic and Iliac Aneurysms

MARC L. SCHERMERHORN MD
JACK L. CRONENWETT MD

1
Since the first description of abdominal aortic aneurysms (AAAs) by the 16th century anatomist Vesalius,[ ] the history of this disease has reflected the remarkable progress of vascular surgery. Before the development of modern surgical techniques,
2
3
successful management was rare. Initial attempts at ligation of the aorta failed. In 1923, Matas[ ] performed the first successful aortic ligation in a patient with an AAA. Others attempted to induce thrombosis of AAAs by inserting intraluminal wires.[ ] In
4
1948, Rea[ ] wrapped reactive cellophane around the neck and over the anterolateral surfaces of an aneurysm to induce a fibrotic reaction and limit expansion. In 1949, Nissen used this technique to treat the symptomatic AAA of Albert Einstein, who
5
6
survived 6 years before dying as a result of eventual rupture.[ ] Durable and successful management of AAAs was not achieved, however, until resection and graft replacement was first performed in 1951. Although Dubost and coworkers[ ] published the
7
8
first account of successful replacement of an AAA, a case subsequently reported by Schaffer and colleagues[ ] preceded that of Dubost. The current standard procedure, endoaneurysmorrhaphy with intraluminal graft placement, was popularized by Creech[ ]
and others.
AAAs are the most common type of true aneurysm and have a high propensity to rupture, which makes them a significant health care problem. In the United States, ruptured AAAs are the 15th leading cause of death overall and the 10th leading cause of death

9
10
11
in men older than age 55.[ ] In 1991, AAAs caused more than 8500 hospital deaths in the United States,[ ] which underestimates their true number because 30% to 50% of all patients with ruptured AAAs die before they reach a hospital.[ ] In addition,
11]
12 13 14 15 16
When combined with an operative mortality rate of 40% to 50%,[ ] [ ] [ ] [ ] [ ] this results in an overall mortality of 80% to 90% for AAA
[12]

30% to 40% of patients with ruptured AAAs die after reaching a hospital but without operation.[

11 13 17 18

The
rupture.[ ] [ ] [ ] [ ] This high mortality rate has not changed since the 1980s, despite improvements in operative technique and perioperative management that have reduced elective surgical mortality to less than 5% in most series.
effectiveness of elective AAA repair means that most deaths from AAAs are theoretically preventable. Elective AAA repair is one of the most frequent vascular surgery procedures, with a relatively constant volume of 40,000 operations performed annually in

10]

the United States since the 1990s.[

Despite the frequency of elective repair, however, death from AAA rupture has remained relatively constant because many AAAs are undetected or untreated. In a review of ruptured AAAs that were easily palpable,

19]
Ruptured aneurysms also impose a substantial financial burden on overall health care costs. One report estimated that $50 million and 2000
[21]

more than 50% either were not detected or were not referred for treatment despite recent medical examination.[

20

lives could have been saved if AAAs had been repaired before they ruptured.[ ] Another study showed that emergency operations for AAAs resulted in a mean financial loss to the hospital of $24,655 per patient.
central focus for vascular surgeons and a common health care problem for all physicians.

For all of these reasons, AAAs remain a

22

Nearly all AAAs involve the infrarenal aorta, but only about 5% of AAAs undergoing surgical repair also involve the suprarenal aorta.[ ] By definition, suprarenal AAAs extend above the renal arteries so that they require reimplantation of at least one renal
artery during AAA repair. The term juxtarenal is used to describe AAAs that do not involve the renal arteries, but because of proximity require clamping above the renal arteries to complete the proximal aortic anastomosis. Although 25% of AAAs also

22]

involve the iliac arteries,[

23]
Isolated aneurysms of the suprarenal aorta are extremely rare, unless they have an associated thoracic or infrarenal component. Concomitant thoracic aneurysms have been
[24]
[25]

isolated iliac artery aneurysms are rare (<1%).[

Peripheral aneurysms of the femoral or popliteal artery are present in approximately 3.5% of patients with AAAs.

found in 12% of patients with AAAs, but this is likely a high estimate based on a selected referral practice.

As
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aneurysmal dilatation of the aorta occurs, elongation also results, leading to a tortuous configuration of the aneurysmal aorta and iliac arteries.

26]
A practical working definition of an AAA is a transverse diameter 3 cm or greater and for a common iliac aneurysm a transverse diameter 1.8 cm

Aneurysms are defined as a focal dilatation at least 50% larger than the expected normal arterial diameter.[

27]

or greater. As shown by Pearce and associates,[

normal aortic diameter gradually decreases from the thorax (28 mm in men) to the infrarenal location (20 mm in men). At all levels, normal aortic diameter is approximately 2 mm larger in men than in

27

28

women and increases with age and increased body surface area.[ ] A large ultrasound screening study by Lederle and colleagues[ ] found that increasing age; male gender; black race; and increasing height, weight, body mass index, and body surface area
all were independently associated with increased infrarenal aortic diameter, but that the effect of all these variables was small. Because the average infrarenal aortic diameter was 2 cm for these patients, using a 3-cm definition for an infrarenal AAA was
recommended, without the need to consider a more complicated definition based on factors such as gender or body surface area. Although such definitions are useful for large patient groups, in clinical practice with individual patients, it is more common to

26]
This is particularly true for patients with unusually small arteries, in whom even a 2.5-cm local dilatation of the

define an aneurysm based on a 50% or greater enlargement compared with the diameter of the adjacent, nonaneurysmal artery diameter.[
infrarenal aorta might be aneurysmal if the adjacent aorta was only 1.5 cm in diameter.

Most AAAs are spindle-shaped, beginning below the renal arteries and ending at the aortic bifurcation. Considerable variation exists, however, with saccular aneurysms and other eccentric geometry being common. Computer modeling of AAA wall stress

29 30

31] [32]

suggests that asymmetry may influence rupture risk significantly.[ ] [ ] It seems that 10% to 20% of AAAs have focal outpouchings or “blebs” that also may increase the risk of rupture.[
aneurysm wall, often preserving a relatively normal arterial lumen despite considerable aneurysmal dilatation ( Fig. 100–1 ).

As AAAs enlarge, thrombus is laminated along the

Figure 100-1 CT scan of abdominal aortic aneurysm shows contrast-filled lumen (*) surrounded by thrombus (T) within the aneurysm sac.

27]

Figure 100-2 Incidence of clinically apparent[

21]
from population-based studies. Dashed lines = incidence of all AAAs; solid lines = incidence of ruptured AAAs.

and ruptured abdominal aortic aneurysms (AAAs)[

TABLE 100-1 -- Independent Risk Factors for Detecting an Unknown 4 cm or Larger Diameter Abdominal Aortic Aneurysm During Ultrasound Screening
RISK FACTOR

ODDS RATIO

*

95% CI

Increased Risk
Smoking history

5.1

4.1–6.2

Family history of AAA

1.9

1.6–2.3

Older age (per 7-yr interval)

1.7

1.6–1.8

Coronary artery disease

1.5

1.4–1.7

High cholesterol

1.4

1.3–1.6

COPD

1.2

1.1–1.4

Height (per 7-cm interval)

1.2

1.1–1.3

Abdominal imaging within 5 yr

0.8

0.7–0.9

Deep vein thrombosis

0.7

0.5–0.8

Diabetes mellitus

0.5

0.5–0.6

Black race

0.5

0.4–0.7

Female gender

0.2

0.1–0.5

Decreased Risk

AAA, abdominal aortic aneurysm; CI, confidence interval; COPD, chronic obstructive pulmonary disease.

From Lederle FA, Johnson GR, Wilson SE, et al: The aneurysm detection and management study screening program: Validation cohort and final results. Aneurysm Detection and Management Veterans Affairs Cooperative Study Investigators. Arch Intern
Med 160:1425, 2000.

* Odds ratio indicates relative risk compared with patients without that risk factor.

111

68

] This prevalence increases if ultrasound screening of relatives is performed. Webster and coworkers[ ] showed that ultrasound screening of siblings of a patient with an AAA yielded AAAs 3 cm or larger in 25% of the male and 7% of the
AAA.[
female siblings older than 55 year old. The likelihood that relatives will have an AAA increases if the proband (patient with the AAA) is a woman. If the proband is a man, 7% of relatives have a clinically apparent AAA, but if the proband is a woman, 12% of
111]
66
It is estimated that first-degree relatives of a patient with an AAA have a 12-fold increased risk for aneurysm development themselves.[ ] Brothers of a patient with an AAA have an 18-fold increased risk for AAA
[67]
[65] [67]

these relatives have an AAA.[

development—highest in the 50- to 60-year-old range and decreasing thereafter.

Analysis of patients with familial aneurysms indicates that on average these patients are 5 to 7 years younger and are more frequently women.

In the surgical

[65]

of patients undergoing AAA repair, women accounted for 35% of patients with a positive family history of AAAs, but for only 14% of patients without familial AAAs. Although AAAs in women are much less common
series by Darling and associates
than in men, women with AAAs are more likely to have affected relatives. For a given patient with an AAA (male or female), however, brothers are still twice as likely to have an AAA as sisters.

CLINICAL PRESENTATION AND DIAGNOSIS
Most AAAs are asymptomatic, which leads to difficulty in their detection. Occasionally, patients may describe a “pulse” in their abdomen or may palpate a pulsatile mass. Although most clinically significant AAAs are potentially palpable during routine

112]

physical examination, the sensitivity of this technique depends on the AAA size, the obesity of the patient, the skill of the examiner, and the focus of the examination.[

A pooled analysis of the literature showed that with physical examination alone, the

113]
Although a focused physical examination detected 50% of 3.5- to 6-cm diameter AAAs, these all had been missed on a recent, nonfocused
diagnosis is made in 29% of AAAs 3 to 3.9 cm, 50% of AAAs 4 to 4.9 cm, and 75% of AAAs 5 cm or larger.[
[112]
examination.

Conversely, AAAs may be falsely suspected in thin patients with a prominent, but normal-sized aorta or in patients with a mass overlying the aorta that transmits a prominent pulse. Patients with hypertension, a wide pulse pressure, or a

114

] The accuracy of physical examination for
tortuous aorta also can have a prominent aortic pulsation that may be mistaken for an AAA. The positive predictive value of physical examination for identifying AAAs greater than 3.5 cm diameter is only 15%.[
measuring size of a known AAA also is poor, usually resulting in an overestimate of size secondary to intervening intestine and abdominal wall tissue. As a result of these factors, most AAAs are detected by incidental abdominal imaging studies done for other
115

] found that 38% initially were detected by physical examination, whereas 62% were detected by incidental radiologic studies, even though 43% of these
reasons. In a review of 243 patients who underwent elective AAA repair, Chervu and colleagues[
were palpable on subsequent examination. Of these clinically significant AAAs, 23% were not palpable even when the diagnosis was known, and in obese patients, two thirds were not palpable. These findings emphasize the potential role for ultrasound
screening in high-risk patients, as discussed subsequently.
Several imaging modalities are available to confirm the diagnosis of AAA. Abdominal B-mode ultrasonography is the least expensive, least invasive, and most frequently used examination, particularly for initial confirmation of a suspected AAA or for follow-

116]

up of small AAAs. Diameter measurements using ultrasound have an interobserver variability less than 5 mm in 84% of studies and are more accurate in the anteroposterior than the lateral dimension.[

Visualization of the suprarenal aorta and iliac

117]
118]
and often cannot accurately determine the upper extent of an AAA.[
Computed tomography (CT) is more
arteries may be obscured by bowel gas or be difficult in obese patients. Ultrasonography cannot accurately determine the presence of rupture[
116
[
]
expensive than ultrasound and involves radiation and intravenous contrast exposure, but provides more accurate diameter measurement, with 91% of studies showing interobserver variability less than 5 mm.

Accuracy can be increased by using

[119]

CT precisely defines the proximal and distal extent of an AAA, more accurately images the iliac arteries, and provides other important information for operative planning (see later and
standardized techniques, electronic calipers, and magnification.
Chapters 20 and 21 ). CT is particularly useful for excluding AAA rupture in a stable but symptomatic patient, for defining the proximal extent of an AAA, and for detecting other unsuspected pathology, such as an inflammatory aneurysm or other intraabdominal pathology in the absence of AAA. Ultrasonography and CT can overestimate AAA diameter if an oblique rather than a perpendicular section is obtained in a tortuous aneurysm. This results in an elliptical
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rather than a circular cross section, and the larger diameter of the ellipse overestimates the true AAA diameter (see Chapter 21 ). Compared with CT, ultrasound seems to underestimate the diameter of AAAs systematically by 2 to 4 mm in the anteroposterior

116 119 120 121

][
][
][
] Spiral CT is a new, more rapid method of CT that provides excellent resolution of even visceral aortic branches when thin “slices” are obtained. Refinements of spiral CT include three-dimensional reconstruction, which
direction.[
provides more user-friendly images and facilitates accurate measurement for endovascular graft sizing (see Chapter 21 ).

Magnetic resonance imaging (MRI) is comparable in accuracy to CT for AAA measurement and evaluation and avoids radiation exposure (see Chapter 20 ). This technique is more expensive, less readily available, and less well tolerated by claustrophobic
patients than CT, however. MRI is particularly valuable when intravenous contrast administration is contraindicated, such as in patients with renal failure. Improvements in the spatial resolution of spiral CT, combined with its more rapid, less expensive

technique, have largely relegated MRI, however, to a secondary role in the evaluation of AAAs. Spiral CT with arterial phase contrast (CT angiography) or magnetic resonance angiography (MRA) may be valuable in the preoperative evaluation of AAAs
when information about occlusive disease in adjacent arteries is required (see later). Arteriography is not an accurate technique to confirm the diagnosis of AAA or to measure diameter accurately because thrombus within an AAA usually diminishes the size
of the contrast-filled lumen. Rather, arteriography is used in the preoperative evaluation of some patients with AAAs to define pathology in adjacent arteries that might affect the AAA repair (see the section on preoperative evaluation).
Most AAAs that become symptomatic do so because of rupture or acute expansion. Patients with a ruptured AAA experience abrupt onset of abdominal or back pain that can radiate into the flank or groin. Most ruptured AAAs are palpable, if this is not
prevented by obesity or abdominal distention, and are usually tender. When rupture occurs, extravasation of blood occurs through the disrupted aortic wall. The extent of hemorrhage and cardiovascular compensation determines the severity of hypotension and

122

] In this location, little tamponade can be expected so that massive hemorrhage ensues. Eighty percent of
shock associated with rupture; this usually depends on the specific location of rupture, which in 20% occurs anteriorly into the peritoneal cavity.[
ruptures occur posteriorly into the retroperitoneal space, where the hematoma is usually initially contained, increasing the possibility of survival. Most patients with ruptured AAAs present with at least transient hypotension, which develops into frank shock
over a period of hours. Occasionally, rupture is so effectively contained within the retroperitoneum that symptoms can persist for days or weeks without hypotension. These patients with chronic “contained rupture” can be difficult to diagnose because their
symptoms often mimic an acute inflammatory condition. Although the classic presentation of ruptured AAA includes abdominal or back pain, hypotension, and a pulsatile abdominal mass, all three findings are evident in only 26% of patients with proven
123

11]

] Temporary loss of consciousness is a potentially important symptom of ruptured AAA because it occurs in combination with pain in 50% of patients and as the only initial symptom in 17% of patients with AAA rupture.[
AAA rupture.[
AAAs are discussed in detail in Chapter 102 .

Ruptured

Early diagnosis of patients with ruptured AAAs who do not have hypotension or other signs of bleeding can be difficult, particularly in obese patients if an AAA is not palpable. A high index of suspicion for ruptured AAA must exist in patients who present
with back or abdominal pain, especially if they are older men in whom the prevalence is higher. If an AAA is not palpable, such patients should have an abdominal imaging study to exclude an AAA, unless the abdomen is so thin that physical examination is
completely reliable. If such patients have a palpable or known AAA, CT is useful to diagnose or exclude rupture and may provide useful information concerning alternate diagnoses. The accuracy of CT for determining AAA rupture in this setting is

124] [125]
124]
In a review of stable but symptomatic patients with a suspected ruptured AAA, CT showed aneurysm rupture in 30%, a nonruptured AAA in 50%, and other pathology to explain the symptoms in 20% of patients.[
This
126
144
[
][
]

approximately 90%.[

This higher
is valuable information because patients with symptomatic but nonruptured aneurysms (termed acutely expanding) have a substantially higher operative mortality rate than associated with the elective AAA repair (average 23%).
mortality likely results from a combination of factors, including suboptimal preoperative evaluation and management of comorbid disease and fatigue or inexperience of the emergency surgical and anesthesia teams. Because acute expansion is considered an
immediate precursor of rupture, however, such patients must undergo expeditious AAA repair. In-hospital evaluation and preoperative preparation of patients with symptomatic but nonruptured AAAs is recommended to reduce perioperative morbidity and

126]

mortality, but allow emergent operation if rupture occurs.[

Much less frequently, AAAs may present with symptoms unrelated to rupture. Rarely, large AAAs cause symptoms from local compression, such as early satiety, nausea, or vomiting from duodenal compression; urinary symptoms secondary to
hydronephrosis from ureteral compression; or venous thrombosis from ileocaval venous compression. Posterior erosion of AAAs into adjacent vertebrae can lead to back pain. Even without bony involvement, AAAs can cause chronic back pain or abdominal
pain that is vague and ill-defined. Acute ischemic symptoms can result from distal embolization of thrombotic debris contained within an AAA. This seems to be more common in smaller AAAs, especially if the intraluminal thrombus is irregular or fissured.

[127] Acute thrombosis of an AAA occurs rarely, but causes catastrophic ischemia comparable to any acute aortic occlusion. Embolism is much more common than acute AAA thrombosis, but both combined occur in less than 2% to 5% of patients with
[127]
AAAs.

Nonetheless, an aortic aneurysm source for distal emboli always must be considered, especially in patients without overt atherosclerotic occlusive disease. Such symptoms are nearly always an indication for AAA repair.

128]
AAAs in younger patients are more often symptomatic and on average are 1 cm larger at presentation than in

Although AAAs are primarily a disease of the elderly, they can present in patients younger than age 50. As reported by Muluk and coworkers,[
older patients. This
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presentation may relate to fewer incidental abdominal imaging studies performed in younger patients, such that AAAs escape detection until they are larger or symptomatic. Younger patients tend to have more proximally located AAAs, with 46% being

128]

juxtarenal or higher compared with 18% at this level in older patients. Smoking is nearly universal in young patients with AAAs, whereas only 23% have a defined etiology, such as Marfan’s syndrome.[

SCREENING
Because asymptomatic AAAs are often not discovered until they rupture, the potential benefit of ultrasound screening programs has been suggested. Although not yet reimbursed by most payers in the United States, numerous screening programs have been

129 130 131 132 133 134 135 136 137 138

][
][
][
][
][
][
][
][
][
] Screening is generally considered appropriate when a disease has a long latency period; when the disease can be detected by the screening study at an early
introduced in other countries.[
stage; when intervention at this early stage would improve outcome relative to intervention at a later stage; when the screening study is inexpensive, is accurate, has minimal associated risk, and causes little or no pain; and when the screening study is costeffective. An important caveat is that steps should be taken to ensure a high attendance rate for screening to avoid the “healthy volunteer effect.” People who are most likely to attend screening tend to be more health conscious than people who refuse. They
stand to benefit less. The healthy volunteer effect is particularly important for a disease associated with smoking and uncontrolled hypertension. Targeted ultrasound screening for AAAs is recommended to focus efforts on people most at risk (e.g., older age,
male gender, smoking, or a positive family history). In the absence of an effective medical therapy, it seems reasonable to withhold screening from people who would not be offered intervention if the disease were discovered (patients unfit for even
139]

endovascular repair). Two nonrandomized studies and four randomized controlled trials have been completed that address these issues and are summarized in a review by Lederle.[

133

] No prescreening evaluation of potential fitness for AAA repair by a general practitioner was made. The attendance rate was 84%. AAAs
In the Gloucestershire Aneurysm Screening Programme, all men age 65 to 73 were offered ultrasound screening.[
greater than 4 cm were detected in 2.2% of volunteers scanned, and during subsequent follow-up there was a 66% reduction in overall AAA-related mortality (including deaths resulting from elective repair and rupture), which was statistically significant. In
140

] They excluded patients considered unfit for potential AAA repair. The remaining patients were invited for ultrasound screening with an
Huntingdon, United Kingdom, general practitioners reviewed their lists of male patients older than age 50.[
attendance rate of 74%. A significant (49%) reduction in future ruptured AAAs was noted in patients who were invited. Even though only 74% to 84% of patients were screened in these two studies, detection of small AAAs and subsequent management
reduced rupture risk by half in the entire group of patients invited for AAA screening.
141]

The first randomized trial of AAA screening enrolled 6058 unselected men in Chichester, United Kingdom, age 65 to 80, of whom 74% attended screening.[

AAAs (≥3 cm) were detected in 7.6%. AAA-related death subsequently was reduced by 41% at

134]
135]
The investigators also enrolled 9342 unselected women age 65 to 80, of whom 65% attended screening.[
The
5 years and 21% at 10 years, but this difference was not significant (relative risk 0.79, 95% CI 0.53 to 1.40; P = not significant).[
prevalence of AAA in women was only 1.3%. Women did not seem to benefit from screening because there was no difference in elective AAA repair, ruptured AAA, or AAA-related mortality at 5 or 10 years in women offered screening. The average age of
women with ruptured AAA was 6 years older than men. The Chichester group noted that a substantial number of ruptured AAAs occurred in patients invited for screening who refused screening, did not adhere to follow-up, or were considered unfit for
surgery after AAA was diagnosed. This study highlights the importance of preselecting for screening only individuals who may benefit. In the second randomized trial of AAA screening, all 12,658 65- to 73-year-old men in Viborg County, Denmark, were

136

] The attendance rate was 76%. AAA (≥3 cm) was diagnosed in 4%. In-hospital AAA-related mortality was reduced by 68% in men invited for screening (odds ratio 0.31, 95% CI 0.11 to 0.90; P < .01). Outpatient deaths were not recorded,
randomized.[
however. Additionally, studies reporting simply a reduction in AAA-related deaths fail to account for the timing of death. Patients who die as a result of elective surgery of screening-detected AAAs tend to die sooner than patients who die as a result of rupture
of an undiagnosed AAA, resulting in a greater loss of life-years per death in the screened group.
137

]
The Multicentre Aneurysm Screening Study (MASS) was a well-designed, carefully conducted, and thoughtfully analyzed randomized trial that involved 70,495 men age 65 to 74 and excluded 4% who were considered unfit for possible surgical repair.[
Of the 33,839 patients randomized to ultrasound screening (versus no screening), 80% accepted and were scanned. The aorta was not visualized in 1.2%, and AAAs greater than 3 cm were detected in 5%. The 33,961 control patients were not contacted. After
a mean follow-up of 4 years, there were 113 AAA-related deaths in controls and 65 in the invited group. To account for timing of death, the investigators calculated the rate of AAA-related death per 1000 person-years of follow-up. This was 0.85 in the
control group and 0.49 in the invited group with a hazard ratio of 0.58 (95% CI 0.42 to 0.78; P= .0002). Nonfatal ruptured AAAs were similarly reduced in the invited group (hazard ratio 0.59, 95% CI 0.45 to 0.77; P = .00006). Although there were more
deaths as a result of elective AAA repair in the screened group (15 versus 9), this was more than offset by the reduction in deaths from ruptured AAA (37 versus 91). AAA-related death was similar in the two groups over the first year, but after 1 year the
curves continued to separate over the remainder of the trial period, suggesting that the benefit still may increase over time. AAA-related death accounted for only 3% of all deaths in control patients and 2% of patients invited for screening. It is not likely that
any trial would be able to show a significant reduction in all-cause mortality. The 32% reduction in AAA-related mortality rate was significant, however.
137]

Quality of life also was assessed carefully in the MASS trial.[

At all times and in all groups, anxiety, depression,
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and health-status measures were within the age-matched and gender-matched population norms. Patients who screened positive for AAA had slightly lower scores, however, on some physical and mental health scales and self-rated health immediately after
screening. Patients undergoing surgery compared with surveillance had lower scores in mental health at 3 months, but scores were similar by 12 months. Surgery also was associated with better self-rated health at 3 and 12 months compared with surveillance

142] [143] [144] [145] [146]

and similar to ratings by patients screening negative. These results are similar to prior studies and indicate that AAA screening does not have a negative impact on quality of life.[

In a parallel publication, the MASS group showed that screening men age 65 to 74 for AAA is cost-effective with an incremental cost-effectiveness ratio of $30,000 per life-year saved when analyzed after only 4 years (the duration of the trial) and a projected

147]

cost-effectiveness ratio of $8500 per life-year saved after 10 years.[

Adjusting for the quality-of-life changes described earlier, the cost-effectiveness ratio at 4 years is increased slightly to about $38,000 per quality-adjusted life-year saved.

All randomized trials have shown at least a trend toward reduced AAA-related mortality with ultrasound screening. This benefit was shown best in the largest trial, which, in addition to large numbers, also had a high attendance rate. If attendance rate is low, it
becomes more likely that patients at greatest risk will not undergo screening, and the overall benefit may be reduced or lost. Targeting patients at greatest risk for AAA is likely to increase the benefit. Screening seems reasonable for men older than age 60 who
would be candidates for at least an endovascular repair. Screening may be beneficial for women if they have other risk factors for AAA, such as a smoking history or a family history of AAA. Because familial AAAs tend to occur at younger ages, screening
for patients with a family history should be performed earlier, such as age 50 to 55.

78] [79] [148] [149]
In all studies, additional small AAAs were detected in 2% to 4% at 4 to 12 years of follow-up, but

If an initial screening study is negative, there is little additional value of an additional future ultrasound scan.[

Figure 100-3 Survival for early surgery and surveillance groups in the UK Small Aneurysm Trial. (From mortality results for randomised controlled trial of early elective surgery or ultrasonographic surveillance for small abdominal aortic aneurysms. The

UK Small Aneurysm Trial Participants. Lancet 352:1649, 1998.)

Figure 100-4 Proportion of patients undergoing abdominal aortic aneurysm repair in early surgery and surveillance groups in the UK Small Aneurysm Trial. (From mortality results for randomised controlled trial of early elective surgery or ultrasonographic
surveillance for small abdominal aortic aneurysms. The UK Small Aneurysm Trial Participants. Lancet 352:1649, 1998.)

Figure 100-5 Survival for early surgery and surveillance groups in the UK Aneurysm Detection and Management Trial. (From Lederle FA, Wilson SE, Johnson GR, et al: Immediate repair compared with surveillance of small abdominal aortic aneurysms. N
Engl J Med 346:1437, 2002.)

Figure 100-6 Proportion of patients undergoing abdominal aortic aneurysm repair in early surgery and surveillance groups in the UK Aneurysm Detection and Management Trial. (From Lederle FA, Wilson SE, Johnson GR, et al: Immediate repair compared
with surveillance of small abdominal aortic aneurysms. N Engl J Med 346:1437, 2002.)

TABLE 100-2 -- Annual Rupture, Operation, and Maximal Potential Rupture Rates, According to Initial Diameter
AAA DIAMETER (cm)

RUPTURE RATE (per yr)

OPERATION RATE (per yr)

MPRR (per yr)

3–4.4

0.7%

1.4%

2.1%

4.5–5.9

1.7%

8.5%

10.2%

AAA, abdominal aortic aneurysm; MPRR, maximal potential rupture rate.

169

] reported the outcome of 67 patients with 4- to 6-cm diameter AAAs, only 3% of whom underwent elective
risk of death from these comorbid conditions, however, which would potentially decrease the apparent rupture risk. Cronenwett and associates[
repair during 3-year follow-up. In this series, the annual rupture rate was 6% per year, causing a 5% annual mortality from AAA rupture. Most AAAs expanded during follow-up to a larger size before rupture, however, so that the rupture rate for AAAs that
150]

remained less than 5 cm in diameter was only 3% per year.[

170]
reported on 198 veterans with AAAs 5.5 cm or larger unfit for or refusing surgery. The 1-year rupture risk was 9% for AAAs 5.5 to 5.9 cm, 10%
[171]

For large AAAs, Lederle and colleagues [

for AAAs 6 to 6.9 cm, and 33% for AAAs 7 cm or larger, based on the initial diameter. The subgroup of patients with initial AAA diameter 6.5 to 6.9 cm had an annual rupture risk of 19%. Jones and coworkers
found annual rupture rates of 8% for AAAs 5 to 5.9 cm and 16% for AAAs 6 cm or larger. There is general agreement that the rupture risk in AAAs larger than 6 cm is substantially higher than for smaller AAAs.

analyzed 57 patients unfit for surgery and

The simple observation that not all AAAs rupture at a specific diameter indicates that other patient-specific and aneurysm-specific variables also must influence rupture. Several studies have employed multivariate analysis to examine the predictive value of

163

]
various clinical parameters on AAA rupture risk. The UK Small Aneurysm Trialists followed 2257 patients over the 7-year period of the trial, including 1090 randomized patients and an additional 1167 patients who were ineligible for randomization.[
There were 103 documented ruptures. Predictors of rupture using proportional hazards modeling (adjusted hazard ratio in parentheses) were female gender (3), initial AAA diameter (2.9 per cm), smoking status (never-smokers 0.65, former smokers 0.59—
both versus current smokers), mean blood pressure (1.02 per mm Hg), and forced expiratory volume in 1 second (FEV1 ) (0.62 per L). The mean diameter for ruptures was 1 cm lower for women (5 cm) compared with men (6 cm). This analysis confirmed
169]

early work by Cronenwett and associates,[

who determined that larger initial AAA diameter, hypertension, and chronic obstructive pulmonary disease (COPD) were independent predictors of rupture.

160

] also concluded that larger initial AAA size, hypertension, and bronchiectasis were independently associated with AAA rupture. Patients with ruptured AAAs had
By comparing patients with ruptured and intact AAAs at autopsy, Sterpetti and colleagues[
significantly larger aneurysms (8 versus 5.1 cm), more frequently had hypertension (54% versus 28%), and more frequently had emphysema (67% versus 42%) and bronchiectasis (29% versus 15%). In a review of 75 patients with AAAs managed
159

172

] noted that death from rupture occurred in 72% of patients with diastolic hypertension, but in only 30% of the entire group. Among 156 patients with AAAs managed nonoperatively, Szilagyi and colleagues[
]
nonoperatively, Foster and coworkers[
found that hypertension (>150 mm Hg) was present in 67% of patients who experienced rupture, but in only 23% of patients without rupture. In addition to AAA size, these reports strongly implicate hypertension, COPD, female gender, and current smoking
status as important risk factors for AAA rupture. The explanation for a causative role of
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163

] This study prospectively measured pulmonary disease with
hypertension is straightforward, based on Laplace’s law. The UK Small Aneurysm Trial was the first to show that smoking status predicts rupture in addition to chronic pulmonary disease.[
FEV1 and documented smoking status with self-reported status and serum cotinine (a nicotine breakdown product with a plasma half-life of 16 hours). This study suggests that smoking has a two-tiered effect in that FEV1 , which is likely a measure of

duration and quantity of smoking, is related to rupture, but also current smokers were more likely to rupture than former smokers, even after adjusting for the FEV1 . The UK Small Aneurysm Trialists found that serum cotinine was a better predictor of rupture

173]

than self-reported smoking status. Many clinicians consider the ratio of the aneurysm diameter to the adjacent normal aorta to be important in determining rupture risk. Women are known to have smaller aortas than men.[

A 4-cm AAA in a small woman

174

] have suggested
with a 1.5-cm diameter native aorta would be at greater rupture risk than a comparable 4-cm AAA in a large man with a native aortic diameter of 2.5 cm. The validity of this concept has not been proved, however. Ouriel and associates[
that a relative comparison between aortic diameter and the diameter of the third lumbar vertebra may increase the accuracy for predicting rupture risk, by adjusting for differences in body size. The improvement in prediction potential was minimal, however,
compared with absolute AAA diameter and the relative risk of gender.
65

Although a positive family history of AAA is known to increase the prevalence of AAAs in other first-degree relatives, it also seems that familial AAAs have a higher rupture risk. Darling and colleagues[ ] reported that the frequency of ruptured AAAs
increased with the number of first-degree relatives who have AAAs: 15% with two first-degree relatives, 29% with three first-degree relatives, and 36% with four or more first-degree relatives. Women with familial aneurysms were more likely (30%) to

67

present with rupture than men with familial AAAs (17%). Verloes and associates[ ] found that the rupture rate was 32% in patients with familial AAAs versus 9% in patients with sporadic aneurysms and that familial AAAs ruptured 10 years earlier (65
years old versus 75 years old). These observations suggest that patients with a strong family history of AAA may have an individually higher risk of rupture, especially if they are female. These studies did not consider other potentially confounding factors,
however, such as AAA size, which might have been different in the familial group. Further epidemiologic research is required to determine whether a positive family history is an independent risk factor for AAA rupture in addition to a risk factor for increased
AAA prevalence.

Although rapid AAA expansion is presumed to increase rupture risk, it is difficult to separate this effect from the influence of expansion rate on absolute diameter, which alone could increase rupture risk. Two studies have reported that expansion rate was

166] [175]
161] [169]
Other studies have found that absolute AAA diameter, rather than expansion rate, predicted rupture.[
One study of patients with thoracoabdominal
[176]

larger in ruptured than intact AAAs, but these ruptured AAAs were also larger.[

aneurysms showed that not only initial diameter, but, more importantly, subsequent expansion rate were independent predictors of rupture.

One study with seven ruptures in 39 patients examined with serial three-dimensional CT scans found expansion

177]
178]
Sharp and Collin[
reported 32 patients with AAA diameter expansion of 0.5 cm or more in 6 months, but still with maximal diameter less than 5.5 cm, who did not undergo surgery. No ruptures occurred in these
rate to be a predictor of rupture.[
patients. The authors noted that many patients had apparent negative expansion directly before or after the episode of rapid expansion, which suggests that one or more of the measured diameters (all measured with ultrasound) may have been erroneous. They
also noted that rapid expansion was sustained in only 11% of their patients and that most had expansion rates that regressed toward the population average. Although far from being proved, rapid AAA expansion frequently is regarded as a risk factor for
rupture and often is used as a criterion for elective repair of small AAAs. It would seem prudent to confirm rapid expansion with CT or MRI before recommending surgery for this indication alone.

29]

Clinical opinion also holds that eccentric or saccular aneurysms represent greater rupture risk than more diffuse, cylindrical aneurysms. Vorp and associates[

used computer modeling to show that wall stress is substantially increased by an asymmetric

30
bulge in AAAs. The influence of asymmetry was as important as diameter over the clinically relevant range tested. Fillinger and coworkers[ ] compared wall stress measured using finite element analysis of three-dimensional CT scans in ruptured AAAs,

emergent intact AAA repairs, and elective repairs. They found peak wall stress to be significantly higher in ruptured and emergent AAAs than in electively repaired AAAs. They subsequently performed wall stress analysis on CT scans of patients who did not

179

] Using multivariate analysis with proportional hazards modeling,
undergo surgery or rupture for at least 6 months to determine whether the increase in wall stress happens acutely at the time of symptoms or rupture or if it can be predicted in advance.[
these investigators found that peak wall stress was the greatest predictor of rupture (hazard ratio 25) followed by gender (hazard ratio 3), and that after accounting for wall stress and gender, diameter did not predict rupture. This study raises the possibility that
estimates of AAA rupture risk might be improved by using biomechanical modeling of individual AAAs. In addition to a large bulge over the entire AAA, localized outpouchings or “blebs,” ranging from 5 to 30 mm in size, can be observed on AAAs
32]

intraoperatively or on CT scans.[

31]

These areas of focal wall weakness show marked thinning of the tunica media elastin and have been suggested to increase rupture risk, although this is not firmly established.[

The effect of intraluminal thrombus on

180]
181]
and thrombus has been suggested to reduce aneurysm wall tension.[
The practical impact of these variables on AAA rupture risk requires further study.
rupture risk also is debated. One study has reported thinner thrombus in AAAs that ruptured,[
Further analysis of the predictive ability of wall stress analysis is under way.
AAA rupture risk requires more precise definition. Currently, available data suggest the following estimates for rupture risk as a function of diameter: AAAs less than 4 cm, 0% per year; AAAs 4 to 5 cm, 0.5% to 5% per year; AAAs 5 to 6 cm, 3% to 15% per
year; AAAs 6 to 7 cm, 10% to 20% per year; AAAs 7 to 8 cm, 20% to 40% per year; and
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AAAs greater than 8 cm, 30% to 50% per year. For a given sized AAA, gender, hypertension, COPD, current smoking status, and wall stress seem to be independent risk factors for rupture. Family history and rapid expansion are probably risk factors for
rupture, whereas the influence of thrombus content and diameter ratio are less certain.
Expansion Rate
Estimating expected AAA expansion rate is important to predict the likely time when a given AAA will reach the individual threshold diameter for elective repair. Numerous studies have established that aneurysms expand more rapidly as they increase in size.

[166] [182] [183] [184] [185] Expansion rate is represented most accurately as an exponential rather than a linear function of initial AAA size. Limet and colleagues[166] calculated the median expansion rate of small AAAs to be e0.106t , where t =
[183]

years. For a 1-year interval, this formula predicts an 11% increase in diameter per year, nearly identical to the 10% per year calculation reported by Cronenwett and colleagues

in 1990. Several more recent studies have confirmed this estimate of

14 185] [186] [187]
14
In particular, a literature review by Hallin and coworkers[ ] found mean expansion rates of 0.33 cm/yr for AAAs 3 to 3.9 cm,
approximately 10% per year for clinically relevant AAAs in the size range of 4 to 6 cm in diameter.[ ] [
[14] [167] [188]

0.41cm/yr for AAAs 4 to 5 cm, and 0.51 cm/yr for AAAs greater than 5 cm. Studies that have identified very small AAAs, usually through screening, suggest that expansion rate may be less than 10% per year for AAAs smaller than 4 cm.

[189] Santilli and colleagues[189] point out that the median expansion rate is lower than the mean and may be more appropriate given the skewed nature of the data. The median expansion rate may be more useful for predicting expansion for an individual
patient and should be reported in future studies.

190] [191]

Although average AAA expansion rate can be estimated for a large population, individual AAAs behave in a more erratic fashion. Periods of rapid expansion may be interspersed with periods of slower expansion.[

[191]

expansion do not seem predictable.

[190]

Chang and associates

Episodes of sudden, rapid

found that in addition to large initial AAA diameter, rapid expansion is independently associated with advanced age, smoking, severe cardiac disease, and stroke. The influence of smoking

192] [193] [194]
193]
The UK Small Aneurysm Trialists showed that current smoking is predictive of more rapid expansion, whereas former smoking is not.[
This distinction may explain why some investigators failed to find
has been confirmed by others.[
175
183
184
[
][
][
] [189]
[195]

smoking as a predictor of expansion. In addition to these factors, hypertension and pulse pressure have been identified as independent predictors of more rapid expansion rate.

Finally, Krupski and associates

and Wolf and

196]

colleagues[

have shown that increased thrombus content within an AAA and the extent of the aneurysm wall in contact with thrombus are associated with more rapid expansion.

197] [198] [199] [200] [201]
187] [202] [203]
Subsequent retrospective analyses in humans seemed to corroborate this.[
Two
[204]

Beta blockade has been postulated to decrease the rate of AAA expansion. This was first shown in animal models.[

204 205

][
] The randomized trial from Toronto showed that patients taking beta blockers had worse quality of life and did not tolerate the drug well.
subsequent randomized trials failed to show any reduction in growth rate with beta blockade.[
when the study analyzed only patients who tolerated the medication, there was no effect of propranolol on AAA expansion rate.
206] [207]

Doxycycline, 150 mg daily, was shown to slow the rate of AAA expansion in one small randomized trial, whereas roxithromycin, 30 mg daily, was shown to reduce expansion rate in another.[

[58] [59]

pneumoniae, which has been shown to be present in many AAAs.

Even

These antibiotics have activity against C.

208]
Vammen and associates[
showed that antibodies to Chlamydia predicted expansion in small AAAs and suggested that antibody-positive patients may benefit from anti[54] [209] [210]

Further research in this exciting area is needed before routine treatment with these
Chlamydia treatment. Doxycycline also has been shown to suppress MMP expression in human AAAs and to reduce aneurysm formation in animal models.
antibiotics can be recommended, but the low incidence of side effects has stimulated some clinicians to use doxycycline treatment for patients with small AAAs under surveillance.

Elective Operative Risk

211

] reviewed the literature to examine differences based on whether the report was population-based or hospital-based and prospective or
Reported operative mortality associated with elective AAA repair varies widely. Blankensteijn and colleagues[
retrospective. The authors found that mean operative mortality was 8% in population-based prospective studies and 7.4% in population-based retrospective studies. These rates were significantly higher than the rates of individual hospital-based prospective
14]
the weighted mean operative mortality for elective AAA repair was 5%. This is similar to the rate reported in the UK Small Aneurysm Trial (5.6% elective
[12]

and retrospective studies (both 3.8%). In a separate literature review by Hallin and colleagues,[

212]
213]
1996 U.S. Medicare data (5.5%), [
and a review of U.S. hospital discharge data with approximately 360,000 elective AAA repairs (5.6%).
This elective operative mortality does not seem to have improved since the 1980s.
215
216
217
218
219
220
221
222
223
224
[
][
][
][
][
][
][ ][
][
][
] [225] [226]

operative mortality),[

[12] [14] [214] Other, more recent statewide, national, and international reviews have shown similar results.

Many referral-based series from vascular centers of excellence
report operative mortality less than 5% for elective AAA repair, showing that well-trained surgeons in experienced centers using careful patient selection are capable of performing elective AAA repair with mortality rates substantially lower than population

153] [227] [228] [229]

averages.[

230

] identified seven prognostic factors that were independently predictive of operative
As expected, considerable variation in operative risk occurs among individual patients and depends on specific risk factors. A meta-analysis by Steyerberg and coworkers[
mortality after elective AAA repair and calculated the relative risk for these factors ( Table 100–3 ). The most important risk factors for increased operative mortality were renal dysfunction (creatinine >1.8 mg/dL), congestive heart failure (CHF) (cardiogenic
pulmonary edema, jugular vein distention, or the presence of a gallop rhythm), and ischemic changes on resting electrocardiogram (ECG) (ST-segment depression >2 mm). Age had a limited effect on mortality when corrected for the highly associated
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TABLE 100-3 -- Independent Risk Factors for Operative Mortality After Elective Abdominal Aortic Aneurysm Repair
RISK FACTOR

ODDS RATIO

*

95% CI

Creatinine >1.8 mg/dL

3.3

1.5–7.5

Congestive heart failure

2.3

1.1–5.2

ECG ischemia

2.2

1–5.1

Pulmonary dysfunction

1.9

1–3.8

Older age (per decade)

1.5

1.2–1.8

Female gender

1.5

0.7–3

CI, confidence interval.

From Steyerberg EW, Kievit J, Alexander de Mol Van Otterloo JC, et al: Perioperative mortality of elective abdominal aortic aneurysm surgery: A clinical prediction rule based on literature and individual patient data. Arch Intern Med 155:1998, 1995.

* Odds ratio indicates relative risk compared with patients without that risk factor.

comorbidities of cardiac, renal, and pulmonary dysfunction (mortality increased only 1.5-fold per decade). This limited effect explains the excellent results reported in multiple series in which selected octogenarians have undergone elective AAA repair with

223

230

] Based on their analysis, Steyerberg and colleagues[
] developed a clinical prediction rule to estimate the operative mortality for individual patients undergoing elective AAA repair ( Table 100–4 ). This
mortality comparable to younger patients.[
scoring system takes into account the seven independent risk factors plus the average overall elective mortality for a specific center. To show the impact of the above-mentioned risk factors on a hypothetical patient, the predicted operative mortality for a 70year-old man in a center with an average operative mortality of 5% could range from 2% if no risk factors were present to greater than 40% if cardiac, renal, and pulmonary comorbidities all were present. This range would have a substantial impact on the
231

] which showed the added predictive value of dipyridamole-thallium studies in
decision to perform elective AAA repair. A similar Bayesian model for perioperative cardiac risk assessment in vascular patients has been reported by L’Italien and associates,[
patients with intermediate risk for cardiac death. This study also showed the protective effect of coronary artery bypass graft surgery within the previous 5 years, which reduced the risk of myocardial infarction (MI) or death after AAA repair by 2.2-fold.
Although this type of statistical modeling cannot substitute for experienced clinical judgment, it helps identify high-risk patients who might benefit from further evaluation, risk factor reduction, or medical management instead of surgery if AAA rupture risk is
not high.
14

230

] that renal failure is the strongest predictor of mortality with a 4-fold to 9-fold increased mortality risk. Cardiac disease (a history of CAD, CHF, or prior MI)
The review of Hallin and colleagues[ ] supports the findings of Steyerberg and colleagues[
was associated with a 2.6-fold to 5.3-fold greater operative mortality risk. Older age and female gender seemed to be associated with increased risk, but the evidence was not as strong. Valuable data regarding predictors of operative risk have been generated
232]
Preoperative predictors of death were ECG evidence of ischemia, chronic pulmonary disease, and

by prospective trials. In the Canadian Aneurysm Study, overall operative mortality was 4.8%.[

TABLE 100-4 -- Predicting Operative Mortality After Elective Abdominal Aortic Aneurysm Repair

*

Surgeon-Specific Average Operative Mortality
Mortality (%):

3

4

5

6

8

12

Score:

−5

−2

0

+2

+5

+10

Age (yr):

60

70

80

Score:

−4

0

+4

_______

Individual Patient Risk Factors

Gender:
Score:

_______

Female

Male

+4

0

_______

Cardiac comorbidity:

MI

CHF

ECG ischemia

Score:

+3

+8

+8

Renal comorbidity:

_______

Creatinine >1.8 mg/dL

Score:

+12

Pulmonary comorbidity:

_______

COPD, dyspnea

Score:

+7

_______

Estimated Individual Surgical Mortality, Total Score

_______

Total score:

−5

0

5

10

15

20

25

30

35

40

Mortality (%):

1

2

3

5

8

12

19

28

39

51

CHF, congestive heart failure; COPD, chronic obstructive pulmonary disease; ECG, electrocardiogram; MI, myocardial infarction.
From Steyerberg EW, Kievit J, Alexander de Mol Van Otterloo JC, et al: Perioperative mortality of elective abdominal aortic aneurysm surgery: A clinical prediction rule based on literature and individual patient data. Arch Intern Med 155:1998, 1995.

* Based on total score from sum of scores for each risk factor, including surgeon-specific average mortality for elective abdominal aortic aneurysm repair, estimated patient-specific mortality.

212]

renal insufficiency. The randomized UK Small Aneurysm Trial found older age, lower FEV1 , and higher creatinine to be associated with mortality on univariate analysis.[

With multivariate analysis, the effect of age was diminished, whereas renal

disease and pulmonary disease remained strong predictors of operative mortality. The predicted mortality ranged from 2.7% for younger patients with below-average creatinine and above-average FEV1 to 7.8% in older patients with above-average creatinine

and below-average FEV1 . The UK Small Aneurysm Trial Participants noted that the Steyerberg prediction rule did not work well for their patients. The randomized UK Small Aneurysm Trial did not gather information on a history of CHF (one of the

12] [74] [230] [233]

strongest predictors in Steyerberg’s analysis), however. Female gender also has been found to be associated with higher operative risk in several population-based studies using administrative data.[

These databases may suffer from

234]
212] [232]
Gender has not been found to be associated with operative mortality in prospective trials.[
inaccurate coding of comorbidities, however, and lack of ability to adjust fully for comorbid conditions.[

Center-specific mortality is an important consideration because results vary among centers and individual surgeons, independent of patient-specific risk factors. In part, this variation is due to volume and experience because low-volume hospitals and surgeons

213]
reviewed Medicare data from

have demonstrably worse outcome for AAA repair than higher volume centers. Cronenwett and Birkmeyer[
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1996 in the Dartmouth Atlas of Vascular Healthcare. This analysis showed that high-volume surgeons (>10 AAA repairs per year) had an elective AAA 30-day mortality rate of 4%, whereas low-volume surgeons (<4 AAA repairs per year) had a mortality rate

235]
found that high-volume hospitals (>35 AAA repairs per year) had a 30-day operative mortality of 3%, whereas low-volume hospitals (<35 AAA repairs per
[213] [225] [235] [236]

of 8%. In a review of AAA repairs from an administrative database, Dimick and coworkers[

In the Dartmouth Atlas of Vascular Healthcare, operative mortality with elective AAA repair was 4.4% for vascular

year) had a mortality of 5.5%. Surgeon specialty training also has been shown to affect operative mortality.

213]
235]
High-volume surgeons tend to operate in high-volume hospitals. To account for this, Dimick and coworkers[
used multilevel analysis to evaluate the relative impact of hospital
surgeons, 5.4% for cardiac surgeons, and 7.3% for general surgeons.[
and surgeon volume and surgeon specialty. They showed that high-volume surgeon, vascular surgery specialization, and high-volume hospital all were independently associated with lower mortality after elective AAA repair. The effects of hospital volume

[74] [218] [220] [222] [224] [237] [238] [239] [240] [241] and surgeon volume[225] [238] [242] [243] on operative mortality after elective AAA repair have been shown by others as well.

Life Expectancy

Assessment of life expectancy is crucial to determine if an individual patient would benefit from prophylactic repair of an AAA. Because most patients with AAAs have been long-term smokers, it is not surprising to learn that most AAA patients have

77] [90] [96] [101] [102] [152] [244]
Many of these chronic conditions increase operative risk, as noted earlier. In addition, these
[245] [246] [247]
[138]

extensive comorbid disease, particularly CAD, COPD, hypertension, hyperlipidemia, cerebrovascular disease, and cancer.[

In 2001, Norman and coworkers
reviewed 32 publications
factors shorten life expectancy. Patients who survive elective AAA repair have a reduced life expectancy compared with the age-matched and gender-matched population.
over 20 years that described long-term survival after AAA repair. They found that the mean 5-year survival after AAA repair was 70% compared with 80% in the age-matched and gender-matched population without AAAs. Predictors of late death after

228] [246] [248]
The UK Small Aneurysm Trial Participants found (after adjustment for age, gender, and AAA diameter, but not

successful AAA repair include age, cardiac disease, chronic pulmonary disease, renal insufficiency, and continued smoking.[

248]
Table 100–5 shows U.S. census data from 1998 that have been adjusted to reflect the life expectancy of an average patient surviving elective AAA repair.

cardiac disease) that FEV1 and current smoking status (plasma cotinine) predicted late death.[

These numbers should be adjusted according to the relative severity of comorbid disease, but may be used to guide clinical decision making.

SURGICAL DECISION MAKING
In patients with symptomatic AAAs, operative repair is nearly always appropriate because of the high mortality associated with rupture or thrombosis, and the high likelihood of limb loss associated with peripheral embolism. Occasionally, patients with very
high risk or patients with short life expectancy may choose to forego emergency repair of symptomatic AAAs, but in general, surgical decision making for symptomatic AAAs is straightforward.
For patients with asymptomatic AAAs, more recent randomized trials have provided assurance that the typical male patient generally can be monitored safely with careful ultrasound surveillance until the AAA reaches 5.5 cm, at which time elective repair can

150] [151]

be performed. Decision analyses and cost-effectiveness modeling have previously shown, however, that individual patient rupture risk, operative risk, and life expectancy need to be considered to determine the optimal threshold for intervention.[

[249] [250] The UK Small Aneurysm Trial and ADAM trial excluded patients who were considered “unfit” for repair, highlighting the fact that patients with high operative risk and short life expectancy should have a threshold diameter greater than 5.5 cm.
In the UK Small Aneurysm Trial, the rupture risk for women was 4.5-fold higher than for men, prompting the authors to recommend a lower threshold for women than men. It seems logical also to consider other factors that may make rupture more likely

153 154

][
] In the UK Small Aneurysm Trial, 81% of patients with initial diameters 5 to 5.4 cm eventually underwent repair.
during surveillance. In both randomized trials, 60% to 75% of patients undergoing surveillance eventually underwent AAA repair.[
For many patients with this size AAA, the question is not whether to perform AAA repair but when. Patients with AAA diameters approaching 5.5 cm whose life expectancy is expected to be more than 5 years and whose operative risk is estimated to be low
should be informed that they are likely to require AAA repair within the next few years. This subgroup of patients could be offered surgery at a time when it is convenient for them, with the understanding that waiting for expansion to 5.5 cm has little risk. In
these cases, patient preference should weigh heavily in the decision-making process. For patients with multiple risk factors for rupture, long life expectancy, and low operative risk, it would seem prudent to recommend AAA repair at less than 5.5 cm diameter.
Additionally, the ability of the patient to comply with careful surveillance should be considered. Although more recent randomized trials have provided a great deal of information to guide decision making, clinicians should not adopt a “one size fits all” policy
for treating patients with AAA.

TABLE 100-5 -- Life Expectancy in Years for Patients with Abdominal Aortic Aneurysm by Age, Gender, and Race
MALE

FEMALE

AGE (yr)

TOTAL

White

Black

White

Black

60

13

12

11

14

13

65

11

11

10

12

11

70

10

9

8

10

10

75

8

8

7

9

8

80

6

6

6

7

6

≥85

5

4

4

5

5
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PREOPERATIVE ASSESSMENT
Patient Evaluation
A careful history, physical examination, and basic laboratory data are the most important factors for estimating perioperative risk and subsequent life expectancy. These factors not only may influence the decision to perform elective AAA repair, but they may

251

] it is discussed in detail in Chapter 56 and summarized briefly here. The first issue to consider in
focus preoperative management to reduce modifiable risk. Because CAD is the largest single cause of early and late mortality after AAA repair,[
preoperative evaluation is whether a patient’s current quality of life is sufficient in his or her opinion to justify a surgical procedure potentially to prolong life. In some debilitated elderly patients or patients with mental deterioration, this decision is difficult
and must be made in conjunction with the extended family. When this decision is made, attention must be directed toward identifying risk factors that would increase operative risk or decrease otherwise expected survival such that prophylactic repair might
252]

not be warranted. Assessment of activity level, stamina, and stability of health is important in this regard and can be translated into metabolic equivalents to help assess cardiac and pulmonary risk.[

mortality,

[212] [232]

Because COPD is an independent predictor of operative

it should be assessed by pulmonary function studies with or without room air arterial blood gas measurement in patients who have apparent pulmonary disease. In some cases, preoperative treatment with bronchodilators and pulmonary

253]
In more extreme cases, pulmonary risk may reduce life expectancy substantially, and in these cases, formal pulmonary consultation may be helpful to estimate survival. Serum creatinine is one of the most important
232
[
]

toilet can reduce operative risk.[
predictors of operative mortality

and must be assessed. The impact of other diseases, such as malignancy, on expected survival also should be considered carefully.

254

] in 1979 performed routine preoperative coronary arteriography at the Cleveland Clinic and reported that only 6% of patients with AAAs had normal
It is well established that patients with AAAs have a high prevalence of CAD. Hertzer and colleagues[
arteries; 29% had mild to moderate CAD; 29% had advanced compensated CAD; 31% had severe correctable CAD; and 5% had severe uncorrectable CAD. This study established that clinical prediction of the severity of CAD was imperfect because 18% of
patients without clinically apparent CAD had severe correctable CAD on arteriography compared with 44% of patients whose CAD was clinically apparent. This pivotal study has led to intense efforts to identify risk factors and algorithms that more accurately
predict the presence of severe CAD that would justify its correction before AAA repair or would lead to avoiding AAA repair. Many clinical parameters, including angina, history of MI, Q wave on ECG, ventricular arrhythmia, CHF, diabetes, and increasing
255

252

] Various combinations of these risk factors have been used to generate prediction algorithms for perioperative cardiac morbidity.[
] In general, these algorithms identify lowage, have been reported to increase the risk of postoperative cardiac events.[
risk, high-risk, or intermediate-risk patients. For high-risk patients, such as patients with unstable angina, more sophisticated cardiac evaluation is required; low-risk patients may undergo elective AAA repair without further testing. For intermediate-risk
255]
Radionuclide stress scanning (either exercised-induced or dipyridamole-induced) or stress echocardiography
[256] [257] [258]

patients, who constitute most patients with AAAs, decision making is more difficult and may be facilitated by additional cardiac testing.[

(dobutamine-induced) is used most frequently for this purpose and has a high negative predictive value; that is, patients with a normal stress response have a low probability of perioperative myocardial complications.

For patients with

abnormal stress response, however, the positive predictive value of these tests is low because many such patients can undergo elective AAA repair safely. Although many initial studies showed a high predictive value for dipyridamole-thallium scanning in

259] [260] [261]
262] [263] [264]
subsequent studies have not found that routine screening is cost-effective.[
It seems that increasing age and clinical indicators of CAD are better predictors of adverse cardiac outcome

patients undergoing AAA repair,[

265]
There has been considerable debate about the appropriateness of extensive cardiac evaluation and potential treatment of patients before elective AAA repair.

after AAA repair.[

If significant CAD or other cardiac risk factors, such as valvular disease or CHF, are identified preoperatively in a patient with an AAA, four options are possible: (1) perform endovascular AAA repair; (2) delay or avoid AAA repair; (3) perform AAA repair
with more intensive cardiac monitoring and management, particularly with perioperative beta blockade (see section on perioperative management); or (4) reduce cardiac risk before AAA surgery with coronary artery bypass graft, coronary angioplasty, or
coronary stenting. Option 1 is discussed in detail in Chapter 101 . Although most surgeons consider this a lower risk option, this has not yet been proved by randomized trials. Option 2 is most applicable to patients with small, low-risk AAAs or to elderly
patients in whom the added benefit of AAA repair is marginal. Proponents of option 3 cite the low mortality of AAA repair without preoperative cardiac surgery, especially in patients treated with beta blockers, and the added mortality from cardiac

266]

intervention that must be considered.[

267]

In contrast, proponents of option 4 point out the need to ensure long-term survival to gain the benefit of AAA repair and the survival benefit of coronary artery bypass graft in appropriately selected patients.[

[268] Because no randomized trial has been conducted to address the benefit of prophylactic coronary revascularization before elective AAA repair, this question remains an issue for individualized decision making, based on local outcomes. In general,
however, with improved techniques for perioperative management of AAA patients, such as the routine use of perioperative beta blockade, there is a trend toward less extensive preoperative cardiac evaluation. In this regard, the American Heart Association

252]

has developed consensus recommendations regarding the preoperative cardiac evaluation of patients with peripheral vascular disease.[

The impact of cardiac risk assessment is particularly relevant for AAA repair (or any prophylactic operation) because it can change the decision of whether to repair a given aneurysm. For patients without clinically apparent heart disease, sophisticated cardiac
testing has little impact on decision making for large, high-risk AAAs, but is more
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264]
For the rare patient with unstable CAD and a large (or symptomatic) AAA, coronary revascularization combined with AAA repair may be
[271]

relevant for lower risk, small AAAs, in which operative mortality must be especially low to justify elective repair.[

269 270

][
] Alternatively, perioperative intra-aortic balloon counterpulsation has been used successfully in high-risk cardiac patients who require AAA repair.
In these cases, the intra-aortic balloon can be introduced via the femoral artery
indicated.[
and advanced through the graft after completing the proximal aortic anastomosis. The distal aortic or iliac anastomosis is constructed with the device in place, maintaining hemostasis with a Rumel tourniquet around the proximal graft. These techniques are
seldom required, however, because elective AAA repair is not likely to prolong life in patients with such severe cardiac disease, unless this can be corrected. Lower risk endovascular AAA repair seems particularly well suited for such patients (see Chapter
101 ).

Aneurysm Evaluation

Most surgeons recommend a preoperative imaging study using CT, MRI, MRA, or arteriography. Contrast-enhanced CT seems to be the most useful study for preoperative AAA evaluation when considering information obtained, invasiveness, and cost. This
is particularly true for spiral CT, with thin slices in the region of interest. Spiral CT allows not only accurate size measurements, but also accurate definition of the relationship of an AAA to visceral and renal arteries. CT detects iliac artery aneurysms easily,
and even occlusive disease of intra-abdominal vessels is often apparent. CT aids in the identification of venous anomalies, such as a retroaortic left renal vein or a duplicated vena cava, or renal abnormalities, such as horseshoe or pelvic kidney, which would
influence operative techniques and approach. CT is the technique of choice to identify suspected inflammatory aneurysms and may reveal unsuspected abdominal pathology, such as associated malignancy or gallbladder disease. For juxtarenal or suprarenal
aneurysms, CT can define the most appropriate location for suprarenal cross-clamping, based on the detailed relationship of the visceral arteries, and can identify potentially associated aortic wall calcification. The ability of CT with arterial phase contrast and
thin slices to show stenotic lesions of the iliac, renal, and visceral arteries has improved and now rivals that of MRA. In centers with experience with these techniques, CT angiography has made percutaneous intra-arterial angiography unnecessary in most
AAA patients, even patients with suprarenal AAAs and occlusive disease of the aortic branch vessels (see Chapter 103 ).

MRI is comparable to CT in terms of AAA measurement accuracy and other preoperative planning issues. MRI avoids intravenous contrast administration, which may represent an advantage over CT for selected patients. Because it is more expensive and
time-consuming, MRI is not as widely used as CT scanning. When MRA is included with this technique, however, it can increase significantly the value in patients where arteriography otherwise would be required. In centers with sufficient experience using
this technique, MRA also has been shown to be accurate for determining the presence of occlusive disease in intra-abdominal arteries (see Chapter 22 ).

Historically, arteriography was nearly always used for the preoperative evaluation of AAAs and adjacent arteries. Arteriography has substantially more risk than the other imaging techniques because of its invasive nature, is associated with contrast and
radiation exposure, and is expensive. As a result, CT has been relied on more for routine preoperative AAA evaluation, especially because CT scanning can detect associated pathology that cannot be detected with arteriography. Arteriography is now reserved

272

]
for the preoperative evaluation of AAAs in patients who have suspected disease of adjacent arteries where detailed evaluation of the arterial lumen would affect the conduct of the AAA repair, in whom sufficient information cannot be gained from CT.[
Usually these are patients with associated renal or mesenteric disease or iliofemoral occlusive disease or patients with anomalies such as horseshoe or pelvic kidney. The development of endovascular AAA repair initially renewed the need for arteriography for
273]

precise preoperative device measurement, but even for this indication three-dimensional CT seems to have comparable value (see Chapter 21 ). [

MEDICAL MANAGEMENT

For patients with low-risk AAAs (small diameter without other risk factors for rupture) being followed with periodic size measurements, attempts should be made to reduce expansion rate and rupture risk. Smoking cessation is crucial, and hypertension should

204]

be aggressively controlled. As noted earlier, despite initial promising results from retrospective analyses, beta blockers have not been shown to slow the rate of growth of AAA in subsequent randomized trials, but doxycycline seems more promising.[

[206]
Because diameter measurement by CT is more accurate than ultrasound, it has been suggested that AAAs should be followed by CT, rather than ultrasound size measurements. Because ultrasound is much less expensive and less invasive, however, most
physicians continue to use this technique. Comparing sequential ultrasound scans should provide increased accuracy in terms of relative change, if current and previous images are compared. The question remains as to whether CT should be used as the final
determinant for recommending repair of “borderline”-sized AAAs. Because essentially all patients undergo a CT scan for preoperative planning, however, this is usually a moot point. It also can be argued that the accuracy of ultrasound is as precise as present

116] [119] [120]

knowledge of AAA rupture risk based on size. Nonetheless, because ultrasound seems systematically to underestimate AAA diameter by 2 to 4 mm compared with CT,[
followed by ultrasound if they approach the threshold for elective repair.

it seems reasonable to recommend a CT size measurement for AAAs,

SURGICAL TREATMENT

8
Since the 1960s, AAAs have been repaired using the technique of endoaneurysmorrhaphy with intraluminal graft placement, as described by Creech.[ ] This procedure is described subsequently (transperitoneal approach). The development of this technique
was based in part on the failure of previous “nonresective” operations, including aneurysm ligation, wrapping, and attempts at inducing
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aneurysm thrombosis, that yielded uniformly dismal results. AAA thrombosis by iliac ligation combined with axillobifemoral bypass enjoyed a brief resurgence in popularity for extremely high risk patients, but showed a high complication rate, including late

274 275 276 277 278

279

][
][
][
][
] This technique was similarly abandoned. As an alternative to standard open AAA repair, Shah and colleagues[
]
aneurysm rupture, and an operative mortality rate comparable to conventional repair in similar patients.[
proposed exclusion of an AAA with bypass to reduce operative blood loss. This group has since published long-term follow-up results and no longer recommends this procedure because of persistent flow in the excluded AAA sac and rupture in rare cases.
[280] In another attempt to reduce the invasiveness of AAA repair, the use of laparoscopy has been suggested to assist AAA repair. This approach uses laparoscopic techniques to dissect the aneurysm neck and iliac arteries followed by a standard
[281]

reported their results in 20 patients to show the feasibility of this approach, but a clear benefit has not been shown because the intraoperative, intensive care unit, and total hospital
endoaneurysmorrhaphy through a minilaparotomy. Kline and colleagues
durations seem comparable to conventional AAA repair. Further experience with this technique may identify a subgroup of patients for which a laparoscopic-assisted AAA repair is advantageous.

282]

Endovascular AAA repair was introduced by Parodi and coworkers[

in 1991 and has gained rapidly in popularity in the United States after reports of clinical trials and subsequent Food and Drug Administration approval. Endovascular AAA repair has

283] [284] [285] [285A]
285] [286]
Recovery time is shorter after endovascular repair than after open repair.[
Endovascular repair may not be as durable as

been shown to reduce operative morbidity, mortality, length of stay, and disability after surgery.[

287] [288] [289] [290] [291] [292]
Frequent and lifelong surveillance is required after endovascular repair along with a second intervention or conversion to open repair in some cases. There seems to be a small ongoing risk of
[292]

open repair, however.[

Endovascular AAA repair may be preferred, however, for patients who are at high operative risk for open
rupture after endografting as well. Decision analysis suggests that there is little difference between open and endovascular repair for most patients.
surgery. Open surgery may be preferred for younger, healthier patients in whom there is little difference in operative risk between the two strategies and for whom long-term durability is a concern. For most patients, patient preference should weigh heavily in
the decision-making process. Randomized trials comparing open with endovascular surgery are currently under way in Europe and in the VA system in the United States. An additional trial is under way in Europe comparing endovascular repair with
observation in high-risk patients. These trials will provide much more information for planning AAA repair in individual patients. Rapid advances continue to be made, however, in stent-graft technology that will need to be considered. Endovascular AAA
repair is discussed in detail in Chapter 101 .

Perioperative Management

293

] Ample intravenous access, intra-arterial pressure recording, and Foley catheter monitoring of urine output are routine. For
Preoperative intravenous antibiotics (usually a cephalosporin) are administered to reduce the risk of prosthetic graft infection.[
patients with significant cardiac disease, pulmonary artery catheters are used frequently to guide volume replacement and vasodilator or inotrope therapy intraoperatively and in the early postoperative period. Mixed venous oxygen tension measurement,
available with these catheters, can provide an additional estimate of global circulatory function. Transesophageal echocardiography can be useful in selected patients to monitor ventricular volume and cardiac wall motion abnormalities and to guide fluid
294] [295]

administration and the use of vasoactive drugs. Despite their frequent usage, studies examining the use of pulmonary artery catheters during AAA surgery have been unable to show added value easily.[
high risk patients, however, who are most likely to benefit from such monitoring. Because these techniques are not risk-free, selective use is probably more appropriate than routine application.

These studies usually have excluded very

Because the volume of blood lost during AAA repair often requires blood replacement, intraoperative autotransfusion and preoperative autologous blood donation have become popular, primarily to avoid the infection risk associated with allogeneic

296] [297] [298]
Autologous blood donation is less important for elderly patients, in whom life expectancy is shorter than the usual time for development
[296]

transfusion. Studies of the cost-effectiveness of such procedures question their routine use, however.[

of transfusion-associated viral illness. Because the allogeneic blood pool has become safer and the transfusion requirement for elective AAA repair lower, autologous blood donation does not seem to be cost-effective in elderly cardiovascular patients.

299]
Systems that use cell separation and return only red blood cells cause fewer coagulation disturbances than systems that return whole
[297] [298] [301]

Intraoperative autotransfusion during AAA repair is widely used because of the documented safety of this technique.[

300

] Because of the fixed costs associated with autotransfusion equipment, however, studies have shown that this technique is not cost-effective, unless a blood loss of approximately 1000 mL occurs.
Because it is usually difficult
blood.[
to predict the volume of blood loss during AAA repair, most surgeons employ autotransfusion in case blood loss becomes extensive. An intermediate solution is to employ only the reservoir component of an autotransfusion system and process the collected
298]
Optimizing oxygen delivery to patients with reduced cardiac output by maintaining an adequate hematocrit seems beneficial in patients
[302]

blood (using the more expensive components of these systems) only if blood loss is sufficient to justify this.[

undergoing AAA repair. One study showed that a postoperative hematocrit less than 28% was associated with significant cardiac morbidity in vascular surgery patients.

303

] noted
Maintenance of normal body temperature during aortic surgery is important to prevent coagulopathy, allow extubation, and maintain normal metabolic function. In a review of patients undergoing elective AAA repair, Bush and colleagues[
significantly more organ dysfunction (53% versus 29%) and higher mortality (12% versus 1.5%) in hypothermic patients (temperature <34.5°C) compared with normothermic patients. The only predictor of intraoperative hypothermia was female gender;
prolonged hypothermia was related to initial hypothermia, indicating
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304]

the difficulty in rewarming cold patients. A randomized trial found significantly reduced cardiac morbidity (1.4% versus 6.3%) in patients who were normothermic (36.7°C) versus hypothermic (35.4°C) intraoperatively. [
recirculating warm forced-air blanket should be placed in contact with the patient, and intravenous fluids, including any blood returned from an autotransfusion device, should be warmed before administration.

To prevent hypothermia, a

Anesthesia

305

] This technique allows a
Nearly all patients undergo general anesthesia for AAA repair. The supplemental use of continuous epidural anesthesia, begun immediately preoperatively and continued for postoperative pain control, is increasing in popularity.[
lighter level of general anesthesia to be maintained, while controlling pain through the epidural blockade. Additional benefits may include a reduction in the sympathetic catecholamine stress response, which might decrease cardiac complications. One
306]

randomized trial comparing general anesthesia with combined general-epidural anesthesia showed decreased deaths, cardiac events, infections, and overall complications.[

307]

These benefits were not observed in another randomized trial,[

however,

308]

suggesting that the details of perioperative management and patient selection may determine the impact of epidural anesthesia. It is possible that the major benefit of epidural anesthesia accrues in the postoperative period, rather than intraoperatively.[

309]

Although concern has been raised about possible complications of epidural hematoma in patients who are anticoagulated, this has proved to be extremely rare when the epidural catheter is inserted before and removed after anticoagulation.[

Preoperative β-adrenergic blockade is an important adjunct to reduce left ventricular work by decreasing heart rate, blood pressure, and cardiac contractility; this decreases myocardial oxygen demand to reduce or prevent ischemia. Pasternack and colleagues

[310] showed that patients who underwent vascular surgery and received metoprolol immediately before operation had significantly lower heart rate and less intraoperative myocardial ischemia than untreated controls. Mangano and associates[311]
performed the first randomized, placebo-controlled trial to assess the effect of atenolol (given intravenously immediately before and after surgery and orally during hospitalization) in patients at risk for CAD who underwent noncardiac surgery. A significant
reduction in mortality extending 2 years after discharge was observed in the atenolol-treated patients (3% versus 14% 1-year mortality) as a result of a reduction in death from cardiac causes. In a separate analysis, the investigators noted that atenolol-treated

312]

patients had a 50% lower incidence of myocardial ischemia during the first 48 hours after surgery and a 40% lower incidence during postoperative days 0 through 7.[

Patients with perioperative myocardial ischemia were significantly more likely to die

[313]

performed a randomized trial of perioperative beta blockade with bisoprolol in patients with abnormal dobutamine echocardiograms undergoing aortic or lower extremity arterial reconstruction and
within 2 years after surgery. Poldermans and coworkers
found that perioperative cardiac death was significantly reduced from 17% (placebo) to 3% (bisoprolol). Additionally, nonfatal MI occurred in 17% of patients given placebo versus none of the patients given bisoprolol. A subsequent publication from the same

314]

authors showed that during a mean follow-up of 22 months, cardiac events were significantly lower in patients who had received perioperative beta blockade (12% versus 32%).[

[315] [316]

Given this knowledge, it has been suggested that beta blockers are

316

] showed that COPD should not be
Additionally, Gottlieb and colleagues[
underused, likely because of fears about use in patients with COPD or prior heart failure. Heart failure is now a major indication for beta blockade, however.
considered a contraindication for beta blockade. They found a 40% reduction in risk of death after MI in patients with COPD who were taking beta blockers compared with patients who were not. In Mangano’s trial, the only exclusion criteria were preexisting
ECG abnormalities that would preclude detection of new ischemic events. Beta blockers were withheld during the trial only for heart rate less than 55 beats/min, systolic blood pressure less than 100 mm Hg, acute bronchospasm, current evidence of CHF, or
third-degree heart block. The weight of evidence supports the routine use of beta blockers for nearly all patients undergoing AAA repair.

Choice of Incision

AAA repair can be accomplished through an anterior transperitoneal incision (midline or transverse) or through a retroperitoneal approach (left or right side). Midline, transperitoneal incisions can be performed rapidly and provide wide access to the abdomen,
but may be associated with more pulmonary complications secondary to postoperative splinting from upper abdominal pain. Transverse abdominal incisions, just above or below the umbilicus, require more time to open and close, but may be associated with
fewer pulmonary complications and late incisional hernias, although this has not yet been proved. Retroperitoneal incisions, from the lateral rectus margin extending into the 10th or 11th intercostal space, afford good exposure of the infrarenal and the
suprarenal aorta, but limit exposure of the contralateral renal and iliac arteries. In addition, this exposure does not allow access to intra-abdominal organs, unless the peritoneum is purposely opened; therefore associated abdominal disease can remain
undetected. The left retroperitoneal approach usually is favored over the right for exposure of the upper abdominal aorta because the spleen is easier to mobilize and retract than the liver. The right retroperitoneal approach is used when specific abdominal

317]

problems, such as a stoma, preclude the left-sided approach.[
decreased postoperatively.

In recent years, the left retroperitoneal approach has enjoyed a resurgence in popularity because of suggestions that pulmonary morbidity, ileus, and intravenous fluid requirements are

318]

Randomized trials have reached different conclusions about the potential advantages of retroperitoneal over transabdominal incisions. Sicard and associates[

reported more prolonged ileus, small bowel obstruction, and overall complications after

319]
found no difference in these incisions in terms of pulmonary complications, fluid or blood requirements, or other
transabdominal compared with retroperitoneal aortic surgery, although pulmonary complications were similar. Cambria and colleagues[

postoperative complications except slightly prolonged return to oral intake
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320

] found no difference in operating time, cross-clamp time, blood loss, fluid requirement, analgesia requirement, gastrointestinal function, intensive care unit
after the transperitoneal approach. In a more recent randomized trial, Sieunarine and coworkers[
stay, or hospital stay for transperitoneal versus retroperitoneal approaches for aortic surgery. In long-term follow-up, however, there were significantly more wound problems (hernias, bulging, and pain) in the retroperitoneal group.
These results suggest that in most cases, the choice of incision for AAA repair is a matter of personal preference. The transperitoneal and retroperitoneal approaches have advantages in certain patients, however. Relative indications for retroperitoneal exposure
include a “hostile” abdomen secondary to multiple previous transperitoneal operations, an abdominal wall stoma, a horseshoe kidney, an inflammatory aneurysm, or anticipated need for suprarenal endarterectomy or anastomosis. Relative indications for a
transperitoneal approach include a ruptured AAA, coexistent intra-abdominal pathology, uncertain diagnosis, left-sided vena cava, large bilateral iliac aneurysms, or need for access to both renal arteries. Exposure of sufficient normal aorta proximal to a

321] [322]

juxtarenal AAA may be difficult via a transperitoneal approach. Ligation and division of the left renal vein is an alternative, but can lead to renal dysfunction.[

Left retroperitoneal exposure, with displacement of the left kidney anteriorly, avoids

[323]

Need for concomitant renal or mesenteric revascularization may dictate specific operative approaches. The left retroperitoneal approach is optimal for left renal, celiac, and superior mesenteric artery
this problem and facilitates suprarenal exposure.
(SMA) revascularization and transaortic endarterectomy of these vessels. Bypass grafting (and endarterectomy) of the right renal artery is more easily accomplished by a transperitoneal exposure (or a right retroperitoneal approach if other visceral arteries need
not be exposed). The advantages of each approach in the situations described make it advisable for surgeons to become proficient with both techniques.
Transperitoneal Approach
After entering the abdomen through a transperitoneal incision, the abdomen is explored thoroughly to exclude other pathology and to assess the extent of the aneurysm. The transverse colon is retracted superiorly, and the ligament of Treitz is divided to allow
retraction of the small bowel to the right. Exposure is greatly facilitated using a fixed, self-retaining retractor. A longitudinal incision is made in the peritoneum just to the left of the base of the small bowel mesentery to expose the aneurysm. This incision
extends from the inferior border of the pancreas proximally to the level of normal iliac arteries distally. Care must be taken to avoid the ureters, especially if exposure includes the iliac bifurcation, where the ureters normally cross. Autonomic nerves to the
pelvis course anterior to the proximal left common iliac artery and should be retracted with associated retroperitoneal tissue rather than incised, to prevent sexual dysfunction in men. The left renal vein should be identified and retracted superiorly if necessary
to expose the neck of the aneurysm fully. Care must be taken not to avulse renal vein tributaries, particularly a descending lumbar vein, frequently encountered to the left of the aorta, which must be divided before the left renal vein is mobile enough to allow
upward retraction. Rarely, proximal exposure cannot be obtained without division of the left renal vein. In such cases, this should be done at its junction with the vena cava to maintain patency of collateral drainage via adrenal and gonadal branches. In most
cases, reanastomosis is not required, but can be performed if renal vein engorgement suggests inadequate collateral drainage.
After obtaining adequate aortoiliac exposure, the normal aorta and iliac arteries are dissected sufficiently to place a vascular clamp proximal and distal to the aneurysm. Regardless of the proximal extent of an infrarenal AAA, it is desirable to construct the
proximal aortic anastomosis near the renal arteries to avoid subsequent aneurysmal degeneration of residual infrarenal aorta. When an AAA approaches or involves the renal arteries, it can be safer to apply the cross-clamp proximal to the celiac artery, rather

115

] showed much higher operative mortality (32% versus 3%) and renal failure requiring dialysis (23% versus 3%) after infrarenal AAA repair when clamping was performed between the
than between the renal arteries and the SMA. Chervu and colleagues[
SMA and renal arteries versus proximal to the celiac artery. They attributed this increased mortality to the greater likelihood of dislodging atherosclerotic debris in the pararenal aorta as opposed to the supraceliac aorta, which is usually less diseased.
Complications resulted from atheroembolization to the kidneys, legs, and intestine or injury to the aorta or renal arteries. Others also have noted the relative safety of clamping the supraceliac aorta, which can be accessed easily by dividing the gastrohepatic
324

325

] Aortic clamping between the renal arteries and the SMA also is safe, however, when performed in properly selected patients without extensive plaque in this region.[
] Occasionally, it is possible to obtain distal
ligament and the diaphragmatic crus.[
control of an AAA on the aorta, but usually aneurysmal changes or calcification in this location make iliac clamping preferred. A disease-free area of proximal aorta and iliac arteries should be identified for clamping, to minimize the possibility of clamp
injury or embolization of arterial debris. Some iliac arteries may be so diffusely calcified that clamping without injury is impossible. In such cases, internal occlusion with a balloon catheter or extension of the graft to the femoral arteries is required. In most
cases, it is unnecessary to encircle the aorta and iliac arteries completely because vascular clamps can be placed in the anteroposterior direction, leaving the back wall undissected. This minimizes the likelihood of injury to lumbar and iliac veins. Sometimes
posterior arterial plaque necessitates placement of a vascular clamp transversely on either the aorta or the iliac arteries, which then require careful posterior dissection precisely on the plane of the artery to avoid venous injury.

22] [227]
Although concern has been raised about the potential for future aneurysm development in the iliac arteries after tube
[326]

AAA repair can be accomplished with a straight (“tube”) graft in 40% to 50% of patients, without extension onto the iliac arteries.[

graft repair of AAAs, late follow-up has shown that this is not clinically significant if the iliac arteries were not aneurysmal at the time of AAA repair.

Extension to the iliac arteries with a bifurcated graft for AAA repair is
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necessary in the remaining 50% to 60% of patients because of aneurysmal involvement of the iliac arteries or severe calcification of the aortic bifurcation. Extension of the graft to the femoral level is indicated for severe concomitant iliac occlusive disease or
rarely because of technical difficulties associated with a deep pelvic anastomosis. Iliac anastomoses are preferred, however, owing to decreased infection and pseudoaneurysm complications compared with femoral anastomoses. Prosthetic grafts available for
AAA repair include knitted Dacron, knitted Dacron impregnated with collagen or gelatin to decrease porosity, woven Dacron, and polytetrafluoroethylene (PTFE). These and other graft choices are discussed in detail in Chapter 49 . There is no clear evidence

327]

that any of these graft types provides a superior outcome. In a prospective randomized comparison of PTFE and Dacron, long-term patency was equivalent, but PTFE had a higher incidence of early graft failure and graft sepsis.[

[328]

In contrast, in a smaller

[329]

Most surgeons prefer an impervious graft to avoid the need for preclotting and select impregnated knitted Dacron, PTFE, or woven Dacron.
This type of graft not only saves time and
trial with shorter follow-up, PTFE was found to be superior.
more reliably prevents bleeding through the graft, but also allows graft selection to be delayed until the aneurysm is opened so that a graft diameter corresponding to the inner diameter of the normal proximal aorta can be selected. It also allows delayed
selection of a straight versus bifurcated graft that may not always be obvious before the aneurysm is open and the distal aorta can be carefully inspected.
Most surgeons use heparin anticoagulation during aortic cross-clamping to reduce lower extremity thrombotic complications. Heparin dosage varies from 50 to 150 U/kg, based on personal preference. Activated clotting time measurement is useful to

330

] The sequence for applying proximal and distal vascular clamps is selected to apply the initial
determine the need for supplemental heparin in prolonged cases and the appropriate dose of protamine sulfate to reverse anticoagulation after declamping.[
clamp in the area of least atherosclerotic disease to reduce the risk of distal embolization. The aneurysm is opened longitudinally along its anterior surface, away from the inferior mesenteric artery (IMA) in case this requires later reimplantation. The proximal
aorta is incised horizontally at the level selected for proximal anastomosis ( Fig. 100–7 ). To avoid potential injury to posterior veins, this incision does not need to extend through the back wall of the aorta, although some surgeons prefer complete transection
for better exposure. Intraluminal thrombotic material and atherosclerotic debris are extracted from the aneurysm, which usually discloses several backbleeding lumbar artery orifices, which require suture ligation. If the IMA is patent, it should be controlled
temporarily with a small vascular clamp (see Fig. 100–7 ) so that its need for reimplantation can be assessed after the revascularization is completed. IMA revascularization may be advised if the hypogastric arteries are diseased or if one requires ligation for
technical reasons.

When hemostasis within the opened aneurysm sac has been achieved, the proximal anastomosis is performed. There is often a distinct ring at the aneurysm neck that defines the appropriate level for this anastomosis. Usually polypropylene suture is used,
taking large aortic “bites” and

Figure 100-7 Transabdominal aortic aneurysm exposure, vascular clamps in place, incising the aneurysm.

Figure 100-8 Completing the iliac anastomosis of an abdominal aortic aneurysm repair. Lumbar artery orifices have been suture ligated. Flow already has been established through the right graft limb.

Figure 100-9 Reimplanting the inferior mesenteric artery with Carrel patch technique after abdominal aortic aneurysm repair with tube graft.

Figure 100-10 Closing the aneurysm sac and retroperitoneum between the graft and duodenum.

Figure 100-11 Positioning and skin incision for retroperitoneal approach for abdominal aortic aneurysm repair.

Figure 100-12 Retroperitoneal aortic exposure with left kidney retracted anteriorly for repair of suprarenal abdominal aortic aneurysm. The left renal artery is to be reimplanted as a Carrel patch. The right iliac artery is controlled with a balloon catheter.

TABLE 100-6 -- Early (30-day) Complications After Elective Abdominal Aortic Aneurysm Repair Estimated from Surgical Series
COMPLICATION

FREQUENCY (%)

Death

<5

All cardiac

15

Myocardial infarction
All pulmonary
Pneumonia
Renal insufficiency

2–8
8–12
5
5–12

Dialysis dependent

1–6

Deep venous thrombosis

8

Bleeding

2–5

Ureteral injury

<1

Stroke

1

Leg ischemia

1–4

Colon ischemia

1–2

Spinal cord ischemia

<1

Wound infection

<5

Graft infection

<1

Graft thrombosis

<1

22] [227] [232] [469] [470] [471]

Data from references, [

AAA repair in this series and had the highest likelihood of MSOF postoperatively. The relative frequency of single-system complications after elective AAA repair is presented in Table 100–6 .

Cardiac Complications

Most cardiac ischemic events occur within the first 2 days after surgery, during which time intensive care monitoring is appropriate for high-risk patients. Maximizing myocardial function with adequate preload, controlling oxygen consumption by the reduced
heart rate and blood pressure product, ensuring adequate oxygenation, and establishing effective analgesia are important techniques for preventing myocardial ischemia postoperatively. Patients with cardiac dysfunction have a greater risk of MI when the

339]
Postoperative epidural analgesia, in addition to providing excellent pain control, may reduce myocardial complications by decreasing the catecholamine

postoperative hematocrit is less than 28%, even though this is well tolerated by normal individuals.[

306]

stress response.[
Hemorrhage

Intraoperative or postoperative hemorrhage usually results from difficulties with the proximal aortic anastomosis or from iatrogenic venous injury. Proximal suture line bleeding, particularly when posterior, can be difficult to control, especially if the proximal
anastomosis is juxtarenal. In this event, temporary supraceliac aortic compression facilitates anastomotic repair, without excessive additional blood loss. Interrupted pledgeted sutures can be helpful if the aortic wall is friable. Venous bleeding usually results
from injury to the iliac or left renal veins during initial exposure. Often the distal aortic aneurysm or common iliac aneurysm is densely adherent to the associated iliac vein, making circumferential arterial dissection hazardous. In
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such cases, vascular clamps usually can be applied successfully without complete dissection of the posterior wall of the iliac artery, or vascular control can be obtained with balloon occlusion catheters. A posterior left renal vein or a large lumbar vein may
pose similar hazards during the proximal dissection. If undetected by preoperative CT, such anomalies pose a high risk for venous injury. Careful suture repair of venous injuries is required and occasionally is facilitated by temporary division of the overlying
artery. Diffuse bleeding after substantial intraoperative blood loss is usually due to exhausted coagulation factors and platelets, combined with hypothermia. Aggressive rewarming with platelet and coagulation factor replacement is required to overcome this
complication.
Hemodynamic Complications
Aortic clamping (especially supraceliac) results in a sudden increase in cardiac afterload, evidenced by hypertension, which can precipitate myocardial ischemia. Gradual clamp application, carefully coordinated with anesthetic and vasoactive drug
administration, is required to avoid this problem. In contrast, sudden aortic declamping often is associated with significant hypotension. This hypotension is due to a combination of reduced cardiac afterload, “washout” of potassium, acidic metabolites,
myocardial depressant factors from reperfusion of ischemic legs, and preload reduction secondary to increased venous capacitance in the legs. Gradual declamping combined with adequate fluid and blood replacement is crucial to avoid this complication.
Careful intraoperative monitoring, including pulmonary capillary wedge pressure recording and transesophageal echocardiography, may facilitate fluid, anesthetic, and vasoactive drug administration in patients at known cardiac risk.
Iatrogenic Injuries
Injury to an adjacent organ is possible during AAA repair. Ureteral injury is rare during elective surgery, unless the course of the ureter has been distorted by a large AAA, fibrosis, or inflammation. If injury occurs, it should be repaired immediately. A doubleJ stent is inserted through the injury site to traverse the ureter from the renal pelvis to the urinary bladder. The ureter is closed using fine, interrupted absorbable sutures. Omentum can be mobilized on a vascular pedicle and wrapped around the site of injury.
After copious irrigation, repair of the aneurysm can proceed, assuming the urine is not infected. After repair, an early postoperative CT scan is advised to detect possible urinoma formation. Urinoma is unlikely to occur if the stent is working properly, but if
present, percutaneous closed drainage should be instituted using CT or ultrasound guidance. If ureteral injury is unrecognized, hydronephrosis or urinoma may develop, requiring re-exploration and more complex repair. Careful identification of the ureter,
especially during pelvic dissection, successfully prevents this complication. Splenic injury resulting from excessive retraction may result in hemorrhage that should be controlled by splenectomy because late hemorrhage is poorly tolerated if attempted splenic
repair fails. Inadvertent enterotomy before graft placement should prompt termination of the procedure with subsequent elective AAA repair to avoid graft infection. Pancreatitis is an unusual complication of AAA repair that has been attributed to a retractor
injury at the base of the transverse mesocolon. It should be suspected as a cause for prolonged postoperative ileus, particularly when proximal aortic exposure has been difficult.
Renal Failure
Although previously common after infrarenal AAA repair, renal failure is now rare, owing to adequate volume replacement and maintenance of normal cardiac output and renal blood flow. Precautions still are required, however, to reduce the risk of this
complication. Because of the renal toxicity of intravenous contrast material, it is prudent to delay AAA repair after arteriography or contrast-enhanced CT, to be certain that renal dysfunction has not been induced. A more likely cause of renal failure after
infrarenal AAA repair is embolization of aortic atheromatous debris into the renal arteries during proximal aortic cross-clamping. Preoperative CT may reveal pararenal atheromatous debris or thrombus, which should prompt temporary supraceliac crossclamping until the infrarenal aorta is open. At this point, such material can be removed and the clamp moved to the normal infrarenal location. During such manipulation, the renal arteries should be temporarily clamped and the orifices carefully irrigated

232] [340]
special precautions are appropriate in such patients. There is some evidence to support a beneficial effect of intravenous

before restoring blood flow. Because preoperative renal insufficiency is the best predictor of postoperative renal failure,[

340]

mannitol when given before aortic cross-clamping (approximately 25 g).[

Although some authors have advocated maintenance of higher urine volume using furosemide, the efficacy of this approach has not been proved, and it may hinder the assessment

232] [341]
special measures such as renal cooling are recommended, as discussed subsequently.

of fluid balance by artificially increasing urine output. Because renal failure is more likely in patients who require prolonged suprarenal clamping,[
Gastrointestinal Complications

Some degree of bowel dysfunction occurs after any major abdominal procedure. The paralytic ileus that follows evisceration and dissection of the base of the mesentery during transperitoneal AAA repair often lasts longer, however, than that occurring after
other procedures. Consequently, one must use caution in reinstituting oral feeding postoperatively. Anorexia, periodic constipation, or diarrhea is commonly seen in the first few weeks after aneurysm surgery.
Colon Ischemia
Colon ischemia is an infrequent but often lethal complication that can result from disruption of sigmoid colon blood flow during AAA repair. To prevent this complication, it is important to understand the blood supply to the sigmoid colon and pelvis. As

342]
The meandering mesenteric artery is the most

shown in Figure 100–13 , a network of collaterals from the SMA, IMA, internal iliac artery, and profunda femoris artery supplies this circulation.[

1433

Figure 100-13 Important collateral pathways for the sigmoid colon and pelvis. IMA, inferior mesenteric artery; SMA, superior mesenteric artery. (From Bergman RT, Gloviczki P, Welch TJ, et al: The role of intravenous fluorescein in the detection of colon
ischemia during aortic reconstruction. Ann Vasc Surg 6:74, 1992.)

TABLE 100-7 -- Classification and Clinical Course
TYPE

PATHOLOGIC FINDINGS

CLINICAL FINDINGS

CLINICAL OUTCOME

I

Mucosal ischemia, submucosal edema, or hemorrhage; mucosal slough
ulceration may follow

Diarrhea with or without blood; presence or absence of fever; onset
usually in 24–48 hr

Reversible; no sequelae; near-zero mortality

II

As above, with penetration of muscularis

Symptoms vary between type I and type II

Reversible; residual ischemic stricture possible

III

Transmural bowel involvement

Profound physiologic changes; sepsis, acidosis, cardiovascular
collapse; may develop feculent peritonitis or late fecal fistula

Irreversible; mortality 70% ± 10%
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348]

(mucosal) and moderate (muscularis but not transmural) ischemia can be managed nonoperatively, with antibiotics and bowel rest, with good results, although strictures may develop after moderate ischemia resolves.[

Transmural colitis shows deep

348]
Although colonoscopy can detect ischemic colitis easily, it is more difficult to differentiate transmural infarction, such
ulcerations and pseudomembranes on colonoscopy, mandates bowel resection, and is associated with a 40% to 100% mortality rate.[
357
[
]
that clinical correlation and experience are required to determine optimal management.

Given the high mortality of postoperative colonic ischemia that requires bowel resection, prediction and prevention are most important. The etiologic factor that has received the most attention is ligation of a patent IMA in the presence of inadequate collateral
blood flow. Collateral flow could be insufficient in patients with underlying celiac/SMA disease, patients in whom previous bowel resection has eliminated collateral pathways, patients with extensive pelvic occlusive disease or previous radiation, and patients

343

] Celiac/SMA disease may be recognized preoperatively by imaging studies or intraoperatively by a large IMA supplying a large meandering mesenteric artery collateral to the SMA circulation. Such
with prolonged hypotension complicating AAA repair.[
cases require IMA revascularization. Hypotension, low pH, low temperature, low cardiac output, high fluid/transfusion requirement, and the use of α-adrenergic vasoconstrictor agents have been associated specifically with ischemic colitis after ruptured AAA
345] [351] [358]

repair.[

Factors that have been identified to increase the risk of colon ischemia after elective AAA repair include increased age, increased cross-clamp time, ligation of one or both internal iliac arteries, and ligation of the IMA, although

347] [352] [359]

none of these has been identified in all studies.[

Retractor injury to collateral vessels and embolization during aneurysm manipulation also are potential etiologic factors that must be avoided.

360

]
Prevention of colonic ischemia requires attention to the above-mentioned risk factors, plus intraoperative assessment of colonic blood flow and revascularization if required. In patients undergoing AAA repair, approximately 50% have a patent IMA,[
which could be reimplanted or revascularized with a short bypass graft ( Fig. 100–14 ). Most surgeons judge the adequacy of collateral circulation by temporarily clamping a patent IMA during aneurysm reconstruction, then subjectively judging IMA
backbleeding after restoring aortic flow. Pulsatile backbleeding through the IMA orifice, combined with normal inspection of the sigmoid colon, generally allows safe IMA ligation. (IMA ligation should be done close to its origin to preserve collateral flow
331]
who showed that ischemic colitis did not develop after IMA ligation if the IMA/systolic blood pressure ratio was
361
[
]
[362]
[363]
[364] [365]
[342]

through more distal branches.) A more sophisticated method is to measure IMA stump pressure, as advocated by Ernst and colleagues,[

greater than 0.4. Other techniques have been recommended to assess the adequacy of colonic blood flow, including Doppler ultrasound,

photoplethysmography,

pulse oximetry,

laser Doppler,

intravenous fluorescein,

366]
367]
but none of these has achieved widespread clinical application. Intraluminal pH seems most promising because low colonic mucosal pH after AAA repair has been associated with ischemia, especially in the emergent setting.[
and intraluminal pH,[
[368]
[369]
In one study of 34 patients, mucosal pH less than 6.86 predicted severe ischemic colitis, whereas mild colitis developed in patients whose minimum pH was 6.99, and no colitis developed in patients whose minimum pH was 7.21.

370] [371]

Given the potential inaccuracy or cumbersome nature of determining adequate colonic blood flow, some authors have recommended routine reimplantation of a patent IMA after AAA repair.[

These studies have reported a low incidence of colonic

349]

ischemia compared with historic controls, but have not proved the advantage of routine IMA reimplantation. Several studies have shown that IMA reimplantation or internal iliac preservation or both did not influence postoperative colonic ischemia.[

[350] [369] [372] At present, there is insufficient evidence to recommend routine IMA reimplantation, but this technique seems to be associated with minimal risk and is advantageous in any borderline situation.

Distal Embolization

Lower extremity ischemia may occur after AAA repair, usually from embolization of aneurysmal debris that occurs during aneurysm mobilization or aortoiliac clamping. Usually such emboli are small (termed microemboli); are not amenable to surgical
removal; and result in transient, patchy areas of dusky skin or “blue toes.” This condition can result in persistent pain or skin loss, occasionally necessitating amputation. Some authors have recommended treatment with low-molecular-weight dextran or even
sympathectomy for such microembolic lesions, but their management is largely expectant. Occasionally, larger emboli or distal intimal flaps, particularly in diseased iliac

Figure 100-14 Reconstruction of the inferior mesenteric artery (IMA). A, Anastomosis of the rim of the aneurysmal sac, including the arterial orifice to the prosthesis (suture of hole-to-hole technique). B, Reconstruction with autogenous saphenous vein graft.
C, Implantation of the large artery into the prosthesis. A button of prosthesis must be excised to ensure a patulous anastomosis.

Figure 100-15 CT scan of an inflammatory aneurysm shows contrast-enhanced, thickened aortic wall along anterolateral aspects of the abdominal aortic aneurysm.

Figure 100-16 Arteriogram of an isolated common iliac aneurysm associated with a normal-caliber aorta (confirmed by CT scan).
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Chapter 101 - Endovascular Treatment of Aortic Aneurysms

JACOB BUTH MD
PETER HARRIS MD, FRCS

Treatment of an asymptomatic aortic aneurysm is indicated when the risk of rupture outweighs the risk of operation. Thus, the indication for elective repair depends substantially on the risks of the procedure. But the long-term efficacy of the repair is an
important factor also. Conventional open aneurysm surgery is associated with considerable operative mortality because the operation is extensive and the patients often have serious co-morbidities. In published series, the 30-day or in-hospital mortality has
ranged from 3.8% to 8.2% in patients undergoing elective open repair of abdominal aortic aneurysms (AAAs), depending on whether the study was reported from a single institution, often specializing in the care of patients with aneurysms, or from regional or

1
2
national databases.[ ] Severe postoperative complications are common, and intensive care unit and hospital admission stays are considerable. Moreover, the time taken for recovery to the preoperative state of well-being is usually prolonged.[ ] In the case of
3
descending thoracic aneurysm repair, the early mortality of elective surgery in centers with excellent services ranges from 3% to 12%. [ ]

The advent of minimally invasive endovascular stent-graft techniques as an alternative treatment has radically extended the management options for patients with aortic aneurysms. The physical insult of the operative trauma is minimal and the patient’s

4 5 6 7
recovery is rapid.[ ] [ ] [ ] [ ] The issue that remains incompletely resolved is the durability of stent-graft repair. There is a possibility that the need for secondary interventions in the longer term could outweigh the early advantages of this minimally

8 9
invasive method.[ ] [ ] But the likelihood of this being the case is diminishing with continuing refinements of stent-graft design and technology.
INDICATIONS FOR ENDOVASCULAR REPAIR
Aneurysm diameter is the principal criterion upon which decisions to treat aneurysms are based. Recently reported randomized trials assessing the outcome of conventional surgical treatment of small abdominal aortic aneurysms clearly demonstrated that a

10 11

lower risk is associated with initial conservative management in patients with AAAs less than 5.5 cm in diameter.[ ] [ ] Open surgery should generally be reserved for patients demonstrating aneurysm expansion to this diameter (see Chapter 100 ).
Although lower operative mortality and morbidity rates associated with endovascular aneurysm repair (EVAR) may change the risk-benefit ratio for elective interventional treatment of AAAs, no randomized controlled trials have been undertaken to compare
the efficacy of this approach with that of noninterventional management of small aneurysms. Therefore, as a general rule, it seems advisable to adhere to the same criteria
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12]
The size threshold for operative repair of thoracic aortic aneurysm (TAA) is less well defined. However, most institutions consider that operation is not

for elective intervention by endovascular repair as for open surgery with respect to aneurysm size.[

3
justified in asymptomatic aneurysms less than 6 cm in diameter.[ ]
DEVELOPMENT OF STENT-GRAFT SYSTEMS
Early Stent-Graft Systems

13 14

15

16

The first animal studies on EVAR by stent-graft combinations date from the mid-1980s.[ ] [ ] Unpublished clinical experience with stent-grafts in Russia dates from 1985.[ ] Parodi and colleagues,[ ] from Buenos Aires, Argentina, were the first to
publish experience with a balloon-expandable stent attached to a polyester tubular prosthesis to treat AAAs in patients who were unfit for open surgery. Their home-made stent-graft combination was packaged in a delivery catheter and introduced into the
aneurysm from the femoral artery. The group’s first patients received an endograft with one proximal stent for infrarenal fixation only. A second stent for distal fixation to obtain effective exclusion of the aneurysm from the blood flow was added later. These
early patients had an aorto-aortic tube graft. However, an aorto-uni-iliac stent-graft was also used early in the Parodi series, resolving the problem of an inadequate distal aortic cuff for securing “fixation” and “seal.”

Commercially Manufactured Systems

Over the next decade, a succession of industry-manufactured endoprostheses was introduced into the market for treatment of a broad spectrum of patients with AAA and TAA. A variety of endografts from different manufacturers are currently available. The
primary objective of all of these devices is to exclude the aneurysm sac from systemic arterial pressure. The ideal endograft should provide lifelong protection from rupture of the aneurysm without any risk of migration or displacement from the attachment
sites. Components should be sufficiently robust and at the same time small enough to fit into a delivery system that can be negotiated easily through the access vessels. Most of the current endografts can be judged on the following criteria: (1) caliber and
flexibility of introducer system, (2) user-friendliness, and (3) mechanism of the attachment system. The common femoral artery is the vessel used most commonly for introduction of the delivery sheath. Access to the aorta may be hampered by severe
atherosclerotic stenoses in the iliac arteries, excessive tortuosity especially with heavy calcification, or small-diameter native iliac arteries. Delivery catheters of aortic endografts from most manufacturers have an outer diameter ranging from 18 to 26 French
(Fr), and easily traverse iliac segments as narrow as 5.5 to 7.5 mm in diameter ( Table 101–1 ). An optimal profile includes a long tapered tip to facilitate passage of the device through stenotic arterial segments. Sometimes predilatation with a balloon catheter
is required. Flexibility of the introducer system is important for negotiating tortuous iliac arteries.

Existing Configurations of Stent-Graft

Bifurcated endoprostheses that allow sealing and attachment in both iliac arteries are used most frequently today. Aorto-aortic straight tubes and aorto-uni-iliac devices are reserved for specific indications (see discussion on planning the procedure). Different
designs of bifurcated stent-grafts include modular or unipiece systems, entirely stent-supported or largely unsupported structures, and the availability of suprarenal fixation by a bare stent at the proximal extremity of the prosthesis. In modular stent-grafts, the
iliac limbs are connected with the aortic component of the endograft in situ ( Fig. 101–1 ). Some modular endografts consist of two components, the aortic component with a fixed ipsilateral limb and a contralateral iliac limb, whereas others have separate

17 18

ipsilateral and contralateral iliac limbs. Modular endografts tend to be relatively user-friendly, although the junctions between the components carry an intrinsic risk of late disconnection.[ ] [ ] Unipiece endografts have a cross-femoral wire to bring the
“second limb” to the contralateral iliac artery. The introduction and deployment of unipiece devices is more complex, with a propensity for the “pull wire” to wrap around the introducer system or guidewires.
Materials Used for the Construction of Stent-Grafts
The fabric consists of polyester (Dacron) or expanded polytetrafluoroethylene (ePTFE) (see Table 101–1 ). Most commercial endoprostheses are fully supported by stents covering their entire length. Partly unsupported devices, which have stents only at the

19

attachment sites, commonly require secondary deployment of bare stents within the device to prevent kinking of their iliac limbs.[ ] Endografts constructed with full support come with the stent wires on the outside or the inside of the fabric, in other words,
an exoskeleton or endoskeleton. The stents are usually constructed from two types of metal alloy, stainless steel and nitinol. Nitinol is a thermal memory alloy of nickel and titanium that increases in strength at body temperature. Elgiloy, which is used in some
systems, is a modified version of stainless steel. The stent configuration may consist of separate or continuous Z-shaped rings. Separate rings allow greater flexibility in short unsupported zones. One endoprosthesis comes with a helical stent along the entire

20]
Thus, a firm connection between the two components made of different materials is essential.

length (see Fig. 101–1 ). Motion between fabric and stent materials has resulted in a high incidence of erosion of the fabric in some device brands.[

Fixation and Adaptation of Stent-Grafts

For optimal long-term performance, the ability to adapt to morphologic changes—increased tortuosity or shortening of the aneurysm because of shrinking of the sac—is advantageous. Stiff grafts may be prone to late dislocation of the iliac limb from the
intermodular connection or migration from the arterial attachment sites. Discontinuous stent rings or a helical stent may allow better adaptation to angulation of the neck ( Fig. 101–2 ) and to changes of aneurysm shape during the years after stent-graft
implantation.
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TABLE 101-1 -- Characteristics of Available Stent-Graft Systems for Abdominal Aortic Aneurysm Repair

COMPANY

DEVICE

GRAFT
POSITIONING &
MATERIAL

DEPLOYMENT
METHOD

FRENCH SIZE
AORTIC
DELIVERY
SYSTEM (OD)

FIXATION
METHOD

SUPRARENAL
STENT

MAXIMUM
AVAILABLE SIZE
OF AORTIC
DEVICE
COMPONENT (mm)

MAXIMUM
RECOMMENDED
IN A INFRARENAL
DIAMETER THAT
CAN BE TREATED

RECOMMENDED
OVERSIZING AT
AORTIC LEVEL (%)

Cook

Zenith

Internal

Self-expanding/
stainless steel

24

Self-expanding/Nitinol

20

Compression-fit barbs

Yes
36

*

30

15–20

Polyester
Cordis

Fortron

External

Compression-fit barbs

Yes

34

30

15–20

Friction & crimps

No

31

28

10

Optional

28

25

15

Polyester
Edwards-Lifesciences

Lifepath

Interwoven

Balloon-expandable/
Elgiloy

25–26

Full-thickness
Endologix

Powerlink

External

Self-expanding/Elgiloy

20

Compression-fit

Self-expanding/Nitinol

18

Compression-fit and
anchors

No

31

28

Maximum 20

Hooks

No

26

25

5–10

Compression-fit barbs

No

No data

No data

No data

28

29

15–20

32

15–20

ePTFE
Gore

Excluder

Internal
ePTFE

Guidant

Ancure

External (mostly
unsupported proximal
and distal stent only)

Balloon-expandable
self-expanding

23.5

Polyester
Lombard

Anson-Aortofix

Internal

Self-expanding/Nitinol

22

Self-expanding/Nitinol

21.5

Compression-fit

No

Self-expanding/Nitinol

22–24

Compression-fit

Yes

Polyester
Medtronic

AneuRx

Internal
Polyester

Medtronic

Talent

External

36

*

Polyester
ePTFE, expanded polytetrafluoroethylene; OD, outer diameter.

* Custom-made devices in larger size available.
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Figure 101-1 Various commercially available stent-grafts for abdominal aortic aneurysm repair. A, Talent. Exoskeleton, suprarenal bare stent fixation. Modular design. B, AneuRx. Exoskeleton, no suprarenal stent. Early version had “stiff” body, and later
version discontinuous stent rings for improved adaptability. Modular design. C, Zenith. Exoskeleton and bare suprarenal stent. Long body. Modular design. D, Lifepath. Balloon expandable configuration, full-thickness polyester, discontinuous stent rings.
Modular design. E, Excluder. Expanded polytetrafluoroethylene fabric. Modular design. F, Ancure. Infrarenal fixation with hooks. Unipiece design. G, Anson. Helical stent configuration with infrarenal barbs. Straight tapered tube design. H, Fortron.
Exoskeleton and bare suprarenal stent. Modular design. I, Endologix. Endoskeleton, unipiece design. Long body.

Figure 101-1 Various commercially available stent-grafts for abdominal aortic aneurysm repair. A, Talent. Exoskeleton, suprarenal bare stent fixation. Modular design. B, AneuRx. Exoskeleton, no suprarenal stent. Early version had “stiff” body, and later
version discontinuous stent rings for improved adaptability. Modular design. C, Zenith. Exoskeleton and bare suprarenal stent. Long body. Modular design. D, Lifepath. Balloon expandable configuration, full-thickness polyester, discontinuous stent rings.
Modular design. E, Excluder. Expanded polytetrafluoroethylene fabric. Modular design. F, Ancure. Infrarenal fixation with hooks. Unipiece design. G, Anson. Helical stent configuration with infrarenal barbs. Straight tapered tube design. H, Fortron.
Exoskeleton and bare suprarenal stent. Modular design. I, Endologix. Endoskeleton, unipiece design. Long body.

Figure 101-2 Different adaptability to angulated aortic neck. A, Poor adaptability of early version of a stiff endograft. B, Good adaptability of later-generation stent-graft with discontinuous stent rings. Arrows in A and B indicate proximal extremity of stentgrafts.

Figure 101-3 A, Three-dimensional reconstruction after fenestrated stent-graft with bare stents in the renal arteries. (Courtesy Dr. E. L. Verhoeven.) B, Artist’s impression of branched endograft currently validated in experiment. (Courtesy Dr. W. Wisselink.)

Figure 101-3 A, Three-dimensional reconstruction after fenestrated stent-graft with bare stents in the renal arteries. (Courtesy Dr. E. L. Verhoeven.) B, Artist’s impression of branched endograft currently validated in experiment. (Courtesy Dr. W. Wisselink.)

Figure 101-4 A, Scheme for preoperative recording of aortoiliac dimensions used in EUROSTAR. D1, suprarenal aortic diameter; D2, infrarenal aortic neck diameter (a, proximal; b, mid; c, distal); D3, maximal aneurysm diameter; D4, terminal aortic
transverse diameter; D5, common iliac artery (CIA) diameters (D5a, right; D5b, left). Length also shown from lower renal artery to aneurysm neck (H1), distal aneurysm (H2), aortic bifurcation (H3), and CIA bifurcation (H4; H4a, right; H4b, left). B, Use of
calibrated angiography catheter to measure anatomic length.

Figure 101-5 A, Abdominal aortic aneurysm with uncomplicated morphology. B, Postoperative angiogram.

TABLE 101-2 -- Classification of Endoleak
CLASSIFICATION
Type I endoleak

ALTERNATIVE TERMS

FORMS

THERAPEUTIC

Attachment endoleak

Proximal graft attachment zone

Proximal or distal extension or cuff

Perigraft channel

Distal attachment zone

Embolization

Perigraft leak

Graft-related endoleak

Secondary endograft
Open repair (conversion)

Type II endoleak

Retrograde endoleak

Patent lumbar artery

Conservative

Collateral flow

Patent inferior mesenteric artery

Coil embolization

Branch endoleak

Patent intercostal artery

Laparoscopic clip application

Others (accessory renal artery, internal iliac, subclavian, etc.)
Type III endoleak

Type IV endoleak

Fabric tear

Midgraft fabric tear

Secondary endograft

Modular disconnection

Contralateral stump disconnection

Porosity

Graft wall fabric porosity

Conservative

Suture holes
Endoleak of undefined origin
Endotension

Endopressure

High pressure in sac, but no endoleak shown

Pressure-leak
Pseudo-endoleak

Secondary endograft
Open repair

Thrombotic seal

Others?
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Figure 101-6 A, Proximal endoleak after stent-graft treatment (arrow). B, Secondary sealing with use of an extension cuff (arrows).

Figure 101-7 A, Proximal device migration (arrow). B, Proximal attachment secured by using extension cuff (arrows).

Figure 101-8 Freedom from aneurysm rupture after endovascular aneurysm repair in patients categorized according to endoleak: with isolated type II endoleak, with type I or type III endoleak, and without endoleak. (From Van Marrewijk C, Buth J, Harris
PL, et al: Significance of endoleaks after endovascular repair of abdominal aortic aneurysms: The EUROSTAR experience. J Vasc Surg 35:461–473, 2002.)

Figure 101-9 Cumulative freedom from rupture after endovascular aneurysm repair in patients with aneurysms measuring 4 to 5.4 cm, 5.5 to 6.4 cm, and more than 6.5 cm. (From Ouriel K, Clair DG, Greenberg RK, et al: Endovascular repair of abdominal

aortic aneurysms: Device-specific outcome. J Vasc Surg 37:991–998, 2003.)

Figure 101-10 A, CT of ruptured AAA subsequently treated with endovascular aneurysm repair. Small arrow indicates site of rupture, and bold arrow indicates retroperitoneal hematoma. B, Postoperative angiogram after aorto-uni-iliac endografting and
femorofemoral bypass.

Figure 101-11 A, Ruptured aneurysm of the descending thoracic aorta (arrow). B, Angiogram after stent-graft repair; arrows indicate proximal and distal extensions of stent-grafted segment.

Figure 101-12 Diagram of revascularization of the left carotid artery to extend the sealing zone for the stent-graft in stent-graft repair of an aortic arch aneurysm. (From Criado FJ, Clarck NS, Barnatan MF: Stent-graft repair in the aortic arch and descending
thoracic aorta: A 4-year experience. J Vasc Surg 36:1121–1128; 2002.)

Figure 101-13 A, Saccular aneurysm (arrow) of the aortic arch in proximity to the left subclavian artery. A calibrated angiography catheter was used to assess the distance between the aneurysm and the left subclavian and left carotid arteries. B, Threedimensional magnetic resonance angiographic reconstruction of a saccular aneurysm, left lateral view. C, Angiogram after subclavian–carotid transposition (white arrow) and stent-graft repair (black arrows).
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Chapter 102 - Ruptured Abdominal Aortic Aneurysms

1 2 3 4
Aortic rupture is a lethal event. It is estimated that 80% of the mortality secondary to abdominal aortic aneurysm (AAA) is secondary to rupture. The mortality rate for patients who arrive at hospital alive ranges from 40% to 70%.[ ] [ ] [ ] [ ] When

5
autopsy data are taken into account, including patients who die before reaching the hospital, the mortality rate is 90%.[ ] Over the more than 50 years since the first successful elective AAA repair, the mortality rate for ruptured repair has decreased only 3.5%
6
per decade since the initial successful repairs were reported.[ ] This conclusion is supported by a large English language meta-analysis and a statewide analysis; however, data from U.S. Veterans Administration (VA) hospitals and the U.S. National Hospital
1 6 7
Discharge database (over the years 1979 through 1997) have not shown this decline.[ ] [ ] [ ] Most deaths occur postoperatively, and progress to reduce these deaths has been slow. The cost of treating ruptured aneurysms is at least four times higher than

8
elective cases and much higher for ruptured abdominal aortic aneurysm (RAAA) patients who have a complicated postoperative course.[ ] Endovascular repair of RAAA has yet to be widely adopted, and although early reports of low mortality rates from

9
selective centers are promising, it is too soon to determine the impact of endovascular repair on the mortality rates on a state or national level.[ ] Future reductions in mortality for this condition will depend on implementation of population-based screening,
10]

endovascular repair of RAAA, and strategies to prevent postoperative organ injury.[

DEFINITION
AAA rupture is defined as disruption of a dilated aortic wall that leads to blood outside the aortic wall. RAAA can be subclassified further into retroperitoneal and free rupture. Free rupture is defined as direct rupture into the peritoneal cavity or secondary to

11]

the failure of the retroperitoneum to contain the hematoma. The prognosis of free rupture is significantly worse because of the larger amount of bleeding that can occur intraperitoneally.[

Differentiation between symptomatic and ruptured aneurysms is crucial. Patients with symptomatic aneurysms may have symptoms of variable severity (ranging from mild tenderness to pain indistinguishable from rupture); however, no blood is identified
outside the aortic wall at laparotomy. The etiology of the pain is thought to be related to acute expansion of the wall, intramural hemorrhage, and wall degeneration or bleeding into the thrombus. These patients do not have hypotension; their prognosis is much

12]

better than the prognosis of patients with rupture (but worse than with elective repair), and they should be excluded from a discussion of aortic rupture.[

EPIDEMIOLOGY
Chapter 100 describes the incidence and prevalence of AAAs. Population statistics from the United States show that aortic aneurysm accounted for 15,810 deaths per year (2000 data), with 83.5% of these deaths occurring in patients older than age 65 years

13]

and 93% occurring in patients older than age 55.[

RAAA is the tenth leading cause of death of men older than age 65. RAAA accounts for a similar number of deaths as prostate, gastric, and esophageal cancers.

The rates of AAA repair (elective and ruptured) in male Medicare enrollees remained stable between 1988 and 1997 at less than 2 per 1000 compared with 0.4 per 1000 women. The percentage of AAA repairs that were performed for rupture were similar in

14]

women and men. Areas of the United States that had high rates of elective repair did not seem to have reduced rates of RAAA repair.[

7

There is little evidence that elective repair has resulted in a reduction in the number of RAAAs over the years 1980 through 2000.[ ] Rates of elective AAA repair are similar, and there has not been a decrease in the U.S. national incidence of RAAA repair.
These statistics suggest that the ability to detect AAA and treat this condition has not improved dramatically. Data from England with a large screening program showed that aneurysm-related mortality was reduced by 53% despite a 6% perioperative mortality

10]

rate.[

These data show conclusively that the incidence of RAAA and its attendant death rate can be reduced by screening the at-risk population.

15

The incidence of RAAA in the general population has been noted to be 6.3 per 100,000; in the population older than age 65, the rate is 35.5 per 100,000.[ ] As the age of the post–World War II generation begins to exceed 65, the numbers of elective and
ruptured repairs are expected to increase. Rupture risk as a function of size and other factors that predict rupture and expansion are discussed in Chapter 100 .
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CLINICAL PRESENTATION

16 17

The classic triad for RAAA presentation is severe abdominal or back pain, hypotension, and a pulsatile mass.[ ] [ ] The pulsatile mass often is obscured in patients with large abdominal girth. Syncope may indicate an episode of hypotension. A clinical
history that suggests this combination of symptoms mandates consideration of RAAA and steps to rule out this diagnosis. Other common symptoms include groin or flank pain, hematuria, and groin hernia (even incarceration) secondary to increased intraabdominal pressure. Patients who have rupture into the vena cava may present in congestive heart failure with distended neck veins, an abdominal bruit, and microscopic or macroscopic hematuria; this is an infrequent clinical situation. Other possible

18]

communications between the aorta and venous structures include rupture into the iliac or renal vein. Rupture into the renal vein can lead to an acute left varicocele.[

A rapid and accurate history and physical examination of patients older than age 50 presenting with hypotension is crucial to the identification of RAAA. The differential diagnosis includes renal colic, diverticulitis, pancreatitis, gastrointestinal hemorrhage,
inferior myocardial infarction, and perforated ulcer. Of these, RAAA has the worst prognosis. The presentation of RAAA frequently is clear-cut. In the early stages, the presentation may be nondescript, however. Studies have examined the clinical presentation

16

of patients subsequently diagnosed with RAAA.[ ] The rate of incorrect diagnosis ranged from 16% to 30%. Only 23% of patients were given a definitive and immediate diagnosis of RAAA by the first physician who examined the patient. The most
common misdiagnoses assigned were renal colic, perforated viscus, diverticulitis, gastrointestinal hemorrhage, and ischemic bowel. The classic triad was present in only 9% of the misdiagnosed group compared with 34% of the correctly diagnosed group. The
presence of a pulsatile mass was identified in 72% of patients correctly diagnosed, whereas it was identified in only 26% of misdiagnosed patients. The lack of a pulsatile mass frequently confuses the diagnosis. Mortality rates were 58% for correctly

19]

diagnosed patients compared with 44% who were misdiagnosed. This and other studies have noted that misdiagnosis is not associated with an increase in mortality.[
a more subtle presentation and can survive a more prolonged delay. Prompt recognition, referral, and treatment can only help to reduce the mortality rate.

This negative correlation may be attributed to patients with less severe rupture who have

Diagnostic Studies

Plain radiographs are performed frequently on patients with abdominal pain, and the identification of an enlarged outline of a calcified aortic wall suggests the presence of an aneurysm and can alter the investigations performed by the emergency physician. A

20]
Calcification of the aortic wall beyond normal limits was noted in 65%; loss of a psoas shadow was identified in 75%. Careful review of plain

retrospective review of plain films from patients with RAAAs noted evidence of the diagnosis on 90% of films.[
films by an expert radiologist at an early stage in presentation may be helpful.
Abdominal ultrasound has been used in the emergency department to identify AAA. It has been used in the

Figure 102-1 CT scan of a ruptured abdominal aortic aneurysm. Note the pattern of stranding of blood into the tissues and the lack of a large retroperitoneal hematoma. No contrast material was used, and the scan was performed with the diagnosis of renal
colic.

Figure 102-2 Exposure of the supraceliac aorta. A and B, Initially the lesser sac needs to be opened to allow opening of the diaphragmatic crura. C, Then blunt dissection of the aorta allows a clamp to be placed over two fingers that are exposing the aorta.
(From Rutherford RB: Atlas of Vascular Surgery: Basic Techniques and Exposures. Philadelphia: WB Saunders, 1993, pp 188–189.)

Figure 102-3 A compressor can be placed over the supraceliac aorta for rapid temporary aortic control while infrarenal control is being obtained. (From Nyhus LM, Baker RJ: Mastery of Surgery. Boston, Little, Brown, 1984, p 1370.)

Figure 102-4 A combination of intraluminal balloon occlusion and direct aortic and iliac clamps can be used to gain rapid aortic control for ruptured abdominal aortic aneurysm repair. This combination can save time by minimizing dissection and avoiding
injuries to surrounding structures that may be obscured by hematoma. (From Yao JST, Pearce WH: Aneurysms: New Findings and Treatments. Norwalk, Com: Appleton & Lange, 1994, p 261.)

TABLE 102-1 -- Reported Data on Ruptured Abdominal Aortic Aneurysms (RAAA) Treated by Endovascular Aneurysm Repair
FIRST AUTHOR

RAAA RE-EVALUATED (no.)

EVAR COMPLETED (%)

EVAR MORTALITY (%)

CONVERSION RATE (%)

Ohki, 2001[

25

100

10

20

9
Hinchliffe, 2001[ ]

20

85

45

15

55]

57

37

9.5

0

39]

21

71

14

29

94]

21

100

19

0

24

100

12.5

4

40

65

15

0

Reichart, 2003[

25

23

17

0

Totals

219

71

18

8.5

54]

Lachat, 2002[
Orend, 2002[
Resch, 2003[

95]

Scharrer-Pamler, 2003[

52]

Peppelenbosch, 2003[

23]

EVAR, endovascular aneurysm repair.

9

approach.[ ] Although the reports describing this therapy are increasing in frequency, many of the centers that have reported their experience are centers that have been early adopters of endovascular AAA treatment. Their level of expertise, stock of grafts
available, and resources has facilitated extension of this therapy to patients with RAAAs.
The preoperative investigations used to assess patients before endovascular aneurysm repair (EVAR) have varied among institutions. A barrier to the use of EVAR for RAAA repair has been the lack of detailed preoperative imaging before patient transfer to

52]

the operating room. The most recent reports describe the use of fine-cut spiral CT scanning with contrast enhancement on the way to the operating room, allowing assessment of the neck diameter, angulation, and iliac size.[

Appropriate endovascular

53]

candidates then can be selected. Several authors have attempted to estimate the number of RAAA patients for whom EVAR may be a realistic option. Patients with RAAAs have been shown to have larger neck diameters but shorter neck length.[

The

53
number suggested to be suitable for endovascular repair varies from 20% to 46%.[ ] The proportion of patients with RAAAs who are suitable for EVAR seems to be lower compared with patients with asymptomatic aneurysms (rates suitable for EVAR
were 74% to 78% in the same studies).

54]

Different strategies have been employed to treat RAAAs with endovascular therapy. The Montefiore group has used an in-house device that is an aorto-unifemoral graft that requires ipsilateral internal iliac exclusion and a femorofemoral crossover graft.[
Modular aorto-uni-iliac and aortobi-iliac configurations also have been used. Manufacturers are beginning to market rupture kits, which enable most aneurysms to be repaired with a minimal amount of stock.

Special considerations required to perform RAAAs using EVAR include rapid availability of CT scanning, a team of trained personnel, a stock of devices, and the proper suite in which to perform the procedure. Local anesthesia has been used by several

9 55

groups; however, it can be difficult if the patient is unable to remain still.[ ] [ ] The advantage of local anesthesia is that the sympathetic tone sustaining blood pressure is not negated. Several groups begin under local anesthesia and convert to general
anesthesia for the positioning and release of the graft. Proximal control has been achieved using a balloon that is placed either via the brachial or via the femoral approach. Endoleaks pose a unique problem in this setting because they may result in failure to

52

control hemorrhage. Several persistent type I leaks have been reported, including one with a 4-month follow-up.[ ] Type II leaks have been observed after resolution of the hematoma; however, these have not been reported to result in continued leakage of
blood outside the aneurysm. It seems surprising that all the endoleaks reported to date after RAAA have had such a benign natural history. Despite the predictions that fewer RAAAs are suitable for EVAR, several European groups reported that on an intent-to-

52 53

39]

treat basis, they treated 58% to 80% of patients with RAAA with EVAR.[ ] [ ] Few conversions have been reported. Blood loss, total fluid administration, intensive care unit days, and hospital stays are shorter.[
series are required to show conclusively that this therapy can be applied effectively outside of specialized centers.

Larger single-center or multicenter

The 30-day mortality rates range from 10% to 45%. Most series still have relatively limited numbers of patients included (20 to 35) compared with the open RAAA literature ( Table 102–1 ). Deaths have been secondary to colon ischemia, MOF, and continued
hemorrhage. Postoperative complications include renal failure, arterial ischemia, wound infections, and abdominal compartment syndrome related to the hematoma. Although hematoma is rarely opened at the time of surgery, hematoma that directly surrounds

39]
Renal dysfunction or failure can be due to the combination of the insult induced by hemorrhage and the contrast material required for the

the aorta is removed during aneurysm repair. Drainage of retroperitoneal hematoma after EVAR has been reported.[

55]

CT scan and implantation procedure. The incidence of renal dysfunction has been reported in one series at 28% with only two patients requiring hemofiltration and none requiring permanent dialysis.[

Overall the reports of therapy of RAAA by EVAR seem encouraging. To date, no large multicenter study that reports on a group of consecutively treated patients is available that would suggest this therapy can be offered on a population-wide basis. As noted
earlier, expertise, rapid access to thin-slice CT scanning, proper equipment, and a modest stock of devices are required around the clock to make this therapy feasible in a few specialized centers. As EVAR expertise
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becomes more widespread, this technology has the potential to reduce the mortality rate from RAAA—something that has been slow to be achieved over the last 50 years.

COMPLICATIONS OF RUPTURED ABDOMINAL AORTIC ANEURYSM REPAIR
Local Complications

12

Postoperative bleeding is noted to develop with a frequency of 12% to 14.4%.[ ] The incidence is related to the prevalence of coagulopathy, which can develop secondary to the lack of coagulation factor replacement and hypothermia. Limb ischemia can be
related to embolization of aortic debris resulting in trash foot, large clot emboli, or thrombosis of major vessels. Because many surgeons do not use systemic heparin administration, particular attention must be paid to retrograde iliac flushing before completion

12 56

of the distal anastomosis. Colonic ischemia can range from patchy mucosal necrosis to full-thickness colon necrosis with perforation. The incidence of this complication ranges from 3% to 13%, but it is associated with a mortality of 73% to 100%.[ ] [ ]
Factors that are responsible for colonic ischemia include the degree and duration of hypotension, patency of the inferior mesenteric artery, collateral supply from the superior mesenteric and pelvic collaterals, and site of the hematoma. Care must be taken at
the conclusion of the aortic repair to examine the colon, and Doppler examination is done of the colon blood supply if of concern. Reimplantation of the inferior mesenteric artery may be beneficial even if both internal iliac arteries have been preserved by the
repair. If colonic ischemia is suspected during the postoperative period, sigmoidoscopy to visualize the area is diagnostic. Laparotomy to remove the injured colon is required; however, this still is associated with a mortality rate greater than 50%. Paraplegia

12]

and paraparesis are rare complications that have been reported after ruptured aneurysm repair. The incidence has been noted to be 2.3% with a mortality of 50%.[

Interruption of pelvic blood supply, prolonged aortic cross-clamping, intraoperative

57
hypotension, aortic embolization, and internal iliac interruption all have been suggested to cause spinal cord injury.[ ] To date, spinal cord drainage has not been effective after symptoms were noted.
Systemic Complications
RAAA frequently is associated with the development of complications distant to the site of the aortic repair. Rupture results in blood loss and hypotension. Repair requires aortic clamping resulting in a second ischemic insult to the lower torso. Young patients
who have penetrating arterial trauma with hypotension have survival rates between 62% and 70%. These patients have intraoperative blood loss between 2.5 and 3.1 L, yet the incidence of systemic complications, such as acute respiratory distress syndrome

26]
Evidence from basic research models and patient-derived data suggests that the combination of hypotension followed by resuscitation (an ischemia
[32] [58]

(1% to 4%), sepsis syndrome (5%), and renal failure (1% to 4%), is dramatically lower than after RAAA.[

reperfusion event) primes the inflammatory response, and when a second insult occurs, this results in the development of a systemic inflammatory response leading to the development of systemic organ failure.

The most common systemic complications are myocardial infarction, respiratory failure, renal failure, congestive heart failure, arrhythmias, hyperbilirubinemia, sepsis, and MOF. Other complications include deep venous thrombosis, stroke, wound
dehiscence, elevated serum amylase, and pulmonary embolus.
Respiratory Failure

11 59 60

Respiratory failure develops in 26% to 47% of cases and is associated with a mortality of 34% to 68%.[ ] [ ] [ ] It is characterized by high oxygen requirements, increased lung permeability, and a decrease in lung compliance. Large volumes of fluid
and blood product predispose to the development of this respiratory failure. Patients with preexisting pulmonary dysfunction and long cross-clamp times are predisposed to develop this syndrome. The relative lower torso ischemia induced by aortic crossclamping may cause the release of mediators that result in the development of respiratory failure.
Renal Dysfunction

Many studies have shown a relationship between renal dysfunction and mortality after RAAA repair. The incidence of renal dysfunction after aneurysm repair is low in elective cases but rises progressively in symptomatic patients and RAAA patients, in

11] [12] [59]

whom the rates vary between 26% and 42%. Renal failure requiring dialysis has been noted to develop in 11% to 40% of patients. Patients who require dialysis have mortality rates of 76% to 89%.[

increased in patients who require suprarenal cross-clamping, longer duration of aortic cross-clamping, preexisting renal dysfunction, shock, and increasing age.

[61]

Renal dysfunction has been noted to be

Although the etiology of renal dysfunction is multifactorial, patients who develop it often also

62]

have sustained a greater insult to other organs. Suprarenal clamping is used more commonly in patients with RAAA and is associated with an increased incidence of renal dysfunction and dialysis.[
with an infrarenal clamp, especially in patients with previously normal renal function, is a reflection of the severity of the systemic insult the patient has experienced.

Development of renal dysfunction after RAAA repair

Irreversible Shock

22]

In the late stages of hemorrhagic shock, an irreversible state can develop in which aortic clamping, aggressive fluid resuscitation, and inotropic support can fail to reverse hypotension.[
These deaths usually occur in the operating room and frequently account for 10% to 15% of RAAA deaths.

This condition also is observed in animal models of hemorrhage.
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Cardiac Complications

12

Myocardial infarction, arrhythmias, cardiac arrest, and congestive heart failure all represent life-threatening situations that increase mortality after RAAA.[ ] Cardiac arrest is associated with a mortality of 81% to 100% and occurs in 20% of cases.
Myocardial infarction develops in 14% to 24% and is associated with a mortality of 19% to 66%. The development of an arrhythmia that required therapy occurred in 23% with an associated mortality of 46%. Congestive heart failure developed in 20% and
was associated with 41% mortality. If all patients with cardiac events are pooled, 42% of patients sustained a cardiac event, which was associated with a 44% early mortality. Myocardial infarction develops secondary to the increased demand placed on the
heart to compensate for blood loss, resuscitation, aortic clamping, and declamping. These increased demands are placed on a heart that frequently has preexisting coronary disease. Rapid detection of postoperative myocardial infarction, arrhythmias, or
congestive heart failure must lead to prompt measures to reduce and relieve the situation; otherwise, mortality is significant.
Liver Failure

63]

Hepatic failure is a late event after RAAA. Early studies suggested that hepatic failure occurred after the development of pulmonary, cardiac, and gastrointestinal dysfunction.[

[65]

postoperative day 6. The mortality was noted to be 83%. No hepatic necrosis was noted, and the dysfunction was ascribed to hypoxic hepatic injury. Maziak and colleagues
nonsurvivors on postoperative day 7 and became significantly different on postoperative day 10.

64]

Hermreck and associates[

noted that jaundice did not become evident until

identified that hepatic function began to diverge between survivors and

The liver can sustain a hypoxic injury after hemorrhagic shock but must cope with the reabsorption of the hematoma and the increased metabolism that this demands. At present, predictive factors for hepatic failure have not been identified, and the etiology of
the dysfunction is poorly understood.
Multisystem Organ Failure

The preceding discussion has focused on individual organ dysfunction; however, many RAAA patients experience multiple-organ dysfunction. This condition first was reported in a 1973 review of renal failure after RAAA in which progressive organ failure

63]

was described.[

66] [67]

Since that report, MOF has been reported with a postoperative incidence of 64%, and in several series, MOF is the most common cause of death after 48 hours, accounting for 93% of deaths.[

The development of MOF or a

65 66

systemic inflammatory syndrome has been described extensively in trauma patients, patients with pancreatitis, and patients with perforated viscus. Relatively few RAAA patients have positive blood cultures as an initiating event to MOF.[ ] [ ] When
elective, urgent, and ruptured AAA patients were compared for the evidence of systemic inflammation, organ failure, or MOF, the incidence of systemic inflammation was 89% to 100% in all three groups. Organ failure was similar in elective and urgent
patients (46% to 54%); however, 100% of the ruptures had at least single-organ failure. The distinction between the three groups occurred when MOF was noted to be highest in the ruptured group (64%) and was only 4.5% in the elective group. The mortality
in patients with RAAA with MOF was 69% versus 0% in patients who did not have MOF. RAAA is a potent stimulus to induce organ dysfunction.
The etiologic factors responsible for the induction of multiple organ dysfunction syndrome center on the magnitude, number, and timing of the inducing inflammatory insults. The evidence from the RAAA data suggests that suprarenal clamping and longer

31]

duration of aortic clamping are associated with higher rates of postoperative complications and death.[

32] [58]
Rupture and repair of an aneurysm is a combination of two ischemia-reperfusion events.
[69]

A hypothesis that may account for the excessive complications and the persistently high mortality in this patient population is the “two-hit” hypothesis. [

68]
This response affects the entire body, although the insult to various tissues may be different.

Hemorrhagic shock is the initial ischemic event, which primes the inflammatory response.[

[70]

clamping, which causes relative lower torso ischemia.

Aneurysm repair requires a second ischemic event, aortic

Resuscitation initiates the first reperfusion event, and aortic unclamping is the second hit that occurs in the face of a system primed by hemorrhagic shock. This theory is supported by data from an

58] [71]

animal model of RAAA and data collected from clinical cases.[

32

In an animal model of RAAA, the individual insults of hemorrhagic shock alone or aortic clamping alone were insufficient to result in the development of systemic organ injury.[ ] When the events were combined, a synergistic effect occurred that resulted
in rapid onset of systemic organ injury, which resembled the clinical situation but over a much shorter time course ( Fig. 102–5 ). This model has implicated neutrophils and more recently the complement cascade as significant mediators of the systemic injury.

[71] [72] Further studies with this model suggest that cardiac contractile dysfunction may develop in the postoperative period, which may account for the high incidence of cardiac events in the postoperative phase of RAAA therapy.[73] Studies from human
[74]

In contrast, RAAA patients have neutrophils that are primed to respond to ex vivo
aneurysm patients have shown that elective AAA repair primes the neutrophils to respond to an ex vivo stimulus on the second through the fifth postoperative day.
stimulation on arrival to the emergency department and before any surgical therapy. There was a further elevation in neutrophil oxidative burst in the postoperative period suggesting that the operative repair further activated these cells.

75] [76] [77]

Neutrophil-mediated injury has been implicated as a key mediator of tissue injury in many models of ischemia-reperfusion injury (myocardial infarction, intestinal ischemia, and hemorrhagic shock).[

When markers of neutrophil lipid

58
peroxidation injury were assessed in elective AAAs, no oxidative injury was noted.[ ] In the RAAA group, there was evidence of significant oxidative injury on arrival in the emergency department, and further
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Figure 102-5 Lung permeability index as a measure of systemic lung injury in sham, shock, and clamp animals and shock plus clamp animals treated with control and CD18 monoclonal antibody (anti-CD18). The synergy of the two injuries results in systemic
organ injury, which is reduced by neutralization of the CD18 neutrophil adhesion receptor. *P < .05 compared with sham, shock, and clamp. #P < .05 compared with shock plus clamp (control antibody). (Modified from Boyd AJ, Rubin BB, Walker PM, et al:
A CD18 monoclonal antibody reduces multiple organ injury in a model of ruptured abdominal aortic aneurysm. Am J Physiol 277: H172-H182, 1999.)

TABLE 102-2 -- Logistic Regression Model Showing the Interaction of Significant Preoperative and Intraoperative Variables That Predicted Early Survival After Ruptured Abdominal Aortic Aneurysm Repair
CREATININE (mg/dL)

CLAMP SITE

URINE OUTPUT (mL)

PROBABILITY OF SURVIVAL (%)

≤1.3

Infrarenal

≥200

90

≤1.3

Infrarenal

1–199

76

>1.3

Infrarenal

≥200

71

≤1.3

Suprarenal

≥200

65

≤1.3

Infrarenal

0

52

>1.3

Infrarenal

1–199

46

≤1.3

Suprarenal

1–199

39

>1.3

Suprarenal

≥200

33

>1.3

Infrarenal

0

23

≤1.3

Suprarenal

0

18

>1.3

Suprarenal

1–199

15

>1.3

Suprarenal

0

6

Modified from Johnston KW: Ruptured abdominal aortic aneurysm: Six-year follow-up results of a multicenter prospective study. Canadian Society for Vascular Surgery Aneurysm Study Group. J Vasc Surg 19:888–900, 1994.
Even with a blood pressure <70 mm Hg and a creatinine of >1.3 mg/dL, however, the survival was still 25%. The addition of intraoperative variables to the model further enhanced the ability to predict survival. The site of the aortic clamp, the volume of blood
administered, and the intraoperative urine output also helped to predict early survival. An infrarenal clamp with less than 1800 mL of blood administered and a urine output had 89% survival. In a patient who required a suprarenal clamp, had greater than 3500
mL of blood, and had no intraoperative urine output, survival was predicted to be 3%. When the preoperative and intraoperative variables were added to a single model, serum creatinine, clamp site, and intraoperative urine output were predictive of survival.

12

When all preoperative, intraoperative, and postoperative variables were included, early survival was predicted by site of the aortic cross-clamp, occurrence of a myocardial infarction, respiratory failure, kidney damage, or coagulopathy.[ ] At the conclusion
of the operation, the surgeon can review these variables and begin to give the family an idea of the expected outcome. Table 102–2 combines the preoperative and intraoperative variables that were significant in the prospective analysis of early survival using a
logistic regression model. Table 102–3 shows the postoperative variables that had a significant effect on early survival. Dialysis has a dramatic impact on survival even when no other complications are present. The development of two complications also has a
dramatic impact on mortality, especially if one is an increase in creatinine or dialysis requirement.

87 88

Scoring systems have been used to predict mortality (POSSUM, P-POSSUM, MODS, and Hardman index).[ ] [ ] The POSSUM and its modifications use 12 physiologic variables and 6 operative variables to give a calculated risk of morbidity and
mortality. More recent publications suggest that POSSUM can predict RAAA mortality; however, the Hardman index, which is calculated preoperatively based on five variables (age, serum creatinine, hemoglobin, electrocardiogram evidence of ischemia,
TABLE 102-3 -- Logistic Regression Model Showing the Interaction of Significant Postoperative Complications That Predicted Early Survival After Ruptured Abdominal Aortic Aneurysm Repair
MYOCARDIAL INFARCTION

RESPIRATORY FAILURE

COAGULOPATHY

RENAL DYSFUNCTION

PROBABILITY OF SURVIVAL (%)

No

No

No

No

96

No

No

Yes

No

91

No

Yes

No

No

74

Yes

No

No

No

66

No

No

No

↑ Cr

66

No

Yes

Yes

No

58

Yes

No

Yes

No

49

No

No

Yes

↑ Cr

48

Yes

Yes

No

No

21

No

Yes

No

↑ Cr

20

Yes

No

No

↑ Cr

15

No

No

No

Dialysis

15

Yes

Yes

Yes

No

11

No

Yes

Yes

↑ Cr

11

Yes

No

Yes

↑ Cr

8

No

No

Yes

Dialysis

8

Yes

Yes

No

↑ Cr

2

No

Yes

No

Dialysis

2

Yes

No

No

Dialysis

2

Yes

Yes

Yes

↑ Cr

1

No

Yes

Yes

Dialysis

1

Yes

No

Yes

Dialysis

1

Yes

Yes

No

Dialysis

0

Yes

Yes

Yes

Dialysis

0

Cr, creatinine.
Modified from Johnston KW: Ruptured abdominal aortic aneurysm: Six-year follow-up results of a multicenter prospective study. Canadian Society for Vascular Surgery Aneurysm Study Group. J Vasc Surg 19:888, 1994.
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history of loss of consciousness), also performed well. The data used in this study were retrospective; no prospective study of the Hardman index is available. These scoring systems do provide the surgeon with a rapid method to estimate mortality objectively,
which helps determine the course of therapy.

65

Maziak and coworkers[ ] calculated the multiple organ dysfunction score (MODS) to track alterations in the function of six key organ systems (respiratory, renal, hepatic, hematologic, neurologic, and cardiac) over time to determine the relationship between
progressive organ dysfunction and mortality. Deaths occurred in a bimodal distribution before and after 48 hours. The survivors had little alteration in their MODS; however, patients who died after 48 hours had significantly larger increases in their MODS.
The renal and hepatic components of the MODS were responsible for the progressive increase in MODS and were significantly higher in patients who died after 48 hours compared with survivors. Renal dysfunction became significantly different between
survivors and nonsurvivors on postoperative day 3, whereas it took until postoperative day 10 for the hepatic dysfunction scores to become significantly different. The development of renal dysfunction followed by hepatic dysfunction indicates patients who
are at the highest mortality risk.
Quality of Life After Ruptured Abdominal Aortic Aneurysm

89 90

The quality of life after RAAA has been assessed using the SF-36, an adapted Life Function Scale questionnaire and a Rosser index questionnaire.[ ] [ ] Using the SF-36, it was noted that physical functioning was significantly reduced in patients who
survived RAAA compared with age-adjusted and sex-adjusted population controls. There was no difference in the quality of life in RAAA patients who had major postoperative complications compared with patients who did not. The studies using the other
questionnaires had fewer patients but compared quality of life after RAAA with quality of life in elective AAA patients. The Rosser index showed a significant reduction in the level of functional capacity in the RAAA group. The Life Functional Scale

91]

showed, however, that physical independence was similar between the two groups. The disability is greater in the ruptured group compared with elective patients, which confirms the benefit of elective repair.[
different assessment tools suggest that overall the quality of life after RAAA is satisfactory; however, there seems to be a reduction in physical functioning.

The data from these three studies with

Late Survival

After successful RAAA repair, the mortality rate of these patients is increased compared with patients who have undergone elective AAA repair and the general population. In the Canadian aneurysm study, the 5-year survival for patients alive at 30 days was

12]
These data are similar to the data from U.S. VA medical centers. In the VA system, the 5-year survival was 54% for RAAA patients compared with 69% for the

53% compared with 71% of patients who had undergone elective repair ( Fig. 102–6 ). [

92

93]
The survival of RAAA patients is significantly less than their elective counterparts. When survival of the elective

elective group.[ ] In the long-term study centered at the Mayo Clinic, the survival was 64% and 74% for RAAAs and elective AAAs.[
AAA patients is compared with the age-matched and sex-matched population, there was no difference in survival.

The Canadian aneurysm study and the VA study looked at variables associated with late mortality. The Canadian aneurysm study identified preoperative, intraoperative, and postoperative variables that were associated with late survival. When all the variables
were considered together using a Cox model, intraoperative urine output, respiratory failure, and myocardial infarction were predictors of late survival ( Fig. 102–7 ). The VA study, using stepwise logistic regression, identified increasing age, illness severity,

92]
Complications related to the aortic graft are higher in the RAAA group (5.6% VA, 17% Mayo) compared with the elective AAA group (1.9% VA, 8% Mayo).

and patient complexity as independently associated with late mortality after hospital discharge.[

The most frequent causes of late death were coronary artery disease, pulmonary disease, cancer, cerebrovascular disease, and renal failure. RAAA patients’ early postoperative survival is dramatically lower compared with elective AAA patients. In addition,
survival of RAAA patients over the long-term also is reduced compared with the elective AAA and general population.

Figure 102-6 Long-term survival after elective or ruptured abdominal aortic aneurysm repair from the Canadian aneurysm study for patients who survived longer than 30 days. In the ruptured abdominal aortic aneurysm group, survival declines rapidly in the
first several months, but subsequently begins to parallel the elective abdominal aortic aneurysm group. (Data from Johnston KW: Ruptured abdominal aortic aneurysm: Six-year follow-up results of a multicenter prospective study. Canadian Society for
Vascular Surgery Aneurysm Study Group. J Vasc Surg 19:888–900, 1994.)

Figure 102-7 Late postoperative survival. When all variables were considered together, intraoperative urine output, respiratory failure, and myocardial infarction (MI) were predictors of late survival. Cox proportional hazards model. (From Johnston KW:
Ruptured abdominal aortic aneurysm: Six-year follow-up results of a multicenter prospective study. Canadian Society for Vascular Surgery Aneurysm Study Group. J Vasc Surg 19:888–900, 1994.)
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Chapter 103 - Thoracoabdominal Aortic Aneurysm

For a patient with a large thoracoabdominal aortic aneurysm (TAAA), the options are limited. If the aneurysm is left untreated, fatal rupture is a constant, albeit unpredictable, threat. Although emergency repair can save the life of a patient with a ruptured
aneurysm, the associated morbidity and mortality remain extremely high. Elective surgical repair is the only effective treatment in eradicating the risk of aneurysm rupture and improving survival ( Fig. 103–1 ). TAAA repair is a major undertaking, however,
because all major organs, including the heart, lung, liver, kidneys, intestines, and spinal cord, are at risk during surgery.
Aortic graft replacement using the inclusion technique with reimplantation of intercostal and visceral arteries forms the basis of surgical repair of TAAAs. During the “clamp and sew” era, the expediency of surgery was key in determining patient outcome.
Next in importance for predicting patient outcome was the extent and location of the aneurysm, and a classification system was devised ( Fig. 103–2 ). This chapter reviews the etiology, pathogenesis, epidemiology, natural history, and clinical manifestations
of TAAAs. Patient management is discussed in detail, including preoperative diagnostic imaging and evaluation, operative

1491

23] [56]

Figure 103-1 Thoracoabdominal aortic aneurysm. Comparison of survival rates in untreated versus surgically treated patients.[

Figure 103-2 Normal thoracoabdominal aorta and aneurysm classification. Extent I, distal to the left subclavian artery to above the renal arteries. Extent II, distal to the left subclavian artery to below the renal arteries. Extent III, from the sixth intercostal space
to below the renal arteries. Extent IV, from the 12th intercostal space to the iliac bifurcation (total abdominal aortic aneurysm). Extent V, below the sixth intercostal space to just above the renal arteries.

Figure 103-3 A, CT scan of type A and type B aortic dissections with true and false lumina shown in type B. B, CT scan of thoracoabdominal aortic aneurysm with thrombus in lower right hand corner of scan. C, Three-dimensional reconstruction of axial CT
scan of extent II thoracoabdominal aortic aneurysm.

Figure 103-4 Aortogram of thoracoabdominal aortic aneurysm.

Figure 103-5 MRA of extent II thoracoabdominal aortic aneurysm.

Figure 103-6 Transesophageal echocardiogram of aortic dissection.

Figure 103-7 Chest radiograph of thoracoabdominal aortic aneurysm.

Figure 103-8 Saphenous vein graft bypass to the left anterior descending artery is preferable to internal mammary artery bypass if the patient has to undergo proximal clamping of the thoracic aorta as illustrated here.

Figure 103-9 Placement of the lumbar catheter in the third or fourth lumbar space to provide cerebrospinal fluid drainage and pressure monitoring.

Figure 103-10 Thoracoabdominal incisions tailored for aneurysm extent.

Figure 103-11 Previously the diaphragm was divided (left); currently only the muscular portion of the diaphragm is cut.

Figure 103-12 Distal aortic perfusion from the left pulmonary vein to the left femoral artery.

Figure 103-13 A, First application of proximal and distal clamps in sequential clamping, thoracoabdominal aortic aneurysm repair. B, The aorta is completely transected and separated from the esophagus. C, Thoracoabdominal aortic aneurysm proximal
anastomosis. D, An elliptical hole is cut in the graft, and the lower intercostal arteries are reattached as a patch to the graft. E, The graft is pulled down through the diaphragm. F, Perfusion of the celiac, superior mesenteric, and renal arteries. G, Reattachment
of the visceral vessels to the graft. H, Thoracoabdominal aortic aneurysm, completion of the distal anastomosis.

Figure 103-13 A, First application of proximal and distal clamps in sequential clamping, thoracoabdominal aortic aneurysm repair. B, The aorta is completely transected and separated from the esophagus. C, Thoracoabdominal aortic aneurysm proximal
anastomosis. D, An elliptical hole is cut in the graft, and the lower intercostal arteries are reattached as a patch to the graft. E, The graft is pulled down through the diaphragm. F, Perfusion of the celiac, superior mesenteric, and renal arteries. G, Reattachment
of the visceral vessels to the graft. H, Thoracoabdominal aortic aneurysm, completion of the distal anastomosis.

Figure 103-14 A, CT scans and illustration of extent II thoracoabdominal aortic aneurysm. B, Illustration and photograph of completed extent II thoracoabdominal aortic aneurysm repair.

Figure 103-15 A, Ten-year actuarial survival, thoracoabdominal aortic aneurysm type II versus all other thoracoabdominal aortic aneurysms. B, Ten-year actuarial survival for patients at 60 years old or younger, 61 to 67 years old, 68 to 74 years old, and 75
years older or older.

Figure 103-16 Illustration of rationale; cerebrospinal fluid drainage and distal aortic perfusion.

Figure 103-17 The probability of paraplegia increases with clamp time and is highest in extent II thoracoabdominal aortic aneurysm.

Figure 103-18 The probability of neurologic deficit increases with clamp time and is markedly higher in patients undergoing thoracoabdominal aortic aneurysm surgery without adjuncts.

Figure 103-19 The arteria radicularis magna (A.R.M.) arises from the lower intercostal arteries.

Figure 103-20 Ligation of patent lower intercostal arteries (T9 to T12) increases the risk of paraplegia. White, ligation; gray, reimplantation; black, occlusion.

Figure 103-21 The odds of delayed neurologic deficit increase with complications in cerebrospinal fluid drainage.

Figure 103-22 Ten-year actuarial survival for patients with and without preoperative renal dysfunction.

Figure 103-23 Retrograde renal perfusion via the left renal vein cools the left kidney to approximately 15° C.

Figure 103-24 Integrated cooling. Cold lactated Ringer’s solution (4° C) cools the kidneys to less than 20° C, and cold blood cools the viscera, while the lower extremities continue to be warmed.
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Chapter 104 - Aortic Dissection:

Perspectives for the Vascular/Endovascular Surgeon

JAMES H. BLACK III MD
RICHARD P. CAMBRIA MD

OVERVIEW

1

The depiction of the lesion of aortic dissection and the premise of therapy can be traced back to the early 1800s, when Shekelton[ ] reported obliteration of the false lumen in a healed dissection, and Laennac coined the term dissecting aneurysm. The term
dissecting aneurysm is a misnomer in most cases; although acute dissection can occur in dilated or diseased aortas, it also occurs in normal-caliber aortas and in young, otherwise healthy individuals. The terms acute dissection and aneurysm should be used in
an exclusive context, although dissection can occur in a preexistent degenerative aneurysm. It is well recognized that chronic dissection is the etiology in 20% of thoracoabdominal aneurysms. Finally, as detailed subsequently, other distinct thoracic aortic
lesions, such as intramural hematoma (IMH) and penetrating aortic ulcer (PAU), have significant clinical and radiographic parity with acute dissection, such that diagnostic confusion commonly occurs.

2 3 4 5
Overall, acute aortic dissection is the most common catastrophe of the aorta, with an incidence of 5 to 30 cases per 1 million people per year.[ ] [ ] [ ] [ ] Within a population, the actual incidence varies based on predisposing risk factors, including age,

5 6
hypertension, and structural abnormalities of the aortic wall.[ ] [ ] The process of aortic dissection is dynamic and can occur anywhere along the course of the aorta, resulting in a wide spectrum of clinical manifestations. The pathognomonic lesion is an

6
intimal tear followed by blood surging typically antegrade and cleaving the intimal and medial layers of the aortic wall longitudinally for a variable distance; the degree of the aortic wall circumference involved also is variable.[ ] Typically, one or more tears
in the intimal septum allow communication between the true and false lumina.

7
Despite expected and documented improvements in treatment results over time, acute dissection remains a lethal disease. In a population-based longitudinal study by Meszaros and coworkers,[ ] 21% of patients with aortic dissection died before hospital

7
admission. This substantial mortality rate underscores the urgency for diagnosis and initiation of appropriate therapy; the mortality of acute dissection left untreated may exceed 22.7% within 6 hours, 50% within 24 hours, and 68% within the first week.[ ]
Mortality typically is quoted at 1% per hour in the acute phase of the disease; when the ascending aorta is involved, mortality is largely related to the central cardioaortic complications of aortic rupture into the pericardium, acute aortic regurgitation, and

8 9
coronary ostia compromise.[ ] [ ] Mortality in the acute phase of an acute distal dissection not involving the ascending aorta may occur in patients with visceral or extremity vessel obstruction or aortic rupture, although the incidence of aortic rupture has
10] [11]

decreased over time.[

10] [11]

When territories such as the central nervous system and the viscera are compromised, the mortality rate of aortic dissection increases dramatically.[

A contemporary perspective on the ongoing lethality of aortic

5
dissection is gained from the International Registry of Acute Aortic Dissection (IRAD) study. [ ] This report, summarizing treatment results from 12 international referral centers of excellence, is notable because a large number (464) of aortic dissection
patients treated in a contemporary interval (1996 through 1998) were prospectively studied. Given the institutions participating, treatment results can be considered a best-case scenario, yet overall mortality was 27.4% in the IRAD study. Mortality for patients
treated with graft replacement of the ascending aorta was 26%. The highest mortality (58%) occurred in patients with ascending aortic dissection managed medically. The most common causes of death among patients with ascending dissections were aortic
rupture (41.6%), followed by mesenteric ischemia (13.9%). When medical management could be used for patients with distal dissections, mortality was 10.7%. Alternatively, when invasive intervention was required for complicated distal dissections,

5
mortality increased to 31.4%, emphasizing the need for improved diagnostic and treatment modalities in this subgroup.[ ]
This chapter reviews the classification, pathologic anatomy, clinical presentation, and diagnostic and treatment modalities for acute aortic dissection with emphasis on the role of the vascular/endovascular surgeon. Although a thorough understanding of all
components of acute dissection seems requisite for surgeons who propose to treat aortic dissection, the technical principles of graft replacement of the ascending aorta, being the province of cardiac surgeons, is not detailed. Because open graft replacement for
treatment of descending aortic dissection is rarely indicated, it is anticipated that the vascular/endovascular surgeon will become the primary interventionalist in the care of patients with acute dissection of the descending
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aorta and complications of peripheral vascular compromise. Finally, treatment of the principal late complication of acute aortic dissection—the development of thoracoabdominal aneurysms—is considered in Chapter 103 .

ANATOMIC CLASSIFICATION OF AORTIC DISSECTION
Aortic dissection is classified as acute or chronic depending on the duration of symptoms at presentation. Acute dissection refers to circumstances when the diagnosis is made within 2 weeks after the initial onset of symptoms, and chronic dissection is
diagnosed when the symptoms are present for greater than 2 weeks. Although such designation is arbitrary and long-standing in the literature, it is reasonable to state that the immediate life-threatening complications usually manifest within this time frame in

12]

most patients. Anatomically, aortic dissection is classified in two schemes based on the location of the intimal tear and the extent of the dissection along the aorta. The classification scheme proposed by DeBakey and colleagues[

in 1965 is most commonly

12
used and specifically delineates the extent of the descending aortic dissection.[ ] The scheme ( Fig. 104–1 ) uses the following classification:
■ Type I—dissection originates in the ascending aorta and extends through the aortic arch and into the descending aorta or abdominal aorta or both for a varying distance
■ Type II—dissection originates in and is confined to the ascending aorta
■ Type III—dissection originates in the descending aorta and is limited to same in type IIIa; type IIIb involves descending and variable extents of the abdominal aorta.

13

Dailey and colleagues[ ] introduced the Stanford classification scheme in 1970 and simplified the anatomic classification. Stanford type A includes dissections that originate in the ascending aorta and includes DeBakey type I and type II dissections. In
contrast, Stanford type B includes only dissections that originated in and are confined to the descending aorta (DeBakey type IIIa and IIIb). The immediate distinction of anatomic classification is a crucial step in clinical management because it directs initial
therapy. Prompt graft replacement of the ascending aorta is the appropriate treatment for most patients with proximal aortic dissections (for exceptions, see later). This treatment is predicated on the high risk of lethal cardioaortic complications (principally
aortic rupture) in the hours and days after symptom onset. Alternatively, patients with type B dissections generally are managed with medical therapy except for patients with specific anatomic or clinical complications, as reviewed subsequently.

EPIDEMIOLOGY

7
A 27-year, population-based evaluation calculated an incidence of 2.9 acute aortic dissections per 100,000 person-years.[ ] In a population-based study from the Mayo Clinic, the incidence of acute aortic dissection was estimated to be 3.5 per 100,000 person14]

years.[

Men are affected more

Figure 104-1 Demographic and clinical features of 512 patients with acute aortic dissection classified by the DeBakey system. The distribution of dissection extent, demographic features, and incidence of peripheral vascular complications were similar over
the 35-year period (1965–1999) in which these patients were treated. Patients with type III dissections tend to be older and almost universally hypertensive. As anticipated, vascular complications tend to cluster among the more extensive type I and IIIb
dissections. HBP, high blood pressure; VC, vascular complications. (Adapted from Lauterbach SR, Cambria RP, Brewster DC, et al: Contemporary management of aortic branch compromise resulting from acute aortic dissection. J Vasc Surg 33:1185–1192,
2001; and Cambria RP, Brewster DC, Gertler J, et al: Vascular complications associated with spontaneous aortic dissection. J Vasc Surg 7:199–209, 1988.)

Figure 104-2 Distribution of peripheral vascular complications in 512 patients over a 35-year period (1965–1999). Peripheral vascular complications are classified by aortic branch site. Differences between site occlusions and clinical events represent
asymptomatic occlusions. HBP, high blood pressure.

Figure 104-3 Mechanisms of aortic branch obstruction in acute dissection. A, In dynamic obstruction, the septum may prolapse into the vessel ostium during the cardiac cycle, and the compressed true lumen flow is inadequate to perfuse branch vessel ostia,
which remain anatomically intact. B, Near-complete circumferential dissection with static obstruction—the cleavage plane of the dissection extends into the ostium and compromises inflow. Thrombosis beyond the compromised ostia may worsen perfusion
further. C, Spontaneous perfusion of aortic branches perfused from the false lumen occurs if the dissecting process tears the ostia away from the true lumen. Such spontaneous “fenestrations” may account for persistent false lumen flow. F, false lumen, T, true
lumen.

Figure 104-4 CT scan (level of supraceliac aorta) from a 65-year-old man with rapidly deteriorating renal function and mesenteric vascular insufficiency after acute distal dissection. CT scan shows crescentic compressed true lumen (arrow), associated with
true lumen pressure deficit, and malperfusion of vessels arising from the same. In this case, the aortic circumference from the 2-o’clock to the 10-o’clock position is involved in the dissection, creating the milieu for true lumen collapse.

Figure 104-5 A 48-year-old man with acute DeBakey type I dissection with severe abdominal pain and progressive acidosis was treated by visceral segment surgical fenestration before ascending aortic replacement. A, Axial image at the superior mesenteric
artery (SMA) suggests dynamic aortic obstruction with a barely discernible true lumen perfusing the SMA (arrowhead). False lumen flow fills nearly the entire aortic circumference and cross-sectional area, yet flow in the SMA could be interpreted as
“normal.” B, Slitlike true lumen appreciated from 11-o’clock to 2-o’clock position with obstruction and malperfusion of the left renal artery. Note contrast visualized in more distal SMA (arrowhead). At surgery, severe restriction of celiac/superior mesenteric/
left renal artery flow was identified. C, Postsurgical fenestration result at SMA; Teflon felt noted on anterolateral visceral segment. D, Postsurgical fenestration result with good left renal artery perfusion.

TABLE 104-1 -- Results of Graft Replacement of Acute Type A Aortic Dissection
FIRST AUTHOR

111]

Fann[

108]

Kazui[

PERIOD

ADJUNCTS (% PATIENTS)

NO. PATIENTS

PREOPERATIVE SHOCK (%)

MORTALITY (%)

1983–2002

NA

91

NA

26

1983–2001

HCA, 20

138

NA

16

110

21

20

RCP, 20

112]

Pompilio[

1984–1999

HCA, 25

RCP, 25

113]

Sinatra[

1992–1998

HCA, 100

85

25

25

RCP, 21
ACP, 27

103]

Apaydin[

80]

Mehta[

1993–2001

HCA, 99

108

12

25

1996–1999

HCA, 87

437

28

26

104

10

9

RCP, 56

102]

Bavaria[

1994–2001

HCA, 100
RCP, 100
EEG, 66

ACP, antegrade cerebral perfusion; EEG, neurocerebral monitoring (electroencephalogram); HCA, hypothermic circulatory arrest; NA, not available; RCP, retrograde cerebral perfusion.
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107] [108]

Deciding which patients require aortic valve replacement in concert with ascending aortic dissection is greatly facilitated by intraoperative TEE. The procedure may be avoided in 80% of patients.[

Indications for aortic valve replacement include

102]
A secondary technical issue is related to the issue of extent of arch replacement because 20% to 30% of
Marfan’s syndrome, sinus of Valsalva aneurysm, bicuspid valve or other leaflet pathology, and extension of the tear and dissection into the annulus.[
[109]
[110]

One of the largest published experiences with various surgical techniques to manage type A dissection was reported from the Stanford group,
and this
patients with type A dissections may have intimal tears in the aortic arch or descending aorta.
series addresses the problem of treating or leaving unrecognized intimal tears in the aorta. Although arch involvement by the dissection was associated with an increased risk of future distal aortic reoperations, an aggressive posture in replacement of the aortic

108] [110]

arch, including hypothermic circulatory arrest and selective head vessel perfusion, has not yet been associated with improved outcome.[
Graft Replacement of Descending Aortic Dissection

Threatened or actual rupture at the aortic intimal tear in the proximal descending aorta remains in our view the only indication for acute graft replacement in distal dissection. Unless an extensive aneurysm is present, resection should be confined to the
proximal descending aorta because mortality and spinal cord ischemia risk increase dramatically with extensive aortic replacement in the setting of an acute dissection. Although an anatomic goal of central aortic replacement is reconstruction of the aortic wall

114 115

][
] In addition to a significant incidence of persistent false lumen flow, other
layers in the distal anastomosis and obliteration of false lumen flow, 25% to 50% of patients who are treated surgically can be expected to have persistent false lumen flow.[
reasons for the abandonment of central aortic repair in acute type B dissection include the substantial morbidity, the equivalent results of medical therapy, and the variable success in relieving distal malperfusion. We applied this approach in only 1 patient over
10

a decade in a series of nearly 100 type B dissection patients.[ ] Table 104–2 shows representative data of surgical morbidity in patients treated with central aortic graft replacement for acute type B dissections. Although mortality averaged 39%, the small
numbers and the remote treatment intervals in many of these reports should be noted. In addition, central aortic grafting may be unsuccessful in alleviating distal malperfusion syndromes depending on the mechanism of obstruction, the anatomic complexity of
the dissection, and the successful obliteration of false lumen flow. Prior reports wherein 10% of endovascular procedures performed for distal vascular complications were performed in the setting of unresolved malperfusion after central aortic repair are

116]

noteworthy.[

Albeit seldom indicated, central aortic graft replacement for type B aortic dissection presents significant technical challenges. The traditional surgical approach to establishing anastomotic integrity has been the application of strips of polytetrafluoroethylene

104

] In contradistinction, the introduction of glue aortoplasty is an important contribution to modern-day aortic dissection surgery. With the aorta transected
(Teflon) felt inside the true lumen and outside the aortic wall, which is tedious and time-consuming. [
and a sponge inserted in the true lumen to protect its diameter, the glue is applied for a length of 2 cm between the dissected layers, at a thickness of 2 mm. After 2 minutes, the aortic layers are fused and strengthened to accept a collagen-impregnated woven
Dacron graft with a running polypropylene suture. Since the 1970s, the use of glue aortoplasty has been reported to decrease the number of aortic valve replacements (for type A dissection), the amount of postoperative bleeding, the volume of intraoperative
117] [118] [119]

transfusion, and the severity of postoperative complications.[

The friable, acutely dissected aorta may require prolonged cross-clamping times to achieve anastomotic integrity. The addition of distal aortic perfusion allows for maintenance

120

] reported acute
of visceral and spinal blood supply. In a series of 22 patients undergoing graft replacement of the descending aorta for acute type B dissections, spinal cord ischemic complications were reported in 7 patients (32%). Safi and colleagues[
dissection to be a significant predictor of postoperative neurologic deficit (odds ratio 10.59; 95% confidence interval 2.45 to 45.82; P = .002). These authors concluded that surgical repair of acute type B aortic dissection carries the same overall operative

120]

mortality as operations for degenerative aneurysms, yet by comparison, the neurologic morbidity was disproportionately high.[

TABLE 104-2 -- Results of Graft Replacement of Acute Type B Aortic Dissection

FIRST AUTHOR

PERIOD

ADJUNCTS (% PATIENTS)

NO. PATIENTS

MORTALITY (%)

PARAPLEGIA/
PARAPARESIS (%)

1962–1983

PB, 66

29

45

24

122]

1974–1994

NA

52

12

0

123]

1975–1988

PB, 44

19

18

NA

121]

Jex[

Verdant[
Glower[

GS, 39
1977–1982

PB, NA

26

13

25

125]

1979–1991

PB, NA

13

69

NA

111]

1983–1992

PB, 100

17

41

NA

1986–1989

PB, NA

67

6

25

1986–1994

PB, NA

28

14

7

124]

Miller[
Neya[
Fann[

126]

Svensson[

127]

Coselli[

CSF, NA
CSF, cerebrospinal fluid drainage; GS, Gott shunt; NA, not available; PB, partial bypass.
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Stent-Graft Repair of Aortic Dissection Entry Site
Stent-graft repair at the aortic entry tear ultimately may provide the means to accomplish the intuitively logical short-term and long-term goals of central aortic repair, while obviating the substantial morbidity of conventional surgical repair. In 1999, the

128 129

][
] Such an approach may lessen the incidence and severity of malperfusion syndromes and reduce late aortic related complications
endovascular treatment of acute type B dissections with stent-graft technology was described in two sentinel reports.[
by minimizing the incidence of aneurysmal degeneration of the outer wall of the false lumen. As appreciated in the natural history of medically managed type B dissections, continued patency of the false lumen is an independent risk factor for progression of
35] [129] [130] [131] [132] [133] [134] [135]

chronic dissections to aneurysmal dilatation.[

During the first 4 to 7 years after acute aortic dissection, an aneurysm of the false lumen in the thoracic aorta may develop in 14% to 40% of patients treated

29 136]
The concept of inducing false lumen thrombosis by sealing the aortic tear with an aortic endograft has the potential to reduce early and late complications of type B dissection. Clinical trials of this approach have been
with medical therapy alone.[ ] [
initiated.
Stent-graft repair for acute dissection has yet to be studied in any systematic way, largely related to the lack of suitable stent-graft constructs. Particular technical points of stent-graft repair for aortic dissection deserve emphasis. First, the placement of
uncovered stents over the entry tear within the proximal true aortic lumen is ill advised. The ability of an uncovered stent to direct flow away from the false lumen relies on sheer radial force, and the tolerance of the acutely dissected intimal flap to
accommodate aggressive oversizing in an effort to compress the false lumen is unknown. In addition, the eccentricity of the true and false lumen geometry may place demands on radial force distribution, resulting in overdistention of the true lumen in tortuous
portions of the aorta. By these two mechanisms, deployment of such uncovered stents may cause aortic rupture. These observations on the poor performance of uncovered stents in the acutely dissected aorta have been confirmed in multiple animal studies.

[137] [138] [139] Finally, the indiscriminate use of uncovered stents in the true or false lumen may compromise later interventions by limiting sheath access or device deployment.[140]

Overall, if a patient is to be considered a candidate for stent-graft treatment, the location of the entry tear and proper recognition of proximal and distal fixation zones are fundamental to the successful performance of the stent-graft repair. When selected, stentgraft repair of acute aortic dissection should be performed in an operating room with adequate fluoroscopic imaging. True lumen access should be obtained from either a brachial or a femoral approach; typically, because the tear in type B dissection is distal to
the left subclavian artery, rapid true lumen access is obtained easily through a transbrachial approach. If device tracking is difficult as a result of tortuosity or associated occlusive aortic disease, “through-and-through” access from the brachial to femoral artery

can be obtained with intravascular snares to facilitate device delivery. When definitive true and false lumen access is achieved, the specific location of the entry tear and any branch vessel compromise should be documented with a combination of intravascular
ultrasound and angiography. The operator should have definitive knowledge of the three-dimensional aortic topography displayed on the preintervention CT scan. The induction of hypotension or bradycardia by pharmacologic means may increase the
accuracy of entry tear sealing during deployment. The use of compliant, large-diameter (33 to 40 mm) aortic occlusion balloons may be needed to ensure adequate apposition of the device to the aortic wall.

129

] using first-generation homemade devices. These authors treated 19 patients in the acute phase of
The short-term outcomes of stent-graft therapy of acute type B dissection using custom-made devices initially were reported by Dake and colleagues[
dissection by stent-graft coverage over the aortic entry tear in the descending thoracic aorta. Of the 19 patients, 4 had acute type A dissection (all with entry tear distal to the arch and retrograde extension to involve the ascending aorta), and 15 had acute type B
dissection. The acute dissections involved aortic branch vessels in 14 of 19 patients (74%), with symptomatic malperfusion present in 7 patients (37%). The average length of the entry tear as discerned by arteriography or intravascular ultrasound was 1.9 cm
(range 1.2 to 2.9 cm). The mean diameter of the implanted stent-graft was 29.7 ± 5.1 mm with an average length of 6.9 ± 1.5 cm. Two patients (11%) required deployment of more than one stent-graft to cover the tear completely secondary to residual false
lumen flow from either a proximal or a distal communication. Early mortality was observed in three patients (16%); two patients died from false lumen rupture 8 hours and 9 days after stent-grafting, and one patient died from sepsis secondary to gut infarction
7 days after apparently successful stent-graft therapy of malperfusion syndrome. Stent-graft therapy was successful in achieving complete thrombosis of the false lumen in 15 of 19 patients (79%). In the four patients with acute type A dissections, the mean
diameter of the ascending aorta decreased from 41 mm (range 35 to 46 mm) before therapy to 34 mm (range 32 to 36 mm) after stent-graft implantation. For the 15 patients with acute type B dissection, the diameter of the proximal descending aorta was
significantly smaller after the procedure (P = .04). An increase in true lumen diameter and flow correlated with clinical and hemodynamic improvement in malperfusion syndromes in all 22 vascular territories compromised by dynamic aortic obstruction.
Alternatively, for vascular territories compromised by a combination of static and dynamic aortic obstruction, only 6 of 15 beds (40%) were improved by stent-grafting alone, and additional stents were required to open the true lumen into the aortic branch
vessel. With an average follow-up of 13 months, no patients were found to have enlargement of their aortic diameter, and no cases of aortic rupture were reported. The authors concluded that stent-graft therapy provides acceptable results for a highly selected
129]

group of patients with acute aortic dissection that includes an entry tear distal to the left subclavian artery.[

128]

In a second report of endovascular therapy of acute type B aortic dissection published concurrently with the aforementioned series, Nienaber and colleagues[
B dissection. Their stent-graft results were compared with 12 matched controls who

described their early experience of stent-graft therapy in 12 consecutive patients with acute type
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underwent surgery for acute type B dissection. Using a commercially manufactured stent-graft with uncovered proximal stent fixation, these investigators described no mortality or morbidity in stent-graft deployment within 12 months of treatment.
Conversely, surgery for acute type B dissection in their centers was associated with a 33% mortality and 42% morbidity (P = .09 and P= .04 versus stent-grafting). Ultrasonography detected thrombosis of the false lumen in 10 of 12 patients (83%) within
minutes of stent-graft deployment. At 3 months, all remaining false lumina were noted to have thrombosed. True lumen diameter also was observed to increase by 8 to 19 mm (27% to 202% expansion of preimplantation width). In direct comparison of the two
modalities, significantly less intensive care unit length of stay, less overall length of stay, less transfusion requirement, and better functional recovery were recorded in favor of stent-graft therapy versus surgery. The investigators found stent-graft therapy of

128]
Other authors have reported that stent-graft repair is more likely to be effective when applied in the

acute type B dissection to be a promising endovascular strategy that may promote remodeling of the aortic wall by initiating false lumen thrombosis.[

141]
It seems logical that mobility of the septum and consequent ability of the aorta to remodel would be optimal in the acute phase of dissection, before fibrosis of the septum ensues.

acute phase of the disease.[

142

] Outcomes of stent-graft therapy in 31 patients were
The efficacy of stent-graft therapy in the treatment of acute distal dissections in the setting of ongoing visceral or extremity ischemia or aortic rupture was reviewed by Greenberg and coworkers.[
retrospectively reviewed to determine if luminal relationships, aortic diameters, and stent-graft therapy could predict clinical outcomes. The indication for treatment was malperfusion syndromes (77%) or aortic rupture (23%). Of the 31 patients, 29 patients
were treated by stent-graft therapy alone, and 2 were treated by fenestrations when definitive true lumen access could not be established. When true lumen compression resulted in visceral vessel malperfusion, the authors established definitive true lumen
11

access to a minimum of at least two visceral vessels (typically the superior mesenteric artery and a renal artery). Early mortality was 29% in these critically ill patients with a historically documented mortality in the 80% range.[ ] Four of these deaths
occurred immediately after stent-grafting owing to massive reperfusion injuries with hyperkalemic cardiac arrest. Hemodialysis was instituted in 14 patients (45%), with permanent dialysis requirement in 3 (9%). Overall, mesenteric infarction accounted for
44% of the early mortalities. The authors reported that a small true lumen (a true-to-false lumen ratio of ≤0.35) was 83% sensitive and 89% specific in predicting critical mesenteric ischemia. The authors concluded that the morbidity and mortality associated

142]

with a stent-graft approach to acute distal aortic dissection with end-organ ischemia may be lower than conventional surgical approaches but still carries a significant risk.[
laparotomy, regardless of the technical mode of revascularization (open versus endovascular), is appropriate.

In the particular circumstance of mesenteric ischemia, a low threshold for

The use of stent-graft repair in the treatment of acute dissections holds promise to reduce early complications and the progression over time to aneurysmal degeneration. The instantaneous and dramatic occurrence of false lumen thrombosis by coverage of the
aortic entry tear seems to be a key determinant in the process; the significance of small distal fenestrations is unknown. Early treatment of acute type B dissection seems to be associated with improved technical outcomes consistent with the hypothesis that true
lumen/septum malleability may diminish in the chronic phase of the disease. A prospective, randomized study of stent-graft repair versus medical therapy for acute type B dissections is needed.

Endovascular Approach to Malperfusion Syndrome

11] [143] [144]
Even in patients treated for concomitant ascending and descending aortic dissection (DeBakey type I), ischemic

Malperfusion syndromes may complicate the initial presentation of acute aortic dissection in 25% to 40% of patients.[

143

] In such cases, surgical management of aortic branch compromise has been associated with excessive morbidity and mortality often related to delayed diagnoses,
complications may persist in 25% of patients after ascending aortic graft replacement.[
particularly in the period after proximal cardioaortic repair when such treatment has failed to resolve distal malperfusion syndromes. In this setting, the application of endovascular techniques, such as fenestration of the aortic septum and branch orifice

11] [69]

stenting, is gaining favor. The operative mortality rate for aortic dissection patients with renal ischemia is 50% to 80%, and in mesenteric ischemia the mortality rate is 87%.[

In several series of surgical fenestration of dissected aortas to alleviate

116] [145]
Endovascular therapy may occupy a niche indication for treatment of such complicated dissections, but definitive data on this treatment
malperfusion syndromes, overall operative mortality has remained consistently greater than 20% for decades.[
[57]
[144]

Current indications for aortic fenestration or branch vessel stenting rely on clinical suspicion, which in the absence of obvious clinical parameters, is largely driven by the anatomic considerations as revealed on CT.
modality do not yet exist.
ultrasonography of the renal or visceral vessels or both to check for decrements in velocities is a convenient way to investigate perfusion.

Duplex

In the initial arteriographic evaluation of a patient with an acute aortic dissection complicated by malperfusion, true and false lumen access must be obtained. The confirmation of position within the true or false lumen is facilitated by intravascular ultrasound.

[146] [147] Angiography should be performed in the proximal, undissected aorta to appreciate fully intimal flap mobility and any dynamic aortic obstruction, and this may be verified by brachial artery cannulation in most cases. As noted earlier, power
injection in the true lumen of the dissected aorta may give the false impression of adequate perfusion to branch vessels compromised by dynamic obstruction. Similarly, showing equal catheter-derived pressures in the true and false lumina does not ensure
adequate perfusion in particular branches for the reasons reviewed earlier. Such pressure measurements have meaning only if obtained in the vessel of inquiry as opposed to the aortic lumen. All aortic branches should be visualized before intervention because
changes in flap mobility secondary to relief of obstruction in any single vessel may alter perfusion in other aortic side branches. If compromise
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of any aortic branch vessel is identified by the dissection, wire access into the distal true lumen of the vessel should be secured. In general, placement of self-expanding stents in a potentially compromised aortic branch should precede aortic fenestration

144]

because fenestration may alter aortic flow unpredictably and make it extremely difficult to regain endovascular access to compromised vessels.[

Fenestration of the intimal flap may be performed by several techniques using the combination of ultrasound and fluoroscopy. Most commonly, fenestration is performed from the smaller (usually true lumen) to the larger (false) lumen. Using a Roesch-Uchida
needle, Brockenbrough needle, or Colopinto needle, or the back end of a 0.014 wire, a fenestration is created close to the compromised aortic branch. After the needle and a stiff wire are advanced from the true to the false lumen, a 5F catheter is advanced into
the alternate lumen. Confirmation of the position across the membrane is performed by contrast injection. Subsequently an angioplasty balloon of at least 12 to 15 mm in diameter and 20 to 40 mm in length is used to create a fenestration tear. In some

148]
At the same time, this balloon may act as a target for the needle or wire. An alternative technique of fenestration has been termed the scissors

instances, an angioplasty balloon may be needed into the target lumen so that the intimal flap can be stabilized.[

149]

technique.[

In this technique, stiff guide wires are placed in each lumen from a single femoral access. Then by advancing a single long sheath over the two wires, the membrane is divided over a long distance. Authors familiar with use of the scissors

150]

technique have reported clean longitudinal tears (the ideal result) and circumferential separation of the flap from the aortic wall with aortoaortic intussusception (not ideal).[

The use of a snare to deliver a wire from one femoral access through the flap and down the contralateral femoral access has been described. By pulling this “U” down the distal aorta, a fenestration defect may be created with the same potential risk of intimal
dehiscence described previously. In light of these dramatic and unpredictable alterations in intimal flap anatomy and flow dynamics incurred by overaggressive fenestration in the visceral aorta, investigators with the largest series of patients currently

116]

recommend percutaneous fenestration be limited to the distal aorta.[

[39] [40] [144]

lumen is decompressed.

The ideal hemodynamic result for fenestration of the dissected intima is realized when there is equalization of peak systolic pressures between the two lumina in the aorta, and the false

Intravascular ultrasound is another useful modality to show alleviation of malperfusion generated by dynamic aortic obstruction.

116

] In their series of 40 patients with malperfusion
The largest reported series of percutaneous balloon fenestration and endovascular stenting for peripheral ischemic complications in the setting of acute aortic dissection was reported by the Stanford group.[
syndromes, 14 patients underwent combined stenting and balloon fenestration, 24 underwent stenting alone, and 2 underwent fenestration alone. The location of the balloon fenestration was in the thoracic aorta in eight patients, in the upper abdominal aorta in
three patients, and just above the aortic bifurcation in seven patients. Overall, flow was restored to the ischemic territories in 37 of 40 patients (93%). By 30 days postprocedure, an additional 7 patients had died, for an overall survival rate of 75% (30 of 40
patients). The variables found to be significant predictors of death on multivariate analysis were ischemia of three vascular beds (nearly fourfold increase in risk) and advanced age. In follow-up beyond 30 days postprocedure, five more patients died; one
patient’s death was related to false lumen rupture, and two other patients died suddenly without autopsy. Although the authors recognize that strict comparison of their endovascular approach to peripheral ischemic complications from acute aortic dissection
111]

cannot be made to the published surgical series, their 30-day death rate of 25% would seem to compare favorably with the historical surgical series, in which operative mortality was reported to be 64%.[

Contemporary surgical series have shown

10
substantially improved operative mortality, however, even for patients with mesenteric compromise,[ ] and it is noteworthy that mortality in such patients is more often referable to delayed diagnosis than to morbidity of the intervention itself. Finally,
endovascular and conventional surgical approaches should be viewed in a complementary, rather than competitive, fashion, particularly in the circumstances of mesenteric ischemia, in which our approach typically has been to proceed directly to surgery. This
relates to the clinical trap of apparently adequate percutaneous mesenteric revascularization followed by the evolution of ischemic bowel to frank infarction. We have seen this sequence, which was responsible for several deaths in the endovascular fenestration

10] [42] [116] [148]

series.[

The effect of fenestration on long-term outcome of false lumen expansion in patients with distal dissections remains in question because the false lumen remains pressurized and remains at risk for continued progression to aneurysm. Beregi and colleagues

[151] reported a series of 46 patients treated by either stent-graft therapy (n= 12) or balloon fenestration (n = 34) for peripheral ischemic complications of acute aortic dissection. In examination of the diameter of the true and false lumina after intervention,
decreases in aortic diameters were observed only in patients treated with stent-graft therapy. Alternatively, surviving patients in whom balloon fenestration was employed experienced worrisome increases in true lumen diameter, false lumen diameter, and

overall aortic diameter.
Triaging of patients presenting with malperfusion syndromes as to the initial mode of intervention is straightforward for patients with type B dissections. Because morbid events related to the entry tear itself are uncommon, there is consensus that such patients
should be managed with directed peripheral vascular intervention—a so-called complication-specific approach. Currently, this situation has involved the decision between endovascular revascularization or open surgical fenestration (see later). As reviewed
previously, stent-graft repair at the aortic entry tear site has become an additional “revascularization” modality likely to be effective in most patients with dynamic aortic obstruction mechanisms. More complex is the treatment algorithm in patients with type A

81] [111] [152]

dissections complicated by malperfusion syndromes. Although the literature suggests that prompt ascending aortic repair may relieve distal malperfusion in most such patients,[

there is also abundant

1527

5 116 153

][
] The reasons for this seem obvious and are related to the reperfusion phenomenon in compromised vascular territories, the evolution of mesenteric infarction, and
documentation of excessive mortality with central aortic repair in this setting.[ ] [
the clinical milieu of the postoperative setting, which complicates recognition of unresolved malperfusion states.

As shown in Figure 104–6 , malperfusion syndromes—particularly when the mesenteric circulation is involved—constitute one of the exceptions to prompt central aortic repair for type A dissection. Such an exception is essential to a treatment strategy that

153

] examined the utility of a delayed approach (with respect to grafting of the ascending aorta) in acute type A dissection complicated by malperfusion
directs initial intervention toward the immediate life-threatening problem. Deeb and associates[
syndromes. In patients with acute type A dissection, preoperative malperfusion syndromes were associated with the highest risk of death of all variables analyzed. Their strategy was to delay ascending aortic graft replacement so that distal malperfusion could
be treated using percutaneous fenestration and stenting in a series of 20 patients. During the same study interval, nine patients with ongoing malperfusion underwent immediate ascending aortic graft replacement with a mortality rate of 89%. Of the 20 patients
in whom operation was delayed, 3 (15%) died before operation (only 1 related to aortic rupture). The mean time to ascending aortic repair was 21 days (range 2 to 67 days), and overall survival rate in the “delay” group was 75%. Delay of ascending aortic
surgery was the only independent variable predictive of favorable outcome, showing that the likelihood of death in patients with an acute type A dissection complicated by malperfusion is 33 times greater if they undergo immediate central aortic surgical
repair as opposed to the delay sequence with initial treatment of malperfusion syndrome.
Surgical Treatment of Malperfusion Syndromes

8
Because dynamic obstruction at the aortic level is the most common mechanism of malperfusion syndromes (see Fig. 104–3 ), surgical fenestration has been the most commonly applied procedure.[ ] This operation at the abdominal aortic level was first
154]
155]
from the Massachusetts General Hospital in a 1955 case report. Later that year, Cooley and DeBakey[
reported the initial graft replacement of the proximal thoracic aorta for acute dissection, and the fenestration procedure was
[152] [156] [157] [158]

described by Shaw[

rapidly eclipsed. As several series have documented the unpredictable relief of malperfusion syndromes and substantial morbidity and mortality of open graft replacement, however, surgical fenestration has regained favor.
fundamental technique of surgical fenestration is wide resection of the dissected septum to relieve aortic obstruction by equalizing flow between the true and false lumina ( Fig. 104–7 ).

The

Figure 104-6 Algorithm for the management of patients presenting with acute aortic dissection and suspected branch compromise. Modest lower extremity ischemia (pulse deficit alone) does not have the same therapeutic implications as acute aortic level
obstruction. Proximal descending aortic graft may be accomplished with stent-grafting if available. Similarly, the choice between open versus endovascular fenestration likely depends on local expertise.

Figure 104-7 Technique of surgical abdominal aortic fenestration. A, When confined to the infrarenal aortic segment, the septum is excised up to the aortic cross-clamp. The proximal anastomosis is performed with pledgetted 4–0 sutures as the anastomosis is
extended to the remaining adventitia over the dissected aortic circumference. The distal anastomosis is created by reconstituting the distal aortic layers with a felt composite. B, If static obstruction of the renal or visceral vessels is suspected based on axial
imaging studies, the fenestration can be carried onto the visceral aortic segment. The left kidney has been swept anteriorly, and the left renal artery is perfused from the false lumen. The septum is incised to expose the origins of the celiac/superior mesenteric/
right renal artery perfused via the true lumen. C, Direct suture repair of the vessel ostium may be required, herein shown at the right renal origin whose orifice abuts the circumferential terminus of the dissection. D, After septectomy in the visceral segment,
the outer aortic wall is closed over Teflon felt, and the clamp is moved to the infrarenal aorta, which is most conveniently reconstructed with a tube graft as in A.
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Chapter 105 - Lower Extremity Aneurysms

J. HAJO VAN BOCKEL MD
JAAP F. HAMMING MD

After the aorta, the arteries in the lower limb are most affected by dilatation and aneurysm formation. Femoral and popliteal aneurysms are much less common than abdominal aortic aneurysms (AAAs), but they are more frequent than isolated iliac aneurysms

1

and are the most frequently encountered peripheral aneurysms.[ ] No exact information on the incidence of true aneurysms in the femoropopliteal region is available. A few reports provide an estimate of the incidence in selected populations of hospitalized
patients in Utah and the United States, but these data probably underestimate the true incidence of these aneurysms. The age-adjusted rates were 4.85 per 100,000 person-years for men in Utah and 7.39 per 100,000 person-years in the United States for

1
femoropopliteal artery aneurysms, emphasizing regional variation and errors in estimates.[ ] Aneurysms rarely are diagnosed before age 55 years, and the incidence at least doubles during each next decade. Also, femoropopliteal aneurysms occur five times
1
2
as often in men compared with women.[ ] Finally, there seems to be a clear relationship between arteriomegaly and the occurrence of popliteal aneurysm. Chan and Thomas[ ] observed in an angiographic study that more than half of patients with
arteriomegaly had an aneurysm of the popliteal artery.
The information in this chapter is based mainly on relatively small surveys and case series, owing to the infrequency of these aneurysms. These case series are biased by selection for the presence of certain characteristics, such as existence of an aneurysm
elsewhere, symptoms, or a specific therapy. Many conclusions are based on common sense, personal and expert opinion, and accumulated experience.

FEMORAL ARTERY ANEURYSMS
Common Femoral Artery Aneurysms
True aneurysms of the femoral artery must be clearly distinguished from pseudoaneurysms, which are common in this location. Femoral anastomotic pseudoaneurysms are discussed in Chapter 60 , and traumatic pseudoaneurysms are discussed in Chapter 73 .

3
The normal diameter of the common femoral artery varies between 0.78 cm and 0.85 cm in women and between 0.78 cm and 1.12 cm in men with a range of reported standard deviation of 0.09 to 0.30 cm in men.[ ] Other authors have reported a normal

4
5
5
5
diameter of 0.82 ± 0.11 cm[ ] and of 0.98 cm in men and of 0.82 cm in women.[ ] The diameter of the common femoral artery is correlated with weight, height, and sex and increases with age.[ ] Nomograms of the normal diameter have been calculated.[ ]
These data imply that an aneurysm is present if the diameter of the femoral artery has increased to approximately 1.5 cm (50% increase in normal diameter), although a threshold of 2 cm is commonly used clinically.
Incidence

True aneurysms of the common femoral artery are relatively uncommon. They are the second most common peripheral artery aneurysm after popliteal aneurysms. Femoral aneurysms are predominantly found in elderly (>55 years old) men who smoke. The
mean age at presentation is around 65 years. Femoral aneurysms are rarely seen in women, and the prevalence ratio between men and women is 28:1. In approximately half of the patients, the lesion is bilateral. More than half of the patients with a femoral

6 7 8 9 10 11 12

aneurysm also have an AAA (weighted mean of seven series is 52%, with a range of 28% to 85% among the series).[ ] [ ] [ ] [ ] [ ] [ ] [ ] The wide range in the association of femoral and aortic aneurysms reported is probably due to the fact that
four of the seven series were published before 1980. At that time, the association between the two locations was not universally known, and simple diagnostic tools such as ultrasound to diagnose the presence or absence of an AAA were unavailable. The

9 10 12
associated incidence of AAA in this group as estimated from the three more recent series probably would be around 75%.[ ] [ ] [ ] There is an association of femoral with popliteal artery aneurysms. Approximately one third of the patients with a femoral

6 7 8 9 10 11
aneurysm also have a popliteal aneurysm (weighted mean of six series is 32%, with a range of 11% to 44% among the series).[ ] [ ] [ ] [ ] [ ] [ ]
13]
14
found a 7% prevalence of popliteal aneurysm in patients with AAAs (17 of 251 male patients), whereas Sandgren and coworkers[ ] observed a prevalence of 5% (8
[8]

Patients with an AAA are at risk for a femoral artery aneurysm. Diwan and colleagues[

8

also classified femoral aneurysms as type I and type II according to their relationship to the common femoral bifurcation. This
of 158 male patients). Cutler and Darling[ ] found that the external iliac artery was rarely involved. Cutler and Darling
classification is relevant for the surgical treatment. Type I aneurysms are confined to the common femoral artery, whereas type II aneurysms arise in the common femoral artery but extend into the proximal part of the profunda femoris artery ( Fig. 105–1 ). In

8
the study by Cutler and Darling,[ ] 44% of the true femoral aneurysms were limited to the common femoral artery, and 56% involved also the femoral bifurcation, in particular the profunda femoris artery. In one of the largest

Figure 105-1 Angiogram of a type II femoral aneurysm including the common femoral and profunda femoris artery.

Figure 105-2 Aneurysmosis, diffuse bilateral dilatation of the femoral and popliteal arteries.
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Figure 105-3 Femoral aneurysms in combination with an arteriovenous fistula caused by a large arteriovenous malformation.

Figure 105-4 Reconstruction of a type I femoral aneurysm.

Figure 105-5 Various types of reconstruction of a type I and II femoral aneurysm (end-to-end to the profunda femoris artery with end-to-side anastomosis of the superficial femoral artery and end-to-end to the superficial femoral artery with end-to-side
anastomosis of the profunda femoris artery).

Figure 105-6 A, Angiogram of a large symptomatic aneurysm of the profunda femoris artery. B, Intraoperative view (same patient).

Figure 105-7 Aneurysm of the superficial femoral artery (intraoperative photo of vessel loop around the common femoral artery).

Figure 105-8 Angiogram of an aneurysm of the popliteal artery.

Figure 105-9 Angiogram of a pseudoaneurysm of the popliteal artery caused by a benign bone tumor. Note the displacement and compression of the popliteal artery.

Figure 105-10 A, Large symptomatic aneurysm with compression of veins and nerves of the femoropopliteal artery after excision (intraoperative photo). B, Large symptomatic aneurysm of the femoropopliteal artery opened and showing thrombus and
localization of thrombus (intraoperative photo).

Figure 105-11 Angiogram of bilateral popliteal aneurysms with rupture on the right-hand side.

Figure 105-12 Probability of nonsurgically treated asymptomatic popliteal artery aneurysms (PAs) to develop complications during follow-up, shown by the life-table method. Numbers of limbs at risk are shown at each interval. (From Dawson I, van Bockel
JH, Brand R, Terpstra JL: Popliteal artery aneurysms: Long-term follow-up of aneurysmal disease and results of surgical treatment. J Vasc Surg 13:398–407, 1991.

Figure 105-13 Reconstruction of a popliteal artery aneurysm by the medial approach.

Figure 105-14 S-shaped incision used for the posterior approach to the popliteal artery.

Figure 105-15 Reconstruction of a popliteal artery aneurysm by the posterior approach.

Figure 105-16 Large popliteal aneurysm, which is treated by opening and decompression and reconstruction by an interposition graft (intraoperative view, the gastrocnemius muscle has been transected).

Figure 105-17 A, Technique for treatment of small popliteal aneurysms by exclusion and bypass. Popliteal aneurysm treated by proximal and distal ligation and a venous bypass. B, During follow-up, the diameter of the aneurysm increased, and duplex
ultrasonography showed flow in the aneurysm. C, Angiography confirmed flow in the aneurysm (a type II endoleak of contrast material in the aneurysmal sac visualized during angiography) and mediodorsal displacement of the bypass. Four years after the
initial operation, the aneurysm was decompressed via the dorsal route, the thrombus was removed, and a collateral was sutured. (A from Jones WT III, Hagino RT, Chiou AC, et al: Graft patency is not the only clinical predictor of success after exclusion and
bypass of popliteal artery aneurysms. J Vasc Surg 37:392–398, 2003.)

Figure 105-17 A, Technique for treatment of small popliteal aneurysms by exclusion and bypass. Popliteal aneurysm treated by proximal and distal ligation and a venous bypass. B, During follow-up, the diameter of the aneurysm increased, and duplex
ultrasonography showed flow in the aneurysm. C, Angiography confirmed flow in the aneurysm (a type II endoleak of contrast material in the aneurysmal sac visualized during angiography) and mediodorsal displacement of the bypass. Four years after the
initial operation, the aneurysm was decompressed via the dorsal route, the thrombus was removed, and a collateral was sutured. (A from Jones WT III, Hagino RT, Chiou AC, et al: Graft patency is not the only clinical predictor of success after exclusion and
bypass of popliteal artery aneurysms. J Vasc Surg 37:392–398, 2003.)

Figure 105-18 A, Failure to repair popliteal aneurysm by endovascular technique (covered stent-graft). B and C, Note stent dislocation (B) and endoleak (C).

Figure 105-19 Acute thrombosis of a popliteal aneurysm with limb-threatening ischemia. This was successfully treated by thrombolytic therapy and subsequent operation.

Figure 105-20 Cumulative risk for patients with popliteal artery aneurysms to develop new arteriosclerotic aneurysms during follow-up, shown by the life-table method, for all 50 patients (A) and according to advanced age (B). Numbers of patients at risk are

shown at each interval. (From Dawson I, van Bockel JH, Brand R, Terpstra JL: Popliteal artery aneurysms: Long-term follow-up of aneurysmal disease and results of surgical treatment. J Vasc Surg 13:398–407, 1991.

Figure 105-21 Aneurysm in tibial artery caused by benign bone tumor.
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Chapter 106 - Upper Extremity Aneurysms

G. PATRICK CLAGETT MD

1

Upper extremity aneurysms are relatively rare compared with other peripheral arterial aneurysms.[ ] Their recognition and treatment are important, however, because these aneurysms can cause major disability; lead to limb and digit loss; and, in the case of
proximal aneurysms of the subclavian artery, result in death from rupture and exsanguination. In addition to rupture, proximal aneurysms are complicated by thromboembolism with ischemic upper extremity signs and symptoms (including gangrene),
neuromuscular and sensory dysfunction from brachial plexus compression, and central neurologic deficits secondary to retrograde thromboembolism in the vertebral and right carotid circulations. In contrast, more distally located upper extremity aneurysms
are manifested almost exclusively by thromboembolic complications of the hand and digits.
Because of the relative rarity of upper extremity aneurysms, the natural history and the overall incidence of associated complications are unknown. In reviewing the reported cases in the literature, however, one is impressed by the serious morbidity
encountered with the first manifestations of these aneurysms. Because of this, optimal surgical treatment should be carried out early, preferably before symptoms arise.

SUBCLAVIAN ARTERY ANEURYSMS

2 10
Subclavian artery aneurysms arise from degenerative disease, thoracic outlet obstruction, or trauma. Aneurysms involving the proximal and mid-subclavian artery are usually nonspecific; degenerative[ ] [ ] ; or, less commonly, associated with
3
4
5
6
7 8
fibromuscular dysplasia,[ ] syphilis,[ ] cystic medial necrosis,[ ] invasion of the wall by contiguous tuberculous lymphadenitis,[ ] and idopathic congenital causes.[ ] [ ] Thirty percent to 50% of patients with nonspecific, degenerative subclavian
9 11

aneurysms have aortoiliac or other peripheral aneurysms.[ ] [ ] Patients presenting with subclavian aneurysms should be evaluated thoroughly for associated aneurysms. These aneurysms usually occur in patients older than 60 years of age of either sex, but
they seem to be more common in men. Aneurysms of the distal subclavian artery, frequently with extension into the first portion of the axillary artery, are appropriately considered aneurysms of the subclavian-axillary arteries and are associated most

9
commonly with a thoracic outlet obstruction, cervical rib, and other bony abnormalities that result in compression and post-stenotic dilatation.[ ]

Iatrogenic injury from inadvertent cannulation of the subclavian artery with false aneurysm formation is uncommon but increasing in frequency because of the common requirements for invasive monitoring and hemodialysis via the subclavian vein. In most
cases, simple removal of the misplaced catheter and careful compression is all that is necessary. Many patients with this problem are unstable and coagulopathic, however. This situation, along with the inability to compress the artery effectively when the
injury is beneath the clavicle, may result in significant hemorrhage and false aneurysm formation.
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Clinical Presentation
Presenting symptoms of subclavian aneurysms include (1) chest, neck, and shoulder pain from acute expansion or rupture; (2) upper extremity acute and chronic ischemic symptoms from thromboembolism; (3) upper extremity pain and neurologic dysfunction
from brachial plexus compression; (4) hoarseness from compression of the right recurrent laryngeal nerve; (5) respiratory insufficiency from tracheal compression; (6) transient ischemic attacks and stroke from retrograde thromboembolism in the vertebral and
right carotid circulations; and (7) hemoptysis from erosion into the apex of the lung. Patients without symptoms may note the presence of a supraclavicular pulsatile mass. Most asymptomatic pulsatile masses in this area represent tortuous common carotid and
subclavian arteries, however ( Fig. 106–1 ). These masses usually can be distinguished from true aneurysms by duplex ultrasonography. In addition to a supraclavicular mass, physical signs may include (1) a supraclavicular bruit, (2) absent or diminished
pulses in the upper extremity, (3) normal pulses with signs of microembolization (“blue finger” syndrome), (4) sensory and motor signs of brachial plexus compression, (5) vocal cord paralysis, and (6) Horner’s syndrome resulting from compression of the

12]

stellate ganglion and other contributions to the cervical sympathetic chain at the base of the neck.[

Plain films of the chest may reveal a superior mediastinal mass that can be confused with a neoplasm. Ultrasonography or computed tomography (CT) establishes the

Figure 106-1 The confluence of elongated and tortuous innominate, subclavian, and common carotid arteries gives rise to a pulsatile mass in the right supraclavicular fossa and base of neck (arrows). This common condition is harmless, but is frequently
confused on physical examination with a subclavian or common carotid aneurysm. Ultrasonography usually can differentiate between these; however, arteriography is sometimes required. LAO, left anterior oblique view.

Figure 106-2 Bilateral, complete cervical ribs (curved arrows) in a young woman. Only the right cervical rib was associated with arterial dilatation and complications (complete thrombosis of the subclavian artery, as seen in the arteriogram of this patient,
shown in Figure 106–5 ).

Figure 106-3 Pathologic anatomy of a cervical rib giving rise to subclavian-axillary aneurysm with mural thrombus and distal embolization.

Figure 106-4 Embolic occlusion (single arrow) of the distal axillary and brachial arteries just proximal to the origin of the profunda brachii (deep brachial) artery. The source of the embolus was an unimpressive-appearing subclavian-axillary aneurysm
(arrows) associated with a cervical rib. The operative specimen of this resected artery is shown in Figure 106–7 , which reveals the mural thrombus.

Figure 106-5 Arteriogram of the patient whose chest film is shown in Figure 106–2 . There is complete occlusion of the subclavian artery with filling of the distal axillary artery (arrow) via the suprascapular branch of the subclavian artery to the circumflex
scapular branch of the subscapular artery collateral pathway. The cervical rib is outlined by the arrowheads. Continued retrograde thrombosis of the subclavian artery would render the right vertebral and common carotid arteries susceptible to
thromboembolism.

Figure 106-6 Large, asymptomatic subclavian-axillary aneurysm with a cervical rib in a young woman in whom a pulsatile right supraclavicular mass was found incidentally on physical examination. A harsh bruit and thrill also were present.

Figure 106-7 Mural thrombus within a minimally dilated segment of the subclavian artery distal to the cervical rib in a patient who presented with upper extremity rest pain and digital tip necrosis. The arteriogram of this patient is shown in Figure 106–4 .

Figure 106-8 False aneurysm of the axillary artery as a result of a stab injury.

Figure 106-9 Aneurysmal dilatation of an interposition brachial vein graft used to reconstruct the axillary artery at the time of penetrating trauma 4 years previously.

Figure 106-10 Operative dissection of the aneurysmal interposition brachial vein graft shown in Figure 106–9 .

Figure 106-11 Mural thrombus lining the aneurysmal interposition brachial vein graft shown in Figures 106–9 and 106–10 .

Figure 106-12 Pathologic anatomy of the hypothenar hammer syndrome. The distal ulnar artery is particularly vulnerable to external trauma in the 2-cm distance between its exit point from Guyon’s canal (the roof of which is the volar carpal ligament) and the
point where the artery dives under the tough palmar aponeurosis. In this short distance, the ulnar artery courses on top of the hook of the hamate bone and is covered incompletely by the thin palmaris brevis muscle and skin and subcutaneous tissue.

Figure 106-13 Large distal ulnar artery aneurysm (arrowheads) in a middle-aged man who frequently used his hand as a hammer in his work as an automobile repairman.

Figure 106-14 Delayed magnification views of the hand after papaverine injection, showing multiple embolic occlusions (arrowheads) of the digital arteries in the patient whose initial arteriogram (see Fig. 106–15 ) showed only occlusion of the ulnar artery.

Figure 106-15 Initial arteriogram in a patient presenting with signs of small vessel embolism in the digits (“blue finger” syndrome). The arteriogram shows ulnar artery occlusion (arrow).

Figure 106-16 Operative exposure of an embolizing ulnar artery aneurysm in the right hand treated with resection and vein graft replacement.

Figure 106-17 A, Detail of post-traumatic ulnar artery aneurysm, located distal to the pisiform bone at the wrist and distal to the deep palmar branch of the ulnar artery, but typically proximal to or just involving the common digital artery of the fifth digit. B,
Operative exposure via longitudinal incision directly over the palpable ulnar artery pulse. C, Schematic of the arteriographic appearance of fusiform post-traumatic ulnar aneurysms. Frequently the artery appears irregular or serpiginous, characteristically
described as having a “corkscrew” appearance. D, Repair usually involves excision of the aneurysm, with interposition repair with reversed autogenous vein. E and F, Ideally the dorsal foot vein provides the appropriate-sized match.

Figure 106-18 A, Urokinase was infused regionally for 24 hours in same patient whose initial arteriograms are shown in Figures 106–14 and 106–15 . Near-complete lysis of thromboemboli restored patency to the distal ulnar artery, the superficial palmar
arch, and some of the common digital arteries in addition to showing the underlying ulnar artery aneurysm. B, A repeated arteriogram in the same patient after microvascular resection of the ulnar artery aneurysm and reconstruction with an interposition vein
graft (arrowheads) harvested from the forearm. Complete circulation to the digits has been restored, and all digital arteries have been cleared of thrombus by the adjunctive preoperative use of regional urokinase infusion.
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Chapter 107 - Splanchnic Artery Aneurysms

GILBERT R. UPCHURCH JR. MD
GERALD B. ZELENOCK MD
JAMES C. STANLEY MD

130

] The pathogenesis and natural history of these aneurysms have been reassessed,
Aneurysms of splanchnic arteries represent an uncommon but important vascular disease. Nearly 22% present as clinical emergencies, including 8.5% that result in death.[
and in most instances redefined, since the 1970s as advances in imaging technology and endovascular treatments have influenced diagnostic and management strategies. There has been an increased recognition of splanchnic aneurysms because of the greater
availability of advanced imaging capabilities, such as high-resolution computed tomography (CT), magnetic resonance imaging (MRI), magnetic resonance angiography (MRA), sophisticated ultrasonography, and arteriography. Nevertheless, selective
63]

arteriography remains the most valuable examination in planning therapy.[

147]
but certain aneurysms, particularly those involving solid organs, are being treated more often with catheter-based interventions. Select
[117] [154]

Surgery remains the mainstay of therapy for many splanchnic aneurysms, especially in the setting of rupture,[

particularly for aneurysms embedded in pancreatic or hepatic
endovascular control of bleeding accompanying aneurysm rupture has been advocated, and prophylactic treatment of incidentally discovered intact aneurysms has become common,
parenchyma with their extensive collateral vascular beds. Although long-term results of such interventional therapies are lacking, their performance accounts in part for the increasing reports of these aneurysms. Inconsistencies in outcome after endovascular
interventions are exemplified by two reports: One noted successful early coil placement in 92% of cases, 4% mortality at 1 month, and only a single recurrence at 4 years. The second study reported early success in only 57% of cases, with open operative

40] [108]
An absence of long-term follow-up after transcatheter interventions has not tempered the enthusiasm for this form of therapy.

therapy needed in slightly more than 20%, and one patient dying before operation could be undertaken.[

91]

More than 3000 splanchnic artery aneurysms have been documented in the literature. The increasing discovery of these lesions supports the contention that they are more common than previously claimed.[

Distribution of aneurysms among splanchnic

[25] [26] [32] [51] [63] [68] [69] [135]

Vessels affected, in descending order of involvement, include the splenic (60%), hepatic (20%), superior mesenteric (5.5%), celiac (4%), gastric and
arteries has varied little since the 1970s ( Fig. 107–1 ).
gastroepiploic (4%), intestinal (jejunal, ileal, colic) (3%), pancreaticoduodenal and pancreatic (2%), gastroduodenal (1.5%), and inferior mesenteric arteries (rare). Anomalous arteries in the splanchnic circulation, such as a common celiacomesenteric trunk,

10] [123]
Nearly one third of splanchnic artery aneurysms are associated with other nonvisceral aneurysms, involving, in decreasing frequency, the thoracic aorta, abdominal
[25]

may become aneurysmal, and there seems to be a predilection for this to occur.[

aorta, renal arteries, iliac arteries, lower extremity arteries, and intracranial arteries.

[24]

treatment.

Cumulative experience with some aneurysms is so meager that discussion of them is anecdotal. In other instances, evidence is sufficient to develop a rational basis for

Specific biologic differences between individual aneurysms make it imperative to comment on them separately rather than collectively.
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Figure 107-1 Relative incidence of aneurysms described in the literature affecting the arteries of the splanchnic circulation.

Figure 107-2 Splenic artery aneurysms (specimen radiograph). Marked calcific arteriosclerosis limited to splenic artery aneurysms occurring at vessel bifurcations (arrows). Intervening arterial segments are unaffected by advanced arteriosclerotic changes.

Figure 107-3 Splenic artery aneurysms. Multiple aneurysms involving a splenic artery with extensive arteriosclerosis and calcium deposition involving one aneurysm (left), immediately adjacent to a thin nonatherosclerotic aneurysm (right). Arteriosclerosis is
considered a secondary event, not a primary factor in initiating splenic artery aneurysms.

Figure 107-4 Splenic artery aneurysm. Curvilinear, signet ring–like calcifications in the left upper quadrant are characteristic of splenic artery aneurysms.

Figure 107-5 Splenic artery aneurysm. Arteriographic documentation of a pancreatitis-related aneurysm affecting the mid-splenic artery.

Figure 107-6 Splenic artery aneurysm. A, Arteriographic documentation of splenic artery aneurysm (arrows) treated by coil embolization proximal and distal to aneurysm (B).

Figure 107-7 Traumatic hepatic artery aneurysm. Blunt abdominal injury and gunshot wounds cause most traumatic lesions. (From Whitehouse WM Jr, Graham LM, Stanley JC: Aneurysms of the celiac, hepatic, and splenic arteries. In Bergan JJ, Yao JST
[eds]: Aneurysms: Diagnosis and Treatment. New York, Grune & Stratton, 1981, pp 405–415.)

Figure 107-8 Hepatic artery aneurysms. Selective celiac arteriogram shows a large saccular aneurysm at the bifurcation of the proper hepatic artery. Of all hepatic artery aneurysms, 80% are extrahepatic.

Figure 107-9 Hepatic artery aneurysm. A, Pre-embolization celiac arteriogram shows fusiform aneurysm of common hepatic artery (arrow). B, Postembolization celiac arteriogram documents occlusion of common and left hepatic arteries with coils and
reconstitution of right and left lobe intrahepatic branches by biliary collateral vessels. (From Welling TH, Williams DM, Stanley JC: Excessive oral amphetamine use as a possible cause of renal and splanchnic arterial aneurysms: A report of two cases. J Vasc
Surg 28:727, 1998.)

Figure 107-10 Superior mesenteric artery aneurysm. Microscopic cross section of a dissecting aneurysm affecting the proximal superior mesenteric artery. (H&E.)

Figure 107-11 Superior mesenteric artery aneurysm. A, MRA documenting large saccular aneurysm in a patient with Ehlers-Danlos syndrome (arrows). B, Postoperative MRA documents thrombosed aneurysm (tA) after proximal and distal ligation.

Figure 107-12 Celiac artery aneurysm (arrow). Aortogram reveals saccular aneurysm that exhibited medial degenerative changes and secondary arteriosclerosis. (From Stanley JC, Whitehouse WM Jr: Aneurysms of splanchnic and renal arteries. In Bergan
JJ, Yao JST (eds): Surgery of the Aorta and Its Body Branches. New York, Grune & Stratton, 1979, pp 497–519.)

Figure 107-13 Gastroepiploic artery aneurysms. Selective celiac arteriogram. This saccular aneurysm (arrow) was responsible for massive gastrointestinal hemorrhage.

Figure 107-14 Ileal artery aneurysm. Mesenteric arteriogram documenting the presence of a saccular aneurysm (arrow) of a distal ileal artery.

Figure 107-15 Inferior mesenteric artery aneurysm. Microscopic cross section of aorta and a thrombus containing aneurysm (arrow) of the inferior mesenteric artery trunk. (H&E.)

Figure 107-16 Inferior pancreaticoduodenal artery aneurysm. Aortogram shows false aneurysm (arrow) that evolved as a complication of pancreatitis. (From Stanley JC, Frey CF, Miller TA, et al: Major arterial hemorrhage: A complication of pancreatic
pseudocysts and chronic pancreatitis. Arch Surg 111:435, 1976. Copyright 1976, American Medical Association.)

Figure 107-17 Gastroduodenal artery aneurysm (arrow). Selective celiac arteriogram. (From Eckhauser FE, Stanley JC, Zelenock GB, et al: Gastroduodenal and pancreaticoduodenal artery aneurysms: A complication of pancreatitis causing spontaneous
gastrointestinal hemorrhage. Surgery 88:335, 1980.)

Figure 107-18 Gastroduodenal artery aneurysm. CT scan of a pancreatic pseudocyst (short arrow) containing an aneurysmal gastroduodenal artery (long arrow). (From Eckhauser FE, Stanley JC, Zelenock GB, et al: Gastroduodenal and pancreaticoduodenal
artery aneurysms: A complication of pancreatitis causing spontaneous gastrointestinal hemorrhage. Surgery 88:335, 1980.)
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Chapter 108 - Infected Aneurysms

DANIEL J. REDDY MD
MITCHELL R. WEAVER MD

HISTORICAL BACKGROUND

117]
writing in the mid-16th century, first noted the association between an aneurysm and infection. He described the fatal outcome

Although aneurysmal disease was reported in Western literature in ancient times by Galen, 14 centuries passed until Paré,[
and autopsy findings of a patient who had rupture of a syphilitic aneurysm of the descending thoracic aorta.

139]

During the 19th century, Rokitansky[

177]

in Austria, Virkow[

78]
173]
in Germany, and Tufnell[
in Ireland predated Osler’s landmark work with case reports associating endocarditis, septic emboli, arterial abscesses, and ruptured infected
113
[
]

and Koch[

presented the first comprehensive discussion of an infected aneurysm, remarking on the “anatomical characters …, clinical features, and … etiological and pathological
aneurysms of the superior mesenteric and popliteal arteries. In 1885, Osler
relations.” He used the term mycotic aneurysm to describe these infected aneurysms, which had developed as complications of bacterial endocarditis. Because there was no apparent association with fungal disease, Osler’s choice of the term mycotic has been a

3 5 10 22 27 39 52 109 119 124 170 185 187

][
][
][
][
][
] Fungal infection is not
source of discussion and confusion in the literature. Some authors have used this term when referring to an “infected” aneurysm regardless of pathogenesis.[ ] [ ] [ ] [ ] [ ] [ ] [ ] [
implied when this designation is used. Strictly speaking, the term mycotic aneurysm should be used only to describe an infected aneurysm resulting from bacterial endocarditis complicated by septic arterial emboli or an infected aneurysm of the sinus of
45]
provided evidence supporting the embolic etiology of a mycotic aneurysm when he documented identical strains of bacteria in the peripheral

Valsalva resulting from contiguous spread from an infected aortic valve. Following Osler by 2 years, Eppinger[
embolus and the valvular vegetations of a patient with a mycotic aneurysm.

89

At the beginning of the 20th century, Lewis and Schrager[ ] reviewed several cases of mycotic aneurysm occurring in young patients with endocarditis. They commented on a case reported by Ruge involving a streptococcal coronary artery aneurysm in a
12-year-old boy with streptococcal osteomyelitis and hypothesized that not all infected aneurysms were “embolomycotic” in origin.

164

] described 4 patients and reviewed another 213 with a total of 382 bacterial aneurysms of intravascular origin. Multiple aneurysms were found in 49 patients. Although aortic, mesenteric, and intracranial mycotic aneurysms
In 1923, Stengel and Wolferth[
predominated, virtually every other named vessel in the arterial tree also was involved. Of greater significance in the evolving understanding of the pathogenesis of infected aneurysms was the finding that in 30 patients (14%), there was no evidence of
bacterial endocarditis, showing that infected aneurysms occur in connection with a variety of other septic conditions.

34]

In 1937, Crane[

presented the clinical course and autopsy findings of a 35-year-old man with a primary multilocular infected aortic arch aneurysm in association with a hypoplastic aorta and an infected superior mesenteric arterial aneurysm. He postulated

137]

that in arteries predisposed by disease, blood-borne bacteria could settle and produce infected aneurysms. Six years later, this hypothesis—that bacteremia unassociated with endocarditis could cause an infected aneurysm—was confirmed by Revell.[
Later authors reported that atherosclerotic vessels were susceptible
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15 27 40 60 64 114] [119] [133] [160] [169] [171] [193]
to bacterial infection, particularly by various Salmonella species.[ ] [ ] [ ] [ ] [ ] [
Such arterial infections are considered to be examples of microbial arteritis starting in nonaneurysmal arteries and
producing infected aneurysms after the vessel wall has been destroyed by infection.
159

] of more than 20,000 Mayo Clinic autopsies as they related to atherosclerotic abdominal aortic aneurysms (AAAs). In all, 178 aneurysms
The classification of infected aneurysm was refined further by the 1959 report of Sommerville and colleagues[
(0.8%) were found. Of these, 172 were bland (97%), and 6 were infected (3%); 4 of the 6 infected aneurysms had ruptured. This report established the existence of a third type of arterial infection: one occurring in a preexisting atherosclerotic aneurysm.
13]
107]
71
in 1967, Mundth and associates[
in 1969, and Jarrett and associates[ ] in 1975 all reported series detailing the clinical course, bacteriology, treatment, and outcome for patients with this type of infected aneurysm. With the
[171]

Bennett and Cherry[

advent of antibiotic therapy, the overall incidence of arterial infection declined, paralleling the successful treatment of bacterial endocarditis.

60] [72] [84]

In more recent years, the incidence of arterial infections and infected aneurysms has increased in response to the increasing prevalence of immunosuppressed hosts,[

158]

invasive hemodynamic monitoring,[

8 47
angiography,[ ] [ ] and drug

3 74 115] [123] [130]
This change in pathogenesis has been noted by other authors, who emphasize that a fourth type of infected aneurysm has emerged as a significant clinical entity—post-traumatic infected false aneurysm
addiction.[ ] [ ] [
190]
Although the greatest number of such infected aneurysms has been associated with intravenous or intra-arterial drug injections, the trend away from parenteral drug use in favor of smoking “crack” has resulted in a decline in
[74]

(pseudoaneurysm).[

incidence in more recent years.

[146]

frequency.

Owing to developing treatment modalities that employ catheter-based percutaneous approaches for a variety of occlusive or aneurysmal vascular lesions, iatrogenic infected false aneurysms seem to be increasing in

In contemporary practice, the option of in-line (in situ) arterial reconstruction after resection of an infected aneurysm has become closer to an everyday reality owing to preserved homografts, innovative superficial vein conduits, early

110] [181]

detection, and effective antimicrobial therapies.[

CLASSIFICATION

96] [190]
this chapter considers four types of infected aneurysm:

On the basis of the foregoing historical review and the classifications suggested by others,[
■ Mycotic aneurysms (i.e., from septic arterial emboli)
■ Microbial arteritis with aneurysm
■ Infected preexisting aneurysms
■ Post-traumatic infected false aneurysms

Excluded are aneurysms resulting from contiguous infection, spontaneous aortoenteric fistulae, and infections of synthetic vascular prostheses ( Table 108–1 ).
Mycotic Aneurysms
Incidence

Mycotic aneurysms develop when septic emboli of cardiac origin lodge in the lumen or the vasa vasorum of peripheral arteries. Mycotic aneurysms can occur in normal and abnormal arteries. In the preantibiotic era, approximately 90% of all infected

89 137 164

][
] They occurred in virtually every named artery intracranially; the great vessels; the thoracoabdominal aorta; and the visceral, extremity, pulmonary, and coronary arteries. The century following Osler’s
aneurysms were mycotic aneurysms.[ ] [
initial description of this entity saw antibiotic therapy, the advancement of microbiologic techniques allowing identification and treatment of specific bacterial infections, and the development of open heart surgery to permit replacement of the infected cardiac

92]

valve. These advances have sharply lowered the incidence of mycotic aneurysms occurring as embolic complications of infective endocarditis.[

24]

In 1951, Cates and Christie[

reported the results of penicillin treatment of 442 patients with endocarditis; 145
TABLE 108-1 -- Clinical Characteristics of Infected Aneurysms

MYCOTIC ANEURYSM
Etiology

MICROBIAL ARTERITIS

Endocarditis

Bacteremia

POST-TRAUMATIC INFECTED FALSE
ANEURYSM

INFECTION OF EXISTING ANEURYSM
Bacteremia

Narcotic addiction
Trauma

Age

30–50

>50

>50

<30

Incidence

Rare

Common

Unusual

Very common

Location

Aorta

Atherosclerotic

Infrarenal

Femoral

Visceral

Aortoiliac

Aorta

Carotid

Intracranial

Intimal defects

Salmonella

Staphylococcus

Staphylococcus aureus

Others

Others

Polymicrobial

75%

90%

5%

Peripheral
Bacteriology

Gram-positive cocci

Mortality

25%

From Wilson SE, Van Wagenen P, Passaro E Jr: Arterial infection. Curr Probl Surg 15:5, 1978. Reproduced with permission of Year Book Medical Publishers, Inc.
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113]

patients (35%) had a major arterial embolization, and 20 (4.5%) died after hemorrhage from a mycotic aneurysm. These results were a marked improvement over previously quoted embolism rates of 80%.[

aneurysms, Brown and associates

[18]

In a comprehensive review of infected

found that endocarditis was implicated in the pathogenesis of only 16% of all reported infected aneurysms and in only 10% of cases since 1965.

41] [43] [91] [157]
Patient admissions for peripheral (extracranial) embolization during the period 1950 to 1964 were
[92]

The relationship between bacterial endocarditis and peripheral arterial embolization has been reported from the Henry Ford Hospital.[

23.1 per 100,000 and during the period 1960 to 1979 were 50.4 per 100,000. During this interval (1950 to 1979), 225 patients were admitted for 337 individual emboli.

group,

[42]

A mycotic aneurysm developed from these emboli in only two patients from this

and both patients were treated between 1957 and 1961, giving a hospital incidence of mycotic aneurysm of 1 per 35,000 during those 5 years. Since 1962, mycotic aneurysms occurring as an embolic complication of endocarditis have been

91]

encountered in only eight patients. Six of these eight aneurysms involved the intracranial arteries.[

72]

From 1971 to 1983, Johansen and Devin[

reported that nine patients with infective endocarditis were treated for 14 episodes of mycotic embolization resulting in 17 individual emboli. Six of these nine patients required cardiac valve replacement, but no

92]

mycotic aneurysm developed. From 1972 to 1984, 91 patients underwent cardiac valve replacement for endocarditis, and a mycotic cerebral aneurysm developed in 5 patients.[

[3] [71] [89] [92] [159] [190]

absolute terms and as a percentage of infected aneurysms.
Location

Other authors have noted this decreasing incidence of mycotic aneurysms in

113

92 164

] —the aorta and the intracranial, superior mesenteric, and femoral arteries ( Table 108–2 ).[ ] [
] The predilection of mycotic
Even though mycotic aneurysms may occur in multiple sites in a given patient, certain anatomic locations predominate[
aneurysms for certain anatomic sites relates to their pathogenesis. In larger arteries, such as the aorta, infected emboli may lodge in the relatively large vasa vasorum, causing vessel wall ischemia and infection. As the media is destroyed by this process, an
aneurysm forms. In smaller arteries, the infected macroscopic emboli may lodge in the vessel lumen or wall and may initiate a similar pathologic process. Sites predisposed to the formation of mycotic aneurysms are bifurcations, arteriovenous fistulae, and
89] [135]

coarctations.[

Reports of mycotic aneurysms occurring in the tibioperoneal trunk, the common hepatic artery, the ascending aorta, the carotid artery, and the cerebral artery represent the variety of arterial segments in which mycotic aneurysms are

1 28 38 69 153] [187]
found.[ ] [ ] [ ] [ ] [
Bacteriology

164

92]

] reported that the predominant organisms were nonhemolytic streptococci, pneumococci, and staphylococci. In 1986, Magilligan and Quinn[
In 1923, Stengel and Wolferth[
drug abuse (n = 55) with native valve

reported that the dominant infecting organisms in patients with no history of

TABLE 108-2 -- Frequency Distribution of Infected Aneurysms
ARTERY

PREANTIBIOTIC ERA (1909–1943)

1968–1986

Pulmonary

11 (3%)

—

Coronary

8 (2%)

—

Aorta

87 (25%)

20 (12%)

Iliac

14 (4%)

9 (5%)

Gluteal

2 (<1%)

—

Upper extremity

35 (10%)

12 (13%)

Subclavian

3

3

Axillary

1

2

Brachial

8

3

Radial

1

4

Ulnar

2

—

Lower extremity

40 (12%)

69 (63%)

Femoral

10

69

Popliteal

2

—

Visceral

87 (25%)

3 (2%)

Celiac

1

—

Hepatic

15

—

Superior mesenteric

47

2

Splenic

18

—

Renal

5

1

Gastroepiploic

1

—

Extracranial cerebrovascular

3 (<1%)

2 (1%)

Innominate

1

—

Carotid

1

2

Vertebral

1

Intracranial cerebral

—

50 (15%)

Other

7 (2%)

Total

344 (100%)

6 (4%)
—
121 (100%)

3
74
89
107]
130]
164]
Reddy et al,[
and Stengel and Wolferth.[
Data from Anderson et al, [ ] Johnson et al,[ ] Lewis and Schrager,[ ] Mundth et al,[

endocarditis were Streptococcus viridans (22%), Staphylococcus aureus (20%), Streptococcus faecalis (14%), and Staphylococcus epidermidis (11%). Exotic bacteria, such as Eikenella corrodens and Propionibacterium acnes, and the fungus Aspergillus also
were noted. In narcotic addicts (n = 36), the infecting organisms were S. aureus (36%), Pseudomonas (16%), polymicrobial species (15%), S. faecalis (13%), and S. viridans (11%). Exotic organisms, such as Micrococcus, Corynebacterium, and Candida

92
18
albicans, also were isolated. The responsible organism in each of the six intracerebral mycotic aneurysms among these 91 patients was S. faecalis (three), S. viridans (one), Pseudomonas (one), and C. albicans (one).[ ] In 1984, Brown and colleagues[ ]
reported that S. aureus and various streptococcal species accounted for 38% of infected aneurysms of all types ( Table 108–3 ). In six large published series of aortoiliac aneurysms, Staphylococcus species and Streptococcus species accounted for 28% of
68] [101] [111] [154] [161] [166]

infected aneurysms ( Table 108–4 ). [

Microbial Arteritis with Aneurysm
Prevalence and Location

164]
In modern times, as a result of the decline in rheumatic fever and bacterial endocarditis, microbial arteritis with aneurysm is becoming more prevalent

In the preantibiotic era, microbial arteritis with aneurysm occurred in approximately 14% of patients.[

18]

than mycotic aneurysm.[

This
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TABLE 108-3 -- Organisms Cultured from Infected Aneurysms
ORGANISMS

*

BEFORE 1965

1965–1984

TOTAL

Salmonella spp.

14 (38%)

15 (10%)

29 (15%)

Staphylococcus aureus

7 (19%)

47 (30%)

54 (28%)

Streptococcus spp.

5 (14%)

15 (10%)

20 (10%)

Pseudomonas spp.

1

6

7

Staphylococcus epidermidis

1

5

6

Escherichia coli

—

4

4

Proteus spp.

2

1

3

Serratia spp.

—

3

3

Enterobacter spp.

—

3

3

Neisseria spp.

—

3

3

Clostridium spp.

—

2

2

Enterococcus group

—

2

2

Bacteroides spp.

—

2

2

Candida spp.

—

2

2

Klebsiella spp.

—

2

2

Bacteroides fragilis

—

1

1

Peptostreptococcus spp.

—

1

1

Corynebacterium spp.

—

1

1

Arizona hinshawii

—

1

1

Citrobacter freundii

—

1

1

41 (25%)

48 (25%)

158

195

Culture negative

7 (19%)

Total

37

From Brown SL, Busutill RW, Baker JD, et al: Bacteriologic and surgical determinants of survival in patients with mycotic aneurysms. J Vasc Surg 1:541, 1984.

* Collected series from previous review of English-language literature up to 1984.

increase is due to the aging of the population and the corresponding increase in atherosclerosis, an important factor predisposing arteries to infection.

15] [133]
Diseased intima, which when normal is highly resistant to infection, allows blood-borne bacteria to inoculate the arterial wall. When

The prevalence in adults of infected aneurysms produced by microbial arteritis is estimated to be 0.06% to 0.65%.[
infection is established, suppuration,

TABLE 108-4 -- Reported Organisms Recovered from Combined Series of 143 Aortoiliac Aneurysms, 1996–2002
NO. ORGANISMS RECOVERED (%)
Salmonella spp.

45 (30)

Staphylococcus spp.

29 (19)

Streptococcus spp.

11 (9)

Escherichia coli

13 (9)

Bacteroides spp.

7 (5)

Clostridium spp.

4 (3)

Enterococcus group

4 (3)

Acinetobacter spp.

3 (2)

Enterobacter spp.

2 (1)

Listeria monocytogenes

2 (1)

Pseudomonas spp.

2 (1)

Campylobacter fetus

1 (<1)

Corynebacterium spp.

1 (<1)

Aspergillus

1 (<1)

Coccidioides immitis

1 (<1)

Candida spp.

1 (<1)

Mycobacterium avium complex

1 (<1)

Haemophilus influenzae

1 (<1)

Mycobacterium tuberculosis

1 (<1)

Culture negative

17 (11)

68]

Data from Hsu et al,[

101]

Moneta et al,[

106]

Muller et al,[

111]
154]
161]
Sessa et al,[
and Sriussadaporn.[

Oderich et al,[

localized perforation, and false aneurysm formation follow ( Fig. 108–1 ). Supporting atherosclerosis as the principal predisposing factor in the pathogenesis of microbial arteritis is the fact that the aorta, the most frequent site of atherosclerosis, is also the most

13] [27] [107] [109] [124]

frequent location of these lesions (by a 3:1 margin over peripheral sites).[

133]

In our series, microbial arteritis accounted for 77% of infected aortoiliac aneurysms ( Table 108–5 ). [

It has been thought that patients with acquired immunodeficiency syndrome (AIDS) may be susceptible to infectious aortitis. AIDS patients might represent a large

Figure 108-1 Diagnostic radiology studies of a patient with Staphylococcus aureus microbial aortitis with aneurysm. A, Contrast-enhanced CT scan shows contained rupture of infected aneurysm (curved arrow) and the adjacent aorta (straight arrow). B,
Digital subtraction aortogram shows saccular eccentric infected aneurysm of the infrarenal aorta (arrow).

TABLE 108-5 -- Anatomic Location and Type of Infected Aneurysms
NO. ANEURYSMS (%)
TYPE OF ANEURYSMS

SRAA

IRAA

CIA

TOTAL NO. (%) ANEURYSMS

Microbial arteritis

3

5

2

10 (77)

Mycotic aneurysm

0

0

1

1 (7.7)

Infection in preexisting aneurysms

0

1

0

1 (7.7)

Adjacent soft tissue infection

0

1

0

1 (7.7)

Total (%)

3 (23)

7 (54)

3 (23)

13 (100)

CIA, common iliac artery; IRAA, infrarenal abdominal aorta; SRAA, suprarenal abdominal aorta.
From Reddy DJ, Shepard AD, Evans JR, et al: Management of infected aortoiliac aneurysms. Arch Surg 126:873, 1991. Copyright 1991, American Medical Association.

40] [60]
Patients undergoing hemodialysis are thought to be particularly vulnerable to Staphylococcus bacteremia and resulting microbial arteritis.
[54] [142] [144]

cohort that would increase the incidence and alter the microbiology of this pathologic entity in the future.[

[150] Microbial arteritis of the subclavian artery after irradiation for breast cancer,[63] aortic infection after gastrointestinal endoscopy in an immunosuppressed patient, and appendicitis and lumbar osteomyelitis have been reported.
Bacteriology

190]

The predominant microorganisms associated with microbial arteritis leading to aneurysm are Escherichia coli and Salmonella and Staphylococcus species.[

[133] [165]

necessity of culturing for anaerobes in these cases.

Bacteroides fragilis aneurysms of the suprarenal aorta also have been reported, highlighting the

The overall 25% culture-negative rate may indicate a deficiency in obtaining anaerobic cultures (see Table 108–3 ).

133]

The importance of Salmonella species in microbial arteritis, particularly microbial aortitis, has been mentioned in many reports and confirmed in our own review at the Henry Ford Hospital.[

The diseased aorta has a unique vulnerability to Salmonella

190]
26 50 93
Although Salmonella species are the predominant organisms reported worldwide,[ ] [ ] [ ]
( Fig. 108–2 ). The most virulent species are S. choleraesuis and S. typhimurium, which account for 62% of the reported cases of Salmonella arteritis. [
[112] other organisms (e.g., Listeria monocytogenes,[55] [86] Klebsiella pneumoniae, [168] Clostridium septicum [103] [108] [145] ) and fungal species (e.g., Aspergillus niger[156] ) also have been reported.

Infected Preexisting Aneurysms
Prevalence and Location

159]
13
71
Bennett and Cherry[ ] and Jarrett and coauthors [ ] reported parallel findings, noting the relative rarity of this lesion and

The prevalence of infection in preexisting atherosclerotic aneurysms was estimated by Sommerville and associates to be 3.4%.[
its propensity for rupture.

46]
188]
and Williams and Fisher.[
Patients undergoing abdominal aortic aneurysmectomy were studied prospectively
46
[ ]

The related entity of aortic aneurysms colonized by bacteria has been identified in two nearly simultaneous reports by Ernst and colleagues[

with operative bacterial cultures taken from the aneurysm wall and contents and from bowel bag fluid. Overall, 15% of cultures yielded positive results.

There was a higher prevalence of positive cultures among patients with ruptured aneurysms (38%)

46
compared with patients with asymptomatic (9%) and symptomatic (13%) aneurysms.[ ] Although the clinical significance of these findings is unknown, it seems that colonized aneurysms do not pose the same threat to patients as infected aneurysms. Steed
[163]
and colleagues

concluded that significant contamination of intraluminal thrombus in aneurysms is rare. Other authors have confirmed this report and advise that routine culture of aneurysm contents or wall

Figure 108-2 Diagnostic radiology studies of a patient with Salmonella infection of a preexisting small atherosclerotic aneurysm. A, Contrast-enhanced CT scan shows saccular aneurysm with calcification (arrow). B, Transfemoral aortogram shows saccular
atherosclerotic infrarenal aneurysm (arrow).

TABLE 108-6 -- Etiology of Infected Aneurysms

*

ETIOLOGY

BEFORE 1965

AFTER 1965

TOTAL

Arterial trauma

4 (10%)

71 (51%)

75 (42%)

Endocarditis

15 (37%)

14 (10%)

29 (16%)

Local infection

3 (7%)

6 (4%)

9 (5%)

Bacteremia

—

9 (6%)

9 (5%)

Retroperitoneal abscess

2 (5%)

2 (1%)

4 (2%)

Gastrointestinal tract

1 (2%)

3 (2%)

4 (2%)

Oropharynx

—

3 (2%)

3 (2%)

Pneumonia

1 (2%)

—

1 (<1%)

Carcinoma

—

1 (1%)

1 (<1%)

Unknown

15 (36%)

30 (22%)

45 (25%)

Total

41

139

180

From Brown SL, Busutill RW, Baker JD, et al: Bacteriologic and surgical determinants of survival in patients with mycotic aneurysms. J Vasc Surg 1:541, 1984.

* Collected series from a published review of English literature.

3 49 52 56 69 74 115] [123] [130] [193]
artery false aneurysms in narcotic addicts, an additional 195 such cases have been reported.[ ] [ ] [ ] [ ] [ ] [ ] [

74] [89]

The femoral artery, used by narcotic addicts for repeated groin injections, is the most common site in which these lesions occur ( Fig. 108–3 ). Other locations, such as the external iliac and carotid arteries, also have been reported ( Fig. 108–4 ).[

[102]
Another factor contributing to the increasing incidence of these lesions is the proliferation of various invasive testing and monitoring procedures. In susceptible individuals, percutaneous arterial puncture may result in an iatrogenic post-traumatic infected false

8 158]
126]
Along with the increase in percutaneous endovascular procedures has come the increased use of percutaneous femoral artery closure devices, which may be associated with the increased incidence of infected pseudoaneurysms.[
aneurysm.[ ] [

Figure 108-3 Arteriograms show the appearance of an infected femoral artery false aneurysm in each of four locations. A, Common femoral artery. B, Common femoral bifurcation. C, Deep femoral artery. D, Superficial femoral artery. (A, B, and D from
Reddy DJ, Smith RF, Elliott JP Jr, et al: Infected femoral artery false aneurysms in drug addicts: Evolution of selective vascular reconstruction. J Vasc Surg 3:718, 1986.)

Figure 108-4 Digital subtraction angiogram of a patient with polymicrobial post-traumatic false aneurysm of the innominate artery (closed arrow) caused by repeated cervical injections of narcotics. There was an associated arteriovenous fistula to the internal
jugular vein (open arrow) and a right recurrent laryngeal nerve paralysis.

TABLE 108-7 -- Infected Aneurysms: Clinical Presentation
CLINICAL MARKER

NO. (%) PATIENTS

Abdominal pain

12 (92)

Fever

10 (77)

Leukocytosis

*

9 (69)

Positive blood cultures

9 (69)

Palpable abdominal mass

6 (46)

Rupture

4 (31)

From Reddy DJ, Shepard AD, Evans JR, et al: Management of infected aortoiliac aneurysms. Arch Surg 126:873, 1991. Copyright 1991, American Medical Association.

* Leukocyte count >10 × 109 /L.
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Although infected aneurysms can occur in virtually any artery and may present with a variety of clinical signs and symptoms, they are similar in that they all eventually lead to sepsis or hemorrhage. Consequently, whenever the surgeon suspects this diagnosis,
it must be assumed that the patient’s life or limb is in jeopardy, and confirmation of the diagnosis and urgent surgical therapy are required.

DIAGNOSIS
Laboratory Studies

15] [71] [130] [133] [169]
The sensitivity of this finding may be limited, however, by intercurrent antimicrobial therapy that has suppressed but not cured the
[166]

In most patients, leukocytosis is a sensitive but nonspecific indicator of an infected aneurysm.[

100

] A lack of specificity also is underscored by reports of sealed ruptures of bland, uninfected, atherosclerotic aneurysms that may simulate sepsis and exhibit leukocytosis.
infection.[
present but nonspecific. These limitations underscore the need for more specific and sensitive tests to confirm the presence of an infected aneurysm (see Table 108–7 ).

Likewise, an elevated erythrocyte sedimentation rate is often

3
Positive blood specimens in a patient with an aneurysm are considered specific for an infected aneurysm until proved otherwise, although positive cultures lack sensitivity. Anderson and colleagues[ ] found positive cultures in only 50% of such patients. It
follows that negative blood cultures alone are not sufficiently sensitive to rule out the diagnosis of an infected aneurysm.

When the diagnosis of an infected aneurysm is first entertained during operation, samples of the aneurysm wall and contents should be obtained for culture with a search for aerobic and anaerobic bacteria and fungi. Additional information may be gained by
Gram stains. These studies should not be considered sufficient, however, to ensure that the aneurysm is not infected because neither negative blood cultures nor intraoperative Gram stains are sufficiently sensitive to exclude the diagnosis of infected aneurysm.

[18] Aneurysm wall and contents culture results are not available during the operation and can be used only to direct postoperative antimicrobial therapy; even final culture results may be misleading in patients treated with antibiotics. Some authors have
[46] [71]

In our experience with infected aortoiliac aneurysms, 69% of patients had positive preoperative blood cultures, and 92% had positive aneurysm

advocated wider use of aneurysm content and wall cultures in routine operations for aortic aneurysm.

133]

wall cultures. Operative Gram stains were positive in 50% of patients with ruptured infected aneurysms but in only 11% of patients with unruptured but infected aneurysms.[

Radiologic Studies

Aortic aneurysms associated with vertebral body erosion or aneurysms devoid of calcification should raise the suspicion of an infected aneurysm. Plain films are not sufficiently sensitive to confirm the diagnosis, and additional studies are needed. Of value are
computed tomography (CT) and either conventional or digital subtraction angiography (DSA). Although ultrasonography of the abdominal aorta provides general information about aneurysm size and location, it is less reliable for detecting the presence or

130]

extent of arterial infection. Ultrasonography has proven utility in the diagnosis of femoral artery false aneurysm, but the ability of duplex scanning to detect infection is uncertain, and we do not employ it for this purpose.[

155]
DSA is particularly valuable for screening in drug addicts and for similar lesions in the great vessels and the arteries of the upper and lower
[155]

The utility of intravenous DSA in evaluating the femoral artery for infected aneurysm has been established.[

extremities. DSA is of comparable diagnostic accuracy and may be less expensive and more easily accomplished than cut-film arteriography.

Arteriography, either digital subtraction or conventional, is indispensable in the evaluation of patients with a suspected infected aneurysm. The arteriographic criteria for infection in an aneurysm are as follows ( Fig. 108–5 ; see also Figs. 108–1 , 108–2 , 108–
3 , 108–4 ):
■ Saccular aneurysm in an otherwise normal-appearing vessel
■ Multilobulated aneurysm
■ Eccentric aneurysm with a relatively narrow neck

Figure 108-5 Femoral arteriogram of a patient with a post-traumatic infected false aneurysm of the common femoral artery shows a lobulated aneurysm. Inset, Resected femoral artery specimen shows the injured and infected artery.

Figure 108-6 Aortogram of a 72-year-old man with a methicillin-resistant Staphylococcus aureus–infected aneurysm of the periceliac aorta (arrow) caused by microbial arteritis. The presumed cause of the antecedent bacteremia was a mediastinal infection
with the same organism after sternotomy for coronary artery bypass graft months earlier. Repair through the bed of the débrided aorta was required.

Figure 108-7 Methods of femoral artery reconstruction. A, Interposition vein autograft covered by rotated sartorius muscle. B, Obturator bypass. C, Lateral femoral bypass. D, Axillodistal femoral bypass. (A, B, and D from Reddy DJ, Smith RF, Elliott JP Jr,
et al: Infected femoral artery false aneurysms in drug addicts: Evolution of selective vascular reconstruction. J Vasc Surg 3:718, 1986.)

TABLE 108-8 -- Treatment Method and Results for Infected Femoral Artery False Aneurysms Resulting from Drug Addiction
NO.

VIABLE LIMB

GRAFT SEPSIS

AMPUTATION

Common femoral artery: ligation-excision

14

14

—

0

Deep femoral artery: ligation-excision

11

11

—

0

Superficial femoral artery: ligation-excision

4

4

—

0

Ligation-excision

21

14

—

7 (33%)

Reconstruction with autogenous vein

6

6

1

0

Reconstruction with synthetic prosthesis

3

3

3 (100%)

0

Reconstruction by primary anastomosis

1

1

0

0

60

53

4

7 (12%)

Common femoral bifurcation

Total

From Reddy DJ, Smith RF, Elliott JP Jr, et al: Infected femoral artery false aneurysms in drug addicts: Evolution of selective vascular reconstruction. J Vasc Surg 3:718, 1986.

1592

Figure 108-8 Angiographic sequence shows preoperative appearance of infected false aneurysm of femoral bifurcation (A) and postoperative appearance of patent interposition vein graft after arterial reconstruction (B). (A and B from Reddy DJ, Smith RF,
Elliott JP Jr, et al: Infected femoral artery false aneurysms in drug addicts: Evolution of selective vascular reconstruction. J Vasc Surg 3:718, 1986.)

Figure 108-9 Arteriogram after ligation of femoral artery bifurcation shows reconstitution of superficial femoral artery beyond the occlusion by numerous collaterals.
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Chapter 109 - Overview

ROBERT B. RUTHERFORD MD

The management of arteriovenous fistulas (AVFs); vascular anomalies (VAs) and vascular malformations (VMs), many of which contain AVFs; and vascular tumors, as addressed by the chapters in this section, represents some of the greatest challenges
facing vascular surgeons and other specialists called on to deal with them. In contrast to atherosclerotic occlusive arterial disease, involving extremity or extracranial arteries and the aorta or its major branches; aneurysmal disease; and primary or secondary
(post-thrombotic) venous disease, all of which tend to have recognized anatomic patterns of involvement and characteristic clinical presentations at different levels of clinical severity, the conditions discussed in the chapters in this section are much more
varied and much rarer. As a result, few vascular specialists and relatively much fewer primary physicians can develop an approach to their management based on personal experience. The chapters in this section provide adequate background information,
descriptive detail, and strategic advice regarding their management to aid the reader in dealing with these challenging conditions.

AVFs involving the aorta and its branches are a special category that lends itself to separate treatment, and these are discussed in Chapter 111 . Their central position and high flow usually cause major hemodynamic consequences, frequently leading to
forward heart failure, so they usually present early and with progressive symptoms requiring prompt diagnosis and operative intervention. Other acquired AVFs are almost always single and usually traumatic in origin, although other etiologic factors, such as
infection, aneurysm, and neoplasm, occasionally may be involved, and, rarely, spontaneous fistulae can occur without an obvious underlying cause. One of the earliest and classic descriptions of an acquired AVF was of one that resulted from blood-letting by
a physician; it is a remarkable coincidence that iatrogenic trauma, in the form of arterial puncture, catheterization, or device access, has now increased to the point that it accounts for most traumatic fistulae. Traumatic fistulae are discussed in Chapter 112; the
iatrogenic variety receive special consideration in that chapter and in Chapter 54 because their diagnosis and management are different from the classic traumatic AVF resulting from penetrating trauma outside of hospitals. Another form of iatrogenic or
acquired AVF—fistulas deliberately created by surgeons for hemodialysis access—are discussed in Section XVII, which is entirely devoted to what has developed into a major area of clinical activity for vascular surgeons, nephrologists, and interventional
radiologists. AVFs also are deliberately created by surgeons as adjuncts to limb salvage bypasses (see Chapter 81 ) and to increase flow temporarily after iliofemoral venous thrombectomy (see Chapter 151 ).
The diagnostic evaluation of AVFs and VMs containing them (arteriovenous malformations [AVMs]) is primarily concentrated in Chapter 110 because similar tests are involved, but the approaches that are unique for each type of AVF or VA, particularly
VMs, are featured in their respective chapters. The treatment of VAs in this edition is addressed in three chapters, one with a special view to VAs (hemangiomas and malformations) of childhood (see Chapter 113 ) followed by the surgical and endovascular
treatment of VAs, primarily VAs containing AVFs (see Chapters 114 and 115 ). Finally, the last chapter in this section addresses vascular tumors, but because malignant tumors involving the inferior vena cava are discussed in the venous section (see Chapter
163 ), and the vascular tumors
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of childhood are discussed in Chapter 113 . Chapter 116 focuses primarily on tumors involving the aorta and major arteries, most of which present in adult life. Having summarized this section’s organization, numerous basic considerations regarding VAs not
fully discussed in the subsequent chapters deserve discussion here.

VASCULAR ANOMALIES OR MALFORMATIONS
First, a comment about nomenclature is warranted. For many years, I and many, if not most, other authors have used the term congenital vascular malformation to distinguish these lesions from the vascular tumors of childhood. Currently, by agreement of the
International Society for Vascular Anomalies in 1996, these conditions are encompassed by the term vascular anomalies, but then are separated into tumors and malformations. The term congenital has been dropped because although most of the true
hemangiomas of infancy are not readily apparent at birth, some are, and the others are represented at the cellular level at least; the designation congenital does not separate these two anomalies properly. The term vascular malformation is descriptive enough
alone, without the word congenital, and is used here and in subsequent chapters.
The difficulties in managing VAs stem from many factors. Even more than the acquired conditions addressed elsewhere in this section, the relative rarity of vascular tumors and VMs creates difficulties in diagnosis and treatment because of the treating
physician’s lack of sufficient personal experience from which to develop or refine proper management strategies. This “neglect of the uncommon” also has resulted in the persistent use of eponyms and difficulties in developing a universally accepted
classification system. This rarity also means there is a lack of sufficient numbers for definitive clinical studies or trials of different management approaches. As a result, the development, evaluation, and dissemination of new or better approaches to
management have lagged, and there seems to be a lack of agreement regarding appropriate treatment for various lesions (conservative versus interventional, surgical versus endovascular).
These lesions generally have not been well managed in the past, but only partly because of their rarity and the associated lack of understanding. Clinical evaluation of many lesions is not reliably diagnostic, and even when the clinical diagnosis is correct, the
anatomic extent and severity of the lesion require additional studies. There has been persistent overreliance on angiography and underuse of noninvasive tests and imaging. Proper (i.e., specific) indications for intervention are frequently not observed. Surgeons
still are operating on unresectable lesions, frequently ligating inflow vessels “to control hemodynamic effects,” and there has been an overenthusiastic application of embolotherapy by some, beyond the reasonable limits of its capabilities, although these
admittedly are steadily improving (see Chapter 115 ).
The tendency to treat all treatable lesions needs to be restrained in favor of intervening for specific indications. The following are accepted indications: (1) distal steal with ischemic rest pain, (2) nonhealing ulcer, (3) bleeding lesions, (4) high-output heart
failure (occurs infrequently, primarily with major central AVMs), (5) mass lesion with either local pressure effects or obstructing orifice or intolerable appearance or deformity, (6) arterial or venous maturational stage axial lesions with obstruction or
aneurysm formation, (7) disseminated intravascular coagulation, and (8) predictable significant leg-length discrepancy. In the last indication, the more common intervention now is premature epiphyseal closure on the affected side, based on study of bone age
films. This is not to say that intervention should never be undertaken without one of the above-mentioned reasons, for these amount to mandatory indications, and experts in the field are experienced enough to predict the ultimate need for intervention before
reaching some critical endpoint. Rather the point is that there should be some specific reason for intervention more than the existence of a lesion. Often the absence of a mandatory indication allows the treatment of infants to be delayed until they are older and
larger, at a point where they can understand better and cooperate more with the proposed procedure. On the other hand, it is not necessary to allow a child to go through school sensitive about an unsightly lesion, when the lesion can be safely treated earlier.
The prognosis of many intermediate lesions is difficult when first evaluated in infancy, but becomes apparent with follow-up.
There is much room for improvement in treatment and the indications for treatment. These improvements undoubtedly will occur with better endovascular techniques and technical experience with them. It is hoped that the chapters in this section will provide
a clearer view of the proper modern management of this challenging group of vascular malformations. The additional comments are intended to provide background information and an overall perspective.
How Common Are Vascular Malformations?
VMs are not as rare as the relative infrequency of their clinical presentation would suggest. Most reports in the literature focus on patients presenting for evaluation and treatment. For this reason, good data are hard to obtain, but records from the Heim Pal

1

Hospital for Children in Budapest, Hungary, a major district hospital in which all children are delivered and followed during childhood, indicated an incidence of 1.2%, greater than that for spina bifida, cleft lip, and congenital heart disease.[ ] If one
considered all VAs, including the true hemangiomas of infancy, many more children are involved because these are three to eight times more common than VMs (see Chapter 113 ). Only a small portion of children with VMs are likely to have needed or
sought medical attention because many have capillary malformations (CMs) or VMs. VMs are an exceedingly rare cause for hospital admission and are underrepresented in hospital-based data.

What Are Vascular Malformations and How Do They Develop?

The plethora of names applied over time to VMs reflects their wide spectrum of clinical presentations, which vary from subtle, asymptomatic “birthmarks” or scattered varicosities to grotesquely deformed extremities and hemodynamic compromise. The
designations applied by earlier physicians represent an attempt to reduce the protean
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clinical manifestations into distinct entities. These were descriptive terms, often with a Latin base, and included hemangioma simplex, angioma telangiectaticum, hemangioma cavernosum, strawberry birthmark, nevus angiectoides, port-wine mark, angioma

2
arteriale racemosum or plexiform, cirsoid aneurysm, serpentine aneurysm, congenital arteriovenous aneurysm, and congenital arteriovenous fistula. Some lesion complexes acquired eponyms, such as Klippel-Trenaunay syndrome[ ] (varicose veins,

3
enlarged limb, and a birthmark, without apparent AVF) and Parkes Weber syndrome[ ] (the same triad with AVF). This confusing diversity in nomenclature developed because early authors did not have the modern diagnostic tools by which to show which of
4

5

these visibly similar lesions shared common vascular components. Reid[ ] and Rienhoff[ ] in the 1920s were the first to suggest that VMs result from an arrest or misdirection in development of the primitive vascular system. Pursuit of this concept, soon
aided by the frequent use of angiography, eventually allowed this archaic descriptive nomenclature to be replaced by simpler terms that reflect the common developmental etiology of VMs and the stage and location of the responsible “errors” in embryonic
development.
Embryologic Basis for Vascular Malformations

6
The vascular system first appears during the third gestational week as a network of interlacing blood spaces in the primitive mesenchyme.[ ] The blood does not yet circulate in any organized fashion, and no separate arterial or venous channel can be
7

identified yet. The vascular system gradually develops by processes of vascular coalescence and cellular differentiation, culminating in the appearance of separate arterial and venous conduits. Woollard[ ] described this process in 1922 as a sequence that he
divided into three stages. During the undifferentiated stage (I), primitive blood lakes coalesce into more organized capillary networks. No arterial or venous conduits can be recognized yet. During the retiform stage (II), the capillaries formed in stage I
themselves coalesce into larger plexiform structures that are the progenitors of the arterial and venous conduits they are predestined to become. During the maturation stage (III), histologically mature vascular channels and principal arterial stems appear. The
capillary network that persists beyond fetal life into adulthood may be thought of as a remnant from the original blood lakes in stage I. Translating this into what we see in patients, to give a few examples, the capillary malformations and the cystlike peripheral
venous malformations represent arrested development in the syncytial stage; microfistulous AVMs and embryonal veins represent the retiform stage; and macrofistulous AVMs involving branches of named vessels, popliteal venous aneurysms, and persistent
sciatic artery represent maturational stage anomalies.

What Types of Venous Anomalies Are There and How Common Is Each Type?

VAs and particularly VMs cover a spectrum of developmental abnormalities that may involve all components of the peripheral circulation—arteries, veins, capillaries, and lymphatics. Most clinically significant lesions contain
TABLE 109-1 -- Hamburg Classification of Vascular Anomalies and Malformations
MAIN CLASS
Arterial

SUBCLASS
Truncular

SUBGROUP
Obstructive
Dilating

Extratruncular

Diffuse
Limited (localized)

Venous

Truncular

Obstructive
Dilating

Extratruncular

Diffuse

Limited/localized
Arteriovenous

Truncular

Deep
Superficial

Extratruncular

Diffuse/infiltrating
Limited/localized

Combined, mixed

Truncular

Venous and arterial
Hemolymphatic

Extratruncular

Diffuse
Limited/localized

1
primarily arteriovenous elements (i.e., AVFs). Predominantly venous defects are the most common, accounting for almost half of those discovered in children,[ ] but because they produce less severe clinical manifestations, they do not predominate in

1
reported series, particularly series related to interventional treatment (surgery or embolotherapy). The latter articles emphasize AVMs, which compose just over one third of all VMs.[ ] Finally, most lymphatic malformations are combined with other
malformations, particularly venous malformations, and have been dubbed hemolymphatic lesions; pure localized lymphatic lesions (e.g., lymphoceles) are seen relatively infrequently.

8 9 10
Numerous classification schemes have been suggested over the years, each with certain merit, but they have been too complicated or too incomplete (or not widely enough promulgated) to gain universal acceptance.[ ] [ ] [ ] Currently the scheme with the
11

widest worldwide acceptance is the so-called Hamburg classification scheme,[ ] so named because it was developed by leaders in the field attending a meeting in Hamburg, Germany ( Table 109–1 ). The Hamburg classification attempted to simplify
classification by separating malformations by their predominant component—arterial, venous, arteriovenous, and combined or mixed. The last class may seem imprecise (i.e., a depository for lesions that do not fit elsewhere), but it recognizes the fact that a
significant number of VMs have either mixed venous and arterial or mixed venous and lymphatic components, without either one being predominant. Logically, each of these four classes is divided according to whether the lesions involve central, axial vessels
(truncular lesions) or peripheral rather than mainstream vessels (extratruncular lesions). Then each of the latter is divided into diffuse (infiltrating) or limited (localized) subgroups. The truncular lesions are not uniformly subgrouped, however. Although the
arterial and venous truncular lesions are subgrouped into either obstructive (e.g., aplasia/hypoplasia) or dilating (e.g., aneurysmal) lesions, the arteriovenous truncular lesions are separated into either deep or superficial groups, and the combined/mixed
truncular lesions are designated as either
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venous plus arterial or venous plus lymphatic (so-called hemolymphatic lesions).
One of the potential drawbacks of this scheme is that, logical though it is, the names of the final subgroups are not readily identifiable with their common clinical counterparts. Some clinical examples may indicate, however, that the logic of the scheme allows
proper lesion classification. An example of a truncular arterial obstructive lesion would be an aplastic or hypoplastic artery, such as a coarctation or the aplastic arterial segments that result in a persistent sciatic artery. Examples of truncular venous obstructive
lesions include aplasia or hypoplasia of the femoral vein and an obstructing web in the proximal subclavian vein. The former results in persistent primitive veins, the embryonal and the marginal veins, which present as varicose veins in atypical anatomic
locations. Aneurysms are the obvious example of dilating arterial and venous truncular lesions, one of the best-known being a popliteal venous aneurysm. The typical extratruncular venous lesion consists of almost cystlike lesions, thin-walled venous lakes,
with only tangential communication to small peripheral veins. These have been incorrectly called cavernous hemangiomas or venous angiomas. These may be diffuse and infiltrate throughout the muscles or may be limited to a localized vascular mass. AVFs
can involve truncular (named axial) vessels (macrofistulous AVMs) or be diffuse and scattered throughout peripheral (extratruncular) arteries, as are so many difficult-to-visualize microfistulous AVMs.

1

Using this scheme, the relative distribution of lesions has been studied.[ ] The most common lesions, by category, are venous malformations, constituting almost half of all (48%). Next are arteriovenous malformations, constituting a little more than one third
of the total (36%). Mixed/combined anomalies constitute 15% of the total, but pure arterial defects constitute only 1% of all lesions.

OVERALL MANAGEMENT STRATEGY

12

An outline of a suggested approach to the diagnosis and management of VMs or VAs[ ] is presented in Figure 109–1. The clinical evaluation of VMs can be difficult. Some present as a mass lesion, others with diffuse changes involving all or most of the
extremity, and still others with no more obvious abnormality than a birthmark. Although none of these features is pathognomonic for a given type, the presence of one or more of these features should lead one at least to suspect a VA. Noting whether there is
primarily a birthmark or colored skin lesion, atypical (onset or distribution) varicosities, a mass lesion, or changes in limb dimension can help direct the diagnostic evaluation.

In children presenting with birthmark lesions, the first step is to separate capillary malformations from true hemangiomas. The differentiation usually can be made on clinical grounds (see Chapter 113 ). With true hemangiomas ruled out, one can focus on
what type of VM one is dealing with: Superficial skin lesions may be isolated capillary malformations or be associated with more complex deeper malformations (i.e., AVMs or VMs). The next step is to detect or rule out AVF. Segmental limb systolic
pressures, segmental plethysmography or pulse volume recordings, and arterial velocity waveforms can detect most congenital AVF of the extremities (see Chapter 110 ), although they have been largely supplanted by duplex scanning for superficially
accessible or reasonably well-localized lesions. A nuclear medicine arteriovenous shunt study may be used to quantitate arteriovenous shunting if necessary in questionable cases and to monitor interventional treatments. It is valuable in separating KlippelTrenaunay syndrome from Parkes Weber, the latter containing AVF, often quite small though numerous (microfistulous AVM). These two

Figure 109-1 Algorithm outlining the diagnostic and therapeutic approach to vascular malformations as described in the text. Note: Venous and arterial anomalies in this algorithm refer to mature stage axial/truncal lesions. AV, arteriovenous; AVF,
arteriovenous fistula; AVM, arteriovenous malformation; NIT, noninvasive test; VM, vascular malformation. (Modified from Rutherford RB: Congenital vascular malformation. In Cronenwett JL, Rutherford RB [eds]: Decision Making in Vascular Surgery.
Philadelphia, WB Saunders, 2001.)
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Chapter 110 - Diagnostic Evaluation of Arteriovenous Fistulas and Vascular Anomalies

ROBERT B. RUTHERFORD MD

HISTORY AND PHYSICAL EXAMINATION
Some arteriovenous fistulas (AVFs) and vascular anomalies (VAs), some of which contain AVFs, are clinically obvious, particularly to an experienced clinician, but many are not. Most physicians see these problems only occasionally with little opportunity to
develop or sharpen their diagnostic acumen. Even experienced specialists usually need additional studies for clinical decision making. For these reasons, in most cases, one or more diagnostic tests are needed to confirm the diagnosis and to assess the anatomic
extent or hemodynamic characteristics of the presenting lesion. This chapter focuses mainly on the available tests and their applications in terms of capabilities and limitations. The clinical features of AVFs and VAs are discussed in greater detail in subsequent
chapters in this section, but some characteristic features are mentioned here. The basic overall approach to the diagnosis and treatment of vascular malformations (VMs) is discussed in Chapter 109 , which includes a management algorithm.
Most clinically significant VAs present well before adult life because of a vascular “birthmark ” localized skin color change; varicose veins or other prominent blood vessels; or occasionally a distinct vascular mass, tumor, or enlargement of the limb (swelling,
increase in length or girth) that has gained the attention of parent or child. Changes in limb dimension are unusual in the absence of significant AVFs, and minor differences may be overlooked. Characteristically, these changes occur in the presence of a longstanding arteriovenous malformation (AVM) or AVF, present during the growth period, but they also are reported to occur with pure venous anomalies, in the absence of AVF. Whether or not this presentation relates to failure to detect occult microfistulous
AVFs in earlier clinical descriptions of such “pure” venous anomalies is debatable, but this should not be a problem in current and future reports if the diagnostic tests described subsequently are employed.
Most birthmarks represent either true hemangiomas or cutaneous capillary or superficial venous malformations, the latter also still being referred to as cavernous malformations. Differentiating between these lesions is extremely important in early childhood
and usually can be done on clinical grounds given their time of appearance and their growth or lack of growth with time. These and other telltale clues are discussed in Chapter 113 . The parents should be questioned as to whether the lesion was clearly present
at birth or appeared subsequently and whether it has grown significantly or remained the same size relative to the child.
Localized warmth may be an important physical finding, as is compressibility of vascular masses, the presence of a thrill or bruit, and inequalities in the dimensions of the limb, which should always be measured. Hemangiomas of infancy during the infant’s
rapid growth phase are hypervascular or high-flow lesions, and this is reflected by their appearance and associated physical signs. The triad of birthmark, varicose veins, and limb enlargement is well known and usually sought, but the involved limb may or
may not harbor congenital AVFs. This triad has been the basis for the traditional distinction between Parkes Weber syndrome and Klippel-Trenaunay syndrome, the former being associated with AVFs and the latter not, as discussed further subsequently.

1
These physical findings are inconsistent even in the presence of AVFs. In Sziylagyi and colleagues’[ ] classic study of 82 cases of congenital AVMs, the classic triad was present in only 57%.

Acquired AVFs are usually traumatic and often iatrogenic, being related either to some invasive procedure, such as catheterization, or deliberately created for the purpose of hemodialysis access. The latter are discussed in Section XVII, including the
diagnostic tests employed before and after hemodialysis access procedures. Traumatic AVFs, which are discussed in detail in Chapter 113 , are associated with a penetrating wound, possibly remote or overlooked, but, in contradistinction to AVMs, acquired
AVFs are usually single, and when suspected and the wound is located, diagnosis usually is readily confirmed by the finding of a pulsatile lesion with a thrill or bruit, a machinery-like to-and-fro sound, the prominent diastolic component of which
distinguishes it from other bruits. In long-standing AVFs, the feeding arteries and draining veins are enlarged, and there may be secondary signs of chronic venous hypertension.
Large, acquired AVFs may produce all the classic signs of forward heart failure. This is a major consideration in large central AVFs; this aspect of diagnostic evaluation is discussed in Chapter 111 . Significant cardiac changes also can occur in association
with long-standing traumatic AVFs, the larger and more centrally located ones at least, but are uncommonly (approximately 10%) associated with AVMs—primarily with AVMs that are large and centrally located. The evaluation of these central effects is
only briefly discussed in this chapter.
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DIAGNOSTIC STUDIES: BASIC STRATEGIES
The basic approach to the evaluation and treatment of VMs is presented in an algorithm in Chapter 109; a more focused and detailed discussion of diagnosis is offered here. Determining whether or not a vascular anomaly or malformation contains AVFs is the
usual starting point, even in presumed venous lesions, and particularly in presumed Klippel-Trenaunay syndrome. The vascular diagnostic laboratory (VDL) can provide much useful information in this regard, using much of the same instrumentation and

2

techniques employed in diagnosing peripheral arterial occlusive disease, including segmental limb pressures and plethysmography, velocity waveform analysis, and duplex scanning,[ ] and vascular malformations containing AVFs can be evaluated with these
basic VDL tests. A radionuclide labeled microsphere shunt study can be added, as needed, to quantify the arteriovenous shunting, and magnetic resonance imaging (MRI) is used to determine the anatomic extent of mass lesions. Truncal/axial venous
malformations are best first evaluated by duplex scanning, whereas MRI is used in extratruncular (peripheral) mass lesions. Angiography now is reserved mainly for preinterventional evaluations.

Numerous considerations govern how these diagnostic methods can or should be applied to greatest advantage. First, one needs to understand the hemodynamic characteristics of AVFs to apply and interpret properly the various available tests. Second, the
diagnostic capabilities and limitations of the various available tests differ, and this must be understood in applying them. Physiologic tests simply gauge the pressure, volume, or velocity changes associated with the AVFs; they do not visualize the AVFs, as
ultrasound and MRI can do. Most of these tests are qualitative, not quantitative, and most can be applied only to peripheral or extremity AVF (see later). Third, acquired AVFs and AVMs differ from each other significantly in terms of multiplicity and
anatomic localization. AVMs characteristically are much more diffuse with multiple-component AVFs and as a result usually cannot be as well localized by the so-called physiologic tests, and all but the more superficial ones cannot be completely visualized
by Doppler ultrasonography. Fourth, the diagnostic goals may vary considerably in different clinical settings, and this significantly affects the application of the tests. The simplest diagnostic goal may be to determine the presence or absence of arteriovenous
shunting, but often the presence of an AVF is obvious and it is the relative magnitude of its peripheral hemodynamic effects that needs to be gauged (e.g., the presence of a distal steal and the severity of the associated ischemia).

Diagnostic Studies for Congenital Arteriovenous Fistulas or Arteriovenous Malformations

AVMs are less common than venous malformations. Nevertheless, they constitute more than a third (versus one half) of all VMs and constitute most of VMs presenting clinically. Although much is made of the diagnostic triad of birthmark, varicose veins, and
limb enlargement, it is not in itself diagnostic of congenital AVFs because a bare majority of patients presenting with congenital AVFs present with the complete triad and patients with purely venous malformations and no AVFs (e.g., Klippel-Trenaunay
syndrome) may present with the same triad. The vascular diagnostic techniques described subsequently can be valuable in ruling in or out the presence of AVFs in this setting, in patients presenting with atypical (location, age of onset) varicose veins or a

2

birthmark or both, with or without limb enlargement.[ ] Depending on their location and localization, the same simple physiologic tests used in diagnosing peripheral arterial occlusive disease can be employed in diagnosing AVFs or AVMs and can diagnose
quickly and inexpensively, avoiding the need for angiography, which is particularly important because many patients are young children. Although qualitative in nature, the degree of abnormality observed in these tests in association with congenital AVFs
gives the clinician a rough impression of their relative magnitude. Increasingly the current workhorse of the VDL, the duplex scan, has found useful application in evaluating AVFs.
These noninvasive tests have been underused in the past in this clinical setting because many, if not most, physicians who encounter these patients have persisted with a primary reliance on angiography. This misguided “AGA” approach (“always get an
angiogram”) still prevails because many clinicians do not realize that angiography is required only if the need for therapeutic intervention for congenital AVFs has been determined and will be undertaken soon. Otherwise, the presence or absence of AVFs and
their relative severity can be determined by noninvasive methods in most cases, allowing management decisions to be made without angiography and its attendant discomfort and associated risks, a major consideration in infants and young children.
Although this addiction to contrast angiography deserves opposition, there are a number of noninvasive or minimally invasive imaging approaches that have emerged in recent decades that deserve discussion in that they offer significant additional perspectives
over that which can be achieved by VDL-based tests, particularly in the evaluation of congenital AVF. These diagnostic modalities (radionuclide quantification of arteriovenous shunting, computed tomography [CT], and MRI) also are discussed in detail in
this chapter as additional diagnostic options that must be considered in this setting to provide the reader with knowledge of their capabilities and clinical applications. These new imaging methods are considerably more expensive and time-consuming than the
VDL studies, so, if the information they add is not required for decision making, their use may be inappropriate despite the additional perspective they offer.
Diagnostic Studies for Acquired Arteriovenous Fistulas
The basic diagnostic methods described in this chapter also have application to acquired AVFs, whether due to iatrogenic or other penetrating trauma (see Chapter 112 ), in detecting and localizing them and assessing their hemodynamic significance. As one
might expect of the treating physicians (often trauma surgeons), arteriography is commonly used. As will become apparent, noninvasive diagnostic tests have application here and have specialized applications in the

1604

management of acquired AVFs created by direct anastomosis or interposed shunts for hemodialysis access, but these are discussed separately in Chapter 120 . Traditionally, most acquired AVFs have been traumatic in origin. Currently the most common
traumatic form results as a complication of invasive catheter techniques, particularly techniques using a transfemoral artery approach. The standard Seldinger technique involves puncture of the posterior wall of the artery and, depending on the anatomic
location, and particularly in the groin, may enter the vein as well. It is not surprising that AVFs inadvertently can be created iatrogenically, although pseudoaneurysms are more commonly the result of such puncture trauma. These AVFs can be readily
visualized by duplex scanning, and duplex scanning can aid in monitoring attempts at closure by compression or injection of thrombogenic material or both. There is little need for using noninvasive physiologic testing directed toward assessing the peripheral
hemodynamic changes associated with traumatic AVFs. Assessing the cardiac effects of a large central AVF may be important and is discussed subsequently.

LOCAL AND SYSTEMIC EFFECTS OF ARTERIOVENOUS FISTULAS: DIAGNOSTIC IMPLICATIONS
Local Hemodynamic Changes
From a hemodynamic perspective, AVF can be considered a “short-circuit” between the high-pressure arterial system and the low-pressure venous system. If the AVF, or in the case of congenital malformations, the AVMs, are significant enough
hemodynamically, they result in an arterial pressure decrease, a significant diversion of flow into the venous system rather than through the microcirculation, and an increase in velocity, often with turbulence. These hemodynamic changes often increase
progressively with time. The mean arterial blood pressure distal to an AVF is always reduced to some degree as a result of blood being shunted away from the peripheral vascular bed into the low-resistance pathway offered by the arteriovenous

3

communication.[ ] The reduction in pressure is particularly severe when the fistula is large and the arterial collaterals are small. Even when collaterals are well developed, reversal of flow in the artery distal to the AVFs further decreases peripheral arterial
pressure because much of the collateral flow is diverted back into the fistulous circuit and never reaches the periphery. When the fistula is small and the collaterals are large, there may be little or no perceptible effect on the peripheral pressures. The magnitude
of the pressure decrease across a fistula or the limb segment containing AVFs can provide the surgeon with a fair assessment of its hemodynamic consequences. If the pressure drop is severe enough, there may be distal ischemia. If fistula flow is great enough,
there is associated venous hypertension. These two conditions are responsible for the major peripheral manifestation and symptoms.
A pattern of low flow and high resistance, which characterizes the normal resting extremity circulation, shifts to a high-flow and low-resistance pattern with exercise. The velocity pattern of a peripheral AVF is similar to that associated with exercise, and
these different velocity patterns are readily distinguished from patterns observed in a normal resting limb. These differences are key to the noninvasive diagnosis of AVFs. Other conditions can increase extremity flow, such as external heat, infection, certain
vasodilating drugs, and sympathectomy. These conditions are rarely present in patients referred to a VDL, but one must be aware of them as an occasional source of error.
Systemic Effects of Arteriovenous Fistulas
Just as there can be a local or regional decrease in pressure and resistance beyond an AVF, so can larger AVFs produce a decrease in total peripheral resistance. The latter is responsible for all of the systemic or central effects attributable to AVFs. If no
circulatory adjustments were made, this reduction in total peripheral resistance would result in a decrease in arterial pressure, an increase in venous pressure, and diversion of blood from the peripheral tissues. To compensate for this, rather than increasing the
systemic resistance to maintain arterial pressure (but further reduce flow to the peripheral tissues), cardiac output is augmented by increasing heart rate and stroke volume. This change not only maintains arterial pressure and reduces venous pressure, but also it
supports blood flow to the peripheral tissues. Secondarily, blood volume must increase to support venous return to the heart. Depending on the size of the fistula, there may be no perceptible increase in pressure, or there may be an increase, particularly in the

4

diastolic pressure, but the heart rate is usually within normal limits. The opening and closing of large AVFs is associated with profound local and systemic hemodynamic changes, best described by Sumner.[ ] These are associated with Nicoladoni-Branham
sign, a significant (>4 beats/min) slowing of the pulse rate with compression of the fistula or the proximal artery. Cardiac enlargement is seen frequently in patients with a large chronic AVF, and this may be detected on a chest radiograph, although
echocardiography is more sensitive in detecting earlier changes. With the passage of time, a gradual increase in cardiac output results, and ultimately cardiac failure may make a delayed appearance, even in patients who initially were able to tolerate the fistula
without evident difficulties. In patients with large, long-standing AVFs, the above-mentioned signs of cardiac failure should be sought. The cardiac failure associated with acute fistulas originating in the aorta or its major branches may be florid and difficult to
manage (see Chapter 111 ).

DIAGNOSTIC TESTS: DESCRIPTIONS AND APPLICATIONS
The first focus of this section is on diagnostic approaches that are available in most VDLs. The basic diagnostic methods and the instrumentation behind all but one of these diagnostic methods have been covered in earlier chapters (see Chapters 14 , 15 , 16 ,
17 and 22 ) and are not described at length here, but their utility in this setting is discussed, as is their interpretation, appropriate clinical applications, and limitations.
The pressure, flow volume, and velocity changes associated with AVFs in an extremity can be readily detected and their relative magnitude roughly assessed by noninvasive physiologic tests, particularly compared with the normal
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Figure 110-1 Plethysmographic (PVR) tracings at thigh, calf, and toe levels in a 4-year-old girl with multiple congenital AVFs involving the entire left leg. (From Rutherford RB (ed): Vascular Surgery, 5th ed. Philadelphia, WB Saunders, 2000.)

Figure 110-2 Toe plethysmographic (PVR) tracings from a patient with a congenital AVM involving the left calf. The reduced PVRs reflect a distal steal from this, but not to critical ischemic levels, for some pulsatility remains. The left ankle pressure was 55
mm Hg. (From Rutherford RB (ed): Vascular Surgery, 5th ed. Philadelphia, WB Saunders, 2000.)

Figure 110-3 Velocity tracing from the femoral arteries in a 4-year-old girl with a large AVM involving the left thigh. Note that the tracing on the left, compared to the normal right tracing, has higher peak and mean (dashed line) systolic velocity, and there is
no end-systolic reversal. Rather, there is high flow continuing throughout diastole, as a result of which the tracing does not drop back to the zero baseline at the end of diastole, but is elevated well above the zero baseline. (From Rutherford RB [ed]: Vascular
Surgery, 5th ed. Philadelphia, WB Saunders, 2000.)

Figure 110-4 A, Radiograph of the lower leg of a 29-year-old woman with a right anterior tibial mass present since birth shows speckled calcifications, metal clips from multiple previous operations, and tibial cortical irregularities. An arteriogram (not shown)
revealed “hypervascularity and one area of early venous filling.” B, CT scan also suggests bone involvement. C, Transverse MRI shows lesion filling the anterior tibial compartment, but the margins of the tibia are clean. D, Longitudinal MRI also shows the
lack of fast-flow voids. Total excision of the lesion was performed without difficulty or significant blood loss. Histologic study revealed a “highly cellular and fibrotic cavernous (venous) malformation.” (A-D from Pearce WH, Rutherford RB, Whitehill TA,
Davis K: Nuclear magnetic resonance imaging: Its diagnostic value in patients with congenital vascular malformations of the limbs. J Vasc Surg 8:64, 1988.)

Figure 110-5 A 4-day-old infant presented with a medial lower right thigh mass with palpable thrill. A, Longitudinal MRI shows the mass with a large, high-flow draining vein. B, Transverse MRI shows multiple fast-flow voids with involvement of muscle
and bone. C, After several months, this arteriogram was obtained because of the onset of high-output heart failure. D, Later phase view shows the same large draining vein seen on MRI. Therapeutic embolization was carried out, resulting in transient
disseminated intravascular coagulation but with a diminution of the mass and control of heart failure. (A-D from Pearce WH, Rutherford RB, Whitehill TA, Davis K: Nuclear magnetic resonance imaging: Its diagnostic value in patients with congenital
vascular malformations of the limbs. J Vasc Surg 8:64, 1988.)

Figure 110-6 A 24-year-old man had been aware of a painless soft mass on his upper anterolateral thigh for many years. A, An arteriogram was obtained, which showed a localized arteriovenous malformation fed by the profunda femoris artery. The patient
was referred for surgery. B, Sagittal MRI view shows high-flow voids and large draining veins. C, Transverse MRI shows not only the high-flow voids, but also diffuse involvement of the anterior thigh muscles. Operation was withheld in this asymptomatic
man because excision would have produced immediate neuromuscular disability. There was no distal steal or cardiac embarrassment.
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Chapter 111 - Arteriovenous Fistulas of the Aorta and Its Major Branches
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The diagnosis and management of arteriovenous fistulas (AVFs) of the aorta and its major branches present an unparalleled challenge in patient care. Because of their central location, blood flow through these fistulae may be massive; the associated
complications are usually dramatic, resulting in severe refractory congestive heart failure, massive venous hypertension, or extensive hemorrhage during an ill-fated surgical repair. The average vascular surgeon does not have an extensive experience with this
disorder owing to its relative rarity. It behooves the surgeon to become well acquainted with the problem to avoid complications and to ensure optimal patient care.

ETIOLOGY
AVFs of the aorta and its major branches may be congenital or acquired. Congenital AVFs are rare and considered only briefly here; they are discussed further in Chapters 114 and 115 . Any disease that spontaneously weakens the wall of the aorta or one of
its major branches might logically lead to the formation of an AVF. Rare causes are erosion of false aneurysms secondary to sepsis and specific aortitis. There has been one report of a mesenchymal tumor between the aorta and the inferior vena cava leading to

6 15
an aorta–vena cava fistula, but AVFs secondary to tumors most often are reported with hypernephromas.[ ] [ ] Rupture of an atherosclerotic aneurysm is a relatively common cause of acquired fistulas.
Trauma is the major cause of acquired AVFs. Low-velocity trauma from a knife or small-caliber missile leads to fistula formation, whereas higher velocity wounds made by large-caliber missiles tend to disrupt the major vessels, more likely leading to
immediate exsanguination.
The surgeon unwittingly may be another source of trauma. If, during lumbar disk operations, the rongeur penetrates the anterior longitudinal ligament, the immobile major vessels beneath it may be injured. The aorta and inferior vena cava are injured opposite

21

the L4-5 disk space, whereas the iliac vessels are injured opposite the L5-S1 space.[ ] Lumbar arteries and veins can be injured at any level. The advent of microdiskectomy seems to have decreased the incidence of this complication. Closure of the
mesentery following gastrectomy and small bowel resections has damaged adjacent arteries and veins and has led to arterioportal venous fistulas. Mass ligations of major arteries and veins, such as the renal and splenic pedicle, have produced fistulas. Finally,
needle biopsy of the kidney has led to renal AVFs.

DIAGNOSIS
The diagnosis of a major AVF is not usually difficult for an alert physician, but may escape a casual examiner. The patient often complains of a noise or a thrill over the fistula. There may be a pulsating mass caused by a false aneurysm. If there is a large flow
of blood through the fistula, congestive heart failure may be evident. There may be symptoms related to the “stealing” of blood from a variety of end organs, producing renal ischemia and hypertension, visceral ischemia and abdominal angina, cerebrovascular
insufficiency, and intermittent claudication.

The classic signs of increased pulse pressure, a bruit over the fistula, pulsating veins, venous hypertension and edema, and diminished distal pulses may or may not be present. In addition, renal function may be impaired, either because of reduced arterial flow

25]

through the kidney or because of venous hypertension leading to lower glomerular filtration rates. Hematuria, microscopic or gross, is a common finding with aorta-to-left renal vein fistulas.[

Hematuria is not commonly present with aortocaval fistulas,

7 31
however, unless venous engorgement of the bladder occurs.[ ] [ ]
Many of these AVF have an associated false aneurysm or are secondary to aneurysm rupture. These aneurysms notoriously are partially filled with thrombus. The thrombus may cover the fistula partially, completely, or intermittently, and symptoms may be

1
intermittently present or totally absent.[ ] The surgeon may be unaware of this until the clot is removed in the operating room, and the surgical field is flooded with venous blood.
The noninvasive tests described in Chapter 110 apply primarily to peripherally located AVF and so are not much help here, with the exception of color-flow duplex scanning, using “deep Doppler” probes and techniques popularized for diagnosing renal and
mesenteric arterial occlusive disease. With color-flow duplex scanning, the presence and location of the fistula can be confirmed ( Fig. 111–1 ). Doppler interrogation of the inferior vena cava shows the characteristic high-flow signals and turbulence typically
associated with a fistula. Groin venous flow is pulsatile.

30 34 36
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The precise site of any AVF is best identified by arteriography, although computed tomography (CT)[ ] [ ] [ ] and ultrasonography[ ] have been helpful in detecting this condition ( Fig. 111–2 ). Spiral CT scans and CT angiography with thin cuts are
most helpful in evaluating patients with aortic abdominal aneurysms (AAAs). With currently available software, accurate three-dimensional reconstructions can be done, providing the surgeon with detailed
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Figure 111-1 Duplex ultrasonography shows an abdominal aortic aneurysm (A), with a fistulous communication in the posterior wall (curved arrows) to a retroaortic left renal vein (arrowheads) and a normal vena cava (straight arrows). (From Mansour MA,
Russ PD, Subber SW, Pearce WH: Aorto-left renal vein fistula: Diagnosis by duplex sonography. AJR Am J Roentgenol 152:1107, 1989.)

Figure 111-2 Angiogram shows a large abdominal aortic aneurysm (A) with early filling of the inferior vena cava (C) and the retroaortic left renal vein (arrowheads). (From Mansour MA, Russ PD, Subber SW, Pearce WH: Aorto-left renal vein fistula:
Diagnosis by duplex sonography. AJR Am J Roentgenol 152:1107, 1989.)

Figure 111-3 Translumbar aortogram reveals that this abdominal aortic aneurysm has eroded into the distal inferior vena cava. (From Baker WH, Sharzer LA, Ehrenhaft JL: Aortocaval fistula as a complication of abdominal aortic aneurysms. Surgery 72:933,
1972.)

Figure 111-4 Sponge stick control of the inferior vena cava, as seen through the open aortic aneurysm. (From Baker WH, Sharzer LA, Ehrenhaft JL: Aortocaval fistula as a complication of abdominal aortic aneurysms. Surgery 72:933, 1972.)

Figure 111-5 Dissection of the clot-containing aneurysm must be delicate lest the thrombus become dislodged, enter the inferior vena cava, and embolize to the pulmonary artery. (From Baker WH, Sharzer LA, Ehrenhaft JL: Aortocaval fistula as a
complication of abdominal aortic aneurysms. Surgery 72:933, 1972.)
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Chapter 112 - Traumatic Arteriovenous Fistulas
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Arteriovenous fistula (AVF) formation is an uncommon clinical manifestation of arterial trauma. AVFs have been reported after penetrating, blunt, and iatrogenic trauma.[ ] [ ] [ ] [ ] [ ] Because the clinical presentation, diagnosis, and management of
AVFs often differ for iatrogenic trauma compared with other traumatic AVFs, these entities are discussed separately in this chapter. AVFs resulting from blunt or penetrating (noniatrogenic) trauma are denoted as traumatic AVFs to distinguish these injuries
from AVFs resulting from iatrogenic trauma.

ETIOLOGY
Traumatic Arteriovenous Fistulas

2
A large series of traumatic AVFs noted that stab wounds accounted for 63% of 202 traumatic AVFs, whereas gunshot wounds and blunt trauma accounted for 26% and 1% of AVFs, respectively.[ ] Shotgun wounds are a notorious source of AVFs; one report

2
3 5
noted that 7 of 15 patients with shotgun wounds had multiple AVFs.[ ] AVFs secondary to blunt trauma are usually a consequence of long bone fractures with laceration of adjacent arteries by bony fragments.[ ] [ ]

2
2
The most common anatomic site of a traumatic AVFs is the arteries of the neck and thoracic outlet (54%).[ ] AVFs in the upper (22%) and lower limbs (20%) are less common.[ ] AVFs of the vessels of the abdomen and thorax constitute only 4% of fistulas.
[2] Aortocaval fistulas and AVFs involving the iliac, renal, superior mesenteric, splenic, and hepatic arteries also have been reported, but are rare.[6] [7] The most common individual vessels involved in AVF are the carotid artery and jugular vein.[2]

Iatrogenic Arteriovenous Fistulas

8
Most iatrogenic AVFs result from attempted percutaneous femoral artery cannulation for peripheral or coronary arteriography.[ ] Attempted central venous cannulation can result in inadvertent arterial injury to the subclavian, carotid, and innominate arteries
9
4 6 10 11
with AVF formation.[ ] Rarely, orthopedic operations, such as total knee arthroplasty, intramedullary nailing, or lumbar disk surgery, may injure adjacent arteries to produce an AVF.[ ] [ ] [ ] [ ]
CLINICAL PRESENTATION
Traumatic Arteriovenous Fistulas

2
Although two thirds (65%) of patients with traumatic AVFs are diagnosed within 1 week after the inciting injury, a significant subset of patients (35%) presents weeks to years later.[ ] A delayed diagnosis of AVF of 15 years has been
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2
reported, underscoring the potential for missing these injuries.[ ] [ ] [ ] [ ] [ ] [ ] During the acute period, most AVFs are asymptomatic and are identified by physical examination or arteriography.[ ] A large series of patients with traumatic AVF
2
found that the most common finding during the first week after injury was a machinery-like bruit overlying the fistula in 61% of patients.[ ] Less common findings included a pulsatile mass (20%), palpable thrill (11%), distal pulse deficit (8%), active

2
1 2
hemorrhage (7%), and nerve compression (1%).[ ] AVFs rarely produce symptoms of congestive heart failure, venous hypertension, or distal ischemia in the acute period.[ ] [ ] In contrast, 20% of patients who presented with an AVF greater than 1 week

2
after injury manifest symptoms distant from the site of injury, including superficial venous dilatation (12%), congestive heart failure (4%), and pulsatile tinnitus (4%).[ ] Other findings included a machinery-like bruit or murmur in 96% of patients, pulsatile

2
mass in 52%, and palpable thrill in 14% of patients.[ ] The significant incidence of delayed recognition of AVFs underscores the need for a cogent diagnostic algorithm that recognizes the potential for an AVF in the patient with a vascular injury.
Iatrogenic Arteriovenous Fistulas

8 17 18
Iatrogenic AVFs usually present with signs and symptoms at the site of arterial cannulation. The most common local symptoms include the presence of a large or expanding hematoma, pulsatile mass, atypical pain, or a new bruit.[ ] [ ] [ ] The

8 17 18
development of systemic symptoms from an AVF is rare,[ ] [ ] [ ] which is probably related to early identification by clinicians treating the underlying condition that prompted the inciting procedure.
DIAGNOSIS
Traumatic Arteriovenous Fistulas

2 12
A high index of suspicion is tantamount to the diagnosis of any arterial injury, and the diagnosis of an AVF is no exception to this tenet. The clinical presentation of AVFs varies between acute (≤ 1 week postinjury) and delayed (weeks to years later).[ ] [ ]
[16] [19] [20] During the acute period, AVFs are rarely symptomatic, whereas AVFs presenting weeks and years later more commonly produce symptoms and are more apparent on physical examination. The diagnostic evaluation for AVF varies according

to the time of presentation relative to the injury.

During the acute period after injury, standard algorithms for the diagnosis of arterial trauma guide the workup. Patients with classic signs of arterial injury, including pulsatile hemorrhage or hematoma, absent distal pulses, or overt distal ischemia, require

21 22 23

immediate operative exploration.[ ] [ ] [ ] In this clinical setting, intraoperative arteriography may aid in localizing the injury when the site of injury is not apparent, such as a blunt injury or shotgun wound. Most arterial injuries are clinically occult,
however. In the case of penetrating extremity trauma, patients presenting with “soft” signs of arterial injury (history of hemorrhage or hypotension, hematoma, bruit, delayed capillary refill, fracture, or neurologic deficit) merit further evaluation to select
patients at highest risk of arterial injury for further evaluation by arteriography.

21]

Prospective studies by Schwartz and colleagues[

23]
validated a diagnostic algorithm in which patients are selected for arteriography based on the presence of a pulse deficit or an abnormal ankle-brachial index (ABI). Any
[21] [23]
[21]
[23]

and Johansen and colleagues[

pulse deficit in an injured extremity prompted arteriography in those studies.

Schwartz and colleagues

used a threshold ABI of 1, whereas Johansen and colleagues

used an ABI 0.9 or less for recommending arteriography. These algorithms

21 23
24
recommended observation alone for patients with a normal pulse examination and an ABI of 1.0 (or 0.9) in the injured extremity,[ ] [ ] although more recent studies have advocated hospital discharge for such patients.[ ] Routine arteriography is
[21] [22]

advisable for shotgun wounds to the extremity because of the relative insensitivity of pulse examination and ABIs for the detection of arterial injuries secondary to shotgun pellets.

[21]

With the exclusion of shotgun wounds, this diagnostic algorithm

21
The algorithm advocated by Schwartz and colleagues[ ] showed a slightly lower sensitivity (86%) for identifying “minor” arterial injuries, defined as injuries to branch and nonessential vessels.

showed a sensitivity of 96% for “major” arterial injuries.
“Minor” arterial injuries included small, branch vessel injuries, including AVFs that may mature over time to produce clinical symptoms. Despite the risk of occasionally missing a minor injury, a policy of routine arteriography of all extremity wounds is not

22]
15
Poor patient compliance with follow-up regimens among trauma patients has been cited as an additional pitfall of such algorithms.[ ]

cost-effective when arterial injuries are documented in only 6% to 9% of patients undergoing evaluation.[

25]

Prospective analyses for detection of arterial injuries after blunt trauma concluded that the only predictors of an arterial injury after blunt extremity trauma are an abnormal pulse examination or ABI of 1 or less.[

Because malalignment of long bones may

25]
which may be performed in the operating room if operative reduction of fractures is contemplated. In a

adversely affect arterial flow in an extremity, re-examination is warranted after reduction of fractures. Persistent pulse deficits warrant arteriography,[

25]

study of 53 patients with blunt extremity trauma, this approach yielded a sensitivity of 100%.[

In contrast to extremity injuries, traumatic injuries to the neck, chest, and abdomen may produce arterial injuries, including AVFs, which are difficult to detect on physical examination. The clinical presentation of these injuries usually dictates the extent of

26]

diagnostic evaluation. Overt arterial injuries in these anatomic regions usually present with signs of uncontrolled hemorrhage that mandate immediate exploration.[

early after injury,

[26]

In the absence of hemorrhage, arterial injuries in the neck or trunk may be clinically silent

2
presenting years later with systemic signs or symptoms of an AVF.[ ] Minimizing the risk of a missed injury requires an aggressive use of diagnostic imaging. Most authors agree that penetrating injuries to zones I through III of the
[27]

neck warrant routine arteriography, unless operative exploration is warranted based on other indications.

Some authors have suggested that any significant arterial injury of the carotid and vertebral arteries may be detected on careful history and physical

28 29
examination,[ ] [ ] but the implications of a missed injury to these vessels have
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2
tempered enthusiasm for such an approach.[ ] In the absence of an intracranial injury, blunt trauma with neurologic deficits may herald the presence of a blunt carotid injury that warrants further evaluation by arteriography. Early after injury, subtle arterial
26]

injuries in the thorax and abdomen may be difficult to detect,[

which may lead to a delay in diagnosis of these injuries. Because arterial injuries due to penetrating trauma at the thoracic outlet have a documented propensity of developing AVFs that present

2
2 26
with systemic symptoms months and years later,[ ] the liberal use of arteriography should be encouraged in this anatomic location.[ ] [ ]

The diagnosis of an AVF often becomes clinically apparent months or years after the inciting trauma. The trauma may be so remote as to be forgotten by the patient, so careful interrogation of the patient is essential. As noted previously, approximately 20% of

2

2

patients who present with chronic AVFs are symptomatic.[ ] Patients with more central AVFs may present with symptoms of congestive heart failure,[ ] including dyspnea at rest or with exertion, paroxysmal nocturnal dyspnea, and peripheral edema. On
examination, there may be classic signs of heart failure, such as jugular venous distention, rales on pulmonary auscultation, and S3 gallop on cardiac auscultation. Compression of the artery feeding the AVF may elicit the Nicoladoni-Branham sign, manifested

30]

by an increase in the systolic blood pressure and a slowing of the heart rate.[

2 16
Chronic AVFs may induce venous hypertension in the affected extremity, producing edema, varicosities, stasis dermatitis, or venous ulceration.[ ] [ ] Rarely, patients may
12]

develop arterial insufficiency due to arteriovenous shunting and distal steal, producing symptoms of claudication, ischemic rest pain, or ischemic ulceration.[

In the absence of symptoms, many patients with a chronic AVF present with marked physical

1 2
findings suggesting an AVF, including a machinery-like bruit or murmur, pulsatile mass, or palpable thrill.[ ] [ ] Any of these symptom complexes or examination findings, coupled with a remote history of trauma, warrants imaging to identify the AVF or
other arterial injury.
Noninvasive diagnostic methods for diagnosing peripheral AVFs, as detailed in Chapter 110 , have application in the diagnosis of traumatic AVF but are rarely applied in this setting. Duplex ultrasonography represents the only noninvasive diagnostic method
with some utility in the diagnosis of traumatic AVFs. Most patients present with signs or symptoms suggesting an AVF associated with a wound and a history of penetrating trauma. With a suspected AVF, the diagnosis is often readily confirmed by
interrogation of the wound area with duplex scanning (see Chapter 110 ). For chronic AVFs, in which intervention is clearly indicated, definitive imaging with arteriography should be pursued.
Imaging for Arteriovenous Fistulas
Digital subtraction arteriography remains the “gold standard” for defining traumatic arterial injuries, including AVFs. The hallmark of an AVF on arteriography is early venous filling ( Fig. 112–1 ). Associated signs of an AVF include failure to opacify the
arterial tree below the AVF despite ample venous filling, which may be particularly evident in a proximal AVF. Any evidence of early venous filling should prompt more careful imaging of the area in question,

Figure 112-1 Arteriogram of an iatrogenic arteriovenous fistula between the proximal subclavian artery and jugular vein caused by attempted central venous line placement. Note the characteristic early filling of the jugular vein.

Figure 112-2 Duplex ultrasound image in cross section of fistulous connection between the proximal subclavian artery and the jugular vein.

Figure 112-3 Characteristic Doppler waveforms of an iatrogenic arteriovenous fistula between the proximal superficial femoral artery and common femoral vein.

Figure 112-4 Completed repair of an iatrogenic arteriovenous fistula between the proximal subclavian artery and jugular vein, using an interposition graft of superficial femoral vein. The choice of conduit was influenced by the presence of infection
(osteomyelitis of the clavicle) in the operative field.
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Chapter 113 - Vascular Tumors and Malformations in Childhood

JOHN P. CONNORS III MD
JOHN B. MULLIKEN MD

The field of vascular anomalies falls within the purview of several medical and surgical specialties and overlaps the traditional borders of the surgical subspecialties. Management of these lesions is truly interdisciplinary, but communication among specialists
has been hampered by confusing and often contradictory nomenclature. Proper terminology, diagnostic techniques, and principles of management are not taught in vascular surgical training programs. This chapter is intended to be useful to surgeons whose
primary focus is acquired vascular disease.

TERMINOLOGY
Vascular anomalies look similar, whether located in the skin, mucosa, or viscera. They are either flat or raised in various hues of blue, pink, or red. For centuries, laymen and physicians called vascular anomalies birthmarks (naevi), using familiar words for
food (“strawberry” and “cherry”) and drink (“port-wine”). With the advent of histopathology in the middle of the 19th century, these anomalies became known as angiomas. Over the next 100 years, descriptive and histologic terms became confused, impeding
the development of this field. Classification systems failed to discriminate between disparate vascular lesions. Words became the major obstacles to diagnosis, treatment, and basic research. The word hemangioma is the most egregious example. It has been
applied generically to vascular lesions of differing etiology and clinical behavior.

1

2

A nosologic scheme initially proposed in 1982[ ] subsequently was accepted by the International Society of Vascular Anomalies in 1996.[ ] On the basis of cellular kinetics and clinical behavior, there are two major categories of vascular anomalies: tumors
(lesions that arise by endothelial hyperplasia) and malformations (lesions that arise by dysmorphogenesis and exhibit normal endothelial turnover) ( Table 113–1 ). This classification permits accurate diagnosis and prognosis and guides therapy and basic
research. This binary scheme has also improved communication among disciplines. Surgeons, pediatricians, radiologists, and other clinical specialists are now working together in vascular anomaly teams. These centers serve as a haven for these patients, who
once wandered from physician to physician searching for someone who understood their condition.

VASCULAR TUMORS
Infantile Hemangioma
Pathogenesis

The hallmark of infantile hemangioma is rapid growth during the proliferating phase, lasting until 1 year of age, followed by slow regression in the involuting phase from 1 to 7 years and ending with the involuted phase.

Proliferating Phase

An early, rapidly growing hemangioma is composed of plump, rapidly dividing endothelial cells that form tightly packed sinusoidal channels. These endothelial cells express phenotypic markers of maturity, such as CD31, factor VIII–related antigen (von
Willebrand
TABLE 113-1 -- Vascular Anomalies
TUMORS

MALFORMATIONS

Infantile hemangioma

Arterial (AVM, AVF, coarctation, ectasia, aneurysm)

Hemangioendothelioma

Capillary

Angiosarcoma

Lymphatic

Miscellaneous

Venous
Combined

AVF, arteriovenous fistula; AVM, arteriovenous malformation.
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factor), Ulex europaeus lectin I, VE-cadherin (an interendothelial adhesion molecule), and E-selectin (a cell-specific leukocytic adhesion molecule).[ ] [ ] [ ] [ ] [ ]
Involuting Phase

By light microscopy, regression is characterized by dilatation of the vascular lumina, flattening of endothelial cells, and progressive deposition of perivascular fibrous tissue, which establishes a lobular architecture. Inhibition of matrix metalloproteinase, a

8
protein that suppresses formation of new blood vessels, also occurs during the involuting phase.[ ] Mitotic activity diminishes, and endothelial cells degenerate; apoptosis or programmed cell death begins, reaching an apogee at 2 years of age.
Involuted Phase

After regression is complete, all that remains are a few tiny, capillary-like feeding vessels and draining veins, lined by flat, mature endothelium and surrounded by islands of loose fibrofatty tissue intermingled with dense collagen and reticular fibers.
Clinical Features

9

Infantile hemangioma is the most common tumor in the pediatric age group, appearing in 4% to 10% of full-term white neonates, more often in girls (ratio 3:1 to 5:1).[ ] They are less common in infants of African or Asian descent. Hemangiomas typically
are single tumors, but 20% grow in multiple cutaneous sites, including other organ systems, notably the liver, gastrointestinal tract, and brain. The median age of appearance for cutaneous infantile hemangioma is 2 weeks after birth. Approximately 30% to
50% of hemangiomas are nascent at birth, presenting as a barely visible pale spot, a telangiectatic/macular red stain, or a pseudoecchymotic patch. The term congenital hemangioma defines a tumor that is fully developed at birth and does not exhibit the usual

10] [11]

postnatal rapid growth.[
Proliferating Phase

If the tumor permeates the superficial dermis, the skin becomes raised and firm with a vivid crimson color (“strawberry hemangioma”). The tumor is a firm, tense, noncompressible mass. If the tumor spreads within the lower dermis, subcutis, or muscle,
however, the overlying skin is only slightly raised, warm, and bluish in color. Draining veins are commonly seen radiating from the tumor. Spontaneous epithelial breakdown, crusting, ulceration, and necrosis complicate 5% of cutaneous hemangiomas ( Fig.

12

113–1 ). [ ] Ulceration can occur in any anatomic location, but it is more common with lesions located on the lips, anogenital region, and limbs. Ulcerations are painful, causing irritability, poor eating, and sleep deprivation. Few indicators herald the
eventual volume or forecast accurately the onset or outcome of involution. Infantile hemangioma growth typically begins to stabilize by 10 to 12 months of age.
Involuting Phase

After 1 year, hemangiomas seem to grow in proportion to the child, and the first telltale signs of clinical regression appear. The bright crimson color fades to a dull purplish hue, the skin begins to pale, typically beginning at the center of the lesion, and a

13]

patchy gray mantle forms. By palpation, the tumor feels less tense. Regression continues from 1 year until 5 to 7 years of age; the rate is unrelated to gender or the appearance, cutaneous depth, site, or size of the original tumor.[

Typically the last traces of

14
color disappear by 5 to 7 years of age (see Fig. 113–1 ). Involution is complete in approximately 50% of children by 5 years of age and 70% of children by 7 years of age; gradual improvement continues through age 12.[ ]
Involuted Phase

Nearly normal skin is restored in approximately 50% of children. Stigmata of involuted infantile hemangioma include telangiectasias, crepe-like cutaneous laxity owing to destruction of elastic fibers, and yellowish discoloration or scarred patches. If the tumor
was once large and protuberant, fibrofatty residuum and redundant skin often remain. Even extensive and bulky subcutaneous hemangiomas can regress completely, however, and conversely, a flat, superficial hemangioma can alter irreversibly the cutaneous
texture, resulting in an atrophic patch of skin.
Differential Diagnosis

15

Two maxims are worth remembering in the differential diagnosis of a vascular lesion in infancy: Not all hemangiomas look like strawberries, and not all strawberries are hemangiomas.[ ] Deep hemangioma, particularly a tumor located in the cervical
region or trunk, can be confused with a lymphatic malformation (LM) or venous malformation (VM). Congenital hemangioma can be mistaken for a vascular malformation because both are present at birth.

Figure 113-1 A, Proliferating phase: 3-month-old infant with large, ulcerated hemangioma of left forearm, treated with dressings and systemic corticosteroid. B, Involuting phase: age 3 years, healed with thick scar.

Figure 113-2 A, Infant with extensive reticular-type hemangioma of left lower limb. These are prone to ulceration (note scar on upper thigh) and can be associated with anogenital structural anomalies and congestive heart failure. Note dilated veins and puffy
skin. B, Involuted phase: age 10 years. Note residual tiny draining veins.

Figure 113-3 A, Infant with multiple hemangiomas. Ultrasonography and MRI revealed intrahepatic tumors. Treatment was interferon alfa-2a for 8 months. B, Appearance at age 6 years. Note fibrofatty residuum in right flank.

Figure 113-4 A, Infant with kaposiform hemangioendothelioma in left thigh. Note ecchymosis and swelling. Platelet levels less than 5000/mm3 . Treated with interferon alfa-2a for 10 months. B, Appearance at age 4 years. Skin is slightly indurated. MRI
showed residual subcutaneous tumor.

TABLE 113-2 -- Combined Vascular Malformations
SLOW-FLOW

FAST-FLOW

Klippel-Trenaunay (CVM, CLVM)

Parkes Weber (CAVM, CAVF, CLAVM)

Proteus (CM, LM, CVM, CLVM)

Bannayan-Riley-Ruvalcaba syndrome (AVM)

Maffucci (VM, enchondroma)
AVM, arteriovenous malformation; CAVF, capillary arteriovenous fistula; CAVM, capillary arteriovenous malformation; CLAVM, capillary-lymphatic-arterivenous malformation; CLVM, capillary-lymphatic venous malformation; CM, capillary
malformation; CVM, capillary-venous malformation; LM, lymphatic malformation; VM, venous malformation.

Clinical Features

The 19th century expression for CM is “port-wine stain.” CMs can be localized or extensive and are rarely multiple; they can occur anywhere on the body. Facial CMs are the most obvious. In adults, typically these stains become a deeper hue and are prone to

nodular fibrovascular overgrowth. Cutaneous CM often is associated with overgrowth of the soft tissue and underlying skeleton. In the face, there can be enlargement of the affected lip and gingiva, and usually the maxilla or the mandible. In the limb, CM is
associated with hypertrophy in length and girth ( Fig. 113–5 ).

29]

CM can be a harbinger of an underlying structural abnormality. Midline occipital CMs can overlie an encephalocele or ectopic meninges. CMs over the cervical or lumbosacral spine can be a clue to occult spinal dysraphism.[

Sturge-Weber syndrome is

38

composed of a facial CM with ipsilateral ocular and leptomeningeal vascular anomalies. The capillary stain is in the ophthalmic (V1) division or extends into the maxillary (V2) division; sometimes all three trigeminal dermatomes are involved.[ ] CMs also
can be scattered, patchy lesions on the trunk and extremities in this disorder. Extensive leptomeningeal capillary and venous anomalies can cause seizures, contralateral hemiplegia, and variably delayed motor and cognitive skills. Early diagnosis by MRI
shows pial vascular enhancement. Resection of the involved brain may be necessary if seizures cannot be controlled by medication. Funduscopic examination and tonometry are essential in the evaluation for Sturge-Weber syndrome because these children
with increased choroidal vascularity are at risk for retinal detachment, glaucoma, and blindness.

Figure 113-5 Circumferential capillary malformation of left lower limb with axial overgrowth (19 cm versus 20.5 cm).

TABLE 113-3 -- Lymphedema Genetic Mutations
TYPE
Milroy syndrome (hereditary lymphedema type I)

INHERITANCE
Autosomal dominant

GENE MAP
5q34-q35

GENE

84] [86]

VEGFR3[

MUTATION
Gly857Arg

(FLT4)
Arg1041Pro
His1035Arg
Leu1044Pro

87]

Pro1114Leu[
Meige syndrome (lymphedema praecox, hereditary lymphedema type
II)

Autosomal dominant

Lymphedema-distichiasis syndrome (yellow-nail syndrome,
lymphedema and ptosis)

Autosomal dominant

16q24.3
16q24.3

? 1-BP INS, 589C

85]

(MPH1)

88]

(MPH1)

FOXC2[
FOXC2[

297C→G

Noonan syndrome

Autosomal dominant

12q24.1

PTPN11 [

SHP2→SH2

Hypertrichosis-lymphedema-telangiectasia

Autosomal dominant

—

SOX18

ALA104PRO

89]
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Figure 113-6 A, Macrocystic lymphatic malformation in the left chest. MRI showed involvement of brachial plexus and mediastinum. B, Appearance 8 years after subtotal resection.

Figure 113-7 A, Extensive venous malformation of lower extremity with bleeding into knee joint. B, Venous malformation of gastrocnemius; scar indicates prior attempted resection.

Figure 113-8 A, Glomuvenous malformation of foot. B, Blue rubber bleb nevus syndrome: typical dome-shaped venous lesions in calf. The patient was monitored for gastrointestinal bleeding.

Figure 113-9 A, Arteriovenous malformation in lower limb with painful, chronic ulceration and bleeding: Schobinger stage III. B, Arteriovenous malformation in lower limb with pseudo-Kaposi plaques: Schobinger stage II.

TABLE 113-4 -- Schobinger Staging for Arteriovenous Malformations
I (quiescence)

Pink bluish stain, warmth, and arteriovascular shunting

II (expansion)

Same as stage I, plus enlargement, pulsations, thrill, bruit, and tortuous/tense veins

III (destruction)

Same as stage II, plus dystrophic skin changes, ulceration, bleeding, persistent pain, or tissue necrosis

IV (decompensation)

Same as stage III, plus cardiac failure

From Kohout MP, Hansen M, Pribaz JJ, Mulliken JB: Arteriovenous malformations of the head and neck: Natural history and management. Plast Reconstr Surg 102:643–654, 1998.

Imaging

The clinical diagnosis is confirmed by ultrasonography and color-flow Doppler examination. MRI and magnetic resonance angiography best document the extent of the AVM. Superselective angiography usually is not performed until therapeutic intervention
is indicated.

Treatment

Prompt embolization may be necessary in the uncommon occurrence of postnatal congestive heart failure caused by shunting through an AVM. Otherwise treatment rarely is indicated during infancy or early childhood for a stage I AVM. When the diagnostic
evaluation is complete, the child should be screened annually. In some instances and after careful deliberation, resection is indicated for a well-localized stage I AVM. In general, intervention is delayed until there are intractable symptoms or endangering signs
(e.g., recalcitrant ulceration, ischemic pain, bleeding [Schobinger stage III], increased cardiac output [Schobinger stage IV]).
Ligation or proximal embolization of feeding vessels should never be performed. This causes the rapid recruitment of flow from nearby arteries to supply the nidus (the epicenter of the AVM composed of arterial feeders, microarteriovenous and
macroarteriovenous fistulae, and enlarged veins). Proximal arterial blockage denies access for future embolization.
Angiography precedes interventional therapy or extirpation. Superselective arterial or retrograde venous embolization
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can be palliative (e.g., to control pain, bleeding, or congestive heart failure). This is indicated for patients in whom resection is not possible or would result in mutilation or disfigurement. Embolization of feeding arteries with particles or coils provides only
transient improvement. Sclerotherapy also may be used, particularly if conventional inflow access is difficult because of a tortuous arterial tree or impossible if feeding vessels have been ligated. Sclerotherapy involves direct puncture of the nidus, in
conjunction with local arterial and venous occlusion. There is a high risk of severe neurologic and soft tissue damage with this combined technique; it should be reserved for carefully selected patients and performed by an appropriately trained and experienced

116]

interventional radiologist. Most specialists in the field of vascular anomalies prefer not to use the term “cure” in referring to the management of AVM; “control” is a more realistic assessment.[

The usual strategy is arterial embolization for temporary occlusion of the nidus, followed 24 to 72 hours later by resection. The surgeon’s goal is complete resection if possible. Preoperative embolization or sclerotherapy minimizes intraoperative bleeding but
does not diminish the limits of resection. The nidus and usually the involved skin must be excised widely. If the overlying skin is normal, it can be saved. The surgeon must decide on the extent of resection. To answer this question before the operation, the
surgeon should review the earliest angiograms (before embolization and other interventions) and the MRI studies. Intraoperative frozen sectioning of the resection margins can be helpful. The most accurate way to determine the completeness of resection is
observing the pattern of bleeding from the wound edges. The defect should be primarily closed with either local tissue or distant tissue free transfer using microsurgical technique. If there is any question about the adequacy of resection, depending on the
location of the defect, temporary coverage with a split-thickness skin graft is often the best strategy.

115]
These patients must be followed for years by clinical examination, ultrasonography, or MRI for signs of occult
[116]

In the head and neck region, the success of combined embolization and surgical resection is better with stage I or II well-localized AVM.[

recurrence, which can occur despite a long asymptomatic period. Many AVMs are not well localized, and they often permeate throughout the deep craniofacial structures or the soft and skeletal tissues of an extremity.
usually palliative, and major resection is rarely indicated. These patients await a pharmacologic alternative to ablative therapy.

In these instances, embolization is

COMBINED VASCULAR MALFORMATIONS
Combined (complex) vascular malformations are associated with overgrowth of adjacent soft tissue and skeleton. Many of these disorders are named after the physician who is credited with the most memorable description of the condition. These eponymous
terms are often misused, they are misleading, and they tell us nothing of the pathogenesis. Until basic mechanisms are understood, a simple nosologic scheme, using anatomic terms to describe the anomalous channel architecture, best serves the care of the
patient. Similar to pure or single channel–type vascular malformations, the combined anomalies can be categorized broadly as either slow flow or fast flow.
Slow-Flow Anomalies
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] CLVM is thought to be
Klippel-Trenaunay syndrome is the well-worn eponym for capillary-lymphatic-venous malformation (CLVM), which is associated with soft tissue/skeletal hypertrophy, usually of one or more limbs and sometimes the trunk.[
sporadic; it is obvious at birth. The CMs are multiple, sometimes contiguous, and disposed in a characteristic geographic pattern over the lateral side of the extremity, buttock, or thorax. The CM component is macular in a newborn, but in time, stained areas
become studded with hemolymphatic vesicles. Anomalous lateral veins become increasingly prominent because of incompetent valves and deep venous anomalies. Lymphatic hypoplasia is present in more than 50% of patients, and there can be lymphedema
117

] Limb hypertrophy also is obvious at birth; axial overgrowth can be progressive in childhood ( Fig. 113–10 ). In a few patients with classic CLVM, the involved limb is short or hypotrophic. Sometimes the opposite foot
or isolated lymphatic macrocysts.[
or hand is enlarged by fatty tissue, often in the absence of a capillary stain.
Pelvic involvement commonly is seen with CLVM in the lower extremity, although usually asymptomatic. Hematuria, hematochezia, constipation, bladder outlet obstruction, and recurrent infection with gut flora can occur, however. Upper extremity or
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truncal CLVM can extend into the posterior mediastinum and retropleural space, but rarely evokes symptoms. Thrombophlebitis occurs in 20% to 45% of patients with CLVM, and pulmonary embolism has been reported in 4% to 25% of patients.[

[118] [119] [120]

Imaging
Plain radiographs or scanograms are used to assess leg-length discrepancy. Further radiologic imaging is unnecessary in a child, unless symptoms are present. MRI and magnetic resonance venography document the specific type and distribution of vascular
anomalies and delineate the anatomy of the venous drainage. The MRI findings are variable because of the wide range of severity. The LM component is typically macrocystic and located in the pelvis and upper thighs, whereas it tends to be microcystic in the
abdominal wall, buttocks, and distal limbs, or it can be predominantly subcutaneous or diffusely infiltrate muscle. Increased fat often is seen in the areas of soft tissue overgrowth.
The VM component also is phenotypically variable in CLVM. In severe cases, the deep venous system is hypoplastic or interrupted, and venous drainage is mainly through dilated, often valveless, anomalous superficial veins. The pathognomonic “marginal
vein of Servelle” is frequently identified in the subcutaneous fat of the lateral calf and thigh and communicates with the deep venous system at various levels. Contrast venography is useful in selected patients to depict the route of drainage and the feasibility
of resecting or sclerosing varicosities. The procedure is difficult, however, because it usually requires multiple injections with various compressive maneuvers. Catheter angiography may reveal discrete microarteriovenous fistulae in the thighs, but these are
not clinically important.
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Figure 113-10 A, Klippel-Trenaunay syndrome (capillary-lymphatic-venous malformation) with extensive capillary stain and limb hypertrophy. Venous anomalies seen by MRI. Note curious overgrowth and dorsal fatty tissue in contralateral limb. B,
Capillary-lymphatic-venous malformation: hyperkeratotic lymphatic vesicles in capillary stain. Band-aid controls bleeding.

Figure 113-11 Parkes Weber syndrome (capillary-lymphatic-arteriovenous malformation). Capillary blush throughout limb, buttock, and thorax with generalized overgrowth and scoliosis.
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Chapter 114 - Surgical Management of Vascular Malformations

THOMAS S. RILES MD
GLENN R. JACOBOWITZ MD

The management of vascular malformations (VMs) has been a challenging problem for many years. Surgical treatment alone historically has been inadequate or even disastrous, often leading to extensive damage to adjacent structures with high recurrence

1 2 3
4
rates or major amputation.[ ] [ ] [ ] As Szilagyi and associates[ ] noted in 1965, “the most impressive lesson taught … was the realization of the futility of any attempt to cure by surgical means any but the simplest and most sharply localized of these
5 6

lesions.” More recently, transcatheter treatment has been effective in controlling these lesions.[ ] [ ] Transcatheter treatment is usually palliative in nature, however, and often requires multiple interventions over many years to treat recurrent symptoms.
Complete eradication of VMs, when possible, can be achieved by initial transcatheter treatment and subsequent surgical ablation. Surgical resection must be performed in a carefully planned manner with appropriate preoperative imaging of a lesion, however,
and it can be performed only in selected lesions. This chapter reviews the surgical treatment of vascular malformations.

TYPES OF VASCULAR MALFORMATIONS TREATED
Surgical management of VMs cannot be discussed without addressing the major different types, which include arteriovenous malformations (AVMs) and venous malformations. The major difference between these two lesions is the arteriovenous component
of AVMs. There is often a nidus of an AVM, which is considered to be the most central area of the arteriovenous connections within a malformation. There is usually no such nidus in venous malformations, which tend to be more diffuse in nature. These
lesions most commonly occur as isolated anomalies in otherwise healthy patients and can occur anywhere in the body. The most common anatomic locations are the pelvis, extremities, and intracranial circulation. They are often stable lesions requiring no
specific treatment, and many of these malformations probably go undetected throughout life.
Natural History

5 9
Surgeons treating these lesions need to be aware of their natural history. The clinical behavior of VMs is not well defined, but it can be extremely variable.[ ] [ ] Several reports have shown that asymptomatic lesions may be safely observed with no
5 9 10 11
intervention.[ ] [ ] [ ] [ ] Evaluation of the size of the malformation and the location with respect to adjacent structures can be followed with computed tomography and magnetic resonance imaging (MRI). Advances in MRI technology have made this
12] [13] [14]

modality the noninvasive test of choice for imaging vascular malformations. [

The clinical presentation and application of diagnostic methods in evaluating these lesions are discussed in detail in Chapter 110 . Treatment usually is reserved for symptomatic lesions, but larger mass lesions; visible, cosmetically unacceptable lesions; and
lesions in critical locations (e.g., encroaching on orifices or key organ structures, including the mouth or eye) also may be considered for treatment even though the lesion itself is asymptomatic. Some lesions become apparent or increase in size after trauma or

5 15
during periods of hormonal stimulation, such as pregnancy. Although measured cardiac output often may be increased in patients with AVMs, clinically significant cardiovascular consequences have been relatively rare in our experience.[ ] [ ]
TRANSCATHETER THERAPY
The techniques of superselective catheterization of feeding vessels and the transcatheter administration of embolic agents have revolutionized the treatment of VMs. These techniques are discussed thoroughly in Chapter 115 , but their effectiveness and
limitations merit comment here to underscore why they have replaced surgery as primary treatment in most cases. Catheterization techniques can be used effectively in combination with surgery, to facilitate subsequent resection, by greatly decreasing lesion
vascularity, and can be combined strategically with surgery to produce more effective control or even cure.

10] [16] [17] [18]
The development of currently available embolization materials, particularly the rapidly polymerizing agents, has greatly improved
[20]

Catheter-based embolization has been shown to be effective in treating AVMs in several anatomic areas.[

5 19
the ability to control or eradicate complex arteriovenous connections.[ ] [ ] Regarding venous malformations, transcatheter or percutaneous treatment with sclerosing agents, such as absolute ethanol, has been shown to be effective treatment.
lesions have no arterial

These
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6 20
component and are more amenable to direct injection. Percutaneous injection of sclerosing agents for venous malformations or transarterial embolization of AVMs can result in necrosis of adjacent organs or of overlying skin and soft tissue, however.[ ] [ ]
[21] These complications and the lasting effects of discoloration and tenderness of thrombosed venous masses suggest the need for caution in applying these techniques to stable venous lesions, which pose no significant hemodynamic threat.
5 6 20 21
Although multiple treatments are often necessary, published results have shown good long-term outcomes with transcatheter therapy of VMs.[ ] [ ] [ ] [ ] Transcatheter embolization currently plays a major role in the treatment of vascular
18] [23]

malformations in all parts of the body.[

It can be performed as the sole method of therapy or as a preoperative treatment to decrease vascularity before a planned surgical resection.

COMBINED TRANSCATHETER AND SURGICAL THERAPY
There are few large studies of transcatheter embolization used in conjunction with surgical resection in the treatment of AVMs. The existing reports can largely be divided into reports involving pelvic AVMs and reports involving the extremities. The largest

5

series of pelvic AVMs to date is from our institution[ ] and involved 35 patients. There was a mean age of 37 years, and 51% were male. Previous, unsuccessful attempted surgical resection had been attempted in 32% of patients. A mean of 2.4 embolization
procedures (range 1 to 11) were performed over a mean period of 23 months. More than one embolization procedure was required in 57% of patients. These additional procedures were performed as planned, stage embolizations (20%) or because of residual or
recurrent symptoms (37%). Adjunctive surgical procedures were performed in five patients (14%). Among these was a hip disarticulation after embolization of an AVM in the upper thigh, which had left the patient with a nonhealing, bleeding, ulcerated highabove knee amputation ( Fig. 114–1 ). After the embolization, the AVM was resected in the hip disarticulation, and the patient

Figure 114-1 Nonhealing, ulcerated above-knee amputation stump in a patient with a pelvic and upper thigh arteriovenous malformation. Hip disarticulation was performed after transcatheter embolization of the nidus.

Figure 114-2 Complete excision of a localized arteriovenous malformation including all feeding vessels and nidus.

Figure 114-3 Angiography of arteriovenous malformation in dorsal leg and intraoperative view after surgical division of all arteriovenous connections.

Figure 114-4 A, Gangrenous distal fifth digit after embolization of distal digit arteriovenous malformation. B, Subsequent distal digit amputation.
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Chapter 115 - Endovascular Treatment of Vascular Anomalies

PATRICIA E. BURROWS MD

CLASSIFICATION

1

Vascular anomalies are divided into two groups—tumors (e.g., hemangiomas) and vascular malformations. Malformations are categorized according to channel type (e.g., arterial, arteriovenous, venous, lymphatic) and flow characteristics.[ ] High-flow
vascular anomalies include hemangiomas, arteriovenous fistulas (AVFs), and arteriovenous malformations (AVMs); low-flow malformations include capillary malformations, venous malformations (VM), and lymphatic (LM) malformations. Some patients

2
have combined channel anomalies (e.g., Klippel-Trenaunay syndrome [capillary-lymphatic-venous malformation]). AVMs have a characteristic evolution classified by Schobinger stages ( Table 115–1 ). [ ] This categorization has therapeutic implications in
regard to endovascular therapy.
INDICATIONS
Indications for endovascular treatment of vascular anomalies are evolving. At Children’s Hospital, Boston, most patients referred for treatment are presented to a multidisciplinary Vascular Anomalies team, and after review of all available data (clinical history
and physical findings, imaging, and
TABLE 115-1 -- Schobinger Clinical Classification of Arteriovenous Malformations
Stage I (quiescent)

Erythema, warm to touch, increased flow on Doppler

Stage II (expansion)

Venous engorgement, swelling, pulsatile

Stage III (destruction)

Skin necrosis, pain, bleeding

Stage IV

Stage III, plus cardiac decompensation

histology, if available), a consensus is reached regarding the appropriateness of treatment, then a treatment plan is recommended. Hemangiomas usually are managed pharmacologically except in the presence of refractory high-output cardiac failure.
Angiography and embolization are carried out rarely in infants with hemangiomas and only after a trial of antiangiogenesis medication. In general, treatment, if available, is offered to patients with vascular malformations who have progressive symptoms not
responding to simple measures, such as compression garments or antiplatelet medication. Presently, there is little to offer other than endovascular treatment and resection, but research is being directed toward future therapies based on inhibition of biologic
abnormalities that distinguish malformed vessels from normal ones.

TECHNIQUES
Endovascular techniques used in the treatment of vascular malformations include embolization, which is administration of an occlusive agent or device into blood vessels through an angiographic catheter, and sclerotherapy, which is delivery of an ablative or

3 4 5
irritant liquid directly into anomalous channels, usually via a percutaneously placed cannula.[ ] [ ] [ ] Embolization is reserved for high-flow vascular anomalies, whereas sclerotherapy can be effective in high-flow and low-flow lesions.

Embolization Agents

Temporary occluding agents, including polyvinyl alcohol foam, acrylic/gelatin microspheres, and absorbable gelatin sponge (Gelfoam), generally are reserved for preoperative embolization of high-flow vascular malformations, to aid

1651

surgery by reducing the vascularity of the lesion. These materials usually are suspended in radiopaque contrast medium and injected into the feeding arteries with fluoroscopic or “roadmap” (real-time digital subtraction) control. They require blood flow to
deliver them to the nidus. Particles that are too small pass directly into the draining veins, whereas larger particles cause proximal occlusion of the feeding arteries.
In contrast to this preoperative adjunctive treatment, primary treatment of vascular malformations is accomplished using various liquid agents that cause a combination of vascular thrombosis and endothelial ablation resulting in fibrosis. Adhesive polymer, nbutyl-2-cyanoacrylate (NBCA), has been used for decades to treat AVMs. Adhesive polymer results in permanent occlusion because it polymerizes to form a solid mass conforming to the shape of the embolized vessel and because polymerization is an
exothermic reaction that causes transmural vessel necrosis. Precise placement of this material is difficult, and arterial rather than nidal occlusion usually occurs. Larger occlusive devices, such as coils, are reserved for AVF and for venous occlusion.
Coils are preshaped fibered stainless steel or platinum wires that are advanced through standard angiographic catheters or microcatheters and packed into the vessel to be occluded. They are available in different lengths, diameters, and configurations,
including straight, helical, or conical shapes, as “pushable” (deployed through the catheter with an introducer, guide wire, or saline flush) and “detachable” (released from an introducing wire after placement) forms in 0.018-inch, 0.035-inch, and 0.038-inch
sizes. Nester coils are soft, long platinum fiber coils, which are excellent for packing a large varix or arteriovenous connection and are available in 0.035-inch and 0.018-inch diameters. In treating patients with vascular malformations, consideration should be
given to the use of platinum rather than stainless steel coils because the former are compatible with future magnetic resonance imaging (MRI).
Sclerosing Agents
Ethanol

Ethanol preparations suitable for sclerotherapy include 95% or 98% dehydrated forms, generally available through hospital pharmacies for neurolysis. Ethanol rapidly denatures proteins in the endothelial lining of vessels and, in stagnant channels, results in
immediate thrombosis. Having a low viscosity, ethanol passes readily through arteriovenous shunts, making it suitable for embolization of AVMs in conjunction with supraselective catheterization of the nidus itself. The latter is important; ethanol should
never be injected into a proximal feeding artery. Penetration of the capillary bed results in severe tissue necrosis. Alcohol causes local neurolysis. Systemic effects include central nervous system depression, hypoglycemia, hypertension, hyperthermia, cardiac

4
arrhythmias, pulmonary vasoconstriction and pulmonary hypertension, and electromechanical dissociation. Cardiovascular collapse, sometimes fatal, can result from the effects of ethanol on the pulmonary vasculature or myocardium.[ ] Consideration should

6 7
be given to monitoring of pulmonary artery pressure. A total dose of 1 mL/kg or 60 mL per procedure should not be exceeded because blood ethanol levels are directly proportional to the dose injected, regardless of technique or type of lesion.[ ] [ ] Ethanol
8
is most effective when it is administered without dilution. If fluoroscopic monitoring of the injections is desired, it can be mixed with oily contrast material, in a ratio of 1 to 2 mL of ethiodized oil (Ethiodol) per 10 mL of ethanol.[ ]
Detergent Sclerosants

This category includes sodium tetradecyl, the most commonly used sclerosant; ethanolamine; and polydocanol. Sodium tetradecyl is not commercially available in the United States. It can be prepared in some hospital pharmacies and is available in Canada
and Europe. Similar to alcohol, detergent sclerosants damage the endothelial cells and cause local intravascular coagulation. They can be opacified with water-soluble contrast medium or with oily contrast medium, to allow fluoroscopic control of the

9
injection. Addition of air combined with mixing the solution across a three-way stopcock can result in a foam, which is believed to be a more effective sclerosant than the simple solution itself.[ ] Sodium tetradecyl should not be used intra-arterially because it
causes excessive arterial spasm and reflux.
Other Sclerosants

10]
Injection is painful, but the drug is relatively nontoxic and effective.

Doxycycline is available as a powder that can be suspended in saline or contrast medium and is often used for sclerotherapy of LMs.[

11]

Bleomycin has been used for decades in the sclerotherapy of LMs.[

It has some systemic side effects, including pulmonary fibrosis, hair loss, and pigmentation. The quantity of this drug used in each session must be carefully limited.

12]
This agent has been shown to be effective in treating macrocystic LMs. It is not commercially available in the United States.

OK432 is a “superantigen” made by suspending killed streptococcus A in a solution of penicillin.[

Intravascular use of sclerosant results in thrombosis, swelling, and hemolysis. When large amounts of sclerosants are used, hemoglobinuria frequently occurs, and renal damage must be avoided by the use of aggressive hydration and urine alkalization.

13] [14]

Ethibloc is a mixture of zein protein, ethanol, and contrast medium. It is used for LMs in a few centers.[

EMBOLIZATION OF HIGH-FLOW VASCULAR ANOMALIES
MRI is usually the best imaging modality to determine the nature and extent of a vascular malformation. Angiography is performed at the time of the embolization, to delineate the arterial supply and venous drainage of the lesion. Proximal arterial injections
are performed with a guiding catheter. The catheter is positioned selectively in the supplying arteries. In most cases, a microcatheter, introduced coaxially through the guiding catheter, is used to inject the embolic material.
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Hemangiomas
Hemangiomas are true vascular tumors encountered in childhood (see Chapter 113 ). Although they often involute, they are high-flow lesions that can cause problems in certain locations. Embolization of hemangiomas is indicated occasionally to treat high-
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output cardiac failure refractory to antiangiogenesis pharmacotherapy or severe bleeding, most frequently in infantile hepatic hemangiomas and rapidly involuting congenital hemangiomas, both of which tend to contain direct vascular shunts.[ ] [ ] In the
former, complete angiographic assessment of the hepatic, collateral, and portal circulation is important. Extensive portovenous fistulae are often present, making hepatic artery embolization hazardous because of the lack of a dual blood supply to the liver.
Embolization of the portovenous fistulas is feasible but technically difficult. Focal hepatic hemangiomas tend to have arteriovenous shunting, and these respond well to embolization. Generally, it is best to continue to treat an infant with angiogenesis inhibitors
because embolization does not always result in accelerated involution.
Arteriovenous Malformation
An AVM consists of feeding arteries, fistula or nidus, and draining veins. Occlusion of the feeding arteries alone produces a temporary decrease in flow through the malformation, but if the nidus is still present, it is reperfused through collateral vessels
quickly. Unpublished data from our Vascular Anomalies Center have shown that embolization results in release of basic fibroblast growth factor, which stimulates angiogenesis. Reperfusion of the shunt from collateral arteries results in a relative worsening of
the “arterial steal” from the surrounding tissue and subsequent ischemia. Some AVMs seem to become more active (increased swelling and shunting) after this type of embolization. Arterial embolization with particles, coils, and acrylic polymer (NBCA) tends
to produce occlusion proximal to the nidus and does not improve the natural history of the lesion significantly. To eliminate or reduce the shunt permanently, the actual nidus must be ablated ( Fig. 115–1 ). Ablation can be accomplished through supraselective
microcatheter placement by the arterial catheterization route or by direct percutaneous puncture and injection of the nidus. Intranidal embolization requires that the tip of the microcatheter be beyond any potential branches that supply normal tissue. In many
instances, the arterial branches that supply an AVM are small and tortuous, preventing sufficiently distal catheter placement. In such circumstances, direct puncture of the nidus is safer and more effective.
Preoperative AVM embolization aims to occlude selectively the arterial supply to the lesion to reduce bleeding during operative resection (see also Chapter 114 ). The embolic material should be chosen to occlude the most distal feeding arteries, avoiding
proximal occlusion, especially with permanent devices, and avoiding embolization of normal tissue with excessively small particles. Polyvinyl alcohol particles greater than 250 μ are relatively safe in terms of avoiding damage to adjacent skin or nerves.
After the flow through the AVM is interrupted by particles, more proximal occlusion of the feeding arterial trunks with Gelfoam pledgets is useful in preventing early recanalization. Coils

Figure 115-1 Diagram illustrating techniques for embolization of arteriovenous malformation. The dark lines on the left of the nidus represent results of transarterial embolization using particles or n-butyl-2-cyanoacrylate. The lighter channels indicate the part
of the nidus that is generally not reached by these materials and must be reached by the injection of liquid agents.

Figure 115-2 Schobinger stage III arteriovenous malformation (AVM) involving the right leg of a teenage boy. The steps for primary embolization using permanent liquid agents and adjunctive coils are shown. The patient had an excellent result after four
embolizations carried out in two hospital visits and is now symptom-free. A-C, Right superficial femoral arteriogram, frontal projection, centered on the knee, shows an AVM supplied by geniculate and anterior tibial branches, draining into several large
venous channels anterior to the knee and, subsequently, mainly into the saphenous system. D, Venogram after selective retrograde venous cannulation, using tourniquet control. This site was sclerosed with ethanol and embolized with platinum fiber
microcoils. E, Direct injection into varix draining the anterior mid-part of the AVM. This varix, using tourniquet control, was injected with n -butyl-2-cyanoacrylate. F, Direct injection into the medial superior part of the nidus, showing venous drainage
toward the femoral vein. This site was injected with ethanol. G, Superselective angiogram of a branch of the medial superior geniculate artery shows intranidal catheter placement, before embolization with absolute ethanol. H, Radiograph shows the adjunctive
n-butyl-2-cyanoacrylate and coils in place in the main draining veins. I and J, Superficial femoral angiograms after embolization show only small amount of residual venous opacification at the inferolateral aspect of the AVM. The patient returned 1 year later
and angiography was unchanged from the view shown in J. He remained asymptomatic.

Figure 115-3 Arteriovenous malformation (AVM) of the left pelvis in a woman with severe pelvic pain. She previously had undergone coil and ethanol embolization of the proximal feeding arteries, resulting in severe complications, and hysterectomy to
remove part of the AVM. A, Radiograph shows the previously placed steel coils in the proximal feeding arteries. B-D, Aortic bifurcation angiograms show the AVM supplied by numerous collaterals from both internal iliac arteries, but draining predominantly
into the left internal iliac vein (obturator internus branch). E, Balloon catheters were placed from the right internal jugular vein and the left femoral vein to occlude the venous outflow during placement of coils in the outlet vein. Contrast injection shows the
venous collaterals. F, Radiograph shows the venous coils in place. Ethanol is injected around the coils. G, Selective injection in a branch of the left internal iliac artery before ethanol embolization. H, Percutaneous injection into the remaining venous drainage
before ethanol injection. I and J, Aortic bifurcation angiograms, arterial venous phases 6 months after embolization. The lesion no longer fills. Similar findings were noted at 2 years after embolization.

Figure 115-3 Arteriovenous malformation (AVM) of the left pelvis in a woman with severe pelvic pain. She previously had undergone coil and ethanol embolization of the proximal feeding arteries, resulting in severe complications, and hysterectomy to
remove part of the AVM. A, Radiograph shows the previously placed steel coils in the proximal feeding arteries. B-D, Aortic bifurcation angiograms show the AVM supplied by numerous collaterals from both internal iliac arteries, but draining predominantly
into the left internal iliac vein (obturator internus branch). E, Balloon catheters were placed from the right internal jugular vein and the left femoral vein to occlude the venous outflow during placement of coils in the outlet vein. Contrast injection shows the
venous collaterals. F, Radiograph shows the venous coils in place. Ethanol is injected around the coils. G, Selective injection in a branch of the left internal iliac artery before ethanol embolization. H, Percutaneous injection into the remaining venous drainage
before ethanol injection. I and J, Aortic bifurcation angiograms, arterial venous phases 6 months after embolization. The lesion no longer fills. Similar findings were noted at 2 years after embolization.

Figure 115-4 Infant with Parkes Weber syndrome involving the right upper extremity (capillary arteriovenous malformation with overgrowth). The child had cardiac volume overload and overgrowth. A-C, Aortograms show the massive arterial enlargement
and diffuse atrioventricular shunting with foci in the right shoulder and wrist. C, Selective embolization with n-butyl-2-cyanoacrylate of the focal lesion of the right shoulder. D, Superselective angiography in the nidus of the focal lesion at the right wrist. E, nbutyl-2-cyanoacrylate cast in the wrist lesion.

Figure 115-5 Pulmonary arteriovenous fistula (AVF) in a teenage boy with hereditary hemorrhagic telangiectasia. A, Computed tomography scan shows the AVF in the right lower lobe. B, Right pulmonary angiogram shows the focal AVF. C, Selective
angiogram before coil placement shows a direct fistula with a varix of the right lower lobe pulmonary vein. D, Placement of nester coils in the immediate feeding arteries. E, Postembolization angiogram in the right lower lobe shows occlusion.

Figure 115-6 Pial arteriovenous fistula (AVF) in the posterior fossa of a 2-year-old boy. A, T2-weighted MRI shows a varix (arrow) adjacent to the medulla. B, Right vertebral angiogram lateral view shows the AVF with a perimesencephalic vein (arrow). C,
Postembolization angiogram shows occlusion of the AVF. A three-dimensional GDC coil (large arrow) is in the varix, and fibered GDC coils (smaller arrows) are in the immediate feeding artery.

Figure 115-7 Focal intramuscular venous malformation of the right hip, treated by single-procedure ethanol sclerotherapy. The patient is symptom-free now. A, T2-weighted MRI before treatment shows a large focal venous malformation in the right gluteal
muscle. B, Radiograph shows the opacified ethanol within the superior part of the lesion. The lower part was then treated. C, T2-weighted coronal MRI obtained 2 years after a single sclerotherapy procedure shows an excellent result.

Figure 115-8 Infant with blue rubber bleb nevus syndrome presenting with a large abdominal mass, which recurred after resection. This mass is treated by serial injections of opacified ethanol with a good result. A, MRI before treatment shows a large
multilocular venous malformation in the right flank and retroperitoneum. B, Subtracted image shows contrast injection in part of the lesion. C, Computed tomography scan after sclerotherapy shows opacified ethanol within the lesion. D, Computed
tomography scan obtained 2 years after a series of sclerotherapy procedures shows obliteration of most of the malformation.

Figure 115-9 Infant girl with right posterior neck mass consistent with lymphatic malformation. A, T2-weighted MRI obtained before treatment shows a combined macrocystic/microcystic lesion. B, Radiograph taken after injection of opacified doxycycline.
C, Clinical photograph taken 2 months after sclerotherapy shows complete obliteration of the mass, with residual loose skin. D, Ultrasound image of the neck shows no residual fluid.

Figure 115-9 Infant girl with right posterior neck mass consistent with lymphatic malformation. A, T2-weighted MRI obtained before treatment shows a combined macrocystic/microcystic lesion. B, Radiograph taken after injection of opacified doxycycline.

C, Clinical photograph taken 2 months after sclerotherapy shows complete obliteration of the mass, with residual loose skin. D, Ultrasound image of the neck shows no residual fluid.

Figure 115-10 Infant boy with Klippel-Trenaunay syndrome (capillary-lymphatic-venous malformation), with recurring masslike swelling of the posterior thigh. He was treated with two sessions of sclerotherapy using doxycycline with an excellent result. A,
Sagittal T2-weighted MRI shows the macrocystic lesion in the posterior thigh. B, Axial image shows the cysts before sclerotherapy. C, Axial image shows obliteration of the large cysts after two procedures.
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Chapter 116 - Primary Tumors of Major Blood Vessels:

Diagnosis and Management

W. ANDREW OLDENBURG MD, FACS

1
Primary tumors originating in the wall of large arteries and veins are extremely rare. W. Brodowski[ ] described the first case of a primary aortic tumor in 1873. By 2002, only 111 primary aortic tumors had been described in the world literature ( Table 116–
2
3
4 5
6
7
8
1 ). The most common artery involved has been the aorta, but primary arterial tumors have been reported to occur in the iliac,[ ] subclavian,[ ] carotid,[ ] [ ] renal,[ ] splenic,[ ] and popliteal[ ] arteries. These tumors begin insidiously, frequently
mimicking other disease processes and resulting in delays in diagnosis and poor outcomes.

This chapter deals predominantly with primary tumors originating in the walls of large arteries. For information on primary tumors involving the large veins, especially the vena cava, see Chapter 163 .

CLASSIFICATION OF PRIMARY ARTERIAL TUMORS
Theoretically, any cellular components of the artery wall can undergo malignant degeneration, although the majority of vascular tumors described in the literature have been mesenchymal in origin. Major arteries can be either primarily or secondarily involved
by tumor. More commonly, spread of other malignancies—gynecologic, head and neck, pulmonary, musculoskeletal, colon, and rectal cancers—affect arteries secondarily. Most primary tumors of large arteries have occurred de novo, although several cases

9 10 11 12 13
14 15
have been noted to occur after polyester grafting.[ ] [ ] [ ] [ ] [ ] Experimentally, polyester has been shown to induce tumor formation in animal models.[ ] [ ] With so few cases being reported in humans, however, a coincidental rather than
causal relationship is suggested.
16

Various classification schemes of aortic tumors have been described ( Table 116–2 ). In 1972, Salm[ ] described three distinct morphologic types of primary aortic tumors: intraluminal, intimal, and adventitial. Polypoid or intraluminal tumors, such as
myxomas, have a focal attachment to the intimal surface, with most of the growth extending into the lumen of the vessel ( Fig. 116–1 ). Because of their projections into the lumen of the artery, tumor embolization is common. Intimal tumors grow along the
endothelial surface of the aorta with less pronounced projections into the lumen, leading to large branch vessel occlusion. As the name implies, adventitial aortic tumors originate in the media or adventitia and grow outward, invading surrounding
TABLE 116-1 -- Primary Aortic Tumors: Review of the Literature 1873 to 2002 (n = 111)
HISTOLOGY

NO. CASES

% MALE

METASTASES (%)

% INTIMAL

Sarcoma

33

67

15

17

1

16(49)

94

Malignant fibrous histiocytoma

17

59

11

5

1

11(65)

41

Angiosarcoma

17

71

5

12

0

10(59)

82

Leiomyosarcoma

13

39

6

5

2

11(85)

39

Fibrosarcoma

9

67

4

5

0

6(67)

67

Myxoma

4

50

3

0

1

2(50)

75

Fibromyxosarcoma

3

67

1

1

1

1(33)

100

Hemangiopericytoma

2

50

2

0

0

1(50)

0

Hemangioendothelioma

3

67

2

1

0

3(100)

67

Malignant endothelioma

2

100

2

0

0

2(100)

100

Aortic intimal sarcoma

2

100

0

0

2

2(100)

100

Myxoid chondrosarcoma

1

100

0

1

0

1(100)

100

Myxosarcoma

1

100

0

0

1

0(0)

100

Myxomatous endothelioma

1

100

0

1

0

0(0)

100

Endotheliosarcoma

1

100

1

0

0

0(0)

100

Fibromyxoma

1

0

0

0

1

1(100)

100

Fibroxanthosarcoma

1

0

1

0

0

1(100)

0

111

63

53

48

10

67(60.3)

72

Totals

THORACIC

ABDOMINAL

THORACOABDOMINAL
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TABLE 116-2 -- Classification of Primary Aortic Tumors

*

16]

17]

SALM CLASSIFICATION [

WRIGHT CLASSIFICATION [

Polypoid
}

Intimal

→

Mural

Intimal
Adventitial

* Superscript numbers indicate chapter references.

17

structures. Wright and colleagues[ ] simplified this classification in 1985 by combining the polypoid and intimal groups into intimal tumors and labeling adventitial tumors as mural tumors. More than 70% of primary aortic tumors are of the intimal type,
with roughly equal distribution throughout the aorta (see Table 116–1 ).
In the past, histopathologic diagnosis of primary arterial tumors was based on gross appearance as well as light and electron microscopic findings. Frequently, these tumors are so advanced and so poorly differentiated as to make the appropriate histopathologic
diagnosis difficult. Historically, this fact has led to a confusing array of pathologic diagnoses, as seen in Table 116–1 . Today, with the advent of immunohistochemistry, the pathologic classification of arterial tumors is more precise. Vascular endothelial
antigenic stains to von Willebrand factor (vWF), clusters of differentiation CD31 and CD34, and Ulex europeas agglutinin 1(UEA-1), in association with an atypical spindle cell morphology would be suggestive of angiosarcoma and intimal sarcomas. Positive
antigenic staining for desmin, smooth muscle actin, and vimentin would suggest leiomyosarcoma. Metastatic lesions can be ruled out by the absence of immunohistochemical staining for S100 protein and HMB-45 (melanoma); chromogranin, synaptophysin,
and neuron-specific enolase (neuroendocrine tumors); carcinoembryonic antigen and epithelial membrane antigen (epithelial tumors); and CD20, CD30, CD43, and CD99 (hematolymphoid tumors).

DIAGNOSIS
Because of the rarity of these tumors as well as the fact that the arteries involved are centrally located, the diagnosis is difficult and frequently delayed. Less than 5% of all primary aortic tumors have been diagnosed preoperatively. Metastatic disease is
identified in 60% of patients at the time of initial diagnosis (see Table 116–1 ). Hence, the majority of patients complain of nonspecific symptoms such as malaise, fatigue, weight loss, and nausea. Patients with intimally based tumors commonly present with
symptoms from tumor embolization, such as blue toe syndrome, acutely ischemic arm or leg, and acute renal or mesenteric ischemia. The diagnosis is commonly made after pathologic review of an embolectomy specimen, underscoring the need for routine

18]

histiologic analysis of all embolectomy material. Despite this recommendation, fewer than 70 cases of nonmyxomatous arterial tumor emboli have been described in the literature.[

Primary arterial tumors have also been mistaken or mistakenly diagnosed

19
20
21
22 23
at the time of vascular reconstruction for what was thought to be an atherosclerotic process,[ ] an aortic aneurysm, [ ] an aortic psuedoaneurysm,[ ] or an aortic dissection.[ ] [ ]

Conventional arterial imaging such as ultrasonography, computed tomography, and arteriography can detect intraluminal filling defects but cannot characterize and differentiate between a degenerative or thrombotic process and a malignancy. Being invasive,
arteriography also carries

Figure 116-1 A, Macroscopic appearance of a polypoid intimally based sarcoma of the thoracic aorta. B, Histologic section demonstrating a high-grade pleomorphic epithelioid neoplasm with irregular nuclei consistent with an intimal sarcoma.

Figure 116-2 Magnetic resonance imaging (MRI) of an intimal sarcoma of the thoracic aorta. A, Axial gadolinium-enhanced, fat-saturated, T1-weighted spin-echo MR image demonstrating peripheral enhancement. B, Half-Fourier acquisition, single-shot,
turbo spin-echo MR image showing high T2 signal within the mass. (Modified and reproduced with permission from Mohsen NA, Haber M, Urrutia VC, Nunes LW: Intimal sarcoma of the aorta. AJR Am J Roentgenol 175:1289–1290, 2000.)

Figure 116-3 Algorithm for evaluation of a patient who presents with evidence of embolization of the thoracic aorta or in whom embolectomy and pathologic evaluation identify tumor emboli. (+), positive finding; (–), negative finding.
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Chapter 117 - Strategies of Arteriovenous Dialysis Access

JONATHAN M. WEISWASSER MD
ANTON N. SIDAWY MD, MPH

With the ever-increasing longevity of the population and physicians’ improving ability to treat end-stage renal disease, insertion of vascular access is becoming one of the most common procedures performed by a typical vascular surgeon. Similar to many
procedures in our specialty, the type, location, and longevity of long-term vascular access has been extensively studied and subjected to practice guidelines based on “evidence-based” outcomes and longevity studies. The Kidney Dialysis Outcomes Quality

1
Initiative (DOQI),[ ] as published by the National Kidney Foundation, set forth recommendations as part of a national consensus that practitioners avoid percutaneous catheter–based arteriovenous (AV) hemodialysis access in favor of autogenous access
2 3
3
(AA), followed by prosthetic access (PA) as a second preference. With vascular access complications accounting for 15% of hospital admissions among hemodialysis patients[ ] [ ] and Medicare costs approximating $182 million in 2000,[ ] the population

4
of patients requiring hemodialysis access is expected to increase by 10% per year from a group that exceeded 345,000 patients in 2000.[ ]

The multidisciplinary approach to a patient who may require AV access affords the clinical team the ability to anticipate access need and allow for time for maturation of an AA. The current DOQI recommendations for practice patterns is the insertion of an

5
AA in 50% of long-term access patients; however, some centers have had trouble achieving this goal as a result of vein mapping results or availability of forearm basilic vein.[ ] The DOQI guidelines–recommended surgical referral pattern should begin when

1
a patient exhibits a creatinine clearance of less than 25 mL/min or a serum creatinine of greater than 4 mg/dL or when AV access is anticipated within 1 year.[ ] This interval allows for evaluation, placement, maturation, and possible revision without the need

6
for catheter insertion in the most ideal circumstance. Although this interval may be ideal, however, it is often not the case, and late presentation to a dialysis unit is associated with increased mortality and increased need for temporary vascular access.[ ]
Additionally the primary AA requires 3 months to “mature” before cannulation and is the primary access of choice.
STRATEGIES OF ACCESS LOCATION
The timing of hemodialysis dictates the type of initial access. This decision can be divided into acute, semiacute, and long-term access techniques. Often, as in a patient in whom initial access has failed and who is presently hemodialysis dependent, access is
obtained by insertion of a catheter synchronous with a form of long-term access so that the patient may undergo hemodialysis while the access matures.
Acute Access Location and Strategy
For patients who require immediate dialysis access, which for the purposes of this discussion are patients who require hemodialysis of less than 3 weeks’ duration, a double-lumen cuffed or noncuffed catheter should be inserted into the femoral, internal

7
8
jugular, or subclavian vein.[ ] The most common catheter for this purpose is the Quinton catheter, which can be placed at the bedside and must be able to support a flow rate of 250 mL/min.[ ] When catheterization of

1670

9
the femoral vein is employed, the catheter should remain for no more than 5 days, given the high propensity for infection and dislodgment with ambulation.[ ] Most importantly, the subclavian position should be avoided if the patient is to be considered for an
10] [11] [12]

ipsilateral arm access procedure because the incidence of subclavian stenosis or thrombosis or both increases steadily with the presence of a catheter in this position, rendering the extremity useless for insertion of a permanent access.[

Semiacute Access Location and Strategy

In a situation in which the patient would require hemodialysis for more than 3 weeks’ duration, insertion of a cuffed, tunneled, double-lumen catheter should be considered. These catheters also may be employed in situations in which the patient has exhausted
all other options for long-term access or in whom hemodialysis is required while an AA matures. Preference of location mirrors that of an acutely placed catheter: The internal jugular vein is preferred because of its proximity to the atrial-caval junction

13] [14]

(allowing for better flow), but with the added emphasis of placing the catheter in the right internal jugular vein because this is associated with fewer complications compared with other insertion sites.[

Insertion into the left internal jugular vein is

15 16
associated with an increased rate of stenosis and thrombosis and inadequate flow rates.[ ] [ ]
In contrast to a noncuffed temporary bedside catheter, a cuffed catheter must be inserted in a fluoroscopically capable operating room or interventional suite. Although noncuffed catheters can be inserted using Seldinger technique, cuffed catheters are
constructed of a softer Silastic material and must be placed by means of a larger “breakaway” introducer catheter. Some surgeons prefer to insert these catheters using venous cutdown with insertion through a venotomy; however, this may sacrifice distal
vasculature for use in a later autogenous or prosthetic access and is discouraged.

17]

Aside from complications associated with insertion (hemothorax and pneumothorax), the tunneled cuffed catheter can be relied on to function for an average of 6 months, after which infection, fibrin sheath formation, or thrombosis may curtail usage.[

18]
17
19
were able to prolong average catheter patency to 12.7 months. Local infection and sepsis[ ] and infection elsewhere[ ] are typical reasons for removal of the

Using endoluminal therapy or percutaneous mechanical techniques, Suchoki and colleagues[
catheter.

Strategies of Location and Type of Access
Preoperative Evaluation

Before consideration of any long-term access procedure, a thorough history and physical examination should be performed. Aspects of prior history, other than typical items of interest to the surgeon, should include type and location of any indwelling

10] [20]
; this includes any history of transvenous pacemaker or internal automatic cardiac defibrillator. The surgeon should also evaluate the patient for congestive heart

catheters, even subsequent to removal, given the association with deep vein stenosis[
failure or diabetes,

TABLE 117-1 -- Indications of Venous Imaging Before Access Insertion
Edema in the extremity in which an access is planned
Collateral vein development in any planned access site
Differential extremity size of the considered limb
Current or previous transvenous catheter, of any type, in the ipsilateral limb
Previous arm, neck, or chest trauma or surgery in venous drainage of planned access site
Multiple previous accesses in the ipsilateral extremity
Adapted from NKF-K/DOQI Clinical practice guidelines for vascular access: Update 2000. Am J Kidney Dis 37:S137-S181, 2001.
which can adversely affect autogenous or prosthetic access hemodynamics or can render distal AA a dismal patency rate. The surgeon should make note of the patient’s dominant extremity and whether the extremity has endured penetrating trauma or recent

21] [22]

catheter insertion.[

The assessment of the vasculature in the chosen limb should include palpation of pulses at all levels and an Allen test, which, if abnormal, may contraindicate a distal AA. The blood pressure of both upper extremities should be measured and compared for
difference, indicating more proximal arterial disease. Special attention is given to the status and adequacy of the veins of the hand, wrist, forearm, elbow, and upper arm. A vein is considered adequate if it is visible through the skin with or without a tourniquet

27]

applied.[

In instances in which a prior access has failed, imaging of the arterial or venous system may be necessary to plan a procedure adequately. Table 117–1 lists the indications for preoperative venography. The use of venous duplex examination may

23]
24 25
and the technician dependency.[ ] [ ] An added advantage of injection venography is the ability to correct underlying lesions that are

suffice as long as the surgeon recognizes the limitations of the study to detect proximal deep vein stenoses[

26]

amenable to such therapy before the access placement.[

Lesions that cannot be corrected should disqualify the limb as a potential access site.

Site and Type Access Selection

27]

Along with increased ability to manage patients with end-stage renal disease successfully comes longevity and the possibility of multiple access procedures. In a study of 466 access procedures (autogenous and prosthetic), Kalman and associates[

showed

a cumulative overall patency (including primary, assisted primary, and secondary success) rate of 66% at 2 years. The primary patency rate at 2 years was only 36% ( Fig. 117–1 ). As such, the ability to preserve the limb for future access placement is
paramount, while providing the patient with an access with a generous long-term patency. Preference is given to the nondominant arm over the dominant arm, followed by distal location before proximal location. A nondominant upper arm PA is preferred
over a dominant arm AA. Because AA is ascribed a better long-term patency rate, it is strongly preferred over PA when possible. Some controversy exists in situations in which type of access conflicts with proximity, such as prosthetic brachial-antecubital
forearm loop access versus an
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Figure 117-1 Cumulative primary (12 months, n = 162; 24 months, n= 53), primary-assisted (12 months, n = 162; 24 months, n = 55), and secondary success (patent and effective dialysis) (12 months, n = 162; 24 months, n = 72) for all 466 vascular access
procedures combined (only data with a standard error <10% are shown). (From Kalman PG, Pope M, Bhola C, et al: A practical approach to vascular access for hemodialysis and predictors of success. J Vasc Surg 30:727–733, 1999.)

Figure 117-2 The autogenous posterior radial branch–cephalic direct access.

Figure 117-3 The autogenous radial-cephalic direct wrist access, depicted with typical end-to-side configuration.

Figure 117-4 The autogenous ulnar-basilic forearm transposition. (From Silva MB, Hobson RW, Pappas PJ, et al: Vein transposition in the forearm for autogenous hemodialysis access. J Vasc Surg 26:981–988, 1997.)

Figure 117-5 The autogenous brachial-cephalic upper arm direct access.

Figure 117-6 Autogenous brachial-basilic upper arm transposition.

Figure 117-7 The autogenous femoral-popliteal indirect femoral vein transposition. (From Gradman WS, Cohen W, Massoud HA: Arteriovenous fistula construction in the thigh with transposed superficial femoral vein: Our initial experience. J Vasc Surg
33:968–975, 2001.)

Figure 117-8 Cumulative success of autogenous versus prosthetic access. (Adapted from Kalman PG, Pope M, Bhola C, et al: A practical approach to vascular access for hemodialysis and predictors of success. J Vasc Surg 30:727–733, 1999.)

Figure 117-9 Variations of prosthetic access configuration.
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Chapter 118 - Venous Transpositions in the Creation of Arteriovenous Access

W. TODD BOHANNON MD
MICHAEL B. SILVA JR. MD

Autogenous arteriovenous fistulae are currently preferred over hemodialysis accesses constructed with prosthetic grafts. The National Kidney Foundation’s Dialysis Outcome Quality Initiative (DOQI), in 1997, recommended guidelines to increase the

1
utilization of autogenous arteriovenous fistulae.[ ] In order to attain the goals recommended by DOQI, which have been updated in 2001, surgeons are expected to increase their rates of autogenous arteriovenous fistulae to at least 50% of all new permanent
2

hemodialysis accesses constructed.[ ] An important objective of DOQI is to have a prevalence of autogenous fistulae in 40% of all hemodialysis patients. Venous transposition procedures have aided in the greater utilization of autogenous fistulae as the
nation strives to achieve the goals set forth by DOQI.

VENOUS TRANSPOSITIONS AND DIALYSIS OUTCOME QUALITY INITIATIVE GUIDELINES

2 3

Currently, autogenous fistulae are preferred to prosthetic grafts because of their higher primary patency rates and lower frequency of stenosis, thrombosis, and infection.[ ] [ ] Before the DOQI guidelines were issued, prosthetic conduit was often used for the
initial hemodialysis access. Justification for a preference for prosthetic grafts included technical ease of procedure, avoidance of prolonged maturation times, ease of cannulation, differences in reimbursement, and disbelief in the superiority of autogenous

4
fistulae.[ ] The reluctance to perform native fistulae was also fueled by the wide range of reported patency rates as well as the maturation to a functional access with traditional single-incision direct arteriovenous fistulae such as the wrist radial-cephalic
4 5 6 7 8
fistula. Maturation rates of arteriovenous fistulae have ranged between 25% and 90%.[ ] [ ] [ ] [ ] [ ]

As the dialysis population grows and includes older patients, the traditional radial-cephalic arteriovenous fistula, introduced in 1966 by Brescia and associates, is often not an option because of unsuitable venous or arterial anatomy. This is the case with the
radial-cephalic arteriovenous fistula, in which the venous outflow depends on a cephalic vein that is of sufficient caliber and is without the sclerotic changes associated with repetitive trauma from previous intravenous access and phlebotomy. The inability to

7 9 10 11 12
identify suitable veins and arteries and the use of marginal veins that were available through the single radial-cephalic wrist incision have contributed to the high early failure rates for arteriovenous fistulae.[ ] [ ] [ ] [ ] [ ]

In order to maximize autogenous hemodialysis access options, many institutions incorporate venous transposition procedures such as the radial-basilic forearm transposition and the brachial-basilic upper arm transposition when traditional fistula options are

4 8 13 14
8
not possible (i.e., radial-cephalic or brachial-cephalic fistulae).[ ] [ ] [ ] [ ] Silva and associates[ ] were able to increase the rate of native arteriovenous fistulae from 14% to 63% by utilizing a preoperative noninvasive imaging protocol in combination

8
4
with venous transpositions.[ ] Huber and colleagues[ ] demonstrated that using an algorithm designed to increase autogenous fistula rates enabled them to give 71% of patients at their institution evaluated for hemodialysis access an arteriovenous fistula
13]

suitable for cannulation. Ascher and coworkers[

13]

demonstrated a dramatic increase in the autogenous fistula rates after the DOQI guidelines were published. Their fistula rate increased from 5% (pre-DOQI) to 68% (post-DOQI).[

NOMENCLATURE
In 2002, the Committee on Reporting Standards for Arterio-Venous Accesses of the Society for Vascular Surgery and the American Association for Vascular Surgery published standardized definitions related to arteriovenous access procedures and

15

recommended reporting standards for patency and complications.[ ] Autogenous refers to the native vein. An autogenous AV access is an access created by a connection between an artery and vein, and the vein serves as the access site for needle
cannulation. A transposition is an access performed with a transposed vein. The peripheral portion of the vein is moved from its original position, usually through a superficial subcutaneous tunnel and connected to the artery. The more central venous segment
in a transposed access is left in its anatomic position. In contrast, the term translocated is used to describe an access that is constructed from a segment of vein that has been completely mobilized, disconnected proximally and distally, and placed in a location

15]

remote from its origin. The recommended nomenclature for the autogenous transposition procedures can be found in Table 118–1 .[

Configuration descriptors provide information about the anastomotic connection and the course of the conduit. An
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TABLE 118-1 -- Recommended Nomenclature for Transposition Access Procedures
RECOMMENDED NOMENCLATURE

TRADITIONAL NOMENCLATURE

Forearm
Autogenous radial-basilic forearm transposition

Superficial venous transposition in the forearm, basilic vein to radial artery

Autogenous ulnar-basilic forearm transposition

Superficial venous transposition in the forearm, basilic vein to ulnar artery

Autogenous radial-cephalic forearm transposition

Superficial venous transposition in the forearm, cephalic vein to radial artery

Autogenous brachial-cephalic forearm transposition

Superficial venous transposition in the forearm, cephalic vein to brachial artery

Upper arm
Autogenous brachial-basilic upper arm transposition

Basilic vein transposition

Lower extremity
Autogenous femoral–greater saphenous looped access transposition

Greater saphenous vein end-to-side to femoral artery fistula

Adapted from the Committee on Reporting Standards for Arterio-Venous Accesses of the Society for Vascular Surgery and the American Association for Vascular Surgery. J Vasc Surg 35:603–610, 2002.

15]

access has either a direct or indirect configuration.[

15]

A direct access describes the connection between native artery and vein and involves such configurations as the end-to-side, side-to-side, and end-to-end anastamoses.[

In an indirect access, either

15
15
autogenous or prosthetic graft is interposed between the native artery and vein.[ ] Additional descriptors may be used, such as transposed, translocated, straight, and looped.[ ]
Primary patency refers to the interval from the time of access placement to the intervention designed to maintain or re-establish patency, access thrombosis, or the time of measurement of patency. Assisted primary patency refers to the interval from the time of
access placement until access thrombosis or the time of measurement or patency including interventions designed to maintain the function of a patent access. Secondary patency refers to the interval from the time of access placement until access abandonment,

15]

thrombosis, or the time of patency measurement, including interventions to re-establish function in thrombosed access.[

SUPERFICIAL VENOUS SYSTEM OF THE UPPER EXTREMITY
An understanding of the venous anatomy of the upper extremity is essential in the planning of permanent hemodialysis access. Figure 118–1 depicts the superficial venous anatomy of the upper extremity. However, many anatomic variations may be identified
by preoperative assessment.
Cephalic Vein

The cephalic vein arises from the radial aspect of the veins draining the dorsum of the hand and travels around the radial border of the forearm. On the proximal aspect of the volar forearm, the median cubital vein arises. This vein communicates with the deep
veins in the forearm and then crosses the antecubital fossa to join the basilic vein. As it crosses the elbow, the cephalic vein is found in an anatomic groove between the brachioradialis and biceps muscles. The cephalic vein travels superficial to the
musculocutaneous nerve and then ascends in the groove along the lateral border of the biceps muscle. In the upper third of the arm, the cephalic vein passes between the pectoralis major and deltoid muscles, crosses the axillary artery, and joins the axillary
vein just below the clavicle. The accessory cephalic vein arises from the ulnar side of the dorsum of the hand or the posterior aspect of the forearm and usually joins the cephalic vein below the elbow.
Basilic Vein
The basilic vein originates on the ulnar aspect of the dorsum of the hand and travels in the subcutaneous space up the

Figure 118-1 Superficial venous anatomy of the upper extremity.

TABLE 118-2 -- Superficial Venous Transpositions of the Forearm
TRANSPOSITION PERFORMED
Type A

% OF TOTAL
15

Artery and vein in immediate proximity
Single incision
Superficial subcutaneous transposition only
Type B

33

Dorsally located vein transposed to volar surface artery
Separate incisions
Superficial subcutaneous transposition
Type C
Volar vein transposed to mid forearm volar surface
Separate incisions
Superficial subcutaneous transposition
From Silva MB Jr, Hobson RW II, Pappas PJ, et al: Vein transposition in the forearm for autogenous hemodialysis access. J Vasc Surg 26:981–988, 1997.

52

27]

were accomplished through a single incision with the artery and vein in close proximity. Approximately half of transposed veins arose from the volar surface of the forearm, and a third were harvested from the dorsal aspect of the forearm.[

Lower Extremity Venous Transpositions

The upper extremity is the preferred site for hemodialysis access, with the lower extremity generally being reserved for use once upper extremity options have been exhausted. If the extremity is not suitable for fistula creation, a prosthetic graft can be placed.

28]

However, there is a concern about increased thrombosis and been infection rates in thigh hemodialysis grafts, which have reported as high as 55% and 35%, respectively. [

29]

Tashjian and coworkers,[

reviewing their experience with 73 femoral artery–

29
based hemodialysis grafts, found a primary patency rate of 71% and secondary patency rate of 83% at 1 year.[ ] The infection rate in this series was 22%.
30 31

Venous transpositions in the lower extremity using both the greater saphenous vein (GSV) and the superficial femoral vein (SFV) have been described.[ ] [ ] The use of translocated greater saphenous and superficial femoral veins in the leg have
theoretical benefits similar to those of venous translocations in the upper extremity. The venous conduits are long and generally of good caliber and are less prone to infection than prosthetic grafts. Importantly, only one anastomosis is required, as the more
central venous segment maintains its native connection with the common femoral vein.

32

31

The superficial femoral vein, part of the deep venous system, has a diameter in the range of 6 to 10 mm, has relatively thick walls, and has been used for a wide variety of vascular reconstructions.[ ] Gradman and colleagues[ ] reported a retrospective
analysis of 25 patients who underwent arteriovenous construction using superficial femoral veins. Eighteen of the patients underwent SFV transposition, and 7 were given a composite loop fistula of SFV and PTFE. The cumulative primary fistula patency rate
was 78% at 6 months and 73% at 1 year. The cumulative secondary patency rate was 91% at 5 months and 86% at 1 year. There were no fistula infections, but the rate of major wound complications was 28%. Eight patients required secondary procedures for

31]

symptomatic steal syndrome, and one patient ultimately needed an above-knee amputation after development of ipsilateral compartment syndrome.[

The saphenous vein has been utilized for arterial reconstructions in virtually all vascular beds and in the construction of arteriovenous access in both the upper and lower extremities. The greater saphenous vein has been used to create an autogenous fistula in

30 33 34 35

35

30]

the upper thigh in a looped configuration and an arterial anastomosis with the common femoral or superficial femoral artery.[ ] [ ] [ ] [ ] Although described more than 30 years ago, this configuration is seldom used.[ ] Illig and colleagues,[
noting that the incidence of infection can be as high as 40% in traditional saphenous vein harvest, have utilized an endoscopic vein harvest technique in combination with creation of a transposed saphenous vein arteriovenous fistula.
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TECHNIQUES OF VENOUS TRANSPOSITIONS
Patient Assessment and Selection of Optimal Site
The patient evaluation and preoperative assessment are the most important steps in the establishment of durable hemodialysis access. First, the best available site, based on optimal arterial inflow and venous outflow, is selected. We prefer an autogenous fistula
over a prosthetic graft, the forearm over the upper arm, and the nondominant arm over the dominant arm. Visual inspection and physical examination of the upper extremities are performed but may be inadequate to assess certain aspects, especially vein size
and quality as well as adequacy of central venous outflow. Therefore, duplex scanning is used to screen all patients. Table 118–3 summarizes the noninvasive criteria used to identify suitable arteries and veins for venous transposition procedures. A vein
diameter of 2.5 mm is acceptable for superficial venous transposition of the forearm. The translocated brachial-basilic fistula may not be ideally suited for patients with obese arms or veins with a diameter less than 4 mm.
A tourniquet is placed on the mid-forearm. The examination begins at the wrist, and after dilatation with gentle tapping and stroking, the veins are insonated with a 5- or 7-MHz scanning ultrasound probe. The veins are evaluated for diameter, compressibility,
and continuity with the upper arm veins. Patency of the deep system and continuity with patent axillary and subclavian veins are verified. The largest-diameter superficial vein of good quality is mapped with skin markings. Next, the arterial anatomy of the
upper extremity is evaluated with duplex scanning, and the diameter of the target artery is measured. Bilateral arm pressures are recorded, and the palmar arch is assessed for patency. The target artery diameter should be greater than 2 mm and the artery
should have no obliterating calcification.
Brachial-Basilic Transposition
The brachial-basilic transposition is usually performed with either local anesthesia using 1% lidocaine and intravenous sedation or regional anesthesia using an interscalene nerve block. The entire arm and ipsilateral axilla and shoulder are
TABLE 118-3 -- Noninvasive Criteria for Selection of Arteries and Veins for Dialysis Access Procedures
Venous examination

Venous luminal diameter > 2.5 mm

Absence of segmental stenosis
Continuity with the deep system in the upper arm
Absence of ipsilateral central venous stenosis or occlusion
Arterial examination

Arterial lumen diameter > 2.0 mm
Absence of obliterative calcification
Absence of blood pressure differential > 20 mm Hg
Patent palmar arch

Adapted from Silva MB Jr, Hobson RW II, Pappas PJ, et al: A strategy for increasing of autogenous hemodialysis access procedures: Impact of preoperative noninvasive evaluation. J Vasc Surg 27:302–308, 1998.
sterilely prepared. The basilic vein is first identified anterior to the medial epicondyle of the humerus, and through a longitudinal incision along the medial aspect of the upper arm to the axilla, the basilic vein is exposed. The median cutaneous nerve is close to
the basilic vein and should be preserved. Venous branches are ligated and divided as the basilic vein is mobilized to its junction with the brachial vein. The brachial artery can be exposed through the same incision or through a separate incision. Vessel loops
are loosely encircled around the brachial artery proximally and distally.
Next, the basilic vein is divided near the antecubital fossa and then flushed and distended with heparinized saline. A sterile marking pen is used to mark the vein along its entire length to help avoid twisting during passage through the subcutaneous tunnel
created anteriorly between the axilla and antecubital fossa. Approximately 3000 units of intravenous heparin is administered, and then proximal and distal control of the brachial artery is obtained with the vessel loops. An end-to-side anastomosis with the
brachial artery is then constructed with 6–0 polypropylene suture. After completion of the anastomosis, the fistula is inspected for a thrill. If a thrill is not present, a technical or structural problem is suspected that will require correction. The subcutaneous
tissues and skin are closed with absorbable suture.
Superficial Venous Transposition of the Forearm
The superficial venous transposition of the forearm is performed in the operating suite, and the usual anesthetic of choice is local 1% lidocaine infusion supplemented with intravenous sedation. Lidocaine with epinephrine is avoided because of its
vasoconstrictive properties. The entire arm is sterilely prepared, and the procedure is performed by the surgeon and the assistant in the seated position. The use of surgical magnifying lenses with 2.5× magnification is routine.
Once the skin and subcutaneous tissue overlying the vein have been properly anesthetized, a longitudinal incision is made directly over the vein, beginning at the distal extent of the previously mapped and marked vein. The incision proceeds toward the
antecubital fossa for a distance of at least 15 cm ( Fig. 118–2 ). A 3–0 silk suture ligature is used to ligate the portion of vein remaining in its distal bed, and the

Figure 118-2 Incision along length of vein marked by duplex ultrasonography. (From Silva MB, Hobson RW, Pappas PJ, et al: Vein transposition in the forearm for autogenous hemodialysis access. J Vasc Surg 26:982, 1997.)

Figure 118-3 Complete dissection of the vein and dilatation with heparinized saline. A separate radial artery incision is marked. (From Silva MB, Hobson RW, Pappas PJ, et al: Vein transposition in the forearm for autogenous hemodialysis access. J Vasc
Surg 26:982, 1997.)

Figure 118-4 Construction of subcutaneous tunnel. (From Silva MB, Hobson RW, Pappas PJ, et al: Vein transposition in the forearm for autogenous hemodialysis access. J Vasc Surg 26:983, 1997.)

Figure 118-5 Vein transposed through mid-forearm volar subcutaneous tissues. (From Silva MB, Hobson RW, Pappas PJ, et al: Vein transposition in the forearm for autogenous hemodialysis access. J Vasc Surg 26:983, 1997.)

Figure 118-6 Completed fistula. The mid-forearm volar location facilitates cannulation and comfortable arm positioning during dialysis. (From Silva MB, Hobson RW, Pappas PJ, et al: Vein transposition in the forearm for autogenous hemodialysis access. J
Vasc Surg 26:984, 1997.)
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Chapter 119 - Management of Thrombosed Dialysis Access
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In the United States, long-term hemodialysis for end-stage renal failure affects at least 250,000 patients. Patients with renal failure today are older and have a high incidence of diabetes mellitus as a causative factor in renal disease. Because kidney allografts
are a limited and rare commodity, the percentage of patients with chronic renal failure on hemodialysis is greater than 35%. Of all dialysis patient admissions, 20% are related to access site problems, and the most common complication leading to failure of a

1

vascular access site is thrombosis. Ballard and colleagues[ ] found that 18% of the total surgical caseload was related to the treatment of dialysis access complications in a 4-year single-institution review of angioaccess procedures. A large portion of the cost
of treatment of dialysis patients relates to providing, preserving, and maintaining arteriovenous (AV) access for hemodialysis.
Prosthetic AV access thrombosis is a frequent complication that occurs at a rate of 0.5 to 0.8 episodes per year. AV access thrombosis alone accounts for a major source of hospital admissions, increasing hospital costs, patient morbidity, and physician
frustration. Thrombosed grafts often require rescue procedures to extend the life of the graft and make the most use of the limited available access sites. Salvage procedures of thrombosed prosthetic dialysis shunts may be performed with conventional surgical
or endovascular techniques or a combination of both techniques. Many techniques for declotting have been used, including open surgical thrombectomy, percutaneous pharmacologic or mechanical
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thrombectomy, and pharmacomechanical techniques. Despite the various treatment options, no individual declotting modality has proved superior. Long-term patencies after a single revascularization procedure are meager (median <90 days).
The reason for prosthetic AV access thrombosis is multifactorial and includes the formation of intimal hyperplasia, adequacy of the patient’s arteries and veins, prosthetic material choice, actual access site and graft anatomic configuration, intrinsic coagulation
state, systemic blood pressure, and cardiac output. Prosthetic AV access using either polytetrafluoroethylene (PTFE) or the more recently introduced polyurethane graft has lower patency rates compared with autogenous AV access. The secondary patency
rates tend to be slightly higher, however, as a result of multiple revisions in attempts to maximize the longevity of each individual access. Data from the U.S. Renal Data System Dialysis Morbidity and Mortality Study Wave 2, which contained a random

2

sample of dialysis patients initiating dialysis in 1996 and early 1997, included evaluations of failures and revisions among 2247 newly placed hemodialysis accesses.[ ] In a cohort of 1574 prosthetic AV accesses, there was a 41% greater risk of failure than
with autogenous AV access and a 91% higher chance of needing a revision. PTFE grafts had a 2-year primary patency rate of 24.6% (versus 39.8% for autogenous AV access; P< .001) with equivalent secondary patency rates (64.3% versus 59.5%; P = .24).

CLINICAL EVALUATION OF THE THROMBOSED ACCESS
A great deal of information can be gained from taking a detailed access history and careful clinical examination of the patient:
1. How many accesses have been placed previously, how long did they last, and how often were they revised? This is particularly important for the affected limb.
2. Have there been catheters placed? Did they work well, were they difficult to place, and has there been any arm swelling? Again, the emphasis is on the affected side. These questions may glean useful information on the status of the central veins.
3. Extremity examination should focus on the type of access previously placed, how it was revised (e.g., extension from a forearm access may consume upper arm vein), and whether there is any evidence of infection in existing grafts and the height in
the axilla of previous venous anastomoses (very high anastomoses are revised more easily using a catheter-based approach than an open surgical approach). Type and geometry of the graft dictate where the graft should be accessed for thrombus
removal.
4. A history of hypercoagulable states, lupus, or sickle cell tends to decrease graft patency.

Figure 119-1 Transverse section through the venous anastomosis of an expanded polytetrafluoroethylene graft (arrow). The lumen is almost completely filled with neointimal hyperplasia. This lesion is the most common cause of graft failure and is difficult to
dilate with an angioplasty balloon.

Figure 119-2 Despite the use of high-pressure angioplasty balloons (20 atm), it can be difficult to dilate the stenosis. Persistent “waisting” of the balloon is observed in this study.

Figure 119-3 A, The traditional open approach is to pass a Fogarty catheter proximally and distally through a graftotomy. Many surgeons simply open the graft through the venous anastomosis to facilitate subsequent patching. B, We favor making a
graftotomy remote from the venous anastomosis, to permit ease of imaging the entire graft. Surgical cutdown over the apex of a forearm loop polytetrafluoroethylene graft has been performed. The graft has been encircled with a Romel for control. A No. 4
Fogarty embolectomy catheter is used to thrombectomize the venous anastomosis first and then the arterial anastomosis with the arterial plug. C, When the thrombectomy has been completed, a hemostatic sheath is inserted into both ends of the graft, and
angiography is performed.

Figure 119-3 A, The traditional open approach is to pass a Fogarty catheter proximally and distally through a graftotomy. Many surgeons simply open the graft through the venous anastomosis to facilitate subsequent patching. B, We favor making a
graftotomy remote from the venous anastomosis, to permit ease of imaging the entire graft. Surgical cutdown over the apex of a forearm loop polytetrafluoroethylene graft has been performed. The graft has been encircled with a Romel for control. A No. 4
Fogarty embolectomy catheter is used to thrombectomize the venous anastomosis first and then the arterial anastomosis with the arterial plug. C, When the thrombectomy has been completed, a hemostatic sheath is inserted into both ends of the graft, and
angiography is performed.

Figure 119-4 The arterial plug is thrombolysis resistant and consists of compact layers of fibrin and red blood cells.

Figure 119-5 A longitudinal incision is made onto the graft and extended down onto the venous outflow tract. A prosthetic patch is used to create a patch angioplasty onto the venous anastomotic stenosis.

Figure 119-6 Arterial and venous sheaths are inserted into a forearm loop graft.

Figure 119-7 Lyse and wait technique. The surgeon slowly injects 250,000 IU of urokinase or 2 mg of tissue plasminogen activator mixed with 5000 U of heparin in 5 mL of normal saline.

Figure 119-8 When the patient enters the interventional suite, the graft is accessed using the crossed catheter technique with a 5F sheath close to the venous anastomosis and directed toward the artery. A Fogarty catheter is used to displace the plug from the
arterial anastomosis, which is allowed to pass into the central veins. A second sheath is inserted into the graft close to the arterial end and directed toward the venous anastomosis. The entire graft, arterial anastomosis, and venous outflow can be studied rapidly
via the dual sheaths. Through this, angioplasty of a venous anastomotic stenosis or central venous stenosis can be performed.

Figure 119-9 Angiogram shows a typical venous anastomotic stenosis.

Figure 119-10 Thrombosed femoral loop polytetrafluoroethylene graft. A, The larger arrow is pointing toward the arterial end, and the smaller arrow is pointing toward a high-grade venous anastomotic stenosis seen on initial diagnostic angiogram. B,
Femoral graft after initial run with the AngioJet percutaneous thrombectomy device. Notice two sheaths in either side of the graft for declotting the arterial and venous ends. C, Angioplasty of the venous outflow stenosis; a tight waist is seen during
insufflation of the balloon.
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Chapter 120 - Nonthrombotic Complications of Arteriovenous Access for Hemodialysis
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BACKGROUND
End-stage renal disease (ESRD) is an increasingly common diagnosis in the United States. The American Kidney Foundation now lists it as the ninth leading cause of death. Although hemodialysis had its start in the 1960s by the introduction of the technique
at the University of Washington, the numbers treated were relatively small. Prior to 1973 the total number of patients on hemodialysis was 13,000. That same year saw the passage of the End-Stage Renal Disease Program of Medicare, which provided

1
2
financial support to renal failure patients. By 1980 there were more than 50,000 patients on dialysis, and by 1986 the number was 87,000.[ ] Data from the 1999 U.S. Renal Data System (USRDS) showed 194,000 patients receiving renal dialysis.[ ] This
3
trend is likely to continue as the population gets older and the incidence of diabetes mellitus in the overall population increases. The overall incidence is 180 per million and continues to rise at a rate of 7.8% per year.[ ] The incidence for those older than 75

4
years of age rose even faster at 9.5% between 1996 and 2000.[ ] Most patients with ESRD are treated with hemodialysis rather than peritoneal dialysis or renal transplant. Hemodialysis patients outnumber those on peritoneal dialysis or renal transplant
4
patients by almost 2:1.[ ] The year 2000 saw more than 83,000 new patients beginning hemodialysis.
5
Costs for renal dialysis continue to rise accordingly. Costs for treatment of ESRD patients was estimated at $8.6 billion in 1991, or an annual cost of $47,000 per patient.[ ] Not reflected in this number are additional expenses for outpatient drugs and supplies,

6
cost of disability, and Social Security payments.[ ] USRDS data from 2000 reveal a cost of more than $11 billion per year. Medicare parts A and B payments per patient per month in 1999 ranged from $4,931 ($59,173 per annum) for patients younger than 44
4
5
years of age without diabetes up to $6,233 ($74,796 per annum) for a patient older than 75 years of age with diabetes.[ ] It is believed that one third of the cost of maintenance hemodialysis is related to establishing and preserving vascular access.[ ] Vascular
7
access dysfunction was the leading indication for hospitalization in the population of patients undergoing dialysis in 1993.[ ]
The Dialysis Outcome Quality Initiative (DOQI) guidelines published by the National Kidney Foundation provide recommendations for optimal clinical practices aimed at improving dialysis outcome and patient survival. In an effort to standardize both the
nomenclature used to describe autogenous and nonautogenous arteriovenous (AV) accesses as well as their complications, the Committee on Reporting Standards for Arteriovenous Access of the Society for Vascular Surgery (SVS) and the American

3

Association for Vascular Surgery (AAVS) published their report.[ ] The nomenclature used by the Reporting Standards document is used throughout this chapter to describe access for hemodialysis. The discussion of complications from the creation and use
of hemodialysis access is related to the DOQI guidelines. The Reporting Standards document recognizes eight categories of complications from the creation or use of hemodialysis access. These include thrombosis (discussed in Chapter 119 ), bleeding,
infection, pseudoaneurysm, noninfectious fluid collections, steal syndrome, venous hypertension, and neuropathy. The physician charged with establishing hemodialysis access or with management of patients on maintenance hemodialysis should be
knowledgeable about all of these potential complications.

BLEEDING
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Bleeding difficulties can plague the surgeon during the creation of a new AV access or during the revision of an older one. Prolonged bleeding from needle puncture sites is another source of problems in the hemodialysis patient. The Reporting Standards
document grades the severity of bleeding from grades 0 to 3, as follows:
Grade 0: No bleeding
Grade 1: Resolves without treatment
Grade 2: Medical therapy needed to correct coagulation abnormality
Grade 3: Intervention needed
Factors Contributing to a Bleeding Diathesis

8 9
10
Morgagni in 1764 was the first to recognize the association between kidney dysfunction and a bleeding tendency.[ ] [ ] Riesman made the observation again in 1907 with his description of a bleeding tendency seen in the course of Bright’s disease.[ ]
Patients on hemodialysis have the additional risk factor for bleeding of periodic heparin administration. Subdural hematoma, hemopericardium, gastrointestinal bleeding, bleeding into the anterior chamber of the eye, parathyroids, retroperitoneum, and
10

mediastinum all have been described in patients on chronic hemodialysis.[ ] There is no close relationship between the degree of azotemia and bleeding complications, but as a general rule, the risk of bleeding increases markedly when the blood urea
nitrogen concentrations exceed 100 mg/dL. Certain medications are known to worsen bleeding tendencies in patients with ESRD as well. Beta-lactam antibiotics (i.e., penicillins and cephalosporins) have a half-life that is prolonged in renal failure and at high

11]

levels have been shown to cause platelet dysfunction. At extremely high serum levels, penicillins alter antithrombin III activity, causing heparin-like abnormalities.[

Low-molecular-weight heparins are mainly eliminated by the kidneys, and their use in

12
13 14
hemodialysis patients can be difficult to adjust correctly.[ ] Skin puncture bleeding time is a reliable predictor of clinical bleeding in the setting of uremia.[ ] [ ]

The defect in hemostasis seen in the setting of uremia is multifactorial. Although some of the defect arises from chronic anemia, other factors also play an important role. At normal hematocrit levels, red blood cells occupy the center of the blood stream, with

13]

platelets and plasma more concentrated at the periphery and able to react readily with the endothelium. In anemia the rheology of the blood changes and the blood acts like more of a classic Newtonian fluid with platelets and red blood cells evenly mixed.[

[15] [16] Most research has pointed to platelet dysfunction as the most prominent defect in uremia.[8] [9] [17] [18] Platelets of patients with uremia exhibit a decrease in glycoprotein (GP) Ib,[19] the receptor for von Willebrand factor (vWF).
[18]
Furthermore, GPIIb-IIIa function of platelets is impaired, most likely the result of a conformational change and fibrinogen-ligand binding defect of GPIIb-IIIa.

Excessive nitric oxide (NO) production by uremic vessels, perhaps secondary to uncleared

9
guanidinosuccinic acid, has been implicated as the previously mysterious factor inducing the changes in platelet function.[ ] The final defect seen in uremic patients is the increased endothelial production of prostaglandin I2 , a vasodilator with antiplatelet
10] [15]

effects. [

Treatment of Bleeding Diathesis
Treatment of bleeding in the hemodialysis patient can be addressed by several means. Adequate dialysis itself can improve platelet function. Maintenance of an adequate hematocrit by use of erythropoietin gives both a margin of safety should there be any

18]

bleeding as well as favorably affects the rheology of the blood-facilitating platelet function. Recombinant human erythropoietin (rHuEPO) also induces an increase in GPIIb-IIIa expression.[

10]

Intraoperative or postoperative bleeding can be dealt with by the administration of 0.3 to 0.4 μg/kg of 1-deamino-8-D-arginine vasopressin (DDAVP). The DDAVP should be diluted in saline and administered as a short (30-minute) infusion.[

DDAVP

20
releases factor VIII:vWF from storage sites into the plasma and increases the proportion circulating as large multimers.[ ] The effect of DDAVP should be apparent in 30 minutes and lasts up to 8 hours. Tachyphylaxis to DDAVP typically develops after the
[21]
[8]
second dose once stores of VIII:vWF are exhausted.

Some evidence exists that DDAVP may act through transiently decreasing protein C activity as well.

20

Cryoprecipitate, 10 units, can also be administered intraoperatively or postoperatively to control the coagulopathy acutely. It contains large amounts of VIII:vWF multimers and fibrinogen. The effect lasts approximately 24 hours. [ ] Persistent oozing during
surgery or after dialysis may be secondary to continued heparinization. Protamine can be administered up to 0.01 mg of protamine per unit of heparin to reverse the anticoagulant effect of heparin. Use of activated factor VII has been used with success if all the

12]

earlier discussed measures fail to arrest the bleeding but carries with it the risk of systemic thrombosis.[

22]
15
Oral conjugated estrogens can also be used with the same effect at the dose of 2.5 to 25 mg or 0.6 mg/kg intravenously.[ ] It is thought that the effect
[24]
[15]

The use of transdermal estradiol is safe and effective in providing longer term procoagulant effects.[

23]

may occur by antagonizing the synthesis of NO.[

The effect of estrogens can be seen within 6 hours

but does not manifest fully for 5 to 7 days. The effect can last for 14 days.

Bleeding in the hemodialysis patient can be difficult to manage once it starts. Strategies advocated to avoid bleeding include stopping aspirin or nonsteroidal anti-inflammatory drugs for 1 week prior to surgery. Optimally, the surgery should be performed 24
hours after dialysis to allow for recovery of platelet function. Patients facing major surgery should be placed on transdermal estrogen (100 μg/24 hours) for 2 weeks prior to the procedure. Intravenous estrogen can be used if a more urgent operation is

16]

required.[

21]
and supplemental vitamin K can be administered as needed. Use of rHuEPO should be universal.

Hemodialysis patients are also often malnourished to some degree,[

Bleeding in the postoperative period in most cases should be addressed by returning the patient to the operating room and exploring the operative site for evidence of surgical bleeding. Pharmacologic adjuncts as described earlier, particularly the use of
protamine sulfate to reverse the effects of heparin, should be considered if the initial procedure involved heparinization. DDAVP to improve platelet function should also be used liberally but not as a substitute for surgical exploration. Bleeding from access
puncture sites can be problematic as well. Prolonged bleeding, or bleeding
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that occurs after discharge from the dialysis center, can be significant enough to prompt patients to seek attention in the emergency department. Rarely does bleeding from this cause require operative intervention, however. Bleeding should be controlled by
direct pressure over the point of blood loss. The pressure applied should be enough to stop the bleeding without obstructing blood flow through the access itself. Generally direct pressure applied in this manner controls the bleeding within 30 minutes or less. If
the patient has just finished a dialysis session, protamine sulfate may be useful to counter any remaining heparin effects. DDAVP can also be helpful. If bleeding after dialysis is a consistent problem, consideration should be given to a venous outflow
obstruction and an investigation with either a duplex ultrasound or venogram undertaken.

INFECTION

4
Infection is common in prosthetic hemodialysis accesses but is also seen in autogenous accesses.[ ] Infection is the second leading cause for access loss and can cause significant morbidity or even mortality. Infectious complications of all types are the second
6 25 26 27

28

leading cause of death in dialysis patients, accounting for 15% to 36%.[ ] [ ] [ ] [ ] Impaired humoral and cellular immunity, nutritional deficiencies, and type of vascular access are thought to be among the major determinants.[ ] Because
autogenous AV accesses, once functioning, have a better patency than prosthetic accesses and are less prone to infection, the DOQI guidelines recommended increasing the relative proportion (percentage) of hemodialysis patients with autogenous accesses.
The Reporting Standards document recommends reporting infections as early (<30 days) versus late (>30 days), culture positive or negative, and identifying the site of the infection (para-anastomotic/mid-AV access/outflow veins). The timing of the infection
as well as its location and type of access (autogenous vs. prosthetic) determines how the infection is addressed. The severity of infection recognizes how significant an access infection can be and is graded as follows:
Grade 0: None
Grade 1: Resolved with antibiotic treatment
Grade 2: Loss of AV access because of ligation, removal of bypass
Grade 3: Loss of limb

The bacteriology of hemodialysis-related infections shows a predominance of gram-positive organisms, with Staphylococcus aureus being the most common isolate. Gram-negative organisms account for roughly another 25%, and a smaller percentage are

29 30

31 32

polymicrobial.[ ] [ ] Two reports exist of infection with Clostridium perfringems.[ ] [ ] The implications of infection with S. aureus can be profound. One study of staphylococcal infections in this setting showed that complications occurred in 44%,
and 14% of those patients died. Infective endocarditis, osteomyelitis, and septic arthritis were the most common complications. Because of the risks associated with access infections, antibiotics that cover both gram-positive and gram-negative organisms
should be initiated as soon as the suspicion of access-related infection is entertained. Most commonly, vancomycin and gentamicin are chosen because of their broad spectrum and ease of dosing. Accordingly, hemodialysis patients have been recognized for

33]

the development of vancomycin resistance.[

34]

Also several authors have pointed out slower in-vitro killing rates for these antibiotics when compared with beta-lactam antibiotics.[

In centers where the prevalence of methicillin-resistant S. aureus is low,

35 36
nafcillin, oxacillin, or cefazolin should be used in place of vancomycin.[ ] [ ]
27]

The National Kidney Foundation’s DOQI Guideline 30 recommends less than 10% use of catheters for chronic hemodialysis. At the time of the initial publication only small studies were available to support that recommendation.[

Initial reports showed

37
38 39
27
low rates of bacteremia with tunneled catheters, but the duration of use was short.[ ] Since then several large studies[ ] [ ] have shown the dramatically increased infection rate of catheter-based access. Stevenson and associates[ ] looked at their

experience from 111,383 dialysis sessions over a 2-year period and found 471 (0.4%) access infections. Tunneled catheters accounted for 270 (57%) of them and 73% of the blood stream infections. Only 2% of the patients in their series were dialyzed using
nontunneled catheters, but these still accounted for 10% of the total infection rate. Analysis of their data revealed that the relative risk of infection strikingly correlated with the access type used. Nontunneled catheters had the highest risk with relative risk

27]
Other studies corroborate these findings. The Centers for Disease Control and Prevention performed
[40]
[38]

versus autogenous AV access of 32.6. Tunneled catheters were next with a relative risk of 13.6. Prosthetic AV access showed a relative risk of 2.2.[

surveillance of 800 dialysis patients and found that independent risk factors for vascular site infection included the use of catheter for access, specific dialysis center, and albumin level of less than 3.5.

A study of 988 hemodialysis patients in France

41]

also identified catheter versus autogenous AV access as an independent risk factor. A study of S. aureus infections in hemodialysis patients that showed 67% of all the access-related infections occurred in patients with a catheter access.[

As would be

42
43 44
predicted, the incidence of infection for nontunneled catheters rises with duration of use. For internal jugular lines, Oliver and colleagues[ ] showed a risk of 10% after 4 weeks. Others have shown similar results,[ ] [ ] with one report demonstrating a
[45]

higher than 50% catheter-related bacteremia rate by the second month.

Management of catheter infection can be complicated by the frequent lack of other access sites. Patients dialyzed with catheters are often doing so for lack of other access options. This has led to attempts at catheter salvage. In general exit-site infections

35] [46]
Tunnel infections (tenderness, erythema, or induration > 2 cm from the catheter exit site with or

(defined as crusting, induration, or tenderness adjacent to catheter exit site) can be managed conservatively with careful cleaning and topical antibiotics.[

47 48

without concomitant blood stream infection) are best treated with catheter removal and 3 or more weeks of parenteral antibiotics.[ ] [ ] The acute onset of fever, chills, or hyperglycemia in a patient with a hemodialysis catheter and no localizing signs is
generally considered to be a catheter-related infection until proven otherwise. In an older or immunocompromised patient, the signs may be less obvious and include only hypothermia, lethargy, hypoglycemia, and confusion. In some cases
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46]

metastatic infections may be the first presenting sign.[

Blood cultures should be obtained both through the catheter and from peripheral blood. These paired quantitative cultures can be helpful in determining if the catheter is the source of bacteremia.

49]

Catheters yielding a 5- to 10-fold higher colony count than cultures from the peripheral blood are predictive of catheter infection.[

In cases of complicated catheter infection such as tunnel infection or metastatic infections such as bacterial endocarditis, septic arthritis or osteomyelitis, the catheter must be removed immediately and long-term antibiotics begun. In uncomplicated cases

29

salvage has been attempted. Marr and coworkers looked at 41 patients who developed 62 episodes of catheter-related infections as defined by the presence of bacteremia.[ ] In 38 instances salvage was attempted. Ultimately, only 12 catheters (31%) were
salvaged, but they found no increase in metastatic infectious complications in those patients in whom salvage was attempted. No attempt at catheter exchange over a guide wire was attempted in that series. Other authors have pointed out that the presence of

44

50]

biofilms on the catheter surface may play a role in the failure to cure catheter infections.[ ] Robinson and associates reported on catheter exchange in a cohort of 23 patients and obtained an 80% salvage rate.[
with new tunnel creation if needed and had success in more than 75%. In all cases parenteral antibiotics were administered for at least 3 weeks.

48]

Beathard[

used guide wire exchange

DOQI Guideline 29 suggests increasing to 50% the percentage of patients dialyzing with autogenous AV accesses. This is based both on the better long-term patency and the diminished infection risk. The average life span of a prosthetic AV access is only 2

6
years, and 20% of them are lost due to infection.[ ] A prospective study conducted in the 1980s of 18 Canadian dialysis centers showed the probability of an access infection in 12 months was 4.5% of autogenous AV access versus 19.7% for prosthetic AV
51]

access.[

28]

Jaar and colleagues conducted a longitudinal cohort study using USRDS data looking at 4005 hemodialysis patients. They found a relative risk for infection of 1.35 for prosthetic access versus autogenous.[

For polytetrafluoroethylene (PTFE)

41
grafts, S. aureus bacteremia recurred more often than with autogenous access (44% vs. 7.1%). [ ]
Infections involving an autogenous AV access can present as either diffuse cellulitis or focal abscess. Most episodes respond to a 2- to 4-week course of antibiotics alone. Those associated with an abscess require drainage of the abscess itself and prolonged

52

antibiotics. Those involving the endovasculature of the autogenous access itself also require a prolonged course (4 to 6 weeks) of parenteral antibiotics.[ ] Recurrent infections may require ligation of the access. The bacteriology of autogenous access
infection does not seem to differ from other graft infections and can be treated with similar antimicrobial agents. The likelihood of metastatic infection seems to be related more to the causative organism than to the type of access.

Treatment of prosthetic AV access infections may involve complex, difficult clinical decisions. If only local signs of infection are seen without a skin opening or sinus and no bacteremia is demonstrated, a trial of parenteral antibiotics is reasonable, especially

52]
Failure to improve requires excision of at least all unincorporated graft. Infections involving the

if this coincides with placement of the access or after manipulation such as a surgical revision. Antibiotics should be continued for at least 2 weeks.[

53]
Palder and colleagues in 1985 showed that in more than half of the cases of prosthetic access infection, only a discrete

anastomosis require excision of the graft, even when the graft appears to be incorporated, because of the risk of anastomotic disruption.[

54]

portion of the graft was involved.[

Infections can present as a focal area of erythema or sinus. In these cases an attempt can be made to resect only that portion of the graft that is involved. Schwab and coworkers presented the largest series to date with 17

55

cases managed with segmental resection in 12 patients.[ ] In each case the infection involved only one section of the graft and not the anastomosis. They describe excluding the area of infection with a transparent occlusive dressing and exploring the graft
through clean incisions proximal and distal to the infected segment. If the graft was incorporated and free of infection, a new PTFE graft was anastomosed to the cut ends of the graft and tunneled through noninfected tissue planes and the incisions closed
primarily. The infected portion of the graft was then removed through the sinus tract and the skin left open. With this technique, 94% of the infections were eradicated, though in several instances the patients developed subsequent infections in other portions

56]

of the same graft. Raju reported a 90% salvage rate in his smaller series using the same technique.[

Infections that appear to be focal in nature and occur 30 or more days beyond surgical placement can be treated as described earlier. However, any infection that takes place within the first 30 days after graft implantation and that involves the graft should be

52] [55]

treated by complete excision of the graft and placement of a new access elsewhere.[

57]

Unresolved is the issue of what to do with the abandoned prosthetic AV graft in the face of persistent bacteremia. Removal of a thrombosed, noninfected prosthetic AV access has not been thought to be necessary,[

[57]

can be difficult and somewhat bloody. A study looking at hemodialysis patients with abandoned prosthetic AV grafts in place found a surprisingly high percentage of those access sites to be infected.
unknown origin in patients with a clotted prosthetic access, an indium scan should be obtained. If positive, the clotted access should be removed.

since removal of an incorporated graft

The authors concluded that in the face of a fever of

PSEUDOANEURYSM

58]

Pseudoaneurysms are associated with an increased risk of graft thrombosis, pain, cosmetic problems, infection, bleeding, and difficulty accessing the graft.[

The presence of a pseudoaneurysm does not imply the presence of infection. The thrice-weekly

59]

trauma to vessels or prosthetic graft leads eventually to the overlying skin becoming scarred and ischemic. Pseudoaneurysm formation in PTFE AV grafts is relatively uncommon but well documented, occurring in 2% to 10% of grafts.[

[59]

into the graft is thought to limit pseudoaneurysm development. Poorly incorporated grafts or those that are subjected to lacerations from large needle puncture may develop perigraft hematoma or pseudoaneurysm.

Tissue ingrowth

Autogenous fistula may also form

60
pseudoaneurysms but at a lower rate than PTFE grafts.[ ]
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Figure 120-1 Multiple asymptomatic pseudoaneurysms resulting several years after creation of an autogenous wrist (Brescia-Cimino) arteriovenous fistula.

Grade 1: Observed, resolves
Grade 2: Involves aspiration or surgical drainage
Grade 3: Results in loss of the graft

Noninfectious fluid collections surrounding hemodialysis accesses can represent hematoma, perigraft seroma, or lymphocele. Small hematomas and lymphoceles can be expected to resolve over time with simple observation; however, treatment of a perigraft
seroma usually requires operative intervention, and even then treatment is sometimes unsuccessful.

Perigraft seromas have been reported with both Dacron and PTFE grafts most commonly when placed in subcutaneous locations. Schanzer in his overview of complications notes that in prosthetic AV accesses, the seroma always occurs in proximity to the

62] [63]

arterial anastomosis.[

The active transudation of serum-like fluid can be observed when the graft is exposed at that point. By definition the fluid is persistent, sterile, and confined within a nonsecretory fibrous pseudomembrane surrounding the graft.

[64]

65

66

The exact incidence of this complication is not known, but reports for prosthetic grafts placed at all locations range from 8 cases seen of 1674 PTFE grafts (0.48%)[ ] to as high as 5 of 118 extra-anatomic bypasses (4.2%).[ ] Perigraft seromas
generally appear within the first month after placement of the prosthetic AV access, though they can occur as late as several years afterward. They generally are painless but tend to enlarge over time, leading to difficulty with needle placement or, occasionally,

65]

stretching and thinning of the overlying skin with local pressure symptoms.[

The mass itself is filled with serous or gelatinous material.

67]

Several theories exist as to the etiology of perigraft seroma formation. Szilagyi attributed the process to transudation of serum through excessively porous grafts perhaps due to a focal defect at the time of manufacture.[

[62]

well as Bolton and Cannon

64]

Blumenburg and associates[

as

postulated that “wetting” of the graft by inadvertent soaking of the graft in tissue fluid or blood might cause seepage. Also organic solvents such as alcohol and povidone-iodine can cause increased porosity and permeability to

66]
Ahn and coworkers demonstrated that serum samples from patients with a perigraft seroma inhibited fibroblast growth, whereas sera from normal controls and those with

serum. Others have postulated an immunologic or allergic reaction to the graft.[

68]

incorporated grafts did not.[

With serial testing, Ahn’s group found that serum from a patient with a perigraft seroma initially inhibited fibroblast
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66]

growth but no longer did so once the graft was removed. In another patient in whom the graft was not removed and the seroma eventually resolved, the serum also changed from inhibitory to normal when the seroma resolved.[

Sladen and associates

69
described successfully treating two cases of perigraft seroma with plasmapheresis.[ ]
66 70 71

65

A variety of treatments for this problem have been described. Anecdotal reports exist for success placing microfibrillar collagen (Avitene) around the graft after repeated attempts at aspiration had failed.[ ] [ ] [ ] Borrero and Doscher[ ] reported on
eight cases of perigraft seroma surrounding PTFE grafts. Patients were treated with surgical extirpation of the entire seroma, including the portion attached to the graft. They reported success in six of the eight cases leaving the original graft in place.
Blumenberg and colleagues, who surveyed the North American Chapter of the Society for Cardiovascular Surgery and reported on 279 cases from the 320 surgeons who responded, collected the largest series. Modalities of treatment included serial aspiration,
observation, incision and drainage, cyst removal, and graft replacement. Graft replacement yielded the highest cure rate at 92%. Observation alone had essentially the same success rate as aspiration (68% vs. 69%). Aspiration, however, led to infection or graft

65]

thrombosis in 8%. Cyst removal as advocated by Borrero and Doscher[
in 7%.

[64]

had a 72% success, but infection or thrombosis occurred in 12%. Incision and drainage had only a 53% success rate, with persistence of the seroma in 40% and infection or thrombosis

Based largely on the results of this study, the authors recommend segmental resection of the involved segment in patients with an enlarging or symptomatic perigraft seroma. An interposition graft of conduit made from a different composition,

63] [68] [72] [73] [74]

ideally through a new tunnel, should be used to restore continuity.[

72]

Aspiration should be reserved for cases in which there is diagnostic doubt.[

STEAL

75]

The first description of ischemic vascular steal after an AV access was in 1969 by Storey and associates, who described it following a Bescia-Cimino hemodialysis access.[

Vascular steal after AV access creation is remarkably common if one uses the

76]

definition of reversal of flow in the inflow artery distal to the anastomosis. Kwun and colleagues demonstrated reversal of flow in 73% of autogenous AV access and in 91% of prosthetic access.[

Duncan and coworkers, in a study of Brescia-Cimino

[77]

Despite the frequency of demonstrable alterations in flow, a symptomatic steal syndrome is much less common. Although some coolness in the hand and mild tingling in the
fistulae, showed evidence of reduced blood pressure in the fingers in 80%.
fingers are reported in about 10% of new accesses, most have symptoms that resolve spontaneously after a period of several weeks. The incidence of clinically significant steal has been reported to be as low as 1% for autogenous AV accesses placed distally in

63] [78]

the forearm to as much as 9% for prosthetic grafts.[

3
The Reporting Standards document[ ] suggests grading steal from 0 to 3 and in general terms defines those patients in whom intervention is needed as follows:

Grade 0: No steal
Grade 1: Mild (cool extremity with few symptoms but demonstrable by flow augmentation with access occlusion)—no treatment needed
Grade 2: Moderate (intermittent ischemia only during dialysis/claudication)—intervention sometimes needed
Grade 3: Severe (ischemic pain at rest / tissue loss)—intervention mandatory

Deciding which patients need intervention for steal syndrome requires clinical judgment. As Berman and associates pointed out, symptomatic ischemic steal syndrome related to a functioning dialysis AV graft or fistula poses two challenges to access

79]
Many patients experience transient mild symptoms such as coolness of the hand as well as numbness and paresthesia of one or more fingers. Pain and

surgeons: (1) preservation of uninterrupted vascular access and (2) resolution of the distal ischemia.[

78 80

stiffness of the fingers can also occur.[ ] [ ] These symptoms can be present during dialysis or worsen with dialysis. These symptoms can be watched with the expectation that most will resolve within a few weeks or not progress. If it is decided to observe
the patient because the symptoms are deemed mild, one should insist the patient return for follow-up on a regular and frequent basis because worsening of the symptoms can happen quickly and the patient may be left with permanent injury such as muscle

79]

atrophy. As implied earlier, some patients have more severe symptoms, either immediately after access creation or developing over time. Most reports show that between half and two thirds of the patients who develop steal do so within the first 30 days. [

[81] Rest pain or motor impairment immediately after surgery requires immediate reoperation.[82] [83] [84] [85] Symptoms such as progressive numbness or pain, pallor of the hand, diminished sensation, ischemic ulcers, progressive dry gangrene, and

78]

atrophy of the hand muscle all demand intervention.[

Strictly neurologic changes in the hand or forearm must be differentiated from entrapment neuropathies such as carpal tunnel syndrome, diabetic or uremic neuropathy, and ischemic monomelic

86]
Physical examination findings such as a warm hand and presence of a palpable radial pulse distal to the inflow anastomosis suggest a diagnosis other than
[78] [82] [83] [84] [87] [88] [89]

neuropathy (IMN). Bone pain from hyperparathyroidism can mimic neuropathic symptoms as well.[

steal. Electrodiagnostic and nerve conduction studies (NCSs) can assist in making a more precise diagnosis.

A variety of diagnostic studies have been used to confirm the diagnosis of ischemic steal in hemodialysis patients. Absence of a palpable pulse distal to the arterial anastomosis in the absence of clinical symptoms is not an indication for intervention. One study

85

79

found absent radial pulse in one third of 180 accesses of whom only 7 developed clinical steal.[ ] Berman and associates[ ] studied digital photoplethysmography (PPG) in 12 patients. In 10 of the 12 the PPG showed flat digital waveforms in the affected
extremity with return of pulsatile waveforms with access compression. The two patients who did not demonstrate flattening of the signals at rest had symptoms during dialysis. When PPG was tested during dialysis for both of those patients, the waveforms

79]

were flattened.[

Others have reported similar findings with both PPG and pneumatic
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90] [91]

plethysmography.[

Katz and Kohl reported on six patients with steal, all of whom were interrogated with duplex ultrasound prior to surgery. All six patients had obvious clinical symptoms of hand ischemia and all showed diminished Doppler

92

102]

waveforms in the radial and ulnar arteries that augmented with manual compression of the access.[ ] Digital pulse oximetry can also be used to aid in the confirmation of steal. Halevy and colleagues[
symptoms of steal but normal physical examination. Pulse oximetry measured oxygen saturations were low in all but rose to 90% saturation with compression of the access.

reported on five patients with AV access and

Lazarides and coworkers studied the arterial pressure distal to an access and found that low pressure alone is not an indication for correction of steal. They used a systolic pressure index (SPI) comparing the postoperative forearm systolic pressure divided by

85]

the contralateral forearm pressure. In a prospective trial they found that 14% of their patients had both mild or moderate symptoms and a critical ischemia level (SPI < 0.4). Half of these patients improved symptomatically over time, as did their SPI.[
recommended following serial SPI for those with an index less than 0.5 and doing serial NCSs. They concluded that doing serial NCSs might detect patients likely to develop IMN.

93] [94] [95]

No preoperative test has been shown to reliably predict who will develop steal, though there are several anatomic and patient factors that make the entity more likely.[

They

Factors that place the patient at risk for development of symptomatic steal

91 96 97

include age older than 60 years, multiple operations on the same limb, diabetes, use of a prosthetic graft, and the use of the brachial artery versus a more distal artery as the donor vessel.[ ] [ ] [ ] Berman and associates showed that only 3 (0.3%) of 884
patients who had otherwise normal preoperative arterial examinations could have potentially been identified as being at risk for ischemia by segmental or digital pressure evaluation before surgery. They concluded that this low yield does not justify routine

79]

testing beyond physical examination prior to access placement.[

79

Recommended preoperative evaluation includes a thorough physical examination. This should include obtaining pressures in both arms to rule out inflow stenosis. A pressure difference of more than 20 mm Hg is considered significant.[ ] Prior to
construction of an access at the wrist, an Allen test should be uniformly performed to confirm the presence of adequate collateral circulation through the palmar arch. The test is performed by elevating the arm with the fist clenched and compressing both the
radial and ulnar arteries. Pressure over one is then released and the hand is observed for the flush of reperfusion. The test is repeated, next time releasing the other artery. Results can be difficult to interpret in those with significant anemia or very dark skin
pigmentation. Significantly calcified vessels as are often seen in diabetics can also make compression of the arteries difficult. A variation on the study is to perform the evaluation with a hand-held Doppler. A triphasic flow augmenting with collateral

80

96

compression is a normal study and no further evaluation is necessary.[ ] The pathogenesis of symptomatic steal has been well described by Miles.[ ] She pointed out that the low-pressure run-off afforded by the access causes reversal of the flow from
digital and palmar arch arteries through the portion of the artery distal to the arterial anastomosis. In patients with preexisting athero-occlusive narrowing of the palmar arch vessels and digital arteries, even mild degrees of flow reversal may cause symptomatic

98]

steal. In the radial location, end artery-to-end vein configuration eliminates the retrograde flow, but flow rates with this configuration are usually lower than with end vein-to-side artery or side to side.[

In the brachial location, end-arterial fistulae are not

96
possible since the distal brachial artery and its branches provide conduits for distal flow.[ ]
Treatment options for vascular steal after access placement include ligation of the access, various maneuvers to limit the flow through the graft, and distal revascularization and interval ligation—the DRIL procedure.
Ligation of the access is the surest method of eliminating the steal phenomenon but obviously requires the creation of a new access in a different site. Several methods have been described to salvage the access by limiting the flow through it. Each of them is

99

designed to effectively increase the resistance through the fistula to thereby favor antegrade arterial flow distal to the arterial anastomosis. One group suggested lengthening the access with an interposition graft to increase the overall resistance.[ ] Although
intuitively sound, the length required to increase the resistance is difficult to calibrate and may differ at different flow rates. Rivers and colleagues reported good results in five patients in whom steal was treated by suture plication of a proximal portion of the

91

90

access and monitoring pulse volume recordings during surgery.[ ] Other authors have suggested an effectively similar technique of placing a band around the access and tightening it until the desired result is achieved.[ ] The banding procedure involves
narrowing the lumen of the conduit over 1 cm or more rather than simple suture stenosis ( Fig. 120–2 ). Several authors point out that a short stenosis produces little decrease in flow until critical stenosis is reached, at which point resistance increases

exponentially and the turbulence generated likely promotes a greater

Figure 120-2 Banding of arteriovenous fistula for steal. Bands of 1 cm or more in width create less turbulence. Intraoperative assessment with digital plethysmography or color duplex can be used to assess adequate flow limitation.

Figure 120-3 Diagram of upper arm brachiocephalic fistula and brachial artery bypass with interval brachial artery ligation. In this case, the brachial artery was divided below the origin of the fistula and distal anastomosis of the vein bypass graft was
performed end-to-end to the distal brachial artery. (From Knox R, Berman S, Hughes J, et al: Distal revascularization-interval ligation: A durable and effective treatment for ischemic steal syndrome after hemodialysis access. J Vasc Surg 36:250–256, 2002.)

Grade 1: Mild (minimal symptoms, discoloration, minimal extremity swelling)—no treatment needed
Grade 2: Moderate (intermittent discomfort, severe swelling) —intervention usually needed
Grade 3: Severe (persistent discomfort with hyperpigmentation, persistent swelling, severe or massive, venous ulceration)—intervention mandatory

107]

In the first group the symptoms are related to reflux through incompetent venous valves. Venous hypertension of the hand following a side-to-side Brescia-Cimino fistula was first described in 1975.[

The findings include those found in classic venous

106] [108] [109]
108]
Findings are usually more prominent on the thumb and index finger.[
Severe symptoms are seen almost exclusively in patients who
stasis disease of the lower extremity—swelling, induration, hyperpigmentation, and even ulceration.[

have undergone side-to-side AV anastomoses. The findings usually develop slowly over 1 to 2 years after creation of the access and follow a slowly progressive course. Venous hypertension leads to increased transcapillary pressures driving fluid into the

80]

interstitium. If significant enough, this edema can interfere with finger function and limit joint mobility. The overall tissue edema has been implicated in the increased incidence of carpal tunnel syndrome seen in hemodialysis patients.[

Treatment must include limitation of retrograde flow through the incompetent veins. Initially sacrifice of the

Figure 120-4 Development of marked upper arm and chest venous collaterals shortly after creation of an arteriovenous access.

Figure 120-5 Venogram from the same patient as in Figure 120–4 revealing subclavian vein stenosis. Patients who have had prior subclavian catheters should have an evaluation of their proximal venous anatomy prior to creation of an ipsilateral access.

Grade 1: Mild, intermittent sensory changes (pain/paresthesia/ numbness with sensory deficit)
Grade 2: Moderate, persistent sensory changes
Grade 3: Severe, sensory changes and progressive loss of motor function (movement/strength/muscle wasting)

The major causes of neuropathy in the hemodialysis patient include uremic neuropathy, diabetic neuropathy, mononeuropathies from anatomic compression such as occurs in carpal tunnel syndrome, and the uncommon but important IMN that can occur

80]

acutely after access creation. Hand pain and numbness are not uncommon with long-standing dialysis fistulae or shunts.[

82] [125]
Although the pathogenesis is unclear, the most consistent finding is axonal degeneration with

The most common neuropathy seen in patients new to dialysis is uremic polyneuropathy. It is seen in 50% to 70% of patients on long-term hemodialysis.[

82] [126] [127] [128] [129]

secondary segmental demyelination. These changes are most severe distally.[

Men are affected more often than women. The most common manifestation is burning dysesthesias of the feet, although distal aberrant sensations of

82

swelling and burning in the fingers are also described. Dysesthesias may be accompanied by slowly progressive weakness and atrophy.[ ] Physical examination findings include impaired vibratory sensation in the lower extremities and loss of deep tendon
reflexes in the Achilles tendon. Advanced cases show loss of distal touch and position senses. Several studies have demonstrated that initiation of dialysis tends to improve but not necessarily eliminate the symptoms over time. The nerve conduction velocities

82] [88] [130] [131]

tend to stabilize but not improve.[

Worsening of symptoms over time is an indication of inadequate dialysis. Interestingly, a well-functioning transplant graft completely reverses all the changes in 6 to 12 months, and the symptoms

132] [133] [134]
For the surgeon tasked with creation of a new access for hemodialysis, the importance of this entity lies in differentiating it from other causes of neuropathy and documenting its presence or absence
begin to improve within a few days.[

preoperatively.

Carpal tunnel syndrome occurs with greater frequency in dialysis patients than the general population. Warren and

Figure 120-6 Subclavian to ipsilateral internal jugular bypass using 6-mm polytetrafluoroethylene to bypass subclavian stenosis. This procedure can be done under local anesthesia with good long-term patency.
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Chapter 121 - Physiology and Diagnosis of Splanchnic Arterial Occlusion

MARK C. WYERS MD
ROBERT M. ZWOLAK MD, PHD

1

The primary goal of initial attempts at surgical treatment for mesenteric ischemia was removal of infarcted bowel before the patient was moribund. In 1951 Klass,[ ] the first surgeon to focus on the restoration of arterial blood supply in an attempt to salvage
the bowel, performed the first reported superior mesenteric artery (SMA) embolectomy for acute mesenteric ischemia (AMI). The next 2 decades produced more such reports and increasing success with SMA thromboembolectomy. In 1958, Shaw and

2
Maynard[ ] published the first report of a successful thromboendarterectomy for the treatment of acute SMA thrombosis. Successful outcome after treatment of acute thrombotic SMA occlusion remained elusive, with mortality rates of 70% to 90%.
3
Aakhus[ ] was an early proponent of angiography as a means to establish the diagnosis of mesenteric occlusive disease to help prevent bowel infarction. Early and liberal use of angiography was embraced more widely in the early 1970s, as championed by
4

5

Boley and colleagues[ ] and Clark and Gallant.[ ] With this aggressive approach, these authors showed a reduction in the mortality rate to approximately 50%. Other major advancements during the second half of the 20th century included an increased
knowledge of pathophysiology and clinical presentation of splanchnic arterial occlusive disease and refinement of open surgical revascularization techniques for the management of splanchnic arterial occlusion. Delay in diagnosis remains the greatest obstacle
to reduction of morbidity and mortality surrounding this disease. This chapter focuses on normal and variant splanchnic anatomy, physiology, pathophysiology, and diagnosis of surgically important forms of mesenteric arterial occlusion. Nonocclusive and
venous causes of mesenteric ischemia are considered separately in other chapters of this section.

ANATOMY
The abdominal aorta has its embryologic origin in the primitive dorsal aorta. The primitive ventral aorta regresses, as do most of the ventral segmental arteries, during the fourth week of gestation. The 10th, 13th, and 21st primitive ventral segmental arteries

6

persist, however, and give rise to the celiac artery, SMA, and inferior mesenteric artery (IMA), which supply arterial blood to the primitive foregut (celiac artery), midgut (SMA), and hindgut (IMA).[ ] Anatomic variations in the visceral anatomy result from
aberrances in the regression of the primitive ventral aorta and ventral segmental arteries ( Fig. 121–1 ). The relative frequency of these variations is based on autopsy studies and is summarized in Table 121–1 .

The celiac artery in most cases arises in a horizontal or slightly caudad fashion from the ventral aorta at the level of 12th thoracic or 1st lumbar vertebra. The classic pattern of this artery involves three branching arteries—left gastric, splenic, and common
hepatic—configured as a true trifurcation (25%) or, more commonly, with the left gastric branching first (65% to 75%). The next most common variation is the additional presence of a fourth branch, either a dorsal pancreatic or the middle colic artery (5% to
10%). The remaining variations, including a single celiacomesenteric trunk, are much less common, each accounting for less than 1% of cases. Hepatic artery anatomy is highly variable
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Figure 121-1 Embryology of the celiac artery and superior mesenteric artery (SMA). The 11th and 12th ventral anastomoses (A) regress, leaving the 10th ventral anastomosis to form the celiac and the 13th ventral anastomosis to form the SMA (B). (From
Kadir S: Atlas of Normal and Variant Angiographic Anatomy. Philadelphia, WB Saunders, 1991.)

TABLE 121-1 -- Normal and Variant Vascular Anatomy
VESSEL

INCIDENCE (%)

Celiac Axis
Classic, three vessel

65–75

Classic plus dorsal pancreatic artery

5–10

Common celiacomesenteric trunk

<1

Hepatic Artery
Common hepatic from celiac artery

75

Common hepatic from SMA

2.5

Replaced right hepatic artery

17–18

Replaced left hepatic artery

15–18

Accessory right hepatic artery

7–8

Accessory left hepatic artery

2.5

Left Gastric Artery
From celiac artery

90

From aorta

3

Right Gastric Artery
From proper hepatic artery

40

From left or middle hepatic artery

40

From right hepatic artery

10

From gastroduodenal artery

8

SMA, superior mesenteric artery.
Adapted from Rosenblum JD, Boyle CM, Schwartz LB: The mesenteric circulation: Anatomy and physiology. Surg Clin North Am 77:293, 1997.
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collaterals between the main mesenteric arteries are fairly constant. The celiac artery and SMA are connected by the superior and inferior pancreaticoduodenal arteries; the SMA and IMA, by the marginal artery of Drummond; and the IMA and hypogastric
arteries, by the superior and middle rectal arteries. Other less constant collateral pathways, including the arch of Bühler (celiac-SMA), the arch of Barkow (celiac-SMA), and the arch of Riolan (SMA-IMA), also may be present.

PHYSIOLOGY

7 8

Changes in the resistance of mesenteric arterioles account for wide fluctuations in splanchnic blood flow, which can range from 10% to 35% of cardiac output (300 to 1200 mL/min.)[ ] [ ] Most of this variability of mesenteric blood flow is accounted for by
changes in flow to the small intestine. Duplex studies of SMA flow have shown an increase in SMA vessel diameter that peaks 45 minutes after a 1000-calorie meal. Correspondingly the SMA flow velocity increases significantly from a mean velocity of 22.2

9

cm/sec to a mean of 57 cm/sec,[ ] and the Doppler waveform changes from a high-resistance triphasic morphology in the fasting state to a low-resistance pattern with high end-diastolic flow after a meal. In contrast, flow to the liver in the fed state increases
primarily as a function of portal venous flow rather than any increase in flow through the fairly constant, low-resistance hepatic artery. A mixed caloric meal produces a greater increase in SMA flow than equal caloric loads of fat, glucose, or protein alone.

[10] Actual intestinal absorption of nutrients also is required to initiate the vasomotor response that leads to this intestinal hyperemia,[11] whereas nonabsorbed substances or water have little effect on mesenteric blood flow.
Splanchnic Blood Flow Control

11]
Intrinsic autoregulation of blood flow by the splanchnic vessels is thought to occur in response to acute reductions in perfusion pressure
[12]

Numerous intrinsic and neurohormonal control mechanisms contribute to the regulation of mesenteric vascular tone.[

(myogenic). Proposed mechanisms that result in the preservation of splanchnic tissue perfusion include direct arteriolar smooth muscle relaxation and a metabolic response to adenosine and other metabolites of mucosal ischemia.

mucosa extracts increasing amounts of oxygen during hypoperfusion

[13]

In addition, intestinal

to preserve mucosal integrity during periods of metabolic insult. In in vitro human intestinal preparations, oxygen consumption remains fairly constant until flow decreases to a critical

[13]

level of about 30 mL/min/100 grams ( Fig. 121–2 ).

Extrinsic neural and hormonal mechanisms also contribute to the control of intestinal blood flow. These mechanisms include the sympathetic nervous system, the renin-angiotensin axis, and vasopressin. Sympathetic tone is provided largely by the
preganglionic cholinergic fibers of the greater splanchnic nerves, which synapse in the paired celiac ganglia adjacent to the celiac axis. Stimulation of the postganglionic adrenergic fibers of the celiac ganglia results in mesenteric artery and arteriolar

14]
Decreases in extracellular volume stimulate the renin-angiotensin axis, causing mesenteric vasoconstriction
[15]

vasoconstriction. Parasympathetic fibers of the vagi also innervate the intestine, but probably exert little effect on the mesenteric vasculature.[

and is likely responsible
through the direct action of angiotension II and indirectly via adrenergic potentiation. The putative importance of the renin-angiotensin axis in mediating selective mesenteric vasoconstriction has been re-emphasized more recently
for the increased mesenteric resistance that accompanies nonpulsative cardiopulmonary bypass. Finally, loss of blood volume and hyperosmolarity result in stimulation of the neurohypophysis and release of vasopressin (antidiuretic hormone) from the
pituitary gland, causing mesenteric vasoconstriction and venorelaxation. An understanding of these mechanisms has led to the therapeutic use of vasopressin in patients with bleeding from portal hypertension, which, by causing mesenteric vasoconstriction and
venorelaxation, is effective in reducing portal venous pressures and bleeding.

PATHOPHYSIOLOGY
It is a common belief that two of the three mesenteric arteries must be involved with significant occlusive disease to cause symptoms of chronic mesenteric ischemia (CMI), and that the SMA must be one of the two. The slow progression of atherosclerotic
occlusions is such that collateral pathways usually have time to develop so that single-vessel mesenteric vascular disease rarely results in symptoms. Isolated celiac artery or IMA narrowing or occlusion is almost always well tolerated. In contrast, single-vessel
disease is more likely to cause ischemia if it represents a complete, sudden SMA occlusion, or if there is an SMA stenosis combined with previously interrupted collateral pathways. For this reason, a history of previous abdominal surgery, especially with

regard to previous bowel resection, is important in the workup of CMI. In this situation, collateral flow from the celiac artery and IMA may not be adequate to prevent significant gut ischemia, and the patient with a solitary SMA occlusion and clear-cut
symptoms of CMI should be considered for single-vessel SMA revascularization.

Figure 121-2 Relation between intestinal blood flow and oxygen consumption. (From Desai TR, Sisley AC, Brown S, Gewertz BL: Defining the critical limit of oxygen extraction in the human small intestine. J Vasc Surg 23:832, 1996.)

TABLE 121-2 -- Analysis of Computed Tomography Findings
CT FINDING

PATIENTS WITH AMI (n= 26)

CONTROL GROUP (n = 36)

SENSITIVITY (%)

SPECIFICITY (%)

11

0

42

100

5

0

19

100

Arterial embolism

3

0

12

100

SMA or portal venous gas

3

0

12

100

Focal lack of bowel wall enhancement

11

1

42

97

Free intraperitoneal air

5

2

19

94

Superior mesenteric or portal venous thrombosis

4

2

15

94

Solid-organ infarction

4

2

15

94

Bowel obstruction

3

2

12

94

Bowel dilatation

17

6

65

83

Mucosal enhancement

12

7

46

81

Bowel wall thickening

22

10

85

72

Mesenteric stranding

23

14

88

61

Ascites

19

24

73

33

Pneumatosis intestinalis
SMA or combined celiac and IMA occlusion

*

AMI, acute mesenteric ischemia; CT, computed tomography; IMA, inferior mesenteric artery; SMA, superior mesenteric artery.
From Kirkpatrick ID, Kroeker MA, Greenberg HM: Biphasic CT with mesenteric CT angiography in the evaluation of acute mesenteric ischemia: initial experience. Radiology 229:91, 2003.

*Patients with celiac and IMA occlusion also had evidence of distal disease in the SMA distribution.

patients had AMI confirmed at surgical exploration or based on pathologic examination, however, and the interpreting radiologist identified correctly all of these patients as having AMI. An additional four CT scans interpreted as showing AMI turned out to
be false-positive studies, with ultimate diagnosis of Crohn’s disease (n = 2), neutropenic enterocolitis (n = 1), and infectious enterocolitis (n = 1). The initial interpretation had a sensitivity of 100% and specificity of 89% for the diagnosis of AMI. In the same
study, CTA visualization was judged to be satisfactory in all cases up to second-order branches of the celiac artery and the SMA. Angiography was available in only three patients, but correlated well with the CTA findings (see Fig. 121–4 ).
Arteriography

33]

Traditional multiplanar aortography is the definitive diagnostic study for AMI and offers several treatment options depending on the specific pathology, including injection of intra-arterial vasodilators,[

34]

thrombolysis,[

and angioplasty with or without

[35]

As vascular surgeons become accomplished interventionalists, and as intraoperative fluoroscopy improves, confirmatory diagnostic arteriography can be accomplished in the operating room followed by immediate surgical exploration. This
stenting.
unified approach can limit delay in surgical exploration and revascularization. With respect to evaluation for CMI, angiography remains the “gold standard” for diagnostic imaging and preoperative planning based on superior image resolution, ability to
visualize collateral flow direction, and identification of disease in the distal portions of the splanchnic arterial bed.
Duplex Ultrasonography
Duplex ultrasonography accurately identifies high-grade stenoses of the celiac artery and SMA. It is the noninvasive diagnostic study of choice in patients with symptoms suggesting CMI. Similar to most specialized duplex applications, however, a significant

36]
In addition, to minimize interference from overlying bowel gas, the study is best performed after an
[37]

amount of expertise is required of the vascular technologist. Careful attention to proper angle correction is crucial to avoid falsely elevated velocities.[

overnight fast. Pre–ultrasound scan dosing of simethicone also may improve visualization. In nonselected patient groups, adequate visualization may be 60%,

but in more selected studies of patients thought to have CMI, the reported technical adequacy

[38] [39]

The ability of duplex ultrasonography to identify anatomic anomalies has not been tested extensively, but in the Dartmouth validation study, duplex prospectively identified most anomalies that ultimately were confirmed by
approaches 100%.
arteriography. This identification requires a thorough understanding of the more common anatomic variants by the vascular technologist along with careful attention to the subtleties of B-mode images, color-flow, and Doppler waveform characteristics.

10 40

Authors from the Oregon Health Sciences University and from Dartmouth were the first to propose duplex criteria for the diagnosis of splanchnic artery stenosis or occlusion in 1991.[ ] [ ] Both groups have since published validation studies for their
criteria, and the diagnostic thresholds have been published for peak systolic velocity (PSV) and end-diastolic velocity (EDV). For the SMA, a PSV greater than 275 cm/sec had a sensitivity of 92% and a specificity of 96% for a greater than 70% angiographic

41]

stenosis.[

39]
For the celiac artery, a PSV greater than 200 cm/sec had a sensitivity of 90% and specificity of 91% for a stenosis of

An EDV of greater than 45 cm/sec had a sensitivity of 90% and a specificity of 91% for a stenosis greater than 50%.[

41]

greater than 70%.[

39] [42]
Celiac EDV greater than 55 cm/sec had a 93% sensitivity and 100% specificity for a greater than 50% stenosis. A third group

Retrograde hepatic artery flow is 100% predictive of a severe celiac artery stenosis or occlusion.[

[38] published a similar confirmatory study, which confirmed the previously published systolic and diastolic criteria for 50% or greater stenoses, focusing more heavily on several diastolic thresholds, including early diastolic velocity, peak diastolic velocity,
[38]
and EDV.

The duplex parameters tested
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Figure 121-3 Biphasic multidetector CTA of acute superior mesenteric artery (SMA) embolus. A, Scout projection shows ileus pattern. B, Associated bowel wall thickening in region of cecum and distal small intestine; C and D, Filling defect beyond the
SMA origin is shown with relative sparing of the first several jejunal branches. (From Fleischmann D: Multiple detector-row CT angiography of the renal and mesenteric vessels. Eur J Radiol 45[Suppl 1]: S79, 2003.)

Figure 121-4 Volume-rendered multidetector CT arteriography images (A and B) and conventional digital subtraction angiography (C and D) of chronic mesenteric ischemia. In the upper images (lateral view), the celiac artery is stenotic, and the proximal
superior mesenteric artery is occluded with reconstitution distally. In the lower images (anteroposterior), excellent detail allows visualization of the pancreaticoduodenal collaterals (straight arrow) and arch of Riolan (curved arrow). (From Kirkpatrick ID,
Kroeker MA, Greenberg HM: Biphasic CT with mesenteric CT angiography in the evaluation of acute mesenteric ischemia: Initial experience. Radiology 229:91, 2003.)

TABLE 121-3 -- Prospective Validation Studies of Mesenteric Diagnostic Criteria

AUTHOR (YEAR)

STENOSIS THRESHOLD
(%)

SMA

SENSITIVITY (%)

SPECIFICITY (%)

CELIAC

SENSITIVITY (%)

SPECIFICITY (%)

≥ 70

PSV ≥ 275

92

96

PSV ≥ 200

90

91

≥ 70

EDV ≥ 55

88

94

EDV ≥ 55

58

77

≥ 50

PSV ≥ 300

60

100

PSV ≥ 200

93

94

≥ 50

EDV ≥ 45

90

91

EDV ≥ 55

93

100

≥ 50

PSV ≥ 275

93

80

PSV ≥ 200

94

94

≥ 50

EDV ≥ 50

100

100

EDV ≥ 100

100

100

41]

Moneta (1993)[

39]

Zwolak (1998)[

38]

Perko (1997)[

EDV, end-diastolic velocity; PSV, peak systolic velocity; SMA, superior mesenteric artery.
in these three studies are the most frequently employed clinically and are summarized in Table 121–3 . The difference in stenosis thresholds selected by these groups is not likely as significant as it would seem at face value. This apparent discrepancy is

39] [41]

reconciled by the fact that both validation studies[
this group more effectively.

included relatively few patients who had angiographic stenoses in the 50% to 70% range. More patients with this degree of moderate stenosis would have been needed to distinguish patients within

Postprandial duplex scanning in symptomatic patients adds little to the overall accuracy of fasting examinations. Although there is clear evidence that splanchnic arterial flow in normal patients is measurably increased after a meal, this effect is less

43

pronounced in patients with known 70% or greater SMA stenosis. In a study by Gentile and associates,[ ] the overall accuracy of the postprandial examination was reduced at 91% compared with 96% accuracy attained by the fasting examination. These
investigators concluded that the postprandial examination may be applicable only in selected patients to help confirm negative studies. In clinical practice, however, it is difficult to justify a duplicate postprandial examination when the initial fasting
examination has an overall accuracy of 96% and a negative predictive value of 99%.
Magnetic Resonance Imaging
Magnetic resonance imaging (MRI) of the splanchnic vessels is an evolving technology. MRI is theoretically appealing because it is noninvasive, avoids the risk of allergic reaction and nephrotoxicity associated with iodinated contrast agents, and may not be
as operator dependent as duplex ultrasound. MRI of the mesenteric vasculature can incorporate functional and anatomic evaluations of CMI. Functional assessment has been investigated by several groups using noncontrast, cine cardiac gated phase contrast

44] [45] [46] [47]
47
Burkart and coworkers[ ] showed that patients with CMI (n = 10) had a reduced rate of postprandial flow augmentation (64%

magnetic resonance angiography (MRA) to correlate superior mesenteric vein (SMV) and SMA flow rates.[

44] [48]
showed that the combination of paired flow measurements taken 30 minutes after a meal in the SMA and the SMV provided more information about
[49]
[50]

± 28%; P = .02) compared with healthy controls (n = 10). In a similar study, Li and colleagues[

collateral flow and that the ratio of SMV and SMA flow decreases with increasing disease severity. In a canine model of AMI and porcine model of CMI, Li and colleagues

and Chan and associates

used phase contract MRA to show that there is

decreased postprandial blood oxygenation in the SMV, and that this is a sensitive indicator of ischemia. These types of analyses may provide physiologic information to confirm the diagnosis of CMI suspected clinically. Preprandial and postprandial

17

comparisons in human subjects may provide the ability to distinguish the overall adequacy of arterial blood flow. Li and colleagues[ ] were successful at distinguishing patients with CMI from patients without CMI using only SMV blood T2 measurements.
In healthy patients, the postprandial SMV T2 measurements increased compared with fasting, whereas the same measurement decreased in symptomatic CMI patients (P< .0001).

51

Anatomic imaging of the visceral vessels relies on contrast-enhanced MRI techniques; noncontrast three-dimensional phase-contrast MRA identifies only 66% of angiographic stenoses and creates some false-positive results.[ ] Rapid bolus intravenous
administration of a T1-shortening agent (e.g., gadolinium diethylenetriaminepenta-acetic acid) paired with a rapid, three-dimensional gradient recalled echo sequence allows consistent imaging of the splanchnic circulation with minimal flow artifact.
Commercially available data acquisition protocols are available, and the three-dimensional dataset can be postprocessed with techniques such as maximal intensity projection, curved planar reformation, and volume rendering, which distill the data into more
readily comprehensible images ( Fig. 121–5 ). Two studies addressed the accuracy of three-dimensional contrast-enhanced MRA in evaluating percent stenosis in the celiac artery, SMA, and IMA. The most common error was overestimation of the stenosis
( Fig. 121–6 ). The weakness of MRA is its relatively poor spatial resolution that, even on the best systems, is limited to 1 mm3 . Gadolinium-enhanced MRA currently does not provide sufficient resolution to show distal emboli; nonocclusive, low-flow states;

52

53

small vessel occlusion; or vasculitis.[ ] Meaney and associates [ ] evaluated 14 patients with CMI; three-dimensional contrast-enhanced MRA had a sensitivity of 100% and a specificity of 87% in the overall detection of 50% or greater visceral artery
stenosis. The lack of specificity was due to the false-positive diagnosis of IMA
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Figure 121-5 Contrast-enhanced MRA of mesenteric occlusive disease. A and B, Lateral and anteroposterior maximum intensity projection (MIP) images show focal celiac artery stenosis and superior mesenteric artery occlusion with reconstitution via
pancreaticoduodenal collaterals. C and D, Lateral and anteroposterior arteriograms of the same patient confirm the MRA findings. (From Laissy JP, Trillaud H, Douek P: MR angiography: Non-invasive vascular imaging of the abdomen. Abdom Imaging
27:488, 2002.)

Figure 121-6 The MRA grading accuracy for celiac artery (CA), superior mesenteric artery (SMA), and inferior mesenteric artery (IMA) (n = 63) in 26 patients with prospective conventional angiographic correlation. Numbers on solid line represent the
number of arteries in which results of MRA and conventional angiography agreed. Numbers in parentheses represent the number of arteries in which MRA resulted in underestimation of the degree of stenosis. Numbers in brackets represent the number of
arteries in which MRA resulted in overestimation of the degree of stenosis. (From Carlos RC, Stanley JC, Stafford-Johnson D, Prince MR: Interobserver variability in the evaluation of chronic mesenteric ischemia with gadolinium-enhanced MR angiography.
Acad Radiol 8:879, 2001.)

Figure 121-7 Acute occlusive mesenteric ischemia—initial clinical evaluation/resuscitation. IR, interventional radiology; MDCTA, multidetector CT arteriography.

Figure 121-8 Chronic mesenteric ischemia—patient with chronic mesenteric ischemia symptoms. MRV, magnetic resonance venography.
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Chapter 122 - Treatment of Acute Intestinal Ischemia Caused by Arterial Occlusions

ERIN M. MOORE MD
ERIC D. ENDEAN MD

1

In 1933, Hibbard and Swenson[ ] reported a 70% mortality for acute intestinal infarction. Advances in surgical and critical care have improved the outcomes in many areas of medicine, but unfortunately, the same cannot be said for acute mesenteric ischemia;
patients with this disorder continue to have high mortality. A number of factors have prevented improvements in outcomes for patients with acute intestinal ischemia, including an increasingly aged population, more severe illness among patients coming to

2

treatment, and the lack of younger patients with rheumatic heart disease as the cause of mesenteric arterial embolization.[ ] Additionally, ischemic times as short as 3 hours can produce significant damage to the bowel mucosa, initiating a cascade of events
such as reperfusion injury via oxygen-derived free radicals, acute inflammatory response, hypovolemia, and multisystem organ dysfunction.
Typically, though not exclusively, acute mesenteric ischemia affects the elderly, who often have other co-morbid conditions and little physiologic reserve. Too often an elderly patient is admitted for vague abdominal pain. As evaluation for the etiology of this
pain proceeds, a surgeon is finally called because growing leukocytosis, acidosis, hypotension, or bloody diarrhea and the development of sepsis mandates surgical exploration. Upon exploratory laparotomy, the disastrous finding of extensive bowel infarction

3 4
is encountered.[ ] [ ] At that point, often little can be done for the patient, and even patients who survive extensive bowel resection are left with debilitating short-gut symptoms and a lifetime of special dietary requirements.
Early diagnosis appears to be the key factor that will ultimately improve outcomes. However, patients with intestinal ischemia often present with signs and symptoms that may not lead the practitioner to immediately suspect mesenteric ischemia. As a result,
patients may undergo an evaluation that may be thorough but that is not performed with the urgency demanded by the underlying pathology. A delay in definitive diagnosis as a systematic evaluation proceeds then leads to a critical delay in treatment. By the
time the patient has obvious signs and symptoms of ischemic bowel, such as acidosis, hypotension, and peritoneal signs, damage to the bowel is often far advanced. The solution to an earlier diagnosis ultimately requires a high index of suspicion on the part of
the physician evaluating a patient with the potential for acute mesenteric ischemia.
When considering the diagnosis of acute mesenteric ischemia, it is also important to specify the cause of the ischemia. Nonocclusive mesenteric ischemia and venous thrombosis (detailed in Chapters 123 and 125 ) carry specific requirements for evaluation
and intervention, and venous occlusive disease has a somewhat more optimistic prognosis. The situation is different for intestinal ischemia due to acute arterial obstruction. A review of the last 10 years’ literature reveals a mortality in excess of 80% to 95% in

5 6

7 8

9

some studies,[ ] [ ] although later reviews show some evidence of progress, with mortality rates between 30% and 60% ( Table 122–1 ). [ ] [ ] However, the collated mortality figures since the experience reported by Ottinger and Austen[ ] in 1967
generally paint a persistently grim picture for patients who are diagnosed and treated late in the course of disease. The better outcomes reported in later studies imply hope for the patient whose physician maintains vigilance and rapidly evaluates, resuscitates,
and intervenes to ensure a favorable recovery. This chapter focuses on the evaluation and management of such patients. It is important to note that the extreme nature of this disease state implies that most of the steps presented are performed simultaneously,
with aggressive resuscitation in anticipation of immediate surgical therapy.

ETIOLOGY OF ACUTE MESENTERIC ISCHEMIA
The two common etiologies of acute intestinal ischemia as caused by arterial occlusion are embolization to and thrombosis of the superior mesenteric artery. Each of these conditions is discussed in detail, as the treatment of patients with these two different
problems may differ significantly.
Mesenteric Arterial Embolism
An embolus to the superior mesenteric artery is the cause of acute occlusive mesenteric ischemia in approximately half of all cases. Most emboli arise from a cardiac source. In these instances, a previous history of cardiac disease (congestive heart failure or
recent myocardial infarction), atrial arrhythmia, or valvular disease can be elicited via the patient history. Patients with a cardiac source of emboli may
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TABLE 122-1 -- Collated Mortality Associated with Treatment of Acute Intestinal Ischemia due to Acute Arterial Occlusion by Embolus or Thrombosis
STUDY

*

PUBLICATION YEAR

NO. OF PATIENTS

MORTALITY

2002

53

17/53 (32)

Endean et al[

2001

43

26/43 (60)

7
Foley et al[ ]

2000

21

5/21 (24)

6
Mamode et al[ ]

1999

57

46/57 (81)

38]

1998

24

18/24 (75)

39]

1998

25

10/25 (40)

Klempnauer et al[

1997

48

38/48 (79)

Voltolini et al[

41]

1996

47

34/47 (72)

5
Konturek et al[ ]

1996

28

27/28 (96)

42]

1995

43

30/43 (70)

1990

45

20/45 (44)

1990

82

35/82 (43)

1990

24

7/24 (29)

1989

32

22/32 (69)

1988

25

14/25 (56)

11]

1987

61

57/61 (93)

47]

1987

14

11/14 (79)

48]

1986

23

6/23 (27)

1984

53

45/53 (85)

1982

30

23/30 (77)

1978

9

6/9 (67)

1978

40

31/40 (78)

8
Park et al[ ]
15]

Newman et al[

Urayama et al[

40]

Deehan et al[

43]

Levy et al[

12]

Batellier et al[

44]

Bapat et al[

45]

Finucane et al[

46]

Sitges-Serra et al[
Wilson et al[
Bergan et al[
Lazaro et al[

49]

Andersson et al[

10]

Sachs et al[

50]

Hertzer et al[

51]

Krausz & Manny[

1977

32

29/32 (91)

1977

19

10/19 (53)

1976

17

15/17 (88)

1975

26

21/26 (81)

Slater & Elliott[

1972

4

4/4 (100)

9
Ottinger et al[ ]

1967

51

43/51 (84)

976

650/976 (67)

52]

Kairaluoma et al[

53]

Boley et al[

54]

Smith & Patterson[

55]

Singh et al[

56]

Collated experience

* Superscript numbers indicate chapter references.

also have a history of embolization to other locations either prior to or simultaneous with the mesenteric embolus. Increased use of anticoagulant medications is slowly reducing the number of cases in which a cardiac source is to blame and, as previously
noted, rheumatic valvular disease as a source of cardiac emboli is also less commonly seen in modern practice.
Other sources of emboli have also been seen, including arterio-arterial emboli from such conditions as aneurysms and proximal atherosclerotic aortic disease and iatrogenic emboli created during intra-arterial manipulation of catheters and wires such as occurs

10 11 12

during cardiac and peripheral angiography procedures.[ ] [ ] [ ] The arterio-arterial emboli tend to be smaller and therefore lodge in the more distal mesenteric circulation. As a result, these emboli are likely to affect bowel in more localized areas, in
contrast to the diffuse bowel ischemia that develops when the proximal mesenteric vessel is occluded, as is most common in patients with mesenteric emboli from a cardiac source. Nonetheless, like Klass, who first described the triad of abdominal pain, gut

13]

emptying, and a cardiac source for embolization,[
abdominal pain.

the practicing surgeon must consider the diagnosis of mesenteric embolus in any patient with preexisting cardiac disease or recent arterial catheterization who presents with sudden onset of severe

Mesenteric Arterial Thrombosis

14

Thrombosis of a visceral artery accounts for approximately 25% of all causes of acute mesenteric ischemia. Autopsy studies demonstrate a 6% to 10% incidence of mesenteric artery atherosclerosis in the general population,[ ] yet the number of mesenteric
revascularization procedures performed does not approach this level. It also remains unclear which patients with significant mesenteric artery stenosis are at risk for the development of acute mesenteric ischemia. The immediate cause of the visceral artery
thrombosis may be a low-flow state that leads to thrombosis or sudden expansion of plaque (e.g., intraplaque hemorrhage) that results in abrupt narrowing of the artery. In the latter case, the underlying mesenteric atherosclerotic plaque may not have been
hemodynamically significant enough to stimulate the development of collateral pathways, and with sudden occlusion of the visceral vessel, profound intestinal ischemia results. Typically, most individuals with preocclusive mesenteric atherosclerotic disease
are women about 70 years old who often have vascular disease in other locations and commonly have a history of prior vascular intervention. Some have a history of postprandial abdominal pain and antecedent weight loss related to food avoidance suggestive

15]

of intestinal angina. However, in a 2001 series, only 20% of patients with mesenteric thrombosis had prior symptoms that were suggestive of chronic intestinal ischemia.[

DIAGNOSIS OF ACUTE MESENTERIC ISCHEMIA
In general, simple laboratory and radiographic imaging studies cannot confirm or exclude the diagnosis of acute mesenteric ischemia. The clinician therefore must learn the typical patterns of presentation for patients who are subsequently found to have this
problem. As previously noted, most patients are elderly, and a consistent finding is the abrupt onset of severe, continuous abdominal pain that is not well localized. The onset of pain may or may not be accompanied by gut emptying, such as vomiting, a bowel
movement, or diarrhea. Early in the course, the abdominal findings are normal, leading to the hallmark of acute mesenteric ischemia—pain out of proportion to the physical examination. With time, however, as bowel ischemia progresses to bowel infarction
and perforation, peritoneal findings are compatible with an acute abdomen.
Acute bowel ischemia causes a number of laboratory abnormalities, but laboratory findings are nonspecific. The serum amylase concentration may be elevated because of increased peritoneal absorption as amylase leaks from ischemic bowel. A serum lactate
elevation may be found, but its presence often implies that severe ischemia or bowel infarction has occurred. Acute mesenteric ischemia also results in dysfunction of the bowel cell membrane enzymes and allows sodium, followed by water, to enter the cells.
Clinically this is seen as fluid sequestration in the bowel wall and manifests as hemoconcentration and signs of hypovolemia. Perhaps the most common laboratory abnormality encountered is a persistent and often profound leukocytosis, many times in excess
of 15,000 cells per mm3 .
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In up to 10% of patients with acute mesenteric ischemia, however, the white blood cell count is within the normal range, and some patients even have neutropenia.
Plain radiographs may be helpful in identifying other serious intra-abdominal disease, such as small bowel obstruction or free air due to a perforated viscus, but typically, plain abdominal series demonstrate no abnormalities until late in the clinical course in
patients with acute mesenteric ischemia. Late findings such as distended bowel loops with air-fluid levels and thickening of the bowel wall are sometimes present; even later, gas within the mesenteric venous circulation is a finding that portends a very grave
prognosis. Duplex ultrasonographic evaluation of the mesenteric vessels has also been suggested as a noninvasive technique to evaluate the mesenteric vessels in patients with possible acute mesenteric arterial occlusion. However, best results are obtained
when the patient has fasted before the duplex examination and has received simethicone to decrease bowel gas, and such patient preparation is obviously impossible in the emergency setting. Additionally, duplex scanning is very operator dependent, and many
facilities do not have vascular technologists readily available at all hours to perform such evaluations.
In contrast, computed tomography (CT) using an intravenous contrast agent is now generally available at all hours and can demonstrate failure of the proximal mesenteric vessel to opacify, bowel wall edema, and stranding in the mesentery—all clues that lead

16 17 18

to the correct diagnosis. As the technology for multidetector CT has evolved, numerous researchers have proposed its use as a fast, effective, and noninvasive way to determine the status of the mesenteric circulation.[ ] [ ] [ ] Diseases such as superior
mesenteric artery occlusion and pneumatosis within the bowel wall can be quickly discerned on axial CT scanning ( Fig. 122–1 ), whereas three-dimensional CT reconstructions enable evaluation of even more complex vascular anatomy ( Fig. 122–2 ). It
remains to be seen whether the widespread use

Figure 122-1 Contrast-enhanced computed tomography scan of the abdomen demonstrating nonenhancement of the superior mesenteric artery (SMA) due to occlusion (arrowhead), and the subtle findings of pneumatosis within the bowel wall (arrows). This
patient required urgent exploration, bowel resection, and SMA bypass.

Figure 122-2 Anteroposterior view of patient with acute on chronic intestinal ischemia due to superior mesenteric artery occlusion (small arrow). In this case, the inferior mesenteric artery (large arrow) fills the superior mesenteric artery distribution in a
retrograde fashion via a large meandering artery (arrowheads).

Figure 122-3 Lateral aortogram of a patient with acute intestinal ischemia due to superior mesenteric artery thrombosis. There is abrupt occlusion just distal to the origin of the vessel (small arrow). Note also the proximal occlusion of the celiac origin (large
arrow).

Figure 122-4 A, Ischemic bowel seen with superior mesenteric artery (Sup. mes. a.) thrombosis. Note that the ischemia begins at or slightly above the ligament of Treitz. B, Typical distribution of ischemia with superior mesenteric artery embolism. There is
sparing of the proximal jejunum due to more distal occlusion. Inf., inferior. (From Bergan JJ: Recognition and treatment of intestinal ischemia. Surg Clin North Am 47:109, 1967).

Figure 122-5 Selective arteriogram in a patient with acute intestinal ischemia due to superior mesenteric artery embolus. Note that flow is spared in the proximal jejunal branches and that there is visible thrombus at the site of occlusion (arrow).

Figure 122-6 Superior mesenteric artery embolectomy. After retraction of the transverse colon cephalad and the small bowel caudad, the artery is exposed via a longitudinal incision at the root of the mesentery.

Figure 122-7 A, Transverse arteriotomy is performed here proximal to the suspected embolus. B, Balloon extraction of the embolic material is then performed. C, Transverse arteriotomy is closed primarily. D, Alternative longitudinal incision may require
vein patch angioplasty.

Figure 122-8 A, Superior mesenteric artery bypass is performed via a lazy C-loop graft over the course of the duodenum to avoid kinking. B, Short-segment bypass from the left anterolateral aorta to the superior mesenteric artery in an end-to-side manner.
The graft is short and without redundancy. It should be noted that supraceliac aortomesenteric bypass can also be performed in cases of difficult infrarenal aortic disease.
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Chapter 123 - Diagnosis and Treatment of Nonocclusive Mesenteric Ischemia

TINA R. DESAI MD
HISHAM S. BASSIOUNY MD

Acute mesenteric ischemia may result from arterial embolization, arterial or venous thrombosis, or nonocclusive mesenteric ischemia (NOMI). Nonocclusive mesenteric ischemia, caused by primary splanchnic vasoconstriction, accounts for 20% to 30% of

1 2 3

cases of acute mesenteric ischemia and is associated with mortality rates of up to 70% of cases.[ ] [ ] [ ] NOMI is associated with cardiopulmonary bypass, shock states, and the use of vasoactive medications (digoxin, α-adrenergic agents, vasopressin).
Poor prognosis from NOMI is related to a number of factors, including delay in diagnosis, significant associated co-morbidities, and an incomplete understanding of the pathophysiology of this process. The recent improvement in survival may be attributed to
advances in critical care and a higher index of suspicion for NOMI. Early arteriographic diagnosis and subsequent therapy offer the best chance for better outcomes and survival.

PATHOPHYSIOLOGY

4 5
6
7
8
NOMI was initially described as a postmortem observation of small intestinal gangrene in patients who had shown no evidence of arterial or venous occlusive disease.[ ] [ ] Early reports by Cohen,[ ] Wilson and Qualheim, [ ] and Ende[ ] as well as
9 10

subsequent characterization by Boley and colleagues[ ] [ ] described this diagnosis in patients with severe cardiac failure. These observations formed the basis for the hypothesis that cardiac failure, peripheral hypoxemia, paradoxical splanchnic vasospasm,
and reperfusion injury may all contribute to the development of NOMI.
Mesenteric vasospasm, usually in the distribution of the superior mesenteric artery (SMA), is a sine qua non of NOMI. Perhaps resulting from excessive sympathetic activity during cardiogenic shock or hypovolemia, the vasospasm represents a homeostatic
mechanism that attempts to maintain cardiac and cerebral perfusion at the expense of
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11] [12]

visceral and peripheral organs. Vasopressin and angiotensin are the likely neurohormonal mediators of this process.[

The intestinal circulation possesses extensive protective mechanisms to preserve oxygen delivery to tissues. Over a wide range of blood pressure, intestinal blood flow can be maintained as a result of an autoregulatory response mediated by local and systemic

13]

factors leading to arteriolar smooth muscle relaxation and vasodilatation.[

Even after this pressure-flow autoregulatory limit has been reached, further maximization of oxygen extraction can preserve oxygen consumption until a critical pressure of 40 mm

[14]

Below this critical pressure, oxygen consumption declines and ischemia ensues. Pathologic findings characteristic of intestinal ischemia begin at the mucosal villus tip and progress over hours to affect the remainder of the mucosa,
Hg is reached.
submucosa, and muscularis.

15]

Once mesenteric vasospasm is initiated, it may persist even after correction of the initiating event. Although intestinal autoregulation may initially offset reductions in blood flow, the autoregulatory capacity is exceeded after several hours.[

The exact

16]

mechanism of persistence of vasospasm is unknown, but it plays an important role in the development and maintenance of occlusive and nonocclusive mesenteric ischemia as well as reperfusion phenomena complicating mesenteric revascularization.[

The use of digitalis has historically been associated with the development of NOMI. In early reports, digitalis use was noted in a majority of patients with this diagnosis. Experimental models have demonstrated that digoxin preparations alter mesenteric

17]
18
and may enhance mesenteric arteriolar vasoconstriction in the setting of acute venous hypertension.[ ] In the current era, use of vasoactive medications
[11] [12] [19]

vasoreactivity by stimulating arterial and venous smooth muscle cell contraction in vitro and in vivo[

such as epinephrine, norepinephrine, and vasopressin have also been associated with the development of NOMI.

Studies of reperfusion injury after mesenteric ischemia may further delineate mechanisms relevant to NOMI. As a consequence of restoration of oxygenated blood flow to hypoxic tissues, release of reactive oxygen species can result in significant cellular
membrane injury, increased capillary permeability, and connective tissue degradation. Subsequent failure of intestinal autoregulation and paradoxic vasoconstriction may ensue, resulting in tissue injury. The degree of ischemia-reperfusion injury appears to be
related to the frequency as well as duration of ischemic episodes. Clark and Gewertz demonstrated that two 15-minute periods of low flow followed by reperfusion resulted in more severe histologic injury than a single 30-minute period of ischemia. NOMI

20]

results in an analogous scenario, whereby hypoperfusion may be partial and occasionally repetitive. Episodic reperfusion is thought to prime the ischemic tissue with leukocytes that are attracted to and produce reactive oxygen species.[

[21] [22]

further supported by studies demonstrating attenuation of ischemia-reperfusion injury by reperfusion with leukopenic blood or blockade of endothelial cell surface receptors for leukocyte adherence.

This concept is

Reports of NOMI after elective mesenteric

16
revascularization have associated this syndrome with reperfusion phenomena, further supporting reperfusion injury in the pathogenesis of NOMI.[ ]
CLINICAL PRESENTATION
It is estimated that acute mesenteric ischemia is responsible for 1:1000 of all hospital admissions, with NOMI constituting 20% of these cases. The incidence of NOMI may be declining with improvements in the care of critically ill patients and the widespread
use of systemic vasodilators in cardiac intensive care. Agents such as calcium channel blockers and nitroglycerin compounds may serve to improve cardiac hemodynamics and help prevent mesenteric vasospasm. The clinical diagnosis of NOMI requires a
high index of suspicion in elderly patients with any of the following risk factors: acute myocardial infarction with shock; congestive heart failure; arrhythmia; hypovolemia related to burns, sepsis, trauma, pancreatitis, or hemorrhage; and the administration of
a splanchnic vasoconstrictor such as α-adrenergic agents, vasopressin, or digitalis. Later studies have indicated that NOMI also occurs at a higher rate in patients undergoing hemodialysis and may be associated with hypoperfusion occurring during dialysis.

[23] Early diagnosis of NOMI and treatment prior to the development of intestinal infarction are the most important variables determining survival.
24

Abdominal pain out of proportion to physical findings is characteristic of acute mesenteric ischemia, but this symptom may be absent in 20% to 25% of cases of NOMI.[ ] When present, the pain is usually severe but may be variable in intensity, character,
and location. In the absence of pain, symptoms of unexplained abdominal distention and gastrointestinal bleeding may be the earliest indicators of ischemia. Fever, diarrhea, nausea and vomiting, and diminished bowel sounds are other common but
nonspecific manifestations. Diffuse or localized abdominal tenderness, rebound, and rigidity are ominous signs heralding transmural infarction and peritonitis. Occasional patients may present with shock or sepsis of unknown etiology.

DIAGNOSIS
A high index of suspicion in patients with appropriate risk factors and early angiography are crucial to the diagnosis and early treatment of NOMI. Hematologic and serologic abnormalities are frequently detected during the course of acute mesenteric
insufficiency but are nonspecific. Leukocytosis (≥15,000 cells/mm3 ) with a left shift and hemoconcentration due to extracellular fluid loss into the intestine and peritoneal cavity are common. Elevated amylase concentrations in the serum or peritoneal fluid,

25]

metabolic acidosis, and hyperphosphatemia may also be seen.[

Late elevations of serum glutamic-oxaloacetic transaminase, lactate dehydrogenase, and creatine phosphokinase often indicate intestinal infarction.

Plain abdominal radiography is useful in excluding other causes of abdominal pain, such as a perforated viscus and bowel obstruction. Normal abdominal radiographic findings in a patient with pain out of proportion to physical findings are suggestive of early
ischemia and should prompt consideration of diagnostic arteriography. Findings of ileus, bowel wall edema (“thumbprinting,” a gasless abdomen), and intramural or portal air appear late in the course of NOMI and suggest intestinal infarction. Positive

26]

abdominal radiographic findings are noted in only 20% to 60% of cases.[
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Figure 123-1 Angiographic appearance of mesenteric vasospasm in nonocclusive mesenteric ischemia. Note the pruning of distal branches of the superior mesenteric artery.

Figure 123-2 Selective arteriography of the superior mesenteric artery after 24 hours of treatment with intra-arterial papaverine demonstrates resolution of vasospasm.
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Chapter 124 - Chronic Mesenteric Ischemia

THOMAS S. HUBER MD, PHD
W. ANTHONY LEE MD
JAMES M. SEEGER MD

Chronic mesenteric ischemia (CMI) is a life-threatening problem that can result in death from inanition or bowel infarction. The incidence of CMI is quite low, and, accordingly, experiences of individual surgeons and institutions are usually limited. It has

1

2

been estimated that only about 340 open revascularizations for CMI are performed annually in nonfederal hospitals throughout the United States.[ ] Johnston and colleagues[ ] reported that mesenteric bypasses accounted for less than 0.5% of all peripheral
vascular procedures performed in their academic medical center. The optimal treatment remains poorly defined, and many of the issues regarding the means of revascularization (open versus endovascular), the type of open procedure (endarterectomy versus
antegrade bypass versus retrograde bypass), the number of vessels to be revascularized (one versus two versus three), and the optimal bypass conduit (prosthetic versus saphenous vein versus superficial femoral vein) that were debated during the 1980s and
1990s remain unanswered. Despite these limitations, it is incumbent on vascular surgeons to expedite the diagnosis and treatment of patients with CMI because of the severity of the underlying problem and the frequent diagnostic delays before referral.

PATHOPHYSIOLOGY AND ETIOLOGY

3 4
The underlying pathophysiology of CMI is the failure to achieve postprandial hyperemic intestinal blood flow. In normal individuals, intestinal blood flow increases after eating, with the maximal increase occurring at 30 to 90 minutes.[ ] [ ] This hyperemic
4 5

6

response lasts 4 to 6 hours and varies with the size and composition of the meal.[ ] [ ] Most of the hyperemic blood flow goes to the small bowel and pancreas with little increase detected in the stomach and colon.[ ] There is a corresponding marked
postprandial increase in the end-diastolic flow velocities of the superior mesenteric artery (SMA) by duplex ultrasound, whereas there is little change in the end-diastolic velocities of the celiac axis, presumably because of the relative low resistance in the
splenic and hepatic circulation at baseline. In the presence of hemodynamically significant arterial stenoses, the postprandial hyperemic response is attenuated. This attenuated response results in a relative imbalance between the tissue supply and demand for

7
oxygen and other metabolites, leading to the onset of postprandial pain or “mesenteric angina.” The postprandial hyperemic flow changes return to normal after mesenteric revascularization.[ ]

There is an extensive collateral network between the three visceral vessels and the internal iliac arteries ( Fig. 124–1 ). The celiac axis and SMA collateralize through the superior (celiac axis) and inferior (SMA) pancreaticoduodenal arteries with the direction
of flow contingent on the location of the significant stenosis. The SMA and inferior mesenteric artery (IMA) collateralize through the meandering artery and the marginal artery of Drummond. The meandering artery is the most significant collateral vessel and
connects the ascending branch of the left colic with the middle branch of the middle colic. It lies at the base of the mesentery and is at risk of being ligated along with the inferior mesenteric vein during exposure of the infrarenal aorta. The IMA communicates

2
with the internal iliac artery via the hemorrhoidal branches and may represent a more important collateral than originally appreciated.[ ] This collateral pathway may be disrupted during sigmoid colectomy or infrarenal aortic aneurysm repair.
8
The presence of significant arterial occlusive disease in two of the three visceral vessels usually is required before patients become symptomatic given the extensive collateral network. It has been contended that this is an absolute requirement,[ ] and this
9

myth has been propagated throughout many surgical textbooks. It is possible, however, to have symptomatic mesenteric arterial occlusive disease in the presence of isolated celiac axis or SMA disease if the collateral pathways are insufficient.[ ] This
situation is usually due to the presence of hemodynamically significant disease in the SMA as might be predicted from the postprandial hyperemic response. Greater than 90% of patients undergoing open surgical revascularization for mesenteric ischemia in

10]

several large clinical series had significant stenosis or occlusions of the SMA, and greater than 80% had significant disease in the celiac axis and the SMA.[

Atherosclerosis is the leading cause of the visceral artery occlusive disease that leads to CMI. A variety of other causes, including fibromuscular disease, aortic dissections, neurofibromatosis, rheumatoid arthritis, Takayasu’s arteritis, radiation injury,
Buerger’s disease, systemic lupus, and drugs (e.g., cocaine, ergots), have been incriminated and merit investigation in the appropriate clinical setting, although they are significantly less common. Patients with visceral artery occlusive disease often have

11]

concomitant renal artery occlusive disease or a pattern consistent with “central aortic” disease. Visceral artery occlusive disease is relatively common, however, in contradistinction to mesenteric ischemia. Wilson and associates[

reported from
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Figure 124-1 A diagram of the collateral pathways for the mesenteric vessels. The celiac axis and superior mesenteric arteries communicate through the superior and inferior pancreaticoduodenal arteries. The superior and inferior mesenteric arteries

communicate through the meandering artery and the marginal artery of Drummond, with the meandering artery serving as the dominant collateral. The inferior mesenteric artery communicates with the internal iliac artery through the hemorrhoidal vessels.
(From Zelenock GB: Visceral occlusive disease. In Greenfield LJ [ed]: Surgery: Scientific Principles and Practice. Philadelphia, Lippincott Williams & Wilkins, 2001, p 1691.)

Figure 124-2 A, Anteroposterior contrast arteriogram of the aorta, visceral vessels, and proximal common iliac arteries. The branches of the celiac axis are visualized, although neither the superior mesenteric artery nor the inferior mesenteric artery is seen.
Similarly, neither renal artery is seen, although there are bilateral nephrograms. Note the large meandering artery. B, Corresponding lateral arteriogram. There is a high-grade proximal celiac artery stenosis. The origin of the superior mesenteric artery is
occluded, but it appears to reconstitute distally. Both renal arteries are patent.

TABLE 124-1 -- Perioperative and Long-Term Outcome After Open Surgical Revascularization for Chronic Mesenteric Ischemia
LONG-TERM
CLINICAL
SUCCESS—
OPERATION

TECHNICAL
SUCCESS

MORTALITY
(%)

COMPLICATION
(%)

IMMEDIATE
CLINICAL
SUCCESS (%)

OBJECTIVE
(%)

*

PATENCY—
OBJECTIVE
(%)

*

5-YEAR
SURVIVAL—
OBJECTIVE
(%)

YEAR

N

INDICATION
(% CMI)

2
Johnston et al[ ]

1995

21

100

AB—5, RB—16

NA

0

19

NA

NA

NA

79

McMillan et al

1995

25

64

AB—10, RB—15

NA

Overall—12, CMI
—6, AMI—22

Overall—30, CMI—
12, AMI—57

NA

NA

5 yr primary—89

75

1997

24

100

AB—17, RB—7

NA

4

NA

NA

NA

5 yr primary—78

71

24]

1999

85

100

RB—34, AB—24,
EA—19, Other—2

NA

8

33

100

5 yr—87

NA

64

41]

1999

42

100

AB—35, RB—1,
EA—4, other—2

NA

10

30

NA

3 yr—86

3 yr primary—65,
3 yr secondary—
67

70

AUTHOR

[37]
59]

Moawad et al[
Mateo et al[

Kihara et al[

*

2000

49

52

RB—43, AB—6

NA

Overall—12, CMI
—3, AMI—24

NA

100

NA

5 yr assisted
primary—79

61

Jimenez et al[

2002

47

100

AB—47

NA

11

66

100

NA

5 yr primary—69,
5 yr assisted
primary—96, 5 yr
secondary—100

74

40]

2002

98

100

AB—77, RB—14,
EA—1, other—2

NA

5

NA

98

5 yr—92

NA

62

60]

2002

48

52

AB/RB—30, EA
—18

NA

Overall—29, CMI
—4, AMI—57

Overall—60

NA

5 yr—79

5 yr primary—57

54

LONG-TERM
CLINICAL
SUCCESS—

PATENCY—

5-YEAR
SURVIVAL—

10]

Foley et al[

20]

Park et al[
Cho et al[

AB, antegrade bypass; AMI, acute mesenteric ischemia; CMI, chronic mesenteric ischemia; EA, endarterectomy; NA, not available; RB, retrograde bypass.

* Objective—life-table or Kaplan-Meier.
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TABLE 124-2 -- Perioperative and Long-Term Outcome After Endovascular Revascularization for Chronic Mesenteric Ischemia

OBJECTIVE
(%)

*

OBJECTIVE
(%)

1995

16

88

PTA—15, PTA/
stent—1

88

Overall—6, CMI
—0

Overall—6

Overall—88, CMI
—93

NA

NA

NA

1996

19

100

PTA—19

95

5

5

79

NA

NA

NA

63]

1998

23

100

PTA—23

90

0

9

77

NA

NA

NA

64]

1998

5

80

PTA—2, PTA/
stent—3

100

0

40

100

NA

NA

NA

Sheeran et al[

65]

1999

12

100

PTA/stent—12

92

8

0

92

18 mo primary—
74, 18 mo assisted
primary—83

NA

NA

Kasirajan et al

2001

28

100

PTA—5, PTA/
stent—23

100

11

18

NA

3 yr—66

NA

60

2002

19

100

PTA—12, PTA/
stent—7

100

0

16

94

NA

NA

NA

66]

2002

16

100

PTA—11, PTA/
stent—5

100

0

12

100

NA

NA

NA

67]

2002

6

100

PTA—5, PTA/
stent—1

100

0

NA

100

NA

NA

NA

61]

Hallisey et al[

62]

Allen et al[

Maspes et al[
Nyman et al[

[39]
Steinmetz et al

[38]
Cognet et al[
Pietura et al[

COMPLICATION
(%)

*

N

OPERATION

MORTALITY
(%)

OBJECTIVE
(%)

YEAR

AUTHOR

TECHNICAL
SUCCESS (%)

IMMEDIATE
CLINICAL
SUCCESS (%)

INDICATION
(% CMI)

*

Matsumoto et al

2002

33

100

PTA—21, PTA/
stent—12

81

0

16

88

NA

NA

NA

2003

25

84

PTA/stent—25

96

4

12

88

4 yr primary—72,
4 yr assisted
primary—92

30 mo primary—
65, 30 mo assisted
primary—82

NA

[21]
Sharafuddin et al

[68]
CMI, chronic mesenteric ischemia; NA, not available; PTA, percutaneous transluminal angioplasty.

* Objective—life-table or Kaplan-Meier.
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similar, although the adverse outcomes in the endovascular reports seemed to cluster at the lower end of the range, and the magnitude of the complications themselves were less. The mortality and complication rates reported from the institutional series for

1

24

open revascularization were comparable to the 15% mortality and 45% complication rates reported across the United States by Derrow and colleagues[ ] from a 20% U.S. sample. Mateo and associates[ ] reported that the complication rates, including
mortality, were significantly increased by simultaneous aortic repair, complete revascularization, and the presence of preoperative renal insufficiency. The long-term clinical success (5 years, range 79% to 92%), graft patency (5 years, primary patency, range
57% to 89%), and patient survival (5 years, range 54% to 79%) after open revascularization as objectively documented with either the life-table or the Kaplan-Meier method all are quite good. The same outcome measures are poorly documented after
endovascular treatment. The limited available objective data suggest, however, that these long-term measures are comparable. Among the reports objectively documenting the outcome after retrograde/ antegrade bypasses and prosthetic/vein bypasses, no
differences in patency were found (i.e., patency of antegrade bypass comparable to retrograde bypass). Many other relevant outcome measures, such as cost, hospital and intensive care unit length of stay, and return to normal weight, were not consistently

10]

reported in the multiple series. Foley and associates[

20]
39
reported mean lengths of stay of 19 days and 32 days after open revascularization for mesenteric ischemia. Kasirajan and colleagues[ ] reported a median length of
[21]

and Jimenez and coworkers[

stay of 5 and 13 days after endovascular and open revascularization, although this difference was not significant. Matsumoto and coworkers

reported that most patients were discharged to home within 72 hours after endovascular revascularization and that

20
they did not require treatment in the intensive care unit. Jimenez and coworkers[ ] reported the patients’ mean weight was 103% of their ideal body weight at 6 months postoperatively compared with the preoperative value of 87%.
OPERATIVE TECHNIQUE AND PERIOPERATIVE MANAGEMENT
Open Revascularization
Preoperative Evaluation

The preoperative evaluation for patients undergoing open revascularization for CMI is similar to that for other major vascular surgical procedures. All active medical conditions should be optimized, although extensive medical workups are likely unnecessary
given the relative sense of urgency and life-threatening nature of CMI. Patients with visceral artery occlusive disease likely also have systemic vascular disease, particularly coronary artery disease as shown by the landmark study by Hertzer and coworkers.

[44] Extensive cardiac workups are likely unnecessary and should be dictated by the patient’s underlying symptoms, with cardiac catheterization reserved for patients with either unstable angina or a change in their anginal pattern. The specific cardiac workup
[45]

Operative planning is facilitated by a conventional contrast arteriogram of the aorta and visceral vessels, although
likely should be dictated by institutional preference or the algorithm for noncardiac surgery published by the American Heart Association.
this is usually the definitive diagnostic study that precipitates the revascularization. Some type of imaging study of the supraceliac aorta should be obtained if antegrade bypass is planned to ensure that it is a suitable inflow site. Our current preference is a
standard contrast CT scan. Ankle-brachial indices and vein surveys of the saphenous and superficial femoral veins are routinely obtained to quantify the level of lower extremity arterial occlusive disease and to identify all available autogenous conduits in the
event that a prosthetic conduit is contraindicated. The management of oral feedings in the preoperative period is dictated by the severity and extent of the patient’s abdominal pain. Patients with minimal postprandial pain are allowed to continue to eat,
although they are counseled to avoid large meals or types of food that exacerbate their symptoms. On the other end of the spectrum, patients with continuous abdominal pain are made nothing per mouth (NPO) with the exception of medications. Patients
hospitalized during the preoperative period are started on TPN. The operative intervention is not delayed in an attempt to replete the nutritional stores, given the ongoing risk of developing AMI and the anecdotal impression that patients with CMI do not
metabolize the parenteral nutrition adequately. No bowel preparation is used in the immediate preoperative period because of the theoretical concerns of precipitating AMI.
Antegrade Aortoceliac/superior Mesenteric Artery Bypass

The antegrade aortoceliac/superior mesenteric artery bypass ( Fig. 124–3 ) can be performed using either a midline or bilateral subcostal incision with the choice contingent on surgeon preference. The midline incision is slightly easier and faster to close, and
the structures that need to be exposed during the procedure are all in the midline. A bilateral subcostal incision with a midline extension to the xiphoid provides the optimal exposure to the upper abdomen, however. It is particularly helpful in large men
because of the posterior location and the corresponding depth of the supraceliac aorta. The abdomen should be explored per routine to rule out any other intra-abdominal pathology and to assess the status of the bowel. We do not persist too long with this
maneuver or take down extensive adhesions if the bowel is viable, unless there is some uncertainty about the diagnosis.

The supraceliac aorta is exposed by taking down the left triangular ligament of the liver and reflecting the left lateral segment to the patient’s right. The retraction of the left lateral segment and the exposure itself is facilitated using a self-retaining retractor,
such as a Bookwalter, and placing the patient in a reverse Trendelenburg position. The gastrohepatic ligament is incised, although care should be used during this maneuver because a replaced left hepatic artery from the left gastric artery is seen approximately

46]

25% of the time and courses through the ligament.[

The esophagus and stomach are retracted to the patient’s left. Care should be used throughout the procedure to avoid
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Figure 124-3 An antegrade aortoceliac/superior mesenteric artery bypass is shown. The proximal anastomosis is performed to the supraceliac aorta, and the limbs of the graft are oriented on top of each other. The celiac anastomosis is performed in an end-toend fashion, whereas the superior mesenteric anastomosis is performed end-to-side. The body of the graft should be left as short as possible because the distance from the aorta to the celiac anastomosis is so short. The inferior limb to the superior mesenteric
artery is tunneled deep to the pancreas.

Figure 124-4 A retrograde aorta/superior mesenteric artery bypass is shown. The proximal anastomosis is performed in an end-to-side fashion to the proximal right common iliac artery. The distal anastomosis is performed in an end-to-end fashion to the
superior mesenteric artery after mobilization of the ligament of Treitz and the other duodenal peritoneal attachments. The bypass graft takes a gentle curve or C loop as it transitions posterior to anterior and caudad to cephalad.

Figure 124-5 A, Lateral arteriogram of the celiac axis and superior mesenteric artery. Note the occluded celiac axis and severe proximal stenosis in the superior mesenteric artery. B, Completion study after angioplasty and stenting of the superior mesenteric
artery stenosis. A balloon-expandable stent (Genesis) 6 mm in diameter and 15 mm in length was used.
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Chapter 125 - Intestinal Ischemia Caused by Venous Thrombosis

MARK D. MORASCH MD

Splanchnic vein occlusion, commonly known as mesenteric venous thrombosis (MVT), is a rare disorder with a broad range of clinical presentations. Although relatively infrequent and often benign, MVT is an important cause of acute mesenteric ischemia

1

2

that in rare cases can be lethal. This form of acute intestinal ischemia was first reported by Elliot in 1895[ ] and was described in detail as distinct from mesenteric arterial occlusion by Warren and Eberhard in 1935.[ ] Early authors reported significant
mortality rates associated with the disease. Today, because of its often insidious presentation and because of the potential for delayed diagnosis, MVT remains a formidable disease entity with significant morbid implications. Prompt recognition is important
because early and aggressive treatment may limit progression of the thrombotic process.
MVT, which usually involves the superior mesenteric and splenic veins and less commonly the inferior mesenteric and portal veins, is largely considered to be the least common cause of acute mesenteric ischemia. MVT is responsible for less than 10% of

3 4
5
clinically significant cases of mesenteric ischemia and is found in fewer than 1 in 1000 laparotomies.[ ] [ ] Rius and colleagues[ ] reported that 0.38% of laparotomies for acute abdomen revealed mesenteric infarction, and only 17% of those were the result

5
6
2 6
of splanchnic venous occlusion.[ ] In another study by Ottinger and Austen,[ ] MVT was found in less than 1% of patients with mesenteric ischemia. In autopsy studies, MVT has been found in 0.2% to 2% of the population.[ ] [ ] Because MVT may not

7
be suspected and not be diagnosed in many patients, its true incidence is unknown, but the incidence of symptomatic MVT over a more contemporary 20-year period was reported to be 2 in 100,000 admissions in one report.[ ] MVT can occur at any age and

8 9
in either sex, but it seems to be more common in the 50s and 60s, and there seems to be a slight male preponderance.[ ] [ ]
Earlier reports suggested that the mortality rate for MVT could be 50%. These figures likely were biased by the fact that most cases were detected at the time of laparotomy or autopsy, and because modern diagnostic modalities were still undeveloped. More

2 4 10 11 12
contemporary reports have found MVT much less likely to be fatal than other forms of mesenteric ischemia ( Table 125–1 ).[ ] [ ] [ ] [ ] [ ] In addition, the widespread use of computed tomography (CT) has led to more frequent diagnosis of benign,
11]

subclinical acute, subacute, and chronic forms of MVT.[

The clinical presentation of patients with acute or subacute MVT depends on the extent and location of the splanchnic thrombus. Diagnosis should be suspected when acute abdominal symptoms develop in patients with prior thrombotic episodes or a
documented coagulopathy. Patients may be mildly symptomatic, sometimes even asymptomatic, or they may present with signs and symptoms consistent with an acute, catastrophic surgical illness. Commonly, patients with MVT present with anorexia and
some abdominal pain; this can be sudden in onset, but frequently begins insidiously and worsens progressively. The pain is commonly nonspecific and generalized; point tenderness or rebound would be ominous signs and should be expected only in patients
who have developed transmural bowel ischemia. Abdominal distention is often present, but
TABLE 125-1 -- Literature Review of Acute Mesenteric Venous Thrombosis: Management and Mortality
AUTHOR (YEAR)

NO. PATIENTS

BOWEL RESECTION

NONOPERATIVE

ANTICOAGULATION

30-DAY MORTALITY

9

9

0

6

2 (22%)

16

10

3

6

8 (50%)

6

5

1

6

3 (50%)

Clavien (1988)[

12

12

0

12

5 (42%)

7
Kaleya (1989)[ ]

22

22

0

22

7 (32%)

Harward (1989)[

16

5

11

7

3 (19%)

40]

21

19

2

17

8 (38%)

Grieshop (1991)[

15

5

10

9

2 (13%)

4
Rhee (1994)[ ]

53

30

19

33

14 (27%)

23

8

14

19

7 (30%)

37]

Sack (1982)[

10]

Wilson (1987)[

12]

Montany (1988)[

38]

39]

Levy (1990)[

41]

11]

Morasch (2001)[
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tympany on examination may be disproportionately lacking secondary to mesenteric and bowel wall edema and to sequestrated intraluminal and intraperitoneal fluid.

13

More than half of patients with clinically significant MVT report abdominal pain and distention that has been present for 1 week to 1 month, and another quarter report abdominal pain that has lasted for much longer. Mathews and White[ ] found that 50%
of patients had pain 5 to 30 days before seeking medical attention; 27% reported abdominal pain for more than 1 month. Some patients have reported a symptom complex consistent with MVT that has lasted for much longer periods, even years, before having

11]

the correct diagnosis made.[

Diarrhea is present in one third or more of patients with MVT. Occult gastrointestinal bleeding is noted in more than half of patients diagnosed with MVT, whereas gross gastrointestinal bleeding is rare and is usually a sign of an advanced process involving

14]

transmural bowel infarction or a chronic form of the disease that has led to a variceal hemorrhage.[

15

In our series, 16% of our patients developed peritonitis from intestinal necrosis, but only two patients died from massive bowel infarction.[ ] Declining mortality rates may be the result of earlier diagnosis and more aggressive treatment; it is also possible,
however, that we now more readily diagnose a more benign form of the disease because of widespread use of CT. Improved image resolution of high-speed CT scanners and magnetic resonance imaging likely has added to the sensitivity for diagnosing MVT.

An apparent increase in the incidence of MVT along with declining mortality may be due to improved diagnostic capabilities rather than an actual increase in disease frequency. Patients with the chronic form of the disease do not have the sequelae of ischemic

14]

bowel; rather, they most often present with late complications of the portal or splenic vein thrombosis, which can include variceal bleeding.[

Traditionally an objective diagnosis of MVT has been difficult to establish. Although routine blood work often shows some irregularities, and x-rays are abnormal in three quarters of patients, laboratory tests or plain abdominal films do not provide a diagnosis
of intestinal ischemia caused by splanchnic venous occlusion. A mild leukocytosis with a left shift and a slightly elevated lactate dehydrogenase level are the only laboratory abnormalities consistently present. Laboratory values suggesting hemoconcentration
and dehydration are expected, but these are nonspecific findings in patients who present with MVT. Other laboratory values, such as serum electrolytes and amylase, often are unremarkable. Plain films of the abdomen usually show a nondescript ileus-type
pattern with dilated, fluid-filled bowel loops. Thumbprinting, or gas in the portal system, is suggestive of severe or advanced disease.

The diagnosis of MVT usually requires a high clinical index of suspicion followed by some form of noninvasive abdominal imaging. MVT should be considered in patients presenting with vague abdominal pain, especially patients with known
hypercoagulable disorders, history of deep venous thrombosis, or prior splenectomy. These patients should undergo fine-columnation, contrast-enhanced CT with close attention to the mesenteric venous phase, magnetic resonance venography, or a vascular
ultrasound.

CT established a diagnosis in more than 90% of the patients in our series who underwent the test. Contrast-enhanced abdominal CT is known to detect ovarian venous thrombosis, portal venous thrombosis, and MVT accurately. Acute thrombus in the superior
mesenteric vein is evident on CT as a central lucency devoid of contrast and surrounded by a well-defined, enhancing, inflamed, and thickened vein wall ( Fig. 125–1 ). Other CT findings include superior mesenteric vein dilatation, persistent enhancement of
thickened bowel wall, and a well-developed collateral venous circulation with cavernous transformation in the splanchnic veins in more chronic cases. When the triad of thrombus within the superior mesenteric vein, thickened small bowel wall, and free fluid

3
in the peritoneal cavity is identified on CT, at least one author has suggested that bowel infarction is likely and that laparotomy is indicated.[ ] Portal gas or pneumatosis intestinalis strongly suggests the presence of transmural bowel infarction. Because of the
accuracy and simplicity of CT, we no longer recommend venous phase angiography as a primary diagnostic modality.

Similar to contrast-enhanced CT, contrast-enhanced magnetic resonance imaging with magnetic resonance venography is sensitive and specific for the detection of MVT. The magnetic resonance techniques are simple and consist of steady-state, balanced
gradient echo pulse sequences in axial and coronal planes. These sequences are followed by pregadolinium and postgadolinium, contrast-enhanced, fat-suppressed, gradient echo imaging in the same axial and coronal planes. Although the information can be
obtained by postcontrast three-dimensional magnetic resonance angiography techniques, simple breath-held two-dimensional acquisitions are sufficient and less challenging to perform. Because a dynamic magnetic resonance angiography sequence is not
crucial, breath-held two-dimensional imaging can be performed 3 and 10 minutes after infusion when the contrast material is homogeneously concentrated in the blood pool. Venous occlusion appears as a typical flow void on reconstructed magnetic resonance

Figure 125-1 CT scan shows typical mesenteric venous thrombosis (arrow).

Figure 125-2 Magnetic resonance venography shows occlusion (arrow).

TABLE 125-2 -- Conditions Associated with Mesenteric Venous Thrombosis
Direct injury
Abdominal trauma (blunt and penetrating)
Postsurgical (particularly postsplenectomy)
Intra-abdominal inflammatory states (pancreatitis, inflammatory bowel)
Peritonitis and abdominal abscess
Local venous congestion or stasis
Portal hypertension/cirrhosis of the liver
Congestive heart failure
Hypersplenism
Hypercoagulable states
Protein C and protein S deficiency
Antithrombin III deficiency
Activated protein C resistance (factor V Leiden gene mutation)
Presence of the 20210 A allele of the prothrombin gene
Methylenetetrahydrofolate reductase mutations
Neoplasms (particularly pancreatic and colonic)

Oral contraceptive use
Polycythemia vera
Heparin-induced thrombocytopenia
Lupus anticoagulant/antiphospholipid syndrome

21]

genetic variances that have been reported to be associated with MVT include activated protein C resistance with factor V Leiden gene mutation, methylenetetrahydrofolate reductase mutations, and presence of the 20210 A allele of the prothrombin gene.[

[26] [27]
A past medical history of thromboses or a family history of pathologic thrombophilia in combination with abdominal complaints should increase the index of suspicion for MVT. A hypercoagulable state is far more likely to be found in patients diagnosed with
MVT than in patients found to have lower extremity deep venous thrombosis. In an update of our 2001 review, 37 of 41 patients (90%) had an identifiable hypercoagulable state, and 54% of the patients in this series had some form of acquired or heritable
hematologic thrombophilic disorder associated with hypercoagulability. Some authors have chosen to classify MVT into primary and secondary forms, with the latter reserved for patients with a clearly defined underlying cause. We have elected to do away
with this classification scheme because we believe that a careful search would define an underlying etiology in virtually every case.
Although the natural history of MVT is unknown and often relates directly to the extent of the thrombosis and to the underlying etiology, it does not seem to have the same ominous prognosis that has been associated with arterial occlusion. Nonetheless, if left
undiagnosed and untreated, there is a distinct mortality associated with MVT. In complicated cases, at surgery or autopsy, the affected segments of bowel appear markedly edematous and darkly reddened. The mesentery is thick and rubbery, and the

28]

thrombotic process appears segmental. Foregut and colonic involvement are rare because of the many venous collaterals that drain the esophagus, stomach, and large bowel.[
with mesenteric arterial occlusive diseases. This often massive sequestration of third-space fluid accounts for the significant volume requirements noted in

Figure 125-3 Management of acute mesenteric ischemia. DVT, deep venous thrombosis; MVT, mesenteric venous thrombosis.
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Sequestered volumes of third-space fluid are usually much more extensive than
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Chapter 126 - Portal Hypertension:

Surgical Management of Its Complications

KAJ JOHANSEN MD, PHD

BACKGROUND
Portal hypertension, usually arising either from hepatic cirrhosis or (uncommonly) a structural abnormality of the portomesenteric or hepatic venous circulation, remains a significant medical and public health problem. Cirrhosis of the liver and its

1

complications ranks 12th among all causes of mortality in North America[ ] : bleeding resulting from esophagogastric varices is the leading cause of death worldwide from gastrointestinal (GI) hemorrhage. In the developing world such bleeding, usually
arising as a consequence of schistosomal or viral infection of the liver, is a leading cause of nontraumatic mortality and morbidity among adults.
Development of the surgical portosystemic shunt (PSS) in the 1940s and 1950s was a major component in the evolution of vascular surgery. Remarkably, however, contemporary technologic developments in clinical pharmacology, interventional radiology,
and endoscopy have profoundly altered—and diminished—the surgeon’s role in the management of hepatic cirrhosis and portal hypertension. Operative management is much less commonplace in the care of variceal bleeders—to the extent that American
Board of Surgery examiners are now discouraged from asking candidates questions about surgical therapy for portal hypertension. The fourth edition of this text (1994) extensively discussed portal hypertension in five chapters covering 34 pages. For this sixth
edition, the author recommended, and the editorial board agreed on, a single chapter of 10 pages.
However, as for all varieties of GI hemorrhage, surgeons must continue to be available when bleeding is torrential and uncontrollable or when the lack of available gastroenterologic
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or interventional radiologic expertise requires emergency surgical intervention. Further, as discussed subsequently, it may well be that the therapeutic pendulum has swung too far away from surgical involvement for certain of these patients. This chapter,
therefore, represents a contemporary view of the diagnosis and management of portal hypertension and its complications, emphasizing those areas in which surgical involvement remains important and potentially crucial.

PATHOPHYSIOLOGY

Total hepatic blood flow approximates 2000 mL/min, 80% of which passes into and through the liver via the portomesenteric circulation and 20% via the hepatic artery and its branches. Normal portal venous pressure is 5 mm Hg.
When an obstruction to portomesenteric venous blood flow occurs—such as a portal vein thrombosis (PVT), intrahepatic compression or occlusion of venous radicles (such as occurs in Laënnec’s cirrhosis) or in a posthepatic scenario (e.g., Budd-Chiari
syndrome)—portal venous pressure rises sharply. (An uncommon cause of a rise in portal hypertension may result from an increase in total hepatic inflow, such as might occur with a hepatoportal or splenic arteriovenous fistula.) The development of portal

2
hypertension is defined by an increase in the wedged hepatic vein pressure to greater than 12 mm Hg. This is an important threshold number, for it is widely agreed that variceal hemorrhage is unlikely at a portal pressure gradient of below 12 mm Hg.[ ]

It has traditionally been thought that the basis for the development of portal hypertension, and the specific level to which portal pressure rises, is determined primarily by mechanical obstruction of the hepatic sinusoid by the scarring/reparative process inherent
in hepatic cirrhosis. Such a view is not difficult to comprehend given the sometime profound fibrosis seen on histologic examination of cirrhotic liver. Indeed, investigation of various antifibrotic agents (e.g., penicillamine) has been a conceptually attractive

3
investigative effort in the context of a potential pharmacologic treatment for cirrhosis.[ ]
4

However, recent investigation has suggested a more dynamic basis for portal hypertension than a simple mechanical/obstructive explanation. Most relevant here appear to be alterations in the nitric oxide (NO)/nitric oxide synthase (NOS) pathway.[ ] Current
evidence suggests that the degree of portal hypertension in cirrhosis is based on an excess of NOS activity in the splanchnic venous circulation (leading to vasodilation and increased portomesenteric blood flow) but paradoxically an intrahepatic diminution of

4 5
NO, resulting in vasoconstriction and increased portal pressure.[ ] [ ] An overflow of NO shunted into the systemic circulation is thought to result in the hyperdynamic circulatory state seen in advanced cirrhosis. The marked interest in NO donors or
6
inhibitors elsewhere in the body, such as in the pulmonary circulation,[ ] may result in the elucidation of agents that can lower portal hypertension by their direct impact either on the splanchnic venous circulation or on intrahepatic portal venous capacitance.
7
Other physiologic pathways thought to have the potential for fruitful exploration regarding underlying physiology of portal hypertension in cirrhosis include: hyperactivity of the sympathetic nervous system,[ ] abnormalities of prostaglandin

Figure 126-1 Multiple collateral pathways arise in response to the development of portal hypertension. Most important clinically, from the perspective of variceal hemorrhage, are pathways from the portal vein to the azygos or hemiazygos system via the
gastroesophageal variceal plexus and those communicating with hemorrhoidal tributaries of the hypogastric venous circuit. IVC, inferior vena cava. (From Sherlock S: The portal venous system and portal hypertension. In Diseases of the Liver and Biliary
System, 8th ed. Oxford, Blackwell, 1989, p 166.)

TABLE 126-1 -- Child Classification
CATEGORY
FACTORS

A

B

C

Bilirubin (mg/dL)

< 2.0

2.0–3.0

> 3.0

Albumin (mg/dL)

>3.5

3.0–3.5

< 3.0

Ascites

None

Reversible

Refractory

Encephalopathy

None

Minimal

Spontaneous

Nutrition (muscle mass)

Normal

Fair

Poor

accepted as having substantial predictive accuracy regarding clinical outcome following various interventions to treat complications of cirrhosis and portal hypertension.

PORTAL HYPERTENSIVE BLEEDING: ACUTE CARE
Because the acute mortality rate, and the long-term morbidity, associated with bleeding from portal hypertension is extraordinarily high, it is likely that patients with variceal hemorrhage should be resuscitated, stabilized, and then transferred to a regional
center for specialized care. However, this assertion is unproven.
Because, as noted, the mortality risk associated with an initial variceal hemorrhage approaches one in three, an aggressive approach to such patients is obligatory. In fact, simultaneous resuscitation, diagnosis, and (if possible) bleeding control are the hallmark
of optimal therapy in this setting. Installation of large-bore intravenous lines, admission to an intensive care unit, serial monitoring of hematocrit, and administration of appropriate volumes of crystalloid, blood and fresh frozen plasma should go hand in hand
with the obtaining of blood tests relevant to liver disease (and other disorders); virtually simultaneously emergency upper endoscopy (esophagogastoduodenoscopy [EGD]) should take place as soon as possible.
EGD is crucial in patients whose GI hemorrhage potentially arises from portal hypertension for both diagnostic and therapeutic reasons. First, up to a third of patients with portal hypertension and GI bleeding do so from a nonportal hypertensive source, such

11]

as peptic ulcer disease, gastritis, or Mallory-Weiss tear.[

Directing therapeutic modalities toward portal hypertension when in fact the patient needs treatment for a bleeding duodenal ulcer obviously is fruitless.

Second, in that group of individuals whose GI tract bleeding is indeed due to portal hypertension, EGD provides an accurate description of the specific identity, anatomic locale, and extent of the bleeding site.
Third, presuming suitable targets, expertise, and equipment, EGD offers an unparalleled opportunity to halt variceal hemorrhage at the bedside. This may be carried out by the performance of endoscopic variceal sclerotherapy (EVS), endoscopic variceal
ligation (EVL) with rubber bands, or on occasion a combination of these two therapies. Both EVS and EVL can be highly effective; a randomized,

TABLE 126-2 -- Pugh Score

*
POINTS FOR INCREASING ABNORMALITY

FACTORS

1

2

3

Encephalopathy (grade)

Normal (0)

1 or 2

3 or 4

Albumin (mg/dL)

> 3.5

2.8–3.5

< 2.8

Bilirubin (mg/dL)

1.0–2.0

2.0–3.0

> 3.0

Ascites

Absent

Slight

Significant

Prothrombin time (seconds prolonged)

1.4

4–6

>6

* Grade A = 5 or 6 points; grade B = 7–9 points; grade C = 10–15 points.
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controlled trial has suggested that band ligation is more effective and has fewer complications than does injection sclerotherapy.[ ] Emergency endoscopic therapy is associated in more than 90% of cases with cessation of variceal hemorrhage. Control of a
specific bleeding varix by injection or rubber band ligation is commonly the basis for cessation of bleeding; concurrent administration of vasoconstrictor medications, clotting factors, and/or platelets surely helps. The not-infrequent concurrence of
hypovolemia and shock likely contributes to bleeding cessation as well.
An important adjunctive treatment, universally used and likely of substantial relevance although not confirmed statistically, is the utilization of various pharmacologic vasoconstrictors or venodilators that reduce portal tributary blood flow and, therefore, portal
pressure. In longest use has been intravenous vasopressin (standard dosage, 0.4 μ/min) now commonly used in conjunction with intravenous nitroglycerin (standard dosage, 10 to 20 μg/min) administered to diminish the coronary arterial vasoconstrictive
effects of vasopressin.

More often administered in contemporary practice is octreotide, a synthetic somatostatin analogue (standard dosage, 25 to 50 μg intravenous bolus followed by 25 to 50 μg/hr). Both vasopressin (or vasopressin/nitroglycerin) and octreotide have been

13 14

demonstrated to reduce the portal pressure gradient and to be associated with a significant reduction in blood loss and early variceal rebleeding.[ ] [ ] Octreotide is the drug of choice for initial control of variceal bleeding in most centers in North America.
Neither pharmacologic approach, however, has been independently associated with prolongation of survival in patients in whom it has been administered. Another somatostatin analogue, terlipressin, used widely in Europe but not approved by the U.S. Food

13] [14]

and Drug Administration, has been associated with a statistically significant prolongation of survival—presumably from its effect on diminishing the magnitude of the initial variceal hemorrhage and the likelihood of early recurrence of hemorrhage.[

In approximately 5% of patients with variceal hemorrhage, bleeding is torrential enough that it cannot be controlled by endoscopic means, even in the presence of pharmacologic vasoconstrictor/venodilating agents. In such circumstances the use of an

15

esophagogastric balloon tamponade device (Sengstaken-Blakemore) may be life saving.[ ] Once inserted, these devices can be used to control esophagogastric variceal hemorrhage for up to 48 hours, after which tamponade must be released at least
temporarily to avoid esophageal or gastric fundal mucosal necrosis: Great care must be maintained to ensure that the deflated gastric balloon of the device is indeed in the stomach before inflating it, since esophageal perforation is commonplace (and generally
lethal) if the device is inflated in the lower esophagus. Since the most common complications associated with esophagogastric balloon tamponade relate to pulmonary aspiration, endotracheal intubation and mechanical ventilation are an obligatory part of
management of patients in whom esophagogastric balloon tamponade is being used.
Emergency operative therapy—either portacaval shunt or esophagogastric devascularization—has generally been considered to be imprudent as an initial intervention because of excessive early postoperative mortality rates. In a center where patients with
variceal hemorrhage can be quickly conducted to the operating room without time being wasted on extensive diagnostic or therapeutic maneuvers, mortality associated with emergency portacaval shunt may be expected to reach the remarkably low levels

16]

reported by Orloff and Bell.[

DEFINITIVE CARE
As noted, the combination of successful endoscopic therapy, administration of pharmacologic agents designed to lower portal pressure, and restitution of volume and blood-clotting factors generally results in cessation of hemorrhage and stabilization of the
variceal bleeder. Although clinicians’ tendency too frequently is simply resuscitate the patient, perhaps initiate an alcohol rehabilitation program, and discharge the patient, such instincts should be vigorously resisted. Failing definitive therapy, more than 70%
of those whose variceal bleeding is initially controlled will rebleed, each episode being associated with a greater than 50% likelihood of mortality. Thus, exploiting the index hospitalization to initiate one or another form of semipermanent protection against
variceal rebleeding is crucial.
Of the various forms of therapy designed to provide definitive control of bleeding, particular advantages or disadvantages may be present with each of the following options: long-term pharmacologic administration of beta-blocking agents, chronic endoscopic
variceal therapy, transjugular intrahepatic portosystemic shunt (TIPS), surgical shunts, and orthotopic liver transplantation (OLT). To a great extent the choice for one form or another of such definitive therapy depends on available expertise and, even more
important, on the patient’s general overall and specific hepatocellular functional status. The following sections summarize the decision-making processes regarding each of these potential therapeutic approaches.
Chronic Beta Blockade
The administration of a nonselective beta blocker can significantly reduce the portal pressure gradient, and the chronic administration of such agents has become a mainstay both of primary presentation of bleeding in cirrhotics with varices, as well as the

2 17

17] [18]

secondary prophylaxis of patients who have bled from esophagogastric varices.[ ] [ ] Randomized, controlled trials of beta-blocking agents suggest a statistically significant reduction in the incidence of recurrent variceal hemorrhage.[
such patients so treated still have a greater than 50% likelihood of a recurrent variceal hemorrhage, making beta blockade alone an inadequate preventive measure against variceal bleeding.

However,

19

Up to 30% of cirrhotic patients are intolerant of the side effects of beta blockade—especially in view of the significant hepatopulmonary syndrome that can occur with far-advanced cirrhosis.[ ] Additionally, the fact that beta blockade, which reduces basal
heart rate and significantly inhibits the ability to generate a reflex tachycardia in response to the hypovolemia that might result with variceal rehemorrhage, is also a significant concern to be maintained about the chronic use of beta blockade in cirrhotics with
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20]

esophagogastric varices. Isosorbide mononitrate alone[

21]
can mitigate some concerns about the use of beta-blocking agents used alone in the primary and secondary prevention of variceal hemorrhage.

or in concert with beta blockade[

Chronic Endoscopic Therapy
An important and widely used adjunct for secondary prophylaxis of variceal hemorrhage is chronic variceal therapy—either by injection or by rubber band ligation. This approach, carried out on a serial basis until complete eradication of varices is
demonstrated, is highly effective and has been associated with a significant reduction in mortality from variceal hemorrhage. The approach works most effectively with esophageal varices; it is less demonstrably useful in patients with gastric varices and is not
useful at all for portal hypertensive gastropathy.

A cumulative risk of complications present with chronic endoscopic therapy, including esophageal stricture, esophageal mucosal ulceration, gastroesophageal reflux disease, and esophageal perforation with mediastinitis. Chronic variceal therapy has been
associated with portal and splenic vein thrombosis; conceptually, obliteration of gastroesophageal variceal pathways might be expected to raise portal pressure and the risk of bleeding, such as from gastric varices, but this is not a proven concern. Chronic
recurrent endoscopic therapy is best carried out in compliant patients who live near the medical center; those who are noncompliant or cannot be because they live in rural regions distant from the medical center have an excessive risk of variceal hemorrhage

[22] and should be treated by other means (see later).
Transjugular Portosystemic Shunt
One of the fruits of the endovascular revolution of the past 20 years has been the development of a minimally invasive interventional radiologic means of constructing a transhepatic portosystemic shunt. The technique was developed experimentally by Rosch

23

24

25 26 27

and associates[ ] in the 1960s and initially carried out in humans by Colapinto and colleagues[ ] in 1983: by 1995 the technology and the therapeutic approach had matured enough that several large series had been presented.[ ] [ ] [ ] TIPS is
performed in the interventional radiology suite commonly (although not exclusively) with the patient under general anesthesia. “Road-mapping” imaging techniques and ultrasonographic guidance are used to assist the operator’s angiographic needle in
crossing liver parenchyma between the hepatic vein (usually the right one) and the right branch of the portal vein. Once access has been gained to the portal vein, the parenchymal tract between the hepatic vein and the portal vein is dilated and then stented.
Adjunctive coil embolization of the left gastric vein and other potential variceal sources can be carried out simultaneously.

TIPS technology and capabilities have matured to the extent that the technical success rate of the procedure exceeds 95%, and early technical morbidity and mortality is uncommon. Because portomesenteric circulation is immediately decompressed, variceal

28] [29] [30]

hemorrhage halts immediately and TIPS may not infrequently be life saving because of this. TIPS has also been found useful in the management of medically intractable ascites, hepatic hydrothorax, and the hepatorenal syndrome.[

TIPS has

31
had a particularly beneficial effect in ESLD patients who commence variceal bleeding while awaiting liver transplantation.[ ] Such patients were previously destined to a high likelihood of immediate mortality or at best of having their bleeding halted by an
emergency surgical shunt (even if successful at halting hemorrhage, a procedure of major magnitude that may irretrievably complicate consideration of a future OLT).
The important morbidity (and mortality) associated with TIPS relates paradoxically to the fact that (1) it works too well and (2) its beneficial effects are short lived.
PSSs have long been recognized to be associated with accelerated liver failure—especially manifested by the acute neuropsychiatric deterioration termed PSE. Recent animal and human investigation has clearly documented that this phenomenon occurs as a

32

consequence of the severity of hepatocellular dysfunction and the degree of portosystemic shunting. Unfortunately, the incidence of new PSE in patients successfully treated with TIPS approximates 25%,[ ] likely in part because TIPS has commonly been
used in patients with far-advanced hepatocellular dysfunction, and because the portal decompression associated with TIPS (usually via a 10-mm stent) is near total. If liver transplantation is not carried out with alacrity in such patients, their PSE may prove

33]

intractable and they will either die as a consequence or the TIPS channel will need to be blocked by coil embolization.[

The second major complication that significantly reduces TIPS’ clinical utility is its lack of durable patency. Although the basis for the technique’s rapid failure rate is likely multifactorial, its predictably rapid stenosis/occlusion rate has been reproduced in all

34

large series so far, with the likelihood of variceal rebleeding or TIPS occlusion/stenosis exceeding 50% within 1 year after insertion.[ ] It is clear that close angiographic or (perhaps) duplex sonographic surveillance can alert the clinician to an impeding
TIPS failure, thereby permitting a repeat intervention before complete occlusion and/or repeat variceal hemorrhage—but this requires a resource-intensive approach in a patient population that is notoriously noncompliant and undependable.

35]

Newer technologies for keeping TIPS channels more durably patent are under investigation. A PTFE-graft covered stent has appeared to have reasonably favorable results in early investigations.[

Surgical Shunts

Surgical portal decompression procedures (“shunts”) were developed in the 1940s and were one of the first clinical manifestations of the burgeoning specialty of vascular surgery ( Fig. 126–2 ). Surgical shunts are extraordinarily effective: 90% to 95% of

36 37 38 39

shunted patients are permanently protected from recurrent variceal hemorrhage. Only belatedly, in randomized, control trials carried out in the 1960s and 1970s.[ ] [ ] [ ] [ ] did it become clear that standard total shunts (i.e., those that completely
decompress the portal, system) fail to improve overall survival, notwithstanding their success at permanently halting variceal bleeding. Improvement in mortality from variceal hemorrhage in such patients is almost exactly balanced by a sharp increase in death
from accelerated liver failure. Worse, a marked increase in
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Figure 126-2 Portacaval shunt. A, An extensive Kocher maneuver is performed to expose the infrahepatic inferior vena cava caudally to a point just below the renal veins. B, Exposing the portal vein is best approached by incising the peritoneum over the
lateral hepatoduodenal ligament (hatched line); alternatively, careful dissection of a prominent, anteriorly placed lymph node may expose the portal vein. C, Mobilization of the portal vein by careful ligature and division of one or more medially directed
coronary veins (two are depicted here) and a constant, large posterolateral portal vein tributary from the head of the pancreas. D, Properly mobilized inferior vena cava and portal vein can be readily approximated for side-to-side anastomosis using apposing
Satinsky clamps. (A-D, From Johansen K, Helton WS: The relief of portal hypertension. In Yao JST, Jamieson CW [eds]: Rob and Smith’s Operative Surgery, 5th ed. London, Chapman & Hall, 1994.) Portacaval shunt. E, Completing the portacaval

anastomosis: Top, A parallel cavotomy and portal venotomy are carried out, and stay sutures are placed as shown; middle, after starting the anastomotic suture (a 4–0 or 5–0 monofilament stitch) at the top, the posterior walls are anastomosed from within using
the first “arm” of the stitch; and bottom, the anterior closure is accomplished from the outside using the other arm of the stitch. F, Patency of the shunt can be assessed by palpation of the inferior vena cava wall opposite the shunt; a thrill is frequently noted.
Pressures should be measured to ensure that portal decompression is adequate. (E and F, From Johansen K, Helton WS: The relief of portal hypertension. In Yao JST, Jamieson CW [eds]: Rob and Smith’s Operative Surgery, 5th ed. London, Chapman & Hall,
1994.)

Figure 126-2 Portacaval shunt. A, An extensive Kocher maneuver is performed to expose the infrahepatic inferior vena cava caudally to a point just below the renal veins. B, Exposing the portal vein is best approached by incising the peritoneum over the
lateral hepatoduodenal ligament (hatched line); alternatively, careful dissection of a prominent, anteriorly placed lymph node may expose the portal vein. C, Mobilization of the portal vein by careful ligature and division of one or more medially directed
coronary veins (two are depicted here) and a constant, large posterolateral portal vein tributary from the head of the pancreas. D, Properly mobilized inferior vena cava and portal vein can be readily approximated for side-to-side anastomosis using apposing
Satinsky clamps. (A-D, From Johansen K, Helton WS: The relief of portal hypertension. In Yao JST, Jamieson CW [eds]: Rob and Smith’s Operative Surgery, 5th ed. London, Chapman & Hall, 1994.) Portacaval shunt. E, Completing the portacaval
anastomosis: Top, A parallel cavotomy and portal venotomy are carried out, and stay sutures are placed as shown; middle, after starting the anastomotic suture (a 4–0 or 5–0 monofilament stitch) at the top, the posterior walls are anastomosed from within using
the first “arm” of the stitch; and bottom, the anterior closure is accomplished from the outside using the other arm of the stitch. F, Patency of the shunt can be assessed by palpation of the inferior vena cava wall opposite the shunt; a thrill is frequently noted.
Pressures should be measured to ensure that portal decompression is adequate. (E and F, From Johansen K, Helton WS: The relief of portal hypertension. In Yao JST, Jamieson CW [eds]: Rob and Smith’s Operative Surgery, 5th ed. London, Chapman & Hall,
1994.)
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Figure 126-3 Conceptually, the distal splenorenal shunt of Warren and colleagues[ ] [ ] combines decompression of the esophagogastric variceal complex via the short gastric veins, the spleen, and the splenic vein into the left renal vein with maintenance
of a high-pressure portomesenteric circulation. This latter state results from closure of the central end of the splenic vein as well as meticulous ligation of all potential right-to-left coronary and gastroepiploic venous collaterals. IVC, inferior vena cava.

Figure 126-4 Mesocaval shunt. Anastomosis of a graft to the infrarenal inferior vena cava has been accomplished, and the anastomosis to the posterolateral superior mesenteric vein has been partially completed. Giving the prosthetic graft approximately a
30% clockwise twist (solid arrow over graft) accommodates the different vectors of the superior mesenteric vein and the inferior vena cava and eliminates any risk of kinking of the graft.
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Chapter 127 - Renovascular Disease:

An Overview

KIMBERLEY J. HANSEN MD

HISTORICAL BACKGROUND
Renovascular Hypertension

1
2
Goldblatt [ ] defined a causal relationship between renovascular disease and hypertension through his innovative work published in 1934; however, Bright,[ ] of Guy’s Hospital, London, first called attention to a potential association between hypertension
2

and renal disease 100 years earlier. Bright[ ] observed that patients with “dropsy” and albuminuria during life had shrunken kidneys and an enlarged heart (cardiac hypertrophy) at autopsy. He suggested that the altered quality of the blood so affected the
small circulation as to render greater action necessary to force the blood through the terminal divisions of the vascular system.

3

Although Bright failed to recognize the relationship between increased blood pressure and cardiac hypertrophy, his observations stimulated many theories. Among these theories was Traube’s[ ] speculation that the elevated blood pressure led to increased
myocardial work and subsequent hypertrophy. Stimulated by Bright’s observations and subsequent hypotheses, several investigators described experimental models intended to recreate the clinical lesions observed in the kidney and heart. In 1879, Growitz and

4

Israel[ ] produced acute occlusion of one renal artery and performed contralateral nephrectomy to decrease functioning renal mass. Although these investigators created what they thought was cardiac hypertrophy in some animals, elevated blood pressures
occurred in none.

5
Lewinski[ ] might have predated Goldblatt’s observations had his experiments included blood pressure measurements. In 1880, he reported that 6 of 25 dogs developed cardiac hypertrophy after partial constriction of the renal arteries. In 1905, Katzenstein
[6] created hypertension in dogs by producing partial occlusion of the renal arteries, although complete occlusion after torsion of the renal pedicle did not produce elevated blood pressures. Katzenstein[6] showed that the elevated pressures returned to normal
[7]
when constricting rubber bands were removed. He concluded mistakenly, however, that the blood pressure changes were not related to a chemically mediated mechanism. In 1898, Tigerstedt and Bergman

published the landmark description of a renal

8
pressor substance in rabbits, a crude extract they termed renin. Although their work was confirmed in 1911 by Senator,[ ] these and other investigators did not consider renin central to the pathogenesis of hypertension.
1

In 1934, Goldblatt[ ] showed that constriction of the renal artery produced atrophy of the kidney and hypertension in the dog. As a clinical pathologist, Goldblatt noticed that extensive vascular disease was often present at autopsy in patients with
hypertension and was frequently severe in the renal arteries: “Contrary, therefore, to what I had been taught, I began to suspect that the vascular disease comes first and, when it involves the kidneys, the resultant impairment of the renal circulation probably, in

1
some way, causes elevation of the blood pressure.”[ ] Goldblatt’s elegant experiments introduced a new era by showing that renal artery stenosis could produce a form of hypertension corrected by nephrectomy.
9

In 1938, Leadbetter and Burkland[ ] described the first successful treatment of this correctable form of hypertension. These authors cured a 5-year-old child with severe hypertension by removing an ischemic ectopic kidney. The photomicrographs published
from that renal artery specimen were the first documentation of a renovascular origin of hypertension. In subsequent years, numerous patients were treated by nephrectomy based on the findings of hypertension and a small kidney on intravenous pyelogram. In

10]

1956, Smith[

reviewed 575 such cases and found that only 26% of patients were cured of hypertension by nephrectomy.
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TABLE 127-1 -- Results of Univariate Analysis for Renovascular Disease and Associated Factors

VARIABLE
Age

*

PARTICIPANTS WITH RVD (n = 57)

PARTICIPANTS WITHOUT RVD (n
= 777)

ODDS RATIO

95% CONFIDENCE INTERVAL

PVALUE

78.7 ± 5.7

77.1 ± 4.9

1.35

1.05, 1.73

.018

1.70

0.99, 2.92

.053

†

Gender (male)
Female (%)

29 (51)

281 (36)

—

—

—

Male (%)

28 (49)

496 (64)

—

—

—

0.97

0.51, 1.85

.933

Race
African-American (%)

13 (23)

181 (23)

—

—

—

White and other (%)

44 (77)

596 (77)

—

—

—

142 ± 20

134 ± 21

1.42

1.10, 1.82

.007

‡

73 ± 11

72 ± 10

1.11

0.85, 1.45

.444

Clinical hypertension (%)

30 (53)

306 (39)

1.71

0.99, 2.93

.052

Diabetes

10 (18)

161 (21)

0.81

0.40, 1.65

.567

Smoking

28 (49)

355 (46)

1.13

0.66, 1.94

.647

Hypercholesterolemia (%)

8 (14)

152 (18)

0.67

0.31, 1.45

.313

Elevated LDL-C (%)

11 (20)

125 (17)

1.23

0.62, 2.45

.551

Decreased HDL-C (%)

16 (29)

119 (16)

2.17

1.18, 4.00

.013

Obesity

21 (37)

224 (29)

1.44

0.82, 2.52

.202

Systolic blood pressure

‡

Diastolic blood pressure

HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; RVD, renovascular disease.
From: Hansen KJ, Edwards MS, Craven TE, et al: Prevalence of renovascular disease in the elderly: A population based study. J Vasc Surg 36:443, 2002.

* Age at time of renal duplex sonography.
† Odds ratio per 5-year increase.
‡ Odds ratio per standard deviation increase.

This finding led him to suggest that nephrectomy should be limited to strictly urologic indications.

11]

In 1954, Freeman[

performed an aortic and bilateral renal artery thromboendarterectomy in a hypertensive patient, which resulted in resolution of the hypertension. This first cure of hypertension by renal revascularization combined with widespread use of

12 13 14 15

aortography was followed with enthusiastic reports describing blood pressure benefit after renal revascularization.[ ] [ ] [ ] [ ] Nevertheless, by 1960, it became apparent that renal revascularization in hypertensive patients with renal artery stenosis
was associated with beneficial blood pressure response in fewer than half of individuals. These clinical results fostered general pessimism regarding the value of operative renal artery reconstruction for the treatment of hypertension.

16]

Contemporary operative management of renovascular hypertension began with the introduction of tests of functional significance. Split renal function studies by Howard and Connor,[

17]

Stamey and associates,[

18]

Page and Helmes,[

19]

and others[

[20] [21] identified the role of the renin-angiotensin system in blood pressure control, describing the pathophysiology of renovascular hypertension. After accurate assays for plasma renin activity became available, physicians could predict accurately which

renal artery lesion was producing renovascular hypertension.
Renovascular Renal Insufficiency

22] [23] [24] [25] [26] [27]

Until the current era, the pathophysiology and management of renovascular disease focused solely on hypertension; contemporary reports have emphasized the relationship between renovascular disease and renal insufficiency.[

[28] [29] [30] The term ischemic nephropathy has been adopted to recognize this relationship. By definition, ischemic nephropathy describes the presence of severe occlusive disease of the extraparenchymal renal artery in combination with excretory renal
[31]
[23] [24] [25]

insufficiency. In 1962, Morris and associates

reported on eight azotemic patients with global renal ischemia who had improved blood pressure and renal function after renal revascularization. Dean, Libertino, and Novick and their groups

[26]

found a similar beneficial function response when bilateral renal lesions were corrected in azotemic patients. These early reports and the reports that followed suggested that ischemic nephropathy could mediate renal insufficiency that was rapidly
progressive, contributing to end-stage renal disease. The diagnosis and management of renovascular disease contributing to renal insufficiency are discussed in detail in Chapter 130 .

PREVALENCE
The actual contribution of renovascular disease to hypertension or renal insufficiency was uncertain because the prevalence of renovascular disease was unknown. Past prevalence estimates of renovascular disease were extrapolated from case series autopsy

31 32 33 34 35 36 37 38

examinations or angiography obtained to evaluate diseases of the aorta or peripheral circulation.[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] More recently, the population-based prevalence of renovascular disease has been estimated in participants of the
National Heart, Lung and Blood Institute–sponsored Cardiovascular Health Study. This is a longitudinal, prospective, population-based study of coronary heart disease and stroke in elderly men and women. This population-based study showed that

39

hemodynamically significant renovascular disease was present in 6.8% of this elderly, free-living cohort.[ ] Multivariate analysis showed increasing participant age (P = .028; odds ratio 1.44; 95% confidence interval 1.03, 1.73) and increasing systolic blood
pressure at baseline (P = .007; odds ratio 1.44; 95% confidence interval 1.10, 1.87) were significantly and independently associated with the presence of renovascular disease ( Table 127–1 ). Renal insufficiency
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TABLE 127-2 -- Prevalence of Renovascular Hypertension in 74 Hypertensive Children
0–5 YEARS

6–10 YEARS

11–15 YEARS

16–20 YEARS

Total no. children

9

9

29

27

Essential

2

5

24

21

Correctable

7 (78%)

4 (44%)

5 (17%)

6 (22%)

From Lawson JD, Boerth RF, Foster JH, Dean RH: Diagnosis and management of renovascular hypertension in children. Arch Surg 112:1307, 1977.

39]

was associated with renovascular disease, but only when renal artery disease coexisted with significant hypertension. Contrary to prior assumptions, renovascular disease showed no significant relationships with gender or ethnicity.[

Considering the general population, the prevalence of renovascular disease in the 90 million persons with hypertension in the United States is probably low. Renovascular disease is thought to account for 3% to 5% of hypertension among all persons with
increased blood pressure. Renovascular hypertension is associated with severe increases in blood pressure, however. Consequently, its presence in the numerous people with mild hypertension is probably negligible. In contrast, renovascular disease is
frequently the cause in people with severe systemic hypertension (diastolic blood pressure >105 mm Hg).

Severe hypertension, particularly at the extremes of age, has the highest probability of being renovascular hypertension. A review of 74 consecutive children evaluated for hypertension over a 5-year period showed that 78% of the children younger than 5 years

40

old had a correctable renin-mediated cause ( Table 127–2 ). [ ] After children, the next group that is most likely to have renovascular hypertension is the elderly. In the 1996 academic year, our center screened 629 hypertensive adults for renovascular
disease ( Table 127–3 ). Overall, 25% of subjects screened showed significant renal artery disease; however, 52% of subjects older than 60 with diastolic pressure greater than 110 mm Hg had significant renal artery stenosis or occlusion. When serum
creatinine was elevated in conjunction with these age and blood pressure findings, 71% of subjects showed hemodynamically significant renovascular disease. In half of this latter subgroup, renovascular disease was present in both kidneys.
Among hypertensive patients with excretory renal insufficiency, the prevalence of renovascular disease (i.e., ischemic nephropathy) also varies. In a series of randomly selected patients 45 to 75 years old with serum creatinine greater than 2.0 mg/dL evaluated

41]

at our center, 14% showed unsuspected renovascular disease.[

In a prospective study of 90 consecutive patients older than 50 with new-onset end-stage renal disease who presented for long-term renal replacement therapy, 22% had renal artery stenosis or

42]

occlusion ( Table 127–4 ).[
failure had unsuspected

In contrast to the population-based study of prevalent disease, dialysis-dependent ischemic nephropathy showed significant ethnic differences. Overall, 40% of white patients in the atherosclerotic age range with end-stage renal

TABLE 127-3 -- Renal Duplex Sonography in 629 Adults with New Hypertension
RVD PRESENT (%)

RVD ABSENT (%)

TOTAL

All Patients

154 (24)

475 (76)

629 (100)

>60 yr and DBP ≥110 mm Hg

98 (52)

91 (48)

189 (30)

DBP ≥110 mm Hg and SCr ≥2 mg/dL

53 (71)

22 (29)

75 (12)

DBP, diastolic blood pressure; RVD, renovascular disease; SCr, serum creatinine.

42]

renovascular disease. Twenty percent had global renal ischemia consistent with potentially reversible dialysis-dependent renal failure (see Table 127–4 ).[

These data suggest that people with hypertension or renal insufficiency do not show equal risk for the presence of renovascular disease, renovascular hypertension, or ischemic nephropathy. Rather, the probability of finding clinically significant renal artery
disease correlates with age, severity of hypertension, and presence and severity of renal insufficiency. Consequently the search for renovascular disease should be directed toward the children or adults in the atherosclerotic age range who have severe
hypertension, especially when severe hypertension is combined with excretory renal insufficiency. Severity of hypertension refers to the level of blood pressure without medication and does not relate to the difficulty of medical control.

Past attempts to discriminate between essential and renovascular hypertension have focused on the value of demographic factors and physical findings to guide further diagnostic study. The Cooperative Study of Renovascular Hypertension is the best study to
date that compared the
TABLE 127-4 -- Prevalence of Dialysis-Dependent Ischemic Nephropathy Among 45 Patients with New End-Stage Renal Disease
RENOVASCULAR DISEASE PRESENT

RENOVASCULAR DISEASE ABSENT

No. patients (%)

10 (22%)

35 (78%)

Whites only

10 (40%)

15 (60%)

Type RVD
Bilateral

5

Unilateral

5

Occlusion

4
69.4 ± 2.5

64.1 ± 1.5

Male

5

15

Female

5

20

African-American

0

20

White

10

15

Mean age (yr)

*

Gender

Ethnicity

†

RVD, renovascular disease.
Modified from Appel RG, Bleyer AJ, Reavis S, Hansen KJ: Renovascular disease in older patients beginning renal replacement therapy. Kidney Int 48:171, 1995.

* P= .07.
† P = .002
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clinical characteristics of essential and renovascular hypertension.[

In that study, the prevalence of certain clinical characteristics in 339 patients with essential hypertension was compared with their prevalence in 175 patients with renovascular

43

hypertension secondary to atherosclerotic lesions (91 patients) or fibromuscular dysplasia (84 patients). The significant differences identified in the Cooperative Study of Renovascular Hypertension are summarized in Table 127–5 . [ ] Several
characteristics show statistically significant differences between the two varieties of hypertension, but none has sufficient negative predictive value to exclude individuals from further investigation for renovascular disease. The finding of an epigastric bruit in
a young woman with severe hypertension strongly suggests a renovascular cause for the elevated blood pressure; however, the absence of these clinical features does not rule out renovascular disease. Consequently, clinical criteria should not be used to
eliminate patients from further diagnostic study.

The decision for diagnostic evaluation should be based on the severity of the hypertension. Mild hypertension has a minimal chance of being renovascular in origin, whereas the more severe the hypertension, the greater the probability that it is from a
correctable renovascular cause. With this in mind, our center evaluates all persons with severe hypertension for renovascular disease, especially individuals at the extremes of age and especially when hypertension is associated with excretory renal
insufficiency.

PATHOPHYSIOLOGY
The renin-angiotensin system is one of the mechanisms by which mammals regulate homeostasis. The active hormone products of the system act to regulate body fluid volumes, electrolyte composition, and tissue perfusion pressure. Physiologically the renal
renin-angiotensin system may function as a short-term regulator of arterial pressure
TABLE 127-5 -- Clinical Characteristics in Essential Hypertension and Renovascular Hypertension
RENOVASCULAR HYPERTENSION
ESSENTIAL HYPERTENSION (339 Cases)
%

Years

Atherosclerotic (91 Cases)
%

Fibromuscular (84 Cases)
Years

%

Years

History
Average age
<20 yr

41
2

Average duration

48
1

35
14

3.1

1.9

2

<1 yr

10

23

19

>10 yr

23

12

10

Average age at onset

35

46
33

>50 yr

7

39
3

<20 yr

12

2
16

*
*

Sex (female)

40

34

81

Race (black)

29

7

10

Acceleration of hypertension

13

23

14

Family History
Hypertension

67
68

*

41

*

Stroke

37
44

Neither of foregoing

19
30

*

22

*

46

Symptoms
Nocturia

38

55

Weakness, fatigue

32

49

35
42

*

Angina
Headache
All of foregoing

0

14

10

Previous vascular occlusive
disease

10

20

6

Obese

38

17

11

Thin

6

Physical Evaluation
Body habitus

13
Fundi (grades 3 and 4)

12

30

*

26
10

*

Bruit
Abdomen

6

38

55

Flank

1

8

20

Abdomen or flank

7

41

57

From Simon N, Franklin SS, Bleifer KH, Maxwell MH: Clinical characteristics of renovascular hypertension. JAMA 220:1209, 1972.

* Differences are statistically different at the 5% level except where so designated.
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44]
This tissue renin-angiotensin system may be involved primarily in the regulation of cell functions
[45]

and body fluid volumes. Renin-angiotensin system genes have been identified in virtually all the cardiovascular and reproductive systems of mammals.[

related to growth and cell-to-cell communication. The circulating renin-angiotensin system is an example of endocrine regulation, whereas the tissue renin-angiotensin system may reflect paracrine and autocrine hormones.

Although there is no consensus

45] [46]

as to the relative importance of the endocrine and paracrine functions of the circulating and tissue renin-angiotensin systems, emerging data favor an important participation of tissue-derived angiotensin peptides in cardiac and vascular pathology.[

Renovascular hypertension is an entity in which the blood pressure elevation is caused by hypoperfusion of the kidney with concomitant decreases in renal blood flow. Stenosis of the renal artery may affect a single kidney, but bilateral stenosis may be found
also, particularly in subjects with atherosclerotic renal artery disease (see Chapter 130 ). The presence of a contralateral intact kidney has a significant effect on the mechanisms accounting for the evolution of renovascular hypertension and ischemic
nephropathy. In general, the mechanisms contributing to the initial rise in arterial pressure may be considered as volume and vasoconstrictor systems. The initial stimulus of renal hypoperfusion causes an activation of the renin-angiotensin system that
translates to the release of renin with an attendant increase in the circulating levels of angiotensin II (Ang II). Volume expansion due to Ang II–mediated sodium retention is incompletely counteracted by a natriuretic response from the opposite intact kidney,

47 48

which responds to the increase in blood pressure with a pressure natriuresis.[ ] [ ] This anatomy is considered the primary example of vasoconstriction hypertension because the contralateral kidney can negate partially the contribution from volume
expansion. The absence of the intact kidney or bilateral renal artery stenosis eliminates, however, the compensatory pressure-induced natriuresis. In this condition, severe hypertension results from the combined effects of volume expansion and peripheral

vasoconstriction.
The progression of hypertension over time reflects an adjustment of homeostatic mechanisms to the elevation of arterial pressure. The activation of neurogenic mechanisms by Ang II increases cardiac output, but this effect is progressively replaced by a

49]

sustained increase in peripheral vascular resistance.[

The cardiovascular system responds to the sustained increase in arterial pressure by adaptive structural changes of the heart and peripheral blood vessels. The restructuring of the cardiovascular system

50]
These structural changes are mediated by the multiple actions of Ang II and the activation of other

in terms of left ventricular hypertrophy and vascular hypertrophy may become the predominant mechanism by which hypertension is sustained.[
vasopressor systems.

It would be simplistic to think that the above-enumerated factors provide a complete description of the mechanisms activated by the onset of renal hypoperfusion. In the clinical context, the pathophysiology of renal hypertension may be characterized by a
sustained elevation in peripheral vascular resistance that is mediated by activation of the renin-angiotensin and the sympathetic nervous systems and their concomitant contribution to vascular endothelial dysfunction. Although the contribution of increased
secretion of renin and Ang II production is a sustaining stimulus for the hemodynamic and hormonal response, the actions of Ang II on the vascular endothelium may be of greatest importance in sustained blood pressure elevation. The renin-angiotensin and
sympathetic nervous system seem to act in concert to regulate the integrated hormonal response that operates to regulate sodium and potassium balance and arterial pressure.

It is well accepted that renovascular hypertension is caused by an increased activity of the renin-angiotensin system produced initially by hypersecretion of renin from juxtaglomerular apparatus of the ischemic kidney. As hypertension evolves into a chronic
stage, however, vascular hypertrophy may become an essential mechanism for the maintenance of elevated blood pressure and peripheral vascular resistance. The effect of hypertension on precapillary resistant vessels triggers a myogenic response that is

50] [51]
This response augments vascular reactivity to pressor agents. There also is evidence that renin may be trapped in structural elements of the vascular wall.
[42]

evidenced by the combination of hypertrophy and hyperplasia of the vascular smooth muscle.[

[52] Local production of Ang II of tissue renin-angiotensin systems may contribute to the remodeling of resistance vessels.

Angiotensin-converting enzyme exists in the plasma membrane of vascular endothelial and smooth muscle cells. The necessary
components for the production of Ang II may be found in vascular and cardiac tissue. In the chronic phases of the hypertension process, hypersecretion of renin from the ischemic kidney may be of lesser importance than increased production of vascular Ang
II as the mechanism that sustains the elevation in arterial pressure.

53]
44
The earliest clinical reports[ ] suggested a “glomerular filtration failure” based on hypoperfusion of the kidney, but the molecular basis
[54]

The pathophysiology of renovascular renal insufficiency (i.e., ischemic nephropathy) is incompletely understood.[

for ischemic nephropathy is poorly characterized. Similar to renovascular hypertension, the renin-angiotensin system likely contributes to ischemic nephropathy through its paracrine effects—intrarenal angiotensin peptides increase efferent arteriolar tone.
In the presence of a pressure-reducing renal artery lesion, this paracrine effect increases glomerular capillary pressure to support glomerular filtration. In contrast to these positive effects, angiotensin peptides also have been shown to promote tubulointerstitial

55]

injury in the presence of a renal artery lesion.[

This observation is supported by induction of transforming growth factor-β and interstitial platelet-derived growth factor-β, which are associated with increased extracellular matrix and interstitial fibrosis.

[56] [57] [58] [59] The disruption of tubular cytoskeleton and the loss of tubular membrane polarity also have been suggested. Besides these potentially reversible contributors to excretory renal insufficiency, an atherosclerotic renovascular lesion can serve
[60]

as a source for atheroemboli.

The inability to distinguish potentially reversible ischemic nephropathy from irreversible renal parenchymal disease has enormous clinical importance. Recovery of renal function after renovascular intervention has proved to

29] [30]

be the strongest predictor of dialysis-free survival.[
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EVALUATION AND DIAGNOSIS
The general evaluation of all hypertensive subjects should include a careful medical history, physical examination, serum electrolytes (including creatinine), and electrocardiogram. The electrocardiogram reveals the extent of secondary myocardial
hypertrophy and associated heart disease. Serum electrolytes and serial serum potassium determinations can effectively exclude patients with primary aldosteronism if potassium levels are greater than 3.0 mEq/dL. Finally, estimation of renal function is
mandatory for all patients. Primary renal parenchymal disease may mediate renal dysfunction and hypertension. Conversely, hypertension from any cause may produce intrarenal arteriolar nephrosclerosis and mediate decreased excretory renal function.

61]
Isotope renography is proposed as a valuable screening test; however, the methods employed and the criteria for

A noninvasive screening test that accurately identifies renal artery disease in all individuals does not exist yet (see Chapter 128 ).[

62

interpretation are continuously modified with the hope of improving the sensitivity and specificity.[ ] Current isotope renography uses a variety of radiopharmaceuticals before and after exercise or angiotensin-converting enzyme inhibition (i.e., captopril).
As described in Chapter 128 , only captopril renography has gained widespread use and acceptance as a useful screening tool for renovascular disease.
Currently available screening tests can be broadly characterized as functional (relying on some feature of the renin-angiotensin axis) or anatomic (providing a renal artery image or associated hemodynamic data). With the exception of captopril renography,

63]

studies that rely on the renin-angiotensin axis have been associated with an unacceptable rate of false-negative results. Consequently, our center emphasizes direct screening methods.[

Of the direct screening methods in current use described in Chapter 128 , our center has chosen renal duplex sonography as the preliminary study of choice for renovascular hypertension and ischemic nephropathy. Through continued improvements in software

64

and probe design, renal duplex has proved an accurate method to identify hemodynamically significant renal artery occlusive disease. It is ideally suited to the evaluation of anatomic renovascular disease in the contemporary patient population.[ ] When
duplex is used as a screening study, preparation is minimal (an overnight fast), and there is no need to alter antihypertensive medications. The examination poses no risk to residual excretory renal function, and overall accuracy is not affected adversely by
concomitant aortoiliac disease. These considerations are important because more than 80% of contemporary patients have at least mild renal insufficiency combined with aortoiliac atherosclerosis.

During the past 14 years, our center has performed more than 15,000 renal duplex studies to screen for renovascular disease among hypertensive subjects ranging in age from 2 to 91. Overall, technically “satisfactory” studies (defined as complete main renal

64]
Although these rates of success are not influenced by patient age, extent of disease, or presence of renal insufficiency, these

artery Doppler interrogation from aortic origin to renal hilum) were obtained in 92% of patients and 96% of kidneys examined.[
results require examination by a skilled sonographer.

64

The utility of renal duplex sonography is shown by the results from our first prospective validity analysis in 74 consecutive patients who had 77 conventional cut-film angiograms of 148 kidneys.[ ] Renal duplex correctly identified the presence of
hemodynamically significant renal artery stenosis or occlusion in 41 of 44 patients with angiographically proven lesions and produced no false-positive findings. Among 122 kidneys with single renal arteries, renal duplex sonography provided 95% sensitivity,

64

98% specificity, 98% positive predictive value, 94% negative predictive value, and overall accuracy of 96%. These results were adversely affected in the 14 patients who had 20 kidneys with multiple renal arteries ( Table 127–6 ).[ ] Diastolic features of the
renal artery spectral analysis correlated significantly and inversely with estimated glomerular filtration (r = .30773; P = .009); however, parameters from the Doppler spectral analysis did not correlate with hypertension or renal function response in patients
submitted to renovascular repair. The study provides accurate anatomic information, but Doppler parameters should not be used as the sole measure to predict response after renal artery intervention.

Judging from this experience, renal duplex sonography seems to be a valuable study for lesions of the main renal artery when the screened population shows 20% to 40% prevalence of renovascular disease. A negative duplex examination effectively excludes
ischemic nephropathy because the primary consideration is global renal ischemia secondary to main renal artery disease. When renal duplex is used to screen for renovascular hypertension, however, multiple or polar renal arteries and their associated disease
TABLE 127-6 -- Renal Duplex Sonography: Comparative Analysis Parameter Estimates and 95% Confidence Intervals
GROUP

ESTIMATE

95% CI

Sensitivity

0.88

0.84, 0.92

Specificity

0.99

0.97, 1.00

PPV

0.98

0.96, 0.99

NPV

0.92

0.89, 0.95

Accuracy

0.91

0.87, 0.95

122 (kidneys)

Sensitivity

0.93

0.90, 0.96

148 (kidneys)

Specificity

0.98

0.96, 1.00

renal

PPV

0.98

0.96, 1.00

artery

NPV

0.94

0.91, 0.97

Accuracy

0.91

0.87, 0.95

Sensitivity

0.67

0.53, 0.81

All kidneys

Kidneys with
single

Kidneys with

N
142 (kidneys)

21 (arteries)

multiple

MEASURE

Specificity
1.00

renal

PPV
1.00

arteries

All patients

74 (subjects)

*

—

*

—

NPV

0.79

0.68, 0.90

Accuracy

0.86

0.76, 0.96

Sensitivity

0.93

0.87, 0.99

Specificity
1.00
PPV
1.00

*

—

*

—

NPV

0.91

0.84, 0.98

Accuracy

0.96

0.91, 1.00

CI, confidence interval; NPV, negative predictive value; PPV, positive predictive value.
From Hansen KJ, Tribble RW, Reavis SW, et al: Renal duplex sonography: Evaluation of clinical utility. J Vasc Surg 12:227, 1990.

* Estimated standard error is 0; confidence level is inestimable.

1769

are potential limitations. Despite enhanced recognition of multiple arteries provided by Doppler color-flow ultrasonography, only 40% of these accessory renal vessels are identified. Overall, 17% of patients treated for renovascular hypertension by our center
have polar renal artery disease, and in 11% of patients, polar disease constitutes the sole source of renovascular hypertension; this is important, particularly when children and young adults are considered. For these individuals, we proceed with angiography
when hypertension is severe or poorly controlled, despite a negative duplex result.
The use of angiography as a screening study for renovascular hypertension is controversial. These issues are discussed completely in Chapters 128 and 131 . We perform angiography as a screening study when renal duplex is technically incomplete or branch/
polar renal artery disease is suspected in an individual with severe hypertension. It is widely recognized that angiography can aggravate renal failure in patients with severe renal insufficiency, especially when secondary to diabetic nephropathy (see Chapter
58 ). Nevertheless, this risk would seem justified in patients who have severe or accelerated hypertension and in patients with positive renal duplex sonography results. In these circumstances, the benefit derived from the identification and correction of a
functionally significant renovascular lesion exceeds the risk of angiography.
When a unilateral renal artery lesion is confirmed by angiography, its functional significance should be defined. Renal vein renin assays and split renal function studies have proved valuable in assessing the functional significance of renovascular disease (see
Chapter 128 ). Neither renal vein renin assays nor split renal function studies have great value, however, when severe bilateral disease or disease to a solitary kidney is present. In these latter circumstances, the decision for intervention is based on the severity

65]

of the renal artery lesions, the severity of hypertension, and the degree of associated renal insufficiency. Finally, urologic split renal function studies are no longer performed (the reader is referred to earlier texts describing their use).[
renin assays are used most commonly to establish the presumptive diagnosis of renovascular hypertension. Proper patient preparation and performance of renal vein renin assays are crucial to obtaining valid results.

At present, renal vein

MANAGEMENT OPTIONS
The question of what constitutes optimal management of renovascular disease contributing to hypertension or renal insufficiency is unanswerable. There are no prospective, randomized trials that compare available treatment options. In the absence of level I
data, advocates of medical management, percutaneous transluminal renal angioplasty (PTRA), or operative intervention cite selective clinical data to support their particular views.

66

Most physicians evaluate patients for renovascular hypertension only when medications are not tolerated or hypertension remains severe and poorly controlled. The study by Hunt and Strong[ ] is the most informative one available to assess the comparative
value of medical therapy and operation. In this nonrandomized study, the results of operative treatment in 100 patients were compared with the results of drug therapy in 114 similar patients. After 7 to 14 years of follow-up, 84% of the operated group was
alive compared with 66% in the drug therapy group. Of the 84 patients alive in the operated group, 93% were cured or significantly improved compared with only 21% of patients alive in the drug therapy group. Compared with surgical management, death
during follow-up was twice as common in the medically treated group, resulting in differences that were statistically significant in patients with either atherosclerosis or fibromuscular dysplasia of the renal artery.

67

Additional prospective data regarding medical therapy for renovascular hypertension suggest that decrease in kidney size and renal function may occur despite satisfactory blood pressure control. Dean and colleagues[ ] reported the results of serial renal
function studies performed on 41 patients with renovascular hypertension (i.e., hypertension and positive functional studies) secondary to atherosclerotic renal artery disease who were randomly selected for nonoperative management ( Table 127–7 ). In 19
patients, serum creatinine levels increased 25% to 120%. The glomerular filtration rates decreased 25% to 50% in 12 patients, and 14 patients (37%) lost more than 10% of renal length. In 4 patients (12%), a significant stenosis progressed to total occlusion.
Overall, 17 patients (41%) had deterioration of renal function or loss of renal size that led to operation, and one patient required removal of a previously reconstructible kidney. Of the 17 patients in whom renal function deteriorated, 15 had acceptable control
of blood pressure during the period of nonoperative observation. This experience suggested that progressive decline of renal function in medically treated patients with atherosclerotic renovascular disease and renovascular hypertension occurs despite medical
blood pressure control.

The detrimental changes that may occur during medical therapy alone are often cited as supporting evidence for intervention for all renovascular lesions. However, the only prospective angiographic data were obtained from patients with proven renovascular
hypertension (i.e., significant renal artery lesions, severe hypertension as positive physiologic studies). Accordingly, these data should not be applied to an asymptomatic patient (see Chapter 130 ). Our indications for interventional management include all

39] [68]

patients with severe, difficult-to-control hypertension.[

This includes patients with complicating factors, such as branch lesions and extrarenal atherosclerotic disease, including patients with

TABLE 127-7 -- Changes in Excretory Renal Function During Medical Management of Renovascular Hypertension in 41 Patients
CHANGE

NO. AFFECTED (%)

Decreased by 25–49%

11 (37)

Decreased ≥50%

1 (3)

No change ± 24%

14 (47)

Improved ≥25%

4 (13)

Total

30 (100)

From Dean RH, Kieffer RW, Smith BM, et al: Renovascular hypertension: Anatomic and renal function changes during drug therapy. Arch Surg 116:1408, 1981.
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associated cardiovascular disease that would be improved by blood pressure reduction. Young patients whose hypertension is moderate, who have no associated end-organ disease, and who have an easily correctable atherosclerotic or dysplastic main renal
artery lesion also are candidates for operative intervention. The chance for cure of moderate hypertension is quite good in such patients, and it remains to be proved that medical blood pressure control is equivalent to the cure of hypertension. Finally, no
evidence exists that age, type of renovascular lesion (whether atherosclerotic or dysplastic), duration of hypertension, or presence of bilateral lesions accurately estimates operative risk or the likelihood of successful surgical management. Consequently the
presence or absence of these factors should not be used as determinants of intervention.
Chapter 131 provides a comprehensive review of endovascular treatment for renovascular disease. In my view, experience with the liberal use of percutaneous balloon angioplasty has helped to clarify its role as a useful therapeutic option in the treatment of
renovascular hypertension; however, accumulated data argue for its selective application. In this regard, percutaneous transluminal angioplasty of nonorificial atherosclerotic lesions and medial fibroplasia of the main renal artery seems to yield results
comparable to the results of operative repair. In contrast, suboptimal lesions for PTRA include congenital lesions, fibrodysplastic lesions involving renal artery branches, and ostial atherosclerotic lesions. Treatment of these lesions with PTRA is associated
with inferior results and increased risk of complications.

69

Endoluminal stenting of the renal artery as an adjunct to PTRA was first introduced in the United States in 1988 as part of a multicenter trial.[ ] During this same period, the Palmaz and Wallstents were being used in Europe. Currently, no stent has Food and
Drug Administration approval for renal use in the United States. The most common indications for their use seem to be (1) elastic recoil of the vessel immediately after angioplasty, (2) renal artery dissection after angioplasty, and (3) restenosis after
angioplasty. With 263 patients entered, results from the multicenter trial showed cure or improvement of hypertension in 61% of patients at 1 year. At follow-up of less than 1 year, angiographic restenosis occurred in 32.7% of patients. Recognizing the poor

70]

immediate success of PTRA alone for ostial atherosclerosis, primary placement of endoluminal stents has been advised for these lesions.[

70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83]

Table 127–8 summarizes single-center reports with renal function and angiographic follow-up after treatment of ostial atherosclerosis by PTRA combined with endoluminal stents.[

[84] These studies differ in regard to criteria for ostial lesions, evaluation of the clinical response to intervention, and parameters for significant restenosis. Despite these differences, these cumulative results provide the best available estimates of early
hypertension response, change in renal function, and primary patency. From these data, immediate technical success was observed in 99% of patients, and beneficial blood pressure response (cured and improved) was observed in 63%. Only 15% of patients
with renal insufficiency showed improved excretory renal function, however, whereas 16% of patients were worsened after intervention. During angiographic follow-up ranging from 5.8 to 16.4 months, restenosis was observed in 21% of patients. Based on

68 76 77

available data, PTRA with endoluminal stenting of ostial atherosclerosis seems to yield blood pressure, renal function, and anatomic results that are inferior to contemporary surgical results.[ ] [ ] [ ] No studies to date have examined long-term renal
function results or dialysis-free survival after either primary or secondary PTRA with or without stents. For these reasons, I believe that open operative repair is the initial treatment of choice for good-risk patients with ostial renal artery atherosclerosis when
hypertension combined with renal insufficiency is present.

TABLE 127-8 -- Results After Primary Renal Artery Stent Placement for Ostial Atherosclerotic Renal Artery Stenosis

FIRST AUTHOR (YEAR)

70]

Rees (1991)[

71]

Hennequin (1994)[

PATIENTS
WITH OSTIAL
LESIONS (n)

PATIENTS
WITH RENAL
DYSFUNCTION
(n)

Improved

Unchanged

Worsened

Cured

Improved

Failed

RESTENOSIS
(%)

28

14

36

35

29

11

54

36

39

7

2

0

50

50

0

100

0

43

RENAL FUNCTION RESPONSE (%)

HYPERTENSION RESPONSE (%)

72]

4

3

0

0

50

50

33

73]

22

13

15

0

31

69

20

24

NR

33

58

8

0

73

27

13

68

20

0

100

0

16

62

22

17

32

32

16

53

31

NR

NR

NR

26

21

9

0

100

0

47

65

78]

129

74

16

75

9

2

46

52

14

79]

30

12

55

27

18

0

69

31

12

82

NR

13

55

32

26

40

29

17

55

28

15

43

42

14

21

NR

33

42

25

43

57

20

34

23

30

53

47

NR

Lederman (2001)[

286

106

8

78

14

70

30

21

Totals

828

337

15

69

16

5

37

21

Raynaud (1994)[

MacLeod (1995)[

74]

van de Ven (1995)[

75]

Blum (1997)[

76]

Rundback (1998)[

77]

Fiala (1998)[

Tuttle (1998)[
Gross (1998)[

80]

Rodriguez-Lopez (1999)[

81]

van de Ven (1999)[

82]

Baumgartner (2000)[

83]

Giroux (2000)[

84]

33

67
85

No change in mean SCr

70

53

58

NR, not reported; SCr, serum creatinine.
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Chapter 128 - Renal Artery Imaging and Physiologic Testing

JOSHUA W. BERNHEIM MD
K. CRAIG KENT MD

OVERVIEW

1 2 3 4 5
Renal artery stenosis (RAS) is the most common cause of secondary hypertension; its prevalence in patients with hypertension is estimated to range from 1% to 5%.[ ] [ ] [ ] [ ] [ ] In patients with associated atherosclerosis in other vascular beds, the
6

7

prevalence may be significantly higher.[ ] Harding and associates[ ] studied the renal arteries in 1235 patients at the time of coronary angiography and found a 30% incidence of renal artery disease. In most cases, atherosclerosis or fibromuscular dysplasia is
the cause. There has been increased focus on the diagnosis and treatment of renovascular disease because this form of hypertension is potentially curable. Control of hypertension has been associated with a reduction in patient morbidity and mortality.
Owing to the advent of multiple new antihypertensive agents and the aging of the population, patients with atherosclerotic renal artery stenosis (RAS) are presenting later in the course of their disease and with more advanced renal dysfunction. This trend has

8 9 10 11 12 13
increased the association of ischemic nephropathy and RAS. It is estimated from angiographic studies that ischemic nephropathy may be a contributing factor in 43% of patients referred for dialysis or renal transplantation.[ ] [ ] [ ] [ ] [ ] [ ]

It has become crucial to identify accurate methods for diagnosing RAS. Although contrast angiography remains the “gold standard,” because of its invasiveness and attendant risks, it is not an appropriate screening test for all patients thought to have
renovascular hypertension or ischemic nephropathy. Consequently, many noninvasive modalities have been developed that can be used to evaluate this disease process. The noninvasive tests can be divided into tests that rely on an evaluation of the physiologic
sequelae of renovascular disease (e.g., captopril test, captopril scintigraphy, renal vein renins) and tests that directly image the renal artery (duplex ultrasonography, magnetic resonance angiography [MRA], and sequential helical computed tomography [spiral
CT]). This chapter reviews and discusses the current knowledge of available renal artery imaging modalities and physiologic testing.

ARTERIOGRAPHY
Despite technologic advances in noninvasive methods for evaluating the renal arteries, definitive diagnosis of renal artery pathology continues to depend on visualization of renal artery anatomy with angiographic techniques. After a diagnosis of renal vascular
disease is established, decisions regarding surgical or endovascular treatments are based in part on the arteriographic appearance of the lesion. An understanding of angiographic techniques for evaluation of the renal arteries is crucial.
Technique
Arteriography can be performed with film-screen or digital subtraction techniques. In film-screen arteriography, multiple sequential x-ray images are recorded on 14 × 14 inch film during the intra-arterial injection of contrast material. The images are reviewed
after the film is developed. This approach is rarely used now. With digital subtraction angiography (DSA), multiple sequential fluoroscopic images acquired by an image intensifier are electronically converted to digital form and stored. An image obtained

before contrast injection, the mask, is electronically subtracted from images containing contrast material. Only the contrast material is visualized. The images are displayed immediately on a 1024 × 1024 matrix screen for review. The DSA images can be
modified via the computer and stored on computer disk or printed.
DSA is sensitive to motion artifact because it involves the subtraction of one image from another. Any movement between images degrades image quality. Patient cooperation is necessary, and carefully titrated conscious sedation is often helpful. For patients
with large amounts of bowel gas, the intravenous administration of glucagon (0.5 to 1 mg) before image acquisition also improves evaluation of the abdominal aorta and its branches by decreasing peristalsis. Small amounts of movement usually can be
compensated for by manually shifting the subtracted mask image relative to the contrast-enhanced images.

14

15

Evaluation of the renal arteries usually begins with an aortic injection of contrast material. A 5F multiple side-hole catheter is placed into the aorta through a femoral or brachial artery approach[ ] using a modified Seldinger technique.[ ] Contrast material
is injected with an automatic power injector while sequential images are recorded. The rate and volume of contrast injection and the rate of image acquisition are determined and specific for each patient. In general, a contrast injection of 10 to 20 mL/sec for 2
seconds is usually adequate. Images usually are acquired at a rate of three per second for 3 to 5 seconds, followed by a rate of one to two images per second for the next 5 seconds. These images allow assessment of the arterial, the nephrographic, and
occasionally the venous phases of flow.
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16 17

For optimal visualization of the renal arteries, attention to several technical details is required. Multiple catheters have been designed to optimize opacification of the renal arteries during an injection into the aorta.[ ] [ ] The catheter should be positioned
with the side holes at the level of the renal arteries, usually between the first and second lumbar vertebrae. Ideally the catheter should be positioned low enough to avoid filling of the superior mesenteric artery and its branches, which may overlap and obscure

18] [19] [20]
The right renal artery usually arises cephalad to the left. The right renal artery usually arises from

the renal arteries. The number of renal arteries is highly variable; multiple arteries supplying a single kidney are seen in 20% to 30% of patients.[

18] [21] [22]
When imaged from an anteroposterior projection, the proximal renal arteries can be obscured by overlap with the contrast-filled aorta.

the anterolateral surface of the aorta, whereas the left arises from the posterolateral surface.[

23] [24] [25] [26] [27]

Because of variability in the number and origins of the renal arteries, many studies have attempted to establish the optimal rotational projection for acquiring images.[

Most often, images are acquired in anteroposterior and shallow

23
left anterior oblique projections. Verschuyl and coworkers[ ] performed a detailed analysis of the angles at which the renal arteries originate from the aorta using axial images from CT scans. They found that a 15- to 20-degree left anterior oblique projection
[24]

A projection error of 10 degrees was sufficient
most frequently showed the origins of the renal arteries without overlap of the contrast-filled aorta. The next most useful projections were anteroposterior, followed by a 40-degree left anterior oblique view.
to obscure a significant length of the renal artery. As noninvasive imaging modalities have gained popularity to screen for disease of the renal arteries, cross-sectional imaging is increasingly available before arteriography. Careful evaluation of noninvasive
images often allows a prediction of the precise projection that would best depict the renal arteries. This approach can save unnecessary injections of contrast material in patients who are already at high risk for contrast nephropathy.

28 29 30 31

32

Aortography with optimized technique usually provides adequate evaluation of the main renal arteries and the segmental and subsegmental branches.[ ] [ ] [ ] [ ] In some cases, selective catheterization of the renal arteries[ ] allows better
visualization of the orifice and distal branches without overlap from the aorta or other vessels. Catheterization of the renal artery usually is performed with a preshaped Cobra, Omni Selective, or Simmons (all three manufactured by Angio Dynamics,
Queensbury, NY) type of catheter, with hand injection of contrast material or power injection of 3 to 6 mL of contrast material per second for 1 to 2 seconds. Selective renal arteriography limits the total volume of contrast material used for imaging in renal

33] [34]

vessels in multiple obliquities. Selective arteriography also provides the opportunity to evaluate the hemodynamic effects of a stenosis. This evaluation can be accomplished with direct pressure measurements proximal and distal to the lesion.[
ability to measure pressures across a RAS is valuable and is not available with noninvasive imaging modalities.

The

Numerous new technologies currently are being investigated and warrant mention. Traditional image acquisition involves a phosphorus-based image intensifier, which detects x-ray beams and creates an analog image, which is converted into digital
information for display and manipulation. Newer systems use a solid-state system that detects x-rays and creates a digital image directly; this allows higher resolution with lower radiation dosages and simplified and more accurate postacquisition image
processing. Three-dimensional DSA is another revolutionary technique in which the tube makes a single rotation around the area of interest before contrast administration, resulting in the acquisition of a mask. A second revolution is performed that coincides
with an injection of intra-arterial contrast material. The mask is subtracted from the contrast image, and three-dimensional reconstructions are created. This technique combines the three-dimensional capabilities of MRA and CT angiography with the higher
resolution of DSA. A turn of the tube can take 4 seconds, and two revolutions are required to obtain an image, so motion artifact is a potential problem. In addition, the arteries to be imaged need to be opacified for an entire 4-second revolution, necessitating
injection of larger volumes of contrast material. The benefit of these new technologies is expected to become more evident as they are introduced into clinical practice over the next few years.
Complications of Arteriography
The risks of aortography and selective renal arteriography can be substantial and may include complications related to the arterial puncture (e.g., hematoma, pseudoaneurysm), contrast-induced nephropathy, and cholesterol embolization. These risks are more

35

prevalent when arteriography is performed in patients with advanced atherosclerosis, severe hypertension, or renal insufficiency,[ ] all frequent comorbidities with RAS. The prevalence of these complications in this specific patient group is not well
understood because large published studies of conventional angiography generally include “uncomplicated patients” who have only renovascular hypertension and normal renal function. The complications of angiography are often insidious and difficult to

36]

assess accurately, especially retrospectively. Among 2374 patients who underwent contrast angiography as part of the Cooperative Study of Renovascular Hypertension,[

a fatality rate of 0.11%, a nonfatal major complication rate of 1.2%, and a minor

complication rate of 2.7% were observed. The authors of this study relied on self-reporting by radiologists at many different centers. The subjects were principally patients who had normal renal function.

37]

Contrast nephropathy is discussed in detail in Chapter 58 . The incidence of contrast-induced nephropathy varies significantly and has been reported to range from 0 to 7%, with the largest studies reporting an average incidence of 3%.[

Risk factors for the

39] [40] [41] [42] [43]
41 43 44
and diabetes mellitus.[ ] [ ] [ ] In some studies, the combination of diabetes and renal insufficiency has been shown to

development of acute contrast-induced nephrotoxicity include dehydration,38 renal insufficiency,[

45]
Diabetic patients with renal insufficiency are at highest risk. In patients who do not have risk factors, acute contrast-induced nephrotoxicity is usually transient.

increase the risk to 20% to 50% depending on the degree of preexisting renal dysfunction.[

[41] [42] [46] [47] [48] [49]
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50]

Atheroembolism is an increasingly recognized complication of renal arteriography. It tends to be underdiagnosed because it is an insidious disorder that is difficult to identify with certainty without performing a biopsy.[

Only the most fulminant cases are

51
recognized clinically. Although clinical studies generally have reported a low incidence (1.4% in one large series[ ] ), autopsy studies found evidence of atheroemboli in 25% to 30% of patients who died within 6 months after cardiac catheterization or
[52]
aortography.

Patients with widespread atherosclerotic disease and preexisting renal insufficiency—precisely the population at risk for ischemic nephropathy—are the patients who are most susceptible to atheroembolism.

Although conventional angiography can detect the anatomic presence of a renal artery lesion, it does not provide data on the physiologic or hemodynamic significance. Also, because conventional angiography provides only a two-dimensional image and does
not allow imaging of the renal artery in multiple planes, it can be difficult to determine the precise degree of stenosis. Even when multiple views are obtained, it can be difficult to identify accurately the origin of a tortuous renal artery that arises from a
severely diseased aorta. Despite these limitations, if the index of suspicion for RAS is high and the patient has reasonably acceptable renal function, it may be appropriate in certain circumstances to proceed directly to conventional angiography without
performing a noninvasive study.
Contrast Material

53] [54]
55 56
Factors that appear to increase the risk of renal dysfunction include use of high volumes of contrast material[ ] [ ]
[61]

Intravascular administration of contrast material has been established as a risk factor for the development of renal insufficiency.[

[57] [58] [59] and use of high-osmolar contrast.[60] Iodixanol, an isosmolar contrast agent available since the late 1990s, may provide reduced risk.
[39]

There also may be an advantage to non-ionic contrast material. In a prospective, randomized, double-

found that the use of a non-ionic contrast agent did not influence the incidence of renal failure in the study population as a whole. In patients with
blinded, multicenter trial involving 1196 patients undergoing cardiac angiography, Rudnick and colleagues
the highest risk (i.e., patients with renal insufficiency with or without diabetes), the use of non-ionic contrast was beneficial. Patients with renal insufficiency receiving diatrizoate (ionic) were 3.3 times more likely to develop acute nephrotoxicity compared
with patients receiving iohexol (non-ionic).
Several measures to prevent acute contrast-induced nephrotoxicity have been evaluated, including pretreatment with mannitol, diuretics, calcium channel blockers, theophylline, or dopamine (see Chapter 58 ). No significant benefit of any of these agents over

62

63

simple infusion of saline has been shown yet.[ ] Two agents that have received a great deal of attention are N-acetyl cysteine and fenoldopam. In a landmark study in 2000, Tepel and coworkers[ ] evaluated N-acetyl cysteine in a randomized, prospective,
placebo-controlled study comprising 83 patients with chronic renal insufficiency. Two percent of patients in the treatment arm developed a significant increase in serum creatinine versus 21% of the control patients. Several subsequent studies have validated

64] [65] [66] [67]

the efficacy of N-acetyl cysteine. [

literature show no benefit,

[69] [70] [71] [72]

68]

The mechanism of N-acetyl cysteine’s protective effect is poorly understood but may be related to increased nitric oxide production and decreased oxidative stress.[

Although conflicting studies in the

the benign nature and low cost of this agent have led to its widespread and liberal application.

73] [74]
75
Bakris and colleagues[ ] showed in a dog model that fenoldopam mesylate, a selective dopamine-1 receptor antagonist, prevented the decrease in glomerular
[76]

Despite the failure of dopamine infusion to prevent contrast-induced nephropathy,[

filtration rate (GFR) and renal blood flow associated with intravenous contrast injection. In 2001, Hunter and coworkers

[77]

experienced an increase in creatinine. Tumlin and colleagues,

[78]

(CONTRAST investigators),

reported a series of 29 patients with diabetes and renal insufficiency who received fenoldopam before angiography. Only one patient

in a randomized trial, showed a significant benefit to fenoldopam infusion. Other studies, including a randomized, controlled trial involving 315 patients with baseline renal insufficiency

have failed to show benefit, however. Because use of fenoldopam is more involved and costlier than N-acetyl cysteine, it has not gained popularity. Larger randomized, multicenter trials are needed to confirm its benefit.

For patients at significant risk for contrast-induced nephrotoxicity or who have an allergy to iodinated contrast material, exposure can be drastically limited or entirely avoided if carbon dioxide (CO2 ) is used as the contrast agent. Intravascular CO2 was first

79]

used for the diagnosis of pericardial effusions in the 1950s.[

80] [81]

Extensive animal testing established its intravascular use to be safe, even with the administration of massive volumes.[

CO2 passes rapidly through the capillary bed and is absorbed or

82]
Repeated, large-volume CO2 injections made at frequent intervals can produce a “vapor lock,” which rarely can cause transient ischemia. In addition, injection of CO2

routed through the venous system back to the heart and eliminated through the lungs.[

83]
It also is crucial to prevent room air from entering the injection system to avoid an air embolus. Several technical
[84]

into the intracranial circulation has never been proved safe in humans, and its use in animals has resulted in unexplained complications.[

factors become important when using CO2 . Ideally a dedicated CO2 injector should be used, but some authors have been successful in creating “homemade” systems, using great care to avoid contamination with air and overinjection.

Ample time

between injections should be allowed for clearance of the bolus—usually 2 to 3 minutes to prevent vapor lock. Volumes of 25 to 80 mL over 1 second are usually adequate to image the abdominal aorta. An attempt should be made to keep total volumes less
than 400 mL. Elevation of the kidney of interest facilitates filling of the vessel owing to the buoyancy of the gas. Movement of bowel gas, a bigger problem than with standard angiography, can be minimized by the administration of an antiperistaltic agent.

It is widely believed that gas entry into the mesenteric circulation causes the abdominal bloating, pressure, and cramps that patients sometimes experience during injections. End-hole catheters may produce a smoother bolus than flush catheters when using
CO2 because they do not
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break up the “bubble.” Stacking of consecutive images is often helpful because of the rapid transit of the gaseous contrast in the arterial system. CO2 results in images with lower resolution than with contrast angiography; however, with experience CO2 can be

85] [86] [87] [88] [89] [90] [91] [92] [93]

used effectively for renal artery imaging.[

[85] [88] [94] [95]

with CO2 .

If necessary, supplemental views with a limited volume of low-osmolar iodinated contrast material can be acquired after the optimal projection has been determined

In this manner, optimal high-quality images of the renal arteries can be obtained with 2 to 10 mL of contrast material. Angiograms of diagnostic quality are obtained in 79% to 95% of patients, with sensitivity and specificity of

96] [97]

83% and 99%.[

98] [99]

Another potential alternate contrast material is gadopentetate dimeglumine (gadolinium), which is the contrast agent routinely used during magnetic resonance imaging (MRI). Gadopentetate dimeglumine does not pose a risk of nephrotoxicity,[

[100] but it costs approximately four times more than low-osmolar iodinated contrast material. Adverse reactions have been reported and include nausea, headache, and dizziness in 3% of patients and signs of asymptomatic hemolysis in 1% to 3%.[101]
[102]

These side effects are minor, however, and often self-limited. Also, hypocalcemia has been observed in patients who have received large quantities of gadolinium. It is recommended that doses not exceed 0.25 mmol/kg because larger doses have not

103 104 105

101

][
][
] Ailawadi and colleagues[
] reported adequate visualization in 38 renal arteries that were evaluated only with gadolinium. There were no adverse effects on renal function in any of the patients studied. The major
been proved safe.[
obstacles to the widespread adoption of gadolinium-based agents in renal artery imaging are lower contrast resolution and the high cost of these agents. In high-risk patients, gadolinium remains an effective alternative to iodinated contrast material.
NONINVASIVE RENAL ARTERY IMAGING
An ideal noninvasive imaging study would serve as an accurate screening tool for RAS and a means for delineating renal anatomy before arterial reconstruction. Other attributes of the ideal imaging technique are minimal expense, excellent accuracy, good
reproducibility, and low complication rate. In recent years, numerous, less invasive renal artery imaging strategies have been evaluated. Each has its advantages and disadvantages, but overall these studies are safer than conventional angiography. As opposed
to the traditional screening tests that rely on physiologic criteria (i.e., captopril test, radionuclide renography, renal vein renins), noninvasive imaging studies require no preprocedural adjustments in a patient’s medication or diet. Also, their accuracy is not
diminished by renal insufficiency. Noninvasive imaging techniques also can supply detailed anatomic information that potentially might obviate the need for preoperative angiography.
In all investigations of noninvasive imaging modalities to date, contrast angiography has been used as the standard of comparison. Because of the previously mentioned limitations of conventional angiography, there is no true standard. Clinicians who have
worked extensively with noninvasive imaging modalities realize that, under some circumstances (particularly because of the three-dimensional capabilities of many of these techniques), these studies may be more revealing and accurate than contrast
angiography. The ultimate test of any imaging technique designed to screen for RAS is its capability of identifying which patients would respond clinically to renal artery revascularization.
It is difficult to obtain consensus on the diagnostic accuracy and utility of the various noninvasive methods of renal artery imaging. For each modality, investigators have employed a variety of approaches and techniques. Compounding this problem is the fact
that the parameters of reporting often vary from one institution to another. In many studies, the threshold for determining significant RAS is 50%. Most clinicians reserve intervention for renal artery lesions that are greater than 70%, however. Finally, patients
entered into these studies are almost exclusively patients who have been referred for angiography. This “selected” population tends to have a high prevalence of renal artery disease. It is difficult to extrapolate from the results of these studies to a patient cohort
that is being screened, because disease is much less prevalent in the latter group.
Duplex Ultrasonography

Duplex ultrasonography is the imaging modality that has been most intensively investigated. Duplex ultrasonography combines direct visualization of the renal artery via B-mode imaging with Doppler measurement of the velocity of blood flow. This

106]
Duplex ultrasonography also allows simultaneous measurement of kidney size. Resistive indices of the segmental arteries can be measured by duplex scanning;

combination affords anatomic evaluation and hemodynamic assessment of the renal vessels.[
these values also may be useful in predicting response to renal revascularization.
Technical Considerations

Because of the depth of the renal arteries and their location in the retroperitoneum, it is difficult with B-mode imaging to assess directly the luminal anatomy along the entire length of the renal artery and its branches. Instead, ultrasound is used to locate the
main renal artery. After the renal artery is identified, Doppler measurements can be sampled sequentially at regular intervals along its length and in the kidney itself. These measurements are processed into spectral velocity waveforms using fast Fourier
transform analysis ( Fig. 128–1 ). A significant stenosis is indicated by an increase in velocity, which reflects acceleration of the blood as it crosses the area of narrowing. Alternatively, with indirect techniques, a proximal stenosis can be inferred from an
abnormal Doppler waveform in the more distal segmental arteries of the kidney.
The main renal artery should be examined with the patient fasting to avoid interference from overlying bowel gas. A low-frequency transducer (range 2 to 3.5 Hz) should be used, and Doppler-shifted signals should be obtained at less than a 60-degree angle to
the artery. It is essential to survey the entire renal artery, including the proximal, middle, and distal portions. If the artery is not examined carefully throughout its length, significant stenoses, especially stenoses that are the consequence of fibromuscular
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Figure 128-1 Duplex ultrasound spectral analysis and corresponding angiogram for a patient with unilateral renal artery stenosis. Arrows A, B, and C indicate the approximate sites along the renal artery where the Doppler measurements were obtained.

Figure 128-2 Waveforms obtained from indirect duplex ultrasound analysis of the distal renal arterial tree. A, Graphic representation of a normal waveform. B, Graphic representation of an abnormal waveform that would indicate the presence of significant
renal artery stenosis. C, Waveform represents a normal study; the acceleration time (AT) was calculated to be 0.025 sec (normal <0.07 sec), and the acceleration index (AI) was 7.51 m/sec2 (normal >3 m/sec2 ). D, Waveform represents a highly abnormal
study suggestive of renal artery stenosis with an AT of 0.242 sec and AI of 2.46 m/sec2 .

This measurement has decreased specificity because it also can be elevated in the presence of medical renal disease, decreased cardiac output, or perinephric or subcapsular fluid collections. Others have used the RI not as a tool to determine the presence of
RAS, but as a predictor of response to renal revascularization. The higher the RI, the more likely the kidney is affected by severe underlying nephrosclerosis or glomerulosclerosis. It is hypothesized that these kidneys are unlikely to benefit from

131]

revascularization. Radermacher and associates[

reported on 131 patients who underwent successful renal revascularization. Patients who had a RI greater than 0.8 were highly unlikely to benefit from surgery or angioplasty. Such patients experienced less

131]

improvement in blood pressure and more frequent deterioration of renal function. In contrast, most patients with lower RIs benefited, with 94% experiencing a decline in blood pressure and only 3% progressing to dialysis.[

Indirect techniques have many potential advantages over direct interrogation of the renal artery. Segmental waveform analysis is much less time-consuming, and the results may be less dependent on operator experience than the results derived from direct
renal artery interrogation. Because the examination is performed from a lateral approach, adequate data can be obtained even in obese patients and patients who have excessive bowel gas. Accessory renal artery
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132]

disease can be identified by a damped waveform isolated to a kidney pole.[

Disadvantages of the indirect technique include the inability to distinguish a severe stenosis from an obstruction and the lack of information regarding the exact location of a stenotic lesion. The systolic features of renal artery spectral analysis are affected by

107] [113]

increased renovascular resistance (see Fig. 128–1 ). Increased resistance may change distal renal artery acceleration time or acceleration index in 40% of hemodynamically significant stenoses associated with renal insufficiency.[

[133] [134] [135]

studies, several investigators have shown that the sensitivity of this technique can be enhanced by using an ultrasound contrast agent or by administration of captopril before the study.
perform direct examination of the renal arteries and indirect segmental waveform analysis routinely.

In preliminary

Many centers, including our own, have begun to

Emerging Strategies

Other strategies have been employed to improve the accuracy of main renal artery interrogation. In a few preliminary studies, intravenous contrast agents significantly enhanced the diagnostic accuracy of duplex ultrasonography. These agents may decrease

136

] reported that intravenous administration of SH U 508A
examination time and increase accuracy by allowing (1) easier identification of the main renal artery and (2) detection of a larger percentage of accessory renal arteries. Claudon and associates[
(Levovist) before duplex examination increased the number of technically successful studies from 64% to 84%. Contrast administration also seemed to increase accuracy, with 70% of enhanced scans correlating with angiography versus only 52% of
nonenhanced studies. Although the overall accuracy of duplex ultrasonography in this trial was less than what has been reported in other single-institution studies, these results may be representative of what can be achieved at centers without special expertise
in renal duplex ultrasonography. At least in this setting, contrast agents seem to improve accuracy. Although ultrasound contrast agents may prove to be adjuncts in the evaluation of RAS by duplex ultrasonography, larger, more thorough studies must be
conducted to determine their definitive role.
Other Clinical Applications

In addition to being a screening tool, duplex ultrasonography has proved useful for numerous other clinical applications. Because it is noninvasive and can assess kidney size and the degree of stenosis, duplex ultrasonography has become the procedure of

137] [138]
Duplex ultrasonography also can be used to monitor long-term patency after surgical reconstruction of the renal arteries. Studies have confirmed

choice for following patients with documented renal artery disease who are being treated medically.[

139 140

][
] Because of their size and position adjacent to the abdominal aorta, aortorenal grafts are often easier to assess than native renal arteries. Hepatorenal, splenorenal,
that a normal postoperative duplex scan is highly predictive of a patent bypass graft.[
and iliorenal bypasses are more difficult to study, but a skilled technician often can successfully scan even these.
125] [141]

Duplex ultrasonography also has been used intraoperatively to detect and allow correction of technical problems that occasionally complicate renal artery bypass or endarterectomy.[

[142] [143] [144]

this study well suited for investigating suspected transplant RAS.

The superficial location of the transplanted kidney also makes

145] [146]

Finally, duplex ultrasonography has been used to evaluate the results and long-term patency after percutaneous renal angioplasty or stenting or both.[

One drawback of duplex ultrasonography is that it does not provide the necessary anatomic information that would allow surgical intervention without first obtaining a contrast angiogram. Duplex ultrasonography is accurate in detecting celiac artery stenoses,

[147] however, and this information may be useful in patients with severely diseased aortas when hepatorenal or splenorenal bypass is being considered.
Renal artery duplex ultrasonography is an excellent screening test for hemodynamically significant RAS in centers where the appropriate technical expertise is available. Of the various alternatives for noninvasive imaging, duplex ultrasonography is the least
expensive. Adding indirect techniques and using contrast agents may increase its accuracy and reproducibility further, which would make it a more widely acceptable study for RAS screening. In addition, measurement of the RI has shown promise in
predicting which patients will respond to revascularization.

Magnetic Resonance Angiography
MRA also has been extensively evaluated as a method for noninvasively evaluating RAS. MRA can show vascular anatomy and generate an image that is similar in appearance to that obtained by conventional angiography ( Fig. 128–3 ). In contrast to
conventional angiography, however, MRA does not require arterial puncture or nephrotoxic agents. In contrast to the traditional physiologic studies for RAS, there is no need to discontinue antihypertensive medications, which interfere with the reninangiotensin system, and the accuracy of MRA does not diminish because of renal dysfunction. The similarity of the images generated by MRA and by conventional angiography increases the comfort level of clinicians. There are significant differences in these
images, however, and the interpretation of renal MRA requires specific expertise and experience.
The physics of MRA is complex, and a complete description of this technique is beyond the scope of this chapter. The clinician should have a basic understanding of the fundamental principles that underlie MRA, however, to recognize its advantages and

148 149

][
] In early studies, two imaging techniques were employed: time of flight (TOF) and phase contrast (PC). With both, protons in tissue and blood are charged
limitations. Numerous different MRA techniques can be used to image the renal arteries.[
when the body is exposed to a magnetic field. The protons emit a signal that is registered as a visual image. TOF imaging relies on flow-related enhancement to image the renal arteries. With multiple magnetic pulses delivered at short intervals, stationary
protons are “saturated” so that they no longer yield signal, whereas moving protons yield maximal
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Figure 128-3 A, Three-dimensional gadolinium-enhanced magnetic resonance angiogram shows severe left renal artery stenosis. B, The corresponding conventional contrast angiogram from the same patient.

Figure 128-4 A, Three-dimensional gadolinium-enhanced magnetic resonance angiogram shows severe ostial accessory renal artery stenosis. B, The conventional contrast angiogram of the same accessory renal artery reveals only a mild lesion. Pull-back
pressures revealed no gradient across the ostium of this renal artery.

Figure 128-5 A and B, Helical computed tomography scan postprocessed using the maximum intensity projection format in axial (A) and coronal (B) projections reveals significant left renal artery stenosis. C, The same scan postprocessed using surfaceshaded display format.
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73] [88]

Arterial fibrodysplasia encompasses a heterogeneous group of arterial dysplastic lesions of unknown etiology that affect segments of small and medium-sized muscular arteries.[

Fibrodysplastic lesions have been described in virtually every artery.

59]

The dysplastic process usually results in a stenosis but may cause aneurysm formation. The most commonly affected vessel is the renal artery, first reported by McCormick and colleagues,[

who used the term fibromuscular dysplasia in 1958 to describe

51
renal artery stenoses in three patients with hypertension. The renal artery stenosis affecting the first patient cured of renovascular hypertension, reported by Leadbetter and Burkland[ ] in 1938, was, in retrospect, fibromuscular dysplasia.

Occlusive renal artery lesions are the most common cause of surgically correctable hypertension. Although the precise incidence of renovascular hypertension has not been defined, its clinical importance has been clearly established. Fibrodysplastic renal
artery stenoses, which affect up to 0.5% of the general population, are second only to atherosclerotic stenoses as the most frequent cause of renovascular hypertension. This overview of renal artery fibrodysplasia describes its pathology and clinical
manifestations as well as the indications for therapeutic intervention, drug therapy, and percutaneous transluminal angioplasty and the role of surgical therapy for lesions causing renovascular hypertension.

PATHOLOGY

31]
and progression of renovascular disease. The four most commonly encountered dysplastic lesions of

Arterial dysplasia is categorized according to the principal layer of arterial wall involvement, and these groupings correlate with angiographic findings[

37] [85]
The first two represent distinctly different pathologic processes, whereas the latter two may be a continuum of the same

the renal arteries are (1) intimal fibroplasia, (2) medial hyperplasia, (3) medial fibroplasia, and (4) perimedial dysplasia. [

87]

disease. Developmental stenoses represent a fifth distinct and unusual form of renal artery dysplasia. [
Intimal Fibroplasia

Intimal fibroplasia accounts for 5% of all fibrodysplastic renal artery lesions. It affects children and young adults of both sexes equally. Intimal fibroplasia occurs morphologically
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86]
Progression of intimal fibroplasia in most patients occurs more slowly than that of medial fibroplasia.

as long, irregular tubular stenoses of the main renal artery in younger patients and as smooth focal stenoses in older patients.[
Medial Hyperplasia

Medial hyperplasia is found in fewer than 1% of fibrodysplastic renal artery lesions. Angiographically similar to intimal hyperplasia, it is seen most often in women aged 30 to 50 years. Medial hyperplasia usually occurs as an isolated lesion in the midportion

2

of the main renal artery. One study utilized the presence or absence of smooth muscle hyperplasia to classify fibrodysplastic lesions.[ ] The presence of smooth muscle hyperplasia is associated with a shorter duration of hypertension, fewer aneurysms, and
less extension of disease into branch vessels as well as a better response to surgical intervention. These features suggest that hyperplastic lesions may be precursors of advanced and more widespread fibrodysplastic lesions instead of representing a distinct
pathologic process.
Medial Fibroplasia
Medial fibroplasia constitutes approximately 85% of all dysplastic renal artery lesions and manifests most commonly in white women in the third or fourth decade of life. It occurs most frequently in the renal arteries. Medial fibroplasia is bilateral in 55% of

86]

patients; when it is unilateral, it affects the right side in 80% of cases.[

Lesions usually affect the distal main renal artery, with extension into branch vessels in approximately 25% of cases.

The angiographic appearance of medial fibroplasia is the classic “string of beads.” Aneurysms larger than the adjacent artery wall, alternating with luminal weblike projections, are responsible for this presentation. A pathologic study of isolated renal artery

38]

aneurysms demonstrated that most have evidence of fibrodysplastic disease, usually unaccompanied by a clinical presentation of renovascular hypertension.[

Progression of medial fibroplasia appears to be less common than that of perimedial dysplasia.

[31]
Perimedial Dysplasia
Perimedial dysplasia, characterized by accumulation of elastic tissue at the media-adventitia junction, is seen in 10% of arterial dysplastic lesions. This lesion is seen in younger women whose angiograms reveal either focal stenoses or multiple stenoses of the

31]

main renal artery, without the intervening aneurysmal dilatations seen typically in medial fibroplasia. Perimedial dysplasia is usually associated with marked stenoses severe enough to cause renovascular hypertension.[

ETIOLOGY

86]

Although the origin of arterial fibrodysplasia remains unclear, three factors appear to play important etiologic roles: (1) hormonal influences, (2) arterial wall ischemia, and (3) mechanical stresses.[

The higher incidence of arterial dysplasia in women

43]

during their reproductive years contrasts with the protective effects of estrogen in human atherosclerosis. Similarly, the antiproliferative effect of estrogen on vascular smooth muscle at both the cellular[

104]

and arterial levels[

is contrary to the

86]
although multiparity has been associated with other degenerative vascular lesions, such as splenic artery aneurysms.

predilection for arterial dysplasia in women. Oral contraceptives and pregnancies are not significant risk factors for arterial fibrodysplasia,[

73

Vessel wall ischemia may contribute to the development of arterial dysplasia.[ ] Vasa vasorum of muscular arteries originate from branch points of the parent arteries and supply oxygen and nutrients to the arterial wall. The most commonly affected vessels
—the renal, internal carotid, and external iliac arteries—all have long segments that are free of branches and thus have few vasa vasorum. Arterial dysplasia may develop as a result of ischemia of the artery wall secondary to injury to the sparse vasa vasorum

77]
The media-adventitia junction, where nutrient flow from vasa vasorum is most critical, is also the site of lesions of perimedial

of these vessels. Animal studies demonstrate that occlusion of the vasa vasorum induces formation of dysplastic lesions.[
dysplasia and peripheral medial fibroplasia.

The unique stresses to which certain long muscular arteries (e.g., internal carotid artery, renal arteries) are subject suggests that mechanical forces may also play a role in development of arterial dysplasia. Repeated stretching of vessels may trigger a
fibroproliferative response. This hypothesis is supported by the finding of predominantly right-sided lesions in unilateral fibromuscular disease. The right renal artery is longer than the left and may be subject to greater axial stretch, particularly because the
right kidney is known to be subjected to ptosis more than the left, and ptosis in general is more common in women than men.

CLINICAL MANIFESTATIONS AND INDICATION FOR TREATMENT

52]

The prevalence of renovascular hypertension in the population with elevated blood pressure is low (≅ 2% to 5%). Hypertension caused by arterial fibrodysplasia is even less common.[

The first decision in a reasonable management algorithm depends on

24
the ability to recognize clinical clues of renovascular hypertension secondary to fibrodysplasia ( Fig. 129–1 ).[ ] Hypertension in pediatric patients that is unaccompanied by obvious renal disease and the sudden onset of diastolic hypertension greater than
115 mm Hg in women younger than 45 years are two dominant clinical features of renovascular hypertension. Elevated blood pressure in this group of patients tends to be refractory to simple medical management. Furthermore, if the disease affects either

46]

arteries to both kidneys or one artery to a solitary kidney, impaired renal function may result from the use of angiotensin-converting enzyme (ACE) inhibitors. Renovascular hypertension secondary to arterial fibrodysplasia is rare in African Americans.[

75]

Other clinical findings may be more common in patients with renovascular hypertension than in those with essential hypertension; unfortunately, such findings are not pathognomonic of this disease.[
renovascular hypertension frequently exhibit failure to thrive, whereas hyperkinesis,

Figure 129-1 Management algorithm for fibrodysplastic renovascular hypertension. ACE, angiotensin-converting enzyme.
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For instance, younger children and infants with

Renin hypersecretion is defined as an RSRI above 0.48. Suppression of renin secretion by a kidney is defined as an RSRI below 0.24, usually approaching 0.0. This method of evaluating each kidney’s renin secretory activity indexed to the systemic renin

82] [83]
82 98
Absolute and relative renin activities do not appear to vary among children and adults with renal arterial fibrodysplasia.[ ] [ ] ACE
[64] [102]

concentration provides a more accurate identification of patients likely to be improved or cured after operation.[

inhibitors have been used to enhance the sensitivity of these calculations in documenting the existence of renovascular hypertension.
Drug Therapy

105 108

][
] Current principles underlying drug therapy for
Improved antihypertensive drug therapy has had an important effect on the management of hypertension for patients with renovascular hypertension secondary to renal artery fibrodysplasia.[
renovascular hypertension are based on the now well-known pathophysiology of hypertension secondary to a functionally significant renal artery stenosis. Renin-angiotensin–mediated vasoconstriction is the primary mechanism of hypertension in patients with
unilateral renal artery stenosis and a normal contralateral kidney. Under these circumstances, the sodium retention and hypervolemia that results from the direct effect of angiotensin II, as well as angiotensin II–induced aldosterone secretion, is compensated by
a natriuresis of the normal contralateral kidney. In the setting of bilateral renal artery stenoses, and thus an impaired capacity for natriuresis, renin-angiotensin-aldosterone–mediated sodium retention and hypervolemia are the dominant pathophysiologic
mechanisms of hypertension. Similarly, sodium retention and hypervolemia constitute an important mechanism of hypertension in the presence of a unilateral stenosis and
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either contralateral parenchymal disease or renal absence due to agenesis or previous nephrectomy.
Hypertension in most patients with renal artery fibrodysplasia can be controlled with the appropriate pharmacologic intervention. The following issues may influence the long-term therapeutic effectiveness of drug therapy for hypertension:
■ Drug side effects.
■ Patient compliance.
■ Whether blood pressure control is achieved at the expense of diminished renal function, occurring as a direct effect of the drug or as unrecognized insidious progression of renal artery occlusive disease.

3 71
In this last regard, ischemic nephropathy was not observed in earlier studies of young patients with renal artery fibrodysplasia. However, ischemic nephropathy has been reported in some studies of both surgical and angioplasty outcomes.[ ] [ ]
12

In patients with documented renovascular hypertension, a beta-blocking agent is often the first drug given. Inhibition of renin secretion by beta-blocking agents is the principal means of blood pressure reduction in these patients.[ ] In instances of refractory
hypertension, often as the result of bilateral renal artery stenoses, the addition of a diuretic agent may be used to compensate for the hypervolemic state that exists in these patients. A thiazide is usually used in this circumstance. In the subgroup of patients with
impaired renal function, a loop diuretic such as furosemide may be needed to achieve an effective diuresis. ACE inhibitors and angiotensin II antagonists have become highly effective agents in the management of hypertension in general and renovascular

1 14 29 39

hypertension in particular.[ ] [ ] [ ] [ ] These agents may be supplemented by both beta-blockers and diuretics in instances of refractory hypertension. Calcium-channel blockers have been used to supplement ACE inhibitors in the management of
renovascular hypertension. Finally, in most cases of severe hypertension, clonidine or vasodilators such as hydralazine are utilized.

16]
Impairment occurs most often in patients with bilateral renal artery stenosis as well as in patients with a stenosis affecting a

It is recognized that when ACE inhibitors are used to treat renovascular hypertension, renal function may become impaired.[

40

solitary kidney.[ ] In these circumstances, a severe reduction in the glomerular filtration rate occurs, because the primary effect of the ACE inhibitors in the kidney is to mediate efferent arteriolar vasodilatation, thereby reducing the effective driving
pressure across the glomerulus.
Percutaneous Transluminal Renal Angioplasty

35]
involved the dilatation of an atherosclerotic renal artery stenosis, this technique was soon recognized to be effective in the treatment

Although the first successful percutaneous transluminal angioplasty (PTA), reported in 1978 by Gruntzig and colleagues,[

4 33 34 57 72 74 101]
For a variety of reasons, percutaneous transluminal renal angioplasty (PTRA) has become the dominant mode of treatment of renal arterial dysplasia at most institutions.
of fibrodysplastic lesions.[ ] [ ] [ ] [ ] [ ] [ ] [

PTRA is performed after aortography and selective renal arteriographic studies have defined the severity and extent of renal artery stenosis. Femoral or brachial approaches may be used for PTRA. The renal artery itself is usually entered by means of a
selective catheter over a hydrophilic guidewire. The guidewire is exchanged for a Rosen wire, which is positioned within a renal artery branch. A guiding catheter or sheath is generally used to facilitate balloon introduction and for the injection of contrast
agent during PTRA. PTRA is performed with a standard angioplasty balloon with a diameter equal to the nondiseased renal artery. Completion angiography is then undertaken through the guiding catheter or sheath. Angioplasty is deemed technically

76] [101]

successful when preexisting pressure gradients across the stenosis are abolished and anatomic documentation of an adequate dilatation is apparent.[

Intravenous heparin is typically administered before PTRA to prevent renal artery thrombosis. Instillation of nitroglycerin directly into the renal artery is also useful to prevent vasospasm. Low-profile (0.018-in. or smaller) and rapid-exchange systems may
facilitate percutaneous treatment of difficult renal artery lesions. The role of distal protection devices to prevent embolism during PTRA remains unclear. The majority of fibrodysplastic lesions may be treated with PTRA alone, and stent placement is reserved
for rescue in failed PTRA or renal artery dissection.
The mechanism by which balloon angioplasty increases the diameter of fibrodysplastic arteries is similar to that used during dilatation of atherosclerotic arteries. As the balloon is inflated, the artery wall is stretched, separating the intima from underlying
structures, splitting the media, and stretching the adventitia beyond its elastic recoil. The dilated artery gradually undergoes a fibroproliferative reparative process, and a neointima is formed.
Approximately 85% of adult patients with renal artery fibrodysplasia and renovascular hypertension benefit from PTRA ( Table 129–1 ); however, the effectiveness and complication rates for this procedure vary widely. This variation may in part reflect
differences in patient age and the type of renal artery fibrodysplasia that is being treated. For instance, PTRA is less effective in patients with intimal fibroplasia or perimedial dysplasia and for developmental lesions. The best results with transluminal renal
angioplasty are obtained in adult patients who have unilateral medial fibroplasia.

20] [93]
Most studies show that attempts to dilate proximal ostial lesions, especially those associated with neurofibromatosis or aortic
[106]
[13]

The results of transluminal renal angioplasty for renal artery fibrodysplasia in pediatric patients are less salutary.[

49] [61] [62]

anomalies, are likely to be unsuccessful.[

In one series involving children, 60% of unsuccessful angioplasties resulted in nephrectomy.

However, later reports show a higher rate of short-term and long-term success.

56] [79]
9
In contrast to atherosclerosis, mortality after PTRA of renal arterial dysplasia is extremely rare.[ ]

An overall complication rate after renal angioplasty, as reflected in review of 624 procedures, averaged 11%, ranging from 2.5% to 38.5%. [
However, certain complications are more common, in particular arterial dissection and perforation.
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TABLE 129-1 -- Results of Percutaneous Transluminal Angioplasty for Renovascular Hypertension due to Fibrodysplasia in Adults
POSTANGIOPLASTY STATUS (%)

†

NO. PATIENTS

Cure

Improvement

Failure

LENGTH OF FOLLOW-UP
(mo)

26

58

35

8

60

28

50

39

11

15

18

33

22

44

36

27

43

48

10

60

Cluzel et al (1994)[

17]

20

68

16

15

19

9
Bonelli et al (1995)[ ]

105

22

41

37

43

Davidson et al (1996)[

23

52

22

26

6

8
Birrer et al (2002)[ ]

27

—

26

12

STUDY (YEAR)

58]

Martin et al (1985)[

54]

Luscher et al (1986)[

36]

Hagg et al (1987)[

71]

Rodriguez-Perez et al (1994)[

18]

*

74

‡

* Superscript numbers indicate chapter references.
† Criteria for blood pressure response are defined in cited publications. Data are expressed to nearest 1%.
‡ Cured or improved.

Transluminal renal angioplasty is contraindicated in patients who have renal artery stenosis associated with macroaneurysms, extensive branch vessel disease, or complex dissections. In these latter circumstances, the frequency of angioplasty-related

3 9
complications is high. Trends in outcome after PTRA parallel those after surgical management.[ ] [ ] Failures correlate with longer duration of hypertension and older age of patients at the time of presentation for treatment.
Surgical Therapy
Operative Technique

Adequate exposure is critical to the performance of successful arterial reconstructive surgery for renal artery fibrodysplasia. Either a supraumbilical transverse or midline incision can be used. The transverse incision extends from opposite the midclavicular
line to the midaxillary line on the side of renal artery reconstruction. An advantage of a transverse abdominal incision is that the handling of instruments is perpendicular to the longitudinal access of the body.
Midline incisions extend from the xiphoid process to the pubic symphysis. After the peritoneal cavity has been entered and its contents explored, the intestines are displaced to the other side of the abdomen. In children and infants, proper exposure is more
easily obtained if the intestines are eviscerated.
During right-sided reconstructions, the surgeon exposes the renal artery and vein as well as the inferior vena cava and aorta by incising the lateral attachments of the colon from the hepatic flexure to the cecum and by reflecting the right colon, duodenum, and
pancreas medially in an extended Kocher-like maneuver. This measure provides excellent exposure of the midabdominal aorta, vena cava, and distal renal artery and vein ( Fig. 129–2 ). Dissection of the renal artery should begin in its midportion just lateral to
the vena cava, usually requiring superior retraction of the renal vein. The vein should be dissected carefully from surrounding tissues, and small venous branches, such as those to the adrenal gland, should be ligated and transected. If the more distal renal
artery is dissected first, troublesome injury to small arterial and venous branches is more likely to occur. When one is treating developmental right-sided ostial lesions, the vena cava may be retracted laterally, and the proximal renal artery exposed near its
origin. Ligation and division of adjacent lumbar veins facilitates mobilization of the vena cava and exposure of the proximal right renal artery.
For left-sided reconstructions, the surgeon exposes the renal vessels using a retroperitoneal dissection similar to that performed on the right with reflection of the viscera, including the left colon, medially. Such a retroperitoneal approach offers better
visualization of the middle and distal renal vessels than an anterior exposure through the mesocolon at the root of the mesentery. Exposure of the left renal artery usually requires mobilization of the renal vein with ligation and transection of the gonadal branch
inferiorly and adrenal venous branches superiorly.
The infrarenal aorta is dissected circumferentially for approximately 5 cm, just below the origin of the renal arteries. A large-diameter aorta can be occluded partially,

Figure 129-2 Operative approach through a transverse supraumbilical abdominal incision, with an extraperitoneal dissection and reflection of the colon and foregut structures providing exposure of the renal and great vessels.

Figure 129-3 Technique of end-to-end graft–renal artery anastomosis after spatulation of the artery anteriorly and the graft posteriorly, and end-to-side graft-aorta anastomosis after creation of a common orifice between a branch and the central lumen of the
saphenous vein.

Figure 129-4 Autogenous saphenous vein aortorenal bypass to a segmental artery. Note the ovoid appearance of the renal anastomosis (arrow). (From Fry WJ, Ernst CB, Stanley JC, Brink BE: Renovascular hypertension in the pediatric patient. Arch Surg
107:692, 1973. Copyright 1973, American Medical Association.)

Figure 129-5 A, Autogenous saphenous vein aortorenal graft. B, Autogenous iliac artery aortorenal graft. (A from Stanley JC, Graham LM: Renovascular hypertension. In Miller DC, Roon AJ [eds]: Diagnosis and Management of Peripheral Vascular
Disease. Menlo Park, CA, Addison-Wesley, 1981, p 321 ; B from Stanley JC, Zelenock GB, Messina LM, et al: Pediatric renovascular hypotension: A thirty-year experience of operative treatment. J Vasc Surg 21:212, 1995.)

Figure 129-6 A, Revascularization of multiple renal arteries with side-to-side anastomoses of affected vessels followed by the anastomosis of a vein graft to their common orifice. B and C, Preoperative and postoperative arteriograms of this type of repair,
with three vessels joined together before being anastomosed to a vein graft. (A from Ernst BC, Fry WJ, Stanley JC: Surgical treatment of renovascular hypertension: Revascularization with autogenous vein. In Stanley JC, Ernst CB, Fry WJ [eds]:
Renovascular Hypertension. Philadelphia, WB Saunders, 1984, p 284 ; B and C from Stanley JC, Fry WJ: Pediatric renal artery occlusive disease and renovascular hypertension: Etiology, diagnosis and operative treatment. Arch Surg 116:669, 1981.
Copyright 1981, American Medical Association.)

Figure 129-7 Reimplantation of segmental renal artery, beyond its stenosis, into the adjacent segmental renal artery. A, Preoperative arteriogram documenting stenosis and post-stenotic dilatation (arrow). B, Postoperative arteriogram demonstrates widely
patent anastomosis (arrow). (A and B from Stanley JC, Zelenock GB, Messina LM, et al: Pediatric renovascular hypertension: A thirty-year experience of operative treatment. J Vasc Surg 21:212, 1995.)

Figure 129-8 Illustration of dissection of renal hilus ex vivo. Kidney is perfused through one cannula on the perfusion manifold of the dissection platform. (From Murray SP, Kent CK, Salvatierra O, et al: Complex branch renovascular disease: Management
options and late results. J Vasc Surg 20:338, 1984.)

Figure 129-9 Ex vivo multibranched arterial autograft repair. Two of three branch anastomoses are completed, and the lowest one is being sutured. (From Murray SP, Kent CK, Salvatierra O, et al: Complex branch renovascular disease: Management options
and late results. J Vasc Surg 20:338, 1984.)

Figure 129-10 Reimplantation of main renal arteries beyond orificial stenosis into the aorta. (From Stanley JC, Zelenock GB, Messina LM, et al: Pediatric renovascular hypertension: A thirty-year experience of operative treatment. J Vasc Surg 21:212, 1995.)

Figure 129-11 Complex renal reconstructive procedure for middle aortic syndrome (A) by prosthetic thoracoabdominal bypass (arrow) and (B) reimplantation of right renal artery (arrow) and hypogastric artery bypass to the left renal artery.

Figure 129-12 Aneurysmal dilatation of an autogenous saphenous vein aortorenal graft. This complication is most likely to affect pediatric patients. (From Stanley JC, Ernst CB, Fry WJ: Fate of 100 aortorenal vein grafts: Characteristics of late graft
expansion, aneurysmal dilatation, and stenosis. Surgery 74:931, 1973.)

TABLE 129-2 -- Results of Surgical Therapy for Renovascular Hypertension due to Fibrodysplasia in Adults
POSTANGIOPLASTY STATUS (%)
STUDY (YEAR)

*

NO. PATIENTS

Cure

Improvement

†
Failure

OPERATIVE MORTALITY
RATE(%)

Buda et al (1976)[

42

76

14

10

NA

7
Bergentz et al (1979)[ ]

40

66

24

10

0

49]

113

43

24

33

11]

Lawrie et al (1980)[

0

‡

75

63

24

13

0

Stanley and Fry (1981)[

114

55

39

6

0

96]

77

66

32

1

0

68]

104

63

30

7

0

vanBockel (1987)[

103]

53

53

34

11

1.9

3
Anderson et al (1995)[ ]

40

33

57

10

0

101

36

31

33

2

42]

Jakubowski et al (1981)[

84]

Stoney et al (1981)[

Novick et al (1987)[

70]

Reiher et al (2000)[
NA, not available.

* Superscript numbers indicate chapter references.
† Criteria for blood pressure response are defined in cited publications.
‡ No deaths in 100 isolated renal reconstructions; data on 13 patients with associated arteriosclerosis unavailable.
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TABLE 129-3 -- Results of Surgical Treatment of Renovascular Hypertension due to Fibrodysplasia in Children

†

NO. PATIENTS

NO. ARTERIAL
RECONSTRUCTIONS

NO.
NEPHRECTOMIES

NO. SECONDARY
PROCEDURES

Cure

Improvement

Failure

OPERATIVE
MORTALITY RATE
(%)

14

10

4

2

86

7

0

7

50] ‡

21

15

8

4

68

24

8

0

67]

27

22

11

5

59

18.5

18.5

4

26

19

7

84.5

7.5

4

4

57

50

14

79

19

2.0

0

STUDY (YEAR)

*

95]

Stoney et al (1975)[

Lawson et al (1977)[
Novick et al (1978)[

44]

Kaufman (1979)[

94] §

Stanley et al (1995)[

7

* Superscript numbers indicate chapter references.
† Criteria for blood pressure response are defined in cited publications. Data are expressed to nearest 0.5%.

POSTOPERATIVE STATUS (%)

‡ Results include data from 4 patients with parenchymal disease treated by nephrectomy. A more recent but less detailed review includes 28 patients with cure, improvement, and failure rates of 72%, 21%, and 7%,
respectively.[

11]

§ Results include data from 6 patients treated at University of Texas Southwestern Medical Center at Dallas.

3 65 68

centers.[ ] [ ] [ ] Patients presenting for treatment are significantly older, have had a longer duration of hypertension, and have a higher prevalence of extrarenal atherosclerosis. Most significantly, a higher
frequency of branch vessel involvement requiring complex repairs is found consistently. At the University of California, San Francisco, patients presenting with a complex branch vessel pattern secondary to arterial
fibrodysplasia had solitary kidneys in 18% of cases; 9% needed concomitant aortic replacement, and 10% represented failure of previous operations. Thus, although the overall beneficial response rate remains similar
to that in earlier reports, the cure rate is generally lower, reflecting the changes in the overall clinical profile of the patients.
Outcome after management of complex branch renal artery disease deserves special comment. A report from the University of California, San Francisco, describing outcome in 68 consecutive patients with complex branch vessel disease was notable for a

99 100

] No operative deaths occurred. Renal function and control of blood pressure were assessed at a mean follow-up of 7.5 years. Of the 68 patients, 46% underwent follow-up angiography at a mean of 52 months after
renal salvage rate of 98.8%.[ ] [
operation. No evidence of late graft failure was documented. Hypertension was cured or improved in 51 of the 53 patients (96%) with a proven patent reconstruction. Renal function was improved in 4 patients with ex vivo repairs, unchanged in 59 patients,
and worse in only 3 patients, all of whom had undergone in situ repair.
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Chapter 130 - Atherosclerotic Renovascular Disease and Ischemic Nephropathy

KIMBERLEY J. HANSEN MD
DAVID B. WILSON MD
RICHARD H. DEAN MD

1 2 3 4 5

The introduction of new antihypertensive agents and percutaneous transluminal angioplasty (PTA) with endoluminal stenting has changed many attitudes regarding the role of surgical intervention for atherosclerotic renovascular disease.[ ] [ ] [ ] [ ] [ ]
These treatment alternatives, combined with the increasingly older patient population evaluated for renovascular disease, have led many physicians to limit surgical intervention to patients with severe hypertension despite maximal medical therapy, to patients

6
demonstrating anatomic failures or disease patterns not amenable to balloon angioplasty and stenting, or to patients with renovascular disease complicated by renal excretory insufficiency.[ ] As a consequence of these changing attitudes and treatment

1 2 7 8
1 2
strategies, the demography of the contemporary patient population has also changed.[ ] [ ] [ ] [ ] Current patient groups are characterized by diffuse extrarenal atherosclerosis complicated by end-organ damage and renal insufficiency.[ ] [ ]
1 2 3 9 10 11

Consequently, the current strategy, indications, and contemporary results of surgical management differ significantly from those in earlier reported series.[ ] [ ] [ ] [ ] [ ] [ ] In addition to the traditional concerns regarding renovascular hypertension,
these observations also emphasize the relationship between renovascular occlusive disease and excretory renal dysfunction. This relationship, described by the term ischemic nephropathy, defines the presence of anatomically severe occlusive disease of the

1
extraparenchymal renal artery in a patient with excretory renal insufficiency.[ ]
Three patient groups can be considered for reconstruction of atherosclerotic renovascular disease to improve renal function. The first group is represented by the patient with normal global renal function who is found to have a nonfunctioning kidney during
evaluation for renovascular hypertension. Renal artery occlusion frequently characterizes this group. In this instance, overall renal function is maintained by the contralateral normal kidney, and the clinical question is whether to perform a nephrectomy or
renal artery repair. The second group is characterized by the patient with azotemic ischemic nephropathy. In this patient, renal artery intervention must address the possibility of retrieving significant excretory function compared with the risk of worsening
residual function as well as the associated higher risk in operative morbidity and mortality. The third group is characterized by the patient with dialysis-dependent ischemic nephropathy representing end-stage, end-organ dysfunction. Despite general

12]

pessimism regarding recovery of renal function in this setting, the group reaching dialysis dependence demonstrates the greatest potential improvement in quality and quantity of life from successful renal artery intervention.[

RENAL ARTERY OCCLUSION WITHOUT AZOTEMIA
The Patient with Hypertension
Hypertension in the patient with renal artery occlusion can be treated equally well by revascularization and nephrectomy. However, the most desirable management would result in both blood pressure and renal function benefits. When the potential for

2
improved renal function exists, the price of nephrectomy with the loss of functioning renal mass may be greater than the benefit derived from a favorable blood pressure response.[ ] The practical value of this premise is demonstrated by progression of mild
13 14

contralateral renal artery lesions to hemodynamically severe lesions in 35% to 40% of patients within 5 years of unilateral operative repair.[ ] [ ] When such patients are treated by nephrectomy for renal artery occlusion and their contralateral renal disease
progresses, global renal function is threatened. Intervention must then be performed in azotemic patients who are at risk for dialysis-dependent renal failure. Moreover, the atherosclerotic renal artery disease in the remaining kidney may not develop in a
manner that is clinically recognized or may develop at a site that is not amenable to correction. Conversely, an overly aggressive approach to repair of renal artery occlusion sometimes leads to revascularization of a kidney in which no beneficial function or
blood pressure response can be achieved. In this instance, primary nephrectomy would be simpler and safer than revascularization with control of hypertension.
Given these considerations, we have limited nephrectomy to cases of renal artery occlusion in which a kidney contributing to severe hypertension has an unreconstructible renal artery and demonstrates negligible renal function on isotopic renography. The

15]

value of this management philosophy is demonstrated by the results obtained in 95 consecutive patients (52 women and 43 men with a mean age of 63 years) treated for 100 consecutive atherosclerotic renal artery occlusions.[
demonstrated
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Cut-film angiography

TABLE 130-1 -- Comparison of Operative Results for Patient Groups Treated for Renal Artery Occlusion (RA-OCC) and Renal Artery Stenosis (RAS)

Perioperative mortality (%)

RA-OCC (n = 95)

RAS (n = 302)

PVALUE

5.3

4.0

.59

Hypertension response (%)

.52

Cured

11

13

Improved

80

74

No change

9

13

Renal function response (%)

.20

*

Improved

49

41

No change/ worsened

51

59

* Preoperative serum creatinine value ≥ 1.3 mg/dL.

distal renal artery reconstitution in 69% and a nephrogram in 62% of cases. Neither distal renal artery reconstitution nor nephrogram was demonstrated in 25% of kidneys. Overall, 75 renal artery occlusions were treated with direct aortorenal reconstruction,
and 25 nephrectomies were performed. After surgical renal artery repair, mortality rates were similar for renal artery revascularization and nephrectomy (2.8% and 12%, respectively; P = .11) and did not differ from those for 302 patients treated during the

15

same period for atherosclerotic renal artery stenosis (5.3% and 4.0%, respectively; P = .59; Table 130–1 ).[ ] Blood pressure response among the 90 operative survivors was considered cured in 11%, and improved in 80%; failure to improve blood pressure
occurred in 9% of patients. Importantly, the rates of beneficial blood pressure response were equivalent after revascularization and nephrectomy (92% and 87%, respectively). However, significant improvement in estimated glomerular filtration rate (EGFR)
was observed only after revascularization (P < .01) and after nephrectomy if contralateral revascularization was included (P = .02). A significant increase in EGFR was not observed when nephrectomy alone was performed. Most importantly, improved
excretory renal function demonstrated a significant and independent association with better postoperative survival after operation ( Fig. 130–1 ).
Absence of preoperative nephrogram or distal renal artery reconstitution did not preclude revascularization in half the kidneys with occluded renal arteries. In fact, 8 of 21 patients (38%) with neither preoperative nephrogram nor distal renal artery
reconstitution underwent operative reconstruction, resulting in beneficial blood pressure response and improved renal function in 75%. Preoperative kidney length was less in the patients undergoing nephrectomy (7.3 ± 1.4 cm) than in those undergoing
revascularization (8.2 ± 1.5 cm), but length alone did not preclude revascularization. Nine of 16 kidneys shorter than 7 cm were revascularized, with beneficial blood pressure response in all and improved renal function in 44%.
Because the lower limits of renal function retrieval are not well defined for atherosclerotic renovascular disease but progression of contralateral renal artery disease is common, these data argue that nephrectomy should be limited and should be applied
selectively. Patients with severe hypertension in whom the kidney responsible for hypertension

Figure 130-1 Predicted survival among patients with renal artery occlusion with improved or unimproved renal function after operative renal artery repair. (From Oskin TC, Hansen KJ, Deitch JS, et al: Chronic renal artery occlusion: Nephrectomy versus
revascularization. J Vasc Surg 29:140–149, 1999. Used by permission.)

TABLE 130-2 -- Angiographic Progression of Renal Artery Atherosclerosis
IPSILATERAL LESIONS
MEAN FOLLOW-UP (mo)
29–35
28

*

†

NO.

Percentage Exhibiting Progression

Percentage Progressing to Occlusion

PERCENTAGE OF CONTRALATERAL
LESIONS EXHIBITING PROGRESSION

85

44

16

—

35

—

12

17

* Data from Wollenweber J, Sheps SG, Davis GD: Clinical course of atherosclerotic renovascular disease. Am J Cardiol 21:60–71, 1968; and Schreiber MJ, Pohl MA, Novick AC: The natural history of
atherosclerotic and fibrous renal artery disease. Urol Clin North Am 11:383–392, 1984.
† Data from Dean, RH, Kieffer RW, Smith BM, et al: Renovascular hypertension: Anatomic and renal function changes during drug therapy. Arch Surg 166:1408–1415, 1981.

term prophylactic repair indicates that renal revascularization is performed before the occurrence of any clinical sequelae related to the lesion. By definition, therefore, patients considered for prophylactic renal artery repair have neither hypertension nor
reduced excretory renal function. Correction of an atherosclerotic renal artery lesion assumes that (1) a significant percentage of such asymptomatic patients will survive to the point that the renal lesion would cause hypertension or renal dysfunction and (2)
preemptive correction is necessary to prevent an untreatable adverse event. On the basis of available data, we do not perform prophylactic renal artery intervention either as an isolated catheter-based or open procedure or a procedure combined with planned
aortic repair.

17 18 19

This management philosophy is based on angiographic data from three studies regarding the anatomic progression of atherosclerotic renovascular disease causing hypertension, which are summarized in Table 130–2 .[ ] [ ] [ ] Of patients with
renovascular hypertension, ipsilateral progression of renovascular atherosclerosis occurred in 44%, and 12% progressed to have total occlusion during medical management. However, only 1 (3%) of these patients had untreatable loss of a previously

19

reconstructible renal artery.[ ] In the absence of hypertension, one must assume that the renal artery lesion first progresses anatomically to become functionally significant (i.e., to produce hypertension). On the basis of the preceding data, progression of a
silent renal artery lesion to produce renovascular hypertension could be expected in approximately 44% of normotensive patients.
If one assumes that the incident of renovascular hypertension is managed medically, the next consideration is the frequency of decline in renal function. Among 30 patients with renovascular hypertension in one study who were randomly assigned to medical

19

management, significant loss of renal function—reflected by at least 25% decrease in glomerular filtration rate (GFR)—occurred in 40% of patients during 15 to 24 months of follow-up.[ ] Medical management was considered to have failed in these
patients, who underwent operative renal artery repair. However, 13% of the patients continued to exhibit progressive deterioration in renal function after operation. Therefore, in 36% of the patients with renovascular hypertension who were randomly assigned
to medical management, loss of renal function could have been prevented by an earlier operation. Moreover, one must consider how many of these patients who demonstrate a decline in kidney function during medical management experience restoration of

2 20
function after surgery. In this regard, reports suggest that renal function is restored by renovascular repair in 58% to 67% of properly selected patients.[ ] [ ]
The importance of these issues considered in context of prophylactic renal revascularization can be demonstrated by considering 100 hypothetical patients without hypertension in whom an unsuspected renal artery lesion is demonstrated before open aortic
repair ( Table 130–3 ). If the renal artery lesion is not repaired prophylactically, in approximately 44 patients the lesion will progress anatomically and renovascular hypertension will subsequently develop. Sixteen (36%) of these 44 patients may experience a
preventable reduction in renal function during follow-up. However, delayed operation will restore function in 11 (67%) of these 16 patients. In theory, therefore, only 5 of the hypothetical 100 patients receive unique benefit from prophylactic intervention. This
unique benefit should be considered in terms of the associated morbidity and mortality of renal artery repair. In our center, the operative mortality associated with the surgical treatment of isolated renal artery disease alone is approximately 1%, but combined

3 4 5 6 7 8 10 11 13 15 16 17 18 19 20 21] [22]
If direct aortorenal methods of reconstruction are employed in conjunction with

aortorenal reconstruction is associated with a 5% to 6% perioperative mortality.[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [
intraoperative completion duplex ultrasonography, the early technical failure rate is less than 1%, and late failures of reconstruction can be expected in 3%

TABLE 130-3 -- Comparison of Risk to Estimated Benefit for Prophylactic Renal Revascularization in 100 Hypothetically Normotensive Patients
BENEFIT OR RISK

NO. PATIENTS

Benefit
Progression to RVH (44/100 or 44%)

44

Patients with RVH who lose renal function (16/44 or 36%)

16

Renal function restored by later operation (11/16 or 67%)

11

Renal function not restored by later operation (5/16 or 33%)

5

Unique benefit

5 patients

Risk (combined aortorenal reconstruction):
Operative mortality (5.5%)

5

Early technical failure (0.5%)

1

Late failure of revascularization (4.0%)

4

Adverse outcome

10 patients

RVH, renovascular hypertension.

3

to 4% of renal artery repairs.[ ] Therefore, adverse results could be expected in 10 of these 100 patients after combined aortorenal repair. Theoretically, then, prophylactic renal artery repair could provide unique benefit in only 5 patients but could potentially
produce an adverse outcome in up to 10 patients. On the basis of available data, we find no justification for prophylactic renal artery surgery either as an independent procedure or as a procedure performed in combination with aortic repair. This same
management strategy is applied to catheter-based renal artery intervention.
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AZOTEMIC ISCHEMIC NEPHROPATHY
The azotemic patient with atherosclerotic renovascular disease more clearly resembles the patient with end-organ damage than does the patient with normal renal function. Retrieval of function has immediate practical significance in the azotemic patient;
however, the hazard of accelerating renal failure to dialysis dependence by ineffective intervention has limited widespread enthusiasm for surgical treatment of these patients.

23

20

In 1962, Morris and associates[ ] reported on eight azotemic patients with global renal ischemia who experienced improved blood pressure and renal function after renal revascularization. Novick and colleagues[ ] found a similar beneficial function
response when bilateral renal lesions were corrected in azotemic patients. Nevertheless, data regarding the prevalence, clinical presentation, or natural history of azotemic ischemic nephropathy are lacking or incomplete. Circumstantial evidence, however,
suggests that it may be a more common cause of renal insufficiency in the atherosclerotic age group than was previously recognized. In a 1992 study of randomly selected azotemic patients with serum creatinine ≥ 2 mg/dL, 14% had unsuspected renovascular

24]

disease.[

Compared with patients without renal artery disease, patients with ischemic nephropathy were older and had a higher prevalence of extrarenal atherosclerosis. Each of these clinical characteristics is compatible with the demographic features of

2 12 25 26 27
patients with proven ischemic nephropathy after surgical treatment.[ ] [ ] [ ] [ ] [ ] Collectively, these data argue that renovascular disease may be either the primary cause or an important secondary accelerant of renal insufficiency in more patients

12]

than is commonly recognized.[

25

The changes in renal function associated with azotemic ischemic nephropathy are demonstrated by a retrospective review of data collected from 58 consecutive patients with ischemic nephropathy who underwent operative renal artery repair.[ ] The rate of
decline in renal function during the period before and after intervention and the immediate effect of surgery on excretory function were examined. Patients with preoperative serum creatinine ≥ 1.8 mg/dL and at least three sequential measurements for
calculations of EGFR changes during the 6 months before operation (n = 32) were included. These data were used to describe the preoperative rate of decline in EGFR and postoperative rate of decline among surgical survivors as a function of response to
operation.

Figure 130-2 Percentage decrease in estimated glomerular filtration rate (EGFR) per week for the entire group during the 6 months before (preop; n = 50) and after (postop; n = 32) operation. The immediate effect of operation on EGFR is also depicted. The P
values for differences are determined with use of the t-test for unpaired data. Note the improvement in the slope of decline in EGFR after operation. (From Dean RH, Tribble RW, Hansen KJ, et al: Evolution of renal insufficiency in ischemic nephropathy. Ann
Surg 213:446, 1991. Used by permission.)

Figure 130-3 Percentage decline in estimated glomerular filtration rate (EGFR) per week during the 6 months before (preop; n = 23) and after (postop; n = 25) operation in the group of patients with proven ischemic nephropathy. Each patient had at least a
20% improvement in EGFR after operation. The immediate effect of operation on EGFR in this group is also depicted. The P values for differences are determined with use of the t-test for unpaired data. Note the improvement in the slope of decline in EGFR
after operation in this group. This improvement confirmed a causal relationship between the atherosclerotic renovascular disease and renal insufficiency. (From Dean RH, Tribble RW, Hansen KJ, et al: Evolution of renal insufficiency in ischemic nephropathy.
Ann Surg 213:446, 1991. Used by permission.)

Figure 130-4 Percent decline in estimated glomerular filtration rate (EGFR) per week during the 6 months before (preop; n = 18) and after (postop; n = 8) operation in the group of patients who had no immediate benefit in EGFR after operation. The P values
for differences are determined with use of the t-test for unpaired data. Note the absence of improvement in the rate of deterioration of EGFR after operation in this group. (From Dean RH, Tribble RW, Hansen KJ, et al: Evolution of renal insufficiency in
ischemic nephropathy. Ann Surg 213:446, 1991. Used by permission.)

Figure 130-5 Percent decline in estimated glomerular filtration rate (EGFR) per week before and after operation for azotemic (broken line) and dialysis-dependent (solid line) patients. Although the rate of decline in EGFR was significantly greater for dialysisdependent patients, the return of renal function was very similar. Note the decrease in the rate of decline of EGFR for both azotemic and dialysis-dependent groups after operation. (From Hansen KJ, Thommason RB, Craven TE, et al. Surgical management of
dialysis-dependent ischemic nephropathy. J Vasc Surg 21:197–211, 1995. Used by permission.)

Figure 130-6 Product-limit estimate of patient survival according to dialysis status after operation (n = 20). (From Hansen KJ, Thomason RB, Craven TE, et al: Surgical management of dialysis-dependent ischemic nephropathy. J Vasc Surg 21:197–211,
1995. Used by permission.)

TABLE 130-4 -- Summary of Operative Management of Atherosclerotic Renovascular Disease in 500 Patients

PROCEDURE

NO. KIDNEYS

Aortorenal bypass

384

Vein

204

PTFE

159

Polyester (Dacron)

21

Splanchnorenal bypass

13

Reimplantation

56

Endarterectomy

267

Nephrectomy

56

Primary

13

Contralateral

43

Total no. kidneys operated

776

PTFE, polytetrafluoroethylene.
Adapted from Cherr GS, Hansen KJ, Craven TE, et al: Surgical management of atherosclerotic renovascular disease. J Vasc Surg 35:236–245, 2002.
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of an abdominal aortic aneurysm. Sixty-three patients had combined repair of both aortic occlusive and aneurysmal disease.

Perioperative morbidity (excluding perioperative deaths) occurred in 81 patients (16%)—myocardial infarction in 15 patients, stroke in 5, significant arrhythmia in 22, and pneumonia in 36. Five patients had worsening renal function after operation that
resulted in permanent dialysis dependence within 1 month of surgery. The mean preoperative serum creatinine level and EGFR for these 5 patients were 3.4 mg/dL and 20.2 mL/min/m2 , respectively. Nine patients who were dialysis dependent before renal
revascularization continued to require renal replacement therapy after operation.

Follow-up data were available for 99% of survivors of surgery. During follow-up (mean, 56 months; range, 1–159 months), there were 171 deaths, giving estimated 5- and 10-year survival rates of 69.0% and 33.6%, respectively, for all patients. Product limits
of time to death or dialysis are depicted in Figure 130–7 . Cardiovascular events accounted for the majority (74%) of late deaths, including coronary artery disease (41%) and stroke (9%). Twenty-four percent of late deaths occurred from treatment of or
complications from aneurysmal disease or noncoronary atherosclerosis. Cancer accounted for 12% of deaths, lung disease for 6%, and other causes for 8%. Thirty-eight percent of patients who died during follow-up required renal replacement therapy prior to
death.

Table 130–5 summarizes the proportional hazard regression analysis for time to death from all causes. Factors significantly and independently associated with increased risk of death from all causes included poor preoperative renal function, diabetes mellitus,
history of myocardial infarction or stroke, severe aortic occlusive disease, greater age, and renal function worsened after operation. Prior myocardial revascularization, blood pressure cured, and increased systolic blood pressure favored survival; these
associations were significant and independent of other parameters.

On follow-up, 218 nonfatal cardiovascular events occurred in 139 patients (28%). They included angina (49 patients), myocardial infarction (29 patients), percutaneous transluminal coronary angioplasty (19 patients), and coronary artery bypass graft (22
patients). Cerebrovascular events

Figure 130-7 Product-limit estimates of time to death or dialysis for all patients with atherosclerotic renovascular disease. (From Cherr GS, Hansen KJ, Craven TE, et al: Surgical management of atherosclerotic renovascular disease. J Vasc Surg 35:236–245,
2002. Used by permission.)

TABLE 130-5 -- Proportional Hazards Regression Model for All Causes of Death Among 455 Atherosclerotic Patients

BETA

STANDARD ERROR

HAZARD RATIO

95% CONFIDENCE
INTERVAL

PVALUE

Preoperative EGFR

−0.5121

0.1066

0.60

0.49–0.74

.001

Age

0.1988

0.0906

1.22

1.02–1.46

.028

Diabetes mellitus

0.5618

0.2017

1.75

1.18–2.60

.005

Prior myocardial infarction

0.3913

0.1712

1.48

1.06–2.07

.022

Prior PTCA/CABG

−0.5082

0.2392

0.60

0.38–0.96

.034

Prior stroke

0.4159

0.2112

1.52

1.00–2.29

.049

Severe aortic occlusive disease

0.4008

0.1731

1.49

1.06–2.10

.021

Blood pressure cured

−0.6328

0.2844

0.53

0.30–0.93

.026

Postoperative systolic blood pressure

−0.1994

0.0928

0.82

0.68–0.98

.032

Postoperative EGFR worse

0.5121

0.2321

1.67

1.06–2.63

.027

VARIABLE

*

CABG, coronary artery bypass graft; EGFR, estimated glomerular filtration rate (mL/min·m2 ); PTCA, percutaneous transluminal coronary angioplasty.
From Cherr GS, Hansen KJ, Craven TE, et al: Surgical management of atherosclerotic renovascular disease. J Vasc Surg 35:236–245, 2002.

* All variables significant at P < .10 included.
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Figure 130-8 Graphic depiction of the product-limit estimates of time to death after onset of dialysis dependence. (From Cherr GS, Hansen KJ, Craven TE, et al: Surgical management of atherosclerotic renovascular disease. J Vasc Surg 35:236–245, 2002.
Used by permission.)

Figure 130-9 Product-limit estimates of time to death or dialysis according to blood pressure response to operation. (From Cherr GS, Hansen KJ, Craven TE, et al: Surgical management of atherosclerotic renovascular disease. J Vasc Surg 35:236–245, 2002.
Used by permission.)

TABLE 130-6 -- Blood Pressure Response to Operation for Atherosclerotic Renovascular Disease in 472 Patients

*

BLOOD PRESSURE (SYSTOLIC/DIASTOLIC, mm Hg)
RESPONSE
Cured

NO. PATIENTS (%)

Preoperative

57 (12)

195 ± 35/103 ± 22

Postoperative

NO. MEDICATIONS

†

137 ± 16/78 ± 9

Preoperative

Postoperative

2.0 ± 1.1
0±0

Improved

345 (73)

205 ± 35/107 ± 21

147 ± 21/81 ± 11

†

2.8 ± 1.1
1.7 ± 0.8

Failed
All

70 (15)

182 ± 30/87 ± 13

158 ± 28/82 ± 12

2.0 ± 0.9

472 (100)

201 ± 35/104 ± 22

148 ± 22/81 ± 11

2.6 ± 1.1

2.0 ± 0.9
1.6 ± 0.9

Adapted from Cherr GS, Hansen KJ, Craven TE, et al: Surgical management of atherosclerotic renovascular disease. J Vasc Surg 35:236–245, 2002.

* Blood pressure and medications are mean ± standard deviation.
† P < .0001 as compared with preoperative value, except diastolic blood pressure value in failed group, for which P = .001.
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†

†

†

TABLE 130-7 -- Renal Function Response Versus Preoperative Serum Creatinine Level for Atherosclerotic Renovascular Disease in 469 Patients
PREOPERATIVE SERUM CREATININE VALUE (mg/dL)

*

1.8–2.9

≥3.0

DIALYSIS-DEPENDENT

TOTAL

71 (29%)

75 (54%)

29 (58%)

28 (76%)

203 (43%)

No Change

142 (58%)

52 (38%)

17 (34%)

9 (24%)

220 (47%)

Worse

31 (13%)

11 (8%)

4 (8%)

0 (0%)

46 (10%)

RENAL FUNCTION RESPONSE
Improved

<1.8

Adapted from Cherr GS, Hansen KJ, Craven TE, et al: Surgical management of atherosclerotic renovascular disease. J Vasc Surg 35:236–245, 2002.

* P < .0001 for rate of improved response compared with preoperative serum creatinine value.

preoperative EGFR (preoperative, 41.1 ± 23.9 mL/min/m2 ; postoperative, 48.2 ± 25.5 mL/min/m2 ; P < .0001). Among individual patients, 43% had improved renal function, 47% had unchanged function, and 10% had worsened function after surgical repair.
Twenty-eight patients (70%) requiring renal replacement therapy before operation were permanently removed from dialysis after surgery. A greater proportion of patients with higher preoperative serum creatinine level or worse renal function progressing to
dialysis dependence before surgery had improved postoperative renal function ( Table 130–7 ). This association between increased preoperative serum creatinine level and improved postoperative renal function was significant (P < .0001).

Progression to death or dialysis demonstrated significant associations with both preoperative parameters and postoperative blood pressure and renal function response. Table 130–8 summarizes the proportional hazard regression analysis for time to death or
dialysis during follow-up. Preoperative factors significantly and independently associated with death or dialysis included diabetes mellitus, severe aortic occlusive disease, and poor renal function. Significant and independent associations were noted for blood
pressure cured and survival compared with blood pressure improved or worsened. Moreover, improved postoperative renal function demonstrated significant and independent associations with better dialysis-free survival compared with renal function
unchanged. The relationship between each category of renal function response and dialysis-free survival demonstrated significant interactions with preoperative renal function. In patients with renal function unchanged by operation, those with poor
preoperative renal function had a higher risk of death or dialysis after surgery. In patients whose renal function worsened after operation, higher risk of death or dialysis was significant for those with preoperative renal function at median values of EGFR or
greater. These significant and independent interactions are
TABLE 130-8 -- Proportional Hazards Regression Model of Time to Death or Dialysis for 460 Atherosclerotic Patients

BETA

STANDARD ERROR

HAZARD RATIO

95% CONFIDENCE
INTERVAL

PVALUE

Preoperative EGFR

0.8555

0.1198

0.43

0.34–0.54

0.001

Diabetes mellitus

0.5313

0.1959

2.14

1.15–3.97

0.007

Prior myocardial infarction

0.3095

0.1646

1.36

0.99–1.88

0.060

Prior PTCA/CABG

0.3733

0.2190

0.69

0.45–1.06

0.088

Prior stroke

0.4068

0.2001

1.50

1.02–2.22

0.042

Severe aortic occlusive disease

0.5078

0.1689

1.66

1.19–2.31

0.003

Preoperative systolic blood pressure

0.2329

0.0848

0.79

0.67–0.94

0.006

Blood pressure cured

0.6637

0.2711

0.52

0.30–0.88

0.014

Postoperative EGFR—no change:

0.9259

0.3659

—

—

—

Preoperative EGFR = 25 (25th percentile)

1.49

1.04–2.13

0.028

Preoperative EGFR = 38 (median)

1.12

0.79–1.61

0.524

Preoperative EGFR = 53 (75th percentile)

0.83

0.48–1.42

0.495

VARIABLE

*

IA preoperative EGFR × postoperative EGFR: not changed

0.5047

0.2461

—

—

0.032

Postoperative EGFR—worsened:

0.1070

0.5324

—

—

—

1.45

0.81–2.60

0.211

Preoperative EGFR = 25 (25th percentile)

Preoperative EGFR = 38 (median)

1.68

1.02–2.74

0.040

Preoperative EGFR = 53 (75th percentile)

1.95

1.06–3.61

0.032

—

—

0.032

IA preoperative EGFR × postoperative EGFR: worsened

0.2549

0.2969

CABG, coronary artery bypass graft; EGFR, estimated glomerular filtration rate (mL/min/m2 ); IA, interaction term; PTCA, percutaneous transluminal coronary angioplasty.
Adapted from Cherr GS, Hansen KJ, Craven TE, et al: Surgical management of atherosclerotic renovascular disease. J Vasc Surg 35:236–245, 2002.

* All variables significant at P < .10 included.
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Figure 130-10 Predicted dialysis-free survival according to postoperative renal function response for patients with preoperative EGFRs of 25 mL/min/m2 (25th percentile, A) or 39 mL/min/m2 (median value, B). The interaction between preoperative EGFR
and renal function response for dialysis-free survival was significant and independent. (From Cherr GS, Hansen KJ, Craven TE, et al: Surgical management of atherosclerotic renovascular disease. J Vasc Surg 35:236–245, 2002. Used by permission.)

TABLE 130-9 -- Comparison of Earlier Surgical Experience with Contemporary Experience

1961–1972

*

1987–1999

No. patients

122

Mean age (years)

50

65

Duration of hypertension (years)

5.1

10.0

Unilateral

80

59

Bilateral

20

41

13

39

Not dependent on dialysis

8

49

Dependent on dialysis

0

8

16

3

†

Renal artery repair (%):

Combined

‡

Ischemic nephropathy (%):

Graft failure (%)
Hypertension response (%):
Cured

53
Improved
36

§

12

§

73

No change

* Data adapted from Foster JH, Dean RH, Pinkerton JA, Rhamy RK: Ten years experience with the surgical management of renovascular hypertension. Ann Surg 177:755–766, 1973.
† Data from Cherr GS, Hansen KJ, Craven TE, et al: Surgical management of atherosclerotic renovascular disease. J Vasc Surg 35:236–245, 2002.
‡ Combined aortic repair for occlusive or aneurysmal disease.
§ Hypertension response, excluding technical failures.
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in systolic pressure nor change in class or dose of antihypertensive medication was considered. However, when the changes in systolic, diastolic, and pulse pressures were considered as continuous variables, no significant associations between improved blood
pressure response and morbidity or mortality were noted. For patients considered improved, the observed decrease in mean systolic and diastolic blood pressure of 58 and 26 mm Hg, respectively, demonstrated no apparent association with cardiovascular
morbidity, death from all causes, or cardiovascular death. These results suggest that the quantitative association between blood pressure and survival observed in population-based studies may not apply to the current patient group characterized by
atherosclerotic renovascular disease. In this latter regard, the presence of atherosclerotic renovascular disease in combination with diffuse atherosclerosis and renal insufficiency may limit the survival benefit conferred by improved blood pressure control in all
but those patients cured of hypertension.

2

Similar observations have been made between clinical response and outcome after treatment for atherosclerotic renovascular disease contributing to ischemic nephropathy.[ ] Among patients in whom ischemic nephropathy was defined as a preoperative
serum creatinine of ≥1.8 mg/dL, preoperative EGFR and renal function response to operation were the strongest predictors of dialysis-free survival. Compared with patients whose renal function was unchanged or worsened, only patients with improved renal
function after operation demonstrated increased survival free of dialysis dependence. These same relationships exist for the entire patient group with atherosclerotic renovascular disease; however, they are strongest for patients with poor preoperative excretory
renal function. Moreover, when all patients with atherosclerotic renovascular disease were considered, increased severity of preoperative hypertension was associated with improved dialysis-free survival. This observation suggests a possible change in the
pathologic sequelae of importance in atherosclerotic renovascular disease. In this shifted paradigm, severe hypertension could be viewed as the key preoperative characteristic favoring clinical benefit, whereas renal function after operation could be considered
the key response—the primary determinant of dialysis-free survival. Viewed in this way, future trials that examine the best method of management of atherosclerotic renovascular disease should consider early renal function response as a primary parameter
and surrogate for survival free of dialysis.

Once atherosclerotic renovascular disease is identified in combination with severe hypertension and excretory renal insufficiency, discriminating predictors of cured blood pressure or improved renal function are lacking. Results from renal vein systemic renin

11]

index have been proposed to predict hypertension cure.[

[3]

have predicted blood pressure benefit but not cure.

Although we advocate the use of renal vein renin assays to guide management in selected cases of unilateral renal artery disease, whether considered as index or ratio values, lateralizing renin assays

2
Similarly, renal function response in patients with atherosclerotic renovascular disease is uncertain after renal artery intervention.[ ] Later studies have described significant correlation between
37] [38]
Despite extensive experience with these techniques, we have not been able to reproduce these results at our center. In our clinical experience, factors
[2]

parameters derived from renal parenchymal Doppler spectral analysis and response to intervention.[

favoring recovery of renal function after operation have included severe preoperative hypertension, bilateral or global atherosclerotic renovascular disease due to high-grade (>95%) stenosis or renal artery occlusion, and rapidly deteriorating renal function.

[3] [15] [26] [39] When these features were expressed in their final form as dialysis-dependent ischemic nephropathy, 70% of patients who underwent surgery were removed from dialysis dependence. Given the effect of renal function on both quality and

quantity of life, the definition of predictors of function response after intervention for atherosclerotic renovascular disease should be a primary focus of future investigation.

1 2
For the contemporary group of 500 patients reviewed here, beneficial hypertension response did not convey improvement in estimated survival.[ ] [ ] This finding contrasted sharply with the outcome of 71 patients who underwent operative management of
40

renovascular hypertension 15 to 23 years previously.[ ] Complete follow-up was available in 66 of the 68 patients who survived operation. Comparison of the initial blood pressure response to operation (1 to 6 months postoperatively) with the blood
pressure status at the time of death or current date (up to 23 years later) showed that the effect of operative treatment was maintained over long-term follow-up ( Fig. 130–11 ). In those patients who required second renovascular operations for recurrent
hypertension during follow-up, the majority of the operations were performed for the management of contralateral renal artery lesions that had progressed to functional significance. For this group of patients, beneficial blood pressure response was associated
with better estimated survival than failed response. Although the subgroup of “nonresponders” was small, they experienced a more rapid death rate during follow-up ( Fig. 130–12 ). This fact suggested that when long-term follow-up was considered,
inadequate management of renovascular hypertension may leave the patient at higher risk of cardiovascular death.
There are several potential explanations why our contemporary patient group has not demonstrated a similar improvement in estimated survival after improved blood pressure response. First, the average follow-up for the contemporary group of 500 patients is
much shorter (mean, 17 vs. 3 years). Second, the contemporary group was significantly older at the time of initial intervention (mean age, 50 vs. 69 years), with significantly more extrarenal atherosclerotic disease (40% vs. 95%). Finally, and perhaps most
importantly, 49% of current patients demonstrated ischemic nephropathy.

14]

In contrast to blood pressure response, renal function response among contemporary patients showed a significant and independent association with follow-up survival.[

Global renal disease submitted to complete renal artery repair after rapid decline in

1 2 3 25 26 39
excretory renal function is associated with the best opportunity for recovery of renal function.[ ] [ ] [ ] [ ] [ ] [ ] In addition, patients with improved renal function have demonstrated a significant decrease in the rate of decline in EGFR after renal
[25] [26]
artery repair.

In the
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Figure 130-11 Bar graphs comparing initial benefit with late blood pressure response in the respective types of lesions. Numbers of patients in each outcome group are written inside the bars. AS, atherosclerosis; C, cured; F, failed; FMD, fibromuscular
dysplasia; I, improved. (From Dean RH, Krueger TC, Whiteneck JM, et al: Operative management of renovascular hypertension: Results after a follow-up of fifteen to twenty-three years. J Vasc Surg 1:234–242, 1984. Used by permission.)

Figure 130-12 Kaplan-Meier life-table analysis: Estimated survival by blood pressure response to operation in 37 arteriosclerotic patients. Deaths are from cardiovascular causes. (From Dean RH, Krueger TC, Whiteneck JM, et al: Operative management of
renovascular hypertension. J Vasc Surg 1:234, 1984. Used by permission.)

TABLE 130-10 -- Comparison of Major Series of Combined Aortorenal Reconstruction
RENAL REPAIR (%)

HTN RESPONSE (%)

MEAN PATIENT
AGE (yr)

NO. PATIENTS

Unilateral

Bilateral

66.3

102

83

Mobile, AL

64

101

Gainesville, FL

—

44]

Charleston, SC

45]

†

PERIOPERATIVE
MORTALITY (%)

17

86

5

64

36

74

1

56

—

—

—

8.9

63

70

59

41

—

16

Boston

67.5

100

81.5

18.5

68

6.5

Albany

69.3

73

—

—

27

2.7

22]

Winston-Salem, NC

62.5

133

47

53

63

5.3

47]

Atlanta

63

43

56

44

50

4.7

San Francisco

67.5

77

48

52

—

5.8

Nice, France

66.7

39

69

31

44

2.6

Greenville

64

31

39

61

100

6

Cleveland

69

73

79

21

63

8.2

Loma Linda, CA

70

16

0

100

67

0

Poznan, Poland

59

53

—

—

87

9.4

STUDY (YEAR)

*

CITY
St. Louis

41]

Allen et al (1993)[

42]

McNeil et al (1994)[

43]

Huber et al (1995)[

Brothers et al (1995)[
Cambria et al (1995)[

46]

Darling et al (1995)[

Benjamin et al (1996)[
Kulbaski et al (1998)[

48]

Jean-Claude et al (1999)[

49]

Hassen-Khodja et al (2000)[

50]

Taylor et al (2000)[

51]

Tsoukas et al (2001)[

52]

Ballard (2001)[

53]

Checinski et al (2002)[

* Superscript numbers indicate chapter references.
† Represents the total patients with hypertension (HTN) cured or improved.

medications, 3). Preoperative serum creatinine values ranged from 0.7 to 3.3 mg/dL (mean, 1.6 mg/dL). Seven patients were considered to have ischemic nephropathy, including 1 patient dependent on dialysis. Failed percutaneous balloon angioplasty
preceded primary operative intervention in 4 patients (1 for fibromuscular dysplasia, 3 for atherosclerosis). Twenty-two of 24 failed primary reconstructions were treated with secondary operative intervention. Four patients had bilateral procedures (including
repair to a solitary kidney), 15 patients had unilateral procedures, and 1 patient declined reoperation. Secondary operative intervention included 5 renal artery bypasses, 5 patch angioplasties, 2 hepatorenal bypasses, and 10 nephrectomies for unreconstructible
disease.

14

Secondary management was influenced by the type of primary repair, the presence of postoperative stenosis or thrombosis, and whether clinical failure occurred early or late after primary operation.[ ] All three early failures required nephrectomy. Of the
remaining 21 repairs that failed between 2 and 36 months, 9 were associated with thrombosis and 12 were secondary to stenosis. Thrombosis was significantly more common than recurrent stenosis in the first postoperative year (89% vs. 33%; P = .050). Two
early thromboses (2 and 4 months after surgery) were ex vivo reconstructions. Each failure led to renal infarction and recurrent hypertension requiring nephrectomy. Two ex vivo reconstructions failed after recurrent branch stenosis or degenerative change in a
patch angioplasty. Each was treated with “redo” ex vivo repair and patch angioplasty. The remaining 7 primary repairs (6 renal artery bypasses, 1 thromboendarterectomy) became thrombosed 4 to 30 months after repair (mean, 9.8 months). For these seven
failures, five nephrectomies were performed to control hypertension. In each case, the kidney provided less than 5% renal function as shown by isotope renography. Two thrombosed repairs in a single patient were revised with thrombectomy and patch
angioplasty; this patient had been removed from dialysis by the primary operation and was returned to dialysis after bilateral failure.

Blood pressure responses after primary and secondary operative interventions were equivalent. In contrast to blood pressure, renal function responses after primary and secondary repair differed significantly ( Table 130–11 ). Renal function after primary
repair was improved in 10 (59%) patients, including 1 patient removed from dialysis dependence, unchanged in 5 (29%) patients, and worsened in 2 (12%) patients. Eventual renal function response in all 20 patients after secondary operative intervention was
classified as improved in 2 (10%) patients, unchanged in 10 (50%) patients, and worse in 8 (40%) patients, including 7 dialysis-dependent patients (P = .015). Of the subgroup of patients with atherosclerotic renovascular disease, renal function was improved
in 1 patient and unchanged in 5; 7 patients were eventually dialysis dependent. Eventual renal function response was not associated with the extent of primary renal artery disease or repair, thrombosis or
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TABLE 130-11 -- Comparison of Eventual Results of Reoperation (n = 20) with Results from Primary Intervention Only (n = 514)
SECONDARY INTERVENTION
PRIMARY INTERVENTION ONLY

Initial

Eventual

PVALUE

3.6

0

0

.999

Cured

19

24

15

.808

Improved

71

70

80

No change

10

6

5

Improved

34

59

10

No change

53

29

50

Worsened

13

12

40

4

0

35

Perioperative mortality (%)
Hypertension response (%):

Renal function response (%):

Eventual dialysis dependence (%)

.003

< .001

From Hansen KJ, Deitch JA, Oskin TC: Renal artery repair: Consequence of operative failures. Ann Surg 227:678–689, 1998.

stenosis, or secondary renal artery repair or nephrectomy. However, eventual renal function response demonstrated a significant association with the presence of preoperative ischemic nephropathy (P = .039) and bilateral failure of primary repair (P = .007).

The product-limit estimates for dialysis-free survival for patients requiring secondary intervention and patients having only primary renovascular repair are shown in Figure 130–13 . Patients requiring secondary intervention demonstrated a significant and
independent higher risk of eventual dialysis dependence (relative risk [RR], 12.6; 95% CI, 4.5–34.9; P ≤ .001) and decreased dialysis-free survival (RR, 2.4; 95% CI, 1.1–5.4; P = .035). Whether failed balloon angioplasty with stenting demonstrates similar
associations with eventual dialysis dependence is not known.

Our methods for evaluation and treatment of renovascular disease were described earlier. However, this experience with failed renal artery repairs reinforces two important issues. First, the irretrievable loss of excretory renal function observed after failed renal

1 3 22

artery repair supports the view that renal revascularization should be performed for clear clinical indications but not as a “prophylactic” procedure in the absence of either hypertension or renal insufficiency.[ ] [ ] [ ] Second, the direct aortorenal
reconstructions utilized in these patients are durable. The short length and high blood flow characterizing aortorenal repair favor prolonged patency. Consequently, most failures of repair reflect errors in surgical technique or judgment.

Figure 130-13 Product-limit estimates of dialysis-free survival for 20 patients requiring secondary renal artery operation (solid line) and 514 patients having primary renal artery repair only (broken line) with adjusted P value. Operative failure was associated
with a significant and independent decrease in dialysis-free survival. (From Hansen KJ, Deitch JS, Oskin TC, et al: Renal artery repair: Consequences of operative failures. Ann Surg 227:678–689, 1998. Used by permission.)
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Chapter 131 - Endovascular Treatment of Renovascular Disease
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The treatment of renovascular disease is currently in a state of evolution. Surgical revascularization through the use of bypass or endarterectomy represents the “gold standard” and has demonstrated excellent long-term durability and clinical results in terms of

1 2 3
1 2
hypertension management and improvement of renal function.[ ] [ ] [ ] However, the morbidity and mortality associated with surgical revascularization are significant, even when the operations are performed in centers with extensive experience.[ ] [ ]
[3] [4] Not surprisingly, endovascular techniques for renal revascularization, including percutaneous transluminal angioplasty with or without endoluminal stenting (PTAS), have emerged as another option for the treatment of occlusive renovascular disease.
[5] [6] [7] [8] [9] [10]
[11] [12] [13] [14] [15] [16] [17]
These techniques provide the potential benefits of decreased morbidity, mortality, recovery times, and hospital resource utilization with the major potential drawback of decreased durability.

[18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] Controversy persists, however, regarding the appropriate application of surgical and endovascular therapy in the treatment of renovascular
disease, with proponents of each modality citing selected literature to support their position. This chapter provides an overview of the technical aspects of the performance of endovascular renal revascularization as well as current data concerning the technical
results, clinical outcomes, and associated complications.

CONTRAST ANGIOGRAPHY OF THE RENAL ARTERIES

39 40 41 42 43 44 45 46

Despite advances in diagnostic imaging and functional testing that allow for the noninvasive identification of patients with renovascular disease ( Fig. 131–1 ),[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] the formulation of a surgical or endovascular
therapeutic plan continues to depend on visualization of the renal artery anatomy with angiographic techniques. Therefore, contrast arteriography of the renal arteries should be considered an integral component of the therapeutic armamentarium for clinically
significant renal artery lesions. Contrast arteriography of the renal arteries is discussed in detail in Chapter 128 . However, certain points bear repeating here as they have particular application in the performance of endovascular revascularization of the renal
arteries.

CONSIDERATIONS FOR USE OF CONTRAST AGENTS
Patients with known renovascular disease typically have a high prevalence of associated medical co-morbidities, including diabetes mellitus, congestive heart failure, chronic renal insufficiency, and diuretic-induced intravascular volume depletion. These

47]

conditions may require alterations in the usual routines for patient preparation and use of iodinated contrast agents. It has been clearly demonstrated that use of iodinated contrast agents can lead to impairment of excretory renal function.[

48
impairment may be permanent, and the risk of this complication is highest in individuals with preexisting dehydration,[ ] renal

Figure 131-1 Magnetic resonance image demonstrating high-grade bilateral renal artery stenosis, worse on the right than the left.

The resulting

TABLE 131-1 -- Treatment Protocol for Patients with Renal Dysfunction
Preprocedure hydration
N-Acetylcysteine, 600 mg PO bid, given either the day before or the day of the procedure
Use of minimal amount of contrast agent
Use of diluted contrast agent
Combining contrast study with gadopentetate dimeglumine or CO2
Postprocedure hydration
Evaluation of renal function after procedure

49] [50] [51] [52] [53] [54]

insufficiency,[

55] [56] [57]

and diabetes mellitus.[

58] [59] [60]

Previous investigations have demonstrated that higher volumes of iodinated contrast agent[

risk of postprocedure impairment of renal function. Reports have also shown a lower risk of renal functional impairment after angiography with the periprocedural use of acetylcysteine.

49] [61]

and higher contrast agent osmolarity[

may also raise the

[62] [63] [64]

It is our policy to prepare all patients for aortorenal arteriography with saline hydration (limited in patients with significant heart failure) and periprocedural administration of acetylcysteine ( Table 131–1 ). Furthermore, the use of low-osmolarity iodinated

65] [66] [67] [68] [69]

contrast agents should be considered routine in such patients, and special attention should be paid to limiting the volumes infused. In patients with moderate to severe preexisting renal insufficiency, carbon dioxide[

70 71 72 73 74
dimeglumine[ ] [ ] [ ] [ ] [ ] can also be

Figure 131-2 Carbon dioxide aortogram demonstrating bilateral renal artery stenosis in a patient with severe renal dysfunction.

and gadopentetate

Figure 131-3 Contralateral femoral access often facilitates the selective renal cannulation as illustrated. (From Schneider PA: More about how to get where you are going: Selective catheterization. In Campbell B [ed]: Endovascular Skills: Guidewires,
Catheters, Arteriography, Balloon Angioplasty, Stents. St. Louis, Quality Medical Publishing, 1998, p 71.)

Figure 131-4 Drawing of four commonly used diagnostic flush catheters.

Figure 131-5 Flush anteroposterior aortogram showing the superior mesenteric artery overshadowing an ostial left renal artery stenosis.

Figure 131-6 A, Normal-appearing renal arteries in the anteroposterior (AP) view. B, In the oblique projection, a significant stenosis is now evident in the right (inferior) accessory renal artery.

Figure 131-7 Various selective catheters commonly used to cannulate a renal artery.

Figure 131-8 Selective renal arteriogram showing branch stenosis and nearby collateral vessel formation.

Figure 131-9 Schematic diagrams showing how the septa of fibromuscular dysplasia may be (A) missed in the anteroposterior (A-P) projection, but (B) apparent in an oblique plane. (From Dean RH, Benjamin ME, Hansen KJ: Surgical management of
renovascular hypertension. Curr Probl Surg 34:209–308, 1997.)

Figure 131-10 This anteroposterior flush aortogram demonstrates severe combined renal and aortic occlusive disease. One can appreciate the “spillover” of aortic plaque into the renal origins. Note that the left renal artery is occluded.

Figure 131-11 The typical angiographic “string-of-beads” appearance of fibromuscular dysplasia of the renal artery.

Figure 131-12 Selective renal arteriogram demonstrating a large renal artery aneurysm.

Figure 131-13 A, Flush aortogram showing an acute occlusion of the left renal artery secondary to blunt trauma. B, Intraoperative photograph in the same patient showing the intimal disruption that was causing the acute occlusion.

Figure 131-14 Flush aortogram demonstrating a congenital left renal artery stenosis; the patient’s right kidney had been surgically removed during childhood.

TABLE 131-2 -- Typical Supplies for Renal Artery Intervention
Guidewires

Catheter

Sheath

Balloon

Starting guidewire

Bentson

145-cm length; 0.35-in. diameter

Selective guidewire

Magic Torque

180-cm length; 0.35-in. (marker tip)

Thruway

190-cm length; 0.18-in. diameter (radiopaque shapeable tip)

Glidewire

180-cm length; 0.35-in. diameter (angled tip)

Exchange guidewire

Rosen

180-cm length; 0.35-in. diameter (J tip)

Flush catheter

Omni-flush

65-cm length; 5 Fr

Selective catheter

Cobra C1, C2

65-, 80-cm length; 5 Fr

Contra 2

65-cm length; 5 Fr

SOS Omni 2

80-cm length; 5 Fr

Pinnacle-Destination

45-cm length; 6 Fr

Flexor check-flow ANL2
introducer

45-cm length; 6 Fr

Balloon

Balloon: 1.5-, 2-cm length; 4-, 5-, 6-, 7-mm diameter; 4, 5 Fr

Selective guide

Balloon angioplasty

Catheter shaft: 75-cm length
Stent

*

Balloon- expandable stent (premounted)

Genesis

Stent: 5-, 6-, 7-mm diameter; 12- to 29-mm length
Shaft: 80-cm length

NiRRoyal

Stent: 4-, 5-, 6-, 7-mm diameter; 14-,19-mm length
Shaft: 90-cm length

Express-Biliary LD

Stent: 5-, 6-, 7-, 8-mm diameter; 17-mm length
Shaft: 75-, 135-cm length

* No stents listed have been approved by the U.S. Food and Drug Administration for routine use in renal arteries.

0.035-inch guidewire, for an access platform that that will provide secure renal artery access for the therapeutic intervention. Direct pressure is used for hemostasis and wire control during this sheath exchange. Most contemporary angioplasty and stenting
devices pass through a 6F lumen. Access options include the use of guide sheaths and guide catheters.
Common to both of these options is the provision of a long segment of mechanical support for guidewire placement and maintenance within the renal artery for easy, maneuverable, low-friction passage of therapeutic devices within the protective sheath to the
renal artery. These systems vary in shape and diameter with multiple configurations to facilitate renal artery access ( Fig. 131–15 ). We prefer the Pinnacle Destination Renal Guiding Sheath (Terumo Medical Corp, Elkton, MD/Boston Scientific, Natick, MA).
This 6F sheath is extremely soft, kink resistant, and flexible, and it comes in straight and “hockey-stick” configurations.

Through this sheath, a curved “selective” catheter designed to facilitate renal artery access is passed. This is usually a Simmons or Sos catheter. Sometimes a Contra 2 flush catheter, which we commonly use in the performance of the diagnostic portion of the
procedure, can be used to select the renal artery, eliminating a catheter exchange ( Fig. 131–16 ). After the tip of the guiding catheter is positioned at or within the ostium of the renal artery, guidewire access to the lesion is obtained, frequently employing the
“road-mapping” features of contemporary digital imaging software packages ( Fig. 131–17 ).
It is important during all subsequent manipulations to refrain from advancing the sheath beyond the orifice of the renal artery as its nontapered tip may injure the renal artery. Depending upon the lesion type, severity, and location, a 0.35-, 0.18-, or 0.14-inch
guidewire with a floppy, radiopaque tip is chosen. There are intuitive advantages to the use of the smaller guidewire systems, in terms of crossing tighter stenoses, limiting renal artery trauma, and liberation of emboli, but these remain to be proved. We prefer
to use a 0.18-inch system when therapeutic intervention is necessary. Our preferred guidewire is the Thruway guidewire (Boston Scientific, Natick, MA). This 0.18-inch guidewire has a short taper and a very floppy, radiopaque, 5-cm-long tip. The guidewire
also has a silicon coating to ease catheter exchanges. Generally, a guidewire approximately 180 cm in length is adequate for renal interventions. The working shaft of the guidewire is usually stiff enough to allow for the selective catheter to be removed and the
introducer sheath to be advanced to the renal artery orifice without loss of guidewire access. The guidewire is gently advanced across the lesion into the distal renal artery. Once it is in place, the guidewire and access platform are secured and remain there until
the intervention and any post-intervention imaging are complete.
With the guidewire secured distal to the lesion, therapeutic intervention may proceed. A large array of options currently exists in terms of available angioplasty and stenting products. Coaxial systems (entire catheter over the wire, requiring an assistant to
control the wire during intervention, or catheter exchange) and monorail or rapid-exchange (only distal portion of catheter over the wire, allowing for single-operator control of the wire during intervention and catheter exchange) are available for renal artery
intervention. Regardless of the system chosen, the principles of intervention remain the same.
Transluminal angioplasty of the renal artery may be the sole therapy for a renal artery lesion or as a means to predilate a lesion to allow for the passage of an endoluminal stent. Angioplasty may also be employed for the treatment of recurrent renal stenoses
after surgical or endovascular therapy. Angioplasty is effective stand-alone therapy in most cases of main renal artery disease (FMD and nonostial atherosclerosis) but is frequently ineffective for atherosclerotic ostial and proximal renal artery disease.
Angioplasty balloon size is chosen according to quantitative angiographic

Figure 131-15 A and B, Straight and angled 6F introducer sheaths.
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Figure 131-16 A, Contra 2 flush catheter within a 6F introducer sheath, on back table for illustration. B, Contra 2 flush catheter within introducer sheath now placed within the aorta from a left femoral approach.

Figure 131-17 A, Contra 2 flush catheter over an 0.18-inch guidewire placed through the introducer sheath, on back table for illustration. B, With use of road-mapping techniques, the Contra 2 catheter is used to select the right renal artery, and the 0.18-inch
guidewire is advanced into the right renal artery.

Figure 131-18 A, An angioplasty balloon, placed over an 0.18-inch wire, both within the introducer sheath, on back table for illustration. B, Introducer sheath is positioned at the renal ostium, and predilatation of a renal lesion is performed with 4 × 20–mm
angioplasty balloon over the 0.18-inch wire. A small “waist” is seen in the area of the stenosis.

Figure 131-19 The NiRRoyal balloon-expandable stent.

Figure 131-20 A, A typical premounted stent over an 0.18-inch wire within a 6F introducer sheath, on back table for illustration. B, The premounted stent (over an 0.18-inch wire) has been placed across a lesion in the right renal artery. Precise stent position is
verified by “puffing” contrast agent through the sheath.

Figure 131-21 A, After stent deployment, the guiding introducer sheath has been positioned to abut and support the renal stent as the balloon (which was used to expand the stent) is withdrawn. B, While the 0.18-inch wire access is maintained within the right
renal artery, a second “buddy” wire and flush catheter are placed within the introducer sheath. C, The flush aortogram verifies correct placement of the right renal artery stent before the 0.18-inch wire is withdrawn.

Figure 131-22 Final magnified view showing the proper positioning of the stent with 1- to 2-mm extension into the aorta.

Figure 131-23 A, Anteroposterior view of a self-expanding right renal stent extending well out into the distal aspect of the inferior branch of the renal artery. B, One can also see that the stent was placed across the origin of the superior branch of the artery.

Figure 131-24 Example of a malpositioned renal stent that is positioned too far within the aorta.

Figure 131-25 Example of recurrent bilateral “in-stent” stenosis, worse on the right than on the left, 4 years after stent placement.

Figure 131-26 The cutting balloon.
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TABLE 131-3 -- Results After Primary Renal Artery Stent Placement for Atherosclerotic Renal Artery Stenosis

STUDY (YEAR)

12]

Rees et al (1991)[

*

NO.
PATIENTS

TECHNICAL
SUCCESS
(%)

NO. PATIENTS
WITH RENAL
DYSFUNCTION

Improved

Unchanged

Worsened

Cured

Improved

Failed

28

96

14

36

36

29

11

5

36

RENAL FUNCTION RESPONSE (%)

HYPERTENSION RESPONSE (%)

MAJOR
RESTENOSIS COMPLICATIONS
(%)
(%)
39

18

10

80

1

0

100

0%

30

40

30

22

18

14]

8

92

n/r

n/r

n/r

n/r

22

34

44

17

13

15]

11

91

4

50

50

0

27

64

9

18

13

15

100

6

20

40

40

7

93

0

27

19

17]

15

100

7

0

43

57

7

43

50

13

13

18]

28

100

16

25

0

40

60

17

19

van de Ven et al (1995)[

24

100

n/r

33

58

8

0

73

27

13

13

20]

76

100

29

28

28

45

6

46

48

25

11

21]

55

100

10

20

18

57

24

9

3

22]

63

99

29

36

46

18

4

35

61

14

32

23]

32

100

32

35

35

29

n/r

n/r

n/r

13

19

68

100

20

0

100

0

16

62

22

17

0

33

100

17

41

35

24

6

61

33

0

21

45

94

45

18

53

30

n/r

n/r

n/r

26

9

21

95

9

0

100

0

47

65

19

163

99

63

29]

120

98

74

16

75

30]

30

100

12

55

31]

200

99

48

29

108

98

32

40

88

29

17

55

28

64

95

n/r

33

42

25

30

95

21

24

148

97

99

13]

Wilms et al (1991)[
Kuhn et al (1991)[

Joffre et al (1992)[

16]

Hennequin et al (1994)[
Raynaud et al (1994)[

MacLeod et al (1995)[

19]

Dorros et al (1995)[
Henry et al (1996)[

Iannone et al (1996)[
Harden et al (1997)[

24]

Blum et al (1997)[

25]

Boisclair et al (1997)[

26]

Rundback et al (1998)[

27]

Fiala et al (1998)[

28]

Dorros et al (1998)[
Tuttle et al (1998)[
Gross et al (1998)[

Henry et al (1999)[

32]

Rodriguez-Lopez et al (1999)[

33]

van de Ven et al (1999)[

34]

Baumgartner et al (2000)[

35]

Giroux et al (2000)[

36]

Perkovic et al (2001)[

75

80

No change in mean SCr

1

42

57

n/r

14

9

2

46

52

14

4

27

18

0

69

31

13

n/r

67

2

19

61

20

11

2

13

55

32

26

12

15

43

42

14

30

43

57

28

9

53

47

n/r

n/r

n/r

29

7

No change in mean SCr

76
8

53

56

36

n/r

n/r

300

100

111

8

78

14

73

89

50

23

51

26

n/r

1808

98

778

20

59

21

10

37]

Lederman et al (2001)[

38]

Bush et al (2001)[
Totals

70

30

21

2

n/r

n/r

n/r

9

51

39

19

9

n/r, not reported; SCr, serum creatinine.

* Superscript numbers indicate chapter references.

1841

serum creatinine value as an endogenous analyte of overall renal function to evaluate endovascular treatment effects in patients with unilateral disease. They assessed renal function by comparing the slopes of regression lines derived from the reciprocal of
serum creatinine value versus time, plotted before and after stent deployment. At a mean follow-up of 20 months, the regression slope became positive (suggesting improved renal function) in 18 patients (72%) and became less negative (suggesting
stabilization) in 7 patients (28%).

12]

Several issues regarding the effects of renal stenting on renal function remain unresolved. A review of the endovascular series cited in Table 131–3 shows that the majority of patients had no change in serum creatinine value after renal artery stenting.[

[13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] Whether or not an unchanged serum creatinine value should be considered beneficial remains unclear. Yutan and
[147]

reported that 88% of their patients treated for renal dysfunction showed improvement or stabilization of serum creatinine value after angioplasty, stenting, or both. However, this clinical benefit was sustained in only 25% of the patients over a
colleagues
5-year follow-up period. The other 75% of patients in that series continued to have renal function deterioration, defined as dialysis dependence, death due to renal-related causes, or a rise in serum creatinine values to more than 20% higher than postprocedure

2
concentrations. These results contrast sharply with reports of surgical treatment for renal dysfunction, which demonstrate 5-year dialysis-free survival rates of 55%.[ ] Furthermore, in this surgical series, patients experiencing no change in renal function after

2
revascularization experienced rates of death and dialysis dependence during follow-up that were similar to those of patients with worsened renal function after revascularization.[ ] These findings raise serious questions about the concept of “stabilized” renal
function.
28

The effect of endovascular treatment with renal stenting on patient survival also remains unclear. Dorros and colleagues[ ] reported decreased or stabilized serum creatinine values in 60% to 71% of patients followed for 4 years after renal artery stenting.
Survival was associated with baseline creatinine values, in that 3-year survival was 92% in patients with baseline serum creatinine values ≤ 1.4 mg/dL, 74% in those with baseline values ranging from 1.5 to 1.9 mg/dL, and 51% in those with baseline values ≥
2.0 mg/dL. In this series, improvement or stabilization of renal function after endovascular treatment resulted in greater survival for patients with renal dysfunction. Unfortunately, though, these results appear inferior to survival rates reported after surgical

2
revascularization for ischemic nephropathy.[ ]
Consistent in all studies of renal function after stenting is the finding that renal function worsens after intervention in a significant percentage of the patients treated. Ideally, renal artery intervention by either endovascular or operative treatment would be

148]

applied to patients with the highest likelihood of clinical benefit. Several retrospective series have examined potential predictors of renal functional response after endovascular treatment of renovascular disease. Burket and colleagues[

[149]

clinical and radiographic variables, but did not find any significant predictors of clinical response to renal angioplasty and stenting. In a small study, Gill-Leertouwer and associates

examined several

demonstrated that preoperative scintigraphy with lateralization to the

150]
151]
and Mukherjee and colleagues [
showed that a low resistive index (< 80 and < 75, respectively) correlated with clinical benefit in the treatment of
affected kidney was predictive of renal benefit 1 year after stenting. Radermacher and coworkers[
152
[
]

examined the relationship between clinical success after renal revascularization and the parenchymal diastolic/systolic ratio measured on duplex scanning. Their findings suggested that a low diastolic/systolic
renal artery stenosis. Cohn and associates
ratio correlated with clinical failure after intervention for renal artery stenosis.
In summary, the effect of endovascular treatment on renal function is uncertain. Although the serum creatinine value is an imperfect measure of renal function, most studies demonstrate short- and intermediate-term improvement or stabilization in serum
creatinine values after endovascular treatment of renovascular disease. This clinical response appears to be most consistent in patients with mild or moderate renal insufficiency and is less likely in patients with severe preprocedure renal dysfunction. It is still
unclear whether endovascular treatment associated with immediate benefit results in improved survival or decreased adverse cardiovascular events for these patients. Future studies that incorporate direct measures of renal function, long-term follow-up, and
outcome predictors are essential to resolve these issues.
Restenosis

37] [123] [145] [147]

Restenosis continues to be a weakness of renal artery angioplasty and stenting. Despite initial technical success rates that exceeded 95%, four reports have documented high rates of restenosis that ranged from 14% to 37%.[

In most

153]
successfully treated 20 in-stent renal artery stenoses with repeat angioplasty procedures in 18 cases and a second stent in
cases, restenosis results from neointimal fibrous hyperplasia that is amenable to further endovascular treatment. Bax and colleagues[

2 cases. The 6- and 12-month patency rates after this intervention were 93% and 76%, respectively. The technical limits of repeat angioplasty and the risk of additional neointimal fibrosis with a second stent has prompted the search for alternative

154]

endovascular techniques for treating restenosis. Atherectomy[

155]
have been described in case reports. Endovascular brachytherapy may offer another treatment approach for restenosis. Stoeteknuel-Friedi and associates,

and cutting balloon angioplasty[

[156] who treated restenosis in 11 patients with repeat angioplasty and endovascular brachytherapy, reported an 80% stenosis-free patency rate at 1 year.
Treatment of Fibromuscular Dysplasia
Balloon angioplasty appears to be an acceptable treatment for patients with FMD of the medial fibroplasia type involving the main renal artery. In this group of patients, evidence supports balloon angioplasty as a treatment associated with clinical benefit and

157

] successfully treated 85 renal artery stenoses in 66 patients with FMD. Hypertension was cured or improved in all but 1 patient (98%), and the 14 patients with elevated creatinine values had improvement or
low morbidity. Tegtmeyer and colleagues[
stabilization of renal function after renal angioplasty. De Fraissinette and
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158

] reported somewhat different blood pressure response results in a series of older patients with FMD (mean age, 59 years) who had long-standing hypertension (average duration, 13 years). After an average follow-up of 39 months, hypertension
associates[
was cured in 14% and improved in 74%. Results of these series support the general consensus that primary angioplasty without mandatory stent placement can be used to treat medial fibroplasia of the main renal artery with initial technical success rates of
94% to 100%. Furthermore, a beneficial clinical response was seen in these patients after endovascular intervention, and this response was greater in those who were younger with a shorter duration of hypertension.
The durability of balloon angioplasty for the treatment of renal FMD has not been well defined. Few studies have included surveillance imaging studies of the treated renal artery, relying instead on follow-up clinical assessment. The usefulness of clinical

159

139

] To examine the issue of restenosis after balloon angioplasty for FMD, Birrer and colleagues[
] used serial duplex sonography
follow-up has been questioned by studies that have shown a discrepancy between clinical and anatomic results.[
evaluations to prospectively monitor 31 renal artery lesions treated with endovascular treatment for 1 year. They reported a cumulative 23% restenosis rate at 12 months. These results suggest that although angioplasty has a high rate of initial technical and
clinical success in the treatment of FMD, the rate of restenosis may approach that observed in the treatment of atherosclerotic renovascular disease.
Complications of Endovascular Therapy

11

General complications of endovascular arterial intervention are discussed in detail in Chapters 54 and 58 . In a meta-analysis performed by Leertouwer and colleagues,[ ] the reported range of complication rates after endovascular renal intervention was 0 to
40%, with a calculated mean rate of 11%. The most frequently reported complications involved arterial access sites with hematoma formation or puncture site trauma. Severe complications, which occurred in 9% of the compiled cases, included renal failure,
segmental renal infarction, perinephric hematoma, and renal artery thrombosis or occlusion. The mean mortality rate—death within the first month after angioplasty and stenting—was 1%. Fortunately, occlusion of a main renal artery was uncommon. Ivanovic

140

] reported similar results in a single-center retrospective review of complications after endovascular treatment with renal artery stenting. Major complications occurred after 15 of 179 procedures (8.4%) and included renal infarction,
and coworkers[
permanently increased serum creatinine value, dialysis dependence, need for blood transfusion or surgical intervention, and deep venous thrombosis. These investigators were not able to demonstrate any association between pretreatment characteristics and
subsequent major complications. They did observe, however, that patients with renal site or renal function complications tended to be older and to have higher serum creatinine values. Two patients (1.1%) in their series died within 30 days of endovascular
treatment, although neither death was considered secondary to the intervention.
SUMMARY
The optimal treatment for patients with renal artery disease remains controversial. Advocates of medical, endovascular, or surgical treatment each support their opinions with selected clinical data. Like other types of minimally invasive therapy, endovascular
treatment of renal artery disease is associated with less morbidity and allows for an earlier return to normal activity. However, the benefits of a less invasive approach must be carefully weighed against the limitations of the technique, and the results compared
objectively with the results and outcomes associated with open surgical therapy. The available data suggest that for the treatment of renovascular hypertension, endovascular therapy may have a beneficial effect on blood pressure, similar to that of surgical
revascularization. However, for the treatment of worsening renal failure or ischemic nephropathy, the functional response obtained from endovascular treatment does not appear to be equivalent to that reported from surgical series. In addition, survival of
patients undergoing endovascular treatment appears to be inferior to that of patients treated surgically. The reasons for these disparate results are unclear. Recurrent stenosis also remains a problem. Available data suggest that restenosis occurs in approximately
15% to 20% of patients at 1 year and that its treatment may lead to functional responses that are inferior to the results of treatment for primary disease.
In summary, when faced with a patient with symptomatic renovascular disease, the vascular surgeon must carefully consider the patient’s co-morbid risks for the planned intervention, the likelihood of a beneficial response, and the durability of the technique
before recommending either endovascular or surgical therapy. Despite the large volume of literature on the subject, it appears that a large multicenter, prospective, randomized trial comparing medical treatment, endovascular angioplasty and stenting, and

surgical revascularization is required to finally define the appropriate applications for each modality.
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Chapter 132 - Open Surgical Repair of Renovascular Disease

KIMBERLEY J. HANSEN MD
JUAN AYERDI MD
MATTHEW S. EDWARDS MD

A variety of open operative techniques have been used to correct renal artery disease. From a practical standpoint, three basic operations have been most commonly utilized: aortorenal bypass, renal artery thromboendarterectomy, and renal artery
reimplantation. Although each method may have its proponents, no single approach provides optimal repair for all types of renovascular disease. Aortorenal bypass using saphenous vein is probably the most versatile technique; however,
thromboendarterectomy is especially useful for orificial atherosclerosis involving multiple renal arteries. Occasionally, the renal artery is sufficiently redundant to allow reimplantation—probably the simplest technique and one particularly appropriate to renal
artery disease in children.

PREOPERATIVE PREPARATION
Antihypertensive medications are reduced during the preoperative period to the minimum necessary for blood pressure control. Frequently, patients who have required large doses of multiple medications for hypertension management need much less such
management while hospitalized at bed rest. If continued therapy is required, vasodilators (e.g., amlodipine) and selective β-adrenergic blocking agents (i.e., atenolol or metoprolol) are useful. Combination of these agents with general anesthesia has few
adverse effects on hemodynamics. If an adult’s diastolic blood pressure exceeds 120 mm Hg, it is essential that the operative treatment be postponed until the blood pressure is brought under control. In this instance, the combination of intravenous sodium
nitroprusside and esmolol is administered in an intensive care setting with continuous intra-arterial blood pressure monitoring. Similarly, in the patient with significant heart disease, pulmonary artery wedge pressure, cardiac index, and oxygen delivery are
monitored to maintain optimal cardiac performance before and after operation.
Certain measures are used in almost all renal artery operations. Mannitol is administered intravenously in 12.5-g doses early in the operation. Repeated doses are
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administered before and after periods of renal ischemia, up to a total dose of 1 gm per kilogram patient body weight. Just prior to renal artery cross-clamping, 100 units of heparin per kilogram body weight is given intravenously and systemic anticoagulation is
verified with measurement of activated clotting time. Unless required for hemostasis, protamine is not routinely administered for reversal of heparin at the completion of the operation.

MOBILIZATION AND DISSECTION
A xiphoid-to-pubis midline abdominal incision is made for operative repair of atherosclerotic renal artery disease. The last 1 or 2 cm of the proximal incision is made so as to course to one side of the xiphoid to obtain full exposure of the upper abdominal aorta
and renal branches. Some type of fixed mechanical retraction is also advantageous, particularly when combined aortorenal procedures are required. Otherwise, extended flank and subcostal incisions are reserved for unilateral fibrodysplastic lesions or
splanchnorenal bypass.
When the supraceliac aorta is utilized as an inflow source for unilateral aortorenal bypass, an extended flank incision is useful. With the ipsilateral flank elevated, the incision extends from the opposite semilunar line into the flank bisecting the abdominal wall
between the costal margin and iliac crest. A left or right visceral mobilization allows access to the renal vasculature and the aortic crus. The crus can be divided, and an extrapleural dissection of the descending thoracic aorta can provide access to the T9–T10

1 2
thoracic aorta for proximal control and anastomosis.[ ] [ ]
When the midline xiphoid-to-pubis incision is used, the posterior peritoneum overlying the aorta is incised longitudinally and the duodenum is mobilized at the ligament of Treitz ( Fig. 132–1 ). During this maneuver, it is important to identify visceral
collaterals that course at this level. Finally, the duodenum is reflected to the patient’s right to expose the left renal vein. Extending the posterior peritoneal incision to the left along the inferior border of the pancreas allows entry of an avascular plane posterior
to the pancreas (see Fig. 132–1 ) to expose the entire left renal hilum. This exposure is of special importance when there are distal renal artery lesions to be managed ( Fig. 132–2 A). The left renal artery lies posterior to the left renal vein. In some cases, the
vein can be retracted cephalad to expose the artery; in other cases, caudal retraction of the vein provides better access. Usually, the gonadal and adrenal veins, which enter the left renal vein, must be ligated and divided to facilitate exposure

Figure 132-1 Exposure of the aorta and left renal hilum through the base of the mesentery. Extension of the posterior peritoneal incision to the left, along the inferior border of the pancreas, provides entry to an avascular plane behind the pancreas. This allows
excellent exposure of the entire left renal hilum as well as the proximal right renal artery. (From Benjamin ME, Dean RH: Techniques in renal artery reconstruction: Part I. Ann Vasc Surg 10:306–314, 1996.)

Figure 132-2 A, Exposure of the proximal right renal artery through the base of the mesentery. B, Mobilization of the left renal vein by ligation and division of the adrenal, gonadal, and lumbar renal veins allows exposure of the entire left renal artery to the
hilum. C, Two pairs of lumbar vessels have been ligated and divided to allow retraction of the vena cava to the right, revealing adequate exposure of the proximal renal artery disease. (From Benjamin ME, Dean RH: Techniques in renal artery reconstruction:

Part I. Ann Vasc Surg 10:306–314, 1996.)

Figure 132-3 Exposure of the distal right renal artery begins with mobilization of the ascending colon. (From Benjamin ME, Dean RH: Techniques in renal artery reconstruction: Part I. Ann Vasc Surg 10:306–314, 1996.)

Figure 132-4 With the right colon mobilized medially, a Kocher maneuver exposes the right renal hilum. (From Benjamin ME, Dean RH: Techniques in renal artery reconstruction: Part I. Ann Vasc Surg 10:306–314, 1996.)

Figure 132-5 A, Not uncommonly, an accessory right renal artery arises from the anterior aorta and crosses anterior to the vena cava. B, The right renal vein is typically mobilized superiorly for exposure of the distal right renal artery. (From Benjamin ME,
Dean RH: Techniques in renal artery reconstruction: Part I. Ann Vasc Surg 10:306–314, 1996.)

Figure 132-6 A, For bilateral renal artery reconstruction, combined with aortic repair, extended exposure can be obtained with mobilization of the cecum and ascending colon. The entire small bowel and right colon are then mobilized to the right upper
quadrant and placed on to the chest wall. B, Division of the diaphragmatic crus exposes the origin of the mesenteric vessels. (From Benjamin ME, Dean RH: Techniques in renal artery reconstruction: Part I. Ann Vasc Surg 10:306–314, 1996.)

Figure 132-7 Technique for end-to-side (A to C) and end-to-end (D) aortorenal bypass grafting. The length of arteriotomy is at least three times the diameter of the artery to prevent recurrent anastomotic stenosis. For the anastomosis, 6–0 or 7–0
monofilament polypropylene sutures are made in continuous fashion under loupe magnification. If the apex sutures are placed too deeply or with excess advancement, stenosis can be created, posing a risk of late graft thrombosis. (From Benjamin ME, Dean
RH: Techniques in renal artery reconstruction: Part I. Ann Vasc Surg 10:306–314, 1996.)

Figure 132-8 A, Exposure of the juxtarenal aorta and renal arteries in preparation for transrenal endarterectomy. B, Transverse aortotomy is used in some instances, being certain to carry the incision out on to the renal artery to a point beyond the stenosis. C,
Following completion of the endarterectomy, the arteriotomy is usually closed with a Dacron patch angioplasty to ensure that the newly repaired renal artery is left widely patent. (From Benjamin ME, Dean RH: Techniques in renal artery reconstruction: Part
I. Ann Vasc Surg 10:306–314, 1996.)

Figure 132-9 Exposure for a longitudinal transaortic endarterectomy is through the standard transperitoneal approach. The duodenum is mobilized from the aorta laterally in standard fashion or, for more complete exposure, the ascending colon and small
bowel are mobilized. SMA, superior mesenteric artery. A, Dotted line shows the location of the aortotomy. B, The plaque is transected proximally and distally, and with eversion of the renal arteries, the atherosclerotic plaque is removed from each renal
ostium. The aortotomy is typically closed with a running 4–0 or 5–0 polypropylene suture. IMA, inferior mesenteric artery. (From Benjamin ME, Dean RH: Techniques in renal artery reconstruction: Part I. Ann Vasc Surg 10:306–314, 1996.)

Figure 132-10 A, When the renal artery is redundant and the disease orificial, the vessel usually can be reimplanted at a lower level. Local endarterectomy (B) allows for placement of the monofilament suture in the aortic wall (C). The native renal artery is
then ligated, proximally spatulated, and reimplanted (D). (From Benjamin ME, Dean RH: Techniques in renal artery reconstruction: Part II. Ann Vasc Surg 10:409–414, 1996.)

Figure 132-11 A, and B, In preparation for extra-anatomic reconstruction of the right renal artery, the common hepatic artery and proximal gastroduodenal artery are exposed in the hepatoduodenal ligament. Exposure would typically be through a right
subcostal skin incision. (From Benjamin ME, Dean RH: Techniques in renal artery reconstruction: Part II. Ann Vasc Surg 10:409–414, 1996.)

Figure 132-12 The reconstruction is completed using a saphenous vein interposition graft between the side of the hepatic artery (A) and the distal end of the transected right renal artery (B). (From Benjamin ME, Dean RH: Techniques in renal artery
reconstruction: Part II. Ann Vasc Surg 10:409–414, 1996.)

Figure 132-13 A, Exposure of the left renal hilum in preparation for splenorenal bypass. B, The pancreas has been mobilized along its inferior margin and retracted superiorly. The transected splenic artery is anastomosed end-to-end to the transected left renal
artery. A splenectomy is not routinely performed. (From Benjamin ME, Dean RH: Techniques in renal artery reconstruction: Part II. Ann Vasc Surg 10:409–414, 1996.)

Figure 132-14 A, An ellipse of the vena cava containing the renal vein origin is excised by placement of a large partially occluding clamp. After ex vivo branch repair, the renal vein can then be reattached without risk of anastomotic stricture. B, The kidney is
repositioned in its native bed after ex vivo repair. Gerota’s fascia is reattached to provide stability to the replaced kidney. Arterial reconstruction can be accomplished via end-to-end anastomoses (as in B) or occasionally with a combination of end-to-end and
end-to-side anastomoses (C). (From Benjamin ME, Dean RH: Techniques in renal artery reconstruction: Part II. Ann Vasc Surg 10:409–414, 1996.)

TABLE 132-1 -- Solution for Cold Perfusion Preservation of the Kidney

*

Composition (gm/L):
K2 HPO4

7.4

KH2 PO4

2.04

KC1

1.12

NaHCO3

0.84

Ionic concentration (mEq/L):
Potassium

115

Sodium

10

Phosphate (HPO4 − )

85

Phosphate (H2 PO4 − )

15

Chlorideate

15

Bicarbonate

10

Additives at time of use to 930 mL of solution:
50% dextrose

70 mL

Sodium heparin

2000 units

* Electrolyte solution for kidney preservation supplied by Travenol Labs, Inc., Deerfield, IL.
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clear. As each anastomosis is completed, the kidney is perfused with 150 to 200 mL more solution. In addition to maintaining satisfactory hypothermia, periodic perfusion demonstrates suture line leaks that are repaired prior to reimplantation.
As a supplement to perfusion, surface hypothermia is used during ex vivo renal artery reconstruction. The kidney is placed in ice slush, and liter bottles of chilled normal saline solution are used to create a constant drip of chilled saline. With this technique,
renal core temperatures are maintained at 10° C or below throughout the period of reconstruction. Even though it is an accepted method after ex vivo reconstruction, autotransplantation to the iliac fossa is unnecessary for most ex vivo reconstructions. This
technique was adopted from renal transplant surgery. Reduction in the magnitude of the operative exposure, manual palpation of the transplanted kidney, and ease of removal when treatment of rejection has failed are all practical reasons for placing the
transplanted kidney into the recipient’s iliac fossa. However, none of these advantages applies in the patient requiring autogenous ex vivo reconstruction. In this latter patient group, the factors most important relate to those improving the long-term patency
after renal artery repair.
Because many ex vivo procedures are performed in relatively young patients, the durability of the operation must be measured in terms of decades. For this reason, attachment of the kidney to the iliac arterial system within or below sites that are susceptible to
subsequent atherosclerosis subjects the repaired vessels to disease that may threaten their long-term patency. Moreover, subsequent management of peripheral vascular disease may be complicated by the presence of the autotransplanted kidney. Finally, if the
kidney is replaced in the renal fossa and the renal artery graft is properly attached to the aorta at a proximal infrarenal site, the result should mimic that of the standard aortorenal bypass and, thus, should carry a high probability of technical success and longterm durability.

INTRAOPERATIVE ASSESSMENT
Provided that the best method of reconstruction is chosen for renal artery repair, the short course and high blood flow rates characteristic of renal reconstruction favor patency. Consequently, flawless technical repair plays a dominant role in determining

10] [11] [12]

postoperative success.[

13]

The negative impact of technical errors unrecognized at operation is implied by the fact that we have observed no late thromboses of renovascular reconstructions in arteries that were free of disease after 1 year.[

14] [15]
This method has serious limitations, however, when applied to upper aortic and branch aortic reconstruction. Angiography provides static

Intraoperative assessment of most arterial reconstructions has been made with intraoperative angiography.[

16 17

images and provides evaluation of anatomy in only one projection.[ ] [ ] In addition, arteriolar vasospasm in response to injection of contrast agent may falsely suggest distal vascular occlusion. Finally, coexisting renal insufficiency is present in 75% of
patients with atherosclerotic renovascular disease encountered in contemporary practice, increasing the risk of postoperative contrast nephropathy.
Intraoperative Duplex Ultrasonography

18

These risks and the inherent limitations of completion angiography are not demonstrated by intraoperative duplex ultrasonography.[ ] Because the ultrasound probe can be placed immediately adjacent to the vascular repair, high carrying frequencies may be
used to provide excellent B-scan detail sensitive to 1.0-mm anatomic defects. Once imaged, the defects can be viewed in a multitude of projections during conditions of uninterrupted, pulsatile blood flow. In addition to excellent anatomic detail, important

18

hemodynamic information is obtained from the spectral analysis of the Doppler-shifted signal proximal and distal to the imaged defect.[ ] Freedom from static projections, the absence of potentially nephrotoxic contrast material, and the hemodynamic data
provided by Doppler spectral analysis make duplex scanning a very useful intraoperative method to assess both renovascular and mesenteric repairs.

In order to realize these advantages of intraoperative duplex scanning, close cooperation between the vascular surgeon and the vascular technologist is required for accurate intraoperative assessment. Although the surgeon is responsible for manipulating the
probe head to acquire optimal B-scan images of the vascular repair at likely sites of technical error, proper power and time gain adjustments are best made by an experienced technologist. Close cooperation is likewise required to obtain complete pulseDoppler sampling associated with abnormalities on B-scan. While the surgeon images areas of interest at an optimal insonating angle, the technologist sets the Doppler sample’s depth and volume and estimates blood flow velocities from the Doppler spectrum
analyzer. Finally, the participation of the vascular technologist during intraoperative assessment enhances his or her ability to perform satisfactory surveillance duplex scanning during follow-up. Intraoperative duplex scanning assessment and the routine

18] [19]

participation of a vascular technologist have yielded a scan time of 5 to 10 minutes and a 98% study completion rate.[

Currently, we use a 10/5.0 MHz compact linear array probe with Doppler color flow designed specifically for intraoperative assessment. The probe is placed within a sterile sheath with a latex tip containing sterile gel. After the operative field is flooded with
warm saline, B-scan images are first obtained in longitudinal projection. Care is taken to image the entire upper abdominal aorta and renal artery origins along the entire length of the repair. All defects seen in longitudinal projection are imaged in transverse
projection to confirm their anatomic presence and to estimate associated luminal narrowing. Doppler samples are then obtained just proximal and distal to imaged lesions in longitudinal projection, so as to determine their potential contribution to flow

18]

disturbance. Our criteria for major B-scan defects associated with greater than 60% diameter-reducing stenosis or occlusion have been validated in a canine model of graded renal artery stenosis ( Table 132–2 ).[

They have also proved valid in a

19
retrospective study when preoperative radiographic studies were compared with intraoperative duplex scans obtained prior to surgical repair.[ ]
18]

In the first validity analysis of intraoperative duplex scanning, we used the modality to assess 57 renovascular reconstructions in 35 patients who underwent unilateral (13 patients) or bilateral (22 patients) repair.[
reconstruction included renal artery bypass

Direct aortorenal methods of
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TABLE 132-2 -- Intraoperative Doppler Velocity Criteria for Renal Artery Repair
B-SCAN DEFECT

DOPPLER CRITERIA

Minor: stenosis reduces diameter by < 60%

PSV from entire artery < 1.8 m/sec

Major: stenosis reduces diameter by ≥ 60%

Focal PSV ≥ 1.8 m/sec and distal turbulent waveform

Occlusion

No Doppler-shifted signal from renal artery B-scan image

Inadequate study

Failure to obtain Doppler samples from entire arterial repair

PSV, peak systolic velocity.
Modified from Hansen KJ, O’Neill EA, Reavis SW, et al: Intraoperative duplex sonography during renal artery reconstruction. J Vasc Surg 14:364–374, 1991.
(RAB) in 29 patients (20 saphenous vein, 5 polytetrafluoroethylene [PTFE], 4 polyethylene [Dacron]), reimplantation in 7 repairs, transrenal thromboendarterectomy (TEA) with PTFE patch angioplasty in 13 repairs, and transaortic TEA in 8 repairs. Branch
renal artery repair was performed in 6 cases (5 in vivo, 1 ex vivo), and combined aortic replacement in 14.

18

Average time for intraoperative duplex scanning was 4.5 minutes, and studies provided complete B-scan and Doppler information in 56 of 57 repairs (98%). [ ] Duplex ultrasonography findings were considered normal in 44 repairs (77%), but B-scan
defects were present in 13 (23%). Six of these B-scan defects (11%) had Doppler spectra with focal increases in peak systolic velocity (PSV) of 1.8 m/sec or more with post-stenotic turbulence. These defects were defined as major, and each underwent
immediate operative revision ( Fig. 132–15 ); in each case, a significant defect was discovered during revision and corrected. Seven B-scan defects without Doppler spectral abnormality were defined as minor and were not repaired.

Figure 132-15 A, Sagittal image of a major B-scan defect. B, This intimal flap at the proximal anastomosis demonstrated a focal increase in renal artery peak systolic velocity (RA-PSV), which was 3.1 m/sec. C, After revision, RA-PSV was decreased to 1.1
m/sec. D, Follow-up angiogram demonstrated a widely patent anastomosis. This patient was cured of hypertension. (From Hansen KJ, O’Neil EA, Reavis SW, et al: Intraoperative duplex sonography during renal artery reconstruction. J Vasc Surg 14:364–
374, 1991.)

TABLE 132-3 -- Summary of Operative Management (n = 534 patients)
Total renal reconstructions:

720

Aortorenal bypass:

445

Vein

288

Polytetrafluoroethylene

127

Polyester (Dacron)

19

Hypogastric artery:

11

Ex vivo

33

Reimplantation

52

Thromboendarterectomy

223

Total nephrectomies

57

Total kidneys operated

777

From Hansen KJ, Deitch JA, Oskin TC: Renal artery repair: Consequence of operative failures. Ann Surg 227:678–690, 1998.
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Figure 132-16 Comparison of estimated patency of direct aortorenal repair (solid line) with development of significant disease in unrepaired native renal arteries (broken line). (From Hansen KJ, Deitch JS, Oskin TC, et al: Renal artery repair: Consequence
of operative failures. Ann Surg 227:678–690, 1998.)
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Chapter 133 - Renal Artery Aneurysms and Arteriovenous Fistulae

Renal artery aneurysms and renal arteriovenous fistulae (AVFs) are rare entities, but they are encountered frequently enough that vascular surgeons need to be well acquainted with the natural history, diagnosis, and management of these lesions. Endovascular
interventions represent the newest advances for treatment of some of these lesions. Aneurysms and AVFs are discussed separately because they rarely occur concomitantly and their clinical course and treatment differ.

RENAL ARTERY ANEURYSMS

57] [87]
Autopsy studies have revealed an incidence of renal artery aneurysms of 0.01% to 0.09%, which is probably an
[23] [95]

Even in referral centers, few vascular surgeons have extensive experience with the clinical management of renal artery aneurysms.[

11 57

Conversely, these two reports may
underestimation because these lesions may be small, intrarenal, or not specifically sought.[ ] [ ] In two studies, renal artery aneurysms were documented in 0.73% (7/965) to 0.97% (83/8525) of arteriograms.
overestimate the prevalence of these lesions. If renal artery aneurysms were present in almost 1% of patients undergoing abdominal aortography, vascular surgeons would be expected to have a far greater experience diagnosing and treating these lesions than
has been reported to date. At Pennsylvania Hospital in Philadelphia, we have documented renal artery aneurysms in only 0.12% (1/845) of consecutive abdominal aortograms performed at our hospital. Renal artery aneurysms are bilateral in about 10% of

57] [95]

cases.[

14] [57] [87]

If fibrodysplastic cases are omitted, there is an equal incidence in males and females.[

Because of the lack of controlled data, controversy persists regarding the indications for repair of asymptomatic renal artery aneurysms. The optimal method of repair is also controversial. Types of renal artery aneurysms, their clinical manifestations,
indications for repair, and techniques of both traditional surgical and newer endovascular interventions are reviewed.

Types of Renal Artery Aneurysms

Types of renal artery aneurysms include (1) true (saccular and fusiform); (2) false; (3) dissecting; and (4) intrarenal.
True Aneurysms

25] [53] [87] [88]

More than 90% of true renal artery aneurysms are extraparenchymal.[

Peak incidence occurs in patients between the ages of 40 and 60 years. Stanley and colleagues have suggested that true aneurysms are probably due to either

87 88
atherosclerosis or a congenital defect.[ ] [ ] Although arteriosclerotic changes have been identified in most aneurysms in patients with multiple lesions, this is not a uniform finding, suggesting that arteriosclerosis may not be the most important factor in
[14] [88]
the genesis of renal artery aneurysms. These aneurysms are more likely due to a congenital medial degenerative process with weakness of the elastic lamina.
confined only to the main trunk of the renal artery. As discussed later, this finding makes surgical repair challenging.

Lesions typically occur at the primary or secondary renal artery bifurcations and are rarely

72]
7 22 53
although some have been reported as large as 9 cm.[ ] [ ] [ ] Saccular aneurysms occur almost invariably at the

Approximately 75% of true renal artery aneurysms are saccular. This type of renal artery aneurysm is usually less than 5 cm in diameter,[

14]

main renal artery bifurcation.[

Fusiform aneurysms are usually associated with atherosclerosis or are a result of a post-stenotic dilation distal to a hemodynamically significant renal artery stenosis, the latter occurring due to atherosclerosis or fibromuscular

14 25 73 74
25
disease.[ ] [ ] [ ] [ ] Fusiform aneurysms are generally less than 2 cm in diameter and usually affect the main renal artery trunk.[ ]
87 88

Arterial fibrodysplasia is often a direct contributor to the development of aneurysm.[ ] [ ] Medial fibroplasia is typically associated with multiple stenoses and post-stenotic dilation of the distal two thirds of the renal artery. Renal artery aneurysms in
association with fibromuscular dysplasia are generally only a few millimeters in diameter. The typical angiographic appearance of a renal artery involved with medial fibroplasia is a “string of beads.” Larger aneurysms can also occur, however, and in one

88]

study renal artery macroaneurysms were found in 9.2% of adults with fibromuscular dysplasia.[

58]

A rare cause of renal artery aneurysms is Ehlers-Danlos syndrome. This disorder is associated with extreme arterial fragility and spontaneous rupture.[
False Aneurysms

False aneurysms of the renal artery arise from blunt or penetrating trauma and occasionally from iatrogenic causes such as renal artery catheterization. They represent contained ruptures of the renal artery, with only inflammatory and fibrous tissue encasing
the leak.
Dissections

Spontaneous dissections confined to the renal artery that do not arise from the adjacent aorta are rare; however, primary
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27] [31] [42] [56] [73] [87]
73
88
Poutasse[ ] and Stanley and coworkers[ ] reported that 14 of 57 cases of renal artery aneurysms were due to spontaneous
[25]

dissections causing pseudoaneurysms affect the renal arteries more than any other peripheral artery.[

dissections. An intimal defect of the renal artery due to atherosclerosis is probably the underlying cause of spontaneous renal artery dissections causing aneurysms, along with dysplastic renovascular disease and trauma.

The incidence of dissection in

27 87
patients with fibrodysplastic renal arteries ranges from 0.5% to 9.0%.[ ] [ ] Dissection often extends into the branches of the renal artery and may pose particularly challenging reconstruction problems.
Traumatic renal artery dissections can occur secondary to blunt abdominal trauma or catheter-induced injury. Blunt trauma accounts for the higher prevalence of dissection in men and is more likely to result in right-sided injuries, possibly because of ptosis-

87]

related physical stresses affecting the renal pedicle.[

Blunt trauma can cause renal artery dissections by either severe stretching of the artery with fracture of the intima or compression of the artery against the vertebra. Renal artery dissection caused by

27]

guide wires or catheters can occur but is rare, being observed in only 4 of 2200 selective renal artery arteriograms.[
Intrarenal Aneurysms

53] [88]

Fewer than 10% of renal artery aneurysms are intraparenchymal.[

Intrarenal aneurysms are usually multiple and may be congenital, associated with collagen vascular disease, or post-traumatic. They may be associated with AVFs, possibly as a result

34] [85]

of spontaneous closure of a fistula. Intrarenal aneurysms can occur with polyarteritis nodosa and are usually in the renal cortex.[
Clinical Manifestations

22] [35] [87]

Most renal artery aneurysms are asymptomatic and found on imaging studies such as arteriography, ultrasonography, and computed tomography (CT) performed to investigate other intra-abdominal pathology.[

angiography can also delineate renal artery aneurysms.

[92]

Magnetic resonance (MR)

Clinical manifestations of renal artery aneurysms include rupture, hypertension, pain, and hematuria. In one series, only 11 (34%) of 32 patients who underwent surgery for renal artery aneurysms

22
presented with symptoms.[ ]
Rupture

The most dreaded complication of renal artery aneurysm is rupture. Patients with this complication present with manifestations similar to other intra-abdominal arterial ruptures, including syncope, abdominal or flank pain, abdominal distention, and possibly a
pulsatile mass. Occasionally, an intact renal artery aneurysm presents with abdominal or flank pain, discomfort, or fullness, symptoms that are presumed to reflect acute aneurysmal expansion.
Hypertension

88

Renal artery aneurysms may be associated with severe hypertension. Macroaneurysms were found in 2.5% of arteriograms performed for evaluation of hypertension.[ ] Renal artery aneurysms may cause renovascular hypertension by distal embolization
with segmental hypoperfusion and renin-mediated vasoconstriction and fluid retention. Compression of an adjacent renal artery branch or luminal stenosis due to extensive thrombus may also lead to renin-mediated hypertension. Frequently there is a
significant renal artery stenosis causing a post-stenotic fusiform aneurysm, and the renal artery stenosis is responsible for the hypertension. Saccular and intrarenal aneurysms are much less likely to be associated with hypertension.
Dissection

Patients with renal artery aneurysms caused by dissection may present with severe flank pain, hematuria, or acute hypertension, although most dissections are asymptomatic. An intravenous pyelogram may reveal nonfunction or diminished function of the
involved kidney but is rarely the first test ordered unless urolithiasis is considered likely to be causing the symptoms. Contrast or MR angiography is essential to detect dissection.
Hematuria

11]

Intrarenal aneurysms may rupture into calices.[

In addition to pain, microscopic or gross hematuria may occur.

Collecting System Obstruction

Renal artery aneurysms rarely cause obstruction of the collecting system. Although main renal artery aneurysms may be large, they are usually not near enough to the caliceal system to cause obstruction. Intrarenal aneurysms tend to be too small to cause

7
significant collecting duct obstruction. However, a 9-cm renal artery aneurysm has been documented to cause hydronephrosis.[ ]
Indications for Intervention
Indications to repair a renal artery aneurysm are related to (1) the risk of rupture, (2) hypertension, (3) acute dissection, and (4) other clinical symptoms.
Rupture

87] [88]

Rupture of a renal artery aneurysm is an indication for emergency intervention, as with virtually any arterial aneurysm. Probably fewer than 3% of renal artery aneurysms rupture.[

This complication is associated with a mortality rate of

30 37 87 88
approximately 10% in males and nonpregnant females.[ ] [ ] [ ] [ ] In a hemodynamically stable patient, an emergent CT scan may reveal the pathology and allow the surgeon to further plan the operative repair. However, if a hypotensive elderly

patient presents to the emergency department with abdominal pain and a tender, distended abdomen and does not respond to fluid resuscitation, emergency exploration for a presumptive diagnosis of a ruptured abdominal aneurysm may be indicated.

Prevention of rupture is the most common indication for intervention of an asymptomatic renal artery aneurysm. Traditionally, repair of renal artery aneurysms has been recommended for aneurysms greater than 2.0 cm in
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25] [74]

diameter.[

Likelihood of rupture of a renal artery aneurysm is controversial because the natural history has not been delineated. Most reports are retrospective reviews of incidentally discovered intact renal artery aneurysms in autopsy series or

33]

collections of ruptured aneurysms without full details concerning their size and presence or absence of calcification. Harrow and Sloane reported one of the highest rates of rupture of renal artery aneurysms, noting 14 ruptures in 100 cases.[

series of 126 renal artery aneurysms, 6 ruptured.

[55]

In another

[25] [57] [69] [87] [88]

Many authorities believe that there are no good data to support the belief that the larger the renal artery aneurysm, the more likely it is to rupture.

37]

Most other series of asymptomatic renal artery aneurysms in men and nonpregnant women report a much lower incidence of rupture. Only 1 of 62 patients with aneurysms 4.0 cm or smaller in diameter ruptured after follow-up from 1 to 17 years.[

None of

30
35
19 small aneurysms in another series ruptured.[ ] A group of 21 patients were observed for an average of about 3 years without rupture.[ ] In another series of 18 patients with renal artery aneurysms less than 2.6 cm who were followed up for 1 to 16
[57]
[22]
years, none ruptured.

There were no ruptures in a series of 32 patients (who eventually underwent surgery) of renal artery aneurysms, which ranged from 0.7 to 9.0 cm.

Of 83 renal artery aneurysms found on arteriography from a series in Sweden, 69

95
14
were followed up without surgery, and none ruptured or became symptomatic after a mean of 4.3 years of follow-up.[ ] In a pooled analysis, there were no ruptures in more than 200 renal artery aneurysms observed for up to 17 years.[ ] One must keep in
mind that there was obvious selection bias in following up many of these aneurysms (i.e., small size) and that many of the larger aneurysms were repaired.
Besides aneurysm size, other factors may play a role in the consideration of elective surgery for asymptomatic renal artery aneurysms. Calcification of the aneurysm has been thought to protect from rupture. Poutasse suggested that a heavily calcified renal

74]
33
In a review of cases through 1959, 14 of 100 noncalcified aneurysms ruptured.[ ] In a more recent series, 15 of 18 ruptured renal artery aneurysms were
[37]

artery aneurysm may be less likely to rupture than a noncalcified or minimally calcified one.[

36]

noncalcified.[

In a series of 62 solitary aneurysms less than 4.0 cm in diameter, however, one third were not calcified, and only one aneurysm in the entire series ruptured between 1 and 17 years of follow-up.

Because of these conflicting data, some

87
authorities believe that presence or absence of calcification is not relevant to predict risk of rupture.[ ]
15] [22] [87] [88]
Pregnancy may increase the risk of rupture because of the hyperdynamic state with increased blood
[57] [88]
[15]

Most authorities agree, however, that pregnancy is associated with a significant increased risk of rupture of a renal artery aneurysm.[

volume and cardiac output, hormonal influences on the aneurysm, and increased intra-abdominal pressure due to the gravid uterus.

Cohen and Shamash reported 18 cases of rupture during pregnancy.

In another series of 18 patients having

57]

surgery for renal artery aneurysms,[

57]
36
In a review of 43 ruptured renal artery aneurysms,[ ] 35 (81%) occurred in women; 21 of the 35
[36]

the only two ruptures were in females at childbirth; both of these aneurysms measured only 1.0 cm in diameter.[

women in this series were younger than 40 years of age, and 18 were pregnant. Of the 18 aneurysms of known size, 3 ruptured when they were smaller than 2.0 cm.

15] [86]
Risk of renal artery rupture is small, however, even in pregnant women. In a series of 19,600 autopsies

Of note, rupture of renal artery aneurysms in pregnancy has been associated with a maternal mortality rate of 55% and a fetal death rate of 85%.[

55

of pregnant women, no ruptured renal artery aneurysms were found.[ ] This report did not indicate the number of unruptured renal artery aneurysms in this population, however, so the risk of rupture remains uncertain. We agree with others that there are
enough data to support an aggressive surgical approach for pregnant women with renal artery aneurysms of any size.

25]
In the rare instance when a chronic contained rupture of a small false aneurysm is found months or years later, however, and the

Essentially all false renal artery aneurysms of recent onset should be repaired because of the high likelihood of rupture.[
pseudoaneurysm has thrombosed, careful follow-up is probably all that is warranted.

25]

Renal artery aneurysms associated with fibrodysplastic disease may be associated with a higher risk of rupture because of the thin-walled nature of these aneurysms, although firm data supporting this concern are lacking.[

Certainly, renal artery aneurysms

25
in men or women beyond childbearing age that are less than 2.0 in diameter due to fibrodysplastic disease should be studied closely.[ ]

In summary, our recommendation concerning elective repair of asymptomatic renal artery aneurysms in men and women beyond childbearing age is based on the data just presented and on the well-documented history of other abdominal arterial aneurysms.

89]

General guidelines for repair of asymptomatic abdominal aneurysms include (1) infrarenal aortic aneurysms greater than 5.0 to 5.5 cm in diameter; (2) common iliac aneurysms greater than 3.0 cm; and (3) splenic artery aneurysms greater than 3.0 cm.[

On

89
the other hand, surgery is recommended for visceral artery aneurysms of any size.[ ] Although various hemodynamic factors may play a role in other intra-abdominal aneurysms, and despite the relative paucity of data suggesting a high risk of rupture for
[33] [69]
renal artery aneurysms, it seems prudent to recommend repair of renal artery aneurysms greater than 3.0 cm in diameter in good-risk patients when there is reasonable certainty that nephrectomy will not be required.

This suggested guideline remains

102]
As previously mentioned, any renal artery aneurysm in women of childbearing age should be repaired.
controversial since others have taken a more conservative approach, reserving repair for aneurysms larger than 4.0 cm. [
Hypertension

Although the prevalence of hypertension in patients with renal artery aneurysms is approximately 80% in several series, there is no conclusive evidence that the aneurysms themselves are the direct cause of hypertension unless there is an associated stenosis or

22] [57] [88]

compression of an adjacent artery.[

57]

In a series of 39 patients with renal artery aneurysms, 33 had diastolic hypertension, but in only 9 (23%) did the hypertension prove to be of renovascular origin.[

In a more recent series of 16 patients with

3
extraparenchymal renal artery aneurysms, 12 (75%) had renovascular hypertension.[ ] The indication for surgical
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intervention for renovascular hypertension due to renal artery stenosis secondary to atherosclerosis should continue to be failure of medical management, namely diastolic blood pressure greater than 90 to 100 mm Hg despite three antihypertensive
medications. The same criteria for surgical intervention for renovascular hypertension secondary to atherosclerosis as described in Chapter 130 should probably be applied when renal artery aneurysm is present. The stenotic artery along with the aneurysm

100]

must be repaired. Our current evaluation of these patients primarily relies on the clinical scenario, exclusion of other causes of secondary hypertension, documentation of significant renal artery stenoses, and occasional use of captopril renal scans.[
Dissection

Emergent intervention is required for dissections that cause renal artery aneurysms and threaten the viability of the kidney. Nephrectomies are frequently required in these cases, however, because of the extensive damage to the renal branch vessels and the
limited time available to salvage a previously healthy kidney that will not tolerate prolonged periods of ischemia. If hypertension is the only manifestation of a chronic dissection, and the hypertension is well controlled by blood pressure medications, or if the

88]

patient is asymptomatic and a renal artery dissection is found incidentally (without an associated aneurysm), surgery is probably not justified.[
Other Clinical Manifestations

If a patient with an intact renal artery aneurysm, as documented by CT or MR imaging, is symptomatic as manifested by abdominal or flank pain or fullness, then repair is indicated regardless of the previously mentioned criteria. Symptoms may be a harbinger

53]

of impending rupture, but even if not, medical treatment will not relieve these symptoms. Embolization to the renal parenchyma may also account for these symptoms.[

Treatment
Ruptured Renal Artery Aneurysm

If emergent surgery is required for a ruptured renal artery aneurysm, a midline approach and supraceliac aortic control are generally required. A sizable juxtarenal hematoma does not allow safe aortic exposure and clamping immediately above the renal
arteries. If proximal control of the renal artery itself can be obtained, the supraceliac clamp can then be removed. If the bleeding is quickly controlled and the patient is clearly hemodynamically stable, and if the proximal and distal renal arteries lend
themselves to a relatively quick and straightforward bypass, consideration can be given to reconstruction.

73 87 88 104

] If the aneurysm extends into
In most cases, however, nephrectomy is required because of the instability of the patient, the prolonged ischemia of the kidney, and the technical and time-consuming nature of surgical repair with a bypass.[ ] [ ] [ ] [
the renal parenchyma or if a “bench” repair of the kidney is required, the patient is generally best treated by nephrectomy as long as the contralateral kidney is known to be intact with normal function. Of note, a stable patient with a ruptured true or false renal
79]

artery aneurysm may potentially be treated with newer endovascular techniques. Routh and associates reported thrombosis of a leaking saccular aneurysm using Gianturco coils, thrombin, and bucrylate.[
Elective Repair of Renal Artery Aneurysm

Even in the elective situation, repair of a renal artery aneurysm is usually more challenging than revascularization for a renal artery stenosis. Most renal artery aneurysms extend past the bifurcation of the main renal arteries and frequently extend into the renal
parenchyma. An associated renal artery stenosis must be repaired in conjunction with the aneurysm. For in-situ repairs of a renal artery aneurysm, exposure of the left kidney can be obtained through a retroperitoneal approach with a transverse left
supraumbilical incision. The right kidney can be exposed through a transperitoneal approach with a Kocher maneuver to reflect the right colon and duodenum medially or occasionally with a subcostal incision.
Several methods have been used to repair renal artery aneurysms. The most straightforward technique for saccular aneurysms involves aneurysmorrhaphy with primary repair or patching. In three combined series of patients undergoing surgical repair for renal

22] [53] [57]
If this technique is not possible, we and others prefer autologous tissue bypasses such as saphenous vein if the graft can be

artery aneurysms, about one third (6/18, 3/10, 6/23) of renal artery aneurysms were able to be repaired in this manner.[

22] [25]

anastomosed to the distal part of the main trunk of the renal artery or to the most proximal branches.[

64]
The proximal anastomosis of the graft is usually the infrarenal aorta. Useful alternatives include a splenorenal bypass for a left-sided renal artery aneurysm and

Another method of in-situ repair includes use of bifurcated internal iliac artery autograft.[
hepatorenal bypass for a right-sided aneurysm.

8 21
If multiple-branch vessels are involved, and especially if the cause of the renal artery aneurysm is dissection resulting in a friable vessel, extracorporeal or bench surgery may be required.[ ] [ ] Ex-vivo surgery requires nephrectomy, followed by
19

hypothermic perfusion of the kidney with a heparinized renal preservation solution. The kidney can then be autotransplanted to its original bed, as Dean and associates prefer,[ ] or the iliac fossa. Perfusion is carried out through the main renal artery to
preserve the kidney while selected branches are individually repaired and other branches perfused. This technique is recommended when renal ischemia is projected to exceed 45 minutes or when exposure of small renal branches is required.

For renal autotransplantation into the iliac fossa, a flank incision with a retroperitoneal approach is used for exposure of the kidney, ureter, and iliac artery. Gonadal and adrenal veins are divided to obtain an adequate length of renal vein. If the reconstruction
can be safely performed by placing the kidney on the anterior abdominal wall, the ureter does not need to be divided. The procedure is occasionally best performed at a separate table, however, after dividing the ureter and removing the kidney from the
operative field. Ex-vivo repair is also discussed in Chapter 132 .
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8
The kidney may be perfused with a heparinized crystalloid solution, such as Collins solution or lactated Ringer’s solution with 1000 units of heparin/L with 12.5 g of mannitol, while the kidney is wrapped with gauze and placed in a chilled solution at 4° C.[ ]
[25] [48] The use of continuous pulsatile perfusion is controversial.[8]

The most common arterial reconstruction is an end-to-side anastomosis of a small renal artery branch to the main renal artery or a side-to-side anastomosis of two small renal arteries to create a common inflow channel with a single lumen of larger diameter,
which can then be anastomosed to the renal artery or vein. Because the small branches of the main renal artery are often involved with the aneurysm, an autologous graft is preferred to reconstruct these lesions. The internal iliac artery is an excellent choice in

64] [69]

these reconstructions because of its multiple small side branches.[

[8] [25]

original bed.

The saphenous vein, however, also functions well. The renal artery and vein are then anastomosed end-to-side to the external iliac vessels or to the renal vein and aorta in the kidney’s

The clamps are removed from the venous anastomosis first. A ureteroneocystostomy is constructed if the ureter was divided after the vessels were anastomosed.

48] [53] [84] [87]
In a series of 12 patients operated on for renal artery aneurysms, there was no
84]
19]
8]
[
[
[
Ex-vivo repairs have also been shown to be safe and effective by Dean
and others.
Murray and coworkers reported a series of 11 patients with renal artery aneurysms
mortality and only 1 patient required reoperation for a ureteral stenosis.
64
[ ]
[98]
When performed for proper indications by well-trained surgeons, repair of renal artery aneurysms should be associated with low morbidity and mortality.[

successfully treated using ex-vivo repair.

[86]

Another series of 8 aneurysms were all successfully repaired with the ex-vivo technique without deaths or complications.

[64]

Bifurcated internal iliac artery autograft was highly successful in a series of 11 patients, most with fibrodysplastic aneurysms, treated by in-situ or bench repair.

In a review of ex-vivo repairs, postoperative mortality rates ranged from 0 to 9.6%.

In a series of 35 repairs of renal artery aneurysms treated by in-situ repair, ex-vivo

22
repair, or nephrectomy, there was no mortality and only 1 postoperative graft occlusion.[ ]
10] [44] [69] [94]
Renal artery aneurysms have been treated with transcatheter embolization with detachable platinum coils, which occluded the aneurysms
[68]

An exciting new approach to treat renal artery aneurysms includes use of endovascular techniques.[

94] [99]

but maintained renal flow.[

Another patient in whom a renal artery aneurysm occurred after percutaneous renal biopsy was successfully treated by embolization.

In one of the largest series of endovascular repairs that has been reported, Klein

44
and coworkers treated 12 renal artery aneurysms using endovascular selective embolization with nondetachable microcoils or Guglielmo’s detachable coils.[ ] Eight aneurysms were located in the bifurcation of the main renal artery, 2 were in the main renal

artery, and 2 were intrarenal. All 12 aneurysms were successfully occluded with only two minor complications. The authors concluded that endovascular treatment of renal artery aneurysms with microcoils is as safe as but less invasive than surgical treatment.

[44]
Placement of endovascular grafts across a renal artery aneurysm is also possible. A patient with fibrodysplastic disease and a 1.5-cm saccular aneurysm was treated by percutaneous placement of a polytetrafluoroethylene (PTFE) stent-graft that remained

10]

patent at 1-year follow-up with normalization of blood pressure.[

Another patient with a 2.5-cm saccular left renal artery aneurysm was successfully treated by endoluminal grafting with a coronary stent-graft that remained patent after 12 months’ follow-

9
83
up.[ ] An 86-year-old woman presented with a ruptured aneurysm involving the distal right main renal artery and was successfully treated with a coronary stent-graft.[ ] It remains to be seen whether partial occlusion of renal artery aneurysms will prevent
enlargement and later rupture, although early data are encouraging.
Fibromuscular Dysplasia

Post-stenotic dilations resulting from fibromuscular disease can be treated by balloon angioplasty of the stenotic lesions, although in these cases the primary indication for treatment is the stenotic lesions. When the lesions extend into the branches of the main

19]

renal artery, surgery can yield excellent results. Dean and coworkers reported 24 patients with fibromuscular disease, many of whom had branch aneurysms; all but 1 did well.[
Intrarenal Aneurysms

47]
Intrarenal aneurysms in association with polyarteritis nodosa have also been successfully treated with renal artery embolization with

Intrarenal aneurysms represent particularly challenging lesions. Frequently a partial nephrectomy is required.[

80]

preservation of the kidney.[

RENAL ARTERIOVENOUS MALFORMATIONS AND FISTULAE
Arteriovenous malformations (AVMs) and AVFs are uncommon lesions that can be associated with hematuria, hypertension and renal dysfunction, high-output congestive heart failure, and even rupture. More than 200 cases have been reported since the first

63

description in 1928.[ ] Fistulae may be congenital or acquired. Multiple diagnostic modalities are now available, although conventional selective arteriography remains the standard. Many asymptomatic lesions do not require treatment. Symptomatic lesions
have previously been treated surgically, but endovascular treatment has now supplanted surgery in most cases.
Etiology
Congenital Arteriovenous Malformations

13]
17
43 54
In a large series, only 1 congenital AVM was noted in 30,000 autopsies.[ ] These lesions represent approximately one fourth of all renal AVFs.[ ] [ ] The right
[19]

True congenital AVMs of the kidney are quite rare, with an incidence of only 0.04%.[

kidney is more frequently involved than the left, and although multiple lesions may occur, a single focus is more common.

The angiographic appearance of lesions is similar to AVMs elsewhere, with large coils of dilated

1866

71]
63
others describe multiple connections of arterial branches and venous tributaries.[ ]

vessels. Though Piquet and colleagues describe a single artery feeding all but advanced cases,[

An early “blush” is noted and correlates with the degree of arteriovenous shunting, which is variable. These lesions have been described as “cirsoid,” or varix-like, and are generally focal and located in the renal medulla. AVMs are not neoplastic, but

28] [63]

enlargement presumably can occur based on vessel dilation and hypertrophy associated with high-flow volume from arteriovenous shunting. Symptomatic AVMs have been reported in pregnancy,[
gravida leads to increased AVM flow and symptoms.

and it is thought that the hyperdynamic state of the

24]

Histologically, involved vessels have irregular fibrosis or intimal hyperplasia as well as medial hypertrophy. Focal intraparenchymal hemorrhage may be noted in the lamina propria beneath the transitional epithelium of the collecting system.[
Acquired Arteriovenous Fistulae
Spontaneous

62]
39
and are thought to develop when a dysplastic or aneurysmal renal artery erodes into a neighboring vein.[ ] This may also

Acquired AVFs may occur spontaneously. Spontaneous AVFs have been documented in association with fibromuscular dysplasia[

103

] With arteriography, it can be difficult to differentiate a renal malignancy from a congenital or acquired AVF, although CT and MR
occur with renal malignancy, and indeed significant arteriovenous shunting is a hallmark of renal cell carcinoma.[
imaging generally reveal a mass distinct from renal parenchyma in malignancy. As with AVMs, symptoms depend on the degree of shunting.
Traumatic

63]
17 77 90
These lesions may occur after nephrectomy related to erosion of the arterial stump into the vein with mass ligature,[ ] [ ] [ ] after renal artery

Traumatic AVFs are the most common lesions, accounting for more than 70% of all renal AVFs.[

63]

angioplasty,[

101]
77
38
or penetrating[ ] trauma, nephrostomy,[ ] and, most commonly, after percutaneous renal biopsy. With routine use of needle biopsy for the diagnosis of rejection in renal allografts, the incidence of acquired AVF has
[49] [96]
[59] [75]

after blunt[

grown. Although only 1% to 2% of patients who undergo needle biopsy develop a symptomatic AVF,

67]

Ozbek and colleagues[

the true incidence of AVF is 15% to 18% when arteriography is routinely used.

78]

found AVFs in 8 (12.5%) of 64 patients monitored by color-duplex ultrasonography, whereas only 5.0% developed AVFs in the study of Rollino and associates.[

In the prospective study of Merkus and colleagues, who used

59
routine color-duplex surveillance, 10% of patients undergoing biopsy developed AVFs.[ ] In their series, the development of AVFs correlated with bleeding dysfunction (elevated bleeding time or diminished platelet count), supporting the idea that
inadequate intraparenchymal hemostasis leads to the development of a channel between artery and vein that subsequently enlarges. Others have reported fewer fistulae and bleeding complications with automated small-gauge needles rather than the standard

45] [76]

14-gauge core biopsy technique.[
Clinical Presentation

The majority of both congenital and acquired AVFs do not produce clinical symptoms, and increasingly lesions are noted incidentally in studies done for other reasons. The most common symptom of congenital AVM is hematuria, occurring in 72% of cases.

[17] Hematuria occurs when subepithelial varices erode transitional epithelium into the collecting system. Dramatic presentation with massive hematuria can occur,[12] [28] [61] although minor or microscopic hematuria is more common.

Hypertension occurs in congenital AVM and is the primary abnormality in most acquired AVFs described as symptomatic. The hypertension is renin mediated, based on diminished glomerular filtration pressure distal to the fistula because of arterial

38] [54] [82]

“steal.”[

32]

Renal dysfunction is not usually noted except in transplant patients, where diminished parenchymal flow in the solitary kidney is not masked by a functional contralateral kidney.[

90] [103]

Some patients have been discovered to have AVF when undergoing radiographic evaluation for vague abdominal or flank symptoms. Although AVFs are generally painless, intermittent perilumbar discomfort has been reported in some patients.[
This discomfort has generally been associated with hematuria and may represent renal colic.

Dyspnea and other symptoms of congestive heart failure may be the primary complaint of some patients, more commonly with acquired lesions, and only those lesions with a large communication between artery and vein. This “high-output” type of heart
failure is manifest by tachycardia, left ventricular hypertrophy and cardiomegaly, and a palpable thrill in the flank. A continuous abdominal bruit is a hallmark of acquired AVF and is frequently noted with congenital AVM as well.

6 12
Retroperitoneal or intra-abdominal hemorrhage occurs rarely with AVM and AVF.[ ] [ ] Patients present with severe abdominal and flank pain and shock, a clinical picture indistinguishable from ruptured abdominal aortic aneurysm.
Diagnosis

Excretory urography has been performed in many patients presenting with hematuria or flank pain. A filling defect may be noted in the kidney, and dilated vessels can compress the collecting system, although these findings are not specific. Although helpful
to exclude more common causes of hematuria such as nephrolithiasis, intravenous pyelography is of limited use in the diagnosis of AVF.
CT can usually define AVFs and AVMs within the kidney, but it is not always possible to differentiate these lesions from other hypervascular abnormalities such as renal cell carcinoma. Similarly, radionuclide imaging can demonstrate early augmented

106]

perfusion, but differentiation from malignancy is not possible.[

70]

Ultrafast CT with angiographic reconstruction has significantly improved noninvasive imaging of AVF and AVM.[

Likewise, contrast-enhanced MR angiography allows for three-

4
dimensional reconstruction that can provide visualization not possible with conventional angiography.[ ]
Color-duplex imaging is of growing importance in the diagnosis of AVM and AVF. Because it is inexpensive and noninvasive, it is the ideal study for screening purposes.
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26] [59] [67]
Marked turbulence is noted on color examination, and Doppler spectral analysis reveals elevation of peak systolic flow velocity (PSV) and a
[26] [67]

Color-duplex imaging has been used liberally to assess for AVF after percutaneous renal biopsy.[

larger increase in end-diastolic flow velocity (EDV) compared with the normal renal artery, with a resultant low “resistive index”

:

Arteriography has been and remains the definitive diagnostic modality for renal AVMs and AVFs. Rapid opacification of the inferior vena cava is noted. Depending on the size of the fistula, the nephrogram may be diminished distal to the AVF. With

17]

congenital AVM, multiple segmental and interlobar arteries communicate with varix-like veins, whereas a single arterial communication is generally present with acquired AVF.[
modalities, arteriography alone offers the opportunity for definitive therapy.

Although a relatively expensive and invasive diagnostic study, unlike other

Treatment: Medical, Surgical, and Endovascular

The majority of both congenital and acquired AVFs do not cause symptoms and do not require treatment. Patients may become symptomatic even many years after the occurrence or diagnosis of AVF and should be closely observed for the development of
hypertension, hematuria, or high-output cardiac failure.

5 38 59 60 67
Most AVFs occurring after percutaneous renal biopsy close spontaneously.[ ] [ ] [ ] [ ] [ ] This is particularly true of AVFs discovered early after biopsy by color-duplex ultrasonography. Periodic duplex surveillance, along with clinical follow-up
49]
32 59
although intervention should still be reserved for the development of symptoms.[ ] [ ]

for the development of hypertension or renal insufficiency, is indicated. If a postbiopsy AVF persists at 1 year, it is not likely to close spontaneously,[

62

Although hypertension related to AVF may be readily controlled with angiotensin-converting enzyme inhibitors,[ ] as with renal artery stenosis, the long-term effect on renal function is not known. In most published reports, patients with hypertension have
undergone surgical or endovascular therapy; thus, the natural history of medically treated patients with hypertension secondary to AVF remains undefined.

46 91

For patients with symptomatic AVF, surgery had been the standard treatment for many years and may still be the best option in certain circumstances.[ ] [ ] Except for very peripheral lesions, a transperitoneal approach is preferred to establish proximal
arterial and venous control at the renal pedicle. Owing to the frequent presence of thin-walled, dilated veins and channels, surgery can be challenging. Ex-vivo repair for a large, complex renal artery aneurysm causing an AVF in a patient with fibromuscular

97

dysplasia has been reported.[ ] With surgery, ligation of the feeding vessel or vessels alone is often not possible, and frequently partial or total nephrectomy is required. The resultant loss of functional renal mass, as well as the morbidity of the operation
itself, makes endovascular treatment a more attractive approach.

93]
Because renal arteries are “end arteries,” they are especially amenable to therapeutic occlusion. In earlier reports,

There are now more than 2 decades of experience with percutaneous arterial embolization therapy for congenital and acquired AVFs.[

5
autologous clot was used as the embolic material, but recanalization and recurrence of AVF are possible, and thrombus has been supplanted by other materials, including gelatins, glues, alcohols, silicon, steel and platinum coils, and detachable balloons.[ ]
[6] [18] [37] [43] [105] The development of coaxial catheter systems has allowed for highly selective embolization, which can preserve renal function. Loss of functional renal parenchyma has been reported to be between 0% and 30% with modern

techniques.

81]
Because Gelfoam and autologous clot resorb, recanalization with recurrence of symptoms can occur in

In general, smaller AVFs are treated with glues or macroparticles, whereas coils and balloons have been used for larger vessel fistulae ( Fig. 133–1 ).[

20] [65]
5 6 37
For this reason and a perception that microcoils are associated with less indiscriminate embolization than glues and alcohols, recent trends favor the use of microcoils even for smaller AVF and AVM.[ ] [ ] [ ]

up to 50% of cases.[

46] [52] [91] [107]

Very large AVFs may present a technical challenge for treatment due to the risk of central embolization, and some authors recommend surgery in this setting.[

Others have reported success in this setting using the Amplatz “spider”

43 77
device to provide a scaffolding that can then engage other embolic materials.[ ] [ ] Staging the procedure, first with large coils followed weeks later by smaller coils and other materials to close off persistent flow channels, may also be an effective
[29]
strategy.

As very large arteriovenous communications tend to be at the renal pedicle rather than intraparenchymal, surgical treatment is feasible and probably preferable for good-risk patients.

Complications of embolization are unusual but not insignificant. In addition to arterial access site morbidity and contrast toxicity, pulmonary or peripheral arterial embolization can occur. This is usually related to improper selection and delivery of embolic
materials. Large AVFs require large agents such as coils or detachable balloons, but even these can embolize centrally. Gelfoam, alcohol, and various glues may be more appropriate for very small communications, but delivery is less precise and more renal

38]

parenchymal infarction seems to occur with these materials.[

75]

It is common for patients to have fever, leukocytosis, and even hypertension after embolization, which is transient and presumed to be secondary to renal infarction.[

Embolization itself was

41
32
reported to cause massive collecting system hemorrhage in one case, but this was successfully managed with further embolization.[ ] With modern techniques, success is achieved with endovascular treatment in more than 80% of patients[ ] and clearly is
the treatment of choice for symptomatic congenital or acquired AVF.

SUMMARY
Congenital renal AVMs and acquired AVFs are uncommon and often asymptomatic. When symptoms of hematuria, hypertension, renal dysfunction, high-output congestive heart failure, or rupture occur, treatment is mandated.
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Figure 133-1 A, Arteriogram showing a post-traumatic arteriovenous fistula. This patient suffered a stab wound to the flank and presented with hematuria. B, After Gianturco coil embolization of multiple arterial branches, venous communication is no longer
present. Hematuria resolved, and the patient recovered uneventfully.
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Chapter 134 - Acute Renovascular Occlusive Events

TINA R. DESAI MD
NAVYASH GUPTA MD
BRUCE L. GEWERTZ MD

Acute events involving the renal vessels include acute renal artery occlusion secondary to embolism, thrombosis or renal artery dissection, renal artery trauma, and renal vein thrombosis. The clinical management of these diverse entities is discussed less
frequently than that of chronic renovascular disease and renovascular hypertension, yet proper decision making can make a substantial difference in outcomes.
The diverse mechanisms responsible for each presentation further complicate the clinical situation. For example, penetrating trauma to the renal vessels usually requires emergent operative repair to prevent life-threatening hemorrhage, whereas blunt injury to
the renal artery from impact or acceleration/deceleration phenomenon requires a more precise diagnostic approach directed to salvage renal function. The increased use of angioplasty and stenting in the treatment of chronic occlusive renovascular disease is
associated with a low rate of acute occlusion, but these patients represent a unique subgroup of patients who are difficult to treat.

ACUTE RENAL ARTERY EMBOLISM

1
Embolic occlusion of the renal artery is a relatively rare occurrence. Traube described a case of embolic renal artery occlusion in 1856,[ ] but this entity gained notice in the modern era only in 1940 when Hoxie and Coggin reported 205 cases of renal

2
infarction found at autopsy.[ ] This study involved a total of 14,411 autopsies, yielding an incidence of 1.5% of renal infarction from either embolic or thrombotic events.
Most renal artery emboli originate from the left side of the heart in association with atrial fibrillation, mitral valvular disease, and acute myocardial infarction. Suprarenal aneurysms and ulcerative atherosclerotic plaques (“shaggy aorta”) can also embolize to
the renal arteries. Although embolization of aneurysmal contents can occur spontaneously, atheroemboli more frequently result from manipulation of angiographic catheters within the aorta. In these circumstances, the ischemic insult is exacerbated by the
distal impact of microscopic debris and the adverse effect of nephrotoxic contrast. As many as 30% of renal artery emboli of cardiac origin are bilateral. Simultaneous emboli to other visceral, extremity, and brachiocephalic vessels are also common. In
instances of atheroembolism, bilateral embolization is even more common (>75%).

3
The classic clinical presentation of renal artery embolism may not be manifest until renal ischemia progresses to infarction.[ ] Common presenting symptoms include flank pain, back or abdominal pain, hypertension, hematuria, and nausea and vomiting. In

cases of acute occlusion of both renal arteries or renal artery occlusion in a solitary kidney, anuria and acute renal failure may develop. A low-grade fever may also be present. Leukocytosis and elevated lactate dehydrogenase levels are often evident on
laboratory evaluation. Urinalysis frequently reveals erythrocytes, leukocytes, and proteinuria. These nonspecific findings are rarely ascribed to renal pathology, and frequent delays in diagnosis result in an overall low rate of renal salvage.
Additional diagnostic studies are frequently obtained because the diagnosis of acute renal artery occlusion is rarely clear based on clinical signs alone. Intravenous pyelography may reveal absent or poor function depending on the degree of renal artery
obstruction. Renal nuclear medicine studies also may demonstrate impaired renal perfusion. Unfortunately, both of these studies are not definitive and provide no anatomic information. Since any delay in diagnosis adversely affects renal salvage, renal
arteriography should be undertaken as the initial diagnostic study whenever acute renal artery occlusion is considered. This study frequently demonstrates an abrupt occlusion of the renal artery or multiple emboli within branches with limited collateralization.
Frequently, bilateral emboli or additional emboli to visceral vessels may be evident.
Arteriography not only demonstrates the diagnosis of renal artery occlusion, but the degree of atherosclerotic disease and the pattern of collateral blood flow to the distal renal artery can help differentiate between renal artery embolus and thrombosis. In

4
centers where access to duplex ultrasonography is readily available, this study may be useful as a screening study.[ ]
Appropriate selection of patients for intervention is dependent on the duration and severity of renal ischemia, the site of the embolus, the status of the contralateral kidney, and underlying cardiopulmonary risk factors. In the past, renal salvage was thought
unlikely in patients presenting with symptoms of prolonged duration (>12 hours) with no evidence of ipsilateral renal perfusion. In particular, patients with distal branch emboli or severe cardiopulmonary risk factors were rarely considered operative
candidates; anticoagulation alone was recommended. In the current era, the evolution of thrombolytic therapy and improvements in
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5
6
operative and perioperative management have allowed a more aggressive approach to these patients.[ ] Successful renal artery reconstructions have been reported well after 12 hours of incomplete ischemia.[ ]
It is now well accepted that most patients with early presentations of embolic occlusion should be considered for revascularization by operative embolectomy or catheter-directed thrombolytic therapy. Surgical intervention is preferable in good-risk patients
with partial renal artery occlusion, bilateral renal artery emboli, or an embolus to a solitary kidney. Operative mortality is significantly reduced by preoperative correction of metabolic derangements and fluid resuscitation.
Exposure of the left kidney can be gained via a retroperitoneal approach through a transverse left supraumbilical incision. With some effort even the right renal artery can be exposed through this route, although most surgeons prefer a midline transperitoneal

7

approach with an extended Kocher maneuver for right renal exposure.[ ] The renal vein is gently retracted, and the renal artery is dissected free. If the renal artery is free of significant atherosclerotic disease and of sufficient size (>4 mm), a transverse
arteriotomy can be made allowing proximal and distal passage of embolectomy catheters. The arteriotomy can be closed primarily with interrupted 6–0 sutures or with a vein patch. If the renal artery is unsuitable for arteriotomy, a transverse aortotomy can be
performed at the level of the renal artery and an embolectomy catheter passed distally and thromboembolic debris cleared. The aortotomy can usually be closed primarily. If atherosclerotic disease of the renal artery is encountered, the aortotomy can be
extended across the renal ostium, endarterectomy performed, and the arteriotomy closed with a patch.
Complete extraction of embolic material can be difficult to assess in the operating room. Although intraoperative arteriography remains an option, the nephrotoxicity of contrast material and other technical difficulties in adequately visualizing the in-situ
kidney make this approach less attractive. Intraoperative duplex ultrasonography avoids these potential complications and has been used with some success (see Chapter 132 ). Diuretics, mannitol, and renal dose dopamine or fenoldopam are advisable

8
9
following revascularization.[ ] Finally, because the renal parenchyma can swell considerably after revascularization, partial renal decapsulation may be considered in extreme cases.[ ] The true benefits of this adjunctive procedure are not known.
Catheter-directed thrombolytic therapy has been employed with increasing frequency in the management of patients with renal artery embolism. This technique offers the theoretical advantage of avoiding operative stress in an acutely ill patient and certainly
avoids trauma to the renal artery. It may offer particular advantage in patients with distal branch emboli. Although hemorrhagic complications have been reported with the use of streptokinase, urokinase, and tissue plasminogen activator, no major bleeding

10]
Of the two patients in this series with renal artery embolism, perfusion was restored in both, but renal function was preserved only in one. These results

complications were encountered in one reported series of 10 patients with acute renal artery occlusion.[

10A]

are comparable to Ouriel and colleagues’ series[

of 13 patients with renal artery embolism treated with open operation.

Figure 134-1 Patient with thrombotic occlusion of severely diseased aorta with proximal propagation of clot to left renal artery. Severe hypertension was more prominent presenting symptom than lower limb ischemia which was mitigated by collaterals to
common femoral arteries.

Figure 134-2 A, Occluded left renal artery in a patient presenting with acute renal failure requiring hemodialysis (the right kidney was atrophic with a chronically occluded right renal artery). B, The occlusion was traversed with a wire, allowing angioplasty
and stenting of the left renal artery. The patient required no further dialysis after the procedure.

Figure 134-3 Spontaneous dissection in left renal artery in patient with acute onset of severe hypertension. Such highly stenotic dissections require operative treatment (From Gewertz BL, Stanley JC, Fry WJ: Renal artery dissections. Arch Surg 112:409–414,
1977.)

Figure 134-4 Technique for ex-vivo repair of distal left renal artery dissection. The kidney is flushed with renal preservation solution and placed on ice during repair to minimize ischemic injury. Bypass with autologous vein or artery is completed (lower
right) and vein is reanastomosed.

Figure 134-5 Right renal artery injury after blunt trauma demonstrates dissection of the main renal artery both primary branches (From Gewertz BL, Stanley JC, Fry WJ: Renal artery dissections. Arch Surg 112:409–414, 1977.)
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Chapter 135 - Fundamental Considerations in Cerebrovascular Disease

Stroke is the third leading cause of death in the United States each year. It is the second leading cause of cardiovascular death and the most common cause of death as a result of neurologic disorders. The incidence of new stroke is approximately 160 per

59] [63]

100,000 population per year.[

In addition to death, the disability following cerebral infarction must be considered from the standpoint of the crippling effect on the patient as well as the socioeconomic burden on the patient, his or her family, and

2 94
society. Reviews of the financial impact of stroke for calendar year 1999 were estimated to be $45.3 billion of direct and indirect cost.[ ] [ ]
37]

The earliest report linking stroke with extracranial vascular disease is credited to Gowers, who in 1875 described a patient with right hemiplegia and blindness in the left eye.[

He attributed this syndrome to an occlusion of the left carotid artery in the neck.

9 12 41
54
Several similar reports soon followed.[ ] [ ] [ ] In 1914, Hunt emphasized that extracranial carotid artery occlusive disease was a possible cause of stroke.[ ] He noted that the cervical portions of the carotid arteries were not examined routinely

postmortem and urged that thorough examination of this portion of the circulatory system be carried out during autopsy. Furthermore, he believed that transient cerebral ischemia was tantamount to intermittent claudication of the brain and represented a
prodrome to a major stroke.

76]

In spite of these early reports, work in this field remained relatively dormant until Moniz and coworkers reported in 1937 that arteriography could be used to diagnose carotid artery occlusion.[

Johnson and Walker reviewed 101 cases of carotid occlusion

56]

diagnosed by arteriography and advocated either carotid arterectomy or cervical ganglionectomy to relieve cerebral vasospasm, which they believed to be a major cause of subsequent disability following the initial stroke.[

Strully and associates are

93
credited with the first attempt at endarterectomy of a totally occluded carotid artery; however, this was unsuccessful.[ ]
22]

The first report of a successful surgical procedure on the extracranial carotid artery appeared in 1954: Eastcott and colleagues described their experience with a patient who had episodes of transient hemispheric cerebral ischemic attacks.[

She was found to

16
10
have an atherosclerotic lesion at the carotid bifurcation that was treated with a resection and primary anastomosis. A later publication by DeBakey[ ] and one of Carrea and coworkers[ ] cite operative procedures reportedly performed at earlier dates, but
the report of Eastcott and colleagues must be credited as the most influential in bringing the possibility of carotid artery repair to medical attention. Vascular surgery had progressed to a point at which surgical repair of this lesion was rapidly accepted, and
subsequently carotid endarterectomy has become one of the most common and successful operations performed on the vascular system.
The surgical approach to cerebrovascular disease is predicated on the relief of symptoms of cerebral dysfunction and the prevention of cerebral infarction or stroke by excision of a critical lesion in the extracranial carotid artery. There was a major international
debate concerning the efficacy of carotid endarterectomy in stroke prevention when one considers the combination of perioperative risk and late results. It has been shown that an aggressive surgical approach to cerebrovascular disease can be justified only
when the operation can be performed with sufficiently
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26] [48] [80] [81] [95]

low rates of morbidity and mortality for the longevity and quality of survival of patients with cerebrovascular atherosclerosis to be materially altered, when compared with the results of medical management alone.[

EPIDEMIOLOGY AND NATURAL HISTORY OF CEREBROVASCULAR DISEASE
Knowledge of the incidence and natural history of hemispheric transient ischemic attacks (TIAs) and strokes in a given population is of paramount importance not only in understanding the magnitude of the problem but also in designing a program of
diagnosis, treatment, and prevention. The magnitude of the problem dictates its investigative priority, and knowledge of the natural history is fundamental in evaluating and comparing the impact of various therapeutic interventions.
The objective of all therapeutic intervention is to prevent cerebral infarction. Episodes of transient cerebral ischemia usually are considered benign events, but they are harbingers of subsequent stroke, neurologic disability, or death.
Cerebral Infarction
There is considerable variability concerning the incidence of stroke, depending on the year of reporting, geographic location, and racial and gender mix of patients. For example, there has been a steady decline in mortality from cerebrovascular disease in the

105

] This decline in mortality may or may not translate into a true decline in stroke incidence. The reason for the decline in stroke mortality is difficult to ascertain. It may be something as simple as a more accurate
United States dating back to 1915.[
diagnosis of stroke on a death certificate, or it may represent a true change in the incidence of the disease. Finally, various interventions, ranging from control of hypertension to the use of aspirin and other antiplatelet drugs to carotid endarterectomy, must be

interpreted accordingly.

68

There have been several population studies designed to look at stroke incidence. The Rochester, Minnesota, population study (from 1955 to 1969) emphasized the influence of advancing age on the progressive incidence of cerebral infarction.[ ] The age
group of 55 to 64 years had a cerebral infarction rate of 276.8 per 100,000 population per year; the age group of 65 to 74 years had an incidence of 632 per 100,000 population per year; and the older than-75-year age group had a stroke rate of 1786.4 per
100,000 population per year. Analysis of the cerebral infarction rate divided by sex distribution indicated that in men the rate was approximately 1.5 times as great as that in women of the same age. Six months following survival from cerebral infarction, only
29% of the patients in the Rochester study had normal cerebral function; 71% continued to have manifestations of neurologic dysfunction. In the latter group, 4% required total nursing care, 18% were disabled but capable of contributing to self-care, and 10%
were aphasic. Of those patients who suffered a fatal stroke, 38% died of the initial stroke, 10% died of a subsequent stroke, and 18% died from complications of coronary artery disease. The chance of a recurrent stroke within 1 year of the initial stroke was
10%, and the chance of a recurrent stroke within 5 years of the initial attack was 20%.
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] They reviewed the experience from three successive decades beginning in 1953. They noted a decline of stroke fatality in both men and women. However, the 10-year prevalence
Wolfe and colleagues, in 1989, reported data from the Framingham study.[
rate of stroke actually rose, and the incidence of stroke rose in men from 5.7% to 7.6% to 7.9% without any apparent change in women. The investigators suggested that the case fatality rates may result from changes in diagnostic criteria, a lessening in stroke
106]

severity, or improved care of stroke patients. Nonetheless, they clearly show that there was not a declining incidence.[

101

] The overall incidence of stroke for all ages was 330 per 100,000 population per year. During a 24-month interval, he accumulated 158 cases of stroke, of
Wallace’s studied the natural history of stroke in 188 patients in the city of Goulburn, Australia.[
which 101 were presumed to be due to cerebral infarction. The mortality rate of the first attack was 37%, and the recurrence rate among survivors was 35%. The mortality rate with the first recurrence was 35%, but the mortality rate for subsequent recurrences
in survivors of a first recurrence was 65%.
4

Baker and colleagues reported a series of 430 hospitalized patients who survived their initial cerebral infarction.[ ] The mortality rate from the initial stroke was not described. However, the overall mortality rate for the 430 survivors during the interval of
study was 40%. On a life table, the mortality rate was 10% per year of patients at risk. The cumulative 5-year mortality rate was 50%. Twenty-three percent of subsequent deaths were due to recurrent cerebral infarction. Of the 430 survivors of the initial
stroke, 26% developed a subsequent recurrent cerebral infarction, and 20% experienced new TIAs. Because some patients have both TIA and stroke, a combined 38% were reported to develop a new neurologic event: stroke, transient cerebral ischemia, or
both. Of the 113 patients who developed a new cerebral infarction, 62% died.

89

Sacco and coworkers, reviewing the stroke data from the Framingham, Massachusetts, population, noted an alarmingly high incidence of recurrent cerebral infarction in the same anatomic region.[ ] Among 394 patients surviving an initial stroke, 84 second
and 27 third strokes were reported. The cumulative 5-year recurrent stroke rate in the male population was 42%. Thus, the recurrent stroke rate, following an initial stroke, is approximately 9% per year.

These data indicate that cerebral infarction produces significant morbidity and mortality in the United States. Of particular interest is the remarkably high rate of recurrence of cerebral infarction in patients following their first stroke, if no intervention has
taken place. Most of the recurrences appear to occur within the first year of the initial event. Not only is the rate of recurrence with progressive neurologic deterioration high but also the death rate with subsequent infarction is considerable.

Transient Ischemic Attacks

To discuss the incidence and significance of TIAs, one must define the type and anatomic distribution of the event. Those reports that combine focal neurologic events with those of global symptoms such as dizziness and vertigo cloud the
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TABLE 135-1 -- Average Annual Incidence

*

of New Transient Ischemic Attacks in a Previously Asymptomatic Population

ROCHESTER STUDY
AGE, yr

FRAMINGHAM STUDY

LEHIGH VALLEY STUDY

Male

Female

Male

Female

Male

Female

45–54

21

12

56

15

85

48

55–64

96

50

114

49

—

—

65–74

263

192

184

142

244

151

* Expressed in number per 100,000 population.

34]

issue and lead to erroneous conclusions because the natural history and prognosis of the two types of attacks are quite different. Most investigators agree that TIAs producing focal neurologic deficits have a greater risk for subsequent cerebral infarction.[
For purposes of this discussion, therefore, TIAs are considered those that produce transient focal neurologic deficit, in either the anterior or the posterior circulation.

Because many patients with TIAs never reach a hospital, studies of hospital populations are not an accurate reflection of the disease. Studies that review the overall incidence in specific communities give a far better view of the incidence and natural history of

67]
One of the most important studies has been carried out using Rochester, Minnesota, as a population base and reported by members of the

the event. There have been several such population studies, and these are cited in the text and among the references.[

68 103

] In the Rochester, Minnesota, population, the incidence of TIAs amounted to 31 patients per 100,000 population per year for all ages, with a
staff of the Mayo Clinic. Their reports evaluated two time intervals: 1945 to 1954 and 1955 to 1969.[ ] [
rapidly rising incidence associated with advancing age. The incidence of new attacks in the 65- to 74-year-old age group was 200 patients per 100,000 population per year. As in the instance of cerebral infarction, there was also a higher incidence of TIAs in
men than in women of the same age group at a ratio of 1.3:1. Table 135–1 compares the average annual incidence of first TIA per 100,000 population in three population studies: Rochester, Minnesota; Framingham, Massachusetts; and Lehigh Valley,
Pennsylvania.
Reviewing the natural history of patients with TIA reveals somewhat conflicting data. This is due, primarily, to the lack of definition of the underlying lesion present in the patient population manifesting transient cerebral ischemia. For example, if one
population has a large preponderance of patients with high-grade stenoses, composed of soft plaque with ulceration, there is likely to be a much higher subsequent stroke rate than there would be if the population consisted of a large number of patients with
low-grade to medium stenoses. Nonetheless, considerable information is to be gained by looking at some of the general population studies with regard to TIA outcome. In the Rochester, Minnesota, study, the probability of surviving free of stroke 5 years after
the onset of TIA was only 64%. Conversely, the incidence of stroke was 36% during follow-up. Fifty-one percent of the strokes occurred within the first year after the

Figure 135-1 Conditional probability of surviving free of stroke after first transient ischemic attack (TIA), if the patients survive. Expected survivorship is for a population of the given age and sex and is based on the stroke incidence rates of the Rochester,
Minnesota, study for 1955 through 1969. (From Whisnant JP, Matsumoto N, Elveback LR: Transient cerebral ischemic attacks in a community: Rochester, Minnesota, 1955 through 1969. Mayo Clin Proc 48:194, 1973.)

Figure 135-2 A, Cross section through a proliferative arteriosclerotic plaque taken at the bifurcation of the common carotid artery. Note the tiny lumen that remains. The material is glistening and consists primarily of cholesterol and necrotic atheromatous
debris. B, Microscopic section at ×10 magnification. The atheromatous portion of the diseased intima is at the upper part of the photograph. The small spaces or clefts distributed throughout the intimal lesion represent cholesterol crystals.

Figure 135-3 Atherosclerotic plaque removed from a carotid bifurcation and opened longitudinally to demonstrate the cavities, or ulcers, produced by evacuation of atheromatous debris. These ulcers continue to harbor degenerative atheromatous debris,
platelet aggregate material, and thrombus.

Figure 135-4 Location and incidence of significant atherosclerotic lesions. The length of the dark area at each location (measured against the scale at left) corresponds to the number of lesions detected by arteriography in this series. (From Blaisdell FW, Hall
AD, Thomas AN, Ross SJ: Cerebrovascular occlusive disease: Experience with panarteriography in 300 consecutive cases. Calif Med 103:321, 1965.)

Figure 135-5 Frequency distribution of arterial lesions at surgically accessible sites (4748 patients). (From Hass WK, Fields WS, North RR, et al: Joint study of extracranial arterial occlusion: II. Arteriography, techniques, sites, and complications. JAMA
203:961–968, 1968.)

Figure 135-6 Frequency distribution of surgically inaccessible lesions. (From Hass WK, Fields WS, North RR, et al: Joint study of extracranial arterial occlusion: II. Arteriography, techniques, sites, and complications. JAMA 203:961–968, 1968.)

Figure 135-7 Carotid arteriograms showing bilateral coiling of circular configuration at level of base of skull (arrow shows 360-degree coil). No aneurysmal dilation is present in the proximal segment of arteries. (From Weibel J, Fields WS: Tortuosity,
coiling, and kinking of the internal carotid artery: I. Etiology and radiographic anatomy. Neurology 15:7, 1965.)

Figure 135-8 Carotid arteriograms demonstrating mild post-stenotic aneurysmal dilation and kinking of the right internal carotid artery (arrowheads). The left internal carotid artery has S-shaped tortuosity. (From Weibel J, Fields WS: Tortuosity, coiling, and
kinking of the internal carotid artery: I. Etiology and radiographic anatomy. Neurology 15:7, 1965.)

Figure 135-9 A, Right carotid arteriogram of a 32-year-old man who experienced a sudden episode of left hemiparesis. Carotid arteriography demonstrates a sharp cutoff contrast at the carotid bifurcation with faint visualization of the internal and external
carotid arteries beyond. Subsequent exploration of this region revealed a spontaneous transverse intimal tear with subintimal dissection of blood and distal occlusion. B, Artist’s concept of an intimal tear with subintimal dissection of blood and occlusion of the
lumen. The insets of the internal and external carotid arteries in cross section graphically demonstrate luminal compromise by subintimal dissection.

Figure 135-10 Graphic representation of the process by which a bulky atheromatous lesion undergoes central degeneration with subsequent discharge of atheromatous debris into the arterial lumen and embolization to the brain.

Figure 135-11 An irregular or ulcerated surface on an arterial sclerotic plaque can provide a nidus for deposition of platelet aggregate material. These platelet aggregates can be dislodged into the arterial lumen and can embolize to the intracranial circulation.

Figure 135-12 An empty ulcerative lesion can also be filled with mature thrombus material. The thrombus can be dislodged by the arterial stream or by manipulation, thus releasing clot into the arterial lumen with subsequent cerebral embolization.

Figure 135-13 A, Left carotid arteriogram in a patient who was experiencing episodes of left hemispheric transient cerebral ischemia. The arrow points to a posterior outpouching of the internal carotid artery just beyond the bifurcation. This finding was
interpreted as being an ulcerative atherosclerotic lesion. B, Atherosclerotic plaque that corresponds to the angiographically demonstrated lesion. It was removed from the carotid bifurcation, and the pointer indicates the ulcerative lesion containing remnants of
mature thrombus.

Figure 135-14 Example of an atherosclerotic plaque removed from the carotid bifurcation and opened out for visualization of the luminal surface. In the lower right-hand corner, a mature thrombus is loosely adherent to a very superficial ulceration.

Figure 135-15 Microscopic section through a superficial ulcerating atheromatous plaque. Loose fibrin platelet thrombus material is demonstrated within the ulcer crater.

Figure 135-16 Microscopic section taken through a deeper ulcerating lesion of an atheromatous plaque removed from the carotid bifurcation. An organizing thrombus, only loosely attached, is seen partially filling the ulcer crater.

Figure 135-17 Brain of monkey removed following experimental embolization with ball bearings. The ball bearings were introduced from a point source in the carotid artery. Note that all the ball bearings lodged in a single cortical branch. (Courtesy of Clark
Millikan, MD, Department of Neurology, Mayo Clinic, Rochester, Minn.)

Figure 135-18 A, Artist’s concept of the events following carotid occlusion. The thrombus within the internal carotid artery ascends to the first branch of that artery, the ophthalmic artery. At this point, the thrombus stops and the remaining portion of the
intracranial circulation is not compromised. B, An alternative sequence of events in which the thrombus does not stop at the ophthalmic artery but progresses up to the terminal branches of the internal carotid artery, so that thrombus material spills over and
propagates into the middle cerebral artery, producing cerebral infarction.

Figure 135-19 A, Artist’s concept of spontaneous hemorrhage within an atherosclerotic plaque resulting in sudden acute occlusion of the internal carotid artery. B, A similar phenomenon can occur within the depths of an atheromatous ulcer, producing acute
cessation of blood flow.

REFERENCES

1. Adams JE, Smith MC, Wylie EJ: Cerebral blood flow and hemodynamics in extracranial vascular disease: Effect of endarterectomy. Surgery 53:449, 1963.
2. American Heart Association: 1999 Economic Cost of Cardiovascular Diseases. Dallas, American Heart Association, 1999.
3. Bakay L, Leslie EV: Surgical treatment of vertebral artery insufficiency caused by cervical spondylosis. J Neurosurg 23:596, 1965.
4. Baker RN, Schwartz WS, Ramseyer JC: Prognosis among survivors of ischemic stroke. Neurology (Minneap) 18:933, 1968.
5. Balla JI, Langford KH: Vertebral artery compression in cervical spondylosis. Med J Aust 1:284, 1967.
6. Barnett HJM, Peerless SJ, Kaufmann JCE: “Stump” on internal carotid artery—a source for further cerebral embolic ischemia. Stroke 9:448, 1978.
7. Blaisdell FW, Hall AD, Thomas AN, et al: Cerebrovascular occlusive disease: Experience with panarteriography in 300 consecutive cases. Calif Med 103:321, 1965.
8. Brice JG, Dowsett DJ, Lowe RD: Hemodynamic effects of carotid artery stenosis. BMJ 3:1363, 1964.
9. Cadwalader WB: Unilateral optic atrophy and contralateral hemiplegia consequent on occlusion of the cerebral vessels. JAMA 59:2248, 1912.
10. Carrea R, Molins M, Murphy G: Surgical treatment of spontaneous thrombosis of the internal carotid artery in the neck: Carotid-carotid anastomosis—report of a case. Acta Neurol Lat Am 1:71, 1955.
11. Chambers BR, Norris JW: Outcome in patients with asymptomatic neck bruits. N Engl J Med 315:860, 1986.
12. Chiari H: Ueber das Verhalten des Teilungswinkels der Carotid communis bei der Endarteriitis chronica deformans. Verh Dtsch Ges Pathol 9:326, 1905.
13. Connolly JE, Stemmer EA: Endarterectomy of the external carotid artery. Arch Surg 106:799, 1973.
14. Corday E, Rothenberg S, Weiner SM: Cerebral vascular insufficiency: An explanation of the transient stroke. Arch Intern Med 98:683, 1956.
15. Crawford ES, DeBakey ME, Blaisdell FW, et al: Hemodynamic alterations in patients with cerebral arterial insufficiency before and after operation. Surgery 48:76, 1960.

16. DeBakey ME: Successful carotid endarterectomy for cerebrovascular insufficiency: Nineteen-year follow-up. JAMA 233:1083, 1975.
17. DeBakey ME, Crawford ES, Fields WS: Surgical treatment of patients with cerebral arterial insufficiency associated with extracranial arterial occlusive lesions. Neurology (Minneap) 11:145, 1961.
18. DeBakey ME, Crawford ES, Cooley DA, et al: Cerebral arterial insufficiency: One- to 11-year results following arterial reconstructive operation. Ann Surg 161:921, 1965.
19. Denny-Brown D: Recurrent cerebrovascular episodes. Arch Neurol 2:194, 1960.
20. Dixon S, Pais SO, Raviola C, et al: Natural history of nonstenotic asymptomatic ulcerative lesions of the carotid artery: A further analysis. Arch Surg 117:1493, 1982.
21. Drake WE Jr, Drake MAL: Clinical and angiographic correlates of cerebrovascular insufficiency. Am J Med 45:253, 1968.
22. Eastcott HHG, Pickering GW, Robb CG: Reconstruction of internal carotid artery in a patient with intermittent attacks of hemiplegia. Lancet 2:994, 1954.

1895

23. Ehrenfeld WK, Hoyt WF, Wylie EJ: Embolization and transient blindness from carotid atheroma. Surgical considerations. Arch Surg 93:787, 1966.
24. Eklof B, Schwartz SI: Effects of subclavian steal and compromised cephalic blood flow on cerebral circulation. Surgery 68:431, 1969.
25. Elerding SC, Fernandez RN, Grotta JC, et al: Carotid artery disease following external cervical irradiation. Ann Surg 194:609, 1981.
26. European Carotid Surgery Trialists’ Collaborative Group: MRC European Carotid Surgery Trial: Interim results for symptomatic patients with severe (70–99%) or with mild (0–29%) carotid stenosis. Lancet
337:1235, 1991.

27. Fazekas JF, Alman RW: The role of hypotension in transitory focal cerebral ischemia. Am J Med Sci 248:567, 1964.
28. Feigin I, Budzilovich GN: The general pathology of cerebrovascular disease. In Vinken PJ, Bruyn GW (eds): Handbook of Clinical Neurology, Part I. Amsterdam, North-Holland, 1972.
29. Fisher CM: The use of anticoagulants in cerebral thrombosis. Neurology 8:311, 1958.
30. Fisher CM: Observations of the fundus oculi in transient monocular blindness. Neurology (Minneap) 9:333, 1959.
31. Flory CM: Arterial occlusions produced by emboli from eroded aortic atheromatous plaques. Am J Pathol 21:549, 1945.
32. Garg AG, Gordon DS, Taylor AR, et al: Internal carotid artery thrombosis secondary to closed craniocervical trauma. Br J Surg 55:4, 1968.
33. Gee W, Kaupp HA, McDonald KM, et al: Spontaneous dissection of internal carotid arteries. Arch Surg 115:944, 1980.
34. Goldner JC, Whisnant JP, Taylor WF: Long-term prognosis of transient cerebral ischemic attacks. Stroke 2:160, 1971.
35. Goldstone J, Moore WS: Emergency carotid artery surgery in neurologically unstable patients. Arch Surg 111:1284, 1976.
36. Goldstone J, Moore WS: A new look at emergency carotid artery operations for the treatment of cerebrovascular insufficiency. Stroke 9:599, 1978.
37. Gowers WR: On a case of simultaneous embolism of central retinal and middle cerebral arteries. Lancet 2:794, 1875.

38. Grigg MJ, Papadakas K, Nicolaides AM, et al: The significance of cerebral infarction and atrophy in patients with amaurosis fugax and transient ischemic attacks in relation to internal carotid artery stenosis: A
preliminary report. J Vasc Surg 7:215, 1988.

39. Grunnet ML: Cerebrovascular disease: Diabetes and cerebral atherosclerosis. Neurology (Minneap) 13:486, 1963.
40. Gunning AJ, Pickering GW, Robb-Smith AHT, et al: Mural thrombosis of the internal carotid artery and subsequent embolism. Q J Med 33:155, 1964.
41. Guthrie LG, Mayou S: Right hemiplegia and atrophy of left optic nerve. Proc R Soc Med 1:180, 1908.
42. Haller JA Jr, Turrell R: Studies on effectiveness of endarterectomy in treatment of carotid insufficiency. Arch Surg 85:637, 1962.
43. Halliday AM, Thomas D, Mansfield A: The Asymptomatic Carotid Surgery Trial (ACST): Rationale and design. Eur J Vasc Surg 8:703, 1994.
44. Handler FP: Clinical and pathological significance of atheromatous embolization, with emphasis on an etiology of renal hypertension. Am J Med 20:366, 1956.
45. Hardin CA, Williamson WP, Steegmann AT: Vertebral artery insufficiency produced by cervical osteoarthritic spurs. Neurology (Minneap) 10:855, 1960.
46. Hass WK, Fields WS, North RR, et al: Joint study of extracranial arterial occlusion: II. Arteriography, techniques, sites, and complications. JAMA 203:961, 1968.
47. Hertzer NR: External carotid endarterectomy. Surg Gynecol Obstet 153:186, 1981.
48. Hobson RW II, Weiss DG, Fields WS, et al: Efficacy of carotid endarterectomy for asymptomatic carotid stenosis, for The Veterans Affairs Asymptomatic Cooperative Study Group. N Engl J Med 328:221,
1993.

49. Hohf RP: The clinical evaluation and surgery of internal carotid insufficiency. Surg Clin North Am 47:1:71, 1967.
50. Hollenhorst RW: Significance of bright plaques in the retinal arteries. JAMA 178:23, 1961.
51. Hollenhorst RW: Vascular status of patients who have cholesterol emboli in the retina. Am J Ophthalmol 61:1159, 1966.
52. Houck WS, Jackson JR, Odom DL, et al: Occlusion of the internal carotid artery in the neck secondary to closed trauma to the head and neck: A report of two cases. Ann Surg 159:219, 1964.
53. Humphries AW, Young JR, Santilli PM, et al: Unoperated, asymptomatic significant internal carotid artery stenosis. Surgery 80:695, 1976.
54. Hunt JR: The role of the carotid arteries in the causation of vascular lesions of the brain, with remarks on certain special features of the symptomatology. Am J Med Sci 147:704, 1914.
55. Hutchinson EC, Yates PO: Caroticovertebral stenosis. Lancet 1:2, 1957.
56. Johnson HC, Walker AE: The angiographic diagnosis of spontaneous thrombosis of internal and common carotid arteries. J Neurosurg 8:631, 1951.
57. Judge RD, Currier RD, Gracie WA, et al: Takayasu’s arteritis and the aortic arch syndrome. Am J Med 32:379, 1962.
58. Julian OC, Dye WS, Javid H, et al: Ulcerative lesions of the carotid artery bifurcation. Arch Surg 86:803, 1963.
59. Kannel WB: Epidemiology of cerebrovascular disease: An epidemiologic study of cerebrovascular disease. In American Neurological Association and American Heart Association: Cerebral Vascular Diseases.
New York, Grune & Stratton, 1966, pp 53–66.

60. Kartchner MM, McRae LP: Noninvasive evaluation and management of the “asymptomatic” carotid bruit. Surgery 82:840, 1977.
61. Kendall RE, Marshall J: Role of hypertension in the genesis of transient focal cerebral ischemic attacks. BMJ 2:344, 1963.
62. Kroener JM, Dorn PL, Shoor PM, et al: Prognosis of asymptomatic ulcerating carotid lesions. Arch Surg 115:1387, 1980.

63. Kuller LH, Cook LP, Friedman GD: Survey of stroke epidemiology studies. Stroke 3:579, 1972.
64. Landolt AM, Millikan CH: Pathogenesis of cerebral infarction secondary to mechanical carotid artery occlusion. Stroke 1:52, 1970.
65. LeNet M: Le cout des malaides cardio-vasculaires. Coeur et Santé 33(Suppl), Edition Medicale (Commission Paritaire No. 55920). Paris, 1982.
66. Lindsay S, Entenman C, Ellis EE, Geraci CL: Aortic arteriosclerosis in the dog after localized aortic irradiation with electrons. J Circ Res 10:61, 1962.
67. Marshall J: The natural history of transient cerebrovascular ischemic attacks. Q J Med 131:309, 1964.
68. Matsumoto N, Whisnant JP, Kurland LT, et al: Natural history of stroke in Rochester, Minnesota, 1955 through 1969: An extension of a previous study, 1945 through 1954. Stroke 4:20, 1973.
69. McBrien DJ, Bradley RD, Ashton N: The nature of retinal emboli in stenosis of the internal carotid artery. Lancet 1:697, 1963.
70. McCready RA, Hyde GL, Bivins BA, et al: Radiation-induced arterial injuries. Surgery 93:306, 1983.
71. McLaughlin JS, Linberg E, Attar A, et al: Cerebral vascular insufficiency: Syndromes of reversed blood flow in vessels supplying the brain. Am Surg 33:317, 1967.
72. Meyer JS: Occlusive cerebrovascular disease: Pathogenesis and treatment. Am J Med 30:577, 1961.
73. Meyer WW: Cholesterinkrystallembolie kleiner Organarterien und ihre Folgen. Virchows Arch Pathol Anat 314:616, 1947.
74. Millikan CH: The pathogenesis of transient focal cerebral ischemia. Circulation 32:438, 1965.
75. Millikan CH, Siekert RG, Shick RM: Studies in cerebrovascular disease: V. The use of anticoagulant drugs in the treatment of intermittent insufficiency of the internal carotid arterial system. Proc Staff Meet
Mayo Clin 30:578, 1955.

76. Moniz E, Lima A, deLacerda R: Hemiplegies par thrombose de la carotide interne. Presse Med 45:977, 1937.

1896

77. Moore WS, Boren C, Malone JM, et al: Natural history of nonstenotic asymptomatic ulcerative lesions of the carotid artery. Arch Surg 113:1352, 1978.
78. Moore WS, Hall AD: Ulcerated atheroma of the carotid artery: A cause of transient cerebral ischemia. Am J Surg 116:237, 1968.
79. Moore WS, Hall AD: Importance of emboli from carotid bifurcation in pathogenesis of cerebral ischemic attacks. Arch Surg 101:708, 1970.
80. Moore WS, Young B, Baker WH, et al: Surgical results: A justification of the surgeon selection process from the ACAS trial. J Vasc Surg 23:323, 1996.
81. North American Symptomatic Carotid Endarterectomy Trial Collaborators: Beneficial effect of carotid endarterectomy in symptomatic patients with high-grade carotid stenosis. N Engl J Med 325:445, 1991.
82. Panum PL: Experimentelle Beitrage zur Lehre von der Embolie. Virchows Arch (Pathol Anat) 25:308, 1862.
83. Paulson OB: Cerebral apoplexy (stroke) pathogenesis, pathophysiology, and therapy as illustrated by regional blood flow measurements in the brain. Stroke 2:327, 1971.
84. Quattlebaum JK Jr, Wade JS, Whiddon CM: Stroke associated with elongation and kinking of the carotid artery: Long-term follow-up. Ann Surg 177:572, 1973.
85. Roederer GO, Langlois YE, Jager KA, et al: The natural history of carotid arterial disease in asymptomatic patients with cervical bruits. Stroke 15:605, 1984.

86. Rothenberg SF, Corday E: Etiology of the transient cerebral stroke. JAMA 164:2005, 1957.
87. Russell RW, Cranstone WI: Ophthalmodynamometry in carotid artery disease. J Neurol Neurosurg Psychiatry 24:281, 1961.
88. Russell RWR: Observations on the retinal blood-vessels in monocular blindness. Lancet 2:1422, 1961.
89. Sacco RL, Wolf PA, Kannel WB, et al: Survival and recurrence following stroke in the Framingham study. Stroke 13:290, 1982.
90. Sarkari NBS, Holmes JM, Bickerstaff ER: Neurological manifestations associated with internal carotid loops and kinks in children. J Neurol Neurosurg Psychiatry 33:194, 1970.
91. Schneider RC, Lemmen LJ: Traumatic internal carotid artery thrombosis secondary to nonpenetrating injuries to the neck: A problem in the differential diagnosis of craniocerebral trauma. J Neurosurg 9:495,
1952.

92. Sheehan S, Bauer RB, Meyer JS: Vertebral artery compression in cervical spondylosis: Arteriographic demonstration during life of vertebral artery insufficiency due to rotation and extension of the neck.
Neurology (Minneap) 10:968, 1960.

93. Strully KJ, Hurwitt ES, Blankenberg HW: Thromboendarterectomy for thrombosis of the carotid artery in the neck. J Neurosurg 10:474, 1953.
94. Taylor TN, Davis PH, Torner JC, et al: Lifetime cost of stroke in the United States. Stroke 27:1459, 1996.
95. The Executive Committee for the Asymptomatic Carotid Atherosclerosis (ACAS) Study: Endarterectomy for asymptomatic carotid artery stenosis. JAMA 273:1421, 1995.
96. Thompson JE, Austin DJ, Patman RD: Carotid endarterectomy for cerebrovascular insufficiency: Long-term results in 592 patients followed up to thirteen years. Ann Surg 172:663, 1970.
97. Thompson JE, Patman RD: Endarterectomy for asymptomatic carotid bruits. Surg Digest 7:9, 1972.
98. Thompson JE, Patman RD, Talkington CM: Asymptomatic carotid bruit. Ann Surg 188:308, 1978.
99. Toole JF: The Willis Lecture: Transient ischemic attacks, scientific method, and new realities. Stroke 22:99–104, 1991.
100. Vitale JH, Pulos SM, Okada A, et al: Relationships of psychological dimensions to impairment in a population with cerebrovascular insufficiency. J Nerv Ment Dis 158:456, 1974.
101. Wallace DC: A study of the natural history of cerebral vascular disease. Med J Aust 1:90, 1967.
102. Weibel J, Fields WS: Tortuosity, coiling, and kinking of the internal carotid artery: I. Etiology and radiographic anatomy. Neurology (Minneap) 15:7, 1965.
103. Whisnant JP, Fitzgibbons JP, Kurland LT, et al: Natural history of stroke in Rochester, Minnesota, 1945 through 1954. Stroke 2:11, 1971.
104. Wiebers DO, Whisnant JP: In Warlow C, Morris PJ (eds): Transient Ischemic Attacks. New York, Marcel Dekker, 1982, p 8.
105. Wolfe PA, Kannel WB, McGee DL: Epidemiology of strokes in North America. Stroke 1:19, 1986.
106. Wolfe PA, O’Neal A, D’Agostino RV, et al: Declining mortality, not declining incidence of stroke: The Framingham Study. Stroke 20:29, 1989.
107. Zarins CK, Giddens DP, Bharadvaj BK, et al: Carotid bifurcation atherosclerosis: Quantitative correlation of plaque localization with flow velocity profiles and wall shear stress. J Circ Res 53:502, 1983.
108. The Casanova Study Group: Carotid surgery versus medical therapy in asymptomatic carotid stenosis. Stroke 22:1229, 1991.

1897

Chapter 136 - Diagnostic Evaluation and Medical Management of Patients with Ischemic Cerebrovascular Disease

KERSTIN BETTERMANN MD, PHD
JAMES F. TOOLE MD

ISCHEMIC STROKE

1
Cerebrovascular disease is the leading cause of disability in adults and the third leading cause of death in the United States. Worldwide it is the second leading cause of death.[ ] Yearly more than 750,000 patients in the United States and more than 15 million

2
3
patients globally are diagnosed with new or recurrent stroke.[ ] Because age is one of the major risk factors and the population segment of persons aged 65 years or older is rapidly growing, the stroke rate will dramatically increase.[ ] The number of stroke
4
patients, however, is probably even significantly higher, because many patients with transient ischemic attack (TIA) or stroke do not seek medical attention.[ ]

Approximately 20% to 30% of all ischemic infarcts are due to atherosclerotic changes of the major extracranial and intracranial cerebral blood vessels. Atherothrombotic plaque within these arteries can cause progressive stenosis resulting in turbulence,
diminished flow and pressure, or distal embolism, any of which can result in infarction. For example, if perfusion pressure falls below the threshold of collateral vasculature and compensation of central autoregulation, a narrowed internal carotid artery (ICA)
can become symptomatic.

Major risk factors for atherosclerosis include hypertension, diabetes mellitus, hyperlipidemia, obesity, and elevated homocysteine levels. Furthermore, coronary artery and peripheral vascular disease are markers of generalized atherosclerosis, as are sedentary
life style, inflammatory mediators, fibrinogen, genetic predisposition, and other, yet to be identified risk factors.

5
About 30% of all infarcts have a cardioembolic origin, estimated to reach close to 50% in patients younger than 40 years of age, of which congenital anomalies and atrial fibrillation are the most common. About 40% of acute strokes have no known cause.[ ]
Etiologies for stroke are listed for overview in Table 136–1 .

Occurrence of Ischemic Events

6 7 8

Awareness of TIA as a medical emergency in the general population is poor.[ ] [ ] [ ] Even in hospitalized patients, stroke and TIA are frequently missed or treatment is delayed due to seemingly benign phenomena, such as pure sensory symptoms,
dizziness, and unsteadiness or vague visual complaints. Patients with TIAs are frequently discharged from the emergency department without further diagnostic workup, other than a normal head computed tomographic (CT) scan, which places such persons at
increased risk to develop recurrent TIAs or infarction. Recurrence rate of infarction is estimated to be 4% to 8% within the first month, 12% to 13% at 1 year, and 24% to 29% after 5 years. The long-term risk following a TIA is 3% to 10% in 1 month, 10% to

9 10 11 12
14% after 1 year, and 25% to 40% after 5 years.[ ] [ ] [ ] [ ]

Extracranial Atherosclerosis and Ischemic Stroke

13] [14]
15
especially in symptomatic carotid artery stenosis.[ ] Therefore, appropriate candidates for endarterectomy need to be identified early to prevent recurrence of

The risk for patients with TIA due to extracranial occlusive disease is even greater,[
ischemic events.

16]
Almost all patients are asymptomatic when operated on; however, most have had a TIA in the past that brought them to medical attention. The proportion
[17]

In 1996 more than 130,000 carotid endarterectomies (CEAs) were performed in the United States.[

of patients operated who have never had symptoms with stenosis increased from 16% in 1990–1994 to 45% during 1995–2000.

[18]

for stroke prevention.

Yet, major controversy continues regarding the decision whether a person who has never had symptoms should undergo CEA

Patients with extracranial atherosclerotic disease come to medical attention because they have been found to have a carotid murmur that sometimes can be correlated to significant carotid stenosis by ultrasound, or because they were symptomatic from a stroke
or TIA. During an acute ischemic event it is important to clarify, if possible, whether the neurologic symptoms represent evolving infarct or TIA. It is crucial to localize symptoms and findings on neurologic examination to a specific vascular territory to
determine whether an ICA stenosis is the cause.
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TABLE 136-1 -- Etiology of Ischemic Stroke
Atherosclerosis
Vascular thrombus in extracranial vessels (CCA, ICA, vertebral arteries)
Intracranial atherosclerotic disease affecting large cerebral arteries
Intracranial microangiopathy (ischemic small-vessel disease)
Embolic stroke
Cardioembolic stroke
Arrhythmias, especially atrial fibrillation
Cardiac disease with low cardiac output and cardiac thrombus
Endocarditis
Patent foramen ovale ± aneurysm and paradoxical embolus
Atrial myxoma
Valvular disease
Arterioarterial emboli from vascular thrombus or aneurysm
Hemodynamic compromise with decrease in systemic blood pressure and cerebral perfusion
Hematologic diseases
Sickle cell anemia
Coagulopathy
Factor Leyden V deficiency and clotting disorders
Protein C and S deficiency
Lupus anticoagulant
Antiphospholipid syndrome
Paraneoplastic
Pregnancy
Polycythemia
Thrombocytosis
Vascular disease
Vasculitis
Connective tissue disease
Sjögren’s disease

Systemic lupus erythematosus
Wegener’s granulomatosis
Sneddon’s syndrome
Panarteritis nodosa
Churg-Strauss syndrome
Neuro-Behçet’s disease
Isolated CNS vasculitis
Takayashu’s disease
Moyamoya disease
Infections
Herpes simplex encephalitis
Neurosyphilis
HIV
Chagas’ disease
Neoplasms
Lymphoproliferative disease
Angioendotheliosis
Radiation induced
Toxin and drug induced
Cocaine
Amphetamines
Trauma
Dissection
Venous disease
Migraine and vasospasm
Metabolic disease
Mitochondrial disease
MELAS
MERF
Homocysteinemia
Others
Hereditary/degenerative diseases
Marfan syndrome
Fibromuscular vascular disease
Rendu-Weber-Osler syndrome
CADASIL and other inherited microangiopathies

Amyloid angiopathy
Dolichoectasia
CCA, common carotid artery; ICA, internal carotid artery; HIV, human immunodeficiency virus; MELAS, mitochondrial myopathy, encephalopathy, lactic acidosis and stroke-like episodes; MERF, familial mitochondrial encephalomyopathy; CADASIL,
cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy.

Classification of Cerebral Ischemic Events

Ischemic cerebrovascular events are defined as TIA, cerebral infarction with transient signs, or infarction with varying degrees of disability. These definitions rest purely on clinical assessment and the time course. Based on definitions formulated in the 1950s,

19]

any sudden focal neurologic event lasting less than 24 hours is termed TIA and has often been considered a relatively benign, nonfatal secondary clinical endpoint. Naturally the differential diagnosis of these transient ischemic events is quite broad.[

20 21

Neuroimaging modalities, especially brain magnetic resonance (MR) imaging with diffusion-weighted (DW) and perfusion-weighted (PW) imaging can identify subtle brain injury shortly after onset of ischemia.[ ] [ ] Ischemic brain injury on DW-MR
imaging done within 72 hours of the clinical event correlates well with event duration. DW-MR imaging demonstrates that brain injury is present in about 50% of patients with clinical symptoms lasting longer than 1 hour and in 70% of patients with events

22

23 24

lasting 12 to 24 hours.[ ] Therefore it is misleading to assume that TIAs are benign. Proposals for a newer definition of stroke versus TIA include findings on MR imaging,[ ] [ ] in addition to the traditional symptom-oriented ones. TIA is then defined
as a sudden focal neurologic event lasting at least 10 minutes, but less than 24 hours, without evidence of acute ischemic brain injury on DW-MR imaging consisting of acute onset of motor signs or sensory symptoms, language disturbance, blindness,

25] [26]

diplopia, ataxia, dysarthria, vertigo, confusion, or memory loss.[

As a general rule, patients presenting with signs and symptoms lasting longer than 1 hour very likely have nonreversible brain injury.

CLINICAL PRESENTATIONS
Based on history, neurologic examination, and neuroimaging studies, usually a cranial CT, the topography of stroke, classic stroke syndromes, and possible stroke etiologies can be identified. This is important in choosing effective preventive therapies and in
treating underlying medical problems. The following is an abbreviated approach to typical clinical presentations caused by infarcts in the distribution of major cerebral arteries or observed in typical stroke constellations. First and foremost, patients who
present with TIA should be hospitalized to undergo further diagnostic workup and appropriate therapy.
Internal Carotid Artery
Most ischemic strokes caused by extracranial vascular disease are due to atherosclerosis. Atherosclerotic vascular changes
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TABLE 136-2 -- Signs and Symptoms of ICA-Related Ischemic Events
VASCULAR TERRITORY
ICA

SYMPTOMS
Transient monocular visual changes lasting about 3–5 minutes and presenting as
Blindness

SIGNS
Amaurosis fugax
Rarely Horner’s syndrome

Blurry or foggy vision
Blind spots, colors, shapes
Tunnel vision
In only 10–15%, curtain-like blindness ascending or descending throughout visual field
Rarely headaches
MCA

Difficulties in comprehension or language production, difficulties performing motor tasks or calculations,
incoordination, numbness/tingling on one side of body, weakness in arm and leg

Aphasia, head and eye deviation toward lesion, apraxia, neglect, anosognosia, contralateral sensory deficit,
contralateral paresis, confusional states

ACA

Numbness/tingling on one side of body, weakness of leg more than arm, difficulties walking

Contralateral sensory deficit, contralateral paresis, apathy, mutism, reduced spontaneity, gait apraxia,
urinary incontinence

ICA, internal carotid artery; MCA, middle cerebral artery; ACA, anterior carotid artery.

are mainly observed at the carotid bifurcation, the siphon, at both locations (tandem lesion), or at the origin of the ophthalmic artery. Atherothrombotic plaque can induce brain infarcts by stenosis or occlusion resulting from perfusion failure, or it can cause
thromboembolic events. In younger patients infarcts are often caused by dissection of the ICA. In ICA dissections the vessel lumen usually remains patent although stenosed. Over time the clot may resorb, the false passage close, and normal flow be reestablished. Patients with acute dissections are placed on anticoagulation for 3 months to prevent emboli. However, the process of dissection may continue. Angioplasty with stent placement may be used to close the false vessel lumen. If the artery becomes
occluded, bypass surgery may become necessary.

If collateral blood flow, mainly via the external carotid artery, is inadequate, occlusion of the ICA can produce extensive infarction involving the territories of the anterior and medial cerebral artery, which represents about two thirds of one entire brain
hemisphere. This results in contralateral hemiparesis and hemisensory disturbance; bilateral visual hemifield loss (homonymous hemianopsia); and cortical findings, such as inability to talk (aphasia). Rapidly progressive ICA occlusion often presents with
headaches, Horner’s syndrome, and fluctuating neurologic symptoms of contralateral sensory dysfunction or paresis. These are often associated with arterial dissection. To avoid devastating infarction, preliminary warning signs ( Table 136–2 ) must be
recognized and patients be managed appropriately.

Middle Cerebral Artery

Infarction in the middle cerebral artery (MCA) territory is commonly caused by emboli that originate from the ipsilateral carotid artery, the aortic arch, or the heart. Large infarcts involving the entire MCA territory result in right or left hemispheric symptoms
and present with contralateral hemiparesis, hemianesthesia, as well as head and eye deviation toward the infarcted side. In most right-handed persons the left is the language dominant hemisphere. Strokes in the left MCA distribution therefore result in aphasias
and in a variety of neuropsychological symptoms depending on their topography, such as inability to execute complex motor tasks without the presence of weakness, incoordination, or sensory deficit (apraxia). Right hemispheric strokes are characterized by
neglect of stimuli presented to the left side, confusional states, or anosognosia (patient’s inability to perceive own bodily dysfunction).

Anterior Cerebral Artery

27]

Infarcts in the distribution of the anterior cerebral artery (ACA) are unusual and can be due to vasospasm following subarachnoid hemorrhage, arteriosclerosis, or emboli originating from the ICA or the heart.[
characterized by paresis and sensory disturbance of the contralateral lower extremity, urinary incontinence, apathy, mutism, reduced spontaneity, and inability to walk (gait apraxia).

The typical clinical presentation is

Posterior Cerebral Artery

Atherosclerosis of the posterior cerebral artery (PCA) is less common. Most infarcts in this territory are caused by emboli originating in the basilar and the vertebral arteries. About 10% to 15% of patients have a complete territory infarct, but most are
restricted to its branches. The complete territory infarct involves mesencephalon, thalamus, occipital, and temporal lobes. The main clinical presentation is a homonymous visual field cut. Some patients are conscious of the visual field cut, others describe blind
spots or blurred vision, and some patients are unaware of their visual impairment. Cortical blindness results from bilateral occipital infarcts. Some of these patients deny their blindness (Anton’s syndrome). Other PCA territory defects result in loss of reading
(alexia), recognizing faces (prosopagnosia), changes in color perception, confusional states, amnesia, and/or visual hallucinations.
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Vertebrobasilar Arteries
Most ischemic infarcts within the distribution of the posterior circulation are due to atherosclerotic disease. Other less common etiologies include aneurysms, causing emboli or local compression of cranial nerves or the brain stem, or dissections mainly
affecting the extracranial portion of the vertebral artery. Despite its connection with the anterior circulation via the circle of Willis, collateral blood supply is generally poor. Therefore acute occlusions of the vertebral or basilar arteries frequently result in
complete ischemic infarcts of the brain stem or cerebellum. Because of the brain stem anatomy, placing crucial structures tightly together, even small infarcts can result in dramatic and often life-threatening neurologic dysfunction.
Typical clinical presentations, indicating posterior brain stem ischemia, include “crossed findings” on neurologic examination, that is, ipsilateral cranial nerve palsy causing facial numbness and weakness on the side of the infarct and sensory symptoms and
weakness in extremities contralateral to the infarct due to long tract infarction. For example, the relatively common lateral medullary syndrome that is caused by an acute occlusion of the posterior inferior cerebellar artery, a branch of the vertebral artery, is
characterized by decreased or absent sensation for temperature and pain in the face ipsilateral, and on the half of the body contralateral, to the infarct. Vertigo, nausea, vomiting, imbalance, especially when presenting with double vision (diplopia), perioral
numbness, and hiccups are typical clinical findings in patients with acute posterior circulation ischemia and require emergent diagnostic workup and management.
Watershed Infarcts
Usually cerebral vessels compensate for systemic hypotension via autoregulation, resulting in maintenance of adequate cerebral perfusion pressure. If autoregulation fails, watershed infarcts can result. These occur typically in areas of critical cerebral perfusion

at the border of vascular territories localized between the ACA and MCA, and the MCA and PCA territories ( Fig. 136–1 ).
In watershed infarcts the lumen of the artery immediately supplying the territory is normal, but a greater than 80% proximal stenosis, usually of the ICA or very proximal intracranial arteries, causes a cerebral perfusion pressure deficit if systemic blood
pressure decreases too much. Extremely low blood pressures, or hypotension in concert

Figure 136-1 Diffusion-weighted brain MR imaging demonstrating acute right hemispheric watershed infarctions.

TABLE 136-3 -- Clinical Presentations of Watershed Infarcts
ACA/MCA WATERSHED INFARCT

MCA/PCA WATERSHED INFARCT

Contralateral sensory disturbance and hemiparesis of face and arm more than leg

Decreased sensation contralateral side of body

Hemiparesis

Sensory disturbance and hemiparesis contralaterally

Paresis of arm only

Aphasia (Wernicke type)

Aphasia (transcortical motor aphasia)

Hemineglect

Decreased level of consciousness

Homonymous quadrantanopsia

Seizures

Seizures

ACA, anterior carotid artery; MCA, middle cerebral artery; PCA, posterior carotid artery.
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Figure 136-2 Assessment of stroke acuity based on MR imaging. A, Patient with chronic infarctions showing as hyperintense signals on this T2-weighted MR imaging. Acute infarctions are not yet visible on this imaging sequence. B, Diffusion-weighted
brain MR imaging of the same patient. An acute infarction can be seen in the right occipital lobe. Old infarcts are no longer detectable.

Figure 136-3 Neuroultrasound in carotid artery disease. A and B, Color duplex of high-grade internal carotid artery stenosis demonstrating high-flow velocities and a significantly decreased residual vessel lumen within the area of stenosis. C, Transcranial
Doppler study (TCD) for microemboli detection. The TCD of the middle cerebral artery (MCA) shows a typical high-intensity transient signal within the otherwise normal spectral display of flow within the MCA indicating the presence of emboli.

Figure 136-3 Neuroultrasound in carotid artery disease. A and B, Color duplex of high-grade internal carotid artery stenosis demonstrating high-flow velocities and a significantly decreased residual vessel lumen within the area of stenosis. C, Transcranial
Doppler study (TCD) for microemboli detection. The TCD of the middle cerebral artery (MCA) shows a typical high-intensity transient signal within the otherwise normal spectral display of flow within the MCA indicating the presence of emboli.

Figure 136-4 Degree of carotid artery stenosis as measured in the North American Symptomatic Carotid Endarerectomy Trial (NASCET) and the European Carotid Surgery Trial (ECST). NASCET used the distal reference point, measuring the residual lumen
(A) in comparison to the normal distal internal carotid artery (ICA) lumen (B). ECST measured the residual ICA lumen (A) compared with the local estimated diameter of the carotid bulb (C). Local degree of stenosis = C – A/C. Distal degree of stenosis = B –
A/B. Degree of common carotid artery stenosis = D – A/D.

Figure 136-5 Evolution of acute brain infarct. The patient had sudden onset of left hemiplegia 2 hours prior to presentation to the emergency department. A, The initial head CT showed a dense right middle cerebral artery (MCA) but was otherwise
unremarkable. B, Head CT of same patient taken 12 hours after initial scan, showing large right MCA territory infarct.

TABLE 136-4 -- Checklist for Administration of t-PA for Thrombolysis in Acute Ischemic Stroke
CONTRAINDICATIONS

*

NO

YES

†

History
1. Only minor or rapidly improving neurologic symptoms

_____

_____

2. Clinical presentation worrisome for SAH

_____

_____

3. Pure sensory symptoms, pure ataxia or a motor score of 1 in NIHSS

_____

_____

4. Rapid improvement in neurologic status before initiation of t-PA

_____

_____

5. Concurrent serious medical illness

_____

_____

6. Seizure in the setting of symptom onset

_____

_____

7. Active systemic bleeding

_____

_____

8. Major surgery or trauma in last 14 days

_____

_____

9. Head trauma, intracranial surgery, or prior stroke in last 3 months

_____

_____

10. GI or urinary tract hemorrhage in last 21 days

_____

_____

11. Recent arterial puncture at noncompressible site

_____

_____

12. Recent lumbar puncture

_____

_____

13. History of cerebral vascular malformation

_____

_____

14. Any history of intracranial hemorrhage

_____

_____

15. Pericarditis after myocardial infarct

_____

_____

16. Pregnancy

_____

_____

1. Intracranial hemorrhage or SAH on brain scan

_____

_____

2. Sustained BP > 185/110 mm Hg or aggressive treatment to maintain BP within acceptable range

_____

_____

3. Abnormal serum glucose (<50 or >400 mg/dL)

_____

_____

4. Platelet count <100,000

_____

_____

5. Elevated aPTT

_____

_____

6. INR >1.5

_____

_____

7. ECG changes consistent with acute myocardial infarct

_____

_____

8. Positive drug screen

_____

_____

Laboratory

t-PA, tissue plasminogen activator; SAH, subarachnoid hemorrhage; NIHSS, National Institutes of Health Stroke Scale; GI, gastrointestinal; BP, blood pressure; aPTT, activated partial thromboplastin time; INR, International Normalized Ratio; ECG,
electrocardiogram.

* Eligibility criteria: (1) clinical diagnosis of acute ischemic stroke and onset time of symptoms within 3 hours of t-PA administration; (2) age 18 years or older.
† Any check in the “yes” column makes patient not eligible for t-PA.

Following the application of t-PA, patients need to stay in an intensive care unit for at least 24 hours for observation of respiration, coagulation, cardiovascular, and neurologic status. Patients should receive no food or fluids by mouth because many stroke

131]
After 24 hours a repeat head CT is performed to evaluate for development of intracranial hemorrhage or

patients have dysphagia and are at increased risk for aspiration, aspiration pneumonia, and acute respiratory distress syndrome following a stroke.[
cerebral edema,

TABLE 136-5 -- Management of Hypertension in Acute Stroke
1. Nitroprusside drip (0.5 mg/kg/min) for diastolic blood pressure >150 mm Hg
2. For systolic blood pressure >230 mm Hg or diastolic values 121–140 mm Hg, labetalol 20 mg intravenously over 1–2 minutes, which can be repeated every 10 minutes, up to a maximum of 150 mg
3. For systolic blood pressures between 180–230 mm Hg or diastolic blood pressures of 105–120 mm Hg on two readings 5–10 minutes apart, labetalol 10 mg intravenously over 1–2 minutes, which can be repeated every 10–20 minutes, up to maximum
dose of 150 mg.

potentially requiring acute neurosurgical intervention. If the CT scan does not show hemorrhage, severe cerebral edema, or hydrocephalus, especially in large ischemic infarcts, the patient can be triaged to an acute care stroke unit or to a regular stroke ward. If
indicated, systemic anticoagulation with intravenous heparin or antiplatelet therapy can be initiated at this point.

Management of Patients Presenting Beyond the t-PA Window

Most stroke patients present beyond the time frame for acute thrombolytic therapy, sometimes after weeks, following an acute ischemic event. Initially patients undergo head CT to screen for ischemic versus hemorrhagic infarct and to differentiate from other
sources causing sudden onset of neurologic symptoms, such as acute hemorrhage into undiagnosed central nervous system neoplasm. Basic laboratory studies, chest radiograph, and 12-lead electrocardiogram are done. A complete medical and neurologic
history and examination are performed, and patients receive the diagnostic workup described earlier.
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Clinical assessment is important to judge the severity of a stroke and the required level of medical care. Patients can be divided into those with mild, moderate and severe ischemic stroke. Patients with mild stroke can be admitted to a regular stroke unit bed,
with frequent neurologic checks every 4 hours within the first 24 hours, then every 8 hours, bedside swallowing evaluation by speech pathology or trained nursing staff, and initiation of bladder and bowel protocols. Moderate stroke patients need to be
admitted to a regular room or acute care of a stroke unit, depending on cardiovascular-respiratory status and level of consciousness. Patients should undergo vital sign and neurologic checks every 4 hours, screening for dysphagia, respiratory care, and deep
venous thrombosis prophylaxis and prophylaxis for gastrointestinal bleeding. Patients with severe stroke are admitted to the acute care stroke unit or to intensive care because they can have rapid mental status changes and develop cerebral edema, arrhythmia,
or other medical complications.

NEUROLOGIC COMPLICATIONS FOLLOWING ISCHEMIC STROKE
Cerebral edema can develop rapidly following large infarcts, especially within the first 24 to 48 hours, and can result in brain herniation. Early intervention is necessary and should be started when the patient is obtunded but can still be aroused. Patients are
treated with osmotherapy and hyperventilation on mechanical ventilators. The goal of hyperventilation is to maintain the PCO2 at 35 to 40 mm Hg. Hyperventilation induces alkalosis, resulting in vasoconstriction and decrease in cerebral perfusion. But

several hours after hyperventilation, metabolic compensation for respiratory alkalosis takes place, and continuation of hyperventilation in this situation might even increase intracranial pressure and decrease blood supply to the brain. Mannitol (20% solution)
is given intravenously with a bolus of 1 g/kg body weight with the goal to keep serum osmolality greater than 280 mOsm/L and often is kept in the 295- to 305-mOsm/L range. Mannitol acts as an osmotic diuretic, reducing brain volume by drawing free water
out of the tissue and into the circulation, where it is renally excreted. Repeat dosing can be given at 0.25 to 0.5 g/kg as needed, generally every 6 to 8 hours. If mannitol is initiated, blood pressure, serum sodium, serum osmolality, and renal function need to be

132] [133] [134] [135]
136] [137] [138]
and controversy exists regarding the benefit of osmotherapy and hyperventilation. [
The use of other osmotic agents,

closely monitored. All of these therapeutic measures, however, have only temporary effect,[

139]

steroids, barbiturates, or hypothermia is also controversial.[

Another risk of large ischemic infarcts is hemorrhagic transformation. Hemorrhages can consist of isolated petechial bleeds without relevance or can consist of confluent petechial hemorrhages involving more than one third of the infarcted brain tissue. These

140

] If major intracranial hemorrhages develop, early intubation and possible ventriculostomy are necessary.
hemorrhages can produce mass effect. There is evidence that hemorrhagic transformation is seen more frequently after cardioembolic stroke.[
Specific inhibition of t-PA is usually not indicated, due to the short half-life of thrombolytics. Warfarin can be antagonized emergently with fresh frozen plasma or within 6 to 12 hours with vitamin K. The use of protamine sulfate for reversal of systemic
anticoagulation with heparin is potentially complicated by bradycardia, hypotension, dyspnea, and anaphylactic reactions.

All stroke patients who are dysarthric or aphasic or have at least a moderate stroke should undergo a formal swallowing evaluation at the bedside and possible pharyngeal function study, if indicated. Patients who fail the swallowing evaluation require feeding
per nasogastric tube initially to avoid aspiration. If they fail a repeat study after several days, placement of a percutaneous endoscopic gastrostomy tube is usually indicated. Depending on their neurologic deficits, most patients need to be assessed early by

141]

physical and occupational therapists and should be evaluated for possible extended rehabilitation following the acute hospital stay. Early rehabilitation following stroke is essential for optimal neurologic recovery.[

PHARMACOLOGIC TREATMENT OF STROKE
Despite the high incidence, morbidity, and mortality rates of ischemic stroke, the overall available data on pharmacologic management, relying on clinical evidence derived from statistically powerful, prospective, randomized, multicenter trials, are scant.

[142] [143] Although general guidelines are available, specific indications for pharmacologic agents exist for only relatively few circumscribed clinical scenarios.
Systemic Anticoagulation with Intravenous Heparin
Currently, few indications for systemic anticoagulation in acute ischemic stroke remain ( Table 136–6 ). Even for part of these indications controversy continues because only limited study data exist. Guidelines for anticoagulation in acute stroke and for

144] [145] [146]

cardiac arrhythmia are published by several organizations.[

TABLE 136-6 -- Current Indications for Intravenous Heparin in Acute Ischemic Stroke
Cardioembolic stroke with high recurrence risk
Artificial heart valve
Atrial fibrillation
Cardiac disease with mural or left atrial thrombus
Vascular dissection
Coagulopathy

Protein C deficiency
Protein S deficiency
Activated protein C resistance
Factor Leyden V deficiency
Symptomatic high-grade extracranial and intracranial stenosis
Stroke-in-evolution, crescendo TIA
Sinus-venous thrombosis
Preoperative symptomatic internal carotid artery stenosis
TIA, transient ischemic attack.
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Anticoagulation with Subcutaneous Heparin

145] [146] [147]

Low-molecular-weight heparin in stroke patients prevents deep venous thrombosis and pulmonary edema. Several trials studied the effect of low-molecular-weight heparin given subcutaneously for prevention of recurrent ischemic stroke.[

[148] In summary the current data show no benefit of low-molecular-weight heparin or heparinoids for stroke prevention in acute ischemic infarcts. There are no data available regarding possible preventive effects of low- molecular-weight fractionated or
unfractionated heparin or heparinoids in patients with cardioembolic stroke or evolving stroke. The risk of systemic or cerebral hemorrhage was increased in patients receiving low-molecular-weight heparin.
Warfarin
Patients with cardioembolic stroke or TIA due to atrial fibrillation, mural or left atrial thrombus, artificial heart valve, patent foramen ovale with aneurysm, and coagulopathy need life-long anticoagulation. Patients with symptomatic extracranial dissection or

149

] demonstrated a significant reduction in stroke risk for patients with 50% to 99% intracranial stenosis on warfarin compared to aspirin. Although used in
sinus-venous thrombosis require temporary systemic anticoagulation. Data of the WASID study[
clinical practice for patients with severe extracranial disease who cannot undergo CEA, there are no data from randomized control trials to comment on the appropriateness of using warfarin in this clinical situation.
Antiplatelet Therapy
Treatment options with antiplatelet therapies include aspirin, dipyridamole, clopidogrel, and ticlopidine. Antiplatelet agents for stroke prevention are usually initiated after TIA or ischemic stroke, after CEA, or in patients with intracranial or extracranial
atherosclerosis.
Aspirin
Aspirin is the least expensive antiplatelet medication for stroke prevention and continues to be the first-choice antiplatelet agent of physicians for stroke prevention. Its mechanisms of action is irreversible inhibition of the platelet cyclooxygenase that lasts

150]

about 7 to 10 days and has a rapid onset of action—within 15 to 30 minutes.[

151]

The CAST study[

Aspirin decreases platelet aggregation but does not inhibit the proliferative response leading to atherosclerosis.

146]

showed a relative risk reduction of 12% for stroke and death within 4 weeks following acute stroke in patients receiving 160 mg of aspirin a day, compared to placebo. The placebo-controlled International Stroke Trial (IST)[

152]

demonstrated a small but significant reduction of early reinfarct rate within 2 weeks of ischemic stroke in the aspirin-treated group. The meta-analysis of both studies[
acute phase with doses of 160 to 300 mg of aspirin.

showed a relatively small absolute risk reduction rate for reinfarct and death in the

153]
demonstrated that aspirin can significantly reduce the risk of stroke, myocardial infarction, and vascular death. The relative risk reduction was 13% for
[154]

A meta-analysis of 10 studies examining the efficacy of aspirin for secondary stroke prevention[

vascular events, when comparing aspirin to placebo. The Aspirin and Carotid Endarterectomy (ACE) trial

showed that relatively low doses of aspirin at 81 and 325 mg daily had lower risk of vascular events than high doses of aspirin (650 and 1300 mg/

day). Major limitations of aspirin are due to gastrointestinal side effects that are less pronounced with smaller doses of aspirin. Overall aspirin is a relatively weak protective agent, and aspirin monotherapy might soon be replaced by combination therapy of
dipyridamole and aspirin or other agents.
Clopidogrel

155

]
Clopidogrel is relatively expensive antiplatelet agent. It irreversibly inhibits platelet aggregation. The main study examining its efficacy for stroke prevention was the Clopidogrel Versus Aspirin in Patients at Risk of Ischemic Events (CAPRIE) trial.[
Results of the CAPRIE study showed that clopidogrel was slightly more effective than aspirin in preventing ischemic stroke in patients with generalized atherosclerosis. Compared to aspirin, clopidogrel resulted only in an absolute stroke risk reduction of
0.5% in all study patients on clopidogrel. No significant preventive effect on ischemic infarct, myocardial infarct, or vascular death was observed in the study subpopulation of stroke patients. At this time clopidogrel monotherapy should be used for stroke
prevention in patients who cannot tolerate aspirin. The effect of the combination therapy of clopidogrel and aspirin versus aspirin monotherapy is currently investigated. Clopidogrel is an excellent add-on agent to aspirin for patients with coronary artery or
156]
Generally, in patients with generalized atherosclerosis, aspirin and clopidogrel combination therapy is therefore indicated.

peripheral vascular disease.[

Although there are not enough study data available to comment on this use, some authorities advocate a loading dose of 300 mg of clopidogrel in patients with crescendo TIA or stroke-in-evolution because an 80% platelet inhibition can already be observed

157]

after only 5 hours following its application.[
Dipyridamole

Dipyridamole reversibly inhibits platelet adhesion, and in combination with aspirin there is a synergistic antiplatelet effect by concomitant inhibition of platelet adhesion and aggregation.

158

] Dipyridamole monotherapy lowered the risk of stroke by 16%, and the combination
The European Stroke Prevention Study (ESPS) 2 analyzed the effect of dipyridamole, aspirin, and combination therapy of both medications compared with placebo.[
therapy of aspirin and dipyridamole reduced the stroke event rate by 37% over 2 years. Combination therapy with aspirin and dipyridamole therefore seems to be superior to aspirin monotherapy. Head-to-head comparison for secondary stroke prevention
comparing combination therapy of low-dose aspirin and dipyridamole with aspirin and clopidogrel are currently under way.
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Ticlopidine
Ticlopidine is an irreversible inhibitor of platelet aggregation. It is highly effective in preventing ischemic infarcts in patients with previous TIA or stroke with a relative risk reduction of 23% for stroke, myocardial infarct, and vascular death in the “intention

159]

to treat” analysis of the Canadian-American Ticlopidine Study (CATS).[

160]
demonstrated a 21% relative risk reduction for stroke and a 21% relative risk reduction for the combined endpoints of stroke

The Ticlopidine Aspirin Stroke Study (TASS)[

161

] showed that ticlopidine is significantly more effective in stroke prevention in patients without severe carotid artery stenosis than aspirin. However, it has the potential to induce neutropenia. Recently ticlopidine has
and death. A meta-analysis of this trial[
become a drug of second choice for stroke prevention due to its risk of agranulocytosis and the need for monitoring the neutrophil count.
Combination Therapy and Aspirin Failure
In patients with recurrent cerebral ischemic events that occurred while they were on aspirin or another antiplatelet agent, a different medication regimen is indicated. Therapeutic alternatives include changing to another antiplatelet agent or using combination
therapy of antiplatelet agents, such as aspirin and clopidogrel or aspirin and dipyridamole. In patients on aspirin, an increase of the dose might be beneficial because there is a genetically determined dose-dependent responsiveness to the drug. The
responsiveness to aspirin is also influenced by concurrent medical disease, individual metabolism, and drug interactions with other medications.

RISK FACTOR MODIFICATION
As holds true for secondary stroke prevention overall, it is essential to modify risk factors for atherosclerosis in patients with carotid artery stenosis. Thromboembolic disease of the carotid artery is frequently a marker for systemic atherosclerosis. Therefore,
the general principles for risk factor modification such as tobacco cessation or adequate treatment of hypertension, hyperlipidemia, diabetes mellitus, and high homocysteine levels should be followed in ischemic stroke patients. Many patients should probably

66]

be evaluated by a multidisciplinary team because they have significant morbidity and mortality from cardiac and peripheral vascular disease as well. In the ACAS,[
of 825 patients from stroke.

24 of 825 patients in the surgical arm of the study died from myocardial infarction, and 8

The severity of carotid artery stenosis is a predictor of cerebral and cardiac ischemic events and the presence of peripheral vascular disease. Because atherosclerosis is a generalized disease, intervention directed toward a carotid plaque or carotid artery stenosis
is a supplement to general medical management and modifications of underlying risk factors. Screening of patients for atherosclerosis could include measurement of the ankle-brachial index, intima media thickness, and plaque on ultrasound B-mode imaging,
measurement of arterial distensibility, emboli detection on TCD, and angiographic or transesophageal echocardiography-based evaluation of the aortic arch. In the near future advances in molecular genetics may help identify genes that can induce

162] [163]

susceptibility for atherosclerotic disease and ischemic stroke.[
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Chapter 137 - Anatomy and Angiographic Diagnosis of Extracranial and Intracranial Vascular Disease

LARRY-STUART DEUTSCH MD, CM, FRCPC, FACR

ARTERIAL ANATOMY: EXTRACRANIAL AND INTRACRANIAL VASCULAR SYSTEM

Aortic Arch and Its Branches
The surgical approach to the diagnosis and treatment of cerebrovascular disease requires an understanding of the vascular anatomy that begins with the aortic arch and ends with the principal intracranial arteries. The normal aortic arch curves smoothly upward
into the superior mediastinum, running from right to left and anterior to posterior, with its apex at approximately the mid-manubrium. It passes to the left of the trachea, arching over the pulmonary artery bifurcation and the left main stem bronchus, descending
to the left of the esophagus. The ligamentum arteriosum, the fibrous remnant of the fetal ductus arteriosus, tethers the concave undersurface of the aortic arch to the proximal left main pulmonary artery, attaching at a point usually just distal to the left
subclavian artery.
In approximately 95% of all individuals, the aortic arch gives rise to three major branches: the right brachiocephalic trunk (formerly designated the innominate artery), the left common carotid artery, and the left subclavian artery ( Fig. 137–1 ). One of the
most common variants is a common ostial origin of the brachiocephalic and left common carotid arteries, which occurs in approximately 10% of individuals and has been termed a bovine trunk because of its occurrence in that animal. However, a true trunk of
more than a few millimeters in length that then divides into the right brachiocephalic and left common carotid arteries is relatively rare. Origination of the left vertebral artery directly from the aorta proximal to the left subclavian artery is another common
anatomic variant, occurring in approximately 5% of individuals ( Fig. 137–2 ).
True anomalies of the aortic arch are actually rare, present in less than 2% of adults. Anomalies, such as double aortic arch; interrupted arch; right-sided arch, especially the mirror image branching form; and cervical arch, are often associated with complex
congenital heart disease. Symptoms caused by pressure on the trachea or esophagus often require surgical correction in neonates or children. Because routine surgical correction of such anomalies is relatively recent, few of these patients have reached an age
when they would be subject to the most common cerebrovascular disease, atherosclerosis. Indeed, even when
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Figure 137-1 A, An arch aortogram demonstrating the three primary branches of the aortic arch: the innominate artery, the left common (Com) carotid artery, and the left subclavian artery. B, Artist’s concept of an arch aortogram illustrating the three primary
branches of the aortic arch and their pertinent anatomic relationships.

Figure 137-2 Arch aortogram obtained using an arterial catheter inserted via the left subclavian artery. Visualization of the primary branches of the aortic arch demonstrates that the left vertebral artery originates from the arch between the left common carotid
and the left subclavian arteries.

Figure 137-3 A and B, An arch aortogram demonstrating the first branch of the aortic arch to be an isolated right common carotid artery. An aberrant right subclavian artery originates just distal to the left subclavian artery and courses posterior to all of the
other major branches of the aortic arch.

Figure 137-4 Artist’s concept of the relationships of the subclavian arteries and their primary branches. Sup, Superior; Int, Internal; Asc, Ascending; Ant, Anterior; Transv, Transverse; L, Left.

Figure 137-5 A selective injection of the left common carotid artery outlines the common carotid artery as it bifurcates into the internal and external carotid arteries within the mid-cervical region.

Figure 137-6 Artist’s concept of the distribution of the external carotid artery with its major branches visualized. Int, Internal; Sup, Superior; Post, Posterior; Asc, Ascending.

Figure 137-7 Anteroposterior (A) and lateral (B) views of an angiogram showing occlusion of the left internal carotid artery at its origin, with filling of the intracranial carotid system via collateral vessels providing retrograde flow in the ophthalmic artery.

Figure 137-8 A, Left carotid arteriogram, shown in a lateral projection, demonstrating a common anatomic variant, posterior cerebral artery originating directly from the internal carotid artery, also known as a fetal origin. B, Right carotid arteriogram
presented in a lateral projection and showing the terminal distribution into the anterior and middle cerebral branches. C, Anteroposterior projection of a left carotid arteriogram demonstrating filling of the anterior cerebral artery (ACA) in the midline and the
branches of the middle cerebral artery (MCA) in the lateral or parietal region.

Figure 137-9 Artist’s concept of the relationship of the vertebral arteries as they enter the root of the neck and ascend within the vertebral canal en route to joining at the brain stem to form the basilar artery. The significant cervical and cranial branches are
labeled. Post, Posterior; Int, Internal; Vert, Vertical; Sup, Superior; Ant inf, Anterior inferior.

Figure 137-10 A, Carotid angiogram showing occlusion of the external carotid artery at its origin, with collateral flow to the internal maxillary artery system via orbital collaterals (not shown). B, Vertebral angiogram showing collateral flow to the external
carotid artery system via anastomoses between deep muscular branches of the vertebral artery and the ascending pharyngeal artery and similar branches communicating with the occipital artery.

Figure 137-11 A, Thoracic aortogram showing total occlusion of both the right and left common carotid arteries. B, Selective injection of the right vertebral artery shows extensive collateral supply to the right external carotid artery via cervical branches of the
vertebral artery. These vessels are normally so small that they are not routinely visualized on angiography. The large size of the vessels indicates that the occlusion is chronic, as it takes weeks to months for such small vessels to dilate to their present size. The
intracranial portions of the right internal carotid artery fill via the posterior communicating artery, a key part of the circle of Willis. Although not documented by selective angiography, the collateral supply pattern is similar on the patient’s left side.

Figure 137-12 A, Vertebral-basilar arteriogram demonstrating the confluence of both vertebral arteries as they form the basilar artery running along the brain stem. Note that on the left side the basilar artery terminates in the posterior cerebral artery, but on the
right side the terminal branch is the right superior cerebellar artery. This occurred because the right posterior cerebral artery originated from the carotid artery in this patient. B, Artist’s concept of the relationship of the vertebral-basilar system to the brain
stem. All the major branches of the terminal vertebral arteries and the extent of the basilar arteries are named. Int, Internal; Post, Posterior; Ant, Anterior; Sup, Superior; Inf, Inferior.

Figure 137-13 Artist’s concept showing the relationship of the middle cerebral artery (MCA) to adjacent structures (the sylvian fissure has been exaggerated to emphasize that the MCA loops over the insula). 1, M1 (horizontal) segment. The “genu” is the
upward curve of the MCA branches into the sylvian fissure. 2, Lateral lenticulostriate arteries. 3, Sylvian fissure. 4, MCA branches within the depths of the sylvian fissure. 5, ACA. (From Osborn AG: Introduction to Cerebral Angiography. Hagerstown, Md,
Harper & Row, 1980.)

Figure 137-14 Artist’s concept showing the relationship of the anterior cerebral artery (ACA) to adjacent structures. 1, A1 (horizontal) segment. 2, ACA in front of lamina terminalis. 3, Orbitofrontal artery. 4, Frontopolar artery. 5, Callosomarginal artery. 6,
Pericallosal artery. (From Osborn AG: Introduction to Cerebral Angiography. Hagerstown, Md, Harper & Row, 1980.)

Figure 137-15 The classic intact circle of Willis forms a distribution manifold balancing the anterior (dark shading) inflow with the posterior (light shading) inflow; however, many variations occur, and the circle is often incomplete.

Figure 137-16 A, Normal isotope brain flow study showing filling of the internal carotid, anterior cerebral, and middle cerebral arteries. The relative paucity of flow to the facial regions is simply a reflection of preferential flow to the intracranial circulation.
B, Abnormal isotope brain flow study with no detectable flow in the area of the anterior or middle cerebral arteries, indicating ischemic brain death, associated with severe cerebral edema. Increased isotope activity in the facial regions represents increased
flow in the external carotid artery branches, which fill preferentially because there is no longer any significant flow to the intracranial vessels. (A and B, Courtesy of Felix Wang, MD, Nuclear Medicine Section, University of California, Irvine Medical Center,
Orange, Calif.)

Figure 137-17 Angiograms of a 30-year-old female patient with intracranial hemorrhage that was thought to be due to a ruptured aneurysm or arteriovenous malformation. The patient was on a respirator and being maintained in barbiturate coma to minimize
brain injury, which masked the occurrence of brain death. The angiogram shows no intracranial blood flow via right internal carotid artery (A), left internal carotid artery (B), or left vertebral artery (C). (A–C, Courtesy of David D. Kidney, MD, Vascular and
Interventional Radiology Section, University of California, Irvine Medical Center, Orange, Calif.)

Figure 137-18 Ultrasound examination of the carotid artery. A, Gray scale view of stenosis. B, Color-flow Doppler image of the same stenosis. C, Doppler flow velocity measurements used to grade the approximate severity of the stenosis. D, Power Doppler
image of the same stenosis. (A–D, Courtesy of Philips Medical Systems, Bothell, Wash.)

Figure 137-19 MR angiogram demonstrating the extracranial cerebrovascular systems from the level of the aortic arch to the proximal intracranial vessels. (Courtesy of Rosalind Dietrich, MD, Department of Radiology, University of California, San Diego,
San Diego, Calif.)

Figure 137-20 MR angiography images of a near-occlusive internal carotid artery stenosis. A employed conventional time-of-flight technique (three-dimensional [3D]-TOF) and required several minutes of data acquisition. B was acquired in less than 10
seconds using first-pass gadolinium intravenous contrast-enhanced technique. Although newer noncontrast pulse sequences and data processing methods enable faster imaging, contrast enhanced methods generally provide higher quality images and
substantially faster imaging than unenhanced methods. Surgery was performed without further diagnostic imaging. (A and B, Courtesy of William G. Bradley, Jr., MD, PhD, FACR, Professor and Chair, Department of Radiology, University of California, San
Diego, San Diego, Calif.)

Figure 137-21 A, CT angiogram showing normal cerebrovascular anatomy from the level of the aortic arch to the proximal intracranial vessels (note: anatomic variant—aortic arch origin of left vertebral artery). B, CT angiogram image of high-grade internal
carotid artery stenosis with bony landmarks. C, CT angiogram image of another high grade internal carotid artery stenosis with bony landmarks removed. (A–C, Courtesy of Vital Images, Inc., Plymouth, Minn.)

Figure 137-22 High-grade stenosis of the internal carotid artery and occlusion of the external carotid artery associated with a densely calcified plaque (arrowheads pointing left). The severity of the stenosis is indicated by a well-demarcated high-velocity jet
(arrowhead pointing right) created as the contrast flows through this tight narrowing. This jet is the visual analog of the high-velocity flow distal to a hemodynamically significant stenosis often encountered on ultrasound imaging. Angiography would have
been unnecessary in this setting had the referring surgeons been willing to operate on the basis of ultrasound findings.

Figure 137-23 Left anterior oblique (LAO) view (A) of high-grade ostial right internal carotid artery stenosis (arrowhead) that is not well visualized in the right anterior oblique (RAO) view (B) and could thus be easily underestimated on that view illustrating
the importance of multiple-view angiography.

Figure 137-24 Arch aortogram (subtraction film). The right vertebral artery (straight arrow) and left common carotid artery (open arrow) are both stenotic. The left vertebral artery (curved arrow) arises from the aorta and is also stenotic. A decreased pulse in
the left carotid artery was not recognized prior to this examination.

Figure 137-25 Digital angiography (DA) of the carotid artery. Because this is a nonsubtracted image, it is relatively immune to the sort of motion artifacts that can severely degrade a digital subtraction angiography (DSA) image. However, because it is also a
digital image, the DA image can be manipulated to enhance various details using the viewing station computer system, just like a DSA image. (Courtesy of Julius Grollman, MD, Little Company of Mary Hospital, Torrance, Calif.)

Figure 137-26 A and B, Digital subtraction angiography (DSA) showing an ulcerated plaque that narrows the proximal internal carotid artery. Owing to the lack of motion artifact, background subtraction is virtually complete. Although this shows the lesion
to advantage, it also makes orientation difficult. Reducing the degree of background subtraction in the same DSA image produces an image that contains useful background landmarks.

Figure 137-27 Left, Headhunter catheter—an advancement catheter. Right, Simmons’ sidewinder catheter—a withdrawal catheter.

Figure 137-28 A, Headhunter catheter advanced into the left common carotid artery. B, Simmons’ sidewinder catheter withdrawn into the left common carotid artery. Note that the angulation of this vessel would have made advancement catheterization with
the headhunter catheter difficult.

Figure 137-29 A, Simmons’ sidewinder catheter re-formed, with the left subclavian artery used as a pivot point. B, Catheter re-formed using a guide wire looped on the aortic valve to redirect the catheter tip. This maneuver should be done rapidly to avoid
prolapsing across the valve into the left ventricle. If prolapse occurs, the catheter is simply withdrawn and the maneuver repeated. Re-forming the catheter can also be done using the contralateral common iliac artery, the renal artery, or the superior mesenteric
artery, although such maneuvers are somewhat more difficult than those shown.

Figure 137-30 Marked tortuosity in this elderly patient makes selective catheterization of the internal carotid and vertebral arteries extremely difficult, requiring the use of a Simmons’ sidewinder III catheter to negotiate the reverse curves encountered en route
to the vessels. (Simmons’ catheters are designated as I to III depending on the length of the reverse direction segment, with III being the longest.)

Figure 137-31 Selective catheterization of the cerebral vessels can be accomplished from the right brachial approach using a withdrawal type of catheter (Simmons’ sidewinder II or III). A, The catheter is re-formed as usual, via the aortic valve (see also Fig.
137–29 ). B–D, The catheter can then be directed toward any of the cerebral vessels by a combination of catheter and guide wire manipulations. Selective catheterization of the vertebral arteries is more difficult than catheterization of the carotids, especially on
the left side. When selective catheterization of a vertebral artery cannot be accomplished, injection of radiographic contrast material in the adjacent subclavian artery using an occlusive pressure cuff on the ipsilateral arm will usually yield a diagnostic quality
angiogram.

Figure 137-32 A, Selective angiogram showing irregular shallow ulceration of the proximal internal carotid artery. B, CT angiogram showing similar irregular shallow ulcerations. (A and B, Courtesy of Philips Medical Systems, Bothell, Wash.)

Figure 137-33 Magnetic resonance angiography (MRA) of a patient with Takayasu’s arteritis showing a severe focal stenosis of the right brachiocephalic artery associated with occlusion of the adjacent right common carotid artery. (Courtesy of William G.
Bradley, Jr., MD, PhD, Department of Radiology, University of California, San Diego, San Diego, Calif.)

Figure 137-34 A, Occluded right middle cerebral artery visualized on early angiographic images in a young female patient with moyamoya disease. B, Classic “cloud of smoke” small-caliber collateral vessels reconstituting flow to the middle cerebral artery.
(A and B, Courtesy of Irwin Walot, MD, Los Angeles County Harbor-UCLA Medical Center Department of Radiology, University of California, Torrance, Calif.)

Figure 137-35 A, Early film from nonselective aortic arch angiogram showing a near-occlusive stenosis of the proximal left internal carotid artery with such slow flow that only a small segment of the vessel can be visualized (arrowhead). B, Late film from
the same angiogram showing slow flow and poor filling of the internal carotid artery segment (arrowheads) distal to the stenosis, the classic “string sign” indicative of an almost completely occlusive lesion. The apparent small size of the vessel is an artifact of
low-perfusion pressure; the actual size of the vessel cannot be accurately determined from the angiogram in the presence of this near-occlusive lesion.

Figure 137-36 A, Selective angiogram showing a very high-grade stenosis of the proximal internal carotid artery (arrowheads) with slow flow distal to the lesion, the mild form of an occlusive “string sign.” B, Similar mild form of the string sign accompanied
by significant ulceration proximal to the stenotic lesion (arrowheads). C, Another selective angiogram showing a near-occlusive stenosis on early images (arrowhead), and D shows delayed flow in the vessel distal to the lesion on a later image (arrowheads),
a more severe form of the string sign.

Figure 137-37 Occluded left common carotid artery with patent internal and external carotid branches. A, Arch aortogram, early film. The left common carotid is occluded (solid arrow). The left vertebral artery is outlined by open arrows. B, Arch aortogram,
delayed film (close-up view). The vertebral artery is again outlined by open arrows. The internal carotid (straight arrows) is filled via the external carotid. The chief collateral pathway is the superior thyroid artery (curved arrow).

Figure 137-38 A, Angiogram of the right internal carotid artery, showing a dissection resulting from motor vehicle trauma. In view of the fact that the contralateral internal carotid artery sustained a total occlusion during the accident as well as the relatively
inaccessible location of the lesion, which extended to the skull base behind the mandible, both operative and endovascular interventions were considered high-risk options. B, For that reason, the patient was anticoagulated and followed with serial CT
angiography examinations.

Figure 137-39 A, Massive hemothorax in a young male gunshot victim. B, Multilobulated pseudoaneurysm (black arrowheads) originating from traumatic disruption of the cephalad margin of the right subclavian artery (white arrow). C, Subclavian artery
effectively sealed by implantation of a covered stent endoprosthesis (Wallgraft) at a site where surgical access would have been difficult. (A–C, Courtesy of Sue Hanks, MD, Los Angeles County—USC Medical Center, Los Angeles, Calif.)

Figure 137-40 A, Young male gunshot victim treated by left subclavian artery ligation (small arrows) and carotid-to-subclavian bypass (broad arrows) at another hospital who subsequently developed a left carotid artery pseudoaneurysm (arrowheads). B,
Pseudoaneurysm of the left carotid was treated by implantation of a covered stent endoprosthesis (Wallgraft), as his medical condition had deteriorated to a point where conventional surgical repair presented an unacceptable level of risk. (Note that the left
subclavian artery is not visualized on current image filled via carotid-to-subclavian graft on later images of this angiogram). (A and B, Courtesy of Sue Hanks, MD, Los Angeles County—USC Medical Center, Los Angeles, Calif.)

Figure 137-41 A, Selective left common carotid angiogram of a young woman stabbed in the neck just below the base of the skull during a violent rape assault. The left common carotid artery is totally occluded, but there is no evidence of extravasation. B,
Selective right common carotid angiogram showing flow to right middle cerebral artery (MCA) as well as both right and left anterior carotid arteries. The flow “pseudo-occlusion” of the left MCA is caused by inflow of unopacified blood to the left MCA
arising from the posterior circulation. C, Selective left vertebral injection showing normal posterior circulation as well as supply to the left MCA. Demonstration of adequate flow from the contralateral and posterior circulations allowed safe ligation of the left
internal carotid artery just below the base of the skull rather than a difficult reconstruction. (Examination of the vessel at surgery showed it to be occluded by thrombus, presumably as the result of an intimal disruption associated with violent neck motion and
trauma to the vessel at the atlanto-occipital joint; no penetrating injury was found.)

Figure 137-42 A, Nonselective aortic arch angiogram in patient with a gunshot wound, which was initially interpreted as showing no definite evidence of a major vascular injury despite the presence of a large right superior mediastinal soft tissue density
indicating the presence of a large hematoma (arrows). (Note that the aberrant right subclavian artery is a normal anatomic variant.) B, Film subtraction of the same angiogram revealing partial transection of the right common carotid artery (arrow). Although,
in retrospect, this lesion may indeed have been seen on the unsubtracted angiogram, the allowance made for radiographic shadows of underlying bony structures effectively desensitized the examiner, precluding detection of this highly significant injury. C,
Unsubtracted magnification view of the same area makes the injury (arrow) far more obvious, as does magnification film subtraction (D). (A–D, Courtesy of Irwin Walot, MD, Department of Radiology, Los Angeles County Harbor-UCLA Medical Center,
University of California, Torrance, Calif.)

Figure 137-43 A, Arch aortogram showing apparent absence of the left common carotid artery. B, Late film from arch aortogram showing retrograde collateral filling of the left common carotid artery. C, Selective left common carotid angiogram
demonstrating precise location of injury (stab wound) and unequivocal extravasation.

Figure 137-44 A, Preoperative left common carotid angiogram showing multiple diaphragm-like stenoses of fibromuscular dysplasia. B, Intraoperative completion angiogram following two attempts at dilation using rigid dilators, documenting the presence of
residual stenoses and irregularities. C, Preoperative right common carotid angiogram documenting similar lesions. D, Intraoperative completion angiogram following dilation using transluminal balloon angioplasty catheter, showing no significant residual
stenoses.

Figure 137-45 A, Left carotid angiogram showing high-grade stenosis in the proximal internal carotid artery, which recurred after two prior carotid endarterectomies. B, Angiogram following balloon catheter angioplasty and deployment of a self-expanding
stent (Wallstent).
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Carotid endarterectomy (CEA) has been proven efficacious for both symptomatic and asymptomatic internal carotid artery (ICA) stenosis,[ ] [ ] [ ] [ ] and carotid stents[ ] are also showing some promise. The need for accurate, safe screening and

6
diagnosis of carotid bifurcation disease has become even more important. Concepts once thought to be unassailable, such as pre-endarterectomy contrast angiography, are now being challenged.[ ] Yet, a multitude of diagnostic tests, combinations of tests,
diagnostic algorithms, and opinions may leave the student of vascular diseases bewildered and frustrated.
HISTORY OF NONINVASIVE TESTING

7
A complete history of the development of ultrasound technologies for cerebrovascular diagnosis was documented by Strandness in 1993.[ ] The clinical use of ultrasound for vascular diagnosis began in the mid-1960s when a continuous-wave Doppler device
7

was developed at the University of Washington and subsequently marketed as the Dopotone.[ ] The device had a single transducer connected to a speaker to produce an audible output of the detected frequency shift, representing the presence or absence of
blood flow. With some experience, the user could subjectively estimate the quality of the received signal as normal or abnormal. However, listeners could not be sure of the vessel they were interrogating since any vessel within the path of the ultrasound signal

7
could be heard. An objective analog display was lacking and the direction of flow was unable to be determined. These obstacles were overcome by workers at the University of Washington[ ] when changes in the direction of flow were recognized as positive
and negative Doppler frequency shifts, which could be separated electronically. Twenty-five years later, the inability to detect flow direction seems inconceivable, but

1958

the use of this pulsed Doppler technique allowed the study of complex flow patterns, such as the pattern seen at the carotid bulb, which ultimately had clinical diagnostic implications.

8

Early clinical use of the Doppler flowmeter was suggested by Brockenbrough.[ ] Through a sequence of maneuvers, the periorbital Doppler examination evaluated the direction of flow in branches of the ophthalmic artery (OA) and collateral vessels to
predict ICA stenosis. Unfortunately, this simple, inexpensive test did not prove reliable enough for all users. The fundamental principle was sound, however, and forms the basis of today’s transcranial Doppler (TCD) examinations.
To gain widespread acceptance, two additional innovations were needed for the advancement of ultrasound for clinical use. The first was a successful means to convert Doppler frequency shifts to an analog form, fast Fourier transform spectral analysis; and
the second was successful imaging of the vascular system with B-mode or gray-scale ultrasound, which forms the basis of the modern duplex scanner. Many technical electronic modifications followed that improved the image, Doppler ultrasound quality, and
reproducibility of testing, while clinicians defined diagnostic criteria and expanded indications for its use.
The next significant advance came in the late 1970s with the development of color-flow imaging. Though the addition of color by itself does not add to the accuracy of diagnostic criteria, it does function as an aid in defining complex flow patterns. Tortuous
vessels, flow disturbances, and even routine examinations are facilitated today by real-time color-flow patterns within the vessel under investigation. The present-day duplex scanner is built on 40 years of technical innovations and clinical experience that
followed each innovation.

9 10

9

Ocular pneumoplethysmography (OPG) is another noninvasive test developed in the 1970s to indirectly diagnose carotid artery stenosis. Two different OPG methods have been used.[ ] [ ] Kartchner and associates[ ] developed a method, later known as
OPG-Kartchner, to detect the arrival of the pulse wave in the eye. A stenosis on one side would introduce a delay in the arrival of the pulse wave. Using fluid-filled eye cups held in place with 40 to 50 mm Hg of suction and photodetectors on each earlobe, a

9
delay in the arrival of one pulse wave compared to the contralateral eye would indicate a unilateral stenosis of 70% or more. A delay in both eyes compared to the earlobes would indicate a bilateral stenosis. Though initial studies were promising,[ ] this
method fell out of use, suffering from the inaccuracies inherent in any indirect test.
10

The second method, OPG-Gee, was also developed around the same time but used an entirely different methodology.[ ] This method measured the OA pressure by applying sustained pressure to fluid-filled eyecups. The OPG-Gee test was abnormal if a
difference in OA pressure of 5 mm Hg or more between the eyes was observed, if the pressure difference was between 1 and 4 mm Hg and the ratio of the OA pressure to the brachial pressure was less than 0.66, or if the pressures in each eye were equal and

11]

the ratio was less than 0.6. This indirect test also showed excellent results[

and was used commonly for screening and as a monitor during carotid surgery. However, OPG-Gee also suffered from the inadequacies of indirect testing and was replaced by

duplex scanning in routine clinical practice.
Other minimally invasive techniques also have been used that improved the diagnosis of extracranial carotid disease, such as intravenous digital subtraction angiography (IVDSA). Because IVDSA avoided an arterial puncture and outpatient examinations (at a
time when intra-arterial angiography still necessitated a hospital admission), there were lower costs and no risk of arterial complications. Initial interest waned, however, because of large contrast loads and unsatisfactory images in a substantial number of

12]

patients.[

More recent techniques of IVDSA have superior images; however, the reliability and low cost of duplex scanning have supplanted the need for IVDSA.

13

14]
have been examined as additional methods to evaluate the carotid system. CTA requires contrast

Other minimally invasive techniques using spiral or helical computed tomographic angiography (CTA)[ ] or magnetic resonance angiography (MRA)[
injection, whereas MRA may be performed with or without non-ionic contrast agents, as discussed later in this chapter.

DUPLEX SCANNING
Equipment
A pivotal improvement to cerebrovascular diagnosis is the modern duplex scanner, which produces gray-scale images, velocity spectral analysis, and color-flow images. A bare minimum modern ultrasound system consists of a color monitor, a computer
processor to manage the huge volume of data and calculations generated by scanning, and ultrasound transducers of different frequencies. Although most ultrasound systems automatically preset the system settings to optimize performance based on the
selected transducer and test to be performed, adjustments may be made to the pulse repetition frequency, gain, and power depending on circumstances. The transducer’s transmitting frequency may vary from 2.5 to 12.0 MHz, with the lower frequencies
allowing greater tissue penetration. For cerebrovascular examinations, usually a 5.0- or 7.5-MHz frequency is selected.

15
Strandness[ ] listed the essential system elements for cerebrovascular duplex as (1) high-resolution images; (2) a small Doppler sample volume, about 3 mm3 at an operating range of 25 mm, to permit sampling in four sites across the vessel; (3) real-time
spectral analysis that permits a display from −3 kHz to +7 kHz; (4) hard copy output for image and spectral analysis; (5) automatic display of the angle of incidence of the Doppler ultrasound beam; and (6) conversion of frequency to angle-adjusted velocity.

Technique

A thorough understanding of the anatomy of the carotid artery system (see Chapter 137 ) as well as Doppler physics (see Chapter 16 ), hemodynamics, and physiology and physiology (see Chapter 9 ) is necessary before beginning a duplex scan. With the
examiner at the head, patients should be positioned supine with their head turned away from the side
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being examined. The examination should include both longitudinal and transverse views throughout. Scanning with the 5.0- or 7.5-MHz transducer should begin low in the neck with the common carotid artery (CCA) and proceed distally to the carotid bulb,
external carotid artery (ECA), and ICA. Each step in the examination sequence should be carried out in the same fashion each time to be sure no step is left out. At each level, the spectral velocity analysis, color-flow pattern, and gray-scale image are analyzed.
After completion of the carotid system examination, the transducer is rocked posteriorly to look for the vertebral artery (VA). Direction of flow and velocity in this vessel should be recorded. The examination is then repeated on the opposite side.
The color-flow pattern simplifies the examination and may help identify suspicious areas. The presence of a jet, a focal color change indicating very high velocities, can identify an area of stenosis to be interrogated with Doppler spectral analysis. A color
change indicating reversed flow at the end of systole is normal in the CCA, ECA, and ICA bulb, but more pronounced color changes or a “mosaic” of colors may indicate turbulence in the region of a stenosis. In the vertebral system, reversal of flow may
indicate a pathologic obstruction of the subclavian artery. Sometimes turbulence created by a stenosis may produce a color bruit as tissue adjacent to the artery reverberates and creates pixels of color (indicating movement) outside the vessel.

16

The location of plaque should be noted, but estimates of the degree of stenosis based on the gray-scale image should be avoided. Advances in technology may eventually improve our ability to estimate stenosis from images alone. Beebe and coauthors,[ ] in
a prospective comparison of ultrasound images to angiography, showed a positive predictive value (PPV) of 94% with stenoses of 70% to 99%. In the CCA, significant plaque may occasionally be identified, but agreement regarding diagnostic criteria in the
vessel is lacking. At the opposite end of the vessel, it is also important to identify the distal end of the plaque in the ICA to be sure that the lesion is completely surgically accessible, particularly if CEA is to be performed without angiography.

A search for ulcerations should be performed. Sometimes these are more easily seen with gray-scale imaging (without color). The ability to see ulcerations, however, is variable, and many authors have pointed out that duplex scanning is not a reliable method.

17 18
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Overall detection rates range in the 50th to 60th percentile compared to surgical specimens,[ ] [ ] and color-flow imaging has not improved on this.[ ] However, Comerota and colleagues[ ] suggested that ulcerations may be more reliably detected
when the degree of stenosis is less than 50%. In their experience, ulcers that were missed by both duplex scanning as well as angiography were more likely to be accompanying significant stenoses and have little impact on clinical decision making. The

17] [18]

absence of ulceration on duplex scans[

19]

or arteriography[

does not mean that an ulcer does not exist.

Additionally, during duplex scanning, the plaque characteristics (hard, calcific plaque, soft, hemorrhagic plaque, or heterogeneous plaque [which has elements of both]) should also be noted. Calcific plaque may prevent the transmission of ultrasound, creating

20] [21] [22]

shadowing artifacts. Some surgeons think that plaque hemorrhage (producing soft plaque) places the patient at risk for stroke and that this finding should be considered when selecting patients for CEA.[

Considerable variability may exist

23
between examiners describing plaque morphology[ ] ; however, these findings should be interpreted with caution and validated within individual laboratories.
Although each of these aspects is important during the cerebrovascular duplex examination, the most important aspect of diagnosis is the spectral analysis. The B-mode or color image serves to direct the placement of the Doppler for sampling. Multiple
samples from the midstream of the vessel being interrogated should routinely be obtained. The angle of incidence of the ultrasound beam should be kept at 60 degrees or less. Any subsequent scans should be performed at the same angle. Spectral analysis
should first be obtained low in the CCA and in its mid and distal portions, in the ECA, through the carotid bulb, and throughout the ICA. Specific parameters to be recorded include peak systolic velocity (PSV), end diastolic velocity (EDV), the ratio of the
PSV in the ICA and CCA (PSV ICA/CCA), and the ratio of the EDV in the ICA and CCA (EDV ICA/CCA). Obviously, any areas suspicious for stenosis on the basis of the color pattern should be thoroughly investigated. The spectral profile in the CCA
typically demonstrates a mix of the low-resistance pattern seen in the ICA (flow through diastole) and the high-resistance pattern (no flow during diastole) of the ECA ( Fig. 138–1 ). A high-resistance profile in the CCA may be the first clue to an ICA
occlusion. As noted earlier, a brief flow reversal in the carotid bulb is a normal finding. In addition, there is a narrow spectrum of velocities in undiseased vessels known as a spectral window (see Fig. 138–1 ). Stenosis within the bulb and ICA produces
turbulence that diminishes or obliterates the window with spectral broadening, one of the earlier signs of stenosis. Spectral broadening can also be artificially generated if the sample volume is too large or the sample is too close to the vessel wall (as opposed
to midstream sample) or in tortuous vessels. In addition, if the gain is too high, the spectral window will be obliterated with artificially elevated velocities. The gain should be set to a minimal but discernable amount of background noise.
Diagnostic Criteria

15]
24 25
or Zwiebel ( Table 138–1 ).[ ] [ ] Zwiebel indicated that more precise categorization of the degree of

Various criteria have been developed for the duplex diagnosis of carotid artery disease, but the two most commonly used are those from Strandness[

24]
15
26
Strandness[ ] reported a sensitivity of 99% and a specificity of 84%; Bandyk and coworkers[ ] reported 96% accuracy using these
[27] [28] [29] [30] [31] [32]

stenosis by duplex ultrasound was possible with the use of systolic and diastolic velocities as well as velocity ratios.[

criteria to detect stenosis greater than 50%, with 97% accuracy in the detection of occlusion. However, it is important that these criteria are validated in the individual vascular laboratory.

Whether the same ultrasound system is

28 30
27
used in different laboratories[ ] [ ] or if the same personnel use different systems,[ ] it is clear that variations can be seen,
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Figure 138-1 Normal fast Fourier transform FFT spectral analysis patterns seen in the common (CCA) (A), external (ECA) (B), and internal (ICA) carotid arteries (C). The ECA demonstrates minimal flow during diastole, indicating a high-resistance
peripheral vascular bed, and a prominent dicrotic notch. The ICA supplies the low-resistance bed in the brain and demonstrates flow throughout diastole. The CCA demonstrates a mix of the patterns from the ICA and ECA. Note the absence of signals below
the peak velocities recorded in the ICA, an area known as the spectral window.

TABLE 138-1 -- Criteria for Duplex Diagnosis of ICA Stenosis

15]

25]

STRANDNESS CRITERIA[

ZWIEBEL CRITERIA[

Stenosis, %
Normal

Characteristics
PSV < 125 cm/sec

Stenosis, %
0

Characteristics
PSV < 110 cm/sec

No SB

EDV < 40 cm/sec

Flow reversal in bulb

PSV ICA/CCA < 1.8
EDV ICA/CCA < 2.4
SB < 30 cm/sec

1–15

PSV < 125 cm/sec

1–39

PSV < 110 cm/sec

No or minimal SB

EDV < 40 cm/sec

Flow reversal in bulb absent

PSV ICA/CCA < 1.8
EDV ICA/CCA < 2.4

SB < 40 cm/sec
16–49

PSV > 125 cm/sec

40–59

Marked SB

PSV < 130 cm/sec
EDV < 40 cm/sec
PSV ICA/CCA < 1.8
EDV ICA/CCA < 2.4
SB < 40 cm/sec

50–79

PSV > 125 cm/sec

60–79

EDV < 140 cm/sec

PSV > 130 cm/sec
EDV > 40 cm/sec
PSV ICA/CCA > 1.8
EDV ICA/CCA > 2.4
SB > 40 cm/sec

80–99

PSV > 125 cm/sec

80–99

EDV > 140 cm/sec

PSV > 250 cm/sec
EDV > 100 cm/sec
PSV ICA/CCA > 3.7
EDV ICA/CCA > 5.5
SB > 80 cm/sec

Occlusion

No flow

Occlusion

No flow

SB, spectral broadening; PSV, peak systolic velocity; EDV, end-diastolic velocity; ICA, internal carotid artery; CCA, common carotid artery.

37]

specificity of 99% (for stenosis > 70%). These authors used ultrasound-derived diameter reduction or a segmental velocity increase of more than 20% rather than the criteria listed in Table 138–2 .[

when planning surgery, requires conventional angiography.

Additional evaluation of vertebral lesions, particularly

[40]

Special modification of the standard criteria is necessary in the presence of a contralateral severe stenosis (>70%) or complete occlusion. In this situation, flow through the ipsilateral carotid system is increased to compensate for the contralateral flow

41

obstruction. van Everdingen and coworkers[ ] measured volume flow in the ICA of symptomatic patients with MRA flow quantification. Those with high flow (2 SD greater than the mean of controls, equivalent to > 274 mL/min) had an increase in the PSV
(statistically significant correlation coefficient of 0.75), compared with volume flow in the control group where flow was significantly increased in vessels with up to 69% stenosis when the contralateral ICA had a greater than
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Figure 138-2 Abnormal carotid duplex with elevated peak systolic velocity of 309 cm/sec and diastolic velocity of 128 cm/sec consistent with 50% to 79% stenosis by Strandness criteria.

36]

TABLE 138-2 -- Criteria for Duplex Diagnosis of Vertebral Artery Stenosis[
HEMODYNAMIC ASSESSMENT

DOPPLER SIGNAL QUALITY

SYSTOLIC VELOCITY

Strong

Good

>40 cm/sec

Normal

Good

20–40 cm/sec

Moderately damped

Fair, systolic damping

12–20 cm/sec

Severely damped

Poor, nearly absent

<12 cm/sec

Occlusion

Absent

0

Subclavian steal

Fair to good, blood pressure cuff on ipsilateral arm reverses flow

Reversed

45]
45
were acceptable, but new PSV ICA/CCA ratios were unreliable (see Table 138–4 ). For 50% to 79% stenosis, the criteria of Fujitani and coworkers[ ] and the

conditions (see Table 138–4 ). Their results with the criteria of Fujitani and coworkers[

46]

authors’ new criteria [

46]

94%. [

were comparable with 97% accuracy with high sensitivity, specificity, and predictive values (see Table 138–4 ). For 80% to 99% stenosis, both criteria were good, with a slight edge in accuracy to the criteria of AbuRahma: 96% vs.

46]

included both hemodynamically significant stenosis and occlusion in contrast to Fujitani and colleagues,[

46]

or Fujitani[

AbuRahma and coworkers[

Adoption of the criteria of AbuRahma[

45]
who only included occlusions. The former approach may actually have greater clinical applicability.

45]

is recommended, but individual laboratories should correlate their results, as emphasized earlier.

47]
Since large-scale clinical trials of CEA have shown the benefit of the procedure in both
[29] [48] [49] [50] [51] [52] [53] [54]

Another application that has prompted modifications to the standard diagnostic criteria is the desire to correlate duplex scanning with major clinical trials.[

1 2
3
symptomatic patients[ ] [ ] with greater than 70% ICA stenosis and asymptomatic patients[ ] with greater than 60% stenosis, several authors have tried to correlate duplex with these results.
[1]

The European Carotid

2
and North American Symptomatic Carotid Endarterectomy Trial (NASCET)[ ] studies, which concluded that CEA was effective for symptomatic patients with ICA stenosis ≥ 70%, used different measurements of angiographic

Surgery Trialist (ECST)
stenosis. The NASCET measured the residual lumen at the point of maximal stenosis within the ICA with reference to the normal distal ICA beyond the bulb. The ECST study measured the same residual lumen of the ICA compared to the estimated diameter

3
of the carotid bulb. The same stenosis measured by the NASCET method would produce a more severe stenosis than the ECST method. The Asymptomatic Carotid Atherosclerosis Study (ACAS)[ ] of CEA in asymptomatic patients used the same
measurement technique as NASCET. Thus, these randomized trials used cutoff values that were different than the widely used duplex diagnostic criteria (see Table 138–1 ).
51]

To reconcile these differences, Moneta and coworkers[

reviewed 184 patent ICAs that were scanned within 1 week of angiography, with the degree of stenosis measured by the NASCET method. Though they measured several criteria,
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TABLE 138-3 -- Criteria for Diagnosis of ICA Stenosis with Contralateral Severe Stenosis or Occlusion
CRITERIA

15]

Normal

45]

Strandness [

STENOSIS, %

46]

Fujitani et al[

46]

AbuRahma et al[

Carotid Ratios[

PSV < 125 cm/sec

PSV < 125 cm/sec

PSV < 125 cm/sec

PSV < 125 cm/sec

No SB

No SB

No SB

No SB

PSV < 125 cm/sec

PSV < 125 cm/sec

PSV < 125 cm/sec

ICA/CCA PSV < 1.5

No or minimal SB

Minimal SB

Minimal SB

PSV > 125 cm/sec

PSV > 125 cm/sec

PSV < 140 cm/sec

Marked SB

EDV < 155 cm/sec

EDV < 140 cm/sec

Flow reversal in bulb
1–15

Flow reversal in bulb absent
16–49

ICA/CCA PSV < 1.5

Minimal SB
50–79

PSV > 125 cm/sec

PSV > 140 cm/sec

PSV ≥ 140 cm/sec

ICA/CCA PSV ≥ 1.5

EDV < 140 cm/sec

EDV < 155 cm/sec

EDV < 140 cm/sec

EDV < 100 cm/sec

Marked SB
80–99

PSV > 125 cm/sec

PSV > 140 cm/sec

PSV > 140 cm/sec

ICA/CCA PSV ≥ 1.8

EDV > 140 cm/sec

EDV > 155 cm/sec

EDV > 140 cm/sec

EDV > 100 cm/sec

No flow

No flow

Marked SB
Occlusion

No flow

No flow

SB, spectral broadening; PSV, peak systolic velocity; EDV, end-diastolic velocity; CCA, common carotid artery; ICA, internal carotid artery.
Modified from Ricci MA: The changing role of duplex scan in the management of carotid bifurcation disease and endarterectomy. Semin Vasc Surg 11:3–11, 1998.

TABLE 138-4 -- Accuracy of Modified Duplex Diagnostic Criteria with Contralateral Severe Stenosis or Occlusion
ACCURACY,
%

SENSITIVITY,
%

SPECIFICITY,
%

PPV, %

NPV, %

Fujitani: PSV > 140 cm/sec, EDV < 155 cm/sec

71

84

70

28

97

Fujitani: PSV > 140 cm/sec, EDV < 155 cm/sec

97

99

98

98

95

Strandness: PSV > 125 cm/sec, EDV < 140 cm/sec

83

100

56

78

100

AbuRahma: PSV ≥ 140 cm/sec, EDV < 100 cm/sec

97

97

98

99

95

Ratios: ICA/CCA ≥ 1.5, EDV < 100 cm/sec

76

96

44

73

86

AUTHOR

CRITERIA

50–79% Stenosis

45]

Fujitani[

46]

AbuRahma[

80–99% Stenosis

45]

Fujitani[

46]

AbuRahma[

Fujitani: PSV > 140 cm/sec, EDV > 155 cm/sec

96

91

97

89

98

Fujitani: PSV > 140 cm/sec, EDV > 155 cm/sec

94

96

92

92

96

Strandness: PSV > 125 cm/sec, EDV > 140 cm/sec

76

100

53

68

100

AbuRahma: PSV > 140 cm/sec, EDV > 140 cm/sec

96

100

92

92

100

Ratios: ICA/CCA ≥ 1.8, EDV > 100 cm/sec

71

96

47

64

92

Fujitani

74

97

57

62

96

Fujitani

92

88

100

100

83

Strandness

74

100

33

71

100

AbuRahma

97

96

100

100

94

Ratios

77

100

40

73

100

All >50% Stenosis

45]

Fujitani[

PSV, peak systolic velocity; PPV, positive predictive value; NPV, negative predictive value; EDV, end-diastolic velocity; ICA, internal carotid artery; CCA, common carotid artery.
Modified from Ricci MA: The changing role of duplex scan in the management of carotid bifurcation disease and endarterectomy. Semin Vasc Surg 11:3–11, 1998.
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the maximum accuracy to determine 70% to 99% ICA stenosis was 88% accurate with PSV ≥ 325 cm/sec or ICA/CCA ≥ 4.0. Of these, they recommended the use of the ICA/CCA ≥ 4.0 as the best predictor of 70% to 99% angiographic stenosis because of the

50]

greater sensitivity (91% vs. 83%). Faught and coworkers[

used a PSV ≥130 cm/sec and EDV ≥100 cm/sec and found 95% accuracy in detecting 70% to 99% ICA stenosis with those criteria in a retrospective review of 770 carotid bifurcations. They

[48]

29

52

Neale and coworkers[ ] used another set of criteria (PSV ≥ 270 cm/sec and EDV ≥ 110 cm/sec) and found an accuracy of 93% and sensitivity of 96%. AbuRahma and coinvestigators[ ] detected
validated these criteria in a prospective study as well.
70% to 99% stenosis by using a PSV ≥ 150 cm/sec and an EDV of ≥ 90 cm/sec. They had an accuracy of 92%, a PPV of 91%, and a negative predictive value of 92%. Since each of these investigations reported excellent results, the decision is left to individual
vascular laboratories to select and, as noted earlier, internally validate criteria. However, these criteria are not a replacement for standard diagnostic criteria but are merely a supplement to aid clinical decision making. Care must be exercised to not “mix and
match” criteria but to use a standardized approach validated in individual laboratories.

49

To determine criteria that might best predict greater than 60% ICA stenosis, Moneta and coworkers[ ] evaluated 352 carotid bifurcations and found that a PSV ≥260cm/sec and an EDV ≥70cm/sec together were the best predictors because of the highest
overall accuracy (90%), sensitivity (84%), and specificity (94%). However, if they turned the question around and first asked which criteria would produce a PPV of 95%, a different result was found. In that case, a PSV ≥290cm/sec and an EDV ≥80cm/sec

52]
used a PSV greater than 150cm/sec and an EDV of greater than 65cm/sec to detect greater than 60% ICA stenosis with 90% accuracy (PPV of 96%). Remember,

produced a PPV of 95%, but with lower sensitivity (78%). AbuRahma and coworkers[
however, that internal validation is most important.
Indications for Cerebrovascular Duplex

The following generally accepted indications for cerebrovascular duplex examinations have been established:

55]

1. Cervical bruit in asymptomatic patient[

55]

2. Amaurosis fugax[

55]

3. Focal transient ischemic attacks[

55]

4. Cerebrovascular accident in a potential candidate for CEA[

15] [55] [56] [57]

5. Follow-up of known stenoses (>20%) in asymptomatic patient[

15] [55] [57] [58] [59] [60] [61]

6. Follow-up after CEA[

62] [63]

7. Intraoperative assessment of CEA[

15] [64] [65]

8. CEA without arteriography[

55]

9. Drop attacks (rare indications) [

15]

Several of these indications merit further discussion. Strandness[

has made recommendations for follow-up of known stenoses that are asymptomatic (or lesions contralateral to an operated side). For patients who have less than 50% stenosis, a follow-up

15] [57]

duplex scan at yearly intervals is adequate. For those with moderate stenosis of 50% to 79%, a surveillance scan every 6 months is appropriate, though progression to more than 80% stenosis may prompt consideration for CEA.[

58] [59]

Historically, vascular surgeons have followed up CEA results with regular duplex scans. However, extended follow-up examinations may not be necessary or cost-effective. Restenosis after CEA is uncommon, occurring in 10% or less of all cases.[

[60] Coe and associates[58] found that only 15% of 88 CEAs had restenosis of more than 50%, with symptoms in two patients. Only 7.9% of 449 patients developed severe restenosis in the study by Ricotta and colleagues,[60] and 1.1% developed
[59]

symptoms. Mackey and associates

reviewed 1053 postoperative duplex scans on 348 carotid arteries in 258 patients with an average follow-up of 52.6 ± 2.3 months. Only 56 arteries (16.1%) developed a restenosis greater than 50%. Of these, 46.4%

57] [59] [61]

occurred within 3 years of surgery, with 41% developing more than 5 years postoperatively. Thus, many authors recommended a single postoperative study, at 6 to 12 months after surgery,[

60]

whereas Ricotta and associates[

suggested a

15
single study 1 to 2 months postoperatively. Strandness also recommended a single postoperative study at 3 months.[ ] Thus, routine postoperative surveillance at 3- to 6-month intervals no longer seems warranted in the absence of a specific indication, such
as contralateral stenosis.

61] [62] [63] [66]
Surgeons performing such examinations should have the requisite ultrasound skills to perform and interpret the intraoperative

Investigators have suggested that intraoperative assessment of CEA may reduce the likelihood of restenosis.[

67]

examination.[
0.001).

62]

Baker and coworkers[

found that 17% of patients who had abnormal completion duplex scans had no corrective action taken and developed restenoses (>75%) compared to 4.3% of patients who had normal post-CEA duplex scans (P <

66

The importance of intraoperative completion duplex scanning was demonstrated by the clinical outcomes seen by Kinney and associates.[ ] These authors prospectively studied 461 CEAs and correlated the results of intraoperative assessment by ultrasound,
arteriography, and/or clinical inspection with stroke as the endpoint. The CEA site was assessed by duplex scan alone in 142 cases, by duplex scan and arteriography in 268 cases, or by clinical inspection alone in 51 cases. Based on these intraoperative
assessments, 5.6% of CEAs were revised. Perioperative morbidity was similar in cases with normal, mildly abnormal, or no duplex: 6 strokes (1.3%), 12 transient neurologic deficits (2.6%), and 6 deaths (1.3 %). However, the postoperative development of
greater than 50% ICA stenosis or occlusion was increased (P < .007) in patients with residual duplex abnormalities or when no duplex was performed. In those patients with late restenosis or occlusion, the risk of stroke was increased (3/35) compared with
patients without restenosis (3/426; P = .00016). Additionally, when a normal intraoperative duplex examination was obtained, patients had a significantly lower rate of late ipsilateral stroke compared with the other patients (P = .04). Other authors found that

61] [63]

intraoperative correction of abnormal duplex results prevented late stenosis.[

These studies indicate

1964

that intraoperative duplex scanning is an effective means to detect abnormalities and prevent late restenosis as well as stroke in the long-term after CEA.
The performance of CEA without angiography has also enhanced the importance of duplex scanning. As the reliability and reproducibility of duplex scanning increased, it became apparent that the duplex scan could provide all the information the surgeon

64] [68]
68
Ricotta and associates[ ] found that arteriography in patients with hemispheric symptoms did not add to the management of two thirds of their patients. In a

needed to plan the operation, without the risks of arteriography, particularly stroke.[

69]

retrospective review of 83 patients, Dawson and coworkers[

found that clinical presentation and duplex findings were adequate for management in 87%. In the remaining 13%, arteriography was needed for those that had technically inadequate duplex

70]

scans, an atypical disease pattern, or an ICA stenosis less than 50%. A subsequent prospective study by this group revealed that arteriography affected clinical management in only 1 (1%) of 94 cases.[

64]

Moore and coworkers[

also prospectively evaluated 85 patients with duplex scans and arteriograms. Duplex correctly characterized 159 (93.5%) of 170 carotid arteries; hemodynamically significant stenosis was determined correctly by duplex scans in

65]

100%. These authors then performed 32 CEAs in 29 patients without angiography, confirming the duplex-predicted lesion in every case. No perioperative strokes occurred. Kuntz and coworkers[
duplex scanning as the sole preoperative test compared to angiography (6.35% vs. 7.12%).

actually demonstrated a lower 5-year risk of stroke with

The two major questions that must be addressed when performing CEA without preoperative arteriography are (1) whether the accuracy of carotid duplex is comparable to arteriography and (2) whether arteriography, with its risks, and costs, can be safely

6 15 67 71

eliminated? Surgeons planning CEA without arteriography should be well versed in the interpretation and pitfalls of carotid duplex scanning.[ ] [ ] [ ] [ ] Our policy at the University of Vermont is that the surgeon must be present during the scan
(even if it needs to be repeated) or must review videotapes personally. Only vascular laboratories that have adequate, regular quality assurance programs and proven track records should attempt to use duplex as the sole preoperative test before CEA.

Eliminating arteriography, which carries a risk of stroke between 1% and 6%, reduces the overall risk of treatment for carotid stenosis. However, the possibility of a proximal source for emboli should be remembered, since the aortic arch or CCA in the chest
is a blind spot for duplex scanning. In addition, duplex scans cannot detect carotid siphon stenosis, intracranial aneurysms, or a brain tumor, which could be a source of hemispheric symptoms. Fortunately, carotid siphon disease is unlikely the source of

15] [72]
Likewise, intracranial aneurysms can be seen in 1% to 2% of patients undergoing arteriography, but most are small and are unlikely to be affected
[64]

symptoms, and a stenosis there does not impact significantly on the clinical decision to perform CEA.[

73]

by CEA.[

Finally, advanced cerebral imaging techniques make concern about occult brain tumors less relevant.

6 70 71
CEA without arteriography can be safely performed if the following criteria are met[ ] [ ] [ ] :
1.
2.
3.
4.
5.

The vascular laboratory duplex accuracy is known (ongoing quality assurance).
The duplex scan is technically adequate.
Vascular anomalies, kinks, or loops are not present.
The CCA is free of significant disease.
The distal ICA is free of significant disease (i.e., localized to the carotid bifurcation).

69] [70]
In addition, when bilateral disease is present following CEA of the symptomatic or more severe side, repeat duplex is essential
[75]

Potential pitfalls include patients with recurrent stenosis, nonhemispheric symptoms, or ICA stenosis of less than 50%.[

43] [74]

because of the possibility of changes in classification, as discussed earlier.[

These postoperative changes may also be more pronounced in the presence of a stenotic VA.

76] [77]
Carotid duplex following trauma is a difficult examination in the face of edema, hematoma,
[77]

One final area that should be addressed for carotid duplex scanning is diagnosis and screening for blunt and penetrating wounds to the carotid artery.[

uncooperative patients, and the bustling activity around a multitrauma patient. Only experienced examiners and interpreters should attempt this. Davis and coworkers

suggested that duplex scanning should be the primary screening modality for suspected

76
carotid injury and dissection. In a prospective evaluation, Fry and colleagues[ ] studied carotid duplex scanning after blunt and penetrating cervical trauma. Fifteen patients had a duplex scan followed by arteriography. Of these, 11 patients had a region of
interest in zone II and four in zone III. Duplex scan correctly identified the single injury demonstrated by arteriography and correctly identified the remaining 14 normal studies. These investigators then performed duplex scans for the next 85 patients, but
arteriography was performed only when the duplex scan was abnormal. In this group, 62 patients had potential injuries in zone II and the remainder in zone III. Seven arterial injuries identified by duplex scan were confirmed by arteriography. The remaining
76 patients with normal duplex scans had no sequelae for up to 3 weeks postdischarge. Savings of $1252 per case accrued when carotid duplex was used instead of arteriography. The potential benefits of duplex scanning in this difficult situation are
comparable to the benefits seen when duplex scanning is used in the management of atherosclerotic carotid artery disease.

TRANSCRANIAL DOPPLER EXAMINATION
Since the early 1980s, TCD has been used as an inexpensive, noninvasive diagnostic tool to evaluate the hemodynamics of the intracranial arteries. Originally, studies were performed using a low-frequency 2-MHz-range gated pulsed nonimaging Doppler

78]
Later, the addition of high-resolution imaging, particularly color flow-imaging, spectral analysis, and

probe coupled with an analog output to display positive and/or negative frequency shifts and audio generator.[

1965

80]

TABLE 138-5 -- Normal Velocity, Depth, and Direction of TCD Measured Blood Flow[
WINDOW
Transtemporal

ARTERY

MEAN VELOCITY, cm/sec

DEPTH, mm

FLOW DIRECTION

MCA

62 ± 12

40–50

Toward

ACA

50 ± 12

65–75

Away

PCA

42 ± 10

60–70

P1 toward, P2 away

Transorbital

Transforaminal

Submandibular

Terminal ICA

39 ± 9

55–65

Toward

ICA siphon

42 ± 11

60–80

Bidirectional

Ophthalmic

21 ± 5

46–55

Toward

Vertebral

36 ± 10

60–70

Away

Basilar

39 ± 10

80–100

Away

Extracranial ICA

Variable

50

Away

TCD, transcranial Doppler; MCA, middle cerebral artery; ACA, anterior cerebral artery; PCA, posterior cerebral artery; ICA, internal carotid artery.

power Doppler, added greatly to the performance and accuracy of TCD.

TCD studies are performed to detect intracranial stenotic lesions, occlusions, assessment of vasospasm, and the associated complex flow patterns in the presence of collateralization. The quality of TCD examinations is based, in large part, on the sonographer’s
level of experience and confidence performing the examination. The significant attenuation of the ultrasound beam as it travels through the temporal bone is a technical factor that can affect the quality of TCD studies. Despite the relative thinness of the

79]

temporal bone, approximately 10% of all patients scanned may have inaccessible vessels because of increased bone density and inner table thickness.[

Intracranial vessels are accessed via four standard windows of the skull: transtemporal, transorbital, suboccipital, and submandibular. Anatomic landmarks assist in identifying vessels, whereas color-flow duplex aids in accurate sampling of the vessels.

80

Accurate identification is dependent on several factors: the window used, the vessel/sample volume depth, the direction of flow related to the probe, and the relative flow velocities ( Table 138–5 ).[ ] In a normal patient, the direction of flow in any given
vessel remains a constant; however, when scanning via the transtemporal window the display of the complete circle of Willis and contralateral flow may also be seen. This may be confusing because contralateral flows are color coded and spectrally displayed
opposite to the conventional pattern. Traditionally antegrade flow is displayed above the baseline, represents flow toward the probe, and is conventionally coded red, whereas retrograde flow is displayed below the baseline, represents flow away from the
probe, and is coded blue. In general, cerebral flows decrease from anterior to posterior:

Unlike extracranial carotid studies, vessel walls are not adequately seen during TCD examinations; thus, mean velocities (MVs) obtained assume 0-degree Doppler angle. Fortunately, most intracranial vessels lie in an axial plane relative to the ultrasound
beam. The MV or time-averaged velocity is automatically calculated via spectral analysis and refers to all velocity values over one cardiac cycle. Mean flows are useful because they have less individual variability as compared to peak systolic or end-diastolic

81]

values.[

Technique
TCD examinations begin with the patient placed in a supine position. A 2- to 3-MHz phased-array pulsed Doppler transducer is placed over the temporal bone above the zygomatic arch with the orientation mark of the probe directed to the face. Proper
orientation of the image places the ipsilateral hemisphere at the top of the screen and the contralateral hemisphere at the bottom, with anterior circulation displayed on the left and posterior circulation on the right. It is important to begin by positively
identifying the midline by locating one of several landmarks: the contralateral bony wall, the falx, a thin linear and highly reflective interface, or the mesencephalon or peduncles (a heart-shaped hypoechoic structure). Midline identification is crucial because
relative vessel depths change as a result of midline shifts.
Using a transtemporal window and gray-scale imaging, the bright bony landmarks of the lesser wing of the sphenoid and petrous ridge are used as a guide to locate the MCA. This location is also used frequently as a reference for finding the ACA, terminal
ICA, and PCA. Color flow is then used to define the vessel, and Doppler information is gathered by “walking” through the vessel, a methodical and thorough sampling at incremental depths. A small sample volume of 3.5 mm is used and, depending on the
vessel length, at least one sample is taken at a specific depth. The highest MV is recorded. Evaluation of the “prebranching” or M1 segment of the MCA begins in the proximal portion, just beyond the terminal ICA, with additional sampling in the mid and
distal vessel. Flow is normally directed toward the transducer. One additional sample is taken in the “postbranching” or M2 segment where the smaller vessels are seen coursing away from the transducer.
The terminal ICA is identified by angling the transducer inferiorly from the proximal M1 segment. The foramen lacerum is used as a bony landmark, and bright reflections are seen completely surrounding the vessel. With slight

1966

rotation of the probe, color flow defines a cane-shaped vessel that has essentially an antegrade flow but may display ambiguous color due to tortuosity.
Identification of the ACA is made by slightly angling the transducer in an anterior and superior direction from the MCA. This locates the bifurcation of the MCA/ACA with characteristic bidirectional flow pattern and aids in identifying the ACA, which
courses toward the midline and away from the transducer. This vessel has a precommunicating or A1 horizontal segment and a postcommunicating or A2 segment, with the A1 segments of each hemisphere connected via the anterior communicating artery
(ACoA).
From the MCA reference, angling the transducer posteriorly and inferiorly allows an evaluation of the PCA. The PCA is divided into two segments and is named relative to the junction with the posterior communication artery (PCoA). Because the PCA wraps
around the mesencephalic brain stem or cerebral peduncles, the precommunicating or P1 segment is directed toward the transducer, with the postcommunicating or P2 segment directed away from the transducer.
The transorbital window allows the ultrasound beam to pass through the globe of the eye, optic canal, and the superior orbital fissure for evaluation of the OA, and the carotid siphon, the cavernous portion of the intracranial ICA. The probe orientation marker
is placed facing the midline, and gel is placed over the closed eyelid. Patients are asked to look inferiorly and toward their nose because this helps to identify the optic canal and nerve. Angling the transducer medially, the OA is visualized as it courses in a
medial-to-lateral direction, and a sample is taken to a depth of 4 to 5cm, where no other intracranial vessels lie. Flow is normally directed toward the transducer; however, in the presence of ipsilateral ICA occlusion, direction of flow may be reversed. When
evaluating the OA, lower acoustic power output is used. Unlike the 100% acoustic output required to penetrate the bony vault, low attenuation of the beam through the orbit and thin orbital plate allows minimizing the output to approximately 10%, limiting
ultrasound exposure to the eye.
Maintaining the same probe position, the sample volume depth is increased to evaluate the carotid siphon. Evaluation of the carotid siphon reveals flow both toward and away from the transducer. Because of the tortuosity of the siphon, flow in the parasellar
segment is toward the transducer, bidirectional in the “genu segment” and directed away from the transducer in the supraclinoid segment.
VA and BAs are evaluated via the suboccipital window. With the patient’s head slightly flexed, the transducer is placed at the base of the occipital bone with the ultrasound beam directed toward the bridge of the nose. The ultrasound beam passes through the
foramen magnum, and both VAs will be seen coursing over the transverse processes of the atlas and atlanto-occipital joint. These vessels converge to form the BA, which may be tortuous and is often deviated toward the dominant side, with flows directed
away from the probe.
The submandibular window allows for evaluation of the distal extracranial ICA. The ICA and ECA are seen as an inverted-V configuration, with Doppler flows away from the probe. The value obtained in this segment of the ICA is compared with the MCA

82]

velocity to obtain the hemispheric index (HI), a velocity ratio used in the assessment of vasospasm.[
Diagnostic Criteria

80

Interpretation of TCD findings is based on direction of flow, MVs, spectral information, waveform configuration, and pulsatility index (PI) (see Table 138–5 ).[ ] Identification of a hemodynamically significant stenosis is based on the fundamentals of
Doppler arterial assessment, including a focally elevated (mean) velocity with comparison of the pre-stenotic segment, post-stenotic turbulence, and a distally dampened waveform. Specific to TCD studies, a hemodynamically significant stenosis is identified

83]

based on an MV elevation of more than 80cm/sec in adjacent vessel segments, a greater than 30cm/sec differential compared to the contralateral side, and a drop in PI.[
be present.

Asymmetry of hemispheric flow patterns and musical murmurs or vibrations may also

Positive identification of an intracranial occlusion is a more difficult task. Absent Doppler and color-flow data from specific depths within the vessel is highly suspicious. In the presence of a technically adequate study (meaning all other ipsilateral vessels
were adequately seen and interrogated), this would be consistent with an occlusion. Verification should be done via the same window on the contralateral side, and in the presence of an occlusion, compensatory flow increases and/or reversals may be present
provided the anterior and posterior communicating arteries are patent.

Pulsatility is used to describe the configuration of a waveform using degree of variability in the velocities during a cardiac cycle. Differences between the peak systolic and end-diastolic values are used, and the closer the two values are, the lower the
pulsatility, and conversely the greater the difference, the higher the pulsatility. The Gosling PI is used to quantify the waveform by calculating the difference between the maximum and minimum velocities divided by the mean flow velocity over one cardiac

84] [85]

cycle. Normal PI values are from 0.5 to 1.1 due to the low resistance of the brain with constant forward flow during diastole.[

82] [84]

Vasospasm is a condition that may be detected by TCD, such as when it accompanies subarachnoid hemorrhage following intracerebral aneurysm rupture.[

[82] [85]

138–6 ).

TCD evaluation is based primarily on MVs and the HI, the MCA/ICA velocity ratio ( Table

Vasospasm can occur in other cerebral arteries and can be complicated by coexisting

82][85]

TABLE 138-6 -- TCD Velocities Within MCA Representing Vasospasm[
MEAN MCA VELOCITY, cm/sec

MCA/ICA VELOCITY RATIO

<120

<3

INTERPRETATION
No evidence of vasospasm

>120

3–4

Mild vasospasm

120–200

4–6

Moderate vasospasm

>200

>6

Severe vasospasm

MCA, middle cerebral artery; TCD, transcranial Doppler; ICA, internal carotid artery.
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86] [87] [88]

proximal disease, increased ICP, and mass effect.[

89]

Vasospasm most often occurs between 2 and 17 days, with maximum severity between 7 to 12 days.[

Patients are generally followed every other day with TCD examinations starting with

84]

the first postevent or postoperative day. If evidence of vasospasm is detected or if there is a clinical change in the patient’s condition, TCD exams will be performed every day.[

Indications

2

A TCD examination is a valuable tool in assessing the presence of stenosis in the intracranial vessels, which is the cause of about 10% of ischemic strokes in the United States.[ ] The most common sites of stenosis occurring in the intracranial arteries are the
carotid siphon, terminal ICA bifurcation, which is the origin of the MCA and ACA, M1 segment of the MCA, proximal VAs, distal BAs and the origin of the PCA. It has also been suggested that TCD should be used to follow symptomatic MCA stenoses, of

90] [91]

which 32% may progress.[

92 93

94

95]

TCD examinations have been used to monitor microembolic events during surgical procedures[ ] [ ] or to assess collateral flow during CEA.[ ] These microemboli may result in cognitive impairment or silent strokes.[
monitoring with TCD is informative, the application of this technology does not yet have a demonstrated role in preventing microemboli or changing the clinical outcome.

However, although

Patients afflicted with sickle cell anemia possess a significant threat for stroke by 20 years of age. The source for most of these events is the large vessels of the circle of Willis, specifically the terminal ICA, MCA, and ACA. Children normally exhibit higher
MVs in the MCA (130 to 170cm/sec). Those who exhibited MVs greater than 200 cm/sec revealed a significantly increased risk for stroke of 40% within the next 3 years. Thus, TCD may be an important means to monitor these patients, focusing on velocity

96]

trends in their anterior intracranial vessels.[

97]
:

The American Academy of Neurology has reported the established value of TCD for the following clinical situations[
1.
2.
3.
4.

Detecting severe stenosis (>65%) in the major basal intracranial arteries
Assessing patterns and extent of collateral circulation in patients with known regions of severe stenosis or occlusion
Evaluation and follow-up of patients with cerebral vasoconstriction of any cause, especially after subarachnoid hemorrhage
Detecting arteriovenous malformations and studying their supply arteries and flow patterns

98]

5. Assessing patients with suspected brain death [

97]
:

In addition, the American Academy of Neurology notes that several areas are under investigation but not yet established[
1.
2.
3.
4.
5.

Assessing patients with migraine
Monitoring during surgical procedures
Evaluating patients with dilated vasculopathies such as fusiform aneurysms
Assessing pharmacologic responses of cerebral arteries
Evaluating children with vasculopathies, such as sickle cell anemia, moyamoya disease, and neurofibromatosis

Pitfalls and Limitations
TCD requires an experienced examiner, perhaps even more than other noninvasive Doppler examinations. Thorough understanding of anatomy, principles of imaging, and optimization of the ultrasound system all factor into the quality of the examination.

99] [100]
100]
The most common variation is a hypoplastic or tortuous ACA, which occurs in approximately 25% of the population.[
[99]

Anatomical variants may occur that may mislead the examiner. Only 18% to 54% of people have a normal circle of Willis.[

The PCA is usually the terminal branch of the BA, but 15% to 40% of the population have an origin from the terminal ICA or MCA, deriving flow entirely from that vessel.

[99] [100] [101]

branching of the MCA, and a hypoplastic VA associated with a tortuous BA.

Other common variants include an absent anterior communicating artery, early

As noted earlier, particularly in light of anatomic variants, occlusion of intracranial vessels can be difficult to diagnose.

As noted previously for extracranial carotid duplex examinations, there is some need to validate results in individual laboratories. The normal TCD velocities are, in fact, a range of velocities and are subject to variability in equipment but also in individual

86] [102] [103]

patients due to age, hypertension, and several other factors.[

Owing to the combination of all of these factors, TCD studies may present challenges to even the most experienced sonographer.

COMPUTED TOMOGRAPHIC ANGIOGRAPHY
Spiral or helical CTA allows the acquisition of images from a large volume of tissue in a short time as the system continuously moves the patient while rotating the x-ray tube within the gantry. This technique may allow better vascular images to be generated
than conventional CT because the speed of data acquisition allows scanning to be completed with higher levels of circulating contrast material. Postprocessing of images with volume-rendering methods (maximal intensity projection [MIP]) and three-

13] [104] [105]
CTA has the advantage of minimal patient discomfort, low radiation doses, a brief examination time with low operator dependence, good

dimensional (3D) reconstructions allows image generation not seen with conventional techniques.[

105]

delineation of calcified plaques, and lower cost than angiography.[

CTA has been applied as a minimally invasive method of diagnosis for cerebrovascular disease.

Technique and Results

104] [106] [107] [108] [109] [110] [111]
In brief, the patient is supine while 2- to 3-mm sections are performed from C2 to C6

Multiple variations of the technique, timing of image acquisition, contrast volume, and other factors have been published.[
with continuous data acquisition. Patients are asked to breathe quietly and avoid swallowing. Often a set of images without
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contrast is obtained first. A volume of contrast material (75 to 120mL) is injected into an arm vein with a 20- to 25-second scan delay (or a delay determined by computer-assisted techniques) after the start of contrast administration. Axial images and/or 3D
reconstructions are produced on the CT workstation when the examination is complete. Reconstructions are typically done using MIP after deleting bony structures.

105]

Although the fast-scanning technique minimizes motion artifacts, calcifications produce imaging artifacts, particularly when MIP reconstruction is attempted. These artifacts may be incorrectly diagnosed as stenoses.[

In addition, interpretation may be

105] [106]
complicated by the numerous vascular structures in this region. Other factors that may produce suboptimal images are poor timing or inadequate volume of contrast material.[
107]
characterized the degree of stenosis as mild, moderate, severe, or occluded and found that there was agreement in 41 (82%) of 50 carotid arteries. Leclerc and coworkers,

CTA has been favorably compared to contrast arteriography. Dillon and associates[

[108] using six categories (normal, <30%, 30% to 70%, >70%, near occlusion, and occlusion) found agreement with contrast arteriography in 95%. These authors also thought that MIP reconstructions, when technically possible, offered a more reliable
[109]

compared 80 arteries imaged with CTA to intra-arterial digital subtraction angiography (DSA). When
estimate of stenosis. Unfortunately, 10 of 40 arteries they evaluated were unable to be reconstructed because of calcifications. Simeone and coworkers
classified as normal, 1% to 29%, 30% to 69%, 70% to 99%, or occlusion, accuracy was 96% with 88% sensitivity and 100% specificity. Cinat and colleagues, using greater than 60% ICA stenosis as a cutoff, found CTA compared to angiography had an

104] [111]

accuracy of 89%, a negative predictive value of 88%, and a PPV 89%.[

106]
they found that CTA identified plaque characteristics such as ulcerations, occlusion, fatty plaques, calcifications, and fibrosis. In that study, CTA
[112]
[113]
[114]

In contrast to others,[

underestimated two short-segment stenoses. CTA has also been suggested as a reliable means to detect carotid occlusions

or evaluate the VAs

and aortic arch,

although less data are available supporting these applications. CTA does have

111]
the concern of contrast-induced renal dysfunction that, although it cannot be ignored, seems relatively rare.[
MAGNETIC RESONANCE ANGIOGRAPHY
MRA has been developed as another noninvasive (or minimally invasive) method to evaluate the carotid system. This technique does not require the use of contrast, a major advantage over CTA or conventional angiography. MRA uses pulses of

radiofrequency energy to excite protons of primarily hydrogen (water molecules) within a magnetic field. The characteristic spin produces a radiofrequency echo of the original signal. Tissue produces a signal, whereas air and bone do not. There are
multitudes of protocols that can generate images of blood flow or flow velocity. The protocols in common clinical usage use MIP technology to reconstruct images of vessels and, frequently, are combined with imaging studies of the brain. Though there are
few contraindications to MRA, patients with implanted metallic or electronic devices, such as pacemakers, cannot undergo MRI or MRA.
Technique and Results

14 115

] Stationary tissue becomes saturated with the radiofrequency pulses, wheresas blood moving through the field of interest provides
The usual clinical MRA method is the time-of-flight (TOF) technique that relies on flow-related enhancement.[ ] [
unsaturated echoes that produce a strong signal from the vessel. Through different methods, the signal in the vessel can be maximized. Both 2D and 3D techniques are used to acquire data. The 2D technique acquires data with sequential thin transverse slices,
whereas the 3D TOF technique acquires data in any plane. The 2D method allows blood to flow quickly through the scanning slice and not become saturated with radiofrequency signals compared to a 3D method obtaining images in a sagittal plane. The 2D
TOF method produces better visualization of slowly moving blood, which may be useful when attempting to distinguish between a tight stenosis and occlusion. On the other hand, the 3D method can image vessels in any direction, is less susceptible to
14] [116] [117]
as demonstrated in Figure 138–3 . The 3D TOF method may also allow the injection of gadolinium that may enhance areas of slow flow. Sophisticated

turbulence-generated artifacts, can image plaque, and has better image resolution,[

118]

enhancements and refinements will doubtless continue to improve MRA-generated images.[

117 119 120 121

][
][
][
]
During the first pass of a gadolinium contrast agent injection, rapid acquisition of data with 3D TOF techniques gives greater spatial resolution and reduces artifacts from low flow, radiofrequency saturation, and areas of turbulence.[
The contrast agent is primarily an extracellular component but not strictly intravascular, so that the timing of the initial bolus is critical to avoid more widespread distribution and venous overlay that can obscure the diagnosis. This contrast-enhanced technique
122]

has gained almost universal acceptance, though a recent report suggests accuracy is higher without the use of contrast.[

14 116 117 123 124

][
][
][
] MRA has the advantage of demonstrating the intracerebral vessels, if the clinician believes that this is an important
The more recent studies of MRA demonstrate good results when this technique is used for the carotid artery.[ ] [
piece of information prior to CEA. Remonda and coworkers found that contrast-enhanced MRA was in agreement with conventional angiography in 93% of cases with 70% to 99% ICA stenosis. All internal carotid occlusions (n= 28) and seven of nine pseudo117

124 125 126

] The tendency for MRA to overestimate the degree of stenosis is a generally recognized pitfall in interpretation and a precise estimate of stenosis is difficult to obtain with MRA.[
][
][
]
occlusions were accurately detected with MRA.[
Routine MRA does not reveal ulcerations with a high degree of accuracy and, overall, as a single diagnostic test, it has not been considered a sensitive technique to determine the need for surgery. Others have suggested that MRA may be used to evaluate the
127]

aortic arch[

128]

or postendarterectomy carotid arteries.[

It is imperative that individual institutions

1969

Figure 138-3 Three-dimensional MRA images showing arch view with both carotid and vertebral systems (A) and isolated right carotid system showing significant internal carotid artery stenosis (B).
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Chapter 139 - Indications, Surgical Technique, and Results for Repair of Extracranial Occlusive Lesions

WILLIAM C. KRUPSKI MD
WESLEY S. MOORE MD

The primary objective of surgery for extracranial disorders is prevention of stroke. Carotid artery operations are warranted when surgery improves the natural history of the disease and provides a safe and more effective alternative to medical management.
Selecting patients for operation requires the identification of specific patient subsets at high risk for stroke.
Although the symptomatic manifestations of cerebrovascular lesions can be frightening, annoying, and occasionally disabling, opinions differ as to whether transient ischemic attacks (TIAs) produce irreversible brain injury. Thus, prevention or relief of TIAs
is viewed as an important secondary objective.

INDICATIONS FOR OPERATIVE REPAIR
Indications for operation can be derived from three sources: (1) retrospective reviews; (2) prospective, randomized trials; and (3) position/consensus statements.
Indications Based on Retrospective Reviews
Reports that document the natural history of disease, usually subdivided by symptomatic status, are compared with reports concerning immediate and long-term results of operation. If operative results, including 30-day morbidity/ mortality and long-term
reduction of amaurosis fugax, TIAs, and strokes, are less with operation than with medical treatment, then operation can be justified. The following is an analysis of operative indications by symptomatic status.
Transient Ischemic Attacks

When associated with an appropriate lesion, hemispheric or monocular TIAs have been the most readily accepted indications for carotid endarterectomy.
Most of the early natural history studies were performed without characterization of the underlying arterial lesion. Nevertheless, it is safe to say that the stroke risk in the untreated patient with TIAs is at least 10% within the first year of symptom onset and

67] [158]

continues at the rate of about 6% per year, declining after 3 years.[

13] [34] [48] [74] [85] [90] [142]

In contrast, the stroke risk in the hemisphere ipsilateral to carotid endarterectomy in the same patient group falls to less than 1% per year.[

[153] Provided that carotid endarterectomy by an individual surgeon can be performed with a low stroke morbidity and mortality, TIAs are a compelling indication for operation.
Stroke with Recovery

Because many patients who suffer strokes are only mildly disabled and may enjoy complete or nearly complete recovery, such patients require careful evaluation to discover a lesion that places them at risk for recurrent stroke. The natural history of this group

5 47 127] [132]
The risk for recurrent stroke does not decrease after 3 years as occurs in patients with a TIA. Antiplatelet drugs are relatively ineffective in
of patients with respect to the annual recurrent stroke rate is approximately 9% per year.[ ] [ ] [
76]

reducing this recurrence rate.[

93] [98] [145]

In contrast, carotid endarterectomy has successfully lowered the recurrent stroke rate to less than 2% per year.[

Patients who recover after completed strokes require careful assessment to determine the presence of a continuing, unstable causative lesion. For example, a patient who has recovered from a left hemisphere stroke and is found to have a significant stenosis of
the left internal carotid artery is at high risk for subsequent left hemispheric stroke. In contrast, if the same patient has total occlusion of that artery, carotid endarterectomy is no longer feasible.

Review of operative outcomes in patients operated on after strokes reveals that the operative morbidity and mortality rates will be higher in this group of patients; therefore, they require special management (see Operative Technique).
Whether a patient who has made an incomplete recovery from a prior stroke is a candidate for carotid endarterectomy requires considerable experience and prudent judgment. In general, the patient who has been devastated by a stroke is not a candidate for
carotid endarterectomy. Conversely, the patient who has had a mild stroke with complete or nearly complete recovery is an excellent candidate. The decision for operation for the in-between categories depends on a variety of factors, including how much
neurologic function the patient has left to lose, his or her general functional status, the presence of medical comorbidities, and the patient’s life expectancy.

1975

Stroke-in-Evolution

The patient with stroke-in-evolution represents the highest risk for either medical or surgical management. Appropriately timed and appropriately performed carotid endarterectomy in such patients who are carefully selected dramatically improves the natural
history of this disorder. In contrast, the risk of mortality and the risk of major stroke are predictably high. Operation on these patients should be performed only by those teams that have had considerable experience in managing this category of patient and can

61] [101]

accept the added risk to achieve an important benefit.[
Global Ischemia

Patients who present with symptoms of global cerebral ischemia most often have these symptoms on the basis of decreased cardiac output secondary to arrhythmia or myocardial ischemia. Often the surgical dictum, “The dizzy surgeon operates on the dizzy

81]

patient for carotid disease,” applies. However, a few patients who have multiple lesions involving the extracranial arteries manifest global ischemia and do benefit from correction of one or more of these lesions.[
Subclavian Steal Syndrome

Although many patients demonstrate an anatomic subclavian steal syndrome by angiography (i.e., reversed flow through the ipsilateral vertebral artery), only a few have symptoms produced by extremity exercise on the side of the subclavian artery stenosis or

8
occlusion. Those patients who fall into the latter category or those who have a dominant vertebral artery on the side of the proximal subclavian lesion may be candidates for subclavian artery revascularization.[ ]
Progressive Intellectual Dysfunction

Progressive intellectual dysfunction represents an extremely controversial indication for carotid endarterectomy. Nonetheless, many anecdotal reports document improved intellectual function after carotid endarterectomy. Decreased intellectual function can
occur because of flow or as a summating effect of multiple emboli to centers of the brain responsible for cognitive abilities, independent of motor or sensory findings. In properly selected patients, intervention by carotid endarterectomy may improve
intellectual function or prevent its further deterioration.
Asymptomatic Carotid Stenosis

Asymptomatic carotid stenosis is one of the most common indications for carotid endarterectomy. It is also the most controversial. Recently, several publications have provided surgeons with considerable natural history data that were previously unavailable.

25 100

] Many authorities have recommended that
It is now safe to state that the risk of stroke in patients with a carotid artery stenosis in excess of 75% is about 3% to 5% per year of follow-up. Most of these strokes occur without warning symptoms.[ ] [
patients with carotid stenoses in excess of 75% who are otherwise in satisfactory medical condition and have a reasonable life expectancy undergo prophylactic carotid endarterectomy if the operation can be performed safely in the hands of the individual
73] [104]

surgeon.[

Operative morbidity and mortality rate for this indication should be less than 3%.

146]
In a 10-year experience at the University of California at Los Angeles (UCLA), there were no late strokes in the distribution of the operated artery, with a mean

The average late stroke rate in the distribution of the operated artery is 0.3% per year.[

55]

follow-up of 54 months.[

Asymptomatic Ulceration

108]

Patients who are discovered by angiography to have ulcerative lesions of the carotid artery have an increased risk of subsequent stroke when treated expectantly.[

This risk rises progressively as the size and complexity of the ulceration increase.

108

37]

] Quantitation of A, B, and C ulcers is performed by examining an unmagnified lateral projection of a carotid arteriogram.[
Retrospective natural history studies have divided ulcers into three categories: A, B, and C.[
2
depth of the ulcer is obtained, an A ulcer is one that is 10 mm or less; a B ulcer varies from 10 to 40 mm2 ; and a C ulcer exceeds 40 mm2 or is cavernous or compound.

If the product of the length and

37

Retrospective natural history studies suggest that the stroke rate in patients with asymptomatic A ulcers is insignificant. Of note, the stroke rate in patients with asymptomatic C ulcers exceeds 7.5% per year.[ ] According to these retrospective data, patients
with a C ulcer on arteriogram who are acceptable surgical risks warrant consideration for prophylactic carotid endarterectomy. The decision whether to operate on the patient with a B ulcer depends on the experience of the operating team and the individual
conviction of the importance of this lesion. There is no place for surgery for patients with the asymptomatic A ulcer. These recommendations are somewhat controversial because the key studies, which originated from UCLA, have not been corroborated by
other centers.

Prospective, Randomized Trials
Symptomatic Patients

49] [95] [116]
Patients with hemispheric or monocular TIAs or prior mild stroke with a 70% or greater stenosis
[49]

Three prospective, randomized trials have provided definitive data concerning indications for carotid endarterectomy in symptomatic patients.[

have clear indications for carotid endarterectomy. Patients with crescendo TIAs in the presence of a 50% or greater stenosis benefit from operation. Symptomatic patients with stenoses of less than 30% showed no benefit from operation in one study.

49] [116]
Preliminary results from the North American Symptomatic Carotid Endarterectomy Trial (NASCET) for symptomatic patients with

Symptomatic patients with stenoses ranging from 30% to 69% are still being evaluated in two randomized trials.[
50% to 69% carotid stenoses were reported at the 1998 meeting of the American Heart Association (see Results).
Three prospective, randomized trials in asymptomatic patients with carotid stenoses have been completed. The

1976

24

CASANOVA Study Group concluded that no benefit was to be derived from carotid endarterectomy in the asymptomatic patient.[ ] High-risk patients were excluded, and 118 (57%) of 206 patients randomized to medical treatment were systematically
withdrawn as they became “high risk” and were treated surgically. In an intent-to-treat analysis, however, they were counted as if they were treated medically. Therefore, no conclusions can be drawn from this study.

78

The Veterans Affairs Cooperative Study has reported definitive results.[ ] Carotid endarterectomy plus aspirin was more effective than aspirin alone in reducing the combined incidence of TIAs and stroke in patients with asymptomatic stenosis of 50% or
more, which was the study’s hypothesis. The number of patients randomized (n = 444) was insufficient to make a definitive statement about stroke prevention alone, although the trend was clearly in favor of operation.

3

Results of the Asymptomatic Carotid Atherosclerosis Study (ACAS) were published in 1995.[ ] Acquisition of patients began in November 1987 and ended in December 1992, with randomization of 1622 men and women with asymptomatic carotid stenoses
of between 60% and 99%. According to Kaplan-Meier projections at 5 years, the risk of ipsilateral stroke for the medical group was 11% and 5.1% for the surgical group. This represents a relative risk reduction of 53% and an absolute risk reduction of about
1% per year.
Consensus Statements Affecting Indications

111]

Several organizations have published position papers or consensus statements based on the collective opinion of recognized experts. These include an ad hoc committee report from the Joint Council of the two national vascular societies[

and the Rand

94
106]
Table 139–1 summarizes the current indications for carotid endarterectomy and compares the recommendations from
Corporation. [ ] Most recently, the American Heart Association convened a consensus conference, and its report has been published.[
105]

retrospective reviews, the Rand panel, the Joint Council position statement, and the prospective, randomized trials.[

CONTRAINDICATIONS TO OPERATIVE REPAIR
An aggressive surgical approach is contraindicated if the general condition of the patient includes a serious illness that will materially shorten the normal life expectancy. In addition to this general reservation, some patients have specific neurologic
complications that prohibit operation or make its postponement advisable. These include the patient who presents acutely with a major stroke and has not yet begun to recover. Another is one who has had a major stroke in the past and is so devastated by

neurologic dysfunction or altered level of consciousness that operation is inadvisable.

TABLE 139-1 -- Current Indications for Carotid Endarterectomy
SOURCE OF RECOMMENDATION
Retrospective Data
Analysis

Rand Panel

Yes

Yes

Yes

Yes

>70% stenosis

Yes

Yes

Yes

Yes

>50% stenosis with ulceration

Yes

Yes

Yes

NA

†

Yes

Yes

Yes

NA

†

Yes

Yes

Yes

NA

Yes

Yes

Yes

No

>70% stenosis

Yes

Yes

Yes

Yes

>50% with large ulcer

Yes

Yes

Yes

NA

30–69% with and without ulcer

Yes

Yes

Yes

NA

Yes

Yes

Yes

NA

Yes

Yes

Yes

NA

>70% stenosis with contralateral occlusion or high-grade stenosis

Yes

Yes

Yes

NA

>70% unilateral stenosis

Yes

No

Yes

NA

Large ulcer with >50% stenosis

Yes

No

NA

NA

PATIENTS

Joint Council

*

Randomized Trials

Symptomatic
Single focal TIA (>70% stenosis)
Multiple focal TIAs with

50–69% stenosis
30–49% stenosis

<30% stenosis with or without ulcer

†

Previous stroke (mild), ipsilateral

Evolving stroke
>70% stenosis
Global symptoms
>70% carotid stenosis with uncorrectable vertebrobasilar disease
Asymptomatic

NA, not available; TIA, transient ischemic attack.
From Moore WS: Carotid endarterectomy for prevention of stroke. West J Med 159:37–43, 1993.

* Joint Council of the Society for Vascular Surgery and the International Society for Cardiovascular Surgery (North American Chapter).
† Patients receiving aspirin therapy.

1977

126]
However, emergency thromboendarterectomy of an acutely occluded carotid artery frequently resulted in conversion of an ischemic cerebral
[17]

During early experience with carotid surgery, emergency operation for acute stroke was relatively common.[

139

] These findings were particularly dramatized in the first randomized cooperative study involving operation for carotid artery disease.
In addition, endarterectomy after acute stroke in
infarction to a hemorrhagic cerebral infarction, resulting in death.[
a diseased but open internal carotid artery, prior to neurologic recovery, often resulted in an exacerbation of the neurologic deficit, presumably because of an increase in localized cerebral edema and its attendant adverse consequences. After recent major
120]

neurologic injury, it is better to wait for the patient to reach a plateau of recovery before proceeding with elective carotid endarterectomy.[

OPERATIVE TECHNIQUE
Surgery of the Carotid Bifurcation
Anesthesia and Positioning of the Patient

Operations on the carotid bifurcation were originally, and often still are, performed using local or cervical block anesthesia. Local anesthesia has the advantage of allowing the surgeon to evaluate the patient’s cerebral tolerance to trial carotid clamping. When
the carotid clamp is temporarily applied, the patient is asked to speak and move the extremities of the appropriate side as evidence of adequate collateral cerebral circulation to support brain function during the time required to remove the lesion. For this
reason, a number of surgeons continue to advocate local anesthesia as the anesthetic technique of choice.
The disadvantages of local anesthesia primarily relate to patient anxiety. If the patient becomes restless or agitated, this will also disturb the surgical team. Finally, when a difficult lesion is encountered, extended operating time may exceed the forbearance of
the average patient under local anesthesia.
General anesthesia has the following three major advantages:
1. The anesthesiologist has better control of the patient’s airway and ventilatory mechanics.

27

2. Halogenated anesthetic agents can increase cerebral blood flow and, at the same time, decrease cerebral metabolic demand.[ ] This combined effect may increase tolerance to temporary carotid artery clamping.
3. The sleeping, anesthetized patient can undergo comfortably whichever exacting procedure is required without disturbing the operating field and the surgical team.

Positioning the patient is an important aspect of preparing for a carotid endarterectomy. The patient is placed supine on the operating table with the neck slightly hyperextended. This may be accomplished by placing a folded sheet under the shoulders.
Excessive hypertension actually makes exposure more difficult by tightening the sternocleidomastoid muscle and by restricting the mobility of the common carotid artery and carotid bifurcation. Once the head is extended, it is then gently turned to the side
opposite that of operation.

Many patients in the age group appropriate for carotid artery disease may have a significant degree of cervical arthritis. Care must be taken to avoid neck injury with rotation. If the patient’s blood pressure is stable, flexing the operating table and introducing a
10- to 20-degree reverse Trendelenburg inclination brings the patient’s neck into best perspective, reducing venous pressure and minimizing incisional bleeding ( Fig. 139–1 ).

Two incisions have been employed for exposure of the carotid bifurcation. The first is a vertical incision parallel to the anterior border of the sternocleidomastoid muscle, along a line connecting the sternoclavicular junction with the mastoid process. The
surgeon decides its exact length and placement along this imaginary line by noting the position of the carotid bifurcation and the extent of the lesion on the lateral projection of the carotid arteriogram ( Fig. 139–2 ). This determination is also made solely by
the use of carotid duplex ultrasound scans. The incision is deepened through the platysmal layer to gain access to the investing fascia in the interval between the sternocleidomastoid muscle and

Figure 139-1 A, The optimal operating table adjustment for carotid bifurcation endarterectomy. The table is flexed 10- to 20-degrees in the reverse Trendelenburg position to bring the patient into a semirecumbent position. B, The neck is mildly
hyperextended by introducing a folded sheet under the patient’s shoulders. Finally, the patient’s head is turned to the side opposite the operation. The neck on the side of operation is now exposed to best surgical advantage.

Figure 139-2 Placement of a vertical incision along the anterior border of the sternocleidomastoid muscle in relationship to the underlying carotid artery bifurcation.

Figure 139-4 The relationship of the internal jugular vein and common carotid artery within the carotid sheath. The major tributary to the internal jugular vein at this level is the common facial vein. Division of the common facial vein consistently gives access
to the carotid bifurcation.

Figure 139-3 The alternative incision placed obliquely in a skin crease over the carotid bifurcation. The dissection is carried down through the platysma, and subplatysmal flaps are developed in the superior and inferior aspects of the incision to convert the
exposure of the carotid bifurcation to a vertical approach.

Figure 139-5 Following mobilization of its anteromedial aspect, the internal jugular vein is retracted laterally, giving clear exposure to the underlying common carotid artery.

Figure 139-6 The mobilized common carotid artery with the surrounding umbilical tape. The dissection toward the internal and external carotid arteries has begun.

Figure 139-7 The internal carotid artery is mobilized well above the diseased intima. This fact is confirmed by careful palpation of the relatively normal internal carotid artery against the surface of the right-angle clamp.

Figure 139-8 The relationship of the 12th cranial nerve to the upper extent of the dissection of the carotid bifurcation.

Figure 139-9 When the carotid bifurcation is high or when the lesion extends for an unusual distance up the internal carotid artery, additional distal exposure of the internal carotid artery can be obtained by division of the posterior belly of the digastric muscle.

Figure 139-10 Two potential complications of internal shunt insertion. A, If the tip of the shunt is not carefully placed in the internal carotid artery, it is possible to scuff or elevate a flap of distal intima. B, Unless care is taken to evacuate air from the shunt or
from the blind portion of the common carotid artery, it is possible to introduce air bubbles as cerebral emboli. Also, scuffing of an atherosclerotic plaque by the proximal portion of the shunt may scoop up atheromatous debris, which may also embolize to the
distal cerebral circulation.

Figure 139-11 Pathways of collateral circulation about the circle of Willis. Perfusion pressure at the middle cerebral artery (P1 ). Internal carotid back pressure as measured at the bifurcation (P2 ). Being a closed, unbranched fluid system, P2 is proportional to
P1 . Ant, Anterior; Mid, Middle; Int, Internal. (From Moore WS, Hall AD: Carotid artery back pressure. Arch Surg 99:702, 1969.)

Figure 139-12 Relationship of middle cerebral to internal carotid perfusion pressure is represented. With common and external carotid arteries clamped, back-pressure distal to the internal carotid artery is in direct continuity with the middle cerebral artery.
Therefore, P2 is essentially equal to P1 . Int, Internal. (From Moore WS, Yee JM, Hall AD: Collateral cerebral blood pressure: An index of tolerance to temporary carotid occlusion. Arch Surg 106:520, 1973.)

Figure 139-13 A Javid shunt prior to placement. We prefer this type of inlying shunt because its size is appropriate to provide maximal flow, and the proximal and distal diameter expansions reduce the possibility of inadvertent displacement while the shunt is
functioning.

Figure 139-14 A functioning shunt in place. The shunt is held in position by a proximal and distal sling tourniquet.

Figure 139-15 The three potential complications of an internal shunt. A, Scuffing of the distal intima. B, Embolization of air or atherothrombotic debris. C, Poor visualization of the distal endpoint so that an intimal flap is left, producing the risk of subsequent
thromboembolic complications.

Figure 139-16 Appearance of the carotid bifurcation with the shunt in place following bifurcation endarterectomy. The distal portion of the arteriotomy extends far enough up the internal carotid artery to permit direct visualization of the distal endpoint.

Figure 139-18 The proper endarterectomy dissection plane. The optimal plane lies between the diseased intima and the media at the level of the internal elastic lamina.

Figure 139-17 Technique of placing the distal end of the shunt in the external carotid artery to provide free access to the internal carotid artery. This is an alternative way to minimize problems with endpoint management.

Figure 139-19 Technique of completing circumferential mobilization of the atheromatous lesion by using the closed jaws of a right-angle clamp.

Figure 139-20 Partial closure of the arteriotomy with a suture beginning at each end. The arteriotomy is closed as far as the emergence of the internal shunt will permit.

Figure 139-21 Application of a partially occluding pediatric vascular clamp permits restoration of blood flow to the internal and external carotid arteries while the final portion of the arteriotomy closure is completed after removal of the internal shunt.

Figure 139-22 An endarterectomy of the external carotid artery can be carried out through an arteriotomy. It begins on the common carotid artery and extends through the stenotic lesion in the external carotid artery. Because the internal carotid artery is totally
occluded, the lesion in this vessel can be ignored.

Figure 139-23 A, Indirect relief of a kinked internal carotid artery by resection of a portion of the common carotid artery. B, Direct relief of a kinked internal carotid artery by resection and end-to-end anastomosis. C, Markedly redundant and kinked left
internal carotid artery in a 55-year-old man with intermittent attacks of right hemiparesis. Ext, External. (A–C, From Najafi H, Javid H, Dye WS, et al: Kinked internal carotid artery: Clinical evaluation and surgical correction. Arch Surg 89:134, 1964.)

Figure 139-24 The trans-subclavian approach to vertebral artery endarterectomy. The inset demonstrates the vertebral artery stenosis in profile, emphasizing that the origin of the lesion is within the subclavian artery. A longitudinal arteriotomy is made on the
posteroinferior aspect of the subclavian artery opposite the vertebral artery orifice. An endarterectomy is started at the base of the vertebral artery plaque within the subclavian artery.

Figure 139-25 Separation of the atheromatous core from the distal intima within the vertebral artery and its dislocation into the subclavian artery as it is removed.

Figure 139-26 The final appearance following trans-subclavian endarterectomy, leaving a widely patent vertebral artery and showing the closure of the subclavian arteriotomy.

Figure 139-27 A, Technique of direct vertebral artery thromboendarterectomy through a vertical arteriotomy incision. B, Following endarterectomy, the arteriotomy in the vertebral artery is closed with a vein patch.

Figure 139-28 A, Placement of the supraclavicular incision. It is centered over the clavicular head of the sternocleidomastoid muscle. B, After division of the clavicular head of the sternocleidomastoid muscle, the relationships of the phrenic nerve, scalenus
anticus, and subclavian artery are demonstrated. C, After mobilization of the carotid and subclavian arteries, preparation is made for a graft connection. D, Completion of the subclavian-carotid artery bypass is demonstrated and points out the close proximity
of the two arteries and the short length of graft that is required. (A–D, From Moore WS, Malone JM, Goldstone J: Extrathoracic repair of branch occlusions of the aortic arch. Am J Surg 132:249, 1976.)

Figure 139-29 Surgical exposure of the axillary artery. (From Mozersky DJ, Sumner DS, Barnes RW, Strandness DE: Subclavian revascularization by means of a subcutaneous axillary-axillary graft. Arch Surg 106:20, 1973.)

Figure 139-30 Diagrammatic representation of placement of the axillary-axillary graft. (From Snider RL, Porter JM, Eidemiller LR: Axillary-axillary artery bypass for the correction of subclavian artery occlusive disease. Ann Surg 180: 888, 1974.)

Figure 139-31 Occlusion of the common carotid artery can be produced by an atheromatous lesion at the origin of the common carotid artery (A), with antegrade thrombosis to involve the carotid bifurcation, or, more commonly, by an atheromatous lesion at
the common carotid bifurcation (B) with retrograde thrombosis down to the level of the aortic arch.

Figure 139-32 Step 1, An arteriotomy is made in the common carotid artery to begin separating the organized thrombus from the arterial wall. Step 2, A flexible wire-loop stripper is passed over the organized thrombus to free its entire length. Step 3, After
removal of the occlusive arteriosclerotic plaque at the carotid bifurcation, the outflow of the external carotid artery is restored and the arteriotomy is closed. (From Moore WS, Malone JM, Goldstone MD: Extrathoracic repair of branch occlusions of the aortic
arch. Am J Surg 132:249, 1976.)

Figure 139-33 Bypass graft from the left carotid to the right carotid artery as a means of bypassing an innominate artery occlusion. (From Moore WS, Malone JM, Goldstone J: Extrathoracic repair of branch occlusions of the aortic arch. Am J Surg 132:249,
1976.)

Figure 139-34 Artist’s concept of subcutaneous bypass grafts from the right femoral to the right axillary arteries in combination with a graft from the right carotid to left carotid arteries. (From Moore WS, Malone JM, Goldstone J: Extrathoracic repair of
branch occlusions of the aortic arch. Am J Surg 132:249, 1976.)

TABLE 139-2 -- Randomized, Prospective Trials of Antiplatelet Agents in Treatment of Cerebrovascular Disease

TRIAL

22]

Canadian Study[

YEAR
1978

1976

53]

Fields et al[

18] * [20]

AICLA (French)[

1983

OUTCOME

ENTRY
CRITERIA
TIA

TIA

TIA, stroke

ENDPOINT (24 MONTHS)
Stroke or death

Stroke or death

Stroke

GROUPS

NO. OF PATIENTS

Percentage

Sulfinpyrazone 200
mg qid

115

23

P = placebo

ASA 325 mg qid

98

15

P = .005

Both

102

8

P = ASA alone

Placebo

91

19

—

ASA 650 mg bid

88

19

—

Placebo

90

27

P = .18

ASA 330 mg tid

198

7

P= .05

ASA (330 mg) + DP
(75 mg) tid

202

Significance

8 P = ASA alone

American-Canadian

1985

TIA

Stroke or death

Placebo

204

13

—

ASA 325 mg qid

442

8.2

—

448

8.6 P = NS

ASA (325 mg) + DP
(75 mg) qid

1
Study[ ]

TIA, transient ischemic attack; DP, dipyridamole; ASA, aspirin; AICLA, Accidents, Ischemiques, Cerebraux Lies a l’Atherosclerose; NS, not significant.

* Men only.

1993

had ischemic events in carotid artery territories, 25% had vertebral-basilar insufficiency, and 10% had both. After 12 to 57 months of follow-up, aspirin reduced the risk of continuing TIAs, stroke, or death by 19%, whereas sulfinpyrazone had no significant
benefit. When male patients were analyzed separately, the risk reduction was even higher. In women, there was no significant reduction in stroke or death rates in any of the four treatment regimens.

18

In 1983, the French AICLA trial was published.[ ] Six hundred four patients were randomized to aspirin (990 mg/day), placebo, or aspirin (990 mg/day) plus dipyridamole (225 mg/day). Most of these patients had completed minor strokes, and patients with
severe carotid stenoses and women younger than 50 years of age were excluded from the study. Endpoints were fatal and nonfatal strokes. Both aspirin and aspirin-dipyridamole produced reduction in endpoints compared with placebo by about 60% at 3-year
follow-up (10.5% vs. 18%). Although this trial shows a general benefit of antiplatelet treatment for cerebrovascular disease, its exclusion criteria call into question its applicability to patients with significant carotid stenoses.

140

] Two hundred three patients with TIAs were treated with aspirin (n= 101) or placebo (n = 102). After an average follow-up of 25 months,
Also in 1983, the Danish Cooperative Study of aspirin in the prevention of stroke in patients with TIAs appeared.[
there was no statistically significant difference between groups with respect to the primary endpoints of stroke or death (aspirin, 20.8%; placebo, 16.7%). There was a trend toward fewer myocardial infarctions in the aspirin group, but statistical significance
41]

was not achieved because of the relatively small sample size.[

1

The American-Canadian Cooperative Study is one of the largest to examine aspirin treatment of symptomatic cerebrovascular disease.[ ] Eight hundred ninety patients were randomized to aspirin (1300 mg/day) alone or aspirin (1300 mg/day) plus
dipyridamole (300 mg/day). After 1 to 5 years of follow-up, endpoints (stroke, retinal infarction, or death) were nearly identical in the two groups, leading investigators to conclude that the addition of dipyridamole to aspirin was of no supplemental benefit.
The cumulative risk of stroke in both groups was about 20% at 4 years, averaging 5% per year.

143

] Five hundred five patients were randomized to aspirin (1500 mg/day) or placebo within 3 weeks of stroke. After an average follow-up of 2 years, there was
In 1987, the Swedish Cooperative Study of high-dose aspirin after minor stroke was published.[
no difference in stroke recurrence rate or death between groups. Moreover, the risk of TIA or myocardial infarction was not reduced in the aspirin group.
144

] When aspirin was combined with
Sze and colleagues reported a meta-analysis of these trials shortly after they had all appeared. These investigators concluded that aspirin produced a nonsignificant reduction in stroke rate of 15% compared with placebo.[
sulfinpyrazone or dipyridamole, a 39% reduction of stroke was observed, but there was a 350% increase in peptic ulcer or gastrointestinal hemorrhage. Men enjoyed a “trend” in stroke reduction with aspirin treatment, regardless of regimen, but a measurable
decrease in the incidence of stroke by aspirin treatment alone or in combination could not be established.

Another meta-analysis examined additional studies of aspirin for treatment of patients with peripheral vascular disease, some of which used stroke as an endpoint; this report was not limited to review of cerebrovascular trials. This publication reported an

2
overall reduction in nonfatal strokes of 22% and a 25% reduction in the combined endpoints of nonfatal stroke, myocardial infarctions, or vascular death.[ ] Examination of individual series, however, shows several inconsistencies, which may in part be
22] [53] [54]

explained by methodologic differences and insufficient sample sizes producing type II statistical errors. There appears to be a sex difference in responsiveness to aspirin, with men experiencing more therapeutic benefit than women.[

difference may also be artifactual due to the small number of women entered into the trials and their inherent lower event rates. More recent studies have shown equal therapeutic benefits in men and women.

This

[136]

There is ongoing controversy regarding the optimal dose of aspirin for treatment of cerebrovascular disease. As indicated earlier, the large clinical trials all used relatively high doses of aspirin. However, we have shown that high doses of aspirin produce high

95]
97
Aspirin also probably increases the risk of intracerebral hemorrhage.[ ] Variability in the pharmacologic
[156]

complication rates (chiefly gastrointestinal bleeding and other gastrotoxicity), and patients assigned to high doses of aspirin have low compliance.[

response to aspirin contributes to the debate regarding appropriate dosage. For example, as little as 20 mg of aspirin in some individuals completely acetylates platelet cyclooxygenase and ablates platelet aggregation,

whereas even 1300 mg in other

70]

individuals may not achieve this effect.[

151]
Moreover, in-vitro measurement of platelet aggregation in patients taking aspirin may not correlate with prevention of

The factors inciting platelet aggregation may determine the efficacy of low-dose aspirin.[

70]

in-vivo cerebrovascular events.[

40

Several trials have examined lower doses of aspirin in patients with peripheral vascular and cerebrovascular disease. The Dutch TIA trial randomized 3135 patients with TIA or minor stroke to 283 mg or 30 mg of aspirin daily.[ ] Using endpoints of vascular
death, stroke, or myocardial infarction, there was no difference between the two groups (15.2% in the 283-mg group vs. 14.7% in the 30-mg group). Predictably, the incidence of major bleeding complications was low in both groups (3.2% and 2.6%,
respectively).

133

] This dose of aspirin reduced the risk of vascular death, stroke, or myocardial infarction by 17% versus
The Swedish Aspirin Low-Dose Trial (SALT) showed a significant beneficial effect of a daily aspirin dose of 75 mg/day compared with placebo.[
placebo. The incidence of significant hemorrhagic complications was low in the aspirin group (3%) but significantly higher than the placebo group (1.3%). Although low-dose aspirin is much safer than high-dose aspirin, bleeding complications are not
eliminated.
155

] The two doses were equally effective for prevention of strokes. High-dose aspirin was associated with a
The United Kingdom-Transient Ischemic Attack (UK-TIA) study compared medium-dose aspirin (300 mg/day) to high-dose aspirin (1200 mg/day).[
5% risk of major bleeding complications, compared with 3% for the low-dose aspirin. Most U.S. physicians seem to favor medium-dose aspirin (325 mg/day) for secondary stroke prevention, whereas Canadians endorse high-dose (>1000 mg/day) and
Europeans advocate low-dose aspirin (30 to 75 mg/day).

1994

TABLE 139-3 -- Randomized, Prospective Trials of Thienopyridine Derivatives in the Treatment of Cerebrovascular Ischemic Events

TRIAL

ENTRY
CRITERIA

YEAR

Canadian-American

1978

Stroke

OUTCOME
ENDPOINT (24 MONTHS)
Stroke, MI, death

58]

Ticlopidine Study (CATS) [

67]

TASS[

1989

TIA, stroke

Stroke or death

GROUPS
ASA (325 mg) + DP (75 mg) qid

NO. OF PATIENTS
448

1996

Stroke, MI, PVD

Stroke, MI, amputation, death

SIGNIFICANCE

8.6

P = NS

Ticlopidine 250 mg bid

525

18

—

Placebo

528

25

—

Ticlopidine 250 mg bid

1515

10

—

12

P = .048

ASA 650 mg bid
Clopidogrel Versus

PERCENTAGE

1519

Clopidogrel 75 mg qd

17,636

10.6

—

ASA 325 mg qd

17,519

11.2

P= .043

Aspirin for the Prevention of Ischemic

23
Events (CAPRIE)[ ]
DP, dipyridamole; ASA, aspirin; TIA, transient ischemic attack; MI, myocardial infarction; PVD, peripheral vascular disease; NS, not significant.

Ticlopidine hydrochloride is a potent antiplatelet agent that does not inhibit the thromboxane A2 pathway for platelet aggregation like aspirin does, nor does it affect prostacyclin production by vascular endothelium. Instead, it inhibits the adenosine

99]

diphosphate (ADP) pathway in platelet aggregation and adhesion.[

138]
88
Maximal antiplatelet effect occurs after 5 days of treatment, and normal platelet activity returns 4 to 8 days after discontinuation.[ ] Serious side
[58] [68]

It has no analgesic characteristics.[

effects are associated with administration of ticlopidine, including a 2.4% incidence of neutropenia, 20% incidence of diarrhea, and 10% incidence of rash.

Most cases of ticlopidine-induced neutropenia occur during the first 3 months of therapy; after the first 3 months of treatment, the incidences of mild and moderate neutropenia are no different for ticlopidine, aspirin, and placebo. It is impossible to predict

138]

which patients will develop neutropenia, so white blood cell differential counts must be performed every 2 weeks beginning from the second week to the end of the third month of therapy.[

mechanism of action, does not produce neutropenia.

[23]

In contrast to ticlopidine, clopidogrel, which has an identical

23] [58] [67]
In the Ticlopidine Aspirin Stroke Study (TASS), 3069 patients with TIAs or minor strokes were

Three large clinical trials have evaluated ticlopidine and clopidogrel for secondary prevention of stroke and vascular events ( Table 139–3 ).[

67]

randomized to ticlopidine or aspirin.[

After an average follow-up of 3 years, 13% of patients taking aspirin (1300 mg/day) had strokes versus 10% of patients taking ticlopidine (500 mg/day). This results in a relative risk reduction of 21%, but the absolute

129

] These data are confounded by including “aspirin failures” (i.e, patients whose initial qualifying event occurred while they were taking aspirin) in the
reduction in risk of stroke is only 1% per year with ticlopidine therapy compared with aspirin therapy.[
ticlopidine group, thus potentially biasing the study against aspirin. In addition, a significantly elevated level of cholesterol was noted in patients taking ticlopidine.
58

In the Canadian-American Ticlopidine Study (CATS), patients with minor thromboembolic strokes were randomized to 250 mg of ticlopidine twice a day (n = 525) or placebo (n = 528) and followed for an average of 2 years.[ ] Ticlopidine produced a
relative risk of reduction for recurrent stroke of 30%; strokes occurred at a rate of 15.3% per year in the placebo group versus 10.8% per year in the ticlopidine group. The drug was equally effective in men and women. Severe neutropenia occurred in four
patients taking ticlopidine (0.8%) and one patient taking placebo (0.2%).

23

Results of a randomized, blinded trial of Clopidogrel (75 mg once daily) versus Aspirin (325 mg once daily) in Patients at Risk for Ischemic Events (CAPRIE) were published in 1996.[ ] This extremely large multicenter trial enrolled 19,185 patients, with
more than 6300 in clinical subgroups of those with atherosclerotic vascular disease manifested as either recent ischemic stroke, recent myocardial infarction, or symptomatic peripheral arterial disease. Patients were studied 1 to 3 years, with a mean follow-up
of 1.9 years. In the entire group, ischemic stroke, myocardial infarction, or vascular death occurred in 939 patients taking clopidogrel (17,636 patient-years) and in 1021 patients taking aspirin (17,519 patient-years), for a relative risk reduction of 8.7% (P
= .04).

In the subgroup of patients who were enrolled because they had suffered strokes, 6054 were assigned to aspirin treatment and 5979 were assigned to clopidogrel. There were 315 versus 338 fatal and nonfatal recurrent strokes in the clopidogrel (n = 6054)
versus aspirin (n = 5979) groups, respectively, for a relative risk reduction of 7.3% (P = .26). Although the adverse side effects or rash or diarrhea were slightly more common in the clopidogrel group, gastrointestinal symptoms and bleeding and abnormal
liver function studies occurred more commonly in patients taking aspirin. Moreover, there was no difference in major bleeding, intracranial hemorrhage, or neutropenia between the treatment groups. Thus, it appears that clopidogrel is at least as safe as
medium-dose aspirin and is safer than ticlopidine, but the indications for preferential use of clopidogrel instead of aspirin are unclear at present, at least for patients with symptomatic cerebrovascular disease.

154]
Patients with symptomatic cerebrovascular disease were randomized to combination

A combination of low-dose aspirin and ticlopidine has been reported in a small study.[

1995

therapy (aspirin 81 mg/day plus ticlopidine 100 mg/day, medium-dose aspirin 300 mg/day), or placebo. Platelet aggregation by ADP, arachidonate, and platelet-activating factor was markedly inhibited by combination therapy, and in-vivo platelet activation
was decreased, as evidenced by lowered plasma concentrations of beta thromboglobulin and platelet factor IV (released by aggregating platelets). Bleeding time was significantly increased by combination therapy compared with the other groups. However,

33]
The author (W.C.K.) has had anecdotal experience operating on patients who were taking both aspirin and ticlopidine preoperatively, and

such profound platelet inhibition potentially could result in an increase in the risk of hemorrhagic complications.[
operative blood loss seemed substantially greater than in patients taking only aspirin or ticlopidine alone.
Surgical Management
Nonrandomized Studies of Carotid Endarterectomy
Symptomatic and Asymptomatic Carotid Artery Stenosis

It is readily apparent from examining individual, institutional, and cooperation studies of carotid endarterectory for various indications reported in the literature that results vary, but such nonrandomized studies provided important data to develop the
hypothesis that underlies the prospective, randomized trials of carotid endarterectomy for both symptomatic and asymptomatic carotid artery stenosis—namely, that this procedure is a safe and effective treatment for these disorders.
Analysis of the outcomes of carotid endarterectomy, as performed in nonrandomized studies, is crucial for the determination of the appropriateness of operation in any given institution or by any given surgeon. The importance of low perioperative morbidity

42

and mortality for carotid endarterectomy cannot be overemphasized. For example, using retrospective chart reviews, Easton and Sherman reported surgical morbidity and mortality of 21% in community hospitals in Springfield, Illinois.[ ] This unacceptably
high rate is often quoted by opponents of surgical intervention. Indeed, when 1 of every 5 patients undergoing carotid endarterectomy has an adverse outcome, the operation cannot be recommended. In contrast, operative morbidity and mortality rates as low
as 0.1% have been reported. Such differences in adverse outcomes underscore the importance of internal review to establish local morbidity and mortality rates. An updated review of the Springfield experience with carotid endarterectomy in 1983 revealed a

103]

reduction in stroke and death rate to 5%.[

Late follow-up provided by nonrandomized reports has confirmed that carotid endarterectomy is a durable procedure. One of the leaders in cerebrovascular surgery, Dr. J. E. Thompson, and colleagues reviewed their own results of carotid endarterectomies in

148

] Operative mortality for the last 476 consecutive operations was 1.47%, and stroke rate was 2.7%. Overall, late mortality was 30%; half of deaths were due to cardiac disease, and only 3.9% occurred from stroke.
592 patients followed for up to 13 years.[
Of those patients who had a preoperative stroke as an indication for carotid endarterectomy, 88.9% were normal or improved at follow-up. Of those patients who had TIAs preoperatively, 81% had no further attacks and only 7 patients (3.3%) eventually
experienced permanent deficits. Two of these 7 patients suffered strokes on the side contralateral to the carotid endarterectomy.
150

] There were no perioperative deaths, and permanent neurologic deficits occurred in only 2
In a later report, Thompson and colleagues described long-term results in 132 patients undergoing 167 carotid endarterectomies for asymptomatic carotid stenoses.[
patients (1.2%). At a mean follow-up of 55 months, 90.9% of the patients remained asymptomatic. Six patients (4.5%) had TIAs, five from the unoperated side. Strokes occurred in 4.6%. Although not truly a “control” group (because many patients were
denied surgery because of prohibitive operative risk and other factors), 1328 contemporaneous patients had asymptomatic stenoses and did not undergo carotid endarterectomy. Only 55.8% remained asymptomatic; 26.8% had TIAs; and 17.4% suffered strokes.
135

] Forty-three patients operated on for asymptomatic carotid stenoses were followed for an average of 5.4 years; there were no
A Belgian series from 1980 reported late outcomes in 141 patients followed for up to 16 years after carotid endarterectomy.[
deaths and 1 stroke referable to the contralateral carotid artery. Twenty-five patients presented with symptomatic stenoses and contralateral carotid occlusions; in mean follow-up of 7.3 years, only two patients had strokes (8%). Of 70 symptomatic patients
51]

without contralateral occlusions, only 6 had strokes, for an overall rate of 8.6%. A similar stroke rate of less than 2% per year was reported by Field in a series of 400 endarterectomies.[

125

] Both groups were followed for a mean of 4.3
Riles and associates compared 146 patients who underwent unilateral carotid endarterectomy (with nonstenotic contralateral carotid arteries) with 86 patients who underwent bilateral carotid endarterectomy.[
years. No significant differences existed between groups with respect to age, gender, neurologic status, or associated illnesses, and all patients were treated with aspirin postoperatively. Seventeen new strokes occurred in the first group, of which only six
involved the hemisphere ipsilateral to the carotid endarterectomy. In the second group, there were four new strokes. The cumulative stroke rates at 5 years by life-table analysis were 17.6% and 5.6%, respectively (P < .05).
71

Hertzer and Arison reported the Cleveland Clinic experience with 329 patients followed a minimum of 10 years after carotid endarterectomy.[ ] In 126 patients who underwent carotid endarterectomy for asymptomatic stenoses, the incidence of stroke in the
ipsilateral cerebral hemisphere was 9%, less than 1% per year. Two hundred three patients operated on for symptomatic carotid artery stenoses had a late ipsilateral stroke incidence of 6%. The overall ipsilateral stroke risk was 10% at 10 years. Late strokes
were most common among hypertensive patients (31%), patients whose indication for carotid endarterectomy was stroke (31%), and patients with uncorrected contralateral stenosis (42%). Patients with uncorrected contralateral stenosis had a contralateral late
stroke incidence of 36%, compared with 8% in patients who underwent elective staged bilateral carotid endarterectomies.

73] [74]
Two hundred eleven patients

The Cleveland Clinic group also provided useful retrospective data regarding the late risk of stroke with respect to degree of stenosis.[

1996

presented with symptomatic carotid artery stenosis; 126 were treated nonoperatively, and 85 underwent carotid endarterectomy. In patients with greater than 70% carotid artery stenosis treated medically, the stroke rate was 31% at 5 years compared with 7% in

74]

similar patients treated surgically.[

Surgically treated patients with 50% stenosis also enjoyed improved outcomes compared with medically treated patients (5-year stroke rate of 3% vs. 28%, respectively). Of 290 asymptomatic patients, 195 were treated

73

expectantly and 95 underwent carotid endarterectomy.[ ] Five-year stroke incidence was 15% in the expectant group and 14% in the surgical group. However, patients with greater than 70% stenosis had a 24% to 33% 5-year stroke risk with nonoperative
treatment versus 7% to 12% for those having prophylactic endarterectomies. Although neither of these studies was prospective or randomized, the results are consistent with findings from cooperative trials inspired by such descriptive data.
Completed Strokes

The natural history of patients with completed stroke and good neurologic recovery justifies therapeutic carotid endarterectomy, with most reports citing an annual risk of recurrent stroke between 6% and 12%. Carotid endarterectomy is beneficial in these

130]
Operative morbidity and mortality was 2.7%; annual cumulative stroke risk was thus 0.64%. Not all reports
[7]

patients. Rubin and colleagues reported no ipsilateral strokes in 95 patients studied from 6 to 72 months after surgery for completed strokes.[

have corroborated such favorable results, however. For example, Bardin and coworkers reported a cumulative stroke rate of 20% at 5 years in 127 patients who underwent carotid endarterectomy for minor strokes.
7%. Almost one third of patients died or suffered a stroke as a result of or in spite of carotid endarterectomy.

Perioperative morbidity and mortality was

20]
first described disastrous results after carotid endarterectomy for acute stroke, describing autopsy findings of intracerebral hemorrhage
[163]

The indication and timing of carotid endarterectomy for acute stroke remain controversial. Bruetman and colleagues[

with blood in the subarachnoid space and ventricles. Wylie and coworkers corroborated these adverse outcomes in an independent study 1 year later.
these patients (56%), three of whom had attempted revascularization after complete carotid artery occlusions.

They reported nine patients operated on for acute stroke; catastrophic hemorrhages occurred in five of

126]

In 1969, Rob described a 29% perioperative mortality rate following revascularization after carotid occlusions; only 21% of operated patients were benefited by surgery.[

The mortality rate of operation during the acute phase of cerebral infarction was

12 16
60 149]
Of note, many of the reported unfavorable results occurred in
42% in the Joint Study for Extracranial Arterial Disease, the first prospective, multicenter study of carotid endarterectomy.[ ] [ ] Other investigators have noted similar findings. [ ] [

patients who presented with profound neurologic deficits and diminished consciousness, and many operations of acutely occluded arteries were performed in patients with neurologic deficits who had diminished consciousness. In addition, many operations for

52] [60]

acutely occluded arteries were performed after a prolonged interval. Nevertheless, dismal consequences after carotid endarterectomy for acute strokes led most authorities to recommend delaying operative intervention for at least 30 days or more.[

[118] [128]
The reasons for “conversion of a white to red infarction” (i.e., hemorrhage occurring in a bland thrombotic cerebral infarction) are multifactorial. Probably the most important principle is restoration of normotensive blood flow to vessels that have lost the

140]
62 86
This vasomotor paralysis with maximal vasodilation regardless of perfusion pressures extends to vessels supplying peri-infarct tissue in the ischemic penumbra.[ ] [ ] When the ability for blood vessels to autoregulate is lost,
[126]

ability to autoregulate.[

blood flow becomes passively dependent on blood pressure.

The combination of hypertension, which often accompanies acute stroke, and loss of autoregulation produces elevated perfusion pressures that are capable of precipitating small vessel

66] [102]

disruption and hemorrhage both within and adjacent to the area of infarction. Several experimental animal studies support this hypothesis.[

Currently, neither computed tomography (CT) nor magnetic resonance imaging (MRI) reliably distinguishes areas of reversible ischemia (penumbra) and irreversible brain cell death (infarction). Wing and associates reported that CT brain scan indicates loss

161]

of integrity of the blood-brain barrier, suggesting that the reperfusion produced by carotid endarterectomy may be associated with increased risk of hemorrhage transformation.[

When the CT brain scans in patients did not show enhancement after

124]
In contrast, when the CT scan remained enhancing, only 5 patients (50%) improved,
strokes, Ricotta and colleagues found that only 1 (6%) of 17 patients deteriorated neurologically after carotid endarterectomy, whereas 15 (88%) of 17 improved.[
89
[ ]

whereas 4 (40%) deteriorated. Similar findings were reported by the Cleveland Clinic group.

39

Postponing operation until CT scans “normalize” has disadvantages, however. Dosick and colleagues found that waiting 4 to 6 weeks for observation after acute stroke resulted in a 21% incidence of recurrent stroke.[ ] Based on these findings, these
investigators proceeded directly to surgery (within 2 weeks of onset) in patients with acute strokes who had no bleeding, as shown on CT scans. This strategy resulted in no perioperative morbidity and mortality in 110 patients. Whitney and associates reported

160]

similar results in 28 patients who presented with small, fixed neurologic deficits undergoing endarterectomy an average of 11 days from onset of symptoms.[

Only one postoperative death and no new neurologic deficits occurred in this small group of

111] [159]

patients. Other studies have confirmed the relative safety of early endarterectomy after small, fixed deficits, but the ideal algorithm remains unsettled because reported series are small and nonrandomized.[
Stroke-in-Evolution

Stroke-in-evolution is a variety of acute stroke in which the initial deficit is followed by varying degrees of resolution and deterioration. An Ad Hoc Committee to the Joint Council of the North American chapter of the International Society for Cardiovascular

111]

Surgery defined this entity as a variation of acute stroke in which neurologic changes begin with “one level of deficit and in a progressive or stuttering fashion the deficit worsens.”[
anticoagulation should be initiated, but despite medical management, the prognosis is poor.

After excluding intracranial hemorrhage by CT scans, heparin

1997

61] [101]
101]
Mentzer and associates reported 17 patients with stroke-in-evolution who underwent emergency carotid endarterectomy.[
Seventy percent
101
[
]

Improved results have been reported in patients presenting with stroke-in-evolution treated surgically.[

One patient died, for an overall mortality rate of 6%. This compared favorably with a parallel group of 20 patients with stroke-in-evolution treated
had complete recovery, 24% remained unchanged, and none were worse after carotid endarterectomy.
medically. Mortality in the medical group was 15%, with 55% of the remaining patients having permanent moderate to severe neurologic deficits. In a review of the literature, 55% of patients having emergency carotid endarterectomy for stroke-in-evolution

111]
Average mortality was about 10%.

showed improvement, 25% showed no change, and 10% were worse after surgery.[

Patients presenting with stroke-in-evolution should undergo emergency CT scans to exclude intracranial bleeding. After a high-risk carotid lesion has been identified in a patient with stroke-in-evolution or crescendo TIAs, well-performed carotid
endarterectomy carries the best prognosis for neurologic recovery. However, the patient and the family must understand that the procedure has the highest mortality and morbidity for all carotid endarterectomy indications, and some patients’ neurologic
conditions will worsen in the perioperative period.
External Carotid Artery Revascularization

Surgical revascularization of the external carotid artery is indicated in rare patients. The importance of the external carotid artery as a major collateral pathway to the cerebral circulation has been well demonstrated, particularly in the presence of an ipsilateral

134] [164]
Neurologic symptoms may arise owing to a stenosis at the origin of the external carotid artery either from emboli or hemodynamic compromise. Emboli may also originate from the cul-de-sac created by an

internal carotid artery occlusion.[
occluded internal stump.

117

] Temporary shunting and patch angioplasty were used in two thirds of the cases. Thirty procedures were primary external carotid artery reconstructions
The Cleveland Clinic group reported 42 external carotid artery endarterectomies in 37 patients.[
(limited operations) and 12 were reoperations or were combined with subclavian or intracranial bypass (extended operations). There were significant differences in outcomes between these two groups. Four patients (33%) in the extended operations group
suffered perioperative ipsilateral hemispheric strokes versus none in the limited operations group. Three late strokes, one ipsilateral and two contralateral at 1, 16, and 33 months, respectively, occurred after external carotid artery reconstruction. Five additional
patients required further therapy (anticoagulation, reoperation, or bypass) for recurrent symptoms. Appropriately, the authors urged caution and careful patient selection for external carotid artery revascularization.
63

Halstuk and colleagues analyzed the outcomes of 36 patients undergoing external carotid artery revascularization, noting a 13.8% stroke rate and a 2.7% mortality rate.[ ] In addition, 14.2% of patients suffered a late stroke on follow-up. The combination of
bilateral carotid occlusion and preoperative fixed neurologic deficit was found to predict the highest perioperative morbidity (37%). In a literature review in this paper, the authors described perioperative neurologic morbidity of 14.3% in 126 reported patients.

59

In another literature review, Gertler and Cambria found 23 series reporting cases in which external carotid artery reconstruction was undertaken.[ ] Two hundred eighteen external carotid artery revascularizations were performed in the 23 series. Of the
patients, 83% enjoyed resolution of symptoms, with another 7% showing improvement. Perioperative mortality was 3%, with a 5% perioperative neurologic morbidity. Increased perioperative adverse outcomes were associated with a severely diseased
contralateral carotid artery and in symptomatic patients with internal carotid artery occlusion. The best results were obtained when surgery was performed to relieve specific hemispheric or retinal symptoms, as opposed to nonspecific neurologic complaints or
previous stroke. Vertebral artery occlusive disease did not affect outcome.

External carotid artery reconstruction should be reserved for symptomatic patients with significant orificial external carotid artery stenoses whose intracerebral circulation can be demonstrated by ipsilateral injection of contrast on arteriogram, thus providing a
potential conduit for emboli or suitable anatomy for cerebral hemodynamic compromise. The presence of a fixed neurologic deficit, bilateral internal carotid artery occlusion, or severe intracranial arterial disease increases the morbidity of external carotid
artery revascularization, and medical therapy may be warranted in these cases.

RANDOMIZED STUDIES OF CAROTID ENDARTERECTOMY
Symptomatic Carotid Artery Stenosis

12

The first prospective, randomized multicenter study of surgical versus medical treatment for extracranial carotid occlusive disease began in 1959.[ ] The Joint Study of Extracranial Arterial Occlusion randomized 1225 patients, with 621 having carotid
endarterectomy and 604 treated with “best medical therapy” (not necessarily including antiplatelet agents). In many but not all instances, best medical therapy included anticoagulation. The groups were well matched with respect to symptoms, demographics,
associated diseases, and angiographic patterns of disease, but mortality rates, according to the patient’s clinical presentation and the angiographic pattern of disease, revealed significant differences.

At 43 months of follow-up, the survival rate was higher than 80% in the surgical group but only 50% in the medical group for patients who had unilateral carotid artery stenosis and no other surgically accessible lesion. In 316 patients who had hemispheric
TIAs without residual deficit as an indication for entrance into the study (including patients with unilateral stenosis, bilateral stenosis, and unilateral stenosis with contralateral occlusion), the incidence of subsequent TIAs or strokes was lower in the surgical
group. Moreover, most adverse neurologic events occurred in the ipsilateral hemisphere in medical patients and the contralateral hemisphere in surgical patients. These differences were all statistically significant. By today’s

1998

standards, the perioperative neurologic morbidity and mortality rates were strikingly high at 8%. Nevertheless, this randomized study confirmed the beneficial effects of carotid endarterectomy described in nonrandomized series. The popularity of carotid

122]

endarterectomy rose so much that the number of these procedures performed in non-Veterans Affairs hospitals increased from 15,000 in 1971 to 107,000 in 1985.[

Despite the overwhelming preponderance of evidence, mostly from nonrandomized studies as described earlier, that carotid endarterectomy is safe and effective therapy for symptomatic carotid artery stenosis, reports such as the one by Easton and Sherman

[42] from Springfield, Illinois, and the failure of extracranial to intracranial bypasses to improve outcomes in symptomatic patients with complete carotid occlusions[43] led to an abundance of negative publicity concerning carotid endarterectomy in the late
[19]
1980s. In addition to alarm over high complication rates in community hospitals and suspected lack of efficacy, there was concern over indications for surgery and marked regional variations in the number of carotid endarterectomies performed.

11] [26]

Numerous editorials appeared appealing for more restrained treatment of carotid artery stenosis and for development of randomized clinical trials to resolve the question.[

55 95 116

] These investigations are (1) the NASCET, (2) the European Carotid Surgery Trial (ECST),
Three clinical trials of carotid endarterectomy in symptomatic patients have now been partially or fully completed; results were published in 1991.[ ] [ ] [
and (3) the Department of Veterans Affairs Symptomatic Trial (VAST). The trial design and methods differed among studies. One of the shortcomings of all three trials is that they used nonstandardized ultrasound examinations and relied primarily on
arteriographic findings to determine patient eligibility and degree of stenosis. In addition, the two largest studies used different methods of determining eligibility and measuring degree of carotid stenosis by arteriogram (see Chapter 136; Fig. 136–4 ). The
formula for calculating percent stenosis is

where S is the diameter of the stenosis at the narrowest part of the artery and D is the diameter of the “normal artery.”

In NASCET and VAST, the distal internal carotid artery just beyond the stenosis was used as the “denominator (D)” (i.e., the normal-sized artery) for determination of percent stenosis; in ECST, determination of percent stenosis was based on estimation of the
diameter of the normal carotid bulb as the denominator (D). Thus, a lesion that NASCET measured as 70% was about 85% in ECST. A 50% stenosis in NASCET was 70% to 75% in ECST.
North American Symptomatic Carotid Endarterectomy Trial

116

] The surgical results of the vascular surgeons or neurosurgeons in NASCET were
NASCET was conducted at 50 clinical centers throughout the United States and Canada, stratifying patients into 30% to 69% carotid stenosis and 70% to 99% stenosis.[
reviewed by the surgical committee before each center was certified as acceptable, and morbidity and mortality rates had to be 5% or less. Patients were eligible for randomization who had TIAs or minor strokes within 3
TABLE 139-4 -- Baseline Characteristics of the NASCET Study
MEDICAL (n = 331)

SURGICAL (n= 328)

66

65

Male

69%

68%

Female

31%

32%

White

89%

93%

Black

4%

2%

Other

7%

5%

Antithrombotic medications

85%

85%

TIA at entry

69%

67%

Stroke at entry

31%

33%

70–79%

43%

40%

80–89%

33%

38%

90–99%

24%

22%

9%

8%

Median age (yr)
Sex

Race

Ipsilateral stenosis

Contralateral 70–99% stenosis
NASCET, North American Symptomatic Carotid Endarterectomy Trial; TIA, transient ischemic attack.

months of entry into the study. Aspirin (1300 mg/day or less if poorly tolerated) was the primary medical therapy, along with control of hypertension, hyperlipidemia, and diabetes. Aspirin was also given to surgical patients; the details of operative
intervention were not standardized.

Follow-up protocol was rigorous. In addition to determinations by surgeons in the immediate postoperative period and at 30 days, an independent neurologic evaluation was performed by participating neurologists at 30 days, every 3 months for the first year,
and every 4 months in ensuing years. Duplex ultrasonography was performed 1 month postoperatively and after neurologic symptoms. Repeat arteriograms were obtained if clinically indicated.

In the 70% to 99% carotid stenosis subset, between January 1988 and February 1991, 659 patients were randomized: 328 in the surgical group and 331 in the medical group. Table 139–4 describes the baseline characteristics of the two groups. In February
1991, after only 18 months of mean follow-up, the Data and Safety Monitoring Board prematurely stopped the enrollment of patients with 70% to 99% stenoses by invoking the predetermined stopping rule, and the National Institutes of Health issued a
“clinical alert” informing physicians of the results. Patients in the medical arm of this subset of the study were advised to undergo carotid endarterectomy. Altogether, these were highly unusual measures that emphasized the importance of findings.

116

] The total adverse event rate for surgical patients was 5.8% during the first 30 days compared with 3.3% in medically treated patients. The 30-day major stroke and death event
Table 139–5 summarizes the results for patients in both NASCET groups. [
rates were 2.1% and 0.9% in the surgical and medical groups, respectively. The cumulative risk of an ipsilateral stroke was 9% for surgically treated patients and 26% in those randomized to medical therapy, which represented an absolute risk reduction of
17% and a relative risk reduction of 65% (P < .001). The number of patients needed to treat to prevent stroke in 2 years is 6. The risk of

1999

TABLE 139-5 -- First Adverse Events for the Patients in the Two Arms of the NASCET Study at Two Years of Follow-Up
EVENTS (EVENT RATE, %)
EVENT
Any ipsilateral stroke

*

MEDICAL PATIENTS (N =
331)

SURGICAL PATIENTS (N =
328)

61 (26)

26 (9)

ABSOLUTE DIFFERENCE (%
± SE)
17 ± 3.5

Any stroke

64 (27.6)

34 (12.6)
15 ± 3.8

Any stroke or death

73 (32.3)

†

65

†

54

41 (15.8)
16.5 ± 4.2

Major or fatal ipsilateral stroke

29 (13.1)

8 (2.5)
10.6 ± 2.6

Any major or fatal stroke

29 (13.1)

10 (3.7)
9.4 ± 2.7

Any major stroke or death

38 (18.1)

RELATIVE RISK
REDUCTION, %

19 (8.0)
10.1 ± 3.5

†

51

†

81

†

72

‡

56

NASCET, North American Symptomatic Carotid Endarterectomy Trial.

* Event rates were determined by Kaplan-Meier estimates for survival. “Death” refers to mortality from all causes. All events from the time of randomization to the first 30 days in the surgical group and 32 days in
the medical group are included, along with subsequent events defining treatment failure.
† P < .001 for the comparison of the treatment groups.
‡ P < .01 for the comparison of the treatment groups.

a major or fatal ipsilateral stroke in the surgical group was 2.5% versus 13.1% in the medical group, representing a relative risk reduction of 81% (P < .001). For patients who did not die or have a major stroke within 30 days of randomization, the 2-year stroke
risk was 1.6% versus 12.2% in surgically versus medically treated patients, respectively.

113

] The results of this analysis are
The degree of stenosis correlated profoundly with the risk of stroke in NASCET. In a subset analysis, Morgenstern and colleagues showed progressively increasing surgical benefit in the 8th, 9th, and 10th deciles.[
portrayed in Figure 139–35 . Symptomatic patients with 90% to 94% stenoses have the greatest medical risk and the most surgical benefit. Less difference between medical and surgical treatment (only 4.4% at 1 year in those with a “string sign”) is seen in
patients with near occlusion, presumably because excellent collateral development was relatively protective, and the conduit for large emboli is substantially narrowed ( Fig. 139–36 ).

NASCET continued to randomize symptomatic patients with less than 70% carotid stenosis until December 1996. All patients were then followed for 1 additional year. The results of this phase of the trial have been presented at the annual meeting of the

9A]

American Heart Association, and subsequently published.[

9
In brief, there was definite but moderate benefit for carotid endarterectomy in symptomatic patients in this subset.[ ] Although carotid endarterectomy was not associated with a reduction in

major or fatal stroke, there was a statistically significant 39% relative risk reduction for any stroke in surgically treated patients with 50% to 69% carotid stenoses. The number needed to treat to prevent 1 stroke in 5 years was 15 patients. There appeared to be
no significant benefit of carotid endarterectomy in those with less than 50% stenoses. With respect to long-term survival, there was no significant benefit in (1) women or (2) those who presented with retinal symptoms compared with

Figure 139-35 Estimates of risk of stroke at 2 years by degree of stenosis by deciles, as determined by Kaplan-Meier statistics from the North American Symptomatic Carotid Endarterectomy Trial (NASCET). The risk of stroke is similar for all deciles of
stenosis in surgically treated patients; in contrast, the risk of stroke increases with deciles in medically treated patients. (From Barnett HJM, Meldrum HE, Elaiasziw M: Lessons from the symptomatic trials for the management of asymptomatic disease. In
Caplan LR, Shifrin EG, Nicolaides AN, Moore WAS [eds]: Cerebrovascular Ischaemia Investigation and Management. London, Med-Orion, 1996, p 385.)

Figure 139-36 Estimates of ipsilateral stroke at 1 year by degree of stenosis according to Kaplan-Meier statistical analysis of North American Symptomatic Carotid Endarterectomy Trial (NASCET) data. 95% = near occlusion. (From Morgenstern LB, Fox
AJ, Sharpe BL, et al: The risks and benefits of carotid endarterectomy in patients with near-occlusion of the carotid artery. Neurology 48:911, 1997.)

Figure 139-37 Event-free rates for ipsilateral stroke and transient ischemic attach (TIA) or amaurosis fugax in the Veterans Affairs Cooperative Study (Clinical Studies Program No. 167) by Kaplan-Meier analysis. The numbers of patients (N) remaining eventfree and in the study at the beginning of each 12-month period are provided beneath the graph. Treatment group comparisons by the log-rank test showed significant differences in favor of the surgical group (P < .001). (From Hobson RW, Weiss DG, Fields
WAS, et al: Efficacy of carotid endarterectomy for asymptomatic carotid stenosis. N Engl J Med 3288:221, 1993.)
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Cerebrovascular accident is the third leading cause of death in the United States, surpassed only by heart disease and malignancy.[ ] Stroke accounts for 10% to 12% of all deaths in industrialized countries. Almost one in four men and one in five women aged
45 years can expect to have a stroke if they live to 85 years of age. In a population of 1 million, 1600 people will have a stroke each year. Only 55% of these survive 6 months, and a third of the survivors have significant problems caring for themselves. As our

2
population ages, the total number of people afflicted with stroke will continue to rise unless historic stroke rates decline in the future.[ ]

The etiology of stroke is multifactorial. Ischemic stroke accounts for about 80% of all first-ever strokes, whereas intracerebral hemorrhage and subarachnoid hemorrhage are responsible for 10% and 5%, respectively. Of those strokes that are ischemic in
nature, most are linked to complications of atheromatous plaques. The most frequent site of such an atheroma is the carotid bifurcation. Although the prevention of stroke in the general population has largely focused on the control of hypertension, a
substantial number of strokes are preventable by the identification and treatment of carotid disease, especially as the population ages.

Surgical endarterectomy of high-grade carotid lesions, both symptomatic and asymptomatic, has been identified as the treatment of choice for stroke prophylaxis in most patients when compared to “best medical therapy” (risk factor reduction and antiplatelet

3 4

agents), as proven by the North American Symptomatic Carotid Endarterectomy Trial (NASCET) and the Asymptomatic Carotid Atherosclerosis Study (ACAS).[ ] [ ] More careful inspection of their respective results suggest that the risk of disabling stroke
or death was 1.9% in NASCET, with a 3.9% risk of minor stroke. In ACAS, the risk of major stroke or death was 0.6% when one excludes the 1.2% risk of stroke caused by diagnostic arteriography. Subsequently, carotid endarterectomy (CEA) has been
performed in increasing numbers of patients and now represents the most frequent surgical procedure performed by vascular surgeons. Despite the proven efficacy of CEA in the prevention of ischemic stroke, great interest has been generated in carotid
angioplasty and stenting (CAS) as an alternative to surgical therapy. This chapter examines the indications, techniques, and results of this novel therapy.

CAROTID ENDARTERECTOMY

5
The era of CEA was ushered in by the report of Eastcott and associates in 1954. They treated a 66-year-old woman who had 33 episodes of transient cerebral ischemia; following the operation, her symptoms resolved.[ ] Despite publication of satisfactory
6

surgical results, the efficacy of CEA came into question during the 1970s and 1980s. Among Medicare beneficiaries, the frequency of CEA declined from 1985 (61,273 per annum) to 1989 (46,571).[ ] It was not until the 1990s that randomized trials of best
medical therapy versus CEA were undertaken. Following publication of the NASCET and ACAS results, the volume of CEA in the United States rose dramatically; again, among Medicare recipients, the incidence rose to 108,275 in 1996 following release of

7
data from these trials. The Dartmouth Atlas of Vascular Health Care reported that the number of CEAs performed between 1995 and 1997 nearly doubled, from 62,000 to 114,000 annually.[ ]

8
With the advent of CAS, CEA has again come under attack, despite its proven efficacy and durability in stroke prevention in patients with high-grade stenosis of the internal carotid artery (ICA).[ ] Proponents of CAS have suggested that the results of
NASCET and ACAS are not achievable in general practice outside selected centers of excellence. The question is a reasonable one; if the combined stroke and death rate of CEA in asymptomatic
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patients were more than 3%, there would be little benefit of operation in the asymptomatic population.[ ] Both ACAS and NASCET included good-risk patients on the basis of reasonable life expectancy (so as to be available for follow-up) and exclusion of
other potential causes of stroke (such as atrial fibrillation). Exclusion criteria included previous carotid surgery, prior myocardial infarction (MI), congestive heart failure, renal failure, unstable angina, and those requiring combined CEA and coronary bypass

10]

procedures. Tables 140–1 and 140–2 list inclusion and exclusion criteria for several important CEA and CAS trials. A review of 25 studies reporting 30-day stroke and death rates by Rothwell and associates[
patients and 1.8% in symptomatic patients. The combined stroke and death rates were 3% in asymptomatic patients and 5.2% in those presenting with symptomatic carotid stenosis.

found a mortality rate of 1.3% in asymptomatic

11

A number of studies have focused on NASCET and ACAS eligibility as they relate to the results of CEA in the general population. Lepore and colleagues[ ] from the Ochsner Clinic reviewed 366 CEAs performed at their institution over a 2-year period.
Surprisingly, 46% were found to be “high risk” based on NASCET and ACAS ineligibility. Their cohort included 60% who presented with asymptomatic carotid stenosis; the remaining 40% had focal ipsilateral symptoms at presentation. The overall stroke
and death rate (combined stroke + mortality [CSM]) was 2.5%; trial-eligible good-risk patients had a CSM of 1.5%, and the remainder (trial ineligible) had a CSM of 3.6%. Although there was a trend toward higher neurologic morbidity in trial-ineligible
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patients, this difference did not reach statistical significance (P = 0.17). These authors concluded that ineligibility for NASCET or ACAS should not be employed as a de facto indication for CAS. Illig and coworkers[ ] examined the results of CEA at the
University of Rochester in 857 patients. Stroke or death at 30 days occurred in 2.1%. Rates were similar in patients excluded from (2.7%) or included in (1.6%) NASCET and ACAS and in patients eligible (3.1%) or ineligible (2.1%) for ACCULINK for
Revascularization of Carotids in High-Risk Patients (ARCHeR), a CAS registry. These rates did not differ according to whether exclusion or inclusion was based on anatomic risk, medical risk, or protocol exclusion; however, there was a trend toward worse
outcome in the high medical risk subgroup. Stroke and death rates were similar according to age, gender, repeat procedure, or the presence of contralateral occlusion.
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Mozes and associates [ ] examined the results of 776 consecutive CEAs from the Division of Vascular Surgery at the Mayo Clinic in Rochester, Minnesota. Patients were categorized as high risk based on the inclusion and exclusion criteria for the Stenting
and Angioplasty with Protection in Patients at High Risk for Endarterectomy (SAPPHIRE) trial of CAS with cerebral embolic protection. Of 776 CEAs, 323 (42%) were considered high risk based on the criteria listed in Table 140–3 . Clinical presentation
was similar in the high- and low-risk groups ( Table 140–4 ). The overall postoperative stroke rate was 1.4% (symptomatic, 2.9%; asymptomatic, 0.9%). When comparing high-and low-risk CEAs, there was no statistical difference in stroke rate. Factors
associated with significantly increased stroke risk were cervical radiation therapy, class III/IV angina, symptomatic presentation, and age ≤ 60 years. Overall mortality was 0.3% (symptomatic, 0.5%; asymptomatic, 0.2%), not significantly different between
the high- (0.6%) and low-risk groups (0.0%). Non-Q MI was more frequent in the high-risk group (3.1% vs. 0.9%; P < 0.05). Of note, the only MIs that occurred in the entire series were nontransmural (non-Q). A composite cluster of adverse clinical events
(death, stroke, and MI) was more frequent in the symptomatic high-risk group (9.3% vs. 1.6%; P < 0.005) but not in the asymptomatic cohort. There was a trend for more major cranial nerve injuries in patients with local risk factors, such as high carotid
bifurcation, reoperation, and cervical radiation therapy (4.6% vs. 1.7%; P < 0.13). In 121 patients, excluded on the base of synchronous or immediate subsequent operations (who would have also been excluded from SAPPHIRE), the overall stroke (1.65%; P
= 0.69), death (1.65%; P = 0.09), and MI (0.83%; P = 0.71) rates were not significantly different from the study population. The authors concluded that SAPPHIRE-eligible high-risk patients could undergo CEA with stroke and death rates well within
accepted standards and that patients with local risk factors were at higher risk for cranial nerve injuries, not necessarily stroke. These data bring into question the application of CAS as an alternative to CEA, even in high-risk patients.
Although the previously cited studies do not support the premise that operative risk is higher in patients excluded from NASCET and ACAS or in trials of CAS in high-risk patients, there may in fact be categories of patients in whom CEA may not be optimal
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therapy. Hertzer and colleagues[

described the Cleveland Clinic experience for 2228 consecutive CEA procedures in 2046 patients from 1989 to 1995. The stroke and mortality rates for CEA as an isolated procedure were exemplary at 1.8% and 0.5%,

respectively, for a combined rate of 2.3%. In addition, no statistical difference was found in stroke and mortality rates for asymptomatic patients, those presenting with hemispheric transient ischemic attack (TIA), or those operated for stroke with minimal
residua. Those patients having combined CEA and coronary artery bypass graft (CABG) had higher rates of perioperative stroke (4.3%) and death (5.3%) than those patients having isolated CEA. Carotid reoperations were also associated with higher stroke
(4.6%) and death (2.0%) rates. These data again lend credence to the idea that CEA can be performed safely in large groups of unselected patients but may give some insight into categories of patients who are at increased risk for operative intervention.
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A follow-up study from the Cleveland Clinic by Ouriel and coworkers, including Hertzer,[ ] attempted to identify a subgroup of patients who, on retrospective analysis, were at increased risk for CEA and therefore might be better served by CAS. Three
thousand sixty-one CEAs were examined from a prospective database over a 10-year period. A high-risk cohort was identified, based on the presence of severe coronary artery disease (requiring angioplasty or bypass surgery within the 6 months prior to
CEA), history of congestive heart failure, severe chronic obstructive pulmonary disease, or renal insufficiency (serum creatinine > 3.0 mg/dL) ( Figs. 140–1 and 140–2 ). The rate of the composite endpoint of stroke/death/ MI was 3.8% for the entire group
(stroke 2.1%, MI 1.2%, and death 1.1%). This composite endpoint occurred in 7.4% of those considered
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TABLE 140-1 -- Definition of High-Risk Carotid Endarterectomy (CEA): Major Exclusion Criteria of NASCET/ACAS and Major Inclusion Criteria for Population-Based Studies on High-Risk CEA and for the SAPPHIRE Study
EXCLUSION CRITERIA
NASCET

INCLUSION CRITERIA
ACAS

Ouriel et al (2001)

Jordan et al (2002)

Gasparis et al (2003)

SAPPHIRE

Age (yr)

>79

>79

—

—

≥80

>80

History

Contralateral CEA <4 mo

Major surgical procedure <1 mo

—

Major vascular procedure <1 mo

—

—

Major surgical procedure <1 mo

Stroke-in-evolution

Stroke-in-evolution
Comorbidities
Cardiac

Unstable angina

Unstable angina

PTCA/CABG <6 mo

Coronary procedure <1 mo

NYHA functional class III/IV

Open heart surgery <6 wk

Atrial fibrillation

Atrial fibrillation

History of CHF

CABG <6 wk

Canadian CVA heart failure
functional class III/IV

MI <4 wk

Valvular heart disease

Valvular heart disease

Angina, NYHA class III/IV

CABG <6 mo

Angina CCS class III/IV

Symptomatic CHF

Symptomatic CHF

EF <30%

CHF class III/IV

MI <4 wk

EF <30%

MI <6 mo

Abnormal cardiac stress test
Pulmonary

Lung failure

Lung failure with impact on 5-yr
survival

Severe COPD

FEV1 <1 L

Steroid dependency

Chronic oxygen therapy

Home oxygen

Oxygen dependency

Resting PO2 ≤60 mm Hg
Baseline hematocrit ≥50%
FEV1 or DLCO ≤50% predicted

Renal
Other

Kidney failure

Cr >3 mg/dL

Cr >3 mg/dL

—

Cr ≥3 mg/dL

—

Uncontrolled HTN

>180 systolic, 115 diastolic BP
(mm Hg)

—

—

—

—

Uncontrolled DM

Fasting glucose >400 mg/dL

Liver failure

Liver failure

Cancer, <50% 5-yr survival

Cancer, <50% 5-yr survival

Active ulcer disease
Warfarin
Anatomic criteria

Previous ipsilateral CEA

Previous ipsilateral CEA

Tandem lesion > target stenosis

—

Previous ipsilateral CEA

Previous ipsilateral CEA

Previous ipsilateral CEA

Tandem lesion > target stenosis

Cervical radiation treatment

Cervical radiation treatment

Severe tandem lesion

Cervical radiation treatment

Contralateral carotid occlusion

Contralateral carotid occlusion

Cervical radiation treatment

High cervical lesion

Cervical radiation treatment

Contralateral carotid occlusion

Lesion below the clavicle

High cervical lesion

High cervical lesion (at least C2)
Lesion below the clavicle
Contralateral laryngeal palsy

CHF, chronic heart failure; MI, myocardial infarction; HTN, hypertension; DM, diabetes mellitus; Cr, creatinine; BP, blood pressure; PTCA, percutaneous transluminal coronary angioplasty; CABG, coronary artery bypass graft; COPD, chronic obstructive
pulmonary disease; NYHA, New York Heart Association; Canadian CVA, Canadian Cardiovascular Association; CCS, Canadian Cardiovascular Society; EF, ejection fraction; PO2 , partial oxygen pressure; FEV1, forced expiratory volume in 1 second;
DLco, diffusing capacity of the lung for carbon monoxide; C2, second cervical vertebra.
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TABLE 140-2 -- Exclusion Criteria of the SAPPHIRE Trial
Acute stroke (≤48 hr)
Staged elective procedure (within 30 days following the CEA)
Elective percutaneous intervention
Contralateral CEA
Other elective operation
Synchronous operation
CCA angioplasty/stenting or bypass
Cardiac operation
Noncardiac operation
Intracranial pathology
Intracranial mass
Aneurysm >9 mm
Arteriovenous malformation
Ventriculoperitoneal shunt
CEA, carotid endarterectomy; CCA, common carotid artery.

TABLE 140-3 -- Number and Frequency of High-Risk Criteria in All Carotid Endarterectomies
HIGH-RISK CRITERIA
Positive cardiac stress test

*
NUMBER (PERCENTAGE)
109 (14)

Age >80 yr

85 (11)

Contralateral carotid occlusion

66 (9)

Pulmonary dysfunction

56 (7)

High carotid bifurcation

36 (5)

Carotid reoperation

27 (3)

Left ventricular EF <30%

11 (1.4)

NYHA class III/IV CHF

11 (1.4)

NYHA class III/IV angina

8 (1)

Cervical radiation therapy

6 (<1)

Recent (<6 wk) cardiac operation

4 (<1)

Contralateral laryngeal nerve palsy

2 (<1)

Recent (<4 wk) MI

1 (<1)

EF, ejection fraction; CHF, chronic heart failure; NYHA, New York Heart Association; MI, myocardial infarction.

* n = 776; 84 operations were associated with more than one high-risk criterion.

Figure 140-1 Proportion of patients by risk category. (From Ouriel K, Hertzer NR, Beven EG, et al: Preprocedural risk stratification: Identifying an appropriate population for carotid stenting. J Vasc Surg 33:728–732, 2001.)

TABLE 140-4 -- Demographics and Frequency of Clinical Variables in Patients with High- and Low-Risk Carotid Endarterectomy
HIGH-RISK

LOW-RISK

P

Number

323

453

—

Presentation

—

—

—

Asymptomatic

73%

73%

NS

TIA/amaurosis fugax

23%

22%

NS

Stroke

4%

5%

NS

Demographics

Mean age

73 yr

70 yr

<0.0001

Male gender

67%

60%

<0.05

Smoking

71%

71%

NS

Arterial hypertension

88%

83%

NS

Dyslipidemia

76%

81%

NS

Diabetes mellitus

24%

24%

NS

Chronic CAD

55%

44%

0.01

Cardiac stress test

67%

47%

0.0001

Duplex US

97%

99%

NS

MRA

25%

22%

NS

Angiography

16%

11%

0.05

Shunt

22%

13%

0.001

Patch

87%

89%

NS

Eversion CEA

2%

3%

NS

CV risk factors

Diagnostic studies

Operative technique

CEA, carotid endarterectomy; TIA, transient ischemic attack; CV, cardiovascular; CAD, coronary artery disease; US, ultrasonography; MRA, magnetic resonance angiography; NS, not significant.

Figure 140-2 Rate of perioperative events in low- and high-risk subgroups. MI, myocardial infarction. (From Ouriel K, Hertzer NR, Beven EG, et al: Preprocedural risk stratification: Identifying an appropriate population for carotid stenting. J Vasc Surg
33:728–732, 2001.)

TABLE 140-5 -- Indications for Carotid Angioplasty/Stenting in High-Risk Patients
Severe cardiac disease
Requiring coronary PTA or CABG
History of congestive heart failure

Severe chronic obstructive pulmonary disease
Requiring home oxygen
FEV1 <20% predicted
Severe chronic renal insufficiency
Serum creatinine >3.0 mg/dL
Currently on dialysis
Prior carotid endarterectomy (restenosis)
Contralateral vocal cord paralysis
Surgically inaccessible lesions
At or above C2
Inferior to the clavicle
Radiation-induced carotid stenosis
Prior ipsilateral radical neck dissection
PTA, percutaneous transluminal angioplasty; CABG, coronary artery bypass graft; FEV1 , forced expiratory volume in 1 second.
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By 1980, reports of balloon angioplasty in the carotid arteries were published.[ ] [ ] The first stents were implanted for ischemic heart disease in

Andreas Gruntzig pioneered the technique of balloon angioplasty in the coronary circulation in 1977.[

26]
and by the 1990s several investigators had reported the application of stents to the carotid circulation. Since these early reports, CAS has advanced to the level of investigation by clinical trials.

1986,[

Indications
The following basic indications for CAS do not differ from those of standard surgical carotid endartectomy:
1. Asymptomatic lesions that fall within the 80% to 99% range on duplex ultrasound, which correlates with an angiographic stenosis of at least 60%—Most clinical trials of CAS in asymptomatic patients require an angiographic stenosis of at least 80%
for study inclusion.
2. Symptomatic patients (hemispheric TIA, amaurosis fugax, or stroke with minimal residua) with at least a 70% angiographic stenosis—Patients with symptomatic, ulcerated stenoses greater than 50% may benefit from endarterectomy; this has not yet
been extrapolated to carotid intervention.
A list of the possible indications for CAS in high-risk patients and relative contraindications to the procedure are listed in Tables 140–5 and 140–6 .
Results of CAS
Short-Term Results

The short-term results of CAS are largely dependent on the presence or absence of cerebral embolization. With the relatively recent addition of cerebral protection to the procedure, associated stroke risk seems to have decreased. Admittedly, however,
improvements in devices and technology have created a “moving target,” making evaluation of results difficult at best. Nevertheless, a reasonable summary of the procedure, as it exists today, can be created from the available literature.

27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53]

A list of studies, encompassing 40 case series and more than 17,000 procedures, is shown in Table 140–7 .[

[54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66]

TABLE 140-6 -- Limitations of and Contraindications to Carotid Angioplasty/Stenting

Inability to obtain femoral artery access
Unfavorable aortic arch anatomy
Severe tortuosity of the common or internal carotid arteries
Severely calcified/undilatable stenoses
Lesions containing fresh thrombus
Extensive stenoses (longer than 2 cm)
Critical (>99%) stenoses
Lesions adjacent to carotid artery aneurysms
Contrast-related issues
Chronic renal insufficiency
Previous life-threatening contrast reaction
Preload dependent states—severe aortic valvular stenosis

2011
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One of the first peer-reviewed manuscripts reporting on the results of a large cohort of patients was in 1997 by Yadav and associates[ ] from the University of Alabama at Birmingham (UAB). A total of 107 patients (126 arteries) were treated; 59% were
symptomatic, and many were referred from local vascular surgeons. All patients were treated with balloon-expandable stents without cerebral protection. Amazingly, there were only two major strokes, 7 minor strokes, and one death at 30 days, for a CSM of

67]

7.9%. Of note, 77% of their patients would not have been eligible for NASCET or ACAS (inferring that these patients were unfit for standard CEA); Jordan and colleagues,[
performed during a similar period would also have been excluded from these two pivotal trials.

reporting from the same institution, found that 72% of 120 CEA procedures

38

Expanding on the Birmingham experience, Roubin and coworkers[ ] subsequently reported on patients treated at UAB and at Lenox Hill Hospital in New York. Six hundred four arteries were treated in 528 consecutive patients over a 5-year period,
including patients treated with both balloon-expandable and self-expanding stents, with and without cerebral protection devices. The overall 30-day CSM was 8.1% (for 528 patients) and included a 5.5% rate of minor stroke, 1.6% major stroke rate, and 1%
rate of non-neurologic death. When divided into yearly intervals, the risk of stroke and death reached a maximum of 12.5% in the period ending September 1997 and fell to a minimum of 3.2% the following year. This rather dramatic change in results likely
represents improvements in technology (protection devices, stents, guide wires) as well as an improved ability of the investigators to select appropriate patients for intervention.

35]
published in June 2001,

The Carotid and Vertebral Artery Transluminal Angioplasty Study (CAVATAS),[

TABLE 140-7 -- Current Results of Carotid Angioplasty/Stenting
AUTHOR, YEAR

NO. OF ARTERIES

PERCENTAGE SYMPTOMATIC

CEREBRAL PROTECTION

STROKE + DEATH, %

Diethrich 1996

117

28

No

7.3

Yadav 1997

126

59

No

7.9

Henry 1998

174

35

Mixed

2.9

Teitelbaum 1998

25

68

No

27.3

Bergeron 1999

99

44

No

2

Shawl 2000

192

61

No

2.9

Malek 2000

28

100

No

3.6

Roubin 2001

604

52

Mixed

7.4

Ahmadi 2001

298

38

Mixed

3.0

CAVATAS 2001

251

96

No

10

Brooks 2001

53

100

No

0

d’Audiffret 2001

68

30

Mixed

5.8

Chakhtoura 2001

50

39

No

2.2

Leger 2001

8

38

No

0

Dietz 2001

43

100

Yes

5

Baudier 2001

50

98

Mixed

6

Reimers 2001

88

36

Yes

2.3

Pappada 2001

27

93

Mixed

3.7

Paniagua 2001

69

16

No

5.6

Criado 2002

135

40

Mixed

2

Guimaraens 2002

194

92

Yes

2.6

Al-Mubarak 2002

164

48

Yes

2

Bonaldi 2002

71

100

Mixed

5.6

Kao 2002

118

75

No

4.2

Whitlow 2002

75

56

Yes

0

Qureshi 2002

73

37

Mixed

4.1

Macdonald 2002

50

84

Yes

6

Stankovic 2002

102

37

Mixed

0

Kastrup 2003

100

63

Mixed

5

Cremonisi 2003

442

57

Yes

1.1

Terada 2003

87

80

Yes

2.3

Bowser 2003

52

60

No

5.7

Wholey 2003

12,392

53

Mixed

4.75

Becquemin 2003

114

33

Mixed

7.0

Dabrowski 2003

73

Not stated

Mixed

5.5

Cernetti 2003

104

26

Yes

4

Bush 2003

51

29

No

2

Gable 2003

31

69

No

3

Lal 2003

122

45

Mixed

3.3

SAPPHIRE 30-DAY

565

30

Yes

6.2%

TOTAL

17,485

4.7

2012

reported the results of a randomized trial of surgery versus angioplasty (with and without stenting) for the treatment of patients with symptomatic carotid and vertebral artery stenosis: 251 patients were randomized to the endovascular arm and 253 into the
surgical arm. Although the two procedures were essentially equivalent in their abilities to prevent (or cause, as it turned out) stroke, both treatments did so at an unacceptably high level; the combined endpoint of death or any stroke was achieved in 10% of
patients in both groups. In addition, 20% of patients treated with angioplasty or stenting had severe restenosis or occlusion at 1 year. The authors conclude that endovascular techniques are better than surgery because they avoid a neck incision and the risk of
general anesthesia. Had the results from the surgical cohort approached those of the NASCET, however, it is likely that the trial would have been suspended in favor of surgery. This trial has several other flaws that make it essentially irrelevant in current
clinical practice. It was selective and nonconsecutive, only 26% of the patients in the endovascular group had stents placed (most had angioplasty alone), and no cerebral protection devices were used. As such, the conclusions reached are probably not
applicable to current, state-of-the-art carotid angioplasty practice.
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A report from Criado and associates[ ] describes their experience with CAS in a vascular surgery practice. During a 40-month period from 1997 to 2001, 135 procedures were performed, largely (60%) in asymptomatic patients. The rate of complications
was quite acceptable at 2%, and only one patient had a significant restenosis at 16 months’ mean follow-up. Perhaps more important, these 132 patients represented 41% of those being treated for carotid disease in their vascular/endovascular practice.
Although this seems extraordinarily high, it may simply be a bellwether of things to come in the practice of vascular surgery and underscores the importance of multispecialty involvement in this new technology.
Results from the SAPPHIRE trial of CAS in high-risk patients were published in October 2004. This trial, which included a group randomized to CAS (n = 167) or CEA (n= 167), is the only industry-sponsored U.S. Food and Drug Administration (FDA)approved trial to date that did in fact randomize patients. A separate registry was compiled of patients thought to be too high risk for surgery and underwent CAS (n = 406) or who were not suitable candidates for CAS and underwent CEA (n = 7). The study
sought to evaluate the combined endpoint of major adverse events including stroke, death, and MI. Inclusion and exclusion criteria for the study are listed in Tables 140–1 and 140–2 . Patients were independently evaluated by a certified neurologist before and
after the procedure. This trial was designed to test the hypothesis that CAS was not inferior to CEA. Most of the randomized patients were asymptomatic; of the group randomized to CAS, 29.9% were symptomatic, and in the group randomized to CEA,
27.7% were symptomatic. At 30 days, the risk of stroke (CAS, 3.1%, CEA, 3.3%; P > 0.99) in the two groups was almost identical. One patient in the CAS group (0.6%) and three patients in the CEA group (2.0%) died within 30 days; this difference did not
reach statistical significance (P= 0.36). When periprocedural MI was examined, more patients in the CEA group suffered this complication (6.6%) than in the CAS group (4.4%), a difference that did reach significance (P < 0.05). Of note, most of the MIs were
non-Q, identified on routine postprocedure laboratory studies, including 3 of 3 in the CAS group and 8 of 10 in the CEA cohort. The combined endpoint death/stroke/MI did not reach statistical significance (CAS, 4.4%; CEA, 9.9%; P= 0.08). At 1 year, those
endpoints that reached statistical significance included major ipsilateral stroke (CAS, 0%; CEA, 3.5%; P= 0.02) and MI (CAS, 2.5%; CEA, 8.1%; P= 0.03). In addition, the combined endpoint at 1 year favored the CAS group (12.0% vs. 20.1% P = 0.05). The
reported results in the stent registry group included 20 strokes (4.9%), 9 deaths (2.2%), and 7 periprocedural MIs (1.7%) at 30 days. These results will likely be used to support FDA approval of the stent and filter protection device used in this important study.

[66] The ARCHeR trial[69] represents another industry-sponsored study of a stent and protection device; it differs from SAPPHIRE in that it is a registry of high-risk patients rather than a randomized trial. Preliminary results have been released. The
incidence of the composite endpoint (stroke/death/MI) was 7.7%, which included a 5.3% stroke risk; the risk of stroke or death was 6.6% at 30 days. Patients having CAS for restenosis following CEA had an extremely low risk of stroke (0.7%); those patients
with end-stage renal disease had an extraordinarily high risk (28%).
Proximal common carotid artery (CCA) lesions are relatively uncommon when compared with bifurcation lesions but may be well treated with angioplasty and stenting. In the author’s (T.M.S.) experience, most are treated via CCA cutdown, retrograde
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angioplasty, and placement of a balloon-expandable stent. Of 14 consecutive procedures performed at the Cleveland Clinic,[ ] one was converted to carotid-subclavian transposition following iatrogenic dissection and two other procedures resulted in stroke
secondary to ICA thrombosis. In both cases, which were performed in conjunction with re-do bifurcation endarterectomies, the CCA was patent at the time of surgical re-exploration and ICA thrombectomy. Although the carotid stent procedure was not likely
implicated, caution is urged when performing these combined procedures.
Stent Implantation, Restenosis, and Duplex Follow-Up
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Stent implantation within the ICA may be associated with angiographic and morphologic changes in the ICA. Berkefeld and associates[ ] retrospectively evaluated deviations in stented ICAs. They defined maximum extension of ICA tortuosity from the
axis of the CCA as ICA offset. A straight course of the ICA was associated with low offset values, whereas a tortuous ICA was associated with high offset angles. Stents, by their relatively stiff nature, tended to straighten the angle between the CCA and the
ICA; in five cases of self-expanding Wallstent placement, the tortuous segments of the ICA were simply “transferred” to a segment above the stent. This was associated with kinking of the ICA at the end of the stent and often caused constant or increased
offset despite the presence of a stent. The ideal stent has enough stiffness and radial force to adequately maintain lumen diameter following angioplasty while not inducing

2013

ICA kinking by transferring tortuosity to a more distal part of the artery. Morphologic changes also occur in the external carotid artery (ECA) following CAS. During angioplasty, plaque in the proximal ICA and distal CCA is often displaced toward the origin
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of the ECA, causing iatrogenic stenosis. In addition, most stents are placed from the ICA into the CCA, covering the origin of the ECA. In a study of 112 consecutive patients having CAS with Wallstents, Willfort-Ehringer and colleagues[ ] found a 17.5%
incidence of ECA stenosis immediately following CAS, increasing to 38% at 2 years. Five ECA occlusions (4.7%) were registered at 2 years. Although not clinically significant in this series, the ECA may be an important collateral to the intracranial
circulation, especially with ipsilateral ICA restenosis or occlusion.

Many of the initial reports with CAS were described using balloon-expandable stainless-steel stents. At the time, they were the only devices available for peripheral or carotid intervention. Subsequently, Wallstents were used because of their ease of

28] [72] [73] [74]

deliverability and self-expanding nature. Although the initial experience using this relatively crude technology was promising, reports began to surface suggesting that balloon-expandable stents were subject to deformation.[

Yadav, in his

28
75
original report of CAS in 107 patients,[ ] discovered two patients having restenosis secondary to deformation of balloon-expandable stents. Wholey and coworkers[ ] compared balloon-mounted and self-expanding stents in more than 500 patients. Fortyeight percent of 520 stents were bare metal balloon-expandable stents; the remainder were self-expanding. The rates of stroke and death at 30 days and 3 years were almost identical for the two stent types. Vessel patency at 3 years was slightly greater in the
balloon-expandable stent group (96.3% vs. 92.0%; P = .042). The authors concluded that both stent types were satisfactory but, because of vulnerability to compression, balloon-expandable stents were not favored.
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Initial experimental studies with intravascular stents in dog coronary arteries[ ] showed that the stent, which is inherently thrombogenic, is initially covered by a thin layer of thrombus. This layer is replaced over time with a proliferation of cellular
neointima that reached its maximum thickness at 8 weeks. At 1 week postimplantation, the stents were covered by an immature endothelial layer. The neointimal layer eventually became more sclerotic and less cellular. Healing of carotid stents has been
examined by duplex ultrasound. Three phases of stent incorporation have been identified: (1) an early “unstable” period immediately after stent implantation with an echolucent layer of thrombus; (2) a phase characterized by ingrowth of neointima (1 to 12

77

78]

months); and finally (3) a stable phase after 2 years.[ ] Restenosis following stent implantation is typically secondary to intimal hyperplasia and is likely related to the degree of arterial injury.[
important in preventing clinically significant restenosis.

Control of the second phase of stent healing may be

Restenosis has proven to be a substantial clinical problem following endovascular therapy in a number of vascular beds, including the coronary and renal arteries. Prior to the routine use of stents in conjunction with angioplasty (percutaneous transluminal

79

angioplasty [PTA]), Crawley and associates[ ] followed 12 patients with symptomatic carotid stenosis treated with PTA alone. The immediate angioplasty result decreased the mean percent stenosis from 82% to 51%. Six of the 12 showed further
improvement in lumen diameter greater than 14% at 1 year, from a mean stenosis immediately post-PTA of 47% to 28% at follow-up angiography. Obviously, there is substantial arterial remodeling that occurs following carotid PTA. Schillinger and

80]

colleagues,[

in a prospective study of 108 patients having CAS (with stenting), found restenosis of more than 50% in six patients (14%). Elevated levels of C-reactive protein (CRP) at 48 hours’ postintervention, indicative of a systemic inflammatory

81

response, correlate strongly with restenosis at 6 months (P = 0.01). Both residual stenosis of 10% to 30% and restenosis following prior stent implantation were independent predictors of restenosis in this study. Khan and coworkers[ ] identified, in a series
of 222 patients having successful carotid artery stenting, a number of factors that were predictive of restenosis. By univariate analysis, female gender and age older than 75 years were statistically predictive of restenosis; by multivariate analysis, older age,

82]

female gender, implantation of multiple stents, and postprocedural percent stenosis were associated with an increased risk of restenosis. Christiaans and associates[

also identified loss of proximal stent apposition as a risk factor for restenosis. In addition,

83
in their series, most restenoses were found on routine follow-up and were asymptomatic, a finding confirmed by Lal and colleagues.[ ] These studies suggest that a number of patient-related and procedure-related factors are associated with restenosis
*

following CAS. Table 140–8 includes those studies
at 12 to 24 months.

in which restenosis rates were defined following CAS. Although the reported incidence of restenosis is quite variable, ranging from 1.8% to 75%, most studies report restenosis rates between 5% and 10%

84

Owing to the nature of CAS—the plaque is not removed but is simply displaced—the duplex criteria used to follow patients post-CEA may not apply. Robbin and associates,[ ] reporting on patients treated at the UAB by Yadav and colleagues,
prospectively studied 170 stented carotid arteries. Prospective duplex criteria for stenosis included peak systolic velocity greater than 125 cm/sec, ICA/CCA ratio greater than 3, and intrastent doubling of velocity. Although few stents showed significant
restenosis, duplex was able to accurately identify restenosis and correlated with angiographic findings at 1 year.

85

In a study that included blinded comparison of carotid angiograms at completion of CAS and 24-hour duplex ultrasound studies in 114 patients, Ringer and colleagues[ ] found little correlation between the two modalities. Using two standard criteria for
high-grade stenosis (A, peak in-stent velocity > 125 cm/sec; B, ICA/CCA > 3) and two customized criteria (C, peak in-stent velocity > 170 cm/sec; D, ICA/CCA > 2), they found 61 patients who met at least one of these criteria for high-grade stenosis
immediately following CAS. None of these 61 had more than 50%
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TABLE 140-8 -- Incidence of Restenosis Following Carotid Angioplasty/Stenting
AUTHOR, YEAR

NO. OF ARTERIES

FOLLOW-UP

RESTENOSIS/OCCLUSION, %

Diethrich 1996

110

8 mo

3.4

Yadav 1997

81

6 mo

4.9

Teitelbaum 1998

26

6 mo

14.3

Henry 1998

174

13 mo

2.3

Bergeron 1999

99

13 mo

3

Malek 2000

28

14 mo

25

Cremonesi 2000

119

6–36 mo

5.0

CAVATAS 2001

251

12 mo

14

Roubin 2001

520

36 mo

3.1

Ahmadi 2001

320

12 mo

8

D’Audiffret 2001

83

16 mo

7.2

Chakhtoura 2001

50

18 mo

8

Leger 2001

8

20 mo

75

Paniagua 2001

62

17 mo

5.7

Dietz 2001

43

20 mo

2.3

Baudier 2001

54

34 mo

28

Pappada 2001

27

6–37 mo

3.7

Criado 2002

135

16 mo

3

Guimarens 2002

194

12 mo

4.1

Kao 2002

129

16 mo

3.1

Bonaldi 2002

71

1 yr

8

Willfort 2002

279

1 yr

3

Stankovic 2002

100

1 yr

3.4

Shawl 2002

343

26 mo

2.7

Gable 2003

31

28 mo

6

Cernetti 2003

104

24 mo

1.8

Dabrowski 2003

80

12 mo

7.5

Becquemin 2003

114

15 mo

7.5

12,392

36 mo

1.7

Khan 2003

179

12 mo

6.7

Christiaans 2003

217

48 mo

21

Wholey 2003

520

36 mo

8

DeBorst 2003

217

8 mo

1.8

Lal 2003

122

60 mo

6.4

Bush 2003

51

12 mo

2

Bowser 2003

52

34 mo

16

Wholey 2003

residual stenosis by angiography at the completion of their procedure. Most strikingly, in those patients found to have recurrent stenosis in follow-up, in-stent peak systolic velocities and ICA/CCA had increased by more than 80% when compared to their
immediate postprocedure study. These authors conclude that strict velocity criteria for restenosis is less reliable than changes in velocity over time. Clearly, based on these data, a baseline duplex following CAS, which can be correlated with the completion
angiogram and followed over time, is imperative. This policy will lead to fewer false-positive duplex studies.

86

Lal and coworkers,[ ] from Hobson’s group in New Jersey, found that among several duplex criteria, post-CAS peak systolic velocity correlated best with angiography in 90 stented arteries. A mean residual angiographic stenosis of 4.2% ± 9.7% correlated
with an ICA peak systolic velocity of 123 ± 30 cm/sec. They concluded that a peak systolic velocity 150 cm/sec or lower correlates with a “normal” lumen (0 to 19% stenosis) following CAS. Contrast-enhanced color-coded duplex ultrasound using an

87]

ultrasound contrast agent, administered intravenously, that produces air-filled microbubbles may be a promising technique on the horizon for imaging post-CAS arteries, producing images comparable to contrast angiography.[

From the data presented, several recommendations regarding follow-up in patients having CAS can be made, including the following:
1. Duplex ultrasound follow-up of stented carotid arteries is an important tool to identify patients with restenosis. Early restenosis is typically secondary to myointimal hyperplasia.
2. Because follow-up duplex ultrasound studies may be difficult to interpret based on traditional velocity criteria, a baseline study is imperative; this must be correlated with the degree of residual stenosis at the completion of the CAS procedure.
Subsequent studies are performed at 3, 6, and 12 months, and at 6- to 12-month intervals thereafter.

Current evidence suggests that a peak systolic velocity of 150 cm/sec or lower in the ICA correlates with a normal vessel (0 to 19% stenosis). Elevation of the peak systolic velocity and the ICA/CCA (>80% increase) may be an even more important criterion
in determining significant restenosis following CAS. Identification of high-grade restenosis typically warrants further evaluation with contrast angiography. Most patients having recurrent stenosis complicating CAS can be safely treated with repeat

37] [40] [128]

angioplasty ( Fig. 140–3 ). [

Technical Aspects of CAS
Anatomy

The anatomy of the cerebral circulation, from the aortic arch to the capillary level, is important to the planning of CAS. Several anatomic considerations are particularly germane to the procedure. The configuration of the aortic arch is perhaps the first
anatomic challenge to consider. With advancing age, the apex of the arch tends to become displaced further distally. This change in arch configuration tends to make selective catheterization of the brachiocephalic vessels more challenging and influences the
choice of catheter to be used ( Fig. 140–4A ). The operator should become familiar with a variety of selective catheters; we tend to prefer the Simmons II catheter because it provides for “deep” cannulation of the CCA, facilitating ultimate passage of a guide
wire for delivery of a sheath. As the level of the origin of the object vessel increases in distance from the dome of the arch, the degree of difficulty in obtaining guide wire and sheath access increases. Examples of arches of varying complexity are shown in
Figure 140–4 B. Cannulation of a left CCA arising from a common brachiocephalic trunk (bovine arch) may be particularly difficult to access and should be identified on preprocedural contrast- or magnetic resonance (MR) angiography. Especially when
starting to perform these interventions, a complete study, including the aortic arch and origins of the brachiocephalic trunks, is essential.
The presence of any tandem lesions along the course of the cerebral circulation is likewise important in treatment
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Figure 140-3 A, High-grade restenosis of the internal carotid artery (arrowhead) 11 months following carotid angioplasty/stenting with Wallstent. B, Following angioplasty alone. C, Following placement of nitinol stent. Note filter protection device in distal
internal carotid.

Figure 140-4 A, Normal variations of aortic arch configuration. B, Increasingly complex aortic arches, making common carotid artery cannulation and sheath passage more difficult. (A, From Berguer R, Kieffer E: Surgery of the Arteries to the Head. New
York, Springer-Verlag, 1992; B, From Criado F: Mastering carotid intervention. Endovasc Today 2:65, 2003.)

Figure 140-5 High-grade internal carotid artery stenosis. Tortuosity of the distal common and proximal internal carotid arteries precluded safe coronary angioplasty/stenting.

Figure 140-6 A, The circle of Willis. A1, horizontal portion, anterior cerebral artery; ACoA, anterior communicating artery; A2, vertical anterior cerebral artery segment; ICA, internal carotid artery; MCA, middle carotid artery; SCA, superior cerebellar
artery; OA, ophthalmic artery; ON, ophthalmic nerve; PCoA, posterior communicating artery; P1, horizontal portion, posterior cerebral artery; P2, ambient posterior cerebral artery segment; BA, basilar artery; CN, cranial nerve. B, Anterior communicating
artery (arrow) C, Posterior communicating artery (small arrows), and posterior cerebral artery (large arrow) identified from contrast injection in the ICA. (A–C, From Osborn A: Diagnostic Cerebral Angiography, 2nd ed. Philadelphia, Lippincott Williams &
Wilkins, 1999.)

Figure 140-7 A, High-grade symptomatic recurrent stenosis, left internal carotid artery (ICA). B, Occlusion of the ICA (large arrow) with PercuSurge device. Flow remains through the external carotid artery. Note ball bearings to assist in device sizing (small
arrow). C, Completion angiogram following nitinol stent placement and aspiration of static column of blood in ICA.

Figure 140-8 A, Filter wire placement, internal carotid artery (ICA). Angiogram confirms flow through device, which appears, in single view, to be well apposed to vessel wall (arrowhead). B, Orthogonal view identifies incomplete apposition. C and D,
Following advancement of device in the ICA, complete apposition in two views is confirmed. E, Filter Wire EX.

Figure 140-9 A, Baseline carotid arteriogram and transcranial Doppler (TCD) in symptomatic patient with cervical radiation and previous radical neck dissection, treated prior to advent of cerebral protection. B, TCD identifies high-intensity transient signals
through middle cerebral artery with contrast injection and balloon dilatation.

Figure 140-10 A, ArteriA Parodi antiembolic system (PAES) (a–c). B, Angioguard filter device. C, Accunet filter device.

Figure 140-11 A, Iatrogenic embolus to a large middle cerebral artery branch as a complication of carotid angioplasty/stenting. B, Successful intra-arterial thrombolysis using recombinant tissue plasminogen activator.

TABLE 140-9 -- Carotid Artery Stenting Update
STUDY

SPONSOR

SAMPLE SIZE, n

STUDY DESIGN

RESULTS

STATUS

ARCHeR

Guidant

437

High-risk registry

30-day results; stent patients: MACE =
7.8%; Acculink success rate = 97.8%

FDA approval

ARCHeR RX

Guidant

145

High-risk registry

NA

Enrollment completed

BEACH

Boston Scientific

480 (400 evaluable)

High-risk registry

NA

Enrollment completed

CABERNET

EndoTex

380

High-risk registry

NA

Enrolling

CREATE

ev3

400

High-risk registry

NA

Information not provided

CREST

NIH and Guidant

2500

Randomized multicenter trial for
symptomatic, CEA-eligible patients

NA

Enrolling

MAVErlC Int’l

Medtronic

51

Outside U.S. high-risk

30-day results: MACE = 5.9%

CE Mark approved

MAVErlC II

Medtronic

99 (Phase I)
399 (Phase II)

U.S. IDE high-risk registry

30-day phase I results: MACE = 4%

Enrollment completed; currently in 1-yr
follow-up

115

Symptomatic and asymptomatic patients

30-day results: MACE = 8%

Enrollment completed; currently in 1-yr
follow-up

PASCAL

Medtronic

SAPPHIRE

Cordis
724

*

Randomized (CEA and CAS) multicenter
trial of high-risk patients; evaluated by
multi-disciplinary team

30-day results:

Trial completed. Results published (see

66]

reference [

)

(1) stent patients, MACE = 5.8%;
(2) surgical patients,MACE = 12.6%,
P = .04; AngioGuard XP success rate =
98.6%
SECuRITY

Abbott Vascular Devices

320

High-risk registry

NA

Enrollment complete

MACE, major adverse cardiac event; NA, not applicable.

* Randomized n= 310; Stent Registry (Surgical Refusal) = 407; Surgical Registry (Stent Refusal) = 7.
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] In addition, training and
outcomes will be necessary to determine its ultimate usefulness in the treatment of patients with carotid disease. Patient preference will also play a significant role, especially as CAS receives increasing attention in the lay press.[
credentialing are important issues that must be dealt with on both the national and local levels, especially for physicians and specialties that have not traditionally been involved in the practice of cervicocerebral angiography and carotid intervention.

CAS is an evolving technique that shows significant promise in the treatment of patients with carotid occlusive disease. CEA remains, however, the treatment of choice for most patients with bifurcation disease, both symptomatic and asymptomatic. Certain
high-risk subsets, especially those with cardiopulmonary disease and those with surgically unfavorable lesions, may benefit from endovascular therapy at the present time.

147]

Although tremendous enthusiasm has been generated for CAS, especially by nonsurgeons, it remains an investigational procedure and has yet to be proven equivalent or superior to CEA for most patients. As noted in the AHA Science Advisory[
we must remember the first tenet of medicine: primum non nocere—first, do no harm. Only through carefully designed clinical trials with dispassionate oversight can we determine the role of CAS in the treatment of patients with carotid disease.

in 1998,
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Chapter 141 - Vertebrobasilar Ischemia:

Indications, Techniques, and Results of Surgical Repair

MARK D. MORASCH MD
RAMON BERGUER MD, PHD

INDICATIONS
Direct surgery on the vertebral artery (VA) to correct stenosis or occlusion may be indicated for two types of patients: (1) those with vertebrobasilar ischemia (VBI), to increase blood flow to the basilar territory or to prevent further embolization and (2) those
with extensive, severe, and symptomatic extracranial disease, to increase total brain blood flow.
Two mechanisms are recognized in the causation of VBI: microembolization and low flow. VBI may be due to microembolization from the heart or, more frequently, from the arteries leading to the basilar artery (innominate, proximal subclavian, and vertebral
arteries). These patients may present with transient ischemic attacks (TIAs) or strokes in the territory supplied by the basilar artery. The importance of the embolic mechanism as a cause of vertebrobasilar symptoms has been emphasized in clinical and

1 2

anatomopathologic studies.[ ] [ ] This information, derived from autopsy studies and magnetic resonance (MR) imaging, identifies small infarcts in the brain stem and cerebellum (previously not visualized by computed tomography [CT] scanning) and their
source in selective arteriograms showing the offending lesions in the subclavian or vertebral arteries. Patients with embolic VBI develop multiple infarcts in the brain stem, cerebellum, and, occasionally, posterior cerebral artery territory and have a high

1
incidence of stroke. Microembolization is the cause of VBI in approximately 30% of patients.[ ]
The low-flow mechanism of VBI is better recognized and more frequent than the embolic one. Patients with low-flow VBI present with TIA in the territory of the basilar artery because they lack appropriate inflow from the VA and have
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inadequate compensation from the carotid territory. Low-flow VBI, manifested as TIA, is usually caused by stenosis or occlusion of the VA. Although most of these lesions are atherosclerotic plaques, the VA may also be compressed extrinsically by
osteophytes adjacent to the VA canal.
For patients with low-flow VBI, it is essential to rule out systemic causes of VBI before advising arteriography. In the later years of life, VA stenosis is not an uncommon arteriographic finding, and dizziness is a common complaint. However, the presence of
both in a patient cannot be assumed to be a cause-effect relationship. Common systemic causes of low-flow VBI are orthostatic hypotension, poorly regulated antihypertensive therapy, arrhythmias, heart failure, malfunction of pacemakers, and anemia.
The evaluation of patients with VBI should include a number of specific steps. The precise circumstances associated with development of symptoms should be ascertained. Symptoms often appear on standing in older individuals with poor sympathetic control
of their venous tone, which causes excessive pooling of blood in the veins of the leg. This is particularly common in patients with diabetes who have diminished sympathetic venoconstrictor reflexes. We use an arbitrary 20-mm Hg systolic pressure drop on
rapid standing as the criterion for a diagnosis of orthostatic hypotension causing low-flow in the vertebrobasilar system. In these cases the pressure drop triggers the symptoms of VBI.
Patients may relate their symptoms to turning or extending their heads. These dynamic symptoms usually appear when turning the head to one side. Frequently, the mechanism here is extrinsic compression of the VA, usually the dominant or the only one, by

3

arthritic bone spurs.[ ] To differentiate this mechanism from dizziness or vertigo secondary to labyrinthine disorders that appear with head or body rotation, the patient should attempt to reproduce the symptoms by turning the head slowly and then repeating
the maneuver, but this time briskly, as when shaking the head from side to side. In labyrinthine disease, the sudden inertial changes caused by the latter maneuver result in immediate symptoms and nystagmus. Conversely, in extrinsic VA compression, a short
delay occurs before the patient fears for his or her balance.
Demonstration of extrinsic dynamic compression of the VA, usually by osteophytes, requires an arteriogram. This is performed either with the patient sitting up, by means of bilateral brachial injections, or with the patient supine in Trendelenburg’s position
with the head resting against a block if the femoral route is used. In these positions, intended to exert axial compression of the cervical vertebrae, the angiographer should obtain the specific rotation or extension of the head that provokes the symptoms. When
the patient is rendered symptomatic, the arteriographic injection will demonstrate the extrinsic compression that developed with the head rotation or extension. The reason to position the patient either sitting up or in 25 degrees of Trendelenburg is to mimic the
effects of the weight of the head on the spine. With the patient standing, the weight of the head acting on the cervical spine changes its curvature and decreases the distance between C1 and C7. This longitudinal compression of the spine often enhances the

4
extrinsic compression effects caused by osteophytic spurs.[ ]

In the work-up of patients with VBI an MR scan is preferable to a CT scan of the brain to rule out a brain tumor and to assess the integrity of the brain. Brain stem infarctions are often missed by CT scan because they tend to be small and the resolution of the
CT scan in the brain stem is poor. In patients who are candidates for VA reconstruction, MR brain scans are performed preoperatively to ascertain whether infarctions have taken place in the vertebrobasilar territory.
Excessive use of antihypertensive medications can also cause low-flow VBI by decreasing the perfusion pressure and inducing severe orthostatic hypotension. An ambulatory 24-hour electrocardiogram (Holter monitor) is obtained in all patients evaluated for
low-flow VBI. Sometimes patients with VBI secondary to arrhythmias acknowledge the association of palpitations with the appearance of VBI symptoms, the latter being secondary to decreased cardiac output resulting from the arrhythmia.
Physical examination can alert the physician to the possibility of a subclavian steal in patients with brachial pressure differences greater than 25 mm Hg or with diminished or absent pulses in one arm. The diagnosis of reversal of VA flow can be made

5
accurately by noninvasive indirect methods[ ] and demonstrated directly by duplex imaging of the reversal of flow in the VA.
Any systemic mechanism that decreases the mean pressure of the basilar artery may be responsible for the syndrome of low-flow VBI. Affected individuals may or may not have concomitant VA stenosis or occlusion. In some patients, the cause of the drop in
mean arterial pressure can be corrected by readjustment in their antihypertensive medication, by administration of antiarrhythmic drugs, or by insertion of a cardiac pacemaker. In patients with orthostatic hypotension, the problem may not respond to medical
treatment and only the reconstruction of a diseased or occluded VA will render the patient asymptomatic in the face of persistent oscillations of blood pressure secondary to poor sympathetic venous tone. Rheologic factors, such as increased viscosity
(polycythemia) and decreased oxygen-carrying capacity (anemia), may exacerbate or cause VBI in patients with severe VA occlusive disease.
The second major indication for VA reconstruction pertains to patients who have extensive extracranial disease with one or both internal carotid arteries occluded and who have global manifestations of cerebrovascular ischemia. In these patients the carotid
arteries may be occluded or involved with severe siphon stenosis, making a direct revascularization via the internal carotid arteries impossible or inadvisable, and reconstruction of the VA may offer the best option for re-establishment of adequate cerebral
blood flow. In patients with global ischemia, the VAs are important pathways for cerebral revascularization when they are critically stenosed or occluded. In the latter case, they can often be revascularized at skull base with a distal reconstruction. In this latter
group, demonstration of normal-sized posterior communicating arteries increases the likelihood of successfully correcting global ischemic symptoms.
In VA reconstructions done for hemodynamic symptoms, the minimal anatomic requirement to justify a VA reconstruction is stenosis greater than 60% diameter in both VAs if both are patent and complete, or the same degree of stenosis in the dominant VA if
the opposite VA is
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Figure 141-1 The four segments of the vertebral (V) artery. (From Berguer R: Surgical management of the vertebral artery. In Moore WS [ed]: Surgery for Cerebrovascular Disease. New York, Churchill Livingstone, 1986.)

Figure 141-2 Arch injection in a 33-year-old woman with vertebrobasilar ischemia. A, The right vertebral artery (VA) and the right external carotid artery arise from a long common right carotid trunk (arrow). The right internal carotid artery is congenitally
absent. The right subclavian arises as the last branch of the aorta. B, The right VA, which has an anomalous origin, enters the spine at a high level (C4) and is severely compressed (arrow) at this level on head rotation.

Figure 141-3 A severe stenosis (arrow) of a dominant left vertebral artery seen only after additional oblique rotation of the patient (right). (From Berguer R: Role of vertebral artery surgery after carotid endarterectomy. In Bergan JJ, Yao JST [eds]:
Reoperative Arterial Surgery. Orlando, Grune & Stratton, 1986, pp 555–564.)

Figure 141-4 A patient with a single vertebral artery showing minimal extrinsic compression (A) when the neck is rotated to the right and occlusion (B) when the neck is rotated to the left. (A and B, From Berguer R: Surgical management of the vertebral
artery. In Moore WS [ed]: Surgery for Cerebrovascular Disease. New York, Churchill Livingstone, 1986.)

Figure 141-5 Intramural dissection of the vertebral artery at the V3 segment in a 40-year-old woman with Klippel-Feil syndrome and subluxation of the atlantoaxial joint.

Figure 141-6 The distal vertebral and basilar artery being fed by an occipital collateral in a patient with proximal vertebral artery occlusion.

Figure 141-7 Arteriogram showing atheromatous disease of the V1 and V4 segments (arrowheads) of the vertebral artery and of the basilar artery.

Figure 141-8 A, Access to the proximal vertebral artery (VA) between the sternocleidomastoid muscle bellies. B, Transposition of the proximal VA to the posterior wall of the common carotid artery. (A and B, From Berguer R, Kieffer E: Surgery of the
Arteries to the Head. New York, Springer-Verlag, 1992.)

Figure 141-9 A and B, Arteriogram in a patient with left hemispheric transient symptoms showing carotid and vertebral (dominant) arterial stenoses (arrowheads). C, Arteriogram obtained 2 days after left carotid endarterectomy and transposition of the left
vertebral artery into the left common carotid artery (arrowheads).

Figure 141-10 Retrojugular approach and isolation of the spinal accessory nerve. (From Berguer R, Kieffer E: Surgery of the Arteries to the Head. New York, Springer-Verlag, 1992.)

Figure 141-11 Dividing the levator scapula over the C2 ramus. The vagus, internal jugular vein, and internal carotid artery are anterior to the muscle. (From Berguer R, Kieffer E: Surgery of the Arteries to the Head. New York, Springer-Verlag, 1992.)

Figure 141-12 Dividing the anterior ramus of C2 to expose the underlying vertebral artery running perpendicular to the former. (From Berguer R, Kieffer E: Surgery of the Arteries to the Head. New York, Springer-Verlag, 1992.)

Figure 141-13 After the vertebral venous plexus is dissected away, the vertebral artery is slung with a polymeric silicone (Silastic) loop for clamping and anastomosis. (From Berguer R, Kieffer E: Surgery of the Arteries to the Head. New York, SpringerVerlag, 1992.)

Figure 141-14 A completed common carotid artery to distal vertebral artery bypass using saphenous vein. (From Berguer R, Kieffer E: Surgery of the Arteries to the Head. New York, Springer-Verlag, 1992.)

Figure 141-15 Transposition of external carotid artery to distal vertebral artery. (From Berguer R, Kieffer E: Surgery of the Arteries to the Head. New York, Springer-Verlag, 1992.)

Figure 141-16 Arteriogram of a transposition of the external carotid artery to the distal vertebral artery. This patient had a previous internal carotid endarterectomy. (From Berguer R, Kieffer E: Surgery of the Arteries to the Head. New York, Springer-Verlag,
1992.)

Figure 141-17 A, Occlusion of the proximal vertebral artery (bilaterally) (arrows) in a young patient with congenital heart disease who underwent bilateral Blalock-Taussig procedures with ligation of both proximal VAs. B, Postoperative arteriogram showing
an occipital-to-distal vertebral artery anastomosis (arrowhead).

Figure 141-18 Transposition of the occipital artery to the distal vertebral artery. (From Berguer R, Kieffer E: Surgery of the Arteries to the Head. New York, Springer-Verlag, 1992.)

Figure 141-19 Transposition of the distal vertebral artery to the cervical internal carotid artery. (From Berguer R, Kieffer E: Surgery of the Arteries to the Head. New York, Springer-Verlag, 1992.)

Figure 141-20 Posterior approach to the suboccipital segment of the distal vertebral artery: division of the splenius capitis and semispinalis.

Figure 141-22 The pars atlantica of the distal vertebral artery exposed and surrounded by a dense venous plexus.

Figure 141-21 Posterior approach to the suboccipital vertebral artery: division of the obliquus and rectus capitis.

Figure 141-23 Exposure of the pars atlantica of the vertebral artery from its exit from the transverse foramen of C1 to its entrance in the dura mater.

Figure 141-24 A distal cervical internal carotid to suboccipital vertebral bypass.

TABLE 141-1 -- Rates of Stroke and Death for All Vertebral Artery Reconstructions Before and Since January 1991
BEFORE 1/91 (N = 215)

SINCE 1/91 (N = 206)

No.

Percentage

No.

Percentage

Stroke

9

4.1

3

1.4

Death

7

3.2

1

0.4

Death/stroke

11

5.1

3

1.4

Figure 141-25 Bypass from mid-cervical internal carotid artery to suboccipital vertebral artery (arrowheads).
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Chapter 142 - Endovascular and Surgical Management of Extracranial Carotid Fibromuscular Arterial Dysplasia

PETER A. SCHNEIDER MD

Fibromuscular dysplasia (FMD) is a nonatheromatous degenerative process of unknown etiology that involves long, unbranched segments of medium-sized arteries, such as the renal artery, the internal carotid artery, the external iliac artery, and the splenic and

1 2 3
hepatic arteries (in order of frequency).[ ] [ ] [ ] Although this disease has been described in Chapter 27 , certain aspects pertinent to its involvement of the extracranial cerebral arteries are summarized here.

4 5
6
FMD is found in 0.25% to 0.68% of consecutive cerebral arteriograms.[ ] [ ] In one series of 2000 carotid operations, it was the identified pathology in 3.4% of cases.[ ] In another sizeable series of carotid operations, rigid dilation for FMD was performed

7
in less than 1%.[ ] Among the four distinct types of FMD, the internal carotid artery is most often affected by medial fibroplasia, which results in an arteriographic appearance resembling a “string of beads” ( Fig. 142–1 ) and constitutes 80% to 95% of the
4 6 8 9
4
lesions.[ ] [ ] [ ] [ ] In one large series,[ ] medial fibroplasia was seen in 89%, with a fusiform narrowing in 7% and an eccentric septum-like lesion in 4%. The arterial segments involved tend to be more distal than that with arteriosclerosis, in the mid and

1 4 10 11
distal segments of the extracranial internal carotid artery. The artery is often elongated, tortuous, and occasionally kinked. Carotid FMD is bilateral in 39% to 86% of reported cases.[ ] [ ] [ ] [ ] Women predominate in most series and constitute 60% to

1 6 10 11 12 13 14 15
90% of patients.[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ]
CLINICAL PRESENTATION
Extracranial cerebral artery FMD may present as either an incidental finding without symptoms or as the cause of neurologic events. Symptomatic presentations in large,
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Figure 142-1 A and B, Carotid arteriogram demonstrating the classic appearance of fibromuscular dysplasia in the usual location opposite the C1-C3 vertebral bodies and intervening disks. Note the low bifurcation and long internal carotid artery. The lesions
are present bilaterally in this 43-year-old woman. C, The aortic arch shows no evidence of disease, and the arch branches originate near the top of the arch.

TABLE 142-1 -- Presenting Symptoms in Patients with Extracranial Fibromuscular Arterial Dysplasia
SCHNEIDER et al

*

(n = 115)

CHICHE et al

†

(n = 70)

MOREAU et al

Hemispheric TIA (%)

42

36

31

Hemispheric stroke (%)

23

27

12

Amaurosis fugax (%)

22

NA

28

Vertebrobasilar TIA or stroke (%)

NA

45

22

‡

(n = 58)

TIA, transient ischemic attack; NA, not available.

* Data from Schneider PA, Cunningham CG, Ehrenfeld WK, et al: Fibromuscular dysplasia of the carotid artery. In Veith FJ, Hobson RW, Williams RA, Wilson SE (eds): Vascular Surgery: Principles and Practice.
New York, McGraw-Hill, 1994, pp 711–717.
† Chiche L, Bahnini A, Koskas F, et al: Occlusive fibromuscular disease of the arteries supplying the brain: Results of surgical treatment. Ann Vasc Surg 11:496–504, 1997.
‡ Data from Moreau P, Albat B, Thevenet A: Fibromuscular dysplasia of the internal carotid artery: Long-term results. J Cardiovasc Surg 34:465–472, 1993.
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13]

ischemic event during an average follow-up of 5 years.[

2 10 13
When small groups of asymptomatic patients were studied prospectively, fewer than 10% of patients went on to experience new neurologic symptoms.[ ] [ ] [ ] Nevertheless, two series have

2 12
shown that about a third of these lesions demonstrate significant angiographic progression with time.[ ] [ ] None of these studies has followed a significant number of high-grade asymptomatic stenoses, in which the risk of stroke would be expected to be
higher.
Most reported cases of symptomatic carotid FMD have been treated with dilation of the corresponding artery. There is no study in which a large number of patients with carotid FMD who presented with focal cerebral ischemic events were observed

19]

expectantly. In one series, 13 patients who presented with either TIA (10 patients) or stroke (3 patients) did not undergo surgical correction of carotid FMD but instead were observed. Only one patient remained symptomatic.[

Some have suggested that

19 20
symptomatic lesions should not be considered for operation until their natural history is better understood.[ ] [ ] However, this advice is not useful, since there is no way to define the natural history of these rare lesions. At present, we are left with a rare
cause of focal cerebral ischemic events caused by extracranial carotid stenosis, which can be repaired with a fairly simple open operation or a percutaneous balloon dilation.

ASSOCIATED LESIONS
Concurrently presenting lesions that frequently complicate the management of carotid FMD include (1) atherosclerotic occlusive disease at the carotid bifurcation, (2) extracranial carotid artery aneurysms, (3) carotid artery dissection, (4) vertebral artery FMD,
(5) intracranial aneurysms and occlusive disease, and (6) renal artery FMD.
Atherosclerotic Occlusive Disease

6 21
Ipsilateral atheromatous carotid bifurcation disease is present in as many as 20% of individuals.[ ] [ ] Although it may not always be possible to attribute symptoms to one lesion or the other, when atherosclerotic and fibromuscular dysplastic lesions
6
present together in the same symptomatic artery, they are usually treated simultaneously. In a series of 72 operations for extracranial FMD, carotid endarterectomy was performed as part of a combined procedure in 14 patients (19%).[ ]

Extracranial Carotid Artery Aneurysms

22]

Extracranial carotid artery aneurysms are uncommon, and those associated with FMD are rare. Among 130 extracranial carotid aneurysms in one literature review, 2.3% were associated with FMD.[

23
third were thought to be caused by FMD, and most were successfully managed with resection and replacement grafting.[ ]

In a single institution series of 15 carotid aneurysms, one

Carotid Artery Dissection

24] [25] [26]

FMD may play a role in the development of spontaneous dissection of the carotid artery. This often catastrophic event is responsible for 4% of strokes and is associated with fibrodysplasia in approximately 15% of cases.[

patients undergoing surgery for carotid dissection, 12% had FMD as the etiology and were treated with either graduated rigid dilation or vein graft replacement.

[27]

In a series of 50

FMD is often suggested among the potential etiologic mechanisms of spontaneous carotid

8 28 29 30
dissection.[ ] [ ] [ ] [ ] However, reports of spontaneous dissection occurring subsequent to the identification of asymptomatic carotid FMD are not available. The structural abnormality of the arterial wall in FMD and its association with spontaneous
[1] [6] [15] [31]

dissection suggest that dilation of the artery may pose an increased risk of perioperative dissection. Nevertheless, dissection is an unusual complication of dilation.

Vertebral Artery Disease

6 12 15
9
Vertebral artery FMD is identified in 7% to 38% of those with carotid lesions and occasionally presents as an isolated finding.[ ] [ ] [ ] Vertebral artery disease is usually located at the level of the C2 vertebral body and does not extend intracranially.[ ]
32]
Fortunately, it is rarely responsible for symptoms and does not usually complicate the management of the internal carotid lesion. One series reported 32

FMD has been associated with vertebral artery dissection following neck or spine manipulation.[

15

patients with vertebrobasilar TIA and stroke due to vertebral artery FMD.[ ] Among 12 vertebral artery reconstructions performed, half were for isolated vertebral FMD and half were performed at the time of rigid dilation of a carotid lesion. The most
frequently employed operative approach was a vein bypass to the distal vertebral artery.
Intracranial Aneurysms and Occlusive Disease

10 12

Intracranial aneurysms, another expression of the dysplastic process, are found in at least 10% and as many as 51% of patients with internal carotid FMD (≅20% on average).[ ] [ ] Not only do these pose an independent threat of rupture and subarachnoid
hemorrhage but their natural history has the potential to be worsened by relieving a proximal stenosis. In one series, intracranial aneurysms and extracranial FMD each caused half the symptoms, and in another, half the strokes were due to aneurysm rupture.

[10] [19] In most studies, however, intracranial aneurysms produced one quarter to one third of the rate of neurologic symptoms caused by the cervical carotid lesion.[2]

Intracranial aneurysms should be treated on their own individual merits (e.g., size, presenting symptoms, coexistence of hypertension), just as the cervical fibrodysplastic lesions should, with primary attention directed toward the most threatening lesion. The
presence of a small, asymptomatic intracranial aneurysm should not dissuade the vascular surgeon from repairing a threatening cervical lesion.

The supraclinoid vasculature may also be affected by occlusive disease that suggests FMD as the etiology. This occurs rarely, primarily in young and middle aged women without other apparent etiologic factors. There may be associated evidence of FMD of

33]

the cervical internal carotid artery.[
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Renal Artery Disease

2 6 16

Renal artery FMD coexists in 8% to 40% of patients with carotid FMD.[ ] [ ] [ ] It is an additional threat in patients with intracranial aneurysms since it often presents with severe hypertension. Because renal artery FMD generally responds well to
percutaneous balloon angioplasty, the possibility of coexistent renal artery involvement should be considered prior to the treatment of carotid stenosis (see Chapter 129 ).

DIAGNOSTIC EVALUATION
Most asymptomatic patients with a carotid bruit and those with hemispheric or nonfocal neurologic symptoms undergo carotid duplex scanning. Duplex may reveal velocity elevation resulting from FMD, but the lesion may be missed because it is located

9 34
more distally than the usual atherosclerotic plaque.[ ] [ ] Catheter-based contrast arteriography is the best way to evaluate FMD of the extracranial cerebral arteries. No other method provides the anatomic detail provided by arteriography. Many cases of
9 35
carotid FMD are discovered during arteriography.[ ] [ ] When carotid FMD is identified, intracranial vascular anatomy should be evaluated to check for the presence of intracranial aneurysms as well as contralateral carotid stenosis and vertebral artery
35]

disease. Magnetic resonance (MR) angiography has not been particularly useful in the diagnostic evaluation of FMD, but it may be beneficial for follow-up of known FMD.[

Patients with symptomatic carotid FMD should undergo computed tomography

or MR imaging of the brain.

TREATMENT
Because of the lack of sophisticated data on carotid FMD, the following challenges frequently arise in its management and must be considered during the treatment planning stage.
1. One of the key driving factors in the treatment of carotid bifurcation atherosclerosis, the degree of stenosis, is not possible to determine with any reliability in carotid FMD. This makes the severity of the disease in a given patient extremely difficult
to assess. This factor also compromises the follow-up of asymptomatic patients.
2. It is not always possible to determine which of two concurrently presenting lesions is causing cerebral symptoms, as is the case when carotid FMD presents with coexistent, significant bifurcation atherosclerosis. These lesions are usually treated
simultaneously.
3. When symptomatic carotid FMD is treated, it can be a challenge to decide how to manage a contralateral severe but asymptomatic lesion. Although asymptomatic lesions seem to have a generally benign course, this may not be the case in a patient
who suffered a stroke on the contralateral side due to the same pathology.
4. Carotid FMD patients often present with nonfocal symptoms, some of which may be due to global ischemia. The indications for intervention in this situation are ambiguous.
5. The presence of an intracranial aneurysm may alter the treatment sequence or the surgical approach.
6. The presence of hypertension from renal artery FMD may complicate any procedure performed for carotid FMD.
7. Percutaneous transluminal angioplasty (PTA) has been successful for the treatment of renal artery FMD, and carotid angioplasty and stenting has a growing role in the management of carotid disease; however, the results and durability of balloon
angioplasty and stent placement for carotid FMD are not known. Some patients may be better served with a percutaneous approach, but it is not yet possible to use data to guide patient selection for these different treatments.
Indications for Intervention
On the basis of the relative safety and effectiveness of surgical intervention (see later), operative management is appropriate for lesions causing focal ischemic events (hemispheric or ocular) or episodes of cerebral hypoperfusion. The lesion that presents with
a focal cerebral ischemic event has declared itself and remains a significant threat. Hypoperfusion is rare but can occur in the setting of critical bilateral carotid FMD or even unilateral disease when there is a significant defect in the circle of Willis. Highsurgical-risk, symptomatic patients should be considered for percutaneous balloon angioplasty, especially if cerebral protection devices are available. It is not clear whether carotid balloon angioplasty should be accompanied by stent placement in FMD. Stent
placement is usually not required following PTA in renal artery FMD because results are excellent without stents and the patients are usually otherwise young and healthy with good life expectancy. However, stents are routinely placed when carotid
bifurcation stenosis is treated percutaneously and there is some likelihood that stent placement after PTA helps to stabilize flaps and disrupted dysplastic tissue. There is little experience with PTA for FMD. Since there is a low prevalence of these cases, some
time will be required to determine the role of PTA.
Arterial Repair: Rationale and Results
Methods of mechanical intervention advocated for the treatment of carotid FMD include the following:
■ Open, graduated, rigid dilation
■ Open transluminal balloon dilation with outflow control
■ PTA (with or without stent placement, with or without cerebral protection devices)
The usual fibrodysplastic lesion encountered in the internal carotid artery responds to mechanical dilation. Over the past several decades, this has been performed with relative success and safety by means of rigid dilators of progressively enlarging sizes

1 6 14 15 16 17 18
passed antegrade into the internal carotid artery with outflow control.[ ] [ ] [ ] [ ] [ ] [ ] [ ] This approach permits gentle disruption of the obstructive webs while allowing associated debris to be flushed out of the artery.
The results of three large, contemporary series of surgically managed patients are presented in Tables 142–2 and 142–3 . These reports consist primarily of patients undergoing rigid carotid dilation but also include some instances of carotid replacement and

6 15 16
vertebral revascularization.[ ] [ ] [ ] The risk of perioperative stroke for surgical treatment in these series ranged from 1.4% to 2.6%. TIA
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TABLE 142-2 -- Results of Surgical Treatment of Extracranial Fibromuscular Arterial Dysplasia
SCHNEIDER et al

*

(n = 115)

CHICHE et al

†

(n = 70)

MOREAU et al

‡

(n = 58)

Operations

168

78

72

Operative stroke (%)

1.7

2.6

1.4

Operative TIA (%)

6.0

7.7

1.4

Operative death (%)

0

1.3

0

TIA, transient ischemic attack; NA, not available.

* Data from Schneider PA, Cunningham CG, Ehrenfeld WK, et al: Fibromuscular dysplasia of the carotid artery. In Veith FJ, Hobson RW, Williams RA, Wilson SE (eds): Vascular Surgery: Principles and Practice.
New York, McGraw-Hill, 1994, pp 711–717.
† Chiche L, Bahnini A, Koskas F, et al: Occlusive fibromuscular disease of the arteries supplying the brain: Results of surgical treatment. Ann Vasc Surg 11:496–504, 1997.
‡ Data from Moreau P, Albat B, Thevenet A: Fibromuscular dysplasia of the internal carotid artery: Long-term results. J Cardiovasc Surg 34:465–472, 1993.

TABLE 142-3 -- Late Follow-Up after Surgical Treatment of Extracranial Fibromuscular Arterial Dysplasia
SCHNEIDER et al
Follow-up (mean yr)

1–17

Recurrent stenosis (%)

*

(n = 115)

CHICHE et al

†

(n = 70)

MOREAU et al

‡

7 (1–15)

13 (6–22)

2.3

0

0

Late occlusion (%)

0.6

0

2.8

Late stroke (%)

1.2

2.9

3.8

Death (other causes) (%)

NA

8.6

13.2

(n = 58)

NA, not available.

* Data from Schneider PA, Cunningham CG, Ehrenfeld WK, et al: Fibromuscular dysplasia of the carotid artery. In Veith FJ, Hobson RW, Williams RA, Wilson SE (eds): Vascular Surgery: Principles and Practice.
New York, McGraw-Hill, 1994, pp 711–717.
† Chiche L, Bahnini A, Koskas F, et al: Occlusive fibromuscular disease of the arteries supplying the brain: Results of surgical treatment. Ann Vasc Surg 11:496–504, 1997.
‡ Data from Moreau P, Albat B, Thevenet A: Fibromuscular dysplasia of the internal carotid artery: Long-term results. J Cardiovasc Surg 34:465–472, 1993.

6 16
occurred in 1.4% to 7.7%, and perforation occurred twice in 318 operations (0.6%).[ ] [ ] Cranial nerve injuries, most of which were transient, resulted from extensive distal operative exposure of the internal carotid artery and were reported to occur in
6 15
5.1% to 16.7% of cases.[ ] [ ]
15

Excellent long-term follow-up data are available (see Table 142–3 ). Late stroke developed in 1.2% to 3.8% of patients, and nearly all late deaths (up to 22 years) were due to non-neurologic causes. In one series,[ ] 94% of patients underwent duplex
scanning (mean follow-up, 7 years). The actuarial rates of primary patency, survival, and stroke-free survival were 94%, 96%, and 94%, respectively, at 5 years and 94%, 82%, and 88%, respectively, at 10 years. When follow-up angiography is obtained, it
usually demonstrates a normal-sized lumen ( Fig. 142–2 ).

36 37 38 39

When the length of the diseased internal carotid artery extends too distally to be dissected out and ensure adequate control of manual dilation, some authors have advised balloon angioplasty combined with open, outflow control.[ ] [ ] [ ] [ ] The
benefit of this approach is the opportunity for a controlled dilation while maintaining the ability to back-bleed the artery and avoid embolization of debris from the dilated lesion. Among a small number of patients from different reports, it appears that early
results with this approach may be comparable to those of rigid dilation.

40] [41]

PTA may be a reasonable approach for carotid FMD.[
stenting of carotid bifurcation

The rationale for this approach is based on the success of PTA in the treatment of renal artery FMD and the dramatic improvement in the technology that supports balloon angioplasty and

Figure 142-2 A, Preoperative right carotid arteriogram showing a localized zone of fibromuscular dysplasia characterized by an intraluminal diaphragm (arrow). B, Postoperative right carotid arteriogram following graduated intraluminal dilation. The carotid
lumen is now widely patent.

Figure 142-3 Drawing representing the main features of the operative technique. A, Straightening of the carotid artery with downward traction on a Silastic sling. B, Gentle, graduated dilation of the internal carotid artery from 2 to 4 mm. Passage of the dilator
to the bony canal at the base of the skull is shown. C, Back-bleeding of the artery to remove dislodged debris. (A-C, From Wylie EJ, Stoney RJ, Ehrenfeld WK, Effeney DJ: Nonatherosclerotic diseases of the extracranial carotid arteries. In Manual of
Vascular Surgery. New York, Springer-Verlag, 1986, pp 184–185.)
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Chapter 143 - Aneurysms of the Extracranial Carotid Artery

JERRY GOLDSTONE MD

Occlusive and ulcerated atherosclerotic lesions of the cervical carotid arteries are extremely common. Aneurysms of these vessels are rare, particularly in comparison with the frequency of aneurysms involving the intracranial carotid arteries and their
branches and the frequency of aneurysms that occur throughout the rest of the arterial system. From 1927 to 1947, only five carotid aneurysms were encountered at the Hospital of the University of Pennsylvania, and Reid noted only 12 cases in a 30-year

34] [57]

survey at the Johns Hopkins Hospital through 1922.[

McCollum and associates at Baylor University reported 37 aneurysms treated over a 21-year period during which approximately 8500 operations for arterial aneurysms of all types were performed

42]

in the same institution.[

These lesions are also rare when compared with the number of operations performed for carotid occlusive disease. Only six extracranial carotid aneurysms were repaired by Painter and associates at the Cleveland Clinic over a 7-

52]
More recently published data by El-Sabrout and Cooley from the Texas Heart Institute included 67 extracranial carotid aneurysms between 1960 and 1995,
[18]

year interval during which more than 1500 patients were treated for carotid occlusive disease.[

during which 7394 peripheral aneurysms were repaired and 4491 carotid operations were performed.

This 1.34% relative incidence of extracranial carotid aneurysms is nearly identical to the 1.25% reported by Rosset and associates from Marseilles,

61
France, in the same year.[ ]
Overall, about 2600 aneurysms of all types of the extracranial carotid arteries have been reported. Because of the rarity of these aneurysms, it is impossible to define their true incidence or to determine whether their frequency is increasing; however, with the
widespread use of angiography, duplex ultrasound, and other imaging modalities, they clearly are being recognized more often than before. This is borne out by two reports from the Mayo Clinic. The first included six carotid aneurysms identified between

56

7

1936 and 1963, [ ] and the second included 25 aneurysms treated from 1950 to 1990.[ ] The rarity of these lesions also makes it difficult to be certain about their relative etiologies, natural history, and treatment outcomes, but the cumulative experience
indicates that all of these are changing. Nevertheless, in spite of their rarity, extracranial carotid aneurysms should be considered in the differential diagnosis of a mass in the neck or posterior pharynx.

LOCATION
The common carotid artery, particularly at its bifurcation, is the most frequently reported site of true aneurysm formation in the extracranial carotid system; the internal carotid artery is the next most common; and the external carotid is the least common

1 20 50 61 63

( Figs. 143–1 , 143–2 , 143–3 , 143–4 , 143–5 , 143–6 , 143–7 , 143–8 , 143–9 ). [ ] [ ] [ ] [ ] [ ] However, location varies with etiology, and the relative proportion of the various causes of these aneurysms is changing. For example, atherosclerotic
aneurysms usually occur at or near the carotid bifurcation, whereas those caused by blunt trauma usually involve the high cervical portion of the internal carotid artery. In the Texas Heart Institute series, 17 (74%) of 23 of the atherosclerotic aneurysms

18]

occurred in the common carotid artery and/or its bifurcation.[

Pseudoaneurysms that develop after previous carotid procedures are obviously located at the site of the procedure, namely the bifurcation.

ETIOLOGY
There are many causes of extracranial carotid aneurysms, and the relative frequency of each has changed over the years. Syphilis, tuberculosis, and other local infections were the most common causes 50 years ago, but they are rare today because of the
widespread availability of antibiotics. Instead, dissection, atherosclerosis, trauma, and previous carotid surgery are the cause of most extracranial carotid aneurysms in current practice.
Atherosclerosis

13 17 19 46 52 76 80

Atherosclerosis is now the most frequently reported pathologic process associated with extracranial carotid artery aneurysms, occurring in up to 70% of the aneurysms in some published series, but averaging around 40%.[ ] [ ] [ ] [ ] [ ] [ ] [ ]
These are true aneurysms. The histologic features are typically atherosclerotic (often termed degenerative), with disruption of the internal elastic lamina and thinning of the media. Grossly, these aneurysms tend to be fusiform rather than saccular and are most
commonly located at the bifurcation of the common carotid artery or the proximal internal carotid artery, where occlusive atherosclerotic plaques are quite common. Atherosclerotic aneurysms that do not involve the carotid bifurcation are frequently saccular.

3
Most affected patients have severe arterial hypertension. Most bilateral, nontraumatic, extracranial carotid aneurysms are this type.[ ]

Arterial Dysplasia

Arterial dysplasia, usually the fibromuscular variant, was the most frequent cause in three contemporary series of
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Figure 143-1 Artist’s depiction of aneurysms of the extracranial internal carotid artery (A-K), showing variations in size and configuration. (From Alexander E Jr, Wigser SM, Davis CH: Bilateral extracranial aneurysms of the internal carotid artery. J
Neurosurg 25:437, 1966.)

Figure 143-2 Left carotid arteriogram showing a 3.5 × 4.0 cm aneurysm arising from the left carotid artery adjacent to the common carotid bifurcation (arrows). The left internal carotid is occluded. (From Margolis MT, Stein RL, Newton TH: Extracranial
aneurysms of the internal carotid artery. Neuroradiology 4:78, 1972.)

Figure 143-3 Left common carotid arteriogram showing a 1.8 × 2.0 cm aneurysm of the left internal carotid artery (open arrows) extending up to the base of the skull, associated with stenosis of the origin of the internal artery (closed arrows). A, Lateral
projection. B, Anteroposterior projection. (A and B, From Margolis MT, Stein RL, Newton TH: Extracranial aneurysms of the internal carotid artery. Neuroradiology 4:78, 1972.)

Figure 143-4 Right internal carotid arteriogram demonstrating fusiform aneurysm and looping of the proximal right internal carotid artery. (From Margolis MT, Stein RL, Newton TH: Extracranial aneurysms of the internal carotid artery. Neuroradiology
4:78, 1972.)

Figure 143-5 Left carotid arteriogram showing a false aneurysm adjacent to a carotid endarterectomy site (arrowhead). (From Ehrenfeld WK, Hays RJ: False aneurysm after carotid endarterectomy. Arch Surg 104:288, 1972.)

Figure 143-7 Left carotid arteriogram (lateral view) showing a traumatic internal carotid pseudoaneurysm involving a typical location in the distal internal carotid artery.

Figure 143-6 Left carotid arteriogram showing a dissecting aneurysm of the proximal internal carotid artery caused by arteriographic catheter injury.

Figure 143-8 Left carotid arteriogram (anteroposterior view) of the same patient as in Figure 143–7 .

Figure 143-9 A, Left carotid arteriogram showing a traumatic pseudoaneurysm of the distal internal carotid artery. B, Left carotid arteriogram of the same patient, 6 months later, showing no change in the size of the aneurysm.

Figure 143-10 Algorithm for the diagnosis and management of extracranial carotid aneurysms. MI, myocardial infarction; EC-IC, external carotid-to-internal carotid. (Modified from Rothstein J, Goldstone J: Carotid artery aneurysm. In Cronenwett JL,
Rutherford RB [eds]: Decision Making in Vascular Surgery. Philadelphia, WB Saunders, 2001, p 54.)
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Chapter 144 - Uncommon Disorders Affecting the Carotid Arteries

WILLIAM C. KRUPSKI MD

Never bet against atherosclerosis. Edwin J. (Jack) Wylie

Although atherosclerotic occlusive disease is the most common disorder of the extracranial cerebrovasculature, there are many other processes with which the surgeon dealing with the cerebrovascular disorders must be familiar. Because these conditions are
rare, large studies are unavailable, and their management must be based on the experience of several select authorities and anecdotal reports. Several relatively uncommon disorders, including carotid aneurysms, extracranial fibromuscular disease, and
vertebrobasilar insufficiency, have been discussed in the three previous chapters. This chapter addresses the clinical presentation and management of carotid artery coils and kinks, carotid body tumors, carotid sinus syndrome (CSS), carotid artery dissection,
radiation-induced carotid arteritis and stenosis, adjacent malignancy and infection, vasculitis (including Takayasu’s arteritis and temporal arteritis), moyamoya disease, and extracranial-intracranial (EC-IC) bypass.

CAROTID ARTERY KINKS AND COILS

201]
110]
In 1898, Kelly reported finding large, pulsating vessels in the pharynx in the proximity of tortuous internal carotid arteries (ICAs).[
In the
39
59
102
213
[ ][ ][
][
]

Anatomists first described elongated and distorted carotid arteries in autopsy specimens in the mid-1700s.[

early 1900s, there were numerous reports describing fatal hemorrhage after injury to tortuous carotid arteries during tonsillectomy or adenoidectomy.

Riser and colleagues in France first described cerebrovascular symptoms related to

191]
These investigators described a patient with an elongated carotid artery that was straightened by affixing the artery to the sheath of the sternocleidomastoid muscle. Subsequently, the patient remained
redundant kinked carotid arteries in 1951.[
asymptomatic.

97]
In 1959, Quattlebaum and

In 1956, Hsu and Kistin reported the first direct surgical repair of a kinked carotid artery.[
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184]
The patients were treated by resection and reanastomosis of the common carotid artery, with relief of symptoms.

associates described three patients who presented with hemiplegia and kinked carotid arteries.[

Alleviation of cerebrovascular symptoms by surgical repair of tortuous kinked and coiled carotid arteries is a controversial topic. Numerous angiographic and autopsy studies have shown that carotid redundancy is not uncommon and that most individuals with

92]

this anatomic variant remain asymptomatic.[
consequence of carotid angulation.

Although most carotid kinks and coils are incidental findings with no clinical significance, there does appear to be a subset of patients whose anatomy produces cerebrovascular symptoms as a direct

Pathophysiology
Kinks and coils of the ICA may be developmental or acquired. In both types, the carotid artery is excessively long in fixed space, resulting in redundancy and tortuosity of the vessel. The redundancy may occur in coronal, transverse, or sagittal planes. Usually
the ICA is affected, but occasionally kinks and coils are seen in the common carotid artery as well. The ICA usually assumes an S shape, but single and even double complete loops have been described. When the elongation becomes acutely angulated, a
carotid kink may be present; kinks are often associated with atherosclerotic plaque or arterial stenoses ( Fig. 144–1 ).

Figure 144-1 Lateral carotid arteriogram demonstrating a tight kink of the internal carotid artery (arrowhead). The external carotid artery is also elongated and tortuous.

Figure 144-2 A, Resection of the common carotid artery with external (Ext) carotid artery ligation and division to remove a kink from the internal (Int) carotid artery. B, If the external carotid artery is also redundant, as shown in Figure 144–1 , it may not
require ligation as part of this maneuver.

Figure 144-3 A, Segmental resection of a length of the internal carotid artery (ICA). B, Reanastomosis of the ICA using meticulous interrupted suture technique. ECA, external carotid artery.

Figure 144-4 A, Transection of the kinked internal carotid artery (ICA) at its origin with the external carotid artery (ECA). B, Reimplantation onto the more proximal common carotid artery.

2068

Figure 144-5 Cross-sectional photomicrographs of a carotid body tumor. Left, Reticulin stain accentuates the characteristic Zellballen (cell nests). Clusters of darkly stained red blood cells mark numerous small blood vessels. Right, On hematoxylin-eosin
staining, the cell nests are shown to be separated by fibrous septa containing numerous small vascular spaces. The tumor cells have moderately abundant, finely granular eosinophilic cytoplasm, indistinct cell borders, and round-to-oval nuclei. (×125.) (From
Krupski WC, Effeney DJ, Ehrenfeld WK, Stoney RJ: Cervical chemodectoma: Technical considerations and management options. Am J Surg 144:218, 1982.)

Figure 144-6 Anatomic location of chemoreceptive tissues. (From Krupski WC, Effeney DJ, Ehrenfeld WK, Stoney RJ: Cervical chemodectoma: Technical considerations and management options. Am J Surg 144:217, 1982.)

Figure 144-7 Operative photograph taken during resection of a small carotid body tumor. Vessel loops encircle the common (right), external (left upper), and internal (left lower) carotid arteries.

Figure 144-8 Characteristic duplex color-flow image of a carotid body tumor. The internal (ICA) and external carotid artery (ECA) branches are splayed by the tumor mass. The tumor may exhibit a very active mixed-signal pattern representing the extensive
vascularity of the tumor.

Figure 144-9 Selective carotid arteriogram demonstrating the classic characteristics of a carotid body tumor. The bifurcation is widened by the tumor; note the contrast density of the “tumor blush” that portrays the highly vascular nature of these tumors.

Figure 144-10 Operative incisions appropriate for carotid body tumor resection. The nasotracheal tube allows for greater distraction of the mandible, if required. A, Incision for small tumor (Shamblin I). B, Incision for medium and large tumors (Shamblin II
and Shamblin III). (A and B, From Hallett JW: Carotid body tumor resection. In Bergan JJ, Yao JST [eds]: Techniques in Arterial Surgery. Philadelphia, WB Saunders, 1990, p 214.)

Figure 144-11 Ligation and division of the external carotid artery facilitates control of the carotid body tumor blood supply and aids in mobilizing large tumors. The vessel is removed with the tumor. (From Krupski WC, Effeney DJ, Ehrenfeld WK, Stoney RJ:
Cervical chemodectoma: Technical considerations and management options. Am J Surg 144:219, 1982.)

Figure 144-12 Postoperative photograph taken after resection of the carotid body tumor shown in Figure 144–7. The adventitia of the carotid arteries is intact; the external carotid artery is preserved.

Figure 144-13 Diagram of the carotid sinus and the carotid body. The nerve of Hering is shown as it courses to the glossopharyngeal nerve. (From Hollinshead WH: Anatomy for surgeons. In The Head and Neck, Vol 1. New York, Hoeber & Harper, 1958.)

Figure 144-14 A, Cross section through an aneurysmal segment of a dissected extracranial internal carotid artery. Note the true lumen (T) with its surrounding intact internal elastic lamina. The false lumen (F) is formed within the media. The external elastic
lamina and adventitia surround both lumina. Numerous blood vessel elements are present in the outer vessel wall. B, An adjacent cross section reveals the actual intimal tear (arrow) and an entry/reentry point of communication between the true and false
lumina. (A and B, From Mokri M: Dissections of cervical and cephalic arteries. In Meyer FB [ed]: Sundt’s Occlusive Cerebrovascular Disease. Philadelphia, WB Saunders, 1994, p 46.)
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Figure 144-15 A, Hyperextension and rotation of the head subject the opposite carotid artery to stretching and compression injury (1) by the lateral mass of the first cervical vertebra (C1) or the transverse processes of C2 and C3 (B); (2) by direct compression
between the angle of the mandible and the transverse processes of C2 and C3 through extreme flexion of the head on the neck; or (3) by fracture or posterior dislocation of the mandible. (A and B, From Mokri M: Dissections of cervical and cephalic arteries.
In Meyer FB [ed]: Sundt’s Occlusive Cerebrovascular Disease. Philadelphia, WB Saunders, 1994, p 59.)

Figure 144-16 Dissection of the cervical segment of the internal carotid artery. Note the elongated, narrowed, and tapered luminal stenosis (solid arrows), a finding frequently seen in association with extracranial dissections. Another common feature of this
entity, fairly abrupt reconstitution of the carotid lumen at the base of the skull (open arrow), is also shown. (From Mokri M: Dissections of cervical and cephalic arteries. In Meyer FB [ed]: Sundt’s Occlusive Cerebrovascular Disease. Philadelphia, WB
Saunders, 1994, p 51.)

Figure 144-17 Finger-like aneurysm formation along a point of dissection of the cervical segment of the internal carotid artery (arrow) lying parallel to the course of the vessel. (From Mokri M: Dissections of cervical and cephalic arteries. In Meyer FB [ed]:
Sundt’s Occlusive Cerebrovascular Disease. Philadelphia, WB Saunders, 1994, p 51.)

Figure 144-18 Classification system used to categorize the four types of arterial involvement in Takayasu’s arteritis as determined by arteriography. (From Cottrell ED, Smith LL: Management of uncommon lesions affecting the extracranial vessels.)

Figure 144-19 Abdominal aortogram demonstrating pathologic aortic anatomy as seen in a patient with type III Takayasu’s arteritis. Note the narrowed infrarenal aortic segment and the prominent meandering mesenteric artery (superior mesenteric artery to
inferior mesenteric artery collateral). The patient had diminished femoral artery pulses and depressed bilateral lower extremity segmental limb pressures.

Figure 144-20 Photomicrographs of Takayasu’s arteritis of the carotid artery (A and B) and temporal arteritis (C and D). (A, ×16; B, ×160; C, ×40; D, ×160.) Both are granulomatous giant cell arteritides, as shown in B (boxed area of A) and in D (boxed area
of C) at higher magnifications. Thrombosis (T) and occlusive proliferation (arrow) are common complications (hematoxylin-eosin). (A-D, From Lie JT: Pathology of occlusive disease of the extracranial arteries. In Meyer FB [ed]: Sundt’s Occlusive
Cerebrovascular Disease. Philadelphia, WB Saunders, 1994, p 39.)

Figure 144-21 Arch aortogram from a young woman with Takayasu’s arteritis. This demonstrates a critical uniform narrowing of the innominate artery, leading to a complete occlusion at its bifurcation. There is a tight stenosis of the left common carotid
artery at its mid-portion; the left subclavian orifice is nearly occluded.

Figure 144-22 Typical findings in moyamoya disease. A, On the anteroposterior view arteriogram, there is occlusion of the carotid artery as it exits from the cavernous sinus to enter the subarachnoid space. Specifically, neither the middle cerebral nor anterior
cerebral arteries are visualized. Alternatively, there are a large number of hypertrophied lenticulostriate arteries, or moyamoya vessels, that are an attempt at collateral circulation formation. B, This lateral arteriogram demonstrates only filling of the posterior
cerebral arterial complex. The middle cerebral and anterior cerebral arteries are not visualized. Alternatively, there is the “puff-of-smoke” appearance of the large number of moyamoya vessels (arrow). C, The vertebral injection demonstrates some attempt at
collateral blood flow to the anterior circulation (arrow). (A-C, From Ueki K, Meyer FB: Moyamoya disease. In Meyer FB [ed]: Sundt’s Occlusive Cerebrovascular Disease. Philadelphia, WB Saunders, 1994, p 467.)
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Chapter 145 - Complications Following Carotid Endarterectomy and Perioperative Management

TIMOTHY F. KRESOWIK MD

Carotid endarterectomy (CEA) has been one of the most scrutinized peripheral vascular procedures. There have been a number of well-designed, randomized, prospective clinical trials that have documented the efficacy of CEA compared to medical therapy

1 2 3 4 5 6 7

for patients with moderate to severe carotid stenosis both with and without symptoms.[ ] [ ] [ ] [ ] [ ] [ ] [ ] These prospective trials have also provided the best documentation of perioperative complication rates. The efficacy of the procedure in specific
populations is dependent on achieving perioperative complication rates that are comparable to or superior to the complication rates observed in the trials. The complication rates in the trials can be looked on as “achievable benchmarks” since they were a
compilation of the results across a large number of surgeons and institutions. It is incumbent on every physician discussing CEA with a patient to be familiar with the risks and benefits of the procedure. The randomized trials have provided a valid prediction of
the natural history of the disease with medical therapy alone. The risks of the procedure presented to the patient should be those that are achieved in the setting the patient would have the procedure, that is, specific to the institution and/or surgeon. The
availability of this information is obviously dependent on a system to document complication rates in every institution where the procedure is performed.
In addition to being aware of the institution or surgeon specific complication rates, a clinician involved in the care of patients with carotid occlusive disease should be involved in continuous quality improvement. Every institution and surgeon should be
striving for benchmark performance. Obviously, an important component of achieving optimal results for CEA is technical perfection in the operating room. Perioperative care processes are also an important contributor to CEA quality improvement.
Physicians caring for patients undergoing CEA should be familiar with the evidence base for or against specific care processes employed during the perioperative period. Optimal results are achieved only when a system is in place to ensure that every patient
undergoing CEA receives all the therapeutic interventions that have an evidence linkage to better outcomes.

COMPLICATIONS
The risk of CEA can be stratified in multiple ways. There are perioperative or immediate complications and late (after 30-day) complications. Immediate complications can be characterized as central neurologic, local (neck), and systemic. CEA is a
prophylactic operation with essentially one purpose: the prevention of stroke (alleviation of disabling symptoms being a rare additional indication). Postoperative stroke is thus the most important complication. Obviously, death is an equally serious adverse
event. Strokes or deaths following CEA are usually expressed together as a combined event rate. Important local complications are cranial nerve injury and hemorrhage. The most frequent systemic aberration associated with CEA is temporary alteration in
blood pressure control with both hypotension and hypertension occurring. Since coronary artery disease is common in patients with carotid stenosis, perioperative myocardial infarction (MI) is always a concern. The most common late complication is
recurrent carotid stenosis. Suture line or patch disruption associated with infection is a rare but serious late complication.
Central Neurologic Complications or Death
Perioperative Stroke or Death

Perioperative stroke is usually combined with mortality and expressed as the combined event rate. The combined event rate implies that an individual patient would count only as one adverse event in calculating the rate even if he or she suffered a stroke that
was fatal. In other words the combined event rate is the mortality rate plus the nonfatal stroke rate. A stroke is usually defined as a new or worsened central neurologic deficit that lasts longer than 24 hours. This would also include ischemic events in the
distribution of the ophthalmic artery (retinal stroke). Transient neurologic deficits (<24 hours) may also occur but are not usually considered major complications. This is particularly true in the patient with a prior stroke, as the effect of anesthesia may
temporarily make a preexisting neurologic deficit appear worse. Perioperative stroke should be distinguished from ipsilateral cranial nerve deficits (see later) that may be mistaken for a stroke by the novice observer.

It would seem useful to describe the severity of strokes when reporting this complication because the severity obviously has tremendous implications for the patient. In some of the prospective trials, major or disabling stroke has been distinguished from minor
stroke. Part of the problem in using this distinction in other settings is standardization of the definition of major versus minor stroke. In studies with prospective data collection, a standardized stroke severity
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Figure 145-1 (Figure Not Available) Intraoperative ultrasound following carotid endarterectomy (CEA) demonstrating an intimal flap (I) with a platelet thrombus (II) at the internal carotid endpoint. This type of
defect could result in a thromboembolic postoperative stroke if uncorrected. (From Kresowik TF, Hoballah JJ, Sharp WJ, et al: Intraoperative B-mode ultrasonography is a useful adjunct to peripheral arterial
reconstruction. Ann Vasc Surg 7:35, 1993.)

scale can be used, but these scales are often not applicable to retrospective data collection because of missing data elements.

The convention in reporting postoperative complication rates is to include all events that occur within 30 days of the operative event. Since CEA is usually associated with a very brief hospitalization, calculation of a true 30-day complication rate requires
follow-up data beyond the hospital stay. When comparing reported results it is important to determine whether the reported complication rate includes events that occur within 30 days but beyond the initial hospital stay.

To prevent and appropriately manage postoperative stroke, it is useful to understand the timing and pathophysiology of these events. In most large series describing the etiology of perioperative stroke, the majority (60% to 80%) of strokes are delayed; that is,

8 9 10 11 12 13

the patient is confirmed to be neurologically intact at the completion of the procedure.[ ] [ ] [ ] [ ] [ ] [ ] Most of these postoperative events occur in the first 24 hours following the operation and are attributed to endarterectomy site thrombosis and/
or embolism from the endarterectomy site (Fig. 145–1 (Figure Not Available) ). These observations suggest that technical defects are the most common cause of perioperative stroke. A combination of technical perfection and appropriate perioperative
antithrombotic therapy would appear to be important in achieving the best outcomes for CEA. Other less common causes of stroke from CEA include ischemia at the time of carotid clamping and embolism during dissection or embolism from remote sites.
The high frequency of endarterectomy site technical defects and thromboembolism as a cause of early postoperative stroke dictates an aggressive approach toward evaluation and management of patients who develop a new neurologic deficit following CEA.

14 15

The traditional approach to this scenario has been emergent reoperation and exploration of the endarterectomy site.[ ] [ ] Thrombectomy for acute thrombosis of the endarterectomy site with restoration of flow is associated with a high percentage of
reversal of the neurologic deficit. With ready availability of good-quality color-duplex technology it is possible to rapidly rule out internal carotid thrombosis or major technical defects without reoperation. In the absence of thrombosis or endarterectomy site
technical defects, emergent angiography to evaluate the intracranial circulation should be considered. Although systemic thrombolytic therapy should generally be avoided, intra-arterial thrombolytic therapy may be a reasonable option for documented

16] [17]

intracerebral embolism in this setting.[

Hyperperfusion/Cerebral Hemorrhage
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One of the most frustrating complications of CEA is what has been referred to as hyperperfusion syndrome.[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] The classic full-blown hyperperfusion syndrome
consists of unilateral headache, seizure activity, and cerebral hemorrhage. Hyperperfusion syndrome commonly peaks at 2 to 7 days following operation and thus often after the patient has been discharged from the hospital. Cerebral hemorrhage occurred in

11] [20] [22] [23] [24]

0.2% to 0.8% of cases in several well-documented large series of CEA.[

without hemorrhage occurs in 2% to 3% of patients.

[30] [31] [32]

Most cerebral hemorrhage in these series was attributed to hyperperfusion syndrome. A documented clinically apparent hyperperfusion syndrome with and

Imaging and cerebral flow studies have demonstrated edema, microhemorrhage, and supranormal cerebral blood flow in patients with the clinical presentation of hyperperfusion ( Figs. 145–

19 21 25 35

2 and 145–3 ). Epileptiform activity ipsilateral to the CEA or frank seizures are associated with the syndrome.[ ] [ ] [ ] [ ] Hyperperfusion is thought to be a consequence of disturbed cerebral autoregulation that develops in the territory of a carotid
stenosis. Most reports of hyperperfusion syndrome have associated the syndrome with correction of very high-grade carotid stenoses, especially in the presence of contralateral occlusion or high-grade stenosis, although the syndrome has been described in the

30

absence of these risk factors.[ ] Uncontrolled hypertension is an additional risk factor. Hyperperfusion syndrome is extremely frustrating for the surgeon since it does not appear related to the technical performance of the procedure. With prevention of
clamp-associated hypoperfusion through selective or routine shunting and avoidance of technical defects, cerebral hyperperfusion becomes an increasingly important cause of postoperative strokes.
Although the rarity of severe hyperperfusion syndrome in most surgical practices limits the available evidence for prevention or treatment recommendations, extra attention to blood pressure control would certainly be appropriate in patients at risk (very highgrade stenosis or severe bilateral disease). In patients who develop ipsilateral headache following CEA, a cerebral imaging study should be obtained. A magnetic resonance (MR) imaging scan with T2 weighting and cerebrospinal fluid signal suppression
(fluid attenuation inversion recovery) in addition to gadolinium-enhanced imaging and MR angiography is likely the most sensitive study for the typical changes associated with hyperperfusion (see Fig. 145–2 ). A noncontrast computed tomographic (CT)
scan (see Fig. 145–3 ) documents hemorrhage if it is present and may indicate edema, although it is less sensitive than MR imaging.
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Figure 145-2 MR imaging study demonstrating the typical findings in hyperperfusion syndrome. The scan was obtained 1 week after right carotid revascularization. The patient presented with severe right-sided headache for several days followed by a seizure.
A, T2-weighted study with cerebrospinal fluid signal suppression (fluid attenuation inversion recovery [FLAIR]). The arrows indicate the easily visualized areas of cerebral edema. B, Another cut using the same technique demonstrating an area of hemorrhage
in the frontal lobe (arrow) and edema posteriorly (circled arrow). C, Gadolinium-enhanced MR angiogram demonstrating right-sided vasodilation (arrows). D, T1-weighted post-gadolinium image demonstrating the dilated vessels (arrows).

Figure 145-3 Noncontrast CT scan from the same patient depicted in Figure 145–2 . A, The right-sided white matter (arrows) is less dense (darker) than the left side, suggesting edema. There is a gray matter area of hypodensity (circled arrow), also
suggesting edema. B, Another cut from the same study showing the frontal lobe hemorrhage (arrow).

TABLE 145-1 -- Reported 30-Day Outcomes for CEA from Randomized Clinical Trials

STUDY, PUBLICATION DATE
Symptomatic

POPULATION

STUDY PERIOD

NO. OF PROCEDURES

*

MORTALITY, %

COMBINED EVENT RATE,
%

†

Symptomatic, 0–99% stenosis

1981–1994

1745

1.0

7.0

NASCET, 1999[

Symptomatic, 30–99% stenosis

1987–1996

1415

1.1

6.5

3
VA Symptomatic, 1991[ ]

Symptomatic, 50–99% stenosis

1988–1991

90

3.3

5.5

Asymptomatic, 60–99% stenosis

1987–1993

721

0.1

1.5

Asymptomatic, 50–99% stenosis

1983–1987

203

2.0

4.5

5
ECST, 1998[ ]
11]

Asymptomatic

12]

ACAS, 1995[

13]

VA Asymptomatic, 1990[

CEA, carotid endarterectomy.

* The number of procedures used to determine the event rate was the actual number of procedures performed. Patients who were randomized to the surgical group but did not undergo the procedure (included in the
intention-to-treat analysis) were excluded.
† ECST defined stroke as new deficits lasting > 7 days; the other studies defined stroke as new deficits lasting > 24 hours.

2097

TABLE 145-2 -- Reported 30-Day Outcomes for CEA from Community Surveys Based on Retrospective Medical Record Reviews

STUDY AUTHORS, DATE

POPULATION

STUDY PERIOD

NO. OF PROCEDURES

MORTALITY, %

COMBINED EVENT RATE,
%

Bratzler et al, 1996[

Eight community hospitals

1993–1994

774

1.6

4.9

37]

Georgia Medicare patients

1993

1945

1.9

4.7

38]

Ohio Medicare patients

1993–1994

678

1.8

39]

Eight Toronto hospitals

1994–1996

1280

1.8

6.3

40]

Iowa Medicare patients

1994

2063

2.2

6.6

41]

10 state Medicare patients

1995–1996

10561

1.5

5.2

42]

10 state Medicare patients

1998–1999

10379

1.3

5.0

36]

Karp et al,1998[

Cebul et al, 1998[

Kucey et al, 1998[

Kresowik et al, 2000[
Kresowik et al, 2001[
Kresowik et al, 2004[

4.7

*

CEA, carotid endarterectomy.

* In the Ohio Medicare study, stroke was defined as a new deficit still present at hospital discharge. All the other reports depicted in this table used a >24-hour definition of stroke.

30-day outcomes. Reported results from administrative databases and registries were not included because of the previously mentioned limitations. The results displayed in Table 145–2 do exclude patients undergoing combined CEA and coronary artery

39]
are from the U.S. Medicare population. This means that nondisabled patients younger than 65 years of age would not be included.

bypass grafting (CABG). All of the series in Table 145–2 , with the exception of one,[

*

Even in the randomized trials, there were some differences in the endpoint definitions. The European Carotid Surgery Trial (ECST) defined a postoperative stroke as a new deficit lasting more than 1 week. The other trials used a “greater than 24-hour
duration” definition for distinguishing postoperative stroke from transient ischemic attacks (TIAs). Definitions of major or disabling stroke versus minor or nondisabling stroke are even more variable. In a large Medicare-population retrospective medical

41

record review of CEA complications, we used a definition of major stroke based on a disability in walking, talking, or eating.[ ] Patients who suffered a new postoperative neurologic deficit that resulted in the need for assistance with walking or eating or
had aphasia were considered to have a major stroke. Table 145–3 displays the breakdown of stroke severity in the NASCET, ECST, ACAS, and the 10-state Medicare review. The timing of disability determination (NASCET and ACAS 30 days, ECST 6
months, 10-state Medicare 5 days) likely accounts for some of the variation in the ratio of disabling to nondisabling strokes in these studies. In NASCET and ACAS only one third of the strokes were found to be disabling.
Table 145–3 also provides the rates of stroke-related versus non-stroke-related death in the same reports. There is more consistency in the ratio between stroke-related and non-stroke-related death in these reports than in stroke classification. It is apparent that
approximately half of the deaths associated with CEA appear to be related to stroke. Most non-stroke-related death is cardiac in origin. These facts illustrate the importance of patient selection and cardiac management in optimizing the outcomes of CEA.
Comparison of the ACAS and VA asymptomatic trials (see Table 145–1 ) also demonstrates the impact of cardiac disease on overall outcomes. The threefold higher combined event rate seen in the VA asymptomatic trial versus ACAS is largely due to the
2.0% versus 0.1% mortality rate observed in these two trials. All the perioperative deaths in the VA asymptomatic trial were cardiac related.

43

Although many factors may impact the risk of CEA, by far the most important is the indication or symptom status of the patient.[ ] The NASCET and ACAS surgical results indicate that the risk of stroke or death from CEA is four times greater in
symptomatic (6.5%) that asymptomatic patients (1.5%). It is important to understand that the definition used for symptomatic in the NASCET trial included only patients who had experienced a relatively recent (within 120-day) hemispheric TIA, stroke, or
ipsilateral transient monocular blindness (amaurosis fugax). In many of the reports that address symptom status, patients are stratified only into symptomatic and asymptomatic subgroups. There are a significant number of patients undergoing CEA whose
symptomatic status does not fall into
TABLE 145-3 -- Perioperative Stroke Severity and Cause of Death Following CEA
STUDY

*

DISABLING STROKE (NONFATAL), %

NONDISABLING STROKE (NONFATAL), %

STROKE DEATH, %

NONSTROKE DEATH, %

NASCET[

1.8

3.7

0.6

0.5

5
ECST[ ]

2.6

3.5

0.6

0.4

0.5

1.0

0.0

0.1

2.5

1.2

0.6

0.9

11]

12]

ACAS[

41]

10-state Medicare[

CEA, carotid endarterectomy.

* NASCET and ACAS defined a stroke as any new deficit lasting > 24 hours; disability was determined at 30 days. ECST defined a stroke as any new deficit lasting > 7 days: disability was determined at 6 months.
The 10-state Medicare study defined a stroke as any new deficit lasting > 24 hours; disability was determined at 5 days.
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Figure 145-4 Combined event rate (30-day) following carotid endarterectomy (CEA) by indication and type of procedure. The event rates are based on complete retrospective medical record (hospital chart) review, review of medical records from
readmissions within 30 days, and query of the Social Security database to determine any out-of-hospital deaths within 30 days. Two clinicians independently validated all adverse outcomes. The results are from review of 10,561 CEA procedures performed in
10 states on Medicare patients between June 1, 1995, and May 30, 1996. CEA alone represents first-time procedures performed not in conjunction with coronary artery bypass grafting (CABG); CEA and CABG are combined procedures in the same operative
setting, and CEA (redo) are repeat operations for recurrent stenosis. Indications in the CEA alone subset are stratified by transient ischemic attack (TIA)/stroke (ipsilateral hemispheric TIA or stroke within 90 days prior to the procedure), nonspecific (global
ischemia, contralateral hemispheric events, vertebrobasilar events or remote ipsilateral events), and asymptomatic (no prior history of TIA or stroke in any distribution). (From Kresowik TF, Bratzler D, Karp HR, et al: Multistate utilization, processes, and
outcomes of carotid endarterectomy. J Vasc Surg 33:227–234, 2001.)

Figure 145-5 Combined event rate (30-day) in asymptomatic carotid endarterectomy alone in Medicare patients in 10 states by state. The outcomes were determined by complete medical record review of 3891 total CEA procedures (smallest individual state
sample was 289) performed between June 1, 1995, and May 30, 1996, on asymptomatic patients. (From Kresowik TF, Bratzler D, Karp HR, et al: Multistate utilization, processes, and outcomes of carotid endarterectomy. J Vasc Surg 33:227–234; 2001.)

Figure 145-6 Cranial nerves that may be injured during carotid endarterectomy. The line drawing depicts the typical relationship of cranial nerves to the carotid bifurcation. (Modified from Kresowik TF: Carotid endarterectomy. In Scott-Conner CEH,
Dawson DL [eds]: Operative Anatomy. Philadelphia, Lippincott, Williams & Wilkins, 2003, p 64.)

Figure 145-7 Operative photograph depicting nerves in the vicinity of the carotid bifurcation. A, Vagus (1), hypoglossal (2), ansa hypoglossi (3), greater auricular (4), divided vascular bundle to sternocleidomastoid muscle (5), and occipital branch of external
carotid artery (6). B, Superior laryngeal nerve (7).

Figure 145-8 CT image of the lower neck in a patient with a large hematoma following a right carotid endarterectomy (CEA). The marked shift and compression of the airway are well visualized. The IJ(R) is compressed by the hematoma. This patient had a
cardiac event following CEA and was already intubated when he experienced marked hypertension during resuscitation and subsequent hematoma development. Imaging studies are not necessary to make the clinical diagnosis of potential airway compromise

from a post-CEA hematoma and should not delay hematoma evacuation. H, hematoma; C(R), right carotid; C(L), left carotid; IJ(R), right internal jugular; IJ(L), left internal jugular; ET, endotracheal tube.

Figure 145-9 Intra-arterial digital subtraction arteriogram demonstrating the typical appearance of early recurrent stenosis from intimal hyperplasia following carotid endarterectomy. This patient had a recurrent stenosis at the distal endpoint despite patch
angioplasty. (Courtesy of B. A. Ballinger, M.D.)
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Chapter 146 - Introduction and General Considerations

Chronic ulceration of the lower extremity following deep venous thrombosis is a condition that undoubtedly has plagued the human race since man assumed the erect position.Robert R. Linton (1953)

Acute and chronic venous diseases are among the most prevalent medical conditions worldwide. Acute venous thromboembolism is a serious and frequently lethal disease, whereas chronic venous insufficiency can be the source of considerable discomfort,

1

disability, and loss of working days. Venous diseases of the lower limbs, as noted by Linton[ ] in 1953, are greatly influenced by the erect position of the human race, and impairment of return of venous blood to the heart against gravity contributes to the
development of both acute venous thrombosis and chronic venous insufficiency. Manifestations of chronic venous disease, including varicosity, pain, swelling, skin changes, and leg ulcers, have long been known to humankind, and attempts to treat them date
back thousands of years.

HISTORICAL BACKGROUND
1550 bc to 200 ad: Venous Discoveries

2 3 4 5 6 7 8 9
4
The fascinating history of venous surgery has been the subject of many reviews and monographs.[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] The first written record of varicose veins and suggestions on treatment were found in the Ebers papyrus around 1550 BC.[ ]

The first illustration of a varicose vein, discovered in Athens at the foot of the Acropolis, dates back to the 4th century BC. It is a commonly reproduced votive tablet that shows a large leg with a serpentine varicose vein on its medial aspect ( Fig. 146–1 ).

10]

Extensive description of venous ulceration was found in the work of Hippocrates, entitled De ulceribus, in which he stated that “in the case of an ulcer, it is not expedient to stand, more especially if the ulcer is situated in the leg.”[

Hippocrates recognized

6
that incisions around large ulcers do not heal well, and he suggested puncturing the ulcer to stimulate healing. According to Browse and colleagues,[ ] Hippocrates made the first reference to compressive dressing when he instructed, “if necessary, cut out the

ulcer and then compress it to squeeze out the blood and humours.”

3
11
The first ligation of blood vessels was described by members of the Alexandrian School of Medicine in Egypt around 270 BC.[ ] Celsus,[ ] a Roman physician in the 1st century AD, treated varicose veins by excision and cauterization and described
12]

ligation of bleeding veins and division of veins between ligatures. Galen, in the 2nd century, used silk ligature to tie off blood vessels and suggested that varicose veins should be treated by incision and avulsion with the use of hooks.[
several centuries after Galen that major new discoveries in medicine were documented.

It was not until
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Figure 146-1 Votive tablet found at the base of the Acropolis in Athens, Greece, dating back to the 4th century BC. It was dedicated to Dr. Amynos by his patient, Lysimachidis of Acharnes. This is the earliest known illustration of a varicose vein.

Figure 146-2 The anatomy of veins depicted by Leonardo da Vinci in the 15th century. A, The “tree of vessels.” B, Superficial veins of the lower limb.

Figure 146-3 The venous system, as depicted by Andreas Vesalius in 1543. (From Works of Andreas Vesalius of Brussels, World Publishing Co, Cleveland and New York, 1950.)

Figure 146-4 The first known depiction of venous valves. A, Outside depiction of a valve stationed just distal to the origin of a venous tributary. B, Inside drawing of a pair of valve leaflets. (From Alberti S: De valvulis membraneis quorundam vasorum: Tres
orations. Norimb, 1585. Reprinted in Browse NL, Burnand KG, Thomas ML: Diseases of the Veins: Pathology, Diagnosis, and Treatment. London, Edward Arnold, 1988, p 6.)

Figure 146-5 The first full description of venous valves by Hieronymus Fabricius de Aquapendente. A, Venous valves in the superficial veins of the lower limb. B, Venous valves in the superficial and deep veins of the lower limbs and pelvis. (From Fabricius
Hieronymus de Aquapendente: Anatomici Patavini de Venarum Ostiolis [Valves of veins]. In Laufman H [ed]: The Veins. Austin, Tex, Silvergirl, Inc, 1986, p 14.)

Figure 146-6 Illustrations from “De Motu Cordis” of William Harvey, published in 1628. The observations depicted in the drawings persuaded Harvey of unidirectional blood flow in the veins toward the heart. They are also the first known illustrations of the
strip test to confirm valvular competence.

Figure 146-7 Illustrations of superficial veins of the legs from the 19th century. (From Oesterreicher JH: Atlas of Human Anatomy. Cincinnati, A. E. Wilde and Co, 1879.)

Figure 146-8 Illustration of the anatomy of deep veins of the hip, thigh, and leg. (From Oesterreicher JH: Atlas of Human Anatomy. Cincinnati, A. E. Wilde and Co, 1879.)

Figure 146-9 Anatomy of the common iliac vein and the vena cava. Note the “nutcracker” position of the left renal vein between the superior mesenteric artery and the aorta. (From Oesterreicher JH: Atlas of Human Anatomy. Cincinnati, A. E. Wilde and Co,
1879.)

Figure 146-10 Venous thrombi protruding into a deep vein from side branches. (From Virchow’s Die Cellular Pathologie, 1860.)

Figure 146-11 A, Front page of the Lettsomian Lectures of John Gay. B, Illustrations of the medial leg veins by John Gay. Note the posterior arch vein and three perforating veins (5, 8, and 4), which are clearly depicted. (From Gay J: On Varicose Disease of
the Lower Extremities: Lettsomian Lecture. London, Churchill, 1868.)

Figure 146-12 Linton’s technique of ligation of the communicating veins. (From Linton RR: The communicating veins of the lower leg and the operative technic for their ligation. Ann Surg 107:582, 1938.)

Figure 146-13 A, Kunlin’s drawing on a distal arteriovenous fistula to improve blood flow in a graft placed in the venous system. (From Kunlin J: Les greffes veineuses. Lisbon, Congres Soc Internat de Chirurgie, September 1953.) B, External support of
venous interposition graft by suspension of the anastomoses on rings, as suggested by Kunlin. (From Kunlin J, Kunlin A, Richard S, Tregouet T: Le remplacement et l’anastomose latero-laterale des veines par greffon avec sutures suspendue par des anneaux:
Etude experimentale. J Chir (Paris) 85:305, 1953.)

Figure 146-14 A through D, Illustrations of repair of incompetent femoral vein valves by Kistner.

Figure 146-15 The first illustration of endoscopic subfascial perforator vein surgery by Hauer in 1985. (From Hauer G: The endoscopic subfascial division of the perforating veins—preliminary report [German]. Vasa 14:59, 1985.)
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Chapter 147 - Pathophysiology and Natural History of Acute Deep Venous Thrombosis

MARK H. MEISSNER MD
EUGENE STRANDNESS JR MD

89]

The complications of acute deep venous thrombosis (DVT), pulmonary embolism (PE), and the post-thrombotic syndrome are important not only as the most common preventable cause of hospital death[

but also as a source of substantial long-term

11 28 197]
An understanding of the underlying epidemiology, pathophysiology, and natural history of DVT is essential in guiding appropriate prophylaxis, diagnosis, and treatment. Recognition of the underlying risk factors and an
morbidity.[ ] [ ] [

appreciation of the multifactorial nature of DVT may facilitate the identification of situations likely to provoke thrombosis in high-risk individuals as well as the further evaluation of those with unexplained thromboembolism. An understanding of the natural
history of DVT is similarly important in defining the relative risk and benefits of anticoagulation as well as the duration of treatment in individual patients.

Components of the pathophysiologic triad initially described by Rudolf Virchow remain applicable today. However, an improved understanding of the coagulation and fibrinolytic systems as well as the role of the vascular endothelium in thrombosis and
hemostasis has led to the identification of new prethrombotic conditions and also a more thorough appreciation of previously recognized risk factors. Furthermore, accurate and repeatable noninvasive diagnostic methods, such as duplex ultrasonography, have
allowed the pathophysiology to be related to the natural history of DVT. It now appears that many venous thrombi arise from the convergence of several risk factors against a background of imbalanced coagulation and fibrinolysis. Similar factors defining the
balance between recanalization of the venous lumen and recurrent thrombotic events also may be important determinants of long-term outcome after an episode of acute DVT.

EPIDEMIOLOGY

6 31 69 94
Precise definition of the incidence of acute DVT is complicated by the clinically silent nature of most thromboses in hospitalized patients as well as by the nonspecific signs and symptoms.[ ] [ ] [ ] [ ] The incidence depends on the population studied,
61 118

] Most clinical trials and studies on the
the intensity of screening, and the accuracy of the diagnostic tests employed. Autopsy studies, which are biased by inclusion of the very sick and old, have reported the prevalence of DVT to be 35% to 52%.[ ] [
incidence of acute DVT have focused on specific inpatient groups, such as postoperative patients. Although useful in defining risk factors for acute DVT, such studies provide few data regarding the overall prevalence of acute DVT. Community-based studies
28]

may provide a better estimate of overall prevalence but frequently suffer from a lack of objective documentation of DVT. Extrapolating data from a longitudinal community-based study, Coon and associates[

calculated an incidence of 250,000 cases of

acute DVT per year in the United States. These results, however, were based largely on questionnaires and clinical findings suggestive of previous DVT. Community-based studies of venographically documented symptomatic DVT have reported a yearly

153]

incidence of 1.6 per 1000 residents.[

72]

Among men, the cumulative probability of suffering a thromboembolic event is estimated to be 10.7% by the age of 80 years.[

Later epidemiologic data from the Olmsted County project in Minnesota found that the overall average age- and sex-adjusted annual incidence of venous thromboembolism (VTE) was 117 per 100,000 (DVT, 48 per 100,000; PE, 69 per 100,000), with higher

248]
The incidence of PE decreased in the past decades, but the incidence of DVT remained constant for males across all age strata, decreased for females younger than 55

age-adjusted rates among men than women (130 vs. 110 per 100,000, respectively).[
years, and increased for women older than 60 years.

248

] estimated that at least 201,000 new cases of VTE occur in this country
VTE is a major national health problem, especially among the elderly, with an overall age- and sex-adjusted incidence of more than 1 per 1000 each year. Silverstein and colleagues[
annually, of which 107,000 are DVT alone and 94,000 are PE (with or without DVT). Of the total (201,000), 30% of the affected patients die within 30 days, and one fifth suffer sudden death due to PE.
PATHOPHYSIOLOGY
Venous Thrombogenesis
As initially postulated by Virchow, three factors are of primary importance in the development of venous thrombosis: (1) abnormalities of blood flow, (2) abnormalities of blood, and (3) vascular injury. These tenets have subsequently

2125

been refined, and it currently appears that flow abnormalities determine the localization of venous thrombi, that abnormalities of blood may include aberrations of both the coagulation and fibrinolytic systems, and that biologic injury to the venous endothelium
is potentially more important than gross trauma. It also clear, however, that the origin of DVT is frequently multifactorial, with components of Virchow’s triad assuming variable importance in individual patients.

39] [207]
193] [202]
235]
hip arthroplasty,[
and central venous catheters.[
Central venous cannulation is largely responsible for the increasing incidence of
[202]

Mechanical venous injury clearly plays a role in thrombosis associated with direct venous trauma,[

However, the importance of
upper extremity thrombosis, whereas similar venous injury is presumably responsible for the observation that 57% of thrombi occurring after hip arthroplasty arise from the femoral vein rather than the usual site in the calf.
mechanical venous injury in other situations is questionable. Focal venous injury cannot account for the observations that thromboses in trauma patients are more commonly bilateral (77%) than unilateral (23%) and may be as common in an injured limb as in

192]

an uninjured limb.[

5 212]
Neither do mechanical crush injuries in animal models usually cause thrombosis, even when followed by stasis.[ ] [
Overt endothelial injury likely is neither necessary nor sufficient to cause thrombosis in the absence of other

212] [231]

stimuli.[

125]
The normal venous endothelium is antithrombotic, producing prostaglandin I2 (PGI2 , prostacyclin), glycosaminoglycan cofactors of antithrombin,

The potential role of biochemical injury to the venous endothelium has only lately become apparent.[

22]

thrombomodulin, and tissue-type plasminogen activator (t-PA).[

However, the endothelium may become prothrombotic under some conditions, producing tissue factor, von Willebrand factor, and fibronectin. It is conceivable that some thrombotic risk

204]

factors act through production of a procoagulant endothelium. Microscopic changes in the endothelial surface associated with greater endothelial permeability and leukocyte adhesion have been demonstrated in response to distant surgical injury.[

147] [203]

Induction of procoagulant activity, suppression of anticoagulant mechanisms, and exposure of neutrophil receptor ligands may accompany such endothelial perturbation.[

228]
The importance of cytokine-mediated expression of tissue factor procoagulant activity under clinical conditions is unknown, but both interleukin-1 (IL-1) and
[138] [147] [210]

Associated inflammatory cells may be capable of both initiating and amplifying thrombosis.[

TNF also may downregulate endothelial thrombomodulin expression, further converting

tumor necrosis factor (TNF) may induce fibrin deposition through a combination of endothelial procoagulant expression and fibrinolytic depression.

228]
In such situations, Virchow’s concept of venous injury may be more important at the molecular than the macroscopic level.
the endothelium from an antithrombotic to a procoagulant state.[
61 95 150

191

] or behind valve pockets.[
] Furthermore, many risk factors for acute DVT are associated with immobilization and slow
Regardless of etiology, most venous thrombi originate in areas of low blood flow, either in the soleal veins of the calf[ ] [ ] [
venous flow, and several mechanisms have been advanced to explain the role of stasis in thrombogenesis. In comparison with pulsatile flow, static streamline flow is associated with profound hypoxia at the depths of the venous valve cusps and may induce

70]

endothelial injury.[

194]

The effects of hypoxia in cultured endothelial cells have been noted to include stimulation of cytokine production and leukocyte adhesion molecule expression,[

[211]

observed in association with stasis.

perhaps accounting for the adhesion and migration of leukocytes

Furthermore, stasis also allows the accumulation of activated coagulation factors and the consumption of inhibitors at sites prone to thrombosis. Stasis in the large veins may be particularly important, because the low

210]

surface-to-volume ratio may prevent interaction with endothelial inhibitory pathways, particularly the endothelium-bound thrombomodulin– protein C system.[

14] [211]

Despite these observations, there is little evidence that stasis can activate coagulation, and in isolation, stasis appears to be an inadequate stimulus for thrombosis.[

Experimental ligation of the rabbit jugular vein for intervals of 10 to 60 minutes has

[5] [211] [232]

193]

From a clinical perspective, activation of coagulation during hip arthroplasty is associated with manipulation of the femoral component rather than simply occlusion of the femoral vein.[
consistently failed to cause thrombosis.
should thus perhaps be viewed as a permissive factor in venous thrombosis, localizing activated coagulation to thrombosis-prone sites.

Stasis

Activation of coagulation appears to be critical in the pathogenesis of DVT. The coagulation cascade functions through serial activation of zymogens in the intrinsic and tissue factor pathways, with the ultimate generation of thrombin by the prothrombinase
complex. Antithrombin and the thrombomodulin–protein C systems are the primary inhibitors of coagulation, whereas the fibrinolytic system serves to further limit fibrin deposition. Although the hemostatic system is continuously active, thrombus formation
is ordinarily confined to sites of local injury by a precise balance between activators and inhibitors of coagulation and fibrinolysis. A prethrombotic state may result either from imbalances in the regulatory and inhibitory systems or from activation exceeding

3
antithrombotic capacity.[ ]
Although measurement of zymogen levels and in vitro clotting assays has not proved fruitful in defining prethrombotic states, identification of activated coagulation has been facilitated by the development of sensitive assays for stable byproducts of thrombin

7
activation.[ ] The most useful of these byproducts are:
■ Prothrombin fragment F1+2 , generated by factor Xa in the cleavage of prothrombin to thrombin
■ Fibrinopeptide A, formed in the thrombin-mediated conversion of fibrinogen to fibrin
■ Thrombin-antithrombin complex, formed by the combination of thrombin with its primary inhibitor

96] [103]
171] [226]
50
oral contraceptives,[
and malignancy.[ ]

Increased levels of these markers have been described in association with risk factors such as surgery,[

5
Just as the combination of stasis and injury may be ineffective in causing thrombosis without low levels of activated coagulation factors,[ ] activated coagulation alone
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may be insufficient to provoke thrombosis. Ordinarily, activated coagulation factors are rapidly cleared from the circulation. When localized in regions of stasis, however, the coagulation cascade allows activated factors to rapidly amplify the thrombotic

5 210]
179]
DVT thus appears to be a multifactorial phenomenon, with convergence of several pathologic factors often required to produce a thrombotic event.[
stimulus, leading to platelet aggregation and fibrin formation.[ ] [
228]

Although infusion of activated coagulation factors alone may not cause thrombosis, infusion of TNF and antibody to protein C, combined with low flow and subtle catheter injury, consistently produces proximal venous thrombosis in a baboon model.[

In

193]
The existence of a
a similar fashion, the thrombogenic potential of hip arthroplasty derives from the combination of injury to the femoral vein, venous occlusion, and measurable activation of coagulation during placement of the femoral component.[
7
159
159
[ ][
]
[
]
Increased thrombin activity may precede the development of a positive duplex leg scan result in surgical patients by several days,

prethrombotic state prior to the precipitation of overt thrombosis is also well recognized.

whereas thrombosis in

177]
patients with congenital thrombophilias is often precipitated by events such as injury, surgery, and pregnancy.[
Early Course
Against this pathophysiologic background, the factors contributing to clinically important thrombosis have been most thoroughly evaluated in the valve pockets of the lower extremity veins. In flow models, primary and secondary vortices are produced beyond

98]
The early nidus for thrombus formation likely consists of red blood cell aggregates forming within these eddies; however, these aggregates are probably transient

the valve cusps, which tend to trap red cells in a low shear field near the apex of the cusp.[

190] [191]

until stabilized by fibrin in the setting of locally activated coagulation. The further events in the evolution of these thrombi have been described by Sevitt[

in a series of detailed histologic studies.

Once formed in the valve pocket, early thrombi may become adherent to the endothelium near the apex of the valve cusp. These valve pocket thrombi appear to form on structurally normal endothelium and largely to spare the valve cusp. Laminated
appositional growth may then occur outward from the apex of the cusp, with propagation beyond the valve pocket probably depending on the relative balance between activated coagulation and thrombolysis. Once luminal flow is disturbed, prograde and
retrograde propagation may occur.
Clinical symptoms, present in a minority of hospitalized patients, develop only when a sufficient fraction of the venous outflow is occluded. If present, such symptoms appear 24 to 36 hours after the first appearance of thrombus detectable by radioactive

95
190] [191]
A significant number of these early thrombi
iodine (125 I)–fibrinogen scanning. [ ] Conversely, early thrombi may fail to propagate, with evidence of aborted thrombi appearing as endothelialized fibrin fragments within the valve pockets.[
42] [94]

spontaneously resolve after serial 125 I-fibrinogen scanning.[

TABLE 147-1 -- Risk Factors for Acute Deep Venous Thrombosis (DVT) and Pulmonary Embolism (PE)
RISK FACTOR FOR DVT OR PE

ODDS RATIO

95% CONFIDENCE INTERVAL

With recent surgery

21.72

9.44–49.93

Without recent surgery

7.98

4.49–14.18

12.69

4.06–39.66

With chemotherapy

6.53

2.11–20.23

Without chemotherapy

4.05

1.93–8.52

Prior central venous catheter or pacemaker

5.55

1.57–19.58

Prior superficial vein thrombosis

4.32

1.76–10.61

Neurologic disease with extremity paresis

3.04

1.25–7.38

Age 45 yr

4.19

1.56–11.30

Age 60 yr

1.93

1.03–3.61

Age 75 yr

0.88

0.55–1.43

Thromboembolism not categorized as a cause of death at postmortem

9.64

2.44–38.10

Thromboembolism categorized as a cause of death at postmortem

1.36

0.69–2.68

Hospitalization:

Trauma
Malignant neoplasm:

Varicose veins:

Congestive heart failure:

Adapted from Heit JA, Silverstein MD, Mohr DN, et al: Risk factors for deep vein thrombosis and pulmonary embolism: A population-based case-control study. Arch Intern Med. 160:809, 2000.

RISK FACTORS

26]

DVT occurring in the setting of a recognized risk factor is often defined as secondary, whereas that occurring in the absence of risk factors is termed primary or idiopathic. [

Recognized risk factors for DVT are listed in Table 147–1 .

The high incidence of acute DVT in hospitalized patients, the availability of objective diagnostic tests, and the existence of clinical trials evaluating prophylactic measures have allowed identification of high-risk groups in this population. In contrast, the risk

164]

factors for acute DVT have been less well defined in population-based studies. Substantial differences, however, have been noted in the distribution of risk factors between inpatients and outpatients.[

Malignancy, surgery, and trauma within the previous

26 157]
Approximately 47% of outpatients with a documented DVT have one or more recognized
3 months remain significant risk factors for outpatient thrombosis, whereas the frequency of surgery and malignancy is higher among inpatients with DVT.[ ] [

26]

risk factors[

4
157]
; the incidence of VTE increases along with the number of risk factors.[ ] Although some investigators have found the risk of acute DVT to be significantly higher only for those with three or more risk factors,[
others have reported the
179]
239] [240]
Heit and colleagues [
identified the following independent risk factors for VTE: increasing age,

relative risk to increase progressively from 2.4 in those with one risk factor to more than 20 among subjects with three or more risk factors.[
male gender, surgery, trauma, hospital or nursing home confinement, malignancy, neurologic disease with extremity
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paresis, central venous catheter or transvenous pacemaker, prior superficial vein thrombosis, and varicose veins. Among women, risk factors include pregnancy, oral contraceptives, and hormone replacement therapy. Independent predictors for recurrent DVT,
which occurs within 10 years in as many as 30% of cases, include increasing age, obesity, malignant neoplasm, and extremity paresis.
Age
VTE occurs in both the young and the elderly, although a higher incidence has consistently been associated with advanced age. Some investigators have identified precise cutoff points at which the risk of DVT is raised, whereas others have reported a
progressive increase with advancing age. In a community-based study of phlebographically documented DVT, the yearly incidence of DVT was noted to increase progressively from almost 0 in childhood to 7.65 cases per 1000 in men and 8.22 cases per 1000

153]
179]
The incidence of DVT increased 30-fold from age 30 years to 80 or more years. Rosendaal[
similarly noted an incidence of 0.006 per 1000 children younger than 14 years, which rose to 0.7 per 1000 among adults 40
[72]

in women older than 80 years.[

to 54 years old, and Hansson and colleagues

found the prevalence of objectively documented thromboembolic events among men to increase from 0.5% at age 50 years to 3.8% at age 80 years.

The influence of age on the incidence of VTE is likely multifactorial. The number of thrombotic risk factors increases with age, three or more risk factors being present in only 3% of hospitalized patients younger than 40 years but in 30% of those 40 years and

4
179]
This possibility may be related to an acquired prethrombotic state associated with aging, because higher levels of thrombin activation
older.[ ] Furthermore, it appears that the number of risk factors required to precipitate thrombosis decreases with age.[
209]

markers are found among older people.[

61] [129]

Advanced age also has been associated with anatomic changes in the soleal veins and with more pronounced stasis in the venous valve pockets.[

28]
179]
Population-based studies have suggested an incidence of 0.006 per 1000 children younger than 14 years,[
whereas the incidence in hospitalized children
178
[
]

Venous diseases, including VTE, are usually regarded as rare in children younger than 10 years.[

178]

younger than 18 years has been estimated to be 0.05%.[
systematically evaluated children for DVT.

Early mobilization and discharge may partially explain the lower incidence in children.

17 27 179 234

The diagnosis, however, is often not considered in pediatric patients, and few studies have

179

][
] and multiple risk factors are often required to precipitate thrombosis.[
] Venous thrombosis is more common in some pediatric populations, such
VTE in children is almost always associated with recognized thrombotic risk factors,[ ] [ ] [
as children hospitalized in the intensive care unit, those with spinal cord injuries, and those undergoing prolonged orthopedic immobilization, although the incidence is substantially lower than in corresponding adult populations. DVT may occur in as many as
116]
37
128] [172]
4% of children hospitalized in the intensive care unit,[ ] and 10% of children with spinal cord injuries.[
Symptomatic postoperative
148
[
]

3.7% of pediatric patients immobilized in halo-femoral traction for preoperative treatment of scoliosis,[

DVT is regarded as unusual in children, although there are few data from studies employing routine surveillance,

[17]

pediatric medical population.

and autopsy-identified PE is approximately four times more frequent in pediatric patients who have undergone surgery than in the general

234]
179]
9
116]
inherited hypercoagulable states,[
oral contraceptive use,[ ] lower limb paresis,[
and the use of

Other thrombotic risk factors noted in hospitalized children are local infection and trauma, immobilization,[

37]

femoral venous catheters.[
Immobilization

129

] both
Many of the clinical circumstances in which thromboembolism occurs support the role of immobilization as a risk factor. Stasis in the soleal veins and behind the valve cusps is exacerbated by advancing age and inactivity of the calf muscle pump,[
of which are associated with an increased risk of DVT. The prevalence of lower extremity DVT in autopsy studies also parallels the duration of bed rest, with an increase during the first 3 days of confinement and a rapid rise to very high levels after 2 weeks.
61]
195]
Preoperative immobilization is similarly associated with a twofold higher risk of postoperative DVT,[
and
229
[
]

DVT was found in 15% of patients dying after 0 to 7 days of bed rest, in comparison with 79% to 94% of those dying after 2 to 12 weeks.[

DVT among stroke patients is significantly more common in paralyzed or paretic extremities (53% of limbs) than in nonparalyzed limbs (7%).

239]
that is independent of hospital confinement.[

Patients with neurologic disease and extremity paresis or plegia have a threefold higher risk for DVT and PE

Travel

32]

Immobilization as a thrombotic risk factor has been extended now to include prolonged travel, particularly the “economy class syndrome,” which occurs in people who have sat in a cramped position during extended aircraft flights.[

have reported the occurrence of PE in relation to extended travel,

[32] [82] [115] [156] [182] [208]

although none has rigorously examined the prevalence relative to the occurrence in the general population, and few have thoroughly reported the presence

208] [209]

of coexisting risk factors. A high prevalence of preexisting venous disease and other thrombotic risk factors in this group of patients has sometimes been noted.[

[231]

extreme degrees of venous stasis alone may fail to produce thrombosis

Several case series

The questionable importance of prolonged travel is supported by observations that

113] [209]

and that no consistent rheologic or prothrombotic changes have been demonstrated during prolonged travel.[

However, the observation that PE is the second leading

182]
236]
After a consensus meeting in 2001, the World Health Organization published the following conclusions[
:
cause of travel-related death, accounting for 18% of 61 deaths, suggests that such a relationship cannot be excluded.[
■ An association probably exists between air travel and venous thrombosis.
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■ Such an association is likely to be small and mainly affects passengers with additional risk factors for VTE.
■ Similar links may exist for other forms of travel.
■ The available evidence does not permit an estimation of actual risk.

237]
246]
found that long distance travel increased the risk of DVT with an odds ratio (OR) of 4.0, and Samama[
[243]

More evidence that establishes a connection between travel and DVT and PE has accumulated. In a case-control study, Ferrari and associates[

247]

made similar observations (OR 2.3). Scurr and colleagues[

found a 10% risk of calf DVT in patients who traveled without compression stockings. Lapostolle and coworkers

observed that over an 86-month period, 56 of 135.3 million airline

245

] observed a high
passengers had severe PE. The frequency among those who traveled more than 5000 km was 150 times as high as the frequency among those who traveled less than 5000 km. In another case-control study, Paganin and associates[
incidence of VTE in patients with risk factors for DVT who traveled long distances. In particular, history of previous VTE (OR 63.3), recent trauma (OR 13.6), presence of varicose veins (OR 10), obesity (OR 9.6), immobility during flight (OR, 9.3), and
cardiac disease (OR 8.9) increased the risk of DVT. These investigators concluded that low mobility during flight was a striking modifiable risk factor for development of PE and that travelers with risk factors should increase their mobility.
241

] provided evidence that the frequency of VTE is increased even in travelers otherwise at low to moderate risk. In a prospective study that involved 878 long distance air travelers, the frequency of VTE was 1.0% (9/878; 95%
Hughes and colleagues[
confidence interval [CI], 0.5–1.9), which included four cases of PE and five of DVT. Two of the patients traveled in business class, five used aspirin, and four wore compression stockings. We agree with these researchers that traditional risk factors and
prophylactic measures in air travel–related VTE need further investigation.
History of Venous Thromboembolism

153] [164]
and histologic studies confirm that acute thrombi are often associated with fibrous remnants of previous thrombi in the same or nearby
[28]

Approximately 23% to 26% of patients presenting with acute DVT have a previous history of thrombosis,[

189]

veins.[

Depending on sex and age, population-based studies have demonstrated that recurrent thromboembolism occurs in 1 of every 11 to 50 persons with a previous episode of thromboembolism.

The risk of recurrent thromboembolism is higher

198]
The relative importance of disordered venous hemodynamics, residual damage to the venous wall, and underlying abnormalities of the coagulation and fibrinolytic systems in recurrent thrombosis is unknown.
among patients with idiopathic DVT.[
[198]
However, primary hypercoagulability appears to have a significant role in many recurrences. Simioni and associates

reported the cumulative incidence of recurrent thrombosis among patients who are heterozygous for the factor V Leiden mutation to be

38
40% at 8 years of follow-up, 2.4-fold higher than in patients without the mutation. Den Heijer and colleagues[ ] estimated that 17% of recurrent thromboembolic events may be due to hyperhomocyst(e)inemia. A similar relationship between impaired
[169]
fibrinolysis and recurrent DVT has been suggested by several investigators, although the methodologic validity of these findings has been questioned.

Malignancy

140] [153] [164]

A recognized malignancy is present in 19% to 30% of patients with DVT.[

50]

Approximately 15% of malignancies are complicated by VTE, with a substantially higher prevalence in autopsy studies.[

An association between mucin-

175]
Although more than half the
secreting gastrointestinal tumors and thrombosis has long been recognized. However, carcinoma of the lung is more prevalent and is now the most common tumor associated with VTE, accounting for one quarter of cases.[

153]
thrombosis has been reported to accompany a wide variety of malignancies. The frequency of any individual malignancy probably depends on referral

tumors underlying episodes of VTE are located in the genitourinary and gastrointestinal systems,[
patterns, treatment, and intensity of screening.

29] [140] [167]
152] [153] [167]
In another 5% to 11% of patients, malignancy appears within 1 to 2 years of presentation for DVT.[
[29] [67]

DVT may also herald a previously undetected malignancy in 3% to 23% of patients with idiopathic thrombosis.[

Although small studies have reported no difference between patients in whom diagnostic studies confirm or exclude thromboembolism,

several other series have documented a significantly higher risk of malignancy in patients with idiopathic DVT.

167]

Among such patients, 7.6% have been noted to have a malignancy during follow-up, with an odds ratio of 2.3 in comparison with those with secondary thrombosis.[

The incidence of occult malignancy diagnosed within 6 to 12 months of an idiopathic

152] [201]
Recurrent idiopathic DVT is associated with a 9.8-fold higher risk than that for secondary thrombosis, a subsequent malignancy being identified in 17.1% of
DVT is 2.2 to 5.3 times higher than that expected from general population estimates.[
[167]
patients with the vascular disorder.

The thrombogenic mechanisms associated with cancer may be heterogeneous, but likely they involve release of substances that directly or indirectly activate coagulation. Tissue factor and cancer procoagulant, a cysteine protease activator of factor X, are the

49] [176]
As many as 90% of patients with cancer have abnormal coagulation parameters, including increased levels of

primary tumor cell procoagulants; associated macrophages may also produce procoagulants as well as inflammatory cytokines.[

48] [50] [176]
Elevated fibrinogen values and thrombocytosis are the most common abnormalities, perhaps reflecting an overcompensated form of intravascular
[176]

coagulation factors, elevated fibrinogen or fibrin degradation products, and thrombocytosis.[

45] [175]

coagulation.[

Levels of the coagulation inhibitors antithrombin, protein C, and protein S also may be reduced in malignancy.

45] [50] [51] [176]

The clinical significance of these abnormalities is suggested by observations that markers of activated coagulation are elevated in the majority of patients with solid tumors and leukemia.[

Fibrinopeptide A levels
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45] [176]

reflect tumor activity, decreasing or increasing in response to treatment or progression of disease, suggesting that tumor growth and thrombin generation are intimately related.[

Furthermore, these levels may fail to normalize after administration of

175]
heparin to patients with cancer and DVT, perhaps explaining why their DVT may be refractory to anticoagulants.[
24]
Preoperative activation of the coagulation system, as reflected by elevated thrombin-antithrombin complex values, is
[117]

VTE is also associated with the treatment of some cancers. DVT complicates 29% of general surgical procedures for malignancy.[

48] [51]

associated with a 7.5-fold greater risk of postoperative DVT.[

Some chemotherapeutic regimens also predispose to DVT, and thrombotic complications may be as common as the more widely recognized infectious complications.

VTE has been

40
reported in up to 6% of patients undergoing treatment for non-Hodgkin’s lymphoma, in 17.5% of those receiving therapy for breast cancer, and in patients being treated for germ cell tumors.[ ] Among patients with stage II breast cancer, thrombosis was
[117]

significantly more common in those randomly assigned to 36 weeks of chemotherapy (8.8%) than in those receiving only 12 weeks of treatment (4.9%).

Potential thrombogenic mechanisms associated with chemotherapy include direct endothelial

25 40
toxicity, induction of a hypercoagulable state, reduced fibrinolytic activity, tumor cell lysis, and use of central venous catheters.[ ] [ ] Some intravenous chemotherapeutic agents are associated with activation of coagulation and increased markers of
[44]
thrombin generation, a response that is blocked by pretreatment with heparin.

Surgery
The high incidence of postoperative DVT, as well as the availability of easily repeatable, noninvasive diagnostic tests such as 125 I-labeled fibrinogen scanning, has allowed a greater understanding of the risk factors associated with surgery than in most other

23] [125]

conditions. Surgery constitutes a spectrum of risk that is influenced by patient age, coexistent thrombotic risk factors, type of procedure, extent of surgical trauma, length of procedure, and duration of postoperative immobilization. [

The type of

195]
The overall incidence of DVT is approximately 19% in patients undergoing general surgical operations, 24% in those having elective neurosurgical procedures; and 48%, 51%, and 61% among those
surgical procedure is particularly important.[
[23]
undergoing surgery for hip fracture, hip arthroplasty, and knee arthroplasty, respectively.

On the basis of these data, patients can be classified as being at low, moderate, or high risk for thromboembolic complications, as shown in Table 147–2 .

95]

Approximately half of postoperative lower extremity thrombi detected by 125 I-labeled fibrinogen scanning develop in the operating room, with the remainder occurring over the next 3 to 5 days.[

[122]

uniformly at hospital discharge. In one study, 51% of the thromboembolic events occurring in patients undergoing gynecologic surgical procedures occurred after initial discharge.

However, the risk for development of DVT does not end

Similarly, up to 25% of patients undergoing abdominal surgery have

187]
238]
Heit and associates[
found a nearly 22-fold higher risk of DVT and PE among patients who were hospitalized following previous surgery.
been noted to have DVT within 6 weeks of discharge.[
All components of Virchow’s triad may be present in the surgical patient—perioperative immobilization, transient changes in coagulation and fibrinolysis, and the potential for gross venous injury, as exemplified by hip arthroplasty. Immobilization is

218]
Surgery is also accompanied by a transient, low-level hypercoagulable state, presumably mediated by the release of tissue factor, which is marked by a
[193]

associated with a reduction in venous outflow and capacitance during the early postoperative period.[

96]

rise in thrombin activation markers shortly after the procedure begins.[

The thrombogenic potential of surgical procedures appears to differ, with greater rises in thrombin activation markers during hip arthroplasty than after laparotomy.

Increased

47 103]
The relationship between impaired fibrinolysis and
levels of plasminogen activator inhibitor-1 (PAI-1) are also associated with a decrease in fibrinolytic activity on the first postoperative day, the “postoperative fibrinolytic shutdown.”[ ] [
169
47
[
]
[ ]
postoperative DVT may be particularly important,

with preoperative and early postoperative elevations in PAI-1 correlating with the development of thrombosis in orthopedic patients.

Trauma
Despite improvements in trauma care and thromboembolism prophylaxis, DVT remains a significant source of morbidity and mortality in the injured patient. The prevalence of DVT among autopsied trauma casualties has been reported to be 62% to 65%,

[71] [192] comparable to the 58% incidence among injured patients in modern venographic series.[58] Substantially lower DVT rates, ranging from 4% to 20%,[19] [105] [106] [146] [183] [219] have been noted in series employing duplex

ultrasonography, although many patients were receiving prophylaxis and the limitations of ultrasound in screening asymptomatic patients are well recognized. Recent trauma was the second most common risk factor for thromboembolism in the Olmsted

238]

County study by Heit and associates, [

being associated with nearly a 13-fold increase in risk.

58]
certain subgroups are at particularly high risk. Age (OR 1.05 for each 1-year

Although the risk of DVT may be less than 20% in as few as 8% of injured patients,[

TABLE 147-2 -- Risk of Postoperative Deep Venous Thrombosis
CATEGORY
Low

CHARACTERISTICS
Age < 40 yr, no other risk factors, uncomplicated abdominal/thoracic surgery
Age > 40 yr, no other risk factors, minor elective abdominal/thoracic surgery < 30 min

Moderate

Age > 40 yr, abdominal/thoracic surgery > 30 min

High

History of recent thromboembolism
Abdominal or pelvic procedure for malignancy
Major lower extremity orthopedic procedure

From Hull RD, Raskob GE, Hirsh J: Prophylaxis of venous thromboembolism. Chest 89(Suppl):374S, 1986.
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58]

increment), blood transfusion (OR 1.74), surgery (OR 2.30), fracture of the femur or tibia (OR 4.82), and spinal cord injury (OR 8.59) have been significantly associated with the development of DVT in this population.[

Other reported risk factors are a

146]
76 146]
146]
106]
39 207]
107]
increased Injury Severity Score (ISS),[ ] [
Trauma Injury Severity Score (TRISS) of 85 or less,[
pelvic fractures,[
major venous injury,[ ] [
presence of femoral venous lines,[
the duration
hospital stay longer than 7 days,[
105
106
146
105
[
][
][
]
[
]

of immobilization,

and prolongation of the partial thromboplastin time.

As with postoperative DVT, several pathophysiologic elements may be responsible for the high incidence of DVT in trauma patients. Immobilization by skeletal fixation, paralysis, and critical illness are obviously associated with venous stasis, whereas
mechanical injury is important after direct venous trauma and central venous cannulation. Less well appreciated is the hypercoagulable state after depletion of coagulation inhibitors and components of the fibrinolytic system. Fibrinopeptide A levels rise after

56]

injury,[

57] [97]

consistent with activation of coagulation, whereas fibrinolytic activity has been found to increase initially and then decrease.[

Primary Hypercoagulable States

Primary hypercoagulable states represent discrete genetic mutation. They include inherited deficiencies of the naturally occurring anticoagulants antithrombin (antithrombin III), protein C, and protein S; resistance to activated protein C (APC); hyperhomocyst

13] [77]

(e)inemia; and several potential defects in fibrinolysis. Overall, 42% to 46% of patients with a lower extremity DVT can be characterized as thrombophilic on this basis, and a positive family history is associated with a relative risk of 2.9 for VTE.[

185]
Although occasionally associated with thrombosis in unusual sites, hypercoagulable states appear to be less important as a risk factor for upper extremity
[145]

Most of the thrombotic events occurring in association with these disorders are venous in origin.[

78]

thrombosis, with a prevalence (15%) similar to that in control populations.[

Heterozygous protein C and protein S deficiencies have also been associated with warfarin (Coumadin)–induced skin necrosis.

145

] Antithrombin inhibits thrombin as well as factors Xa, IXa, XIa, and
The natural anticoagulation systems, including antithrombin, the protein C system, and tissue factor pathway inhibitor, are the primary inhibitors of thrombin generation and activity.[
XIIa, actions that are accelerated by heparin and heparin-like glycosaminoglycans on the endothelial surface. The protein C–protein S–thrombomodulin system is a negative feedback system initiated by the binding of thrombin to thrombomodulin at the
33

endothelial surface, with subsequent activation of protein C and degradation of activated factors V and VIII. Factors Va and VIIIa function as critical cofactors for factors Xa and IXa, respectively, increasing their activity more than 1000-fold. [ ] Protein S,
approximately 60% of which is bound to C4b-binding protein, in its free form functions as a nonenzymatic cofactor of activated protein C. In addition to congenital deficiencies, acquired deficiencies of antithrombin, protein C, and protein S may accompany

145]
185]
Thrombotic tendencies caused by abnormalities of tissue factor pathway inhibitor have not yet been described.[

liver disease, the nephrotic syndrome, disseminated intravascular coagulation (DIC), and chemotherapy with L-asparaginase.[

233]
Although these deficiencies are generally regarded as autosomal dominant traits, the observation that some
[33]

Primary deficiencies of the coagulation inhibitors antithrombin, protein C, and protein S are present in approximately 0.5% of healthy subjects.[

heterozygotes are minimally affected but homozygotes have severe thrombotic manifestations suggests a recessive component in some types of protein C deficiency.

events.

[33]

In aggregate, these three deficiencies may be associated with 5% to 10% of thrombotic

63]

Patients with heterozygous deficiency states often present with a first thrombotic event before age 40 years, approximately 50% of such events being related to predisposing situations such as surgery or trauma.[

Associated thrombotic episodes

123]
are often recurrent and may occur at unusual sites, such as in the mesenteric and cerebral veins.[
1
However, the phenotypic expression of these deficiencies may vary both within and between families. A multitude of mutations in the genes coding for these proteins may lead to either quantitative (type I) or qualitative (type II) deficiencies.[ ] A type III
33]
63 123]
Although approximately 50% of individuals with these deficiencies may have a history of venous thrombosis,[ ] [
the frequency of
[185]
[1] [185]

protein S deficiency is further characterized by low levels of free protein S with normal total antigen levels.[

thrombotic manifestations within different kindreds may range from 15% to 100% for antithrombin deficiency

responsible for such phenotypic variability.

[185]

and is less than 50% in some protein C–deficient families.

It has been hypothesized that multigene interactions may be partially

The factor V Leiden mutation may be particularly important in this regard, with a higher frequency of thrombotic manifestations among the 9.5% to 19% of protein C heterozygotes who also carry this

1 123]
mutation.[ ] [
Resistance to activated protein C, characterized by the failure of exogenous activated protein C to prolong the activated partial thromboplastin time, was initially described in 1993. It is now recognized that a single-point mutation in the factor V gene, resulting

10] [33] [123]
Factor Va is inactivated by protein C–mediated cleavage at the Arg 306 and Arg 506 sites; this
[33] [109]

in replacement of arginine 506 with glutamine (factor V Leiden; FV:R506Q), is present in 94% of individuals with activated protein C resistance.[

mutation thus renders factor Va less sensitive to degradation by activated protein C. The factor V Leiden mutation has an autosomal dominant mode of inheritance and is at least ten times more common than other inheritable defects.

The frequency

174]
Heterozygotes for the factor V Leiden mutation carry a fivefold to tenfold higher risk of thrombosis, which is an additional ten times higher in
of the mutation shows significant geographic variability, with 8.8% of Europeans being carriers.[
33
123
[ ][
]
[185]
homozygotes.

Approximately 25% of individuals with the factor V Leiden mutation sustain a thrombosis by age 50 years, and the prevalence of activated protein C resistance among patients with DVT has varied from 10% to 65%.

Several other primary coagulation disorders may also be associated with heritable thrombophilia. A recently identified point mutation at position 20210 in the prothrombin
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77]

gene (G to A) has been associated with increased prothrombin levels and a thrombotic tendency. This mutation, present in 7.1% of patients with confirmed DVT and 1.8% of controls, carries a fourfold higher risk of DVT.[

Although less clearly

38 52
established than for arterial disease, hyperhomocyst(e)inemia may be related to VTE.[ ] [ ]
145] [185]

Finally, several disorders of plasmin generation, including dysplasminogenemia, hypoplasminogenemia, decreased synthesis or release of t-PA, and increased PAI-1, have been associated with recurrent familial thromboembolism.[

However,

169]
critical review of the literature has suggested that methodologic problems make this relationship inconclusive at present.[
Pregnancy

28]

The frequency of VTE in young women has been noted to be higher than that in men, with half of first episodes in women younger than 40 years being associated with pregnancy.[

Although the absolute numbers may be small, thromboembolism during

217]
99
whereas PE is second only to abortion as a cause of maternal mortality.[ ] Population-based studies, often relying on clinical diagnosis, have
pregnancy and the puerperium is associated with higher rates of preterm delivery and perinatal mortality,[
[28] [122] [217]

However, this incidence has been disputed, with studies that employ objective documentation of clinically suspected thromboembolism suggesting a lower incidence of 0.013%

suggested that VTE complicates 0.1% to 0.7% of pregnancies.

to 0.029%.

[15] [99]

216]

Recurrent thromboembolism may complicate 4% to 15% of subsequent pregnancies.[

216]
62
some studies suggest that objectively documented thromboses are distributed among all three trimesters.[ ] The risk of thrombosis appears to be two to three
[179] [217]

Although the third trimester has often been associated with the greatest thrombotic risk,[
times greater during the puerperium, with a rate of 2.3 to 6.1 per 1000 deliveries.

160] [179] [216] [222]
55
complicating 4% of pregnancies in women with congenital anticoagulant deficiencies.[ ] Anticoagulant factor deficiencies,
[36]

The inherited thrombophilias constitute an additional risk for pregnancy-associated thromboembolism,[

lupus anticoagulant, or fibrinolytic deficiencies have been reported in 20% of patients with pregnancy-related thrombosis.

The factor V Leiden mutation may be particularly important in this regard, because resistance to activated protein C has been

74 81
122]
identified in up to 59% of patients with pregnancy-related thromboembolism.[ ] [ ] The risk of puerperal DVT also increases with maternal age, suppression of lactation, hypertension, and assisted delivery but not with the number of pregnancies.[
[215] [217]
36] [62] [216]

DVT in pregnancy has been attributed to an acquired prethrombotic state in combination with impaired venous outflow due to uterine compression; 81% to 97% of documented thromboses have been isolated to the left leg.[

A variety of

8
coagulation factors, including fibrinogen and factors II, VII, VIII, and X, are increased during pregnancy.[ ] Perhaps more important, protein S levels are decreased by 50% to 60% early during pregnancy, with free protein S levels comparable to those in
[2] [124]
[8]
hereditary heterozygous protein S deficiency.

Fibrinolytic activity has also been reported to diminish during pregnancy.

Oral Contraceptives and Hormonal Therapy

As suggested by case reports in the early 1960s, case-control and population-based studies have now established the use of oral contraceptives as an independent risk factor for the development of DVT. Most studies have reported odds ratios of 3.8 to 11.0 for

170] [180] [181] [206]
110]
an unweighted summary relative risk among 18 controlled studies being 2.9.[
Approximately one quarter of idiopathic thromboembolic events among women of childbearing age have been attributed to
181
[
]
[53] [170] [225]

idiopathic thrombosis,[

oral contraceptives.

The risk of hospital admission for a thromboembolic event, including cerebral thrombosis, has been estimated to be 0.4 to 0.6 per 1000 for oral contraceptive users, compared with 0.05 to 0.06 for non-users.

Early

90
studies also suggested that thromboembolism is responsible for approximately 2% of deaths in young women, with contraceptive-associated mortality rates of 1.3 and 3.4 per 100,000 among women aged 20 to 34 and 35 to 44 years, respectively.[ ] The
[66] [68] [158] [170] [181]

increased risk of thromboembolism appears to diminish soon after oral contraceptives are discontinued and is independent of the duration of use.

66]
160]
and inherited inhibitor deficiencies.[
The factor V Leiden mutation may be particularly important in this regard; resistance to activated

Risk is correspondingly higher when oral contraceptive use is combined with other factors, such as surgery[

74]
The use of third-generation oral contraceptives may act synergistically with the factor V Leiden mutation, raising thromboembolic risk 30- to 50-fold.

protein C has been reported in up to 30% of patients with contraceptive-associated thromboembolism.[

[13] [75] [221]

Thromboembolic risk may be related both to the dose of estrogen and the type of progestin in contraceptive preparations. Preparations containing less than 30 to 50 μg of estrogen are associated with less thrombotic risk; the relative risks of intermediate-dose

59] [60]

(50 μg of estrogen) and high-dose (>50 μg of estrogen) contraceptives is 1.5 and 1.7 times, respectively, that of low-dose preparations (<50 μg of estrogen).[

Although no clear dose-response relationship has been demonstrated for progestin

75 221

] The risk of VTE among users of thirdpotency and DVT, third-generation contraceptives containing the progestin desogestrel, norgestimate, or gestodene have been associated with a twofold higher risk of VTE than second-generation drugs.[ ] [
generation oral contraceptives may be up to eight times that of young women who do not use oral contraceptives. However, the higher risk associated with third-generation progestins has been questioned based on the possible confounding effects of age and
53]

other prescribing biases.[

215

68

] in treatment of carcinoma of the prostate, and as postmenopausal replacement therapy.[ ] Although estrogen doses used for postmenopausal replacement
Estrogenic compounds also increase the risk of VTE when used for lactation suppression,[
therapy are approximately one sixth those in oral contraceptives, some data support an increased thromboembolic risk at these doses as well. Several studies have now reported a twofold to fourfold higher risk among women taking hormone replacement
35 68 92 162 223

92] [162] [223]
However, given the relative infrequency of thromboembolism, this risk represents only 1 or 2 additional cases of thromboembolism per

][
] This increased risk is greatest during the first year of treatment.[
therapy.[ ] [ ] [ ] [
year in every 10,000 women in this age group.
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184]

Estrogen in pharmacologic doses is associated with alterations in the coagulation system that may contribute to this thrombotic tendency. Such alterations include decreases in PAI-1[

VII and X, and platelet adhesion and aggregation.

antithrombin and protein S inhibitor activity.

[170] [171] [226]

and increases in blood viscosity, fibrinogen, plasma levels of factors

171]

An associated prethrombotic state is implied by rises in markers of activated coagulation occurring in conjunction with elevations of circulating factor VIIa[

[124] [171] [226] [233]

and decreases in

[233]

The extent to which antithrombin and protein S are depressed is significantly less with lower-estrogen preparations.

Blood Group

There also appears to be a consistent relationship between thromboembolic risk and the ABO blood groups, with a higher prevalence of blood type A and correspondingly lower prevalence of blood type O among patients with thromboembolism. In

153 230

144

][
] In reviewing the literature, Mourant and colleagues[
] similarly found the relative incidence of type A to be 1.41
comparison with the types in blood donors, deficits of type O have been noted in both Belgian and Swedish patients with DVT.[
times higher among patients with thromboembolism than among controls. The effect of blood type was greater in young women who were taking oral contraceptives or were pregnant; the relative incidence of type A among patients with thromboembolism
93]
estimated the relative risk of thromboembolism among patients with type A blood in comparison with patients with type O to vary from 1.9 in medical
[12]

was 3.12 in those taking oral contraceptives and 1.85 in those who were pregnant. Jick and colleagues[

patients to 3.2 in young women taking oral contraceptives. A relationship between soluble endothelial cell markers and ABO blood group is known to exist, with significantly lower levels of von Willebrand factor among those with type O blood.

Geography and Ethnicity

23] [24]

There are also geographic differences in the frequency of VTE. The incidence of postoperative DVT in Europe has been noted to be approximately twice that in North America.[

[104]

United States than on either coast.

Higher rates of thromboembolism have also been noted in the interior

213]

Autopsy series suggest that although the prevalence of thromboembolism is identical among American black and white patients, it is significantly higher than in a matched Ugandan black population.[

A similar

65
autopsy series noted the prevalence of thromboembolism to be 40.6% in Boston and 13.9% in Kyushu, Japan.[ ]
Unfortunately, regional variations in underlying medical and surgical conditions as well as in prophylactic measures and diagnostic methods may confound any apparent differences in the incidence of thromboembolism among different ethnic groups.
Nevertheless, it is certainly conceivable that true differences among ethnic groups might also arise from either genetic or environmental factors. Such differences seem likely on the basis of recognized geographic differences in the spectrum of mutations

1
leading to congenital anticoagulant deficiencies.[ ] Such theoretical concerns are also supported by geographic variability in the incidence of the factor V Leiden mutation. The factor V Leiden allele has a prevalence of 4.4% in Europeans, corresponding to a
174]

carrier rate of 8.8%, but the allele has not been identified in Southeast Asian or African populations.[
Central Venous Catheters

The use of central venous cannulation for hemodynamic monitoring, infusion catheters, and pacemakers has been associated with a rising frequency of DVT. This is particularly true for upper extremity thrombi, as many as 65% of which are related to central

79]

venous cannulation.[

83]

Although the incidence of symptomatic thrombosis may be low, studies employing objective surveillance have reported thrombosis to occur with a mean incidence of 28% after subclavian cannulation.[

This risk also extends to

137]
femoral venous catheters; ipsilateral thrombosis develops in 12% of patients undergoing placement of large-bore catheters for trauma resuscitation.[
235]

Experimental studies in rats suggest that the catheter itself, associated vascular injury, and stasis contribute to the development of early perigraft thrombus in virtually all cases.[

Catheter material appears to be an important determinant of

131] [142]
46
; polytetrafluoroethylene (Teflon) and heparin-bonded catheters are associated with thrombosis in fewer than 10% of cases.[ ] Other determinants of thrombosis are catheter diameter, number of venipuncture attempts,
thromboembolism[
[83]

duration of catheter placement, and composition of the infusate.

238]
found that current or recent placement of a central venous catheter and previous placement of a transvenous pacemaker were strongly associated with upper extremity DVT, with more than a 5-fold higher risk. Although the risk
[238]

Heit and colleagues[

associated with central venous catheterization may reflect risk from co-morbid conditions, the investigators controlled the study for most conditions in which such catheters would probably be used.

Inflammatory Bowel Disease

91] [108]
Such thromboses frequently occur among young patients, are more common with active disease, and may affect unusual sites, such as

Clinical series have reported VTE to complicate inflammatory bowel disease (IBD) in 1.2% to 7.1% of cases.[

91] [108]

the cerebral veins.[

Although there are anecdotal reports of VTE in patients with IBD and primary hypercoagulable states, most cases are not associated with inherited inhibitor deficiencies, antiphospholipid antibodies, or the factor V Leiden

108]

mutation. The significance of thrombocytosis and elevations of factor V, VIII, and fibrinogen during active episodes of IBD is unclear, because all are acute-phase reactants.[

224]

Other coagulation abnormalities, including depressed antithrombin values, elevated PAI-1 values, and presence of anticardiolipin antibodies, have been inconsistently reported.[

However, fibrinopeptide A elevations in IBD suggest that active

108] [224]
inflammation is associated with activation of coagulation, possibly mediated by endotoxin-induced monocyte activation.[
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Systemic Lupus Erythematosus

84

The syndrome of arterial and venous thrombosis, recurrent abortion, thrombocytopenia, and neurologic disease may complicate systemic lupus erythematosus (SLE) when accompanied by the presence of antiphospholipid antibodies.[ ] Lupus anticoagulant
and anticardiolipin antibodies may be seen in association with SLE; with other autoimmune disorders; with non-autoimmune disorders, such as syphilis and acute infection, with drugs, including chlorpromazine, procainamide, and hydralazine; and with great

121]

age.[

121]

Lupus anticoagulant is present in 34% of patients with SLE, and anticardiolipin antibodies in 44%, in comparison with 2% and 0% to 7.5%, respectively, of the general population.[

Among patients with SLE, those with lupus anticoagulant are at a

227]
121]
The incidence of arterial or venous thrombosis is 25% in patients with lupus anticoagulant and 28% in patients with anticardiolipin antibodies.[
sixfold higher risk for VTE, whereas those with anticardiolipin antibodies are at a twofold greater risk.[
The relationship between antiphospholipid antibodies and thrombosis is much less clear in non-SLE disorders.
Varicose Veins and Superficial Thrombophlebitis

149]
Most studies evaluating thrombotic risk have been performed in inpatients with other major risk factors for
127
[
] [149] [180] [229]

Varicose veins have also been included as a risk factor for acute DVT, frequently only as a marker of either previous DVT or venous stasis.[

DVT. Such studies have inconsistently supported varicose veins as a risk factor in postoperative DVT and after stroke or myocardial infarction.

The importance of varicose veins in otherwise healthy outpatients has been questioned

20
225]
26
The few studies evaluating outpatients have suggested that varicose veins are either not a risk factor for DVT[ ] or are an
by some researchers.[ ] Varicose veins were not identified as independent risk factor for DVT in a study of young women.[

157]

independent risk factor only among women and patients older than 65 years.[

Consistent with this observation, some studies of postmenopausal women have reported varicose veins or superficial thrombophlebitis to be associated with odds ratios of 3.6

[162] [223]

to 6.9 for the development of thromboembolism.

238

] found, however, that varicose veins were independent predictors of DVT. These investigators also confirmed that age is an important factor in these patients, reporting a higher correlation between DVT and varicosity in young
Heit and associates [
patients. For example, 45-year-old patients with varicose veins had a fourfold higher risk of VTE, 60-year-old patients had a twofold greater risk, and 75-year-old patients had no increase in risk. This group also found that patients with previous superficial
238]

vein thrombosis were more than four times more likely to have DVT or PE.[
Other Risk Factors

Traditional risk factors for VTE have included obesity and cardiac disease; however, the evidence supporting these risk factors remains equivocal at present. Among postmenopausal women, a body mass index of greater than 25 to 30 kg/m2 has been

92] [162]

associated with a significantly increased risk,[

although obesity has not proved uniformly to be an independent risk factor in high-risk situations. Some investigators have reported obesity to be associated with a twofold greater risk for postoperative

95
149]
238]
Obesity (and past tobacco smoking) was not an independent risk factor of DVT in the Olmsted County study[
and has not been proved to
DVT,[ ] although multifactorial analysis by others has not shown obesity to constitute an independent risk.[
229
239
240
[
]
[
][
]

be a risk factor for the development of DVT after stroke.

Obesity has been a risk factor, however, for recurrent DVT.

Systemic hypercoagulability, congestive heart failure, and enforced bed rest theoretically may predispose patients who are hospitalized with acute myocardial infarction to DVT. The incidence of DVT in this population has been reported to be 20% to 40%,

23] [111] [127]

with an overall average of 24%.[

other researchers

[151]

Some investigators have noted the incidence of DVT to be higher among patients in whom myocardial infarction was confirmed (34%) than in those in whom the diagnosis was excluded (7%). However,

have found a high incidence of 125 I-fibrinogen scanning– detected thrombosis both among patients with myocardial infarction (38%) and among those with other severe illnesses but without confirmed infarction (62%). The

65] [213]

prevalence of PE among autopsied patients has also not differed substantially from that in other patients dying while hospitalized.[

111]

Although Kotilainen and colleagues[

found the incidence of DVT to be similar in patients in whom myocardial infarction was confirmed (21%) and excluded (25%), a substantially higher incidence was noted among those older than 60 years with

199]

congestive heart failure (54%), a finding that has been confirmed by others.[

However, the evidence supporting congestive heart failure as an independent risk factor for DVT is also conflicting. A variety of thromboembolic complications account for

195]

nearly half the deaths among patients who did not undergo anticoagulation after hospitalization for congestive heart failure, but congestive heart failure has not been identified as an independent risk factor for postoperative DVT.[

suggests that severely ill medical patients are at significant risk for VTE,

[80]

The balance of evidence

although it is difficult to define precisely the additional risk associated with cardiac disease in these patients.

NATURAL HISTORY
Histologic Evolution
Although venous thrombi were once regarded as relatively static structures that changed little over time, it is now clear that they undergo a dynamic evolution beginning soon after their formation. The venous lumen is most often re-established after a
thrombotic event, although the factors responsible for this re-establishment and the nomenclature to be employed remain the subject of debate. Often referred to interchangeably as recanalization or spontaneous lysis, this is a complex series of both cellular
and humoral processes. Animal models afford an opportunity for serial evaluation of the histologic evolution of a thrombus, although artifacts introduced by a variety of injuries or generation in a static column of blood may limit correlation with the event as
observed in humans.
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154] [200]
186]
whereas other workers have reported the endothelium to remain intact.[
In either case, this endothelium or
[154]
[54] [186]

Disappearance and early regeneration of the underlying endothelium has been reported for some experimental models,[

neoendothelium appears to be fibrinolytically active, with clearing of the thrombus–vein wall interface within 4 days.
thrombosis, white blood cells appear to be intimately involved in the process of recanalization.

At this time, small, endothelium-lined clefts become visible between the thrombus and vein wall.

As in the initial stages of

43]
This progressive monocyte infiltration is accompanied by early signs of organization at the vein wall interface as well as an increase in tissue-type plasminogen
155
[
]

An early neutrophil infiltrate is largely replaced by monocytes within 6 days of thrombosis.[

activator (t-PA) and urokinase-type plasminogen activator (u-PA) activity within the thrombus.

Although t-PA activity within distal vein walls also rises soon after thrombosis, the greatest t-PA activity is associated with the infiltrating monocytes rather

155] [200]
196]
Thrombolysis is marked by a progressive thinning and loss of fibrin strands, with disappearance of red blood cells.[
Complete resolution of experimental thrombi in the rat, leaving only an endothelialized
than with the luminal endothelium.[
[155]
[54] [186]
Rapid recanalization of experimental thrombi has been also observed in other animal models.

subintimal streak, is observed within 21 days.

Although precise aging and serial histologic evaluation of human thrombi are difficult, the lesions appear to follow a similar course. Thrombus organization begins in the attachment zone, with the infiltration of fibroblasts, monocytes, and capillary sprouts and

30] [189] [190]

the migration of surfacing cells over the thrombus.[

These migrating endothelial cells have previously been regarded as important in recanalization, with endothelium-derived t-PA causing the activation of thrombus-bound plasminogen and

188]
However, the animal models described earlier raise questions about the relative importance of monocytes and the endothelium as sources of plasminogen activator. Furthermore, the degree to
contributing to peripheral fragmentation of the thrombus.[
which recanalization depends on cell-mediated local thrombolysis, versus systemic thrombolysis, has not been completely defined. Although changes in systemic t-PA levels have been observed to parallel the resolution of thrombus, rising 1 to 2 weeks after

101]

presentation and returning to baseline within 24 to 36 weeks, these levels are not clearly related to the extent of thrombus resolution.[

189]

Regardless of the mechanism, progressively enlarging pockets are formed between the thrombus and vein wall through a combination of fibrinolysis, thrombus retraction, and peripheral fragmentation.[

These pockets are lined by flat cells, presumably

188] [190]
The primary factor limiting the extent of recanalization may be the extent of fibrous anchoring to the vein wall.
derived from the endothelium, which invade the thrombus and may initiate organization and fragmentation in unattached zones.[
[188]
[188]
Although the most common outcome is a restored venous lumen with fibroelastic intimal thickening at the site of initial thrombus attachment, residual fibrous synechiae are present in 3% to 11% of specimens.

Thrombus Evolution as Determined by Noninvasive Studies
Unlike in animal models employing a transient stimulus to thrombosis, the relative balance between organization, thrombolysis, propagation, and rethrombosis determines outcome after human thrombosis. From a clinical perspective, the most important
events after thrombosis are recanalization and recurrent thrombosis. However, the relative importance, frequency, and rate of these processes were not possible to define until the development of noninvasive technology that permitted serial examinations of
patients.
Impedance plethysmography was the first widely available noninvasive test permitting serial evaluations of venous outflow obstruction due to an acute DVT. Although this test could not distinguish between recanalization and the development of collateral

85

venous outflow, results of such studies were found to normalize in 67% of patients by 3 months and in 92% of patients by 9 months.[ ] Venous duplex ultrasonography, which permits individual venous segments to be observed over time, has further
documented that recanalization does occur in most patients after an episode of acute DVT. In 21 patients monitored prospectively with duplex scanning, recanalization was evident in 44% of patients at 7 days and in 100% of patients by 90 days after the acute

100]

event.[

The percentage of initially involved segments that remained occluded decreased to a mean of 44% by 30 days and 14% by 90 days ( Fig. 147–1 ).

Figure 147-1 Mean percentage of initially occluded segments remaining occluded at follow-up among 21 patients with acute deep venous thrombosis (percentage residual occlusion = number of segments occluded at follow-up ÷ number of segments occluded
at presentation). Numbers in parentheses are the ranges for individual cases, with numbers greater than 100% indicating extension of the initial thrombus. (From Killewich LA, Bedford GR, Beach KW, et al: Spontaneous lysis of deep venous thrombi: Rate and
outcome. J Vasc Surg 9:89, 1989.)

Figure 147-2 Median time (± interquartile range) from thrombosis to complete recanalization, stratified according to ultimate reflux status. Median times are 2.3 to 7.3 times longer among segments in which reflux developed, in all but the posterior tibial
veins. CFV, common femoral vein; GSV, greater saphenous vein; PFV, profunda femoris vein; PPV, popliteal vein; PTV, posterior tibial vein; SFD, superficial femoral vein; SFM, midsuperficial femoral vein; SFP, proximal superficial femoral vein. (From
Meissner MH, Manzo RA, Bergelin RO, et al: Deep venous insufficiency: The relationship between lysis and subsequent reflux. J Vasc Surg 18:596, 1993.)

Figure 147-3 Reflux incidence in initially involved venous segments with and without subsequent rethrombosis. Numbers above bars indicate the number of segments in which reflux was observed divided by the number of segments in which reflux could be
definitively assessed. Differences between segments with and without rethrombosis are statistically significant (*P < .005) for the midsuperficial femoral vein (SFM), distal superficial femoral vein (SFD), and popliteal vein (PPV) segments. CFV, common
femoral vein; GSV, greater saphenous vein; PFV, profunda femoris vein; PTV, posterior tibial vein; SFP, proximal superficial femoral vein. (From Meissner MH, Caps MT, Bergelin RO, et al: Propagation, rethrombosis and new thrombus formation after
acute deep venous thrombosis. J Vasc Surg 22:558, 1995.)

Figure 147-4 Prevalence of symptoms (edema, pain, hyperpigmentation, or ulceration) during follow-up among extremities with proximal deep venous thrombosis, extremities with isolated calf vein thrombosis (CVT), and uninvolved limbs contralateral to a
calf vein thrombosis. The prevalence of symptoms in the three groups is significantly different at 12 months (P= .004). The table shows the total number of extremities within each group evaluated at each follow-up interval. (From Meissner MH, Caps MT,
Bergelin RO, et al: Early outcome after isolated calf vein thrombosis. J Vasc Surg 26:749, 1997.)
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Chapter 148 - Clinical and Diagnostic Evaluation of the Patient with Deep Venous Thrombosis

JUDITH COOK MD
MARK H. MEISSNER MD

1 2
Approximately 1 million patients annually undergo investigation for suspected acute deep venous thrombosis (DVT) in North America.[ ] [ ] The consequences of acute DVT and its treatment make the accurate and timely diagnosis of DVT particularly
3
3
important. An untreated proximal DVT is associated with a 30% to 50% risk of pulmonary embolism (PE), [ ] with a concomitant 12% mortality rate, [ ] whereas unnecessary treatment of DVT incurs the risk, inconvenience, and expense of anticoagulation.

4 5 6 7
Unfortunately, the diagnosis of DVT based on clinical signs and symptoms alone is inaccurate; in up to half of patients with the classic findings of pain, swelling, and tenderness, a DVT is not confirmed by diagnostic testing.[ ] [ ] [ ] [ ] The use of
confirmatory testing in the diagnosis and treatment of DVT is therefore of paramount importance.

Several strategies for the diagnosis of acute DVT have accordingly been developed, many of which are primarily of historical interest. Contrast venography has historically been the “gold standard” for the diagnosis of acute DVT. However, venography is

8 9
inconvenient and expensive, and it may cause significant discomfort.[ ] [ ] Although still of value as a confirmatory test in situations of diagnostic uncertainty, and in the setting of clinical trials requiring the detection of asymptomatic DVT, contrast
venography has largely been replaced by less invasive tests.
10]

Impedance plethysmography (IPG) was the first widely available noninvasive test for DVT and correlates a reduction in venous outflow with the presence of proximal DVT.[

[11] [12] [13] [14]

proximal DVT, it is less sensitive for calf DVT and nonocclusive thrombus, cannot provide specific anatomic information, and has a 5% false-positive rate.

Although the sensitivity and specificity of IPG exceed 90% for occlusive

Radiolabeled fibrinogen was formerly used to detect DVT by external

15
scintillation counting of circulating 125 I-fibrinogen that had been incorporated into thrombi.[ ] This method was reported to have 100% sensitivity and 94% specificity for calf thrombi. Unfortunately, its sensitivity above midthigh is only 60% owing to
[16]
[17]
background radiation from the trunk.

Furthermore, the 24-hour delay and the risk of blood-borne disease from fibrinogen donors have made this test obsolete.

18]

Thermography is similarly only of historical importance. DVT typically raises the surface skin temperature 1° C, a difference that can be detected with the use of sensitive instruments incorporating infrared or liquid crystal technology.[

However,

19
increased skin temperature is very nonspecific, and although thermography has a sensitivity of 83% to 87%, its specificity is only 39% to 55%.[ ]
20

Duplex ultrasonography is currently the most widely used noninvasive tool for the diagnosis of DVT.[ ] Although duplex scanning is accurate for the diagnosis of acute DVT, a thorough understanding of its limitations is required (see Chapter 17 ). Other
approaches, notably the determination of pretest probability and measurement of plasma D-dimer levels, have been more recently incorporated into diagnostic strategies for acute DVT. Like duplex ultrasonography, however, these strategies have limitations
that must be clearly understood. Ultimately, the strengths of the available modalities are complementary, and they can be combined into effective and efficient algorithms for DVT diagnosis.

DIAGNOSTIC MODALITIES
Clinical Evaluation
Signs and symptoms of acute DVT most often prompt referral for diagnostic testing. However, the clinical presentation of an acute DVT may vary from the absence of symptoms to massive swelling and cyanosis with impending venous gangrene (phlegmasia
cerulea dolens). Signs and symptoms commonly attributed to acute DVT include pain, edema, erythema, tenderness, fever, prominent superficial veins, pain with passive dorsiflexion of the foot (Homans’ sign), and peripheral cyanosis. The most common

5 6 21 22 23
presenting symptoms have a wide range of reported sensitivities and specificities; calf pain has a sensitivity of 75% to 91% and a specificity of 3% to 87%, and calf swelling, a sensitivity of 35% to 97% and a specificity of 8% to 88%. [ ] [ ] [ ] [ ] [ ]
[24]
25] [26] [27]

Unfortunately, the diagnosis of DVT based on clinical signs and symptoms alone is notoriously inaccurate. Of patients referred to the vascular laboratory for exclusion of DVT, results of ultrasonography are positive in only 12% to 31%.[

6
28 29
Others have found as many as 46% of patients with classic signs or symptoms of DVT to have negative venography findings.[ ] Furthermore, up to 50% of patients with acute DVT may lack any specific sign or symptom.[ ] [ ]
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28]

The presence of underlying risk factors also influences the likelihood of acute DVT. Bed rest due to illness or recent surgery is a well-recognized risk factor for DVT.[

Although recent operation is associated with the development of DVT in almost 40% of

27
27
patients, a similar history can be elicited in up to 35% of patients with negative ultrasonography results.[ ] Malignancy carries a threefold higher risk for the development of DVT,[ ] perhaps owing to the production of procoagulant proteins by certain
[30]
[31] [32]
[27]
tumors.

A prior history of DVT or PE also increases the risk of subsequent DVT formation.

Although some studies have suggested that gender may be a risk factor for DVT,

others have not demonstrated such a difference but have shown a

25 33
higher number of female referrals for DVT testing.[ ] [ ] The importance of specific thrombotic risk factors is reviewed in Chapter 147 .
27]

Markel and associates[

evaluated the predictive values of patient risk factors and clinical signs and symptoms. When they considered bed rest, surgery, malignancy, and a history of DVT or PE, approximately 80% of patients with a DVT were found to

27

have at least one risk factor, 40% had two, and almost 10% had three.[ ] A history of swelling or edema was the most common clinical sign, present in 83% of patients with a DVT, compared with 63% of those without. Limb pain was less common, present
in 51% and 41% of patients with and without DVT, respectively. The combination of a prior history of DVT, malignancy, and bed rest had a positive predictive value of 67%. If edema was also present, the predictive value rose to 75%. Cyanosis was present
in only 6% and 2% of patients with and without DVT, respectively. Nonetheless, when cyanosis was combined with the previously identified clinical characteristics, the probability of DVT increased to 94%. However, the specificity of these observations is
limited and would be associated with a prohibitive false-positive rate in all but the most narrowly defined of clinical settings.
The accuracy of the clinical signs and symptoms of DVT also differs between inpatients and outpatients. Inpatients more often have just undergone surgery or are critically ill, whereas outpatients are less likely to have had recent surgery, trauma, or a prior

25]
25
Additionally, the incidence of DVT is lower among outpatients but specific leg symptoms are more common in this group.[ ] Given the lower incidence of disease in outpatients, it is perhaps not surprising that the absence of certain risk factors,
[26]

DVT.[

signs, and symptoms has been shown to have a high negative predictive value in this group.

The triad consisting of duration of symptoms greater than 7 days, no history of cancer, and a differential thigh circumference less 3 cm in outpatients had a

26]

negative predictive value of 95% (sensitivity 86%, specificity 52.4%); unfortunately, the positive predictive value was only 28.6%. When applied prospectively to an outpatient cohort over 5 months, this model yielded a 96.7% negative predictive value.[
The same model, however, had only a 75% negative predictive value when applied in the inpatient setting.

25

25

Criado and Burnham [ ] similarly evaluated clinical presentation. [ ] A difference in calf circumference of less than 2 cm demonstrated a negative predictive value of 85% among outpatients, and of 93% in inpatients. When combined with the absence of
risk factors including surgery, trauma, malignancy, history of DVT, or hypercoagulable state, the negative predictive values of the absence of swelling were 97% in outpatients and 92% in inpatients. Applying this approach retrospectively, Criado and Burnham

[25] found that the diagnosis of DVT would have been missed in 3 of 610 outpatients and 15 of 916 inpatients. Other investigators have shown that isolated joint pain and cellulitis are almost never associated with a DVT.[34]
Despite these observations, the diagnosis of DVT based only on signs or symptoms and patient risk factors remains inaccurate. At best, the utility of certain clinical characteristics can be defined by the negative predictive value of their absence, and this fact is
as much related to the infrequency of disease in some patient populations, particularly outpatients, as it is to the accuracy of any particular feature. Nonetheless, withholding treatment on the basis of clinical observations only poses a significant risk of

25] [26]

thromboembolism, in that 2% to 4% of outpatients and up to 8% of inpatients would have untreated DVT.[
Venography

8

Historically, ascending venography has been the “gold standard” confirmatory test for acute DVT. Accordingly, it is the test to which all other diagnostic modalities should be compared. Rabinov and Paulin[ ] published the seminal article on the technique of
ascending venography in 1972. The technique requires bilateral pedal vein cannulation and sequential limb imaging with oblique and lateral projections after intravenous administration of a contrast agent. Serial tourniquet placement or Valsalva’s maneuver

8
may be required to facilitate adequate venous opacification. Definitive filling defects present in well-opacified veins constitute a positive result. Inadequate opacification of the superficial or deep venous systems constitutes a nondiagnostic study.[ ]

9 35
More than 50% of patients with clinical manifestations compatible with DVT have negative venography results,[ ] [ ] and the clinical validity of withholding anticoagulation after such a result has been confirmed in appropriate management trials. In a
35

35]
Fewer than 2% developed clinical manifestations of recurrent thromboembolism, and there was no associated mortality. Two patients (1.3%)

study by Hull and colleagues,[ ] 160 patients with negative venography results were monitored for 3 months.[
experienced new symptoms with a confirmed DVT within 8 days.

36]

Despite its accuracy, venography has several limitations. In a series of more than 300 venograms, venipuncture was unsuccessful in 2.3% of studies, and venous opacification was inadequate in another 2.3%.[

In 10% to 30% of studies, all venous segments

37
are not visualized, and certain segments, such as the profunda femoral and iliac veins, were infrequently seen.[ ] In the upper extremity, venography does not demonstrate the internal jugular vein and often fails to identify venous segments beyond an
[38] [39]
[40]
obstruction.

Furthermore, when venography is performed without fluoroscopy, the rate of interobserver variability approaches 10%.

In addition to these technical considerations, venography also consumes considerable time and resources. The procedure requires the presence of both a technologist and radiologist and cannot always be performed urgently.
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9 41
Furthermore, the patient must be sufficiently stable for transportation to the radiology suite. Injection of the contrast agent can be painful, although the pain can be decreased with the use of non-ionic media.[ ] [ ] Systemic contrast agent reactions may
42]

occur in 1% to 3% of patients,[

43]
Contrast agents are irritating to the venous endothelium, although less so when non-ionic, and may cause thrombosis in 1.3% to 9% of patients.

and extravasation into the tissues can result in mild to severe skin necrosis.[

[9] [35] [44] Despite its diagnostic reliability, the limitations and potential complications of venography have spurred interest in noninvasive imaging modalities for acute DVT.

Duplex Ultrasonography

Venous duplex ultrasonography has now replaced venography as the most widely used diagnostic test for acute DVT. Duplex scanning is noninvasive, widely available, and portable with minimal potential for complications (see Chapter 17 ). Evaluation of the
lower extremities includes an assessment of venous compressibility, intraluminal echoes, venous flow characteristics, and luminal color filling. Among these, venous incompressibility is the most widely used and objective criterion for the diagnosis of DVT.

[45] Incompressibility has excellent sensitivity and specificity for the detection of proximal DVT. Reviewing 18 studies using a variety of ultrasound techniques, Kearon[1] reported a weighted mean sensitivity and specificity of 97% and 94%, respectively,
[46]
with mean positive and negative predictive values of 97% and 98%, respectively, for proximal DVT. Cogo and associates

prospectively compared compression and Doppler ultrasonography techniques for detection of proximal DVT, with confirmatory

46
venography in all patients.[ ] In comparison to Doppler ultrasonography, compression ultrasonography had better sensitivity for both proximal DVT (100% vs. 89%) and all DVT (95% vs. 76%). The specificity values for the two techniques were high,
100% for compression and 98% for Doppler. Although compression ultrasonography appears superior to standardized Doppler ultrasonography, incompressibility used in combination with the absence of phasic flow and visible thrombus can achieve a

47

sensitivity of 95% and specificity of 83%.[ ] Furthermore, despite the accuracy of compression alone in the diagnosis of proximal DVT, the technique has substantial limitations in the evaluation of the calf veins. However, the use of color flow imaging
significantly improves the accuracy of detecting isolated calf vein thrombosis.

48] [49]

Despite its utility, duplex ultrasonography does have some well-recognized limitations. Among studies limited to the proximal veins, the results are indeterminate or nondiagnostic in 1% to 6% of patients.[

Adequate evaluation of the tibial and

50 51
peroneal veins may be impeded by large calf size, edema, or operator experience but is aided by the use of color-flow Doppler ultrasonography.[ ] [ ] Difficult compressibility and musculoskeletal structures may similarly limit evaluation of the iliac,
[51]
superficial femoral, and upper extremity veins. Messina and colleagues

reported adequate visualization of both the common and external iliac veins in 47% of patients and of the external iliac alone in 79% with color-flow duplex scanning.

In the design of strategies for the diagnosis of acute DVT with duplex ultrasonography, the extent of examination is among the most controversial areas and has significant implications with respect to diagnostic accuracy, patient convenience, and utilization of
vascular laboratory resources. Various protocols incorporating the use of limited or more thorough assessments of the lower extremity veins and single versus serial examinations have been proposed for the diagnostic evaluation of DVT. The validity of these
various protocols in many ways depends on the importance attached to the detection of isolated calf vein thrombosis. Compression ultrasonography techniques applied only to the common femoral vein and popliteal fossa may leave isolated calf vein thrombi

52] [53]

undetected in up to 29% of cases.[

53] [54]
54 55 56
and isolated calf thrombi have a 20% to 28% rate of progression to the proximal venous segments.[ ] [ ] [ ] Such progression usually occurs within 1 week.
[58]
[29]

However, DVT usually starts in the calf, [

[12] [57] Without treatment, PE may develop in 8% to 34% of patients with isolated calf vein thrombosis,
[59]

with an associated mortality of up to 15%.

Unfortunately, the sensitivity and specificity of ultrasonography for detecting calf vein

Thus, diagnostic protocols employing compression ultrasonography limited to the proximal venous segments are based on two assumptions: (1) isolated calf vein
thrombosis are variable, ranging from 11% to 100% and 90% to 100%, respectively.
thrombosis that does not extend is of little clinical importance and (2) proximal extension of calf vein thrombosis more than a week after presentation is unusual.

60] [61]

Early algorithms using compression ultrasonography limited to the proximal veins required two additional studies, at day 2 and day 7 or 8, after negative results of an initial examination.[

Thromboembolic events within 3 months of serially negative

60 61
62
results ranged from 1.3% to 1.5%, and an average of 1.3 to 1.6 additional hospital visits were required per patient.[ ] [ ] Birdwell and associates[ ] evaluated a protocol requiring only one additional test between days 5 and 7. Ten percent of all

abnormal results were obtained on the second study. There were no thromboembolic events during the wait for a follow-up study. Only 2 of 335 patients (0.6%) had an adverse event, one a new DVT and the other a nonfatal PE. The negative predictive value

63]
evaluated a similar protocol using one additional test at day 7. Their protocol included examination of the distal popliteal
[63]

of negative results for two consecutive ultrasonography examinations was 99.4%. In a study of 1703 patients, Cogo and associates[

The second examination diagnosed an additional 3% of

veins but not the calf veins. The cumulative thromboembolic rate at 6 months was 0.7%, including two PEs, one of which occurred during the week prior to the second ultrasound examination.

[60] [61] [63]

Extension of the examination to include the distal popliteal vein resulted in a diagnosis of 6.3% of patients on the initial examination, and the average patient needed only 0.8 extra
patients, compared with 7% for the more limited technique.
tests. There was, however, an increased risk of false-positive results, with a positive predictive value of 98% in the common femoral vein but only 79% in the distal popliteal vein.

The premise that isolated, nonextending calf vein thrombosis is inconsequential is still controversial. Although the embolic potential of thrombosis that remains confined to
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58] [64]
Also, the risk of the post-thrombotic syndrome after isolated calf vein thrombus is not insignificant.

the calf may be lower than for proximal DVT, concurrent PE has been demonstrated in 11% to 33% of patients with isolated calf vein thrombus.[

64]

The prevalence of valvular incompetence and venous reflux at 1 year is 24%.[

Furthermore, risk and inconvenience are associated with protocols requiring follow-up evaluations to assess for proximal thrombus extension. Thus, a complete ultrasonography

65]

protocol including evaluation of the calf veins has been advocated by some investigators. Although the sensitivity of compression ultrasonography for calf vein thrombosis is variable, it has been reported as high as 91% compared with venography.[

66]

Protocols including complete evaluation of the calf veins have been compared with limited compression ultrasonography examination of the proximal veins. In one study, 27% of all abnormal results were from calf vein thrombosis.[

Limited examination

66
66
failed to detect 7.3% of proximal thromboses as well as the 27% of patients with isolated calf vein thrombosis.[ ] The complete examination technique added an average of 4 to 5 minutes per extremity.[ ]
The clinical validity of withholding anticoagulation on the basis of a single, technically adequate ultrasonography examination including the calf veins has been confirmed. Such protocols require serial examinations only in patients with equivocal examination

67]

results. A retrospective study of 128 patients found only a single DVT and no PE in the 3 months after negative results of a complete ultrasonography examination.[

[68]

negative results of a complete compression ultrasonography study.

68]

Schellong and coworkers[

reported a 0.3% thromboembolism rate 3 months after

69]

Other investigators found a similarly low 0.5% incidence of thromboembolic events 3 months after negative compression study results.[

Furthermore, the complete compression

69
ultrasonography examination identified a causative diagnosis in 42% of patients in whom no DVT was found.[ ]
52

In more than 400 patients evaluated with a complete ultrasound protocol, Wolf and colleagues[ ] reported four adverse events (1.1%) during a 3-month follow-up period: one PE, 1 patient with early recurrent symptoms (within 1 week) and a documented
DVT, and 2 patients with late recurrent or progressive symptoms (4 to 6 weeks) and documented DVT. Other studies using the complete ultrasonography protocol have found the rate of PE to be 0, and the rate of DVT to be 0 to 0.3% 3 months after a negative

70 71

68 69

52] [70]

study result.[ ] [ ] Although indeterminate test results have been reported in as few as 2% of patients,[ ] [ ] other researchers have reported 18% to 22% of examination results to be equivocal in the calf veins.[
rate of indeterminate studies, a single, technically adequate study including the calf veins does appear to reliably and safely exclude a diagnosis of DVT.

However, regardless of the

45] [53]

Unfortunately, the majority of patients referred for exclusion of DVT have negative study results. In patients referred for extremity symptoms, ultrasonography demonstrates DVT in the symptomatic leg in only 20% to 32%[

[72] [73]

asymptomatic leg in less than 2%.

[25]

Single institutions have reported the annual costs of negative venous ultrasonography results to exceed $600,000.

and DVT isolated to the

Although protocols employing serial examinations limited to the proximal veins are safe, their

74
75
cost-effectiveness remains dubious.[ ] The cost per life saved of a single follow-up study is $390,000, and that of a second follow-up study is $3.5 million.[ ] Complete ultrasonography protocols may reduce the need for serial ultrasonography testing, but
the longer time needed for this technique consumes vascular laboratory resources, and a substantial subset of patients with equivocal results may still need serial studies. The use of adjunctive measures, such as clinical risk stratification and D-dimer
measurements, have now been extensively evaluated as tools to decrease the burden of negative ultrasound study results.
Other Imaging Modalities

48 49

Although duplex scanning is both noninvasive and inexpensive, its does have limitations, including a limited ability to assess the iliac and central venous circulation.[ ] [ ] The rapid development of many other imaging modalities may have applications to
the venous system that overcome at least some of these limitations. Computed tomography (CT) pulmonary angiography is becoming widely utilized for the diagnosis of PE, and with the introduction of computed tomography venography (CTV), a single CT

76]
In comparison with venous ultrasonography, CTV has been reported to have sensitivities of 98% to100%,

scan may become a practical test for DVT and PE. CTV performed at the time of CT pulmonary angiography adds only 3 to 5 minutes to the study.[

77] [78] [79] [80]

specificities of 94% to 100%, and positive and negative predictive values of 92% and 100% for pelvic and thigh thrombosis.[

81]

Peterson and colleagues,[

[82]

however, found that CTV is specific but not sensitive for DVT, with a sensitivity of 71% and a specificity of 93%. The corresponding positive and negative predictive values were 53% and 97%, respectively. Stover and associates

reported a 50% false-positive rate for CTV detection of pelvic DVT compared with contrast venography. Also, CTV has not been investigated for the detection of isolated calf vein thrombosis. Although the modality may have clinical utility in patients

81]

with PE, and thus a higher pretest probability for DVT, its precise role has yet to be defined. Additionally, the cost to the patient may be as much as six times higher than that of duplex scanning.[

83] [84]

Magnetic resonance imaging (MRI) has also been used for imaging the venous system. Conventional MRI, using spin-echo imaging, can detect central venous thrombi[

[85]

information about the age of a thrombus.

and, through its ability to identify acute perivascular edema, can provide

85]

A prospective comparison of MRI with standard venography for proximal DVT demonstrated a sensitivity of 90%, a specificity of 100%, and a κ level of agreement of 0.752.[

Unfortunately, although

[85]

conventional MRI has reasonably high sensitivity and specificity values for detecting central and iliac vein thrombus, it is time-intensive, requiring up to 45 minutes for scanning, and is thus subject to motion artifact.

Flow-sensitive MRI techniques, or magnetic resonance venography (MRV), have been developed specifically for imaging the venous circulation. MRV takes advantage of
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the ability of magnetic resonance to distinguish stationary from moving signals. Various protocols have been employed, including noncontrast MRV techniques such as time-of-flight (TOF) and phase-contrast techniques as well as contrast-enhanced MRV

86]
Postprocessing techniques allow creation of three-dimensional images analogous to those provided by conventional
[86]

(CE MRV). TOF and phase contrast MRV rely on flow-related enhancement and velocity shifts to provide signals from flowing blood.[

86]

venography.[

As for MR arteriography, CE MRV uses rapid three-dimensional sequences after a timed injection of a contrast agent and postprocessing algorithms to remove the arterial signal.

87]
compared TOF MRV with duplex ultrasonography and contrast venography of the inferior vena cava and proximal lower extremity veins. The sensitivity
[87]

TOF has been used as the primary noncontrast MRV modality for DVT. Carpenter and associates[

Another study
and specificity values for MRV and duplex scanning were identical, 100% and 96%, respectively. Positive predictive values for MRV and duplex scanning were 90% and 94%, respectively, and both had 100% negative predictive value.
comparing TOF MRV and duplex scanning with contrast venography for DVT in the vena cava and iliac and femoropopliteal veins demonstrated superior sensitivity and specificity for MRV (100% and 100%, respectively) compared with color Doppler

88]

ultrasonography (87% and 83%, respectively). [

88]

Furthermore, MRV was 95% sensitive and 99% specific in detecting the proximal extent of DVT, compared with 46% sensitivity and 100% specificity, respectively, for color Doppler ultrasonography.[

89]
Furthermore, in order to reduce imaging times, acquisition frequently requires imaging gaps of up to 1

Disadvantages of TOF techniques include slow acquisition times and susceptibility to flow artifacts in parallel vessels (i.e., the common iliac veins).[

89]

cm.[

CE MRV overcomes these disadvantages through the use of three-dimensional acquisition. Additionally, the inflammatory changes associated with acute DVT cause gadolinium to accumulate in the vein wall and perivenous tissue. This characteristic

90]

enhancement pattern fades with thrombus organization,[
specificities of 100% and 97%.

[89]

allowing differentiation of acute from chronic DVT. In comparison with venography, CE MRV has been shown to have a sensitivity of 100% for iliac and femoral vein DVT, with corresponding

89]

Furthermore, CE MRV has been shown to more reliably depict the proximal extent of DVT than venography.[

87]

MRV technology has distinct disadvantages that limit its utility as either a screening or routine diagnostic test for DVT. The cost of MRV is 1.4 times that of contrast venography and 2.5 times that of duplex scanning.[

MRV also has limitations in imaging

86 91
of the calf veins. The paired nature of the tibial veins and their proximity to arteries creates significant artifacts during postprocessing.[ ] [ ] Although flow augmentation (compression and decompression techniques) has been combined with ultrafast
[92]
imaging to achieve a sensitivity of 87% and a specificity of 97% for infrapopliteal venous thrombi,

MRV for lower leg DVT is not widely available. Nonetheless, MRV may be complementary to duplex in some clinical circumstances. The increased

88 89
ability of MRV to detect the proximal extent of venous thrombus may affect clinical decision-making.[ ] [ ] The accuracy of MRV in the imaging of the iliac and central venous circulation makes it useful for evaluation of pelvic or central venous
[93]
[94]
thrombosis.

In up to 27% of patients with PE and a negative ultrasonography result, MRV demonstrates pelvic or inferior vena cava thrombosis.

[87]

in detecting hypogastric vein thrombosis.

Compared with venography without selective catheterization, MRV has also been shown to be superior

In the future, the ability to combine pulmonary MRA and MRV of the lower extremities may provide a valuable diagnostic tool for venous thromboembolic disease.

Newer radiopharmaceuticals have also been approved for the imaging of DVT. 99m Tc-apcitide is a complex of the radionuclide technetium Tc 99m and apcitide, a small synthetic peptide that binds the glycoprotein IIb/IIIa receptor on activated platelets and

95] [96]

is specific for acute thrombus.[

Imaging with 99m Tc-apcitide has the advantage of being functional rather than relying on anatomic structural changes in the vein. Hence, it may avoid some of the pitfalls associated with venography and

97]

ultrasonography. Imaging is typically performed 10 to 60 minutes after peripheral venous administration of the radionuclide, and venous segments both above and below the knee may be targeted.[

99m Tc-apcitide scintigraphy has been compared with standard venography in phase 3 clinical trials. Sensitivity, specificity, and agreement for 99m Tc-apcitide scanning compared with contrast venography ranged from 59% to 81%, 65% to 77%, and 66% to

98]

74%, respectively.[

Because venography results may be positive in chronic as well as acute DVT, 99m Tc-apcitide scanning was investigated in a subset of patients with acute symptoms (less than 3 days) and no prior history of DVT or PE. In this setting,

98]
98
Furthermore, over a disease prevalence range of 20% to 50%, 99m Tc-apcitide scanning had a negative predictive value of 90% to 97%.[ ]
[99]

sensitivity, specificity, and agreement ranged from 83% to 100%, 69% to 83%, and 76% to 87%, respectively.[

Although this modality shows promise for diagnostic evaluation of DVT, management
Another study found excellent accuracy for 99m Tc-apcitide scintigraphy compared with ultrasonography, with a sensitivity of 92% and a specificity of 82% to 90%.
studies with follow-up after a negative 99m Tc-apcitide scanning result have not been performed. Anticoagulation therapy should not be withheld on the basis of a negative 99m Tc-apcitide scintigraphy result alone. The utility of this study may also be limited
by the availability and cost of scintigraphy in a particular hospital setting. However, 99m Tc-apcitide scanning may be useful in patients with indeterminate ultrasonography results and contraindications to contrast venography.

D-Dimer Assays

D-dimers are products of the degradation of cross-linked fibrin by plasmin ( Fig. 148–1 ). Diagnostic assays for D-dimer have been based on the development of monoclonal antibodies capable of differentiating degradation products of fibrin and fibrinogen. Ddimer blood levels reflect the presence of intravascular fibrin and are
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Figure 148-1 D-dimer is a specific plasmin-mediated breakdown product of cross-linked fibrin. Thrombin converts fibrinogen into soluble fibrin. Activated factor XIII (by thrombin) in the presence of calcium then cross-links the fibrin polymer. Plasmin
cleavage of fibrinogen or soluble fibrin produces degradation products—fragments X, Y, D and E. Plasmin cleavage of cross-linked fibrin produces different degradation products: X-oligomers and D-dimers. Thus, while fibrinogen degradation products may
be elevated when no thrombus is present (i.e., from plasmin acting on fibrinogen or soluble fibrin), D-dimer is specific for fibrinolysis.

TABLE 148-1 -- Defining Sensitivity, Specificity, and Predictive Values of a Test
TEST

DISEASE PRESENT

*

DISEASE ABSENT

Positive result

True-positive (TP)

False-positive (FP)

Negative result

False-negative (FN)

True-negative (TN)

Sensitivity

Specificity

* Sensitivity and specificity are defined in terms of true and false positive and negative results. Sensitivity thus reflects the accuracy of a test in positively identifying a disease among patients who actually have the
disease, and specificity reflects the ability to accurately exclude a disease in patients who do not have the disease. The positive predictive value is the percentage of the patients with positive test results who truly have
the disease; and the negative predictive value is the percentage of the patients with negative test results who truly do not have the disease.

provides a method of inverting conditional probability statements—that is, if the probability (P) of x given y [P(x|y)] is known, what is the probability of y given x [P(y|x)]? For any diagnostic test for DVT, this method allows determination of the probability
that a patient with a positive study result has a DVT [post-test probability of disease = P(DVT|Positive Test)] if the probability that a patient with a DVT will have a positive study is known [P(Positive Test|DVT)]. The probability that a patient with a positive
or negative study actually does or does not have a DVT is given by the expressions:

The probability of DVT given a positive study [P(DVT|Positive Test] and that of no DVT given a negative study [P(No DVT|Negative Test)] correspond to the positive and negative predictive values, respectively. It is clear that both of these values depend on
how likely the diagnosis of DVT [P(DVT)] is in a given patient.

1

The importance of disease prevalence and pretest probability of disease is exemplified by duplex ultrasonography. Using a weighted mean sensitivity and specificity of 97% and 94%,[ ] we can derive the positive and negative predictive values of duplex
ultrasonography in groups with a variable pretest probability of disease ( Table 148–2 ). Although the negative predictive value of venous duplex scanning is very good in populations with a disease prevalence of 10% or less, the predictive value of a positive
result is poor. These theoretical considerations have been confirmed in clinical trials. The positive predictive value of an abnormal venous ultrasonography result is 100% in patients with a high pretest probability of disease, compared with only 63% to 82%

116] [117]

for those with a low pretest probability.[

[117] [118]

patients with a low pretest probability.

Similarly, the negative predictive value of a normal proximal venous ultrasonography result is only 77.8% to 82% in patients with a high pretest probability of disease, compared with 97.8% to 99.7% in

Thus, although a normal scan result in a patient with a low pretest probability essentially excludes a diagnosis of DVT, a positive result must be viewed with suspicion, and many investigators have

117]

recommended confirmatory venography in this setting.[

The sensitivity of duplex ultrasonography also appears to be related to the pretest probability of disease. These differences in the accuracy of ultrasonography are probably related to the frequency of small, nonocclusive proximal thrombi and isolated calf vein
thrombi in groups with different pretest probabilities of disease. For ultrasonography examinations restricted to the proximal veins, the sensitivity is greater than 90% in patients with a high pretest probability of disease but only 67% in those with a low pretest

116]

probability.[

This situation is exemplified by differences in accuracy reported for asymptomatic and symptomatic patients. Among asymptomatic orthopedic patients, the sensitivity and specificity of ultrasonography for proximal DVT have been reported

119

] The positive and negative predictive values of duplex scanning at various sensitivities in groups with different pretest probabilities of disease are illustrated in Figure 148–2 . Although the positive predictive values in
to be 62% and 97%, respectively.[
symptomatic and asymptomatic patients are similar, the lower sensitivity in asymptomatic patients significantly reduces the negative predictive value.
Similar considerations apply to the utility of D-dimer measurements. D-dimer testing is most appropriate in outpatients with a low pretest probability of disease, in whom the negative predictive value is 99% to 100%, and withholding anticoagulation therapy

101]
Unfortunately, the diagnostic performance of D-dimer measurement is poor in those with a higher probability of disease. Although the negative predictive value of D-dimer
[118]

in this population carries a less than 1% risk of thromboembolism at 3 months.[

testing (96.2%) is equivalent to that of compression ultrasonography (97.8%) in inpatients with low pretest probability of DVT, it is only 89% and 33%, respectively, in patients with moderate and high pretest probabilities.

Others have reported that up

101]
The high number of false-positive results precludes effective use of D-dimer measurement in patients with high pretest
to 20% of patients with a high pretest probability of DVT have an objectively confirmed DVT despite a negative D-dimer result.[
120
[
]
probability of DVT.
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TABLE 148-2 -- Predictive Value of Venous Ultrasonography Based on Pretest Probability

*

PRETEST PROBABILITY [P(DVT)]

POSITIVE PREDICTIVE VALUE [P(DVT | Positive US)]

NEGATIVE PREDICTIVE VALUE [P(No DVT | Negative US)]

0.02

0.25

1.00

0.05

0.46

1.00

0.1

0.64

1.00

0.15

0.74

0.99

0.2

0.80

0.99

0.25

0.84

0.99

0.3

0.87

0.99

0.35

0.90

0.98

0.4

0.92

0.98

0.45

0.93

0.97

0.5

0.94

0.97

0.55

0.95

0.96

0.6

0.96

0.95

0.65

0.97

0.94

0.7

0.97

0.93

0.75

0.98

0.91

0.8

0.98

0.89

0.85

0.99

0.85

0.9

0.99

0.78

0.95

1.00

0.62

1

1.00

0.00

DVT, deep venous thrombosis; P, probability; US, ultrasonography (result).

From Meissner MH: Off hours vascular laboratory utilization. In Pearce WH, Matsumura JS, Yao JST (eds): Trends in Vascular Surgery. Chicago, Precept Press, 2003, pp 47–60. Reproduced with permission.

* Assumes 97% sensitivity, 94% specificity.

These theoretical considerations have several implications with respect to the diagnostic utility of tests for acute DVT. First, the incidence of DVT in many ultrasonography validation studies was as high as 25%, but in many laboratories, the incidence has

121

122

] At the University of Washington, the frequency of positive ultrasonography results has declined from 25% in 1986 through 1990 to 11% in 1995. [
] According to Bayes’ theorem, this change theoretically reduces the
declined to less than 10%.[
overall positive predictive value from 84% to less than 65% (see Table 148–2 ). Furthermore, this decreased yield has most likely resulted from greater referral of patients with low pretest probability of DVT, in whom the sensitivity, and thus the negative
predictive value, is also reduced. The wide variability in the positive and negative predictive values of duplex ultrasonography and D-dimer measurements based on pretest probability has profound implications for clinical outcomes. Current clinical strategies
attempt to incorporate clinical risk assessment and an assessment of pretest probability with these modalities.
CLINICAL ASSESSMENT, PRETEST PROBABILITY, AND COMBINED DIAGNOSTIC STRATEGIES
Despite the nonspecific nature of the signs and symptoms of acute DVT, objective clinical models have been developed that allow stratification of patients on the basis of the pretest probability of disease. Empiric risk stratification is a subjective approach that
relies on clinician judgment to assess an individual patient’s risk of DVT. Conversely, explicit criteria stipulate a predefined number of elements with a fixed value, with risk stratification based on a cumulative score. Despite observations that empiric risk

23] [124]

stratification may be as accurate as explicit criteria,[

empiric models are difficult to institutionalize and have problems with reproducibility. Agreement between empiric assessment and use of an explicit risk model is poor to fair

Figure 148-2 Positive and negative predictive value of venous ultrasonography in populations with a variable pretest probability of disease at different diagnostic accuracies. The solid lines show the positive predictive value and the dashed lines the negative
predictive values. The heavy lines correspond to the sensitivity and specificity of ultrasound reported in symptomatic patients (97% sensitivity, 94% specificity) while the thin lines represent those reported in asymptomatic orthopedic patients (62% sensitivity,
97% specificity). (From Meissner MH: Off hours vascular laboratory utilization. In Pearce WH, Matsumura JS, Yao JST [eds]: Trends in Vascular Surgery. Chicago, Precept Press, 2003, pp 47–60. Reproduced with permission.)

TABLE 148-3 -- Stratification of Pretest Probability
CLINICAL FEATURE

SCORE

Active cancer (treatment ongoing or within previous 6 months or palliative)

1

Paralysis, paresis, or recent plaster immobilization of the lower extremities

1

Recently bedridden > 3 days or major surgery within 4 weeks

1

Localized tenderness along the distribution of the deep venous system

1

Entire leg swollen

1

Calf swelling by more than 3 cm compared with the asymptomatic leg (measured 10 cm below tibial tuberosity)

1

Pitting edema (greater in the symptomatic leg)

1

Collateral superficial veins (nonvaricose)

1

Alternative diagnosis as likely as or more likely than that of deep vein thrombosis

−2

Low probability ≤ 0 points; Moderate probability 1–2 points; High probability ≥ 3 points.
Modified from Wells PS, Anderson DR, Bormanis J, et al: Value of assessment of pretest probability of deep-vein thrombosis in clinical management. Lancet 350:1795–1798, 1997. Reprinted with permission.

123] [125]

(κ = 0.32 to 0.56).[

Moreover, explicit models based on objective criteria appear to classify a greater number of patients into low and high pretest probability categories. This is important because it best identifies those patients least likely and most

123]
likely to have DVT.[
Successful models for determination of pretest probability have included the presence of recognized thrombotic risk factors and the probability of alternative diagnoses as well as objective clinical signs. Using an early clinical model for symptomatic

116]
were able to define groups with low, moderate, and high pretest probability of disease having DVT prevalences of 5%, 33%, and 85%, respectively. This probability model has subsequently been refined and simplified
[125]

outpatients, Wells and associates[

to incorporate eight clinical features or risk factors, each given a score of 1 if present, and the likelihood of an alternative diagnosis, for which 2 points are subtracted from the total score ( Table 148–3 ).

Patients with ≤ 0 points are classified as having a

low pretest probability, those with 1 or 2 points moderate probability, and those with ≥ 3 points high probability. A valid alternative diagnosis, which is the most subjective of the nine components of the model, is present in 56% of those without DVT,

120]

compared with only 17% of those with a confirmed DVT.[
patients.

114] [120]

Cellulitis and musculoskeletal disorders account for half to three quarters of these diagnoses.[

When present, an alternative diagnosis lowers the clinical probability level in 85% of

120

117

] even in comparing providers with different backgrounds.[
] It is critical to note, however, that most trials have included
The Wells clinical probability model has been validated in several prospective trials and has excellent reproducibility (κ = 0.75),[
only outpatients without a previous history of venous thromboembolism. The incidence of DVT among outpatients with different pretest probabilities is shown in Table 148–4 . In the specific setting of the emergency department, the incidence of DVT in
120

118

] This model has also been validated in hospitalized patients,[
] although the frequency of patients with low pretest probability is lower among inpatients and the incidence of DVT in these
patients with low pretest probability is only 2% to 3%.[
patients is higher ( Table 148–5 ). Unfortunately, although clinical probability strategies may be useful in limiting the need for serial ultrasonography examinations in the event of a negative initial result, the 5% prevalence of DVT likely precludes completely
eliminating ultrasonography even in patients with low pretest probability.
A combined strategy using an assessment of clinical probability, D-dimer measurement, and venous ultrasonography holds the greatest promise of safely limiting the number of negative ultrasound results. Algorithms can be designed in which at least some

120]

patients can be initially managed on the basis of D-dimer results ( Fig. 148–3 ). This clinical strategy is based on the observation that the negative predictive value of D-dimer assays approaches 100% in outpatients with a low pretest clinical probability.[

[128] Because 23% to 50% of outpatients can be stratified into the low pretest probability group,[116] [121] [127] this approach can significantly reduce resource utilization. It is important to note that such strategies require a D-dimer assay with a

sensitivity approaching 100%, have been evaluated only in outpatients, and have generally excluded patients with a previous history of DVT, clinical suspicion of PE, and preceding use of anticoagulants, or a combination of these features.

TABLE 148-4 -- Outpatient Incidence of Deep Venous Thrombosis (DVT)
MODERATE PROBABILITY

HIGH PROBABILITY

No. Patients

% with DVT

No. Patients

% with DVT

No. Patients

% with DVT

593

329 (55.0%)

3

193 (32.5%)

17

71 (12%)

75

126]

812

201 (24.8%)

12.9

332 (40.9%)

37.7

279 (34.3%)

59.5

109]

214

118 (55.4%)

3.4

66 (30.5%)

13.6

30 (14.0%)

50

66

7 (10%)

0

23 (35%)

0

36 (55%)

16.7

176

99 (56%)

2

—

—

—

—

STUDY

117]

Wells et al[

Schutgens et al[
Anderson et al[

121]

Dryjski et al[

127]

Bucek et al[

LOW PROBABILITY

TOTAL NO.
PATIENTS

*

Total

1861

754 (40.1%)

5.7

614 (36.4%)

26.7%

416 (24.7%)

57.7

Modified from Meissner MH: Off hours vascular laboratory utilization. In Pearce WH, Matsumura JS, Yao JST (eds): Trends in Vascular Surgery. Chicago, Precept Press, 2003, pp 47–60. Reproduced with permission.

* Superscript numbers indicate chapter references.
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TABLE 148-5 -- Pretest Probability of Deep Venous Thrombosis in Outpatients and Hospitalized Patients (Inpatients)

*

117]

118]

OUTPATIENTS [
PROBABILITY

INPATIENTS [

POINTS

No. of Patients (%)

DVT Incidence (%)

No. of Patients (%)

DVT Incidence (%)

Low

≤0

55.5%

3

33%

10

Moderate

1–2

32.5%

17

47.3%

19.7

High

≥3

12%

75

19%

76

From Meissner MH: Off hours vascular laboratory utilization. In Pearce WH, Matsumura JS, Yao JST (eds): Trends in Vascular Surgery. Chicago, Precept Press, 2003, pp 47–60. Reproduced with permission.

* Superscript numbers indicate chapter references.

109

] showed that, when used in combination with pretest probability, the negative predictive value of D-dimer measurements was 100%, 94.1%, and 86.7% in patients with low, moderate, and
In the emergency department setting, Anderson and colleagues[
high pretest probabilities, respectively. The data further suggested that urgent diagnostic imaging could be safely deferred for at least 24 hours without anticoagulation in patients with low and moderate probabilities and with empiric therapy consisting of
subcutaneous or intravenous unfractionated heparin in patients with high probability. These investigators concluded that diagnostic imaging might not be necessary in the patient with low clinical probability of DVT and a negative D-dimer result, although
further testing was prudent in the patient with moderate or high probability. Others have similarly found the combination of a low clinical probability and negative D-dimer result to have a negative predictive value of 100% and to require no further diagnostic
101] [127]

testing.[

121

] evaluated 66 patients with D-dimer assays and pretest probability assessment. No thrombi were identified in patients with low or moderate pretest probability, and the researchers concluded that further diagnostic testing was
Dryjski and coworkers[
unnecessary in patients with low to moderate probability and negative D-dimer results. Although the number of high-probability patients was higher than in many other series, confining venous ultrasonography to patients with a positive D-dimer result or high
126

] evaluated such a combined diagnostic approach in 812 patients, reserving the use of ultrasonography for patients with a high
pretest probability reduced the number of referrals by 23%. In the largest management trial to date, Schutgens and associates[
pretest probability score or an abnormal D-dimer result. The incidence of venous thromboembolism during 3 months of follow-up was only 0.6% among the 176 patients (22%) with a low or moderate pretest probability and normal D-dimer result (negative
predictive value 99.4%). This study suggests that it may be safe to withhold anticoagulation in both low- and moderate-probability patients with negative D-dimer assay results. The total number of ultrasonography examinations required for outpatients
referred with a suspicion of DVT was reduced by 29%.
These data suggest that outpatients without a previous history of DVT who have no symptoms of PE and are not taking anticoagulants can be safely managed with a combination of pretest probability assessment, D-dimer assay, and selective venous
ultrasonography. Among patients managed according to such algorithms, the incidence of thromboembolism during 3 months of follow-up is

Figure 148-3 Diagnostic algorithm incorporating combined clinical probability / D-dimer determination and venous duplex ultrasonography. Patients with high pretest probability are triaged directly to ultrasound. If a sensitive D-dimer assay is used,* patients
with non-high (low and moderate) pretest probability and a negative D-dimer can be managed without further diagnostic testing. If a less sensitive D-dimer assay is used, moderate pretest probability patients should be triaged to duplex. (From Meissner MH:
Off hours vascular laboratory utilization. In Pearce WH, Matsumura JS, Yao JST [eds]: Trends in Vascular Surgery. Chicago, Precept Press, 2003, pp 47–60. Reproduced with permission.)
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Chapter 149 - Prevention and Medical Treatment of Acute Deep Venous Thrombosis

GRAHAM F. PINEO MD
RUSSELL D. HULL MBBS, MSC

1
Deep venous thrombosis (DVT) most commonly arises in the deep veins of the calf muscles or, less commonly, in the proximal deep veins of the leg. DVT confined to the calf veins is associated with a low risk of clinically important pulmonary embolism.[ ]
[2] [3] However, without treatment, approximately 20% of calf vein thrombi extend into the proximal venous system, where they may pose a serious and potentially life-threatening disorder.[3] [4] [5] Untreated proximal venous thrombosis is associated
[1] [2] [3]

with a 10% risk of fatal pulmonary embolism and at least a 50% risk of pulmonary embolism or recurrent venous thrombosis.
long-term morbidity.

Furthermore, the post-thrombotic syndrome is associated with extensive proximal venous thrombosis and carries its own

3 6 7 8 9

It is now well established that clinically important pulmonary emboli arise from thrombi in the proximal deep veins of the legs.[ ] [ ] [ ] [ ] [ ] Other, less common sources of pulmonary embolism are the deep pelvic veins, the renal veins, the inferior vena
cava, the right heart, and, occasionally, the axillary veins. The clinical significance of pulmonary embolism depends on the size of the embolus and the cardiorespiratory reserve of the patient.

PREVENTION OF VENOUS THROMBOEMBOLISM
There are two approaches to the prevention of fatal pulmonary embolism, primary and secondary. Primary prophylaxis is carried out with the use of either drugs or physical methods that are effective for preventing DVT. Secondary prevention involves the
early detection and treatment of subclinical venous thrombosis through screening of postoperative patients with objective tests that are sensitive for venous thrombosis. Primary prophylaxis is preferred in most clinical circumstances. Furthermore, prevention

10] [11] [12] [13] [14]
Secondary prevention through case-finding studies should never replace primary prophylaxis. It should be reserved for

of DVT and pulmonary embolism is more cost-effective than treatment of the complications when they occur.[
patients in whom primary prophylaxis is either contraindicated or ineffective.

The prevention of thrombosis can be directed toward the three components of Virchow’s triad—blood flow, factors within the blood itself, and the vascular endothelium. Some methods act on all three, resulting in a reduction of venous stasis, prevention of the
hypercoagulable state induced by tissue trauma and other factors, and protection of the endothelium. Whichever method is used, prophylaxis should be initiated before induction of anesthesia if possible, as it has been demonstrated that the thrombotic process

15]

commences intraoperatively[

and may persist for days or weeks after surgery.

For patients undergoing general surgical procedures, the pattern of practice based on numerous clinical trials has been to start prophylaxis 2 hours preoperatively with either unfractionated heparin or low-molecular-weight heparin (LMWH). This approach has

15 16 17 18 19 20

been shown to be both effective and safe and, indeed, has resulted in a significant decrease in the incidence of fatal pulmonary embolism in surgical patients.[ ] [ ] [ ] [ ] [ ] [ ] For patients undergoing high-risk orthopedic surgical procedures,
such as total hip or total knee replacement and surgery for hip fracture because of concern about excess bleeding, commencement of prophylaxis has been delayed. Thus, in Europe, prophylaxis is started 10 to 12 hours preoperatively, whereas in North
America, prophylaxis is usually started 12 to 24 hours postoperatively. This difference in patterns of practice may account for the difference in the rates of postoperative venous thrombosis and bleeding in Europe and North America.

21] [22] [23]

There is now good evidence that the timing of the initial administration of a prophylactic agent has a significant effect on the incidence of postoperative venous thrombosis.[

In one study, starting an LMWH (dalteparin) at half the daily dose

22

within 2 hours of hip replacement surgery, followed by a further half dose 6 to 8 hours later, and then using the usual daily dose once a day was associated with a significantly lower incidence of venous thrombosis than that for placebo or warfarin.[ ] The
incidence of venographically proven DVT was 14.6% with LMWH, compared with 25.8% for warfarin started the evening before surgery (P= .006). The incidence of proximal venous thrombosis was similar in the two LMWH groups. Although there was no
difference in the incidence of major bleeding, patients given preoperative LMWH had more bleeding complications involving the operative site, and a higher percentage required postoperative transfusions. No difference in the incidence of major
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bleeding was reported by the principal investigators; however, assessment of major bleeding from time 0 to day 8 by the central adjudication committee identified a higher incidence of major bleeding in the patients in whom LMWH was started preoperatively
compared with either the postoperative LMWH group or the warfarin group.

23

Hull and colleagues[ ] systematically reviewed the results of two studies comparing the early initiation of LMWH with warfarin and those of two previous studies comparing warfarin prophylaxis with LMWH started 12 hours preoperatively or 12 to 24
hours postoperatively. These investigators showed that the incidence of postoperative venous thrombosis was significantly lower in the two clinical trials starting prophylaxis in close proximity to surgery than in the studies in which LMWH was started either

23]
There was no increase in the incidence of major bleeding. Starting LMWH (enoxaparin) no more than 8 hours postoperatively also led to a significantly lower

12 hours preoperatively or 12 to 24 hours postoperatively ( Figs. 149–1 , 149–2 , 149–3 ). [

24]

incidence of venous thrombosis in patients undergoing total knee replacement than starting warfarin on the night of surgery, although there was a higher incidence of total bleeding rates with LMWH.[

The regimen of LMWH started 4 to 6 hours after surgery at half the usual high-risk dose and then continuing with the usual high-risk dose the following day was included in the most recent American College of Chest Physicians (ACCP) recommendations for

20

25

patients undergoing elective hip replacement.[ ] As discussed later, there has been concern about the associated use of neuraxial anesthesia and LMWH prophylaxis because of a cluster of occurrences of spinal hematoma.[ ] This intriguing difference
between the incidences of bleeding complications in Europe and the United States may arise from local practice patterns with a predominant tendency toward once-daily LMWH prophylaxis in Europe and twice-daily prophylaxis using a higher total daily dose
in the United States. Because half the usual high-risk dose of the LMWH is administered in the close postoperative proximity regimen and the average time of initiation after spinal anesthesia was 9 hours, the close postoperative proximity regimen may be a
safe approach in conjunction with spinal anesthesia.

26] [27] [28]
29
from 2% to 3% in patients undergoing elective hip replacement,[ ] and from 4% to 7% in patients
[31]

Without prophylaxis, the frequency of fatal pulmonary embolism ranges from 0.1% to 0.8% in patients undergoing elective general surgery,[

30]

undergoing surgery for a fractured hip.[

The need for prophylaxis after elective hip replacement has been questioned because of the low incidence of fatal pulmonary embolism (PE) in patients participating in clinical trials.

However, review of data

32]

from the National Confidential Enquiry into Peri-Operative Deaths (NCEPOD) indicates that PE continues to be the most common cause of death after total hip replacement surgery; PE was confirmed at autopsy in 35% of patients who died.[
raising the risk of postoperative venous thrombosis include advanced age, malignancy, previous venous thromboembolism, obesity, heart failure, and paralysis.

Factors

Figure 149-1 Primary study odds ratios for all deep venous thrombosis. Odds ratios are indicated by boxes. Horizontal lines represent 95% confidence intervals. Odds ratios less than 1.0 favor low-molecular-weight heparin(s) (LMWH); odds ratios greater
than 1.0 favor oral anticoagulants. *Study using remote timing prophylaxis. †Study using close proximity timing prophylaxis. (Adapted from Hull RD, Pineo GF, Stein PD, et al: Timing of initial administration of low-molecular-weight heparin prophylaxis
against deep vein thrombosis in patients following elective hip arthroplasty. Arch Intern Med 160:1952–1960, 2001.)

Figure 149-2 Primary study odds ratios for proximal deep venous thrombosis. Odds ratios are indicated by boxes. Horizontal lines represent 95% confidence intervals. Odds ratios less than 1.0 favor low-molecular-weight heparin(s) (LMWH); odds ratios
greater than 1.0 favor oral anticoagulants. *Study using remote timing prophylaxis. †Study using close proximity timing prophylaxis. (Adapted from Hull RD, Pineo GF, Stein PD, et al: Timing of initial administration of low-molecular-weight heparin
prophylaxis against deep vein thrombosis in patients following elective hip arthroplasty. Arch Intern Med 160:1952–1960, 2001.)

TABLE 149-1 -- Features of an Ideal Prophylactic Method for Venous Thromboembolism
Effective compared with placebo or active approaches
Safe
Good compliance with patient, nurses, and physicians
Ease of administration
No need for laboratory monitoring
Cost-effective

Figure 149-3 Quadratic fit for study odds ratio for deep venous thrombosis versus the number of hours from surgery for the first dose of low-molecular-weight heparin. The upper and lower dashed lines indicate the 95% confidence intervals for the true odds
ratio. (Adapted from Hull RD, Pineo GF, Stein PD, et al: Timing of initial administration of low-molecular-weight heparin prophylaxis against deep vein thrombosis in patients following elective hip arthroplasty. Arch Intern Med 160:1952–1960, 2001.)

Figure 149-4 The relative risk for all deep venous thrombosis during the out-of-hospital time interval; summary and individual study results. LMWH, low-molecular-weight heparin(s). (Adapted from Hull RD, Pineo GF, Francis C, et al; North American
Fragmin Trial Investigators: Low-molecular-weight heparin prophylaxis using dalteparin extended out-of-hospital vs in-hospital warfarin/out-of-hospital placebo in hip arthroplasty patients: A double-blind, randomized comparison. Arch Intern Med
160:2208–2215, 2000, with permission.)

Figure 149-5 The relative risk for proximal deep venous thrombosis during the out-of-hospital time interval; summary and individual study results. LMWH, low-molecular-weight heparin(s). (Adapted from Hull RD, Pineo GF, Francis C, et al: Lowmolecular-weight heparin prophylaxis using dalteparin extended out-of-hospital vs in-hospital warfarin/out-of-hospital placebo in hip arthroplasty patients: A double-blind, randomized comparison. North American Fragmin Trial Investigators. Arch Intern
Med 160:2208–2215, 2000, with permission.)

Figure 149-6 The relative risk for symptomatic venous thromboembolism during the out-of-hospital time interval; summary and individual study results. LMWH, low-molecular-weight heparin(s). (Adapted from Hull RD, Pineo GF, Francis C, et al: Lowmolecular-weight heparin prophylaxis using dalteparin extended out-of-hospital vs in-hospital warfarin/out-of-hospital placebo in hip arthroplasty patients: A double-blind, randomized comparison. North American Fragmin Trial Investigators. Arch Intern
Med 160:2208–2215, 2000, with permission.)

TABLE 149-2 -- Recent Randomized Trials of Low-Molecular-Weight Heparin vs. Heparin or Warfarin Prophylaxis for Deep Venous Thrombosis (DVT) after Hip Replacement Surgery: Total Rates of DVT and Major Bleeding

STUDY

62]

Levine et al[

55]

Leyvraz et al[

56]

Eriksson et al[

57]

Planes et al[

NO. PATIENTS

TOTAL RATE OF DVT (%)

TOTAL RATE OF MAJOR
BLEEDING (%)

Enoxaparin

258

19.4

3.3

Unfractionated heparin

263

23.3

5.7

Nadroparin

198

12.6

0.5

Unfractionated heparin

199

16.0

1.5

Dalteparin

67

30.2

*

TREATMENT

1.4

†

Unfractionated heparin

68

42.4

7.4

Enoxaparin

120

12.5

1.6

Heparin

108

25.0

0

61]

Colwell et al[

63]

Hull et al[

58]

Hamulyak et al[

Enoxaparin

136

21.0

4.0

Enoxaparin

136

6.0

1.0

Heparin

142

1.5

6.0

Tinzaparin

332

21.0

2.8

Warfarin

340

23.0

1.5

Nadroparin

195

13.8
1.5

60]

Francis et al[

22]

Hull et al[

‡

Warfarin

196

13.8

2.3

Dalteparin

192

15.0

2.0

Warfarin

190

26.0

1.0

Dalteparin

496

10.7

2.8

Dalteparin

487

13.1

1.8

Warfarin

489

24.0

2.0

* Superscript numbers indicate chapter references.
† Serious bleeding.
‡ Clinically important plus minor bleeding for combined hip and knee replacement patients.

TABLE 149-3 -- Randomized Controlled Trials of Low-Molecular-Weight Heparin Prophylaxis vs. Warfarin for Deep Venous Thrombosis (DVT) after Total Knee Replacement: Total Rates of DVT and Major Bleeding

STUDY

63]

Hull et al[

65]

Leclerc et al[

66]

Heit et al[

NO. PATIENTS

TOTAL RATE OF DVT (%)

TOTAL RATE OF MAJOR
BLEEDING (%)

Tinzaparin

317

45.0

0.9

Warfarin

324

54.0

2.0

Enoxaparin

206

37.0

2.1

Warfarin

211

52.0

1.8

Ardeparin

232

*

TREATMENT

27.0

58]

Hamulyak et al[

24]

Fitzgerald et al[

Warfarin

222

38.0

Nadroparin

65

24.6

7.9

‡

4.4
1.5

§

Warfarin

61

37.7

2.3

Enoxaparin

173

38.0

5.2

Warfarin

176

59.0

2.3

* Superscript numbers indicate chapter references.
† Venogram on operated leg only
‡ Overt bleeding—total
§ Clinically important and minor bleeding for combined hip and knee replacement patients.

Low-Dose Unfractionated Heparin

†

17 18 19

The effectiveness of low-dose unfractionated heparin for preventing DVT after general surgery has been established by multiple randomized clinical trials.[ ] [ ] [ ] Low-dose subcutaneous heparin is usually given in a dose of 5000 units 2 hours
preoperatively and then every 8 or 12 hours postoperatively. Most of the patients in these trials underwent abdominothoracic surgery, particularly for gastrointestinal disease, but patients having gynecologic and urologic surgery as well as mastectomies and

17] [67] [68] [69] [70]

vascular procedures were also included. Pooled data from meta-analyses confirm that low-dose heparin significantly reduces the incidence of all DVT, proximal DVT, and all pulmonary emboli, including fatal pulmonary emboli.[

16]

An international multicenter trial also established the effectiveness of low-dose heparin for preventing fatal PE, a clinically and significantly striking reduction from 0.7% to 0.1% (P < .005).[

2164

The incidence of major bleeding complications is not raised by low-dose heparin, but there is an increase in minor wound hematomas. The platelet count should be monitored regularly in all patients taking low-dose heparin to detect the rare but significant
development of heparin-induced thrombocytopenia.
Intermittent Leg Compression

The use of intermittent pneumatic leg compression prevents venous thrombosis by enhancing blood flow in the deep veins of the legs, thereby avoiding venous stasis. It also raises blood fibrinolytic activity, which may contribute to its antithrombotic

77]
78 79 80
and in patients undergoing neurosurgery.[ ] [ ] [ ] In patients undergoing hip surgery, intermittent pneumatic compression of
[81] [82]

properties. Intermittent pneumatic leg compression is effective for preventing venous thrombosis after cardiac surgery[

the calf is effective for preventing calf vein thrombosis, but it is less effective against proximal vein thrombosis than warfarin sodium.

Intermittent pneumatic compression of the calf was found to decrease the rate of venous thrombosis after knee

[83] [84]

replacement.

Intermittent pneumatic compression is virtually free of clinically important side effects and offers a valuable alternative in patients who have a high risk of bleeding. It may produce discomfort in the occasional patient and should not be used in patients with
overt leg ischemia due to peripheral vascular disease. A variety of well-accepted, comfortable, and effective intermittent pneumatic devices are currently available that may be applied preoperatively, at the time of operation, or in the early postoperative period.
These devices should be used until the patient is fully ambulatory, with only temporary removal for nursing care or physiotherapy.

85] [86]

With a shortened hospital stay, use of intermittent pneumatic compression becomes of limited value. A greater problem, however, is one of compliance with the therapy.[

In addition to poor compliance, a study documented the fact that key outcome-

86]

related parameters such as the rate of pressure rise and the maximum pressure applied to various parts of the leg were less than anticipated most of the time in patients undergoing intermittent pneumatic compression after elective hip surgery.[
Disappointingly, an intensive nursing training program did not improve these outcomes.
Graduated-Compression Stockings

Graduated-compression stockings offer a simple, safe, and moderately effective form of thromboprophylaxis. It is by no means clear how graduated-compression stockings achieve a thromboprophylactic effect. It has been shown that they increase the velocity

87 88 89

of venous blood flow, so their use is recommended in patients at low risk for thromboembolism and as an adjunct in those with medium or high risk.[ ] [ ] [ ] The only major contraindication is peripheral vascular disease. The majority of studies in
patients undergoing general abdominal and gynecologic procedures have shown a reduction in the incidence of DVT with graduated-compression stockings. A comprehensive meta-analysis concluded that, in studies using objective methods, there was a highly

89

significant risk reduction— 68%—in patients at moderate risk of postoperative thromboembolism in whom the stockings were used.[ ] However, there is no conclusive evidence that graduated-compression stockings are effective in reducing the incidence
of fatal and nonfatal PEs. It is not known whether wearing graduated-compression stockings after hospital discharge is efficacious. Graduated-compression stockings may be useful in preventing the postphlebitic syndrome after an episode of proximal DVT

[90] and in reducing the likelihood of thrombosis during prolonged airline travel.[91]
Oral Anticoagulants

92

For prophylaxis, oral anticoagulants (coumarin derivatives) can be commenced preoperatively, at the time of surgery, or in the early postoperative period.[ ] Oral anticoagulant therapy commenced at the time of surgery or in the early postoperative period
may not prevent small venous thrombi from forming during or soon after surgery, because the antithrombotic effect is not achieved until the third or fourth postoperative day. However, oral anticoagulants are effective in inhibiting the extension of these
thrombi, thereby preventing clinically important venous thromboembolism.

22] [24] [58] [60] [61] [63]
82 93
and intermittent pneumatic compression,[ ] [ ] showing little or no difference in
[22]

A number of studies have compared the postoperative use of warfarin after total hip or total knee replacement surgery with that of LMWH[

the incidence of postoperative venous thrombosis or bleeding. Later studies using earlier intervention with LMWH, however, have demonstrated superior efficacy over the use of warfarin, closely controlled using a warfarin nomogram.

Another clinical

61
trial using clinical endpoints for venous thromboembolism demonstrated superior efficacy of LMWH although the majority of patients taking warfarin had an INR less than 2.[ ]
104]
reported that results of a regimen in which warfarin was initiated 7 to 10 days preoperatively to prolong prothrombin time (PT) 1.5 to 3.0 seconds, and then less intense warfarin therapy was started the night of surgery, were similar
[104]

Turpie and colleagues[

to those of a regimen in which warfarin was started the night before surgery.

94]
Compared with placebo, very low doses of oral anticoagulants (warfarin 1mg per day) decreased the postoperative thrombosis rate in patients undergoing
[96]

In patients with hip fractures, warfarin was more effective than either aspirin or placebo.[

95]

gynecologic surgery or major general surgery.[

Very low-dose warfarin, however, did not provide protection against DVT after hip or knee replacement.

Other Agents

97

Although meta-analyses indicate that aspirin decreases the frequency of venous thrombosis following general or orthopedic surgery, this reduction is significantly less than that obtained with other agents.[ ] Interest in the use of aspirin in patients with hip
fracture was fueled by the awareness that this agent significantly reduces the incidence of stroke and myocardial infarction in this patient population. The Pulmonary Embolism Prevention (PEP) trial compared aspirin and placebo in a large number of patients

98]

undergoing surgery for hip fracture.[

Although there was extensive contamination of results because of
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other prophylactic measures, the PEP trial showed a significant decrease in fatal PE with the use of aspirin, whereas the rates of fatal and nonfatal cardiovascular events and all-cause mortality were no different. Wound-related and gastrointestinal bleeding and

20

the need for blood transfusions were all significantly more frequent in the aspirin-treated patients. Aspirin cannot be recommended for the prevention of venous thrombosis in high-risk patients.[ ] Also, although intravenous dextran has been shown to be
effective in the prevention of venous thrombosis following major orthopedic surgery, it is cumbersome, expensive, and associated with significant side effects. It has, therefore, been replaced by other agents.
New Antithrombotic Agents

For many years, unfractionated heparin and warfarin were the only agents available for the prevention and treatment of thrombotic disorders. Then the LMWHs found their place in the physicians’ armamentarium. A plethora of new specific antithrombotic
agents have now been described, and a number have been used in phase 2 and phase 3 clinical trials. The most advanced of these agents are inhibitors of factor X, factor II (thrombin), or the factor VIIa–tissue factor complex. Heparin and LMWH can be made
available for absorption by the oral route, and a large phase 3 study has been completed comparing the efficacy and safety of oral heparin and LMWH in patients undergoing total hip replacement. Only the pentasaccharide fondaparinux (Arixtra) has been
approved for clinical use by the FDA. These agents and a number of other innovative antithrombotic agents are under extensive study for the prevention and treatment of both venous and arterial thrombotic disorders, and more information about them will
become available soon.
Fondaparinux is a highly selective factor X inhibitor with a high affinity for antithrombin. When fondaparinux binds to antithrombin, it induces a conformational change that markedly increases the rate of factor Xa inhibition. When antithrombin then binds to
activated factor X, the fondaparinux is released and thus continues the process. Inhibition of Xa leads to less generation of thrombin, but unlike other antithrombotic agents, fondaparinux does not inhibit other coagulation proteins or affect platelet function or
aggregation. Fondaparinux has a long half-life (17 hours), permitting once-daily dosing. This agent has the further advantage of being a wholly synthetic molecule, so it is not dependent on animal sources as the heparins are, and it does not produce heparinassociated antibodies. Of some concern is the fact that the antithrombotic activity of fondaparinux cannot be blocked by any of the known agents, and the FDA has mandated that caution be used in elderly patients, who may have decreased renal function,

99]

because of a concern about possible drug accumulation. It has been suggested that differences in efficacy and safety between Arixtra and the comparator may have been influenced by factors such as the timing of the first dose of the drug after surgery.[

100]

In a dose-finding study, fondaparinux was shown to have a highly reproducible and linear dose-dependent inhibition of thrombosis as well as to be associated with a dose-dependent increase in major bleeding episodes.[

Fondaparinux has been compared

100] [101] [102] [103] [104]
The fondaparinux protocol was the same in all four studies (i.e., 2.5 mg SC started 6 hours after the
with the LMWH enoxaparin in more than 7000 patients undergoing orthopedic procedures in four phase 3 clinical trials.[

operation, with the second injection 12 hours or longer after the first). Enoxaparin regimens were different. A 40-mg dose was started an average of 18 hours postoperatively in patients with hip fracture; a 30-mg twice-daily dose was started an average of 21
hours postoperatively in patients undergoing knee replacement; a 40-mg dose was started 12 hours preoperatively in the European hip replacement study; and a 30-mg twice-daily dose was started a mean of 13 hours postoperatively in the North American hip

101]

replacement study. In the hip fracture study, there was a significant decrease in both total and proximal DVT rates with fondaparinux with no difference in the major bleeding rates, although minor bleeding was increased with fondaparinux. [

In the knee

replacement study, there was a significant decrease in the total DVT rates with fondaparinux, although proximal DVT rates were similar; however, there was a significant increase in the rate of major bleeding, as indicated by the bleeding index, in the
fondaparinux group. In the European total hip replacement study, there were significant decreases in both total and proximal DVT rates in the fondaparinux group, whereas in the North American study, there was a significant difference in rates of
venographically proven distal DVT but not in rates of proximal DVT. In both studies, the bleeding index was similar in the two groups. When all studies were pooled, there was a significant decrease in both total and proximal DVT rates with fondaparinux but

105]

no difference in the incidence of symptomatic events.[

105]

The incidence of major bleeding was increased in the fondaparinux group.[

The specific direct thrombin inhibitors melagatran (subcutaneous form) and ximelagatran (oral form) have undergone extensive study. In the first study, subcutaneous melagatran in three doses was given twice daily for 2 days beginning immediately before

106

] The control agent was dalteparin, 5000 units, started the evening before
surgery, the second dose being on the evening of surgery; on day 3, oral ximelagatran in three different doses was started and was continued in a twice-daily fashion for 6 to 9 days.[
surgery and continued daily. Bilateral venography showed there was no difference in total or proximal DVT rates among the various groups. In the second study (METHRO II), a combination of subcutaneous melagatran, started immediately before surgery
107

] A highly significant doseand continued twice daily for 2 to 3 days in four dose levels, was followed by ximelagatran in four different doses given orally twice daily and compared with dalteparin, 5000 units, started the evening before surgery.[
dependent decrease in DVT rates was seen for both the patients undergoing total hip replacement and those having total knee replacement. Also, a dose-dependent decrease in rates of proximal DVT and PE was found in the total population. Total bleeding
rates were not significantly different in the treatment groups.
108

] Enoxaparin-treated patients had significantly fewer
In a phase 3 study in patients undergoing total hip replacement surgery, ximelagatran 24 mg twice daily was compared with enoxaparin 30 mg twice daily, both initiated the morning after surgery.[
events of venous thromboembolism (venographic and symptomatic venous thromboembolism) compared with the ximelagatran-treated patients. Bleeding rates were low and comparable between the groups. A study
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109]

comparing ximelagatran 24 mg twice daily with warfarin in patients undergoing total knee replacement surgery has recently been reported.[

When unfractionated heparin or LMWH is given orally, there is little evidence of absorption, in that there is little if any change in the levels of various coagulation factors, including factor Xa levels. However, if a carrier agent such as sodium N-[8-(2-hydroxy-

109] [110]

benzoyl) amino] caprylate (SNAC) is combined with unfractionated heparin, absorption is significantly greater than that of unfractionated heparin without the carrier.[

In a phase 2 study, SNAC heparin was shown to have a significant

[111]

A large international clinical trial has been carried out comparing a regimen comprising two doses of SNAC heparin started 6 hours postoperatively and given three times daily by mouth with
antithrombotic effect compared with subcutaneous LMWH.
enoxaparin, 30 mg twice daily, started 12 to 24 hours postoperatively. The results of this clinical trial will become available soon. The technology is also available for delivering LMWH by the oral route in either the liquid or the dry form. Therefore, in spite of
the development of a host of new oral antithrombotic agents, there may well be a role for oral heparin and oral LMWH in both prevention and treatment of thrombotic disorders, particularly in the out-of-hospital setting following discharge.
Specific Recommendations for Prophylaxis
The recommended primary prophylactic approach depends on the patient’s risk category and in surgical patients, the type of surgery. In assessing the literature relating to the prevention of venous thromboembolism, we have used the grades of evidence as

50]

defined by Guyatt and colleagues.[

They can be summarized as follows:

■ Level I: Randomized trials with low levels of false-positive (a) and false-negative (b) errors
■ Level II: Randomized trials with high levels of false-positive (a) and false-negative (b) errors
■ Level III: Nonrandomized concurrent cohort studies
■ Level IV: Nonrandomized historical cohort studies
■ Level V: Case series

20] [49]

Unless indicated, all recommendations in the following section are based on level I evidence.[
High Risk-Patients
Elective Hip Replacement

20] [49]

Several approaches to prophylaxis are effective in patients undergoing elective hip replacement. Subcutaneous LMWH given once or twice daily is effective and safe.[

Several such agents are approved for use in Europe and North America. At

present in North America, these agents are approved for postoperative use only. Prophylaxis with oral anticoagulant dosages adjusted to maintain an INR of 2.0 to 3.0 is effective and is associated with a low risk of bleeding. Other effective approaches are

20] [49]
However, rates of proximal venous thrombosis are higher for intermittent pneumatic compression than for high-risk doses of pharmacologic prophylaxis.

adjusted-dose subcutaneous unfractionated heparin and intermittent pneumatic compression.[
Elective Knee Replacement

20] [49]
Oral anticoagulants are less effective than LMWH, and intermittent pneumatic compression was shown in earlier studies to

The current prophylaxis of choice for elective knee replacement is LMWH given once or twice daily starting after operation.[
be an effective and useful alternative.
Hip Fractures

20] [50]

Two approaches to prophylaxis in hip fracture are available, oral anticoagulation (INR = 2.0 to 3.0) or fixed-dose subcutaneous LMWH started preoperatively.[
provide additional benefit in certain patients (not level I evidence).

The combined use of intermittent pneumatic compression with LMWH or warfarin may

Multiple Trauma

20 54

20

Multiple trauma represents a high risk for thrombosis. LMWH is the prophylaxis of choice.[ ] [ ] Intermittent pneumatic compression has been recommended, when feasible, because it has no risk for bleeding.[ ] Other alternatives are low-dose
unfractionated heparin or warfarin, based on extrapolation from other high-risk situations, such as hip fracture and hip replacement surgery. Insertion of an inferior vena cava filter has been recommended for very high-risk situations in which anticoagulants
may be contraindicated, but this recommendation is based on level V data.
Acute Spinal Cord Injury Associated with Paralysis

20 49

LMWH is the most effective prophylaxis.[ ] [ ] Adjusted-dose heparin has also been shown to be effective. Low-dose heparin and intermittent pneumatic compression are less effective. Combining intermittent pneumatic compression with LMWH or
adjusted-dose heparin may provide additional benefit, but this is not supported by data.
Moderate-Risk Patients
Neurosurgery

20] [49]

Patients undergoing neurosurgery should receive intermittent pneumatic compression. This approach may be used in conjunction with graduated-compression stockings. Low-dose heparin is an acceptable alternative.[
General Abdominal, Thoracic, or Gynecologic Surgery

20 49

In moderate-risk patients undergoing general abdominal, thoracic, or gynecologic surgery, the use of subcutaneous low-dose unfractionated heparin (5000 units every 8 or 12 hours) or subcutaneous LMWH is recommended.[ ] [ ] Subcutaneous LMWH is
as effective as subcutaneous heparin for prophylaxis and has the advantage of a once-daily injection. An alternative recommendation is the use of intermittent pneumatic compression until the patient is ambulatory. This method is indicated in patients at high
risk for bleeding. Pharmacologic methods may be combined with graduated-compression stockings in selected patients.
Low-Risk Patients

20] [49]
It is the clinical custom in some countries to use graduated-compression stockings, but this use is not based on

Apart from early ambulation, specific prophylaxis is usually not recommended for low-risk patients, except in certain circumstances.[
evidence from clinical trials.

Medical Patients
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Medical patients should be classified as having low, moderate, or high risk for venous thromboembolism according to the underlying medical condition and other co-morbid factors, such as immobility, previous DVT, and cancer. Low-risk patients should be

20] [49]

considered for graduated-compression stockings. For patients with myocardial infarction who have no other significant risk factors, anticoagulation with heparin or warfarin is recommended.[

In the presence of congestive heart failure, pulmonary

20 49 112]
20 50
For patients with ischemic stroke and lower limb paralysis, low-dose heparin or LMWH is recommended.[ ] [ ] Intermittent pneumatic compression may be
infection or pneumonia, either low-dose heparin or LMWH is recommended.[ ] [ ] [

used for high-risk patients who are at high risk of bleeding, although this is not based on clinical trial data.

In a multicenter study in acutely ill medical patients (including those with congestive heart failure, acute respiratory failure, and medical conditions associated with at least one additional risk factor for venous thromboembolism), LMWH (enoxaparin) 40 mg

113]
Prophylaxis was continued for 6 to 14 days. The observed benefit with the 40-mg dose was maintained at 3

daily was shown to significantly decrease the incidence of venographically demonstrated DVT compared with enoxaparin 20 mg and placebo.[
months. There was no difference in death rates or in the incidence of major bleeding.

A clinical trial is under way in high-risk medical patients to determine whether extended prophylaxis with enoxaparin out to day 38 is superior to initial prophylaxis for 9 to 14 days with an ultrasonographic endpoint. Similarly, another study has been

114]

completed but not yet reported that compared LMWH (dalteparin) for 14 days with a placebo in high-risk medical patients also with an ultrasonographic endpoint.[
in efficacy between unfractionated heparin and LMWH in high-risk medical patients.

At this time, there have been no studies that are adequately powered to show a difference

ANTICOAGULANT THERAPY FOR VENOUS THROMBOEMBOLISM
Anticoagulant drugs (heparin, LMWH, and warfarin) are the mainstay in the management of venous thromboembolism. The anti-Xa inhibitor fondaparinux (Arixtra) and the antithrombin agent ximelagatran (Exanta), which could be on the market, may
modify the current approach to treatment of VTE.
Objectives of treatment in patients with VTE are:
■ To prevent death from PE
■ To prevent recurrent VTE
■ To prevent the post-thrombotic syndrome

90]
Furthermore, the incidence of post-thrombotic syndrome has been diminishing, suggesting that the more efficient treatment

The use of graduated-compression stockings has been shown to significantly reduce the incidence of post-thrombotic syndrome.[
of VTE and the prevention of recurrent DVT are having a positive effect on this complication.

Heparin Therapy

115] [116] [117]

The anticoagulant activity of unfractionated heparin depends on a unique pentasaccharide which binds to antithrombin III (ATIII) and potentiates the inhibition of thrombin and activated factor X (Xa) by ATIII.[

About one third of all

115] [116] [117]
115] [116]
It is the pentasaccharide sequence that confers the molecular high affinity for ATIII.[
heparin molecules contain the unique pentasaccharide sequence, regardless of whether they are low- or high-molecular-weight fractions.[
[117]
[117]
In addition, heparin catalyzes the inactivation of thrombin by another plasma co-factor, cofactor II, which acts independently of ATIII.

Heparin has a number of other effects. They include the release of tissue factor pathway inhibitor, binding to numerous plasma and platelet proteins, endothelial cells, and leukocytes, suppression of platelet function, and an increase in vascular permeability.

[115] The anticoagulant response to a standard dose of heparin varies widely among patients. This variation makes it necessary to monitor the anticoagulant response to heparin, by either the activated partial thromboplastin time (aPTT) or heparin blood
[117]
levels and to titrate the dose in the individual patient.

The accepted anticoagulant therapy for VTE is a combination of continuous intravenous heparin and oral warfarin. The duration of initial intravenous heparin therapy has been reduced to 5 days, thus shortening the hospital stay and leading to significant cost

118] [119]

savings.[

The simultaneous use of initial heparin and warfarin has become clinical practice for all patients with venous thromboembolism who are medically stable. Exceptions are patients who require immediate medical or surgical intervention,

120]

such as in thrombolysis or insertion of a vena cava filter, and patients at very high risk of bleeding. Heparin is continued until the INR has been within the therapeutic range (2.0 to 3.0) for 2 consecutive days.[

121] [122] [123]

Experimental studies and clinical trials have established that the efficacy of heparin therapy depends on achievement of a critical therapeutic level of heparin within the first 24 hours of treatment.[

Data from three consecutive double-

blinded clinical trials indicate that failure to achieve the therapeutic aPTT threshold by 24 hours was associated with a 23.3% rate of subsequent recurrent venous thromboembolism, compared with a rate of 4% to 6% for patients in whom a therapeutic aPTT

122] [123]
122]
The recurrences occurred throughout the 3-month follow-up period and could not be attributed to inadequate oral anticoagulant therapy.[
The critical therapeutic level of heparin, as measured by the aPTT, is 1.5
[121] [122] [123]

was achieved at 24 hours.[

times the mean of the control value or the upper limit of the normal aPTT range.
assay.

This level corresponds to a heparin blood value of 0.2 to 0.4 U/mL on the protamine sulfate titration assay and to a value of 0.35 to 0.70 on the anti–factor Xa

117 124

][
] It is therefore vital for each laboratory to establish the minimal therapeutic level of
However, there is wide variability in the aPTT and in heparin blood levels measured with different reagents and even with different batches of the same reagent.[
heparin, as measured by the aPTT, that will provide a heparin blood level of at least 0.35 U/mL on the anti-factor Xa assay for each batch of thromboplastin reagent being used, particularly for reagents provided by
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TABLE 149-4 -- Heparin Protocol
1. Administer initial intravenous heparin bolus: 5000 U.
2. Administer continuous intravenous heparin infusion: commence at 42 mL/hr of 20,000 U (1680 U/hr) in 500 mL of two-thirds dextrose and one-third saline (a 24-hour heparin dose of 40,320 U), except in the following patients, in whom heparin infusion
is commenced at a rate of 31 mL/hr (1240 U/hr, a 24-hour dose of 29,760 U):
■ Patients who have undergone surgery within the previous 2 weeks.
■ Patients with a previous history of peptic ulcer disease or gastrointestinal or genitourinary bleeding.
■ Patients with recent stroke (i.e., thrombotic stroke within 2 weeks previously).
■ Patients with a platelet count < 150 × 109 /L.
■ Patients with miscellaneous reasons for a high risk of bleeding (e.g., hepatic failure, renal failure, or vitamin K deficiency)
3. Adjust heparin dose according to activated partial thromboplastin time (aPTT). The aPTT is measured in all patients as follows:
a. 4–6 hours after commencement of heparin; the heparin dose is then adjusted.
b. 4–6 hours after the first dosage adjustment.
c. Then, as indicated by the nomogram for the first 24 hours of therapy.
d. Thereafter, once daily, unless the aPTT value is subtherapeutic,

*

in which case the aPTT test is repeated 4–6 hours after the heparin dose is increased.

* Subtherapeutic = aPTT < 1.5 times the mean normal control value for the thromboplastin reagent being used.

117]

different manufacturers. [

122]

Although there is a strong correlation between subtherapeutic aPTT values and recurrent thromboembolism, the relationship between supratherapeutic aPTT values and bleeding (aPTT ratio 2.5 or more) is less definite.[

Indeed, bleeding during heparin

122]
Studies now confirm that body weight and age greater than 65 years are independent risk factors for bleeding in patients
therapy is more closely related to underlying clinical risk factors than to elevation of the aPTT above the therapeutic range.[
receiving heparin.
Numerous audits of heparin therapy indicate that administration of intravenous heparin is fraught with difficulty and that the clinical practice of using an ad hoc approach to heparin dose titration frequently results in inadequate therapy. The use of a

121] [123] [124]

prescriptive approach or protocol for administering intravenous heparin therapy has been evaluated in two prospective studies in patients with venous thromboembolism.[

119

] The heparin nomogram is summarized in Tables 149–4 and 149–5 . Only 1%
In one clinical trial for the treatment of DVT, patients were given either intravenous heparin alone followed by warfarin or intravenous heparin simultaneously with warfarin.[
of patients in the heparin group and 2% in the heparin and warfarin group were undertreated for more than 24 hours. Recurrent venous thromboembolism (objectively documented) occurred infrequently in both groups (7%), at rates similar to those previously
reported. These findings demonstrated that inadequate therapy was avoided in most patients and that the heparin protocol resulted in effective delivery of heparin therapy in both groups.
123

] Patients on the weight-adjusted heparin nomogram received a starting dose of 80 IU/kg as a bolus and 18 IU/kg/hr as an
In another clinical trial, a weight-based heparin dosage nomogram was compared with a standard care nomogram ( Table 149–6 ). [
infusion. The heparin dose was adjusted to maintain an aPTT of 1.5 to 2.3 times control. In the weight-adjusted group, 89% of patients achieved the therapeutic range within 24 hours, compared with 75% in the standard care group. The risk of recurrent VTE
was higher in the standard care group, supporting the previous observation that subtherapeutic heparin dosages during the initial 24 hours are associated with a higher incidence of recurrences. This study included patients with unstable angina and arterial
thromboembolism in addition to VTE, suggesting that the principles applied to a heparin nomogram for the treatment of venous thromboembolism may be generalizable to other clinical conditions. Continued use of the weight-based nomogram has been
similarly effective.
TABLE 149-5 -- Intravenous Heparin Dose Titration Nomogram According to Activated Partial Thromboplastin Time (aPTT)
aPTT (sec)

RATE CHANGE (mL/hr)

DOSE CHANGE (IU/24hr)

≤45

+6

46–54

+3

+ 2880

55–85

0

0

*

ADDITIONAL ACTION

+ 5760
Repeat aPTT

†

in 4–6 hr

Repeat aPTT in 4–6 hr
None

‡

86–110

−3

−2880

Stop heparin sodium treatment for 1hr; repeat aPTT 4–6 hr after restarting heparin treatment

>110

−6

−5760

Stop heparin treatment for 1 hr; repeat aPTT 4–6 hr after restarting heparin treatment

Adapted from Hull RD, Raskob GE, Rosenbloom D, et al: Optimal therapeutic level of heparin therapy in patients with venous thrombosis. Arch Intern Med 152:1589, 1992, with permission.

* Heparin sodium concentration 20,000 IU in 500 mL = 40 IU/mL.
† With the use of Actin-FS thromboplastin reagent (Dade, Mississauga, Ontario, Canada).
‡ During the first 24 hours, repeat aPTT in 4–6 hours. Thereafter, the aPTT is determined once daily, unless the value is subtherapeutic.
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TABLE 149-6 -- Weight-Based Nomogram for Initial Intravenous Heparin Therapy

*
DOSE (IU/kg)

Initial

80 bolus, then 18/hr

aPTT (sec):
<35 (<1.2×)

80 bolus, then 4/hr

35–45 (1.2–1.5×)

40 bolus, then 2/hr

46–70 (1.5–2.3×)

No change

71–90 (2.3–3.0×)

Decrease infusion rate by 2/hr

>90 (>3.0×)

Hold infusion 1hr, then decrease infusion rate by 3/hr

aPTT, activated partial thromboplastin time.

Adapted from Raschke RA, Reilly BM, Guidry JR, et al: The weight based heparin dosing nomogram compared with a ‘standard care’ nomogram. Ann Intern Med 119:874–881, 1993, with permission.

* Figures in parentheses show comparison with control.

Complications of Heparin Therapy

The main adverse effects of heparin therapy are bleeding, thrombocytopenia, and osteoporosis. Patients at particular risk are those who have experienced recent surgery or trauma and those with other clinical factors predisposing to bleeding with heparin

117]

therapy, such as peptic ulcer, occult malignancy, liver disease, hemostatic defects, weight, age more than 65 years, and female gender.[

The management of bleeding in patients on heparin therapy depends on the location and severity of bleeding, the risk of recurrent VTE, and the aPTT. Heparin should be discontinued temporarily or permanently. Patients with recent VTE may be candidates

117]

for insertion of an inferior vena cava filter. If urgent reversal of heparin effect is required, protamine sulfate can be administered.[

125 126 127 128

][
][
][
] usually occurring within 5 to 10 days after heparin treatment has started. Approximately 1% to 2% of patients receiving unfractionated
Heparin-induced thrombocytopenia is a well-recognized complication of heparin therapy,[
heparin experience a drop in platelet count to less than the normal range or a 50% fall in the platelet count within the normal range. In the majority of cases, this mild to moderate thrombocytopenia appears to be a direct effect of heparin on platelets and is of
126]

no consequence. However, approximately 0.1% to 0.2% of patients receiving heparin demonstrate an immune thrombocytopenia mediated by immunoglobulin G antibody directed against a complex of platelet factor 4 and heparin.[

128]

The development of thrombocytopenia may be accompanied by arterial thrombosis or DVT, which may lead to serious consequences, such as death and limb amputation.[
must be made on clinical grounds, because the assays with the highest sensitivity and specificity are not readily available and have a slow turnaround time for results.

The diagnosis of heparin-induced thrombocytopenia, with or without thrombosis,

125] [126] [127] [128]
In patients who need ongoing anticoagulation, several alternatives exist. The agents most extensively used

When the diagnosis of heparin-induced thrombocytopenia is made, heparin in all forms must be stopped immediately.[

127

128

128

] hirudin,[
] and the specific antithrombin argatroban. [
] Danaparoid is available for limited use on compassionate grounds, and hirudin and argatroban have now been approved for use in the United States and
include the heparinoid danaparoid,[
Canada. Warfarin may be used but should not be started until one of the previous agents has been used for 3 or 4 days to suppress thrombin generation. Insertion of an inferior vena cava filter is seldom indicated.
117]
Demineralization can progress to the fracture of vertebral bodies or long bones, and the defect may not be entirely

Osteoporosis has been reported in patients receiving unfractionated heparin in dosages of 20,000 U/day (or more) for more than 6 months.[

117]

reversible.[

Low-Molecular-Weight Heparin

Heparin currently in clinical use is polydispersed unmodified heparin, with a mean molecular weight ranging from 10 to 16 kD. Low-molecular-weight derivatives of commercial heparin, with a mean molecular weight of 4 to 5 kD, have now been prepared.

[129] [130]
129] [130]

The commercially available LMWHs are made by different processes (such as nitrous acid, alkaline, or enzymatic depolymerization) and differ chemically and pharmacokinetically.[

The clinical significance of these differences, however, is

130]
The doses of the various LMWHs have been established empirically and are not necessarily interchangeable. Therefore, at this time, the effectiveness
unclear, and there have been very few studies comparing LMWHs with respect to clinical outcomes.[
[130]

and safety of each of the LMWHs must be tested separately.

The LMWHs differ from unfractionated heparin in numerous ways. Of particular importance are greater bioavailability (>90% after subcutaneous injection), prolonged half-life, and predictable clearance, all of which enable once- or twice-daily injection, and

117 129 130

][
][
] Other possible advantages are the ability of LMWHs to inactivate platelet-bound factor Xa, their resistance to inhibition by
a predictable antithrombotic response based on body weight, permitting treatment without laboratory monitoring.[
platelet factor IV, and their decreased effect on platelet function and vascular permeability (possibly accounting for less hemorrhagic effects at comparable antithrombotic doses).
129] [130] [131]

It was hoped that the LMWHs would have fewer serious complications, such as bleeding, heparin-induced thrombocytopenia, and osteoporosis than unfractionated heparin.[

Evidence is accumulating that these complications are indeed less

serious and less frequent with the use of LMWH. LMWH has been approved for the prevention and treatment of venous thromboembolism in pregnancy. These drugs do not cross the placenta, and small case series suggest that they may be both effective and
safe. The LMWHs all cross-react with unfractionated heparin and therefore cannot be used as alternative therapy in patients who demonstrate heparin-induced thrombocytopenia. The heparinoid danaparoid, which possesses a 10% to 20% cross-reactivity with
heparin, can be safely used in patients who show no cross-reactivity.
Several different LMWHs are available for the prevention and treatment of VTE in various countries. Four LMWHs are approved for clinical use in Canada, and three LMWHs have been approved for use in the United States.
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TABLE 149-7 -- Predominantly Outpatient Treatment of Proximal Deep Venous Thrombosis (DVT) with Low-Molecular-Weight Heparin vs. Inpatient Treatment with Intravenous Heparin
STUDY

*

139]

Koopman et al[

140]

Levine et al[

141]

Columbus Study[

TREATMENT

RECURRENT DVT

MAJOR BLEEDING

Nadroparin

14/202 (6.9%)

1/202 (0.5%)

Heparin

17/198 (8.6%)

4/198 (2.0%)

Enoxaparin

13/247 (5.3%)

5/247 (2.0%)

Heparin

17/253 (6.7%)

3/253 (1.2%)

Reviparin

27/510 (5.3%)

16/510 (3.1%)

Heparin

24/511 (4.9%)

12/511 (2.3%)

* Superscript numbers indicate chapter references.

In a number of early clinical trials (some of which were dose-finding), LMWH given by subcutaneous or intravenous injection was compared with continuous intravenous unfractionated heparin with repeat venography at day 7–10 being the primary endpoint.

[117] These studies demonstrated that LMWH was at least as effective as unfractionated heparin in preventing extension or increasing resolution of thrombi on repeat venography.
132] [133] [134] [135] [136] [137] [139]

Subcutaneous unmonitored LMWH has been compared with continuous intravenous heparin in a number of clinical trials for the treatment of proximal DVT using long-term follow-up as an outcome measure.[

[140] [141] [142] These studies have shown that LMWH is at least as effective and safe as unfractionated heparin in the treatment of proximal DVT. Pooling of the most methodologically sound studies indicates a significant advantage for LMWH in the
[136]
[139] [140] [141]

reduction of major bleeding and mortality.

More recent studies have indicated that LMWH used predominantly out-of-hospital was as effective and safe as intravenous unfractionated heparin given in-hospital ( Table 149–7 ).

Two

138] [143]
Economic analysis of treatment with LMWH versus intravenous heparin demonstrated that LMWH was cost-effective for
clinical trials showed that LMWH was as effective as intravenous heparin in the treatment of patients presenting with PE.[
[143]
treatment in-hospital as well as out-of-hospital.

As these agents become more widely available for treatment, they have replaced intravenous unfractionated heparin in the initial management of patients with VTE.

144] [145] [146]
Although these studies differ in design and doses of LMWH, they do indicate that LMWH is a useful alternative to warfarin therapy,
Long-term LMWH has been compared with warfarin therapy in patients presenting with proximal DVT.[
particularly in patients who have recurrence of VTE while on therapeutic doses of warfarin (e.g., in the cancer population).

Coumarin Therapy
Pharmacokinetics and Pharmacodynamics of Warfarin

147

] The coumarin derivatives are the oral anticoagulants of choice because
There are two distinct chemical groups of oral anticoagulants, the 4-hydroxy coumarin derivatives (e.g., warfarin sodium) and the indane-1,3-dione derivatives (e.g., phenindione).[
they are associated with fewer nonhemorrhagic side effects than the indanedione derivatives. In North America, the most commonly used agent is coumarin (Coumadin), but various generic forms of warfarin sodium have also been introduced.

148]
Peak absorption occurs around 90 minutes, and the half-life is between 36 and 42 hours. Warfarin is highly protein bound (primarily to
[148]

Warfarin, a racemic mixture of stereoisomers (R and S forms), is highly water soluble and is highly bioavailable.[

Warfarin is
albumin), and only the non–protein-bound material is biologically active. Any drug or chemical that is also bound to albumin may displace warfarin from its protein binding sites and thereby increase the biologically active material.
metabolized in the liver by the p450 (CYP2C9) system of enzymes. Interference with the CYP2C9 enzymes by various drugs or a mutation in the gene coding for one of the common CYP2C9 enzymes can markedly interfere with the metabolism of warfarin.

[149]
146] [147] [148]

The anticoagulant effect of warfarin is mediated by the inhibition of the vitamin K–dependent gamma-carboxylation of coagulation factors II, VII, IX, and X.[

This results in the synthesis of immunologically detectable but biologically

148] [149]
150]
as well as of protein Z.[
Protein C circulates as a proenzyme that is activated on endothelial cells by the
inactive forms of these coagulation proteins. Warfarin also inhibits the vitamin K–dependent gamma-carboxylation of proteins C and S[
[151]
[152]

thrombin-thrombomodulin complex to form activated protein C.

Activated protein C in the presence of protein S inhibits activated factor VIII and activated factor V activity.

Therefore, vitamin K antagonists such as warfarin create a biochemical

152]

paradox by producing an anticoagulant effect owing to the inhibition of procoagulants (factors II, VII, IX, and X) and a potentially thrombogenic effect by impairing the synthesis of naturally occurring inhibitors of coagulation (proteins C and S).[
Heparin or LMWH and warfarin treatment should overlap by 4 to 5 days when warfarin treatment is initiated in patients with thrombotic disease. The role of protein Z in the coagulation process is less definite.

152

] During the first few days of warfarin therapy, the
The anticoagulant effect of warfarin is delayed until the normal clotting factors are cleared from the circulation, and the peak effect does not occur until 36 to 72 hours after its administration.[
prothrombin time (PT) reflects mainly the depression of factor VII, which has a half-life of 5 to 7 hours. Equilibrium levels of factors II, IX, and X are not reached until about 1 week after the initiation of therapy. The use of small initial daily doses (e.g., 5 mg)
153]

is the preferred approach to initiation of warfarin treatment.[

The dose-response relationship to warfarin therapy varies widely among individuals, and therefore the dose must be carefully monitored to prevent overdosing or underdosing.

A number of factors influence the anticoagulant response of warfarin in individual patients; they include inaccuracies in laboratory testing and noncompliance of patients, but more importantly reflect the influence of dietary changes or the influence of drugs
that interfere with the metabolism of warfarin. The availability of vitamin K can be influenced by dramatic changes in dietary intake or by drugs such as
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154]
A wide variety of drugs may interact with warfarin. However, a critical appraisal of the literature reporting such interactions indicates that the evidence substantiating

antibiotics, which interfere with the synthesis of vitamin K in the gastrointestinal tract.[

155

] Aspirin is particularly problematic because it (1) interferes with platelet function, (2) displaces warfarin from its protein binding, thus augmenting its biologic activities, and (3) as with the nonsteroidal anti-inflammatory
many of the claims is limited.[
drugs (NSAIDs), may cause gastric erosions, thus creating a site for bleeding. Nonetheless, in certain patients, the use of aspirin and warfarin is indicated to improve efficacy even though bleeding may be somewhat increased. It is important that patients be
warned against taking any new drugs without the knowledge of their attending physician, and it is prudent to monitor the INR more frequently when any drug (including natural compounds) is added to or withdrawn from the regimen of a patient being treated
with an oral anticoagulant.
Laboratory Monitoring and Therapeutic Range

The laboratory test most commonly used to measure the effects of warfarin is the one-stage PT measurement. The PT is sensitive to reduced activity of factors II, VII, and X but is insensitive to reduced activity of factor IX. Confusion about the appropriate

156] [157]

therapeutic range has occurred because the different tissue thromboplastins used for measuring the PT vary considerably in sensitivity to the vitamin K–dependent clotting factors and in response to warfarin.[

In order to promote standardization of the PT for monitoring oral anticoagulant therapy, the World Health Organization (WHO) developed an international reference thromboplastin from human brain tissue and recommended that the PT ratio be expressed as
the International Normalized Ratio, or INR. The INR is the PT ratio obtained by testing a given sample using the WHO reference thromboplastin. For practical clinical purposes, the INR for a given plasma sample is equivalent to the PT ratio obtained using a
standardized human brain thromboplastin known as the Manchester Comparative Reagent, which has been widely used in the United Kingdom. Thromboplastins with a high sensitivity are in current use. In fact, many centers have been using the recombinant
tissue factor, which has an International Sensitivity Index value 0.9 to 1.0, giving an INR equivalent to the prothrombin time ratio.
Warfarin is administered in an initial dose of 5 mg per day for the first 2 days, and the daily dose is then adjusted according to the INR. Heparin or LMWH therapy is discontinued on the fifth day after initiation of warfarin therapy, provided that the INR is

120]
Frequent INR determinations are required initially to establish therapeutic anticoagulation.

prolonged into the recommended therapeutic range (INR 2.0 to 3.0) for at least 2 consecutive days.[

Once the anticoagulant effect and patient’s warfarin dose requirements are stable, the INR should be monitored every 1 to 3 weeks throughout the course of warfarin therapy. However, if there are factors that may produce an unpredictable response to warfarin

147] [153]

(e.g., concomitant drug therapy), the INR should be monitored more frequently to minimize the risk of complications due to poor anticoagulant control.[

Adverse Effects of Oral Anticoagulants
Bleeding

158]

The major side effect of oral anticoagulant therapy is bleeding.[

158] [159] [160]

A number of risk factors have been identified that predispose to bleeding with oral anticoagulant therapy.[

The most important factor influencing bleeding risk is the

158] [159] [160] [161]
160]
Other factors are a history of bleeding, previous history of stroke or myocardial infarction, hypertension, renal failure, diabetes, and a decreased hematocrit.[
Efforts have been made to quantify the
intensity of the INR.[
159
159
[
]
[
]

Fihn and coworkers
reported that introduction of a multicomponent intervention combining patient education and alternative approaches to the maintenance of the INR resulted in a
bleeding risk according to these underlying clinical factors.
lower frequency of major bleeding in the patients in the intervention group. Furthermore, INR values in patients in the intervention group were within the therapeutic range significantly more often than values of patients in the standard care group.
In a retrospective cohort study of patients with an INR greater than 6.0, it was shown that a prolonged delay in the return of the INR to therapeutic range was seen in patients whose INR exceeded 4.0 after two doses of warfarin were withheld, patients with an

159]
Numerous randomized clinical trials have demonstrated that the rate of clinically important bleeding is lower when the

extreme elevation of the INR, and older patients, particularly those with decompensated congestive heart failure and active cancer.[

157] [161] [162]
There is a strong negative relationship between the percentage of time that patients have INR values within the targeted range and the

targeted INR is 2.0 to 3.0 and that bleeding increases exponentially when the INR rises above 4.5 or 5.0.[
rates of both bleeding and recurrent thrombosis.

163 164

][
] Many of these patients require long-term anticoagulants because of their underlying clinical conditions, which increase with age, but they are also more likely to have
Oral anticoagulant therapy in elderly patients presents further problems.[
underlying causes for bleeding, including the development of cancer, intestinal polyps, renal failure, and stroke, and they are more prone to falling. The daily requirements for warfarin to maintain the therapeutic INR also decreases with age, presumably owing
165]

to decreased clearance of the drug.[
INR is required.

Therefore, before initiation of oral anticoagulant treatment in elderly patients, the risk-to-benefit ratio of treatment must be considered. If such a patient is started on oral anticoagulant therapy, careful attention to the

163

] Compared with patients receiving oral anticoagulants who do not have cancer, patients with cancer have a higher incidence of both major and minor bleeding, and cessation
Patients with cancer are more likely to bleed with oral anticoagulant treatment.[
of anticoagulant therapy is more frequently due to bleeding. In one study, patients with cancer had a higher thrombotic complication rate and a higher bleeding rate regardless of the INR, whereas bleeding
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166]

in patients without cancer was seen only when the INR was greater than 4.5. Safer and more effective anticoagulant therapy is required for the treatment of VTE in patients with cancer.[
Management of Over-Anticoagulation

153

] Options available to the physician include temporary discontinuation of warfarin treatment, administration of vitamin K, and
The approach to the patient with an elevated INR depends on the extent of elevation of the INR and the clinical circumstances.[
administration of blood products, such as fresh-frozen plasma and prothrombin concentrate, to replace the vitamin K–dependent clotting factors. If the rise in INR is mild and the patient is not bleeding, no specific treatment is necessary other than reduction in
the warfarin dose. The INR can be expected to decrease during the next 24 hours with this approach.
153] [167] [168]

With more marked increase of the INR in patients who are not bleeding, treatment with small doses of vitamin K1 (e.g., 1 mg), given either orally or by subcutaneous injection, could be considered.[

167]

particularly in a patient who is either actively bleeding or at risk for bleeding, the coagulation defect should be corrected. Vitamin K can be given intravenously, subcutaneously, or orally.[

With very marked increase in the INR,

When possible, the oral route is preferred. If ongoing

166] [167]
anticoagulation with warfarin is planned, then repeated small doses of vitamin K should be given, so that there is no problem with warfarin resistance.[
147]
Intravenous administration of vitamin K1 should be performed with caution to avoid inducing an anaphylactoid reaction. The risk of

Reported side effects of vitamin K include flushing, dizziness, tachycardia, hypotension, dyspnea, and sweating.[

anaphylactoid reaction can be reduced by slow administration of vitamin K1 . In most patients, intravenous administration of vitamin K1 has a demonstrable effect on the INR within 6 to 8 hours and corrects the elevated INR within 12 to 24 hours. Because

the half-life of vitamin K1 is less than that of warfarin sodium, a second course of vitamin K1 may be necessary. If bleeding is very severe and life-threatening, vitamin K therapy can be supplemented with concentrates of factors II, VII, IX, and X.

When bleeding occurs in a patient receiving oral anticoagulants, it is important to consider the site of bleeding. Bleeding from the upper gastrointestinal tract is commonly seen in such patients, and the concomitant use of other medications is often a factor.

169]

Once the bleeding is controlled, the necessary investigations must be carried out to identify bleeding lesions in the gastrointestinal or genitourinary tract, which are often unsuspected.[
for the perioperative management of patients receiving oral anticoagulants.

170]

Johnsen and colleagues [

have reviewed the various protocols

Long-Term Treatment of Venous Thromboembolism

120] [171]
Warfarin therapy is highly effective and is preferred in most patients. Adjusted-dose subcutaneous heparin or LMWH is the treatment of
[171]

Patients with established DVT or PE require long-term anticoagulant therapy to prevent recurrent disease.[

In patients with proximal DVT, long-term therapy
choice when long-term oral anticoagulants are contraindicated, such as in pregnancy, and for the long-term treatment of patients in whom oral anticoagulant therapy proves to be very difficult to control.
with warfarin reduces the frequency of objectively documented recurrent VTE from 47% to 2%. The use of a less intense warfarin regimen (INR 2.0 to 3.0) markedly lowers the risk of bleeding, from 20% to 4%, without loss of effectiveness in comparison

157]

with more intense warfarin regimens.[

With the improved safety of oral anticoagulant therapy using a less intense warfarin regimen, interest in evaluating the long-term treatment of thrombotic disorders has been renewed.

Optimal Duration of Oral Anticoagulants After a First Episode of Venous Thromboembolism

It has been recommended that all patients with a first episode of VTE receive warfarin therapy for at least 3 to 6 months. Attempts to decrease the treatment to 4 weeks or 6 weeks resulted in higher rates of recurrent VTE in comparison with either 12 or 24

172] [173] [174]
Most of the recurrent thromboembolic events occurred in the 6 to 8 weeks immediately after anticoagulant treatment was stopped, and the incidence was higher
[175]

weeks of treatment (11% to 18% recurrent VTE in the following 1 to 2 years).[

in patients with continuing risk factors, such as cancer and immobilization.

Treatment with oral anticoagulants for 6 months reduced the incidence of recurrent thromboembolic events, but there was a cumulative incidence of recurrent events at 2 years

174]

(11%) and an ongoing risk of recurrent VTE of approximately 5% to 6% per year.[

175

] In a further
In patients with a first episode of idiopathic VTE treated with intravenous heparin followed by warfarin for three months, continuation of warfarin for 24 months led to a significant lower incidence of recurrent DVT compared with placebo.[
trial comparing 3 months and 12 months of oral anticoagulant therapy after the occurrence of a first episode of idiopathic proximal DVT, patients who were treated for only 3 months had a higher incidence of recurrence of VTE during the subsequent 12
176

] However, the cumulative hazard of recurrent VTE at 36 months was the same in the two groups. The incidence of recurrence after discontinuation of treatment was 5.1% per
months than patients who continued to receive anticoagulants for 12 months.[
patient-year in patients in whom oral anticoagulant therapy was discontinued after 3 months and 5.0% per patient-year in patients who received 12 months of oral anticoagulant therapy. The VTE recurred in the initially unaffected leg more than half the time,
176]

suggesting that the recurrences were related to a hypercoagulable state and that the duration of anticoagulant therapy did not influence the ultimate recurrence rate.[

177]
The continued risk of recurrent thromboembolism even with 12 months of treatment after a first episode of DVT

Venous thromboembolism should be considered a chronic disease with a continued risk of VTE often associated with minor provocation.[
has encouraged the

2173

development of clinical trials evaluating the effectiveness of long-term anticoagulant treatment (beyond 6 months). In one trial, patients with documented proximal DVT with or without the diagnosis of thrombophilia who had received adequate
anticoagulation were randomly assigned to receive either coumarin with a targeted INR of 1.5 to 2 or an identical placebo. This study showed that the lower-intensity warfarin regimen significantly decreased the incidence of recurrent VTE on follow-up with

178]
In another study, however, two regimens of warfarin therapy, one with a targeted INR of 1.5 to 2 and the other with a targeted INR of 2 to 3, were compared in similar patient populations. Results indicated that the usual
[179]

no added risk for major bleeding.[

INR of 2 to 3 resulted in a significantly lower incidence of recurrent VTE with no added risk for bleeding.

Therefore, at this time, there is no justification for the use of the less intense warfarin regimen.

Optimal Duration of Oral Anticoagulant Treatment in Patients with Recurrent Venous Thromboembolism

181

] randomly assigned patients with a first recurrent episode of VTE to receive either 6 months of oral anticoagulants or continuation of such therapy indefinitely, with a targeted INR of 2.0 to 2.85. The
In a multicenter clinical trial, Schulman and associates[
analysis was reported at 4 years. VTE recurred in 20.7% of patients receiving anticoagulants for 6 months but in only 2.6% of patients undergoing indefinite treatment (P < .001). However, the rates of major bleeding were 2.7% for 6 months of therapy and

8.6% for indefinite therapy. In the indefinite therapy group, two of the major hemorrhages were fatal, whereas there were no fatal hemorrhages in the 6-month therapy group. Extending the duration of oral anticoagulants for approximately 4 years significant
decreased the incidence of recurrent VTE, but with a higher incidence of major bleeding. Without a mortality difference, the risk of hemorrhage versus the benefit of decreased recurrent thromboembolism with the use of extended warfarin treatment remains
uncertain and requires further clinical trials.

120

] Oral anticoagulant therapy should be continued for at least 3 months to prolong the prothrombin time to a targeted INR of 2.5 (range, 2.0 to
The Sixth ACCP Consensus Conference on Antithrombotic Therapy yielded the following recommendations.[
3.0). Patients with reversible or time-limited risk factors can be treated for 3 to 6 months. Patients with a first episode of idiopathic VTE should be treated for at least 6 months. It should be noted that these recommendations antedated the results of the study by
177

] Patients with recurrent VTE or a continuing risk factor, such as cancer, antithrombin deficiency, or the antiphospholipid syndrome, should be treated indefinitely. Patients with activated protein C resistance (factor V Leiden
Agnelli and colleagues.[
mutation) should probably receive indefinite treatment if they have recurrent disease, are homozygous for the gene, or have multiple thrombophilic conditions. Accumulated evidence indicates that symptomatic isolated calf vein thrombosis should be treated
120]

with anticoagulants for at least 3 months.[

THROMBOLYTIC THERAPY FOR VENOUS THROMBOEMBOLISM
Several studies have demonstrated that the mortality from PE can be decreased by heparin. Treatment with intravenous heparin and oral anticoagulants reduces the mortality rate to less than 5%, which may be further lowered with the use of LMWH. In the

182]
However, patients who present with acute massive PE and hypotension have a mortality rate of

Prospective Investigation of Pulmonary Embolism Diagnosis (PIOPED), only 10 of 399 (2.5%) patients who had angiographically confirmed PE died.[
approximately 20%. For such patients, the appropriate use of thrombolytic agents has a role.

182 183 184 185 186 187

][
][
][
][
][
] Outcome measures for accelerated thrombolysis included quantitative measures on second pulmonary angiograms, quantitative scores on second
Several trials have compared thrombolytic drugs with heparin.[
pulmonary perfusion scans, and measures of pulmonary vascular resistance. Although all studies demonstrated superiority of thrombolysis (and in particular with tissue-type plasminogen activator [t-PA]) in radiographic and hemodynamic abnormalities
183]

within the first 24 hours, this advantage was short lived.[

186] [187]
In one study, the composite endpoint of death and recurrent PE was lower with the use of thrombolytic agents, but the risk of major bleeding was higher.
[186] [187] [188]

Two systematic reviews have compared thrombolytic therapy with heparin treatments.[

[186] Both of these studies indicated that until the proper randomized clinical trials have been carried out, thrombolytic therapy should be used only in patients with massive PE complicated by shock.

Two thrombolytic agents have been approved by the FDA for the treatment of acute PE. The dosage schedules are as follows:
■ Streptokinase, 250,000 units over 30 min, followed by 100,000 units h−1 for 24 hr
■ Recombinant tissue plasminogen activator (rt-PA), 100 mg administered over 2 hr.

Anticoagulation with heparin or LMWH is usually commenced when the aPTT is less than two times the control.

INFERIOR VENA CAVAL INTERRUPTION
Early approaches to inferior vena caval interruption included ligation or plication using external clips. Both procedures were accompanied by an operative mortality rate of 12% to 14%, a recurrent pulmonary emboli rate of 4% to 6%, and an occlusion rate of
67% to 69%. These complications gave rise to the development of catheter-inserted intraluminal filters. An ideal filter is one that is easily and safely placed percutaneously, is biocompatible and mechanically stable, is able to trap emboli without causing
occlusion of the vena cava, does not require anticoagulation, and is not ferromagnetic (i.e., does not cause artifacts on magnetic resonance imaging). Although there is as yet no ideal filter, several types are available; they
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are discussed in detail in Chapter 152 . They include the Greenfield stainless-steel filter, the titanium Greenfield filter, the bird’s nest filter, the Vena Tech filter, and the Simon-Nitinol filter. In experienced hands, these devices can be quickly and safely
inserted under fluoroscopic control. One filter (the Antheor TU 50–125 Medi-Tech, Boston Scientific Corp.) can be inserted temporarily in conjunction with thrombolytic therapy and then removed. The follow-up data available to date show that the Greenfield

189]

filter has had the best performance record, so any future comparative studies should use this filter as the standard.[

The main indications for vena caval filters are contraindications to anticoagulants, recurrent PE despite adequate anticoagulation, and for prophylactic placement in high-risk patients. In the last category are patients with cor pulmonale or a previous history of

PE who have been put in high-risk situations, such as acetabular fracture, and patients who have cancer. A more controversial indication for the prophylactic insertion of a filter is emergency surgery occurring within the first 4 weeks of the start of
anticoagulant therapy after thrombolytic therapy.

190]

In the past, the detection of a free-floating thrombus by ultrasonography examination has been regarded as an indication for either thrombectomy or insertion of an inferior vena cava filter.[

An important study compared the clinical outcomes of patients

191]
There was no difference in the incidence of PE or death between the two groups. The researchers concluded that the routine insertion of inferior vena cava filters in patients with
who did and did not have a free-floating thrombus in a proximal leg vein.[
free-floating thrombi cannot be supported. This statement is in keeping with an earlier observation that free-floating thrombi become attached to the vein wall rather than embolizing. In a further study, patients with proximal DVT were randomly assigned to

192]

receive either an inferior vena cava filter or anticoagulant treatment alone.[

All patients were treated with heparin followed by oral anticoagulant therapy for 3 months. At 10 days, there was a significant difference in incidence of PE, but no difference in

193]

mortality. Extended follow-up at 1 to 2 years showed a (nonsignificant) increase in the incidence of PE in the control group, but a higher incidence of recurrent DVT in the vena cava filter group and no difference in mortality.[

CONCLUSION
Over the past 20 years, a large number of trials have studied the diagnosis, prevention, and treatment of VTE. Clinical practice has dramatically changed in response. A number of studies are currently under way to explore new approaches to diagnosis and
treatment; they include the use of pretest clinical probabilities and the D-dimer assay, the role of spiral computed tomography, and determination of the optimal management using LMWH and newer anticoagulants such as pentasaccharide and specific
antithrombin agents. Longer duration of anticoagulant therapy with LMWH or warfarin is aimed at decreasing the rate of recurrent DVT and PE and decreasing the incidence of the post-thrombotic syndrome. The role of thrombolytic therapy in patients with
submassive or massive PE remains controversial, and further randomized clinical trials are needed.
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Chapter 150 - Catheter-Based Interventions for Acute Deep Venous Thrombosis

ANTHONY J. COMEROTA MD, FACS
ZAKARIA I. ASSI MD

BACKGROUND

1
Acute deep venous thrombosis (DVT) represents a disease spectrum ranging from asymptomatic calf vein thrombosis to the painful, blue, swollen limb of phlegmasia cerulea dolens resulting from extensive multisegment DVT.[ ] Although patient

2
presentation and extent of venous thrombosis vary considerably, treatment is usually uniform for all severities of disease, with anticoagulation being the mainstay.[ ]

3
4 5
Advances in anticoagulation have included low-molecular-weight heparins,[ ] observations that longer duration (indefinite) oral anticoagulation for patients with idiopathic venous thromboembolism is beneficial,[ ] [ ] and the development of

6
7
pentasaccharides[ ] and oral thrombin inhibitors.[ ] Investigation of oral thrombin inhibitors for the treatment of DVT continues, but they have not yet been approved for this indication.
2

Physicians have traditionally divided acute DVT into calf vein thrombosis (infrapopliteal) and proximal DVT (popliteal vein and above). In patients with isolated calf DVT, anticoagulation for 6 to 12 weeks is recommended.[ ] If anticoagulation cannot be
given, serial venous duplex ultrasonography examinations of the lower extremity should be performed during the ensuing 2 weeks to monitor whether proximal extension of the clot occurs. This recommendation is based on the results of a randomized trial

8
demonstrating a 29% incidence of recurrent venous thromboembolic complications in patients with isolated calf DVT who were not treated and no venous thromboembolic complications in patients who received anticoagulation for 3 months.[ ]
2

3

In all patients with proximal DVT, anticoagulation is recommended.[ ] Numerous randomized trials have shown that low-molecular-weight heparin is at least as effective as if not superior to unfractionated heparin.[ ] When this agent is given subcutaneously
on a weight-adjusted basis, blood test monitoring is not necessary. Patients can be treated as outpatients, thereby remaining ambulatory and facing a lower risk of heparin-induced thrombocytopenia. The important issue of proper duration of oral

4 5
anticoagulation is being clarified. Data have emerged from randomized trials that demonstrate superiority of indefinite oral anticoagulation after a first-time idiopathic venous thromboembolic event.[ ] [ ]
Unfortunately, most physicians treat all cases of proximal DVT the same. Often, there is no differentiation of patients with iliofemoral DVT from those with infrainguinal DVT, and little or no attention is given to treatment options that reduce or eliminate

9 10 11
thrombus burden. This approach results in needlessly high post-thrombotic morbidity in patients with iliofemoral DVT. A number of investigators have documented the virulence of the post-thrombotic sequelae in this relevant subset of patients.[ ] [ ] [ ]

9
Akesson and colleagues[ ] have shown that 95% of patients with iliofemoral DVT treated with anticoagulation alone have ambulatory venous
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hypertension at 5 years, and 90% suffer symptoms of chronic venous insufficiency. During this relatively short follow-up, 15% of the patients in their study already had venous ulceration, and another 15% had the debilitating symptom of venous claudication.

POST-THROMBOTIC CHRONIC VENOUS INSUFFICIENCY

12

The underlying pathophysiology of the post-thrombotic syndrome is ambulatory venous hypertension.[ ] During exercise (walking), the venous pressure in the lower extremity should drop to less than 50% of the standing venous pressure. In patients with
the post-thrombotic syndrome, the ambulatory pressure drops very little, and in those with persistent proximal venous occlusion, the ambulatory pressures may rise above the standing pressure, leading to symptoms of venous claudication. The pathologic

13]
14
and Johnson and coworkers[ ] have confirmed that after acute DVT, patients with combined obstruction and valvular

components of ambulatory venous hypertension are venous obstruction and venous valve incompetence. Shull and associates[
incompetence suffer the most severe post-thrombotic morbidity.

Technology has advanced to the level at which assessment of venous valvular function is accurate. The timing of valve closure can be measured to small fractions of a second. However, relative venous obstruction is not reliably quantified with standard

15

technology. The use of intravascular ultrasonography appears to be helpful in evaluating the anatomy of proximal venous obstructive lesions.[ ] Physiologic testing has not kept pace with similar advances in other areas of the vascular tree. Paradoxically,
vascular laboratories have traditionally tested the hemodynamics of venous obstruction with patients in the resting supine position and their legs elevated. This is the standard position to measure maximal venous outflow. However, the pathophysiology of
chronic venous disease is defined in the upright, exercising patient. Phlebograms of post-thrombotic recanalized veins frequently document “patency,” and noninvasive studies may show normal maximal venous outflow values, giving the mistaken impression
that venous obstruction contributes little to post-thrombotic morbidity.

This problem is clearly illustrated by the patient represented in Figure 150–1 , who had a post-thrombotic venous ulcer and underwent a classic Linton procedure. Noninvasive testing showed the patient to have valvular incompetence but a normal 3-second
maximal venous outflow. An ascending phlebogram was officially interpreted as “the classic tree barking appearance of chronic venous disease. However, there is no evidence of venous obstruction.” The day after the noninvasive evaluation and ascending
phlebogram, the patient underwent surgery. As part of the procedure, the femoral vein was ligated just below its junction with the profunda femoris vein. A cross-section of the divided femoral vein is shown in Figure 150–1 , along with the corresponding level
of the ascending phlebogram. The vein demonstrates multiple recanalization channels of the previously thrombosed vein. Although patency was

Figure 150-1 The ascending phlebogram of a patient with the post-thrombotic syndrome 10 years after acute iliac and femoral deep venous thrombosis shows the classic “tree barking” appearance of chronic venous disease with recanalization of the previously
thrombosed vein. The formal radiographic report indicated “no obstruction” of the deep venous system. An impedance plethysmography performed the morning of the phlebography demonstrated a normal 3-second maximal venous outflow. The cross-section
of the femoral vein at the point of ligation and division during a classic Linton procedure shows multiple recanalization channels and significant luminal obstruction. Although substantially contributing to ambulatory venous hypertension in the exercising
patient, this marked extent of obstruction was not detected by reduced venous outflow with the leg in a resting and elevated position.

TABLE 150-1 -- Results of Catheter-Directed Thrombolysis with Urokinase in Three Contemporary Series: Efficacy and Complications

27]
(n = 77)

BJARNASON et al[

28]

MEWISSEN, et al[

(n = 287)

*
29]

COMEROTA et al[

Efficacy:
Initial success (%):

79

83

84

Iliac

63

64

78

Femoral

40

47

—

Iliac

63

64

78

Femoral

40

47

—

With stent

54

74

89

Without stent

75

53

71

Major bleed

5

11

9

Intracranial bleed

0

<1

0

Pulmonary embolism

1

1

0

Fatal pulmonary embolism

0

0.2

0

Death secondary to lysis

0

0.4

0

Primary patency rate at 1 yr (%):

Iliac stent: patency rate at 1yr (%):

Complication rate (%):

* Superscript numbers indicate chapter references.

(n = 58)
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Figure 150-2 A, Initial phlebogram of patient with extensive iliofemoral deep vein thrombosis presenting with a swollen, painful left leg. B, Intrathrombus catheter positioned via ultrasonography-guided popliteal vein access. Urokinase was infused at 160,000
IU/hr diluted in 80 mL of saline (2,000 IU/mL). C, The patient had a good clinical and phlebographic result after catheter-directed urokinase infusion. D, After 36 hours, the thrombus was resolved, uncovering a stenosis of the left common iliac vein. E and F,
After balloon angioplasty and stenting with a 14-mm Wallstent, the patient has unobstructed venous drainage into the vena cava. She remained asymptomatic and had normal valve function 1 year after treatment.

TABLE 150-2 -- Quality-of-Life Outcome at 16 Months After Treatment of Iliofemoral Deep Venous Thrombosis: Successful Lysis vs. Anticoagulation
SUCCESSFUL LYSIS (n = 43)

ANTICOAGULATION (n = 30)

PVALUE

Health Utilities Index

0.83

0.74

.032

Role functioning physical

75.68

58.59

.013

Treatment satisfaction

86.59

81.72

.490

Stigma

85.98

71.32

.033

Health distress

82.48

64.11

.007

Overall symptoms

78.55

55.56

<.001

From Comerota AJ, Thromb RC, Mathias S, et al: Catheter-directed thrombolysis for iliofemoral deep venous thrombosis improves health-related quality of life. J Vasc Surg 32:130–137, 2000.
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Figure 150-3 Algorithm for the contemporary treatment of iliofemoral deep venous thrombosis.

Figure 150-4 The potential value of intravascular ultrasonography is illustrated in this patient whose phlebogram (A) shows obstruction (compression) of the left common iliac vein by the right common iliac artery (open arrow). B, Intravascular
ultrasonogram proximal to the area of compression shows the vein lumen (v) and collateral vein (cv). At the point of maximal compression (C) the vein lumen is obliterated.

Figure 150-6 A, Phlebogram of femoral vein following catheter-directed infusion of recombinant tissue-type plasminogen activator (rt-PA) (110 mg) and rheolytic thrombectomy with the AngioJet catheter. A chronic thrombus remains attached to the femoral
vein wall, causing stenosis. B, Phlebogram after thrombectomy with the Fino catheter. C, Iliocavogram of the same patient showing chronic thrombus at the level of the caval bifurcation and proximal left common iliac vein after catheter-directed use of rt-PA
(110 mg) and rheolytic thrombectomy. D, Phlebogram of the vena caval bifurcation after extraction of the chronic thrombus with the Fino catheter.

REFERENCES

1. Comerota AJ: Venous thromboembolism. In Rutherford RB (ed): Vascular Surgery, 4th ed. Philadelphia, WB Saunders, 1995, pp 1785 1814.

2187

2. Hyers TM, Agnelli G, Hull RD, et al: Antithrombotic therapy for venous thromboembolic disease. Sixth ACCP Consensus Conference on Antithrombotic Therapy. Chest 119(Suppl):176S-193S, 2001.
3. Lensing AWA, Prins MH, Davidson BL, et al: Treatment of deep venous thrombosis with low molecular weight heparins: A meta-analysis. Arch Intern Med 155:601–607, 1995.
4. Ridker PM, Goldhaber SZ, Danielson E, et al: Long-term, low-intensity warfarin therapy for the prevention of recurrent venous thromboembolism. N Engl J Med 348:1425–1434, 2003.
5. Kearon C, Ginsberg JS, Kovacs MJ, et al: Comparison of low-intensity warfarin therapy with conventional-intensity warfarin therapy for long-term prevention of recurrent venous thromboembolism. N Engl J
Med 349:631–639, 2003.

6. Turpie AG, Bauer KA, Eriksson BI, Lassen MR: Fondaparinux vs enoxaparin for the prevention of venous thromboembolism in major orthopedic surgery: A meta-analysis of 4 randomized double-blind studies.
Arch Intern Med 162:1833–1840, 2002.

7. Heit JA, Colwell CWJ, Francis CW, et al: Comparison of the oral direct thrombin inhibitor with enoxaparin as prophylaxis against venous thromboembolism after total knee replacement: A phase 2 dose-finding
study. Arch Intern Med 161:2215–2222, 2001.

8. Lagerstedt CI, Olsson CG, Fagher BO, et al: Need for long term anticoagulant treatment in symptomatic calf-vein thrombosis. Lancet 2:515–518, 1985.
9. Akesson H, Brudin L, Dahlstron JA, et al: Venous function assessed during a 5-year period after acute ilio-femoral venous thrombosis treated with anticoagulation. Eur J Vasc Surg 4:43–48, 1990.
10. O’Donnell TF, Browse NL, Burnand KG, et al: The socioeconomic effects of an iliofemoral venous thrombosis. J Surg Res 22:483–488, 1977.
11. Hill SL, Martin D, Evans P: Massive vein thrombosis of the extremities. Am J Surg 158:131–135, 1989.
12. Nicolaides AN, Schull K, Fernandes E, et al: Ambulatory venous pressures: New information. In Nicolaides AN, Yao JST (eds): Investigation of Vascular Disorders. New York, Churchill Livingstone, 1981, pp
488–494.

13. Shull KC, Nicolaides AN, Fernandes E, et al: Significance of popliteal reflux in relation to ambulatory venous pressure and ulceration. Arch Surg 114:1304–1306, 1979.
14. Johnson BF, Manzo RA, Bergelin RO, et al: Relationship between changes in the deep venous system and the development of the postthrombotic syndrome after an acute episode of lower limb deep vein
thrombosis: A one-to-six year follow-up. J Vasc Surg 21:307–313, 1995.

15. Cho JS, Martelli E, Mozes G, et al: Acute effects of thrombolysis and thrombectomy on valvular competence, thrombogenicity, morphology and function of canine veins. J Vasc Surg 28:787–799, 1998.
16. Rhodes JM, Cho JS, Gloviczki P, et al: Thrombolysis for experimental deep venous thrombosis maintains valvular competence and vasoreactivity. J Vasc Surg 31:1193–1205, 2000.
17. Killewich LA, Bedford GE, Beach KW, et al: Spontaneous lysis of deep venous thrombi: Rate and outcome. J Vasc Surg 9:89–97, 1989.
18. Markel A, Manzo R, Bergelin R, et al: Valvular reflux after deep vein thrombosis: Incidence and time of occurrence. J Vasc Surg 15:377–384, 1992.
19. Meissner MH, Manzo RA, Bergelin RO, et al: Deep venous insufficiency: The relationship between lysis and subsequent reflux. J Vasc Surg 18:596–605, 1993.
20. Caps MT, Manzo RA, Bergelin RO, et al: Venous valvular reflux in veins not involved at the time of acute deep vein thrombosis. J Vasc Surg 22:524–531, 1995.

21. Comerota AJ, Aldridge SA: Thrombolytic therapy for acute deep vein thrombosis. Semin Vasc Surg 5:76–84, 1992.
22. Goldhaber SZ, Buring JE, Lipnick RJ, et al: Pooled analysis of randomized trials of streptokinase and heparin in phlebographically documented acute DVT. Am J Med 76:393–397, 1984.
23. Plate G, Einarsson E, Ohlin P, et al: Thrombectomy with temporary arteriovenous fistula: The treatment of choice in acute iliofemoral venous thrombosis. J Vasc Surg 1:867–876, 1984.
24. Plate G, Akesson H, Einarsson E, et al: Long-term results of venous thrombectomy combined with a temporary arterio-venous fistula. Eur J Vasc Surg 4:483–489, 1990.
25. Plate G, Eklof B, Norgren L, et al: Venous thrombectomy for iliofemoral vein thrombosis: 10-year results of a prospective randomized study. Eur J Vasc Endovasc Surg 14:367–374, 1997.
26. Alkjaersig N, Fletcher AP, Sherry S: The mechanism of clot dissolution by plasmin. J Clin Invest 38:1086, 1959.
27. Bjarnason H, Kruse JR, Asinger DA, et al: Iliofemoral deep venous thrombosis: Safety and efficacy outcome during 5 years of catheter-directed thrombolytic therapy. J Vasc Interv Radiol 8:405–418, 1997.
28. Mewissen MW, Seabrook GR, Meissner MH, et al: Catheter-directed thrombolysis for lower extremity deep venous thrombosis: Report of a national multicenter registry. Radiology 211:39–49, 1999.
29. Comerota AJ, Kagan SA: Catheter-directed thrombolysis for the treatment of acute iliofemoral deep venous thrombosis. Phlebology 15:149–155, 2001.
30. Verhaeghe R, Stockx L, Lacroix H, et al: Catheter-directed lysis of iliofemoral vein thrombosis. Eur Radiol 7:996–1001, 1977.
31. Shortell CK, Queiroz R, Johansson M, et al: Safety and efficacy of limited-dose tissue plasminogen activator in acute vascular occlusion. J Vasc Surg 34:854–859, 2001.
32. Chang R, Cannon RO, Chen CC, et al: Daily catheter-directed single dosing of t-PA in treatment of acute deep venous thrombosis of the lower extremity. J Vasc Interv Radiol 12:247–252, 2001.
33. Castaneda F, Li R, Young K, et al: Catheter-directed thrombolysis in deep venous thrombosis with use of Reteplase: Immediate results and complications from a pilot study. J Vasc Interv Radiol 13:577–580,
2002.

34. Mathias SD, Prebil LA, Patterman CG, et al: A health related quality-of-life measure in patients with deep vein thrombosis: A validation study. Drug Info J 33:1173–1187, 1999.
35. Comerota AJ, Thromb RC, Mathias S, et al: Catheter-directed thrombolysis for iliofemoral deep venous thrombosis improves health-related quality of life. J Vasc Surg 32:130–137, 2000.
36. Forauer AR, Gemmete GG, Dasika NL, et al: Intravascular ultrasound in the diagnosis and treatment of iliac vein compression (May-Thurner) syndrome. J Vasc Interv Radiol 13:523–527, 2002.
37. Delomez M, Bereji J, Willoteau S, et al: Mechanical thrombectomy in patients with deep venous thrombosis. Cardiovasc Interv Radiol 24:42–48, 2001.
38. Ulfacker R: Mechanical thrombectomy in acute and subacute thrombosis with the use of Amplatz device: Arterial and venous applications. J Vasc Interv Radiol 8:923–932, 1997.
39. Kasirajan K, Gray B, Ouriel K: Percutaneous AngioJet thrombectomy in the management of extensive deep venous thrombosis. J Vasc Interv Radiol 12:179–185, 2001.
40. Kinney TB, Valji K, Rose SC, et al: Pulmonary embolism from pulse-spray pharmacomechanical thrombolysis of clotted hemodialysis grafts: Urokinase versus heparinized saline. J Vasc Interv Radiol 11:1143–
1152, 2000.

41. Greenberg RK, Ouriel K, Srivastava S, et al: Mechanical versus chemical thrombolysis: An in vitro differentiation of thrombolytic mechanisms. J Vasc Interv Radiol 11:199–205, 2000.
42. Vendantham S, Vesely TM, Parti N, et al: Lower extremity venous thrombolysis with adjunctive mechanical thrombectomy. J Vasc Interv Radiol 13:1001–1008, 2002.

2188

Chapter 151 - Surgical Thrombectomy for Acute Deep Venous Thrombosis

BO EKLOF MD, PHD

ROBERT B. RUTHERFORD MD, FACS, FRCS(GLASG)

The options for early removal of an acute thrombus in the iliofemoral veins are as follows:
■ Catheter-directed thrombolysis (CDT)
■ A combination of percutaneous mechanical “thrombectomy” (PMT), using one of a number of mechanical devices, with or without thrombolysis (PMT ± CDT)
■ Open surgical thrombectomy
Chapter 150 addresses the first two options. In this chapter, the technique and results of thrombectomy are presented. We propose that if catheter-based interventions fail or are contraindicated, surgical thrombectomy is a valid alternative, primarily in patients
with acute iliofemoral vein thrombosis (IFVT).

RATIONALE FOR EARLY THROMBUS REMOVAL
When deep venous thrombosis (DVT) occurs, the goals of therapy are (1) to prevent the extension or recurrence of DVT, (2) to prevent pulmonary embolism (PE), and (3) to minimize the early and late sequelae of DVT. Antithrombotic therapy can
accomplish the first two goals (see Chapter 149 ), but it contributes little or nothing to the third. In patients with massive iliofemoral DVT, progressive swelling of the leg can lead to a condition known as phlegmasia cerulea dolens (literally, painful blue
swelling) and to increased compartmental pressure, which can progress to venous gangrene and, occasionally, to limb loss. Later, the development of severe post-thrombotic syndrome (PTS) can result from persistent obstruction of the venous outflow, loss of
valvular competence, or both, and pulmonary embolism can lead to chronic pulmonary hypertension.
Most clinicians seem to focus on the initial results of the treatment, that is, preventing PE, the propagation of the thrombus, or DVT recurrence. Randomized clinical trials published in the literature brought evidence that antithrombotic therapy, particularly
low-molecular-weight heparin (LMWH), can achieve these goals. This issue is amply reviewed in Chapter 149 , and it is not our intention to refute it. However, there is a lack of appreciation that the endpoint in these randomized clinical trials has not been
prevention of post-thrombotic sequelae. Furthermore, there is apparently also a lack of appreciation of how different the natural history of IFVT is from that of more distal DVT as well as a lack of understanding of the different pathophysiologic changes that
occur with time after DVT, and of their relative contribution to the pathogenesis and severity of the PTS. These aspects are reviewed in detail in this chapter, to provide a selective basis for the decision to opt for early thrombus removal.
Pathophysiologic Changes Associated with Deep Venous Thrombosis
For details on the pathophysiology and natural history of acute DVT, the readers are referred to Chapter 147 . For the reader to understand the rationale for early thrombectomy, however, we must review some of the changes associated with DVT. On the basis
of the presence or absence of residual venous disease after DVT, patients can be assigned into four groups: those with normal veins and complete recovery (neither residual obstruction nor valvular incompetence), those with residual obstruction, those with

1

valvular incompetence, and those with both outflow obstruction and valvular incompetence. Noninvasive testing has shown that less than 20% of those with documented DVT recover completely and have neither significant obstruction nor reflux.[ ] In a 5year follow-up of 20 patients treated with anticoagulation alone in a Swedish prospective, randomized study of patients with acute IFVT, there was residual iliac vein obstruction in 70% of patients, and valvular incompetence and muscle pump dysfunction

2
developed in all patients, creating severe venous hypertension and PTS.[ ] However, the overall outcome of DVT, in terms of disturbed venous physiology, depends to a great extent on the location of the thrombosed segments and the extent of involvement—
that is, of single or multiple segments.
The location relates to the likelihood of recanalization of the thrombosed segment, which decreases as one moves proximally in the lower extremity. Venographic studies, which were commonly performed only in the 1950s and 1960s, showed that close to

3
4
95% of popliteal or tibial thromboses completely recanalize[ ] and that at least 50% of femoral venous thromboses recanalize.[ ] In contrast, the minority of iliofemoral thromboses (less than 20%) completely recanalize and result in a normal, unobstructed
5
lumen.[ ] However, although only 20% of the iliac vein segments involved in IFVT completely recanalize, another
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60% partly recanalize or at least develop adequate collateral vessels so that they do not test positive for obstruction on noninvasive study. Thus, in reality, only about 20% have occlusion significant enough to produce symptoms detectable on noninvasive
physiologic testing, if time (3–6 months) is allowed for complete resolution. Nevertheless, a significant degree of obstruction persists for these 3 to 6 months in the majority of patients with iliofemoral venous thrombosis.
What is not well appreciated is that proximal obstruction, even if it is ultimately relieved by partial recanalization or collateral development, can lead to progressive breakdown of distal valves, resulting in reflux. This issue is important, because if the distal

6
venous valves (and particularly those in the popliteal vein) remain competent, the post-thrombotic sequelae are relatively modest and controllable by conservative measures.[ ] The severity of post-thrombotic sequelae correlates with the level of ambulatory

7
venous pressure (AVP), as shown by Nicolaides and associates.[ ] It is impressive how steadily the frequency of ulceration climbs with rising levels of AVP. This observation suggests that anything that significantly lowers AVP will reduce the severity of the
8

post-thrombotic sequelae, and vice versa. Nicolaides and Sumner[ ] have also shown that the highest levels of AVP are found in patients with both obstruction and reflux. These two observations underscore a major point to be made in regard to the disturbed
pathophysiology associated with iliofemoral venous thrombosis and the pathogenesis of post-thrombotic sequelae. Obstruction alone rarely causes venous claudication, usually resulting in increased swelling with activity. Valvular incompetence alone causes
most of the “stasis sequelae” (pigmentation, lipodermatosclerosis and ulceration), but these too can be managed, in the compliant patient, with elastic stockings and elevation. However, patients with both obstruction and valvular incompetence have severe
post-thrombotic sequelae, so severe that conservative management is difficult even in compliant patients.
The importance of the proximal obstruction for the development of distal valvular incompetence has been carefully studied by Strandness and his group ( Chapter 147 ). In a series of articles, they have shown the following:
■ From 20% to 50% of initially uninvolved distal veins became incompetent by 2 years
■ The combination of reflux and obstruction, as opposed to either alone, correlated with the severity of symptoms, which were present in 55% of symptomatic patients
■ 25% of all venous segments developed reflux in time; 32% of these segments were documented to not have been previously involved with thrombosis
■ In a study of the posterior tibial veins located below a popliteal segment involved with thrombosis, 55% of the distal veins became incompetent if the segment remained obstructed, compared with 7.5% of those below a popliteal vein that
recanalized
These changes in the distal veins occur early enough that they cannot be blamed on proximal valvular reflux, although it also comes into play with time. Thus, it would appear that the early relief of obstructing thrombus by thrombolysis or thrombectomy
should prevent more extensive post-thrombotic sequelae if only by protecting the distal veins against progressive valvular incompetence. This point has not been well recognized, not only in terms of basic pathogenesis but also in judging the results of
thrombolysis and thrombectomy; critics of these procedures have largely ignored the restoration of proximal patency while focusing on the presence or absence of valve reflux.

9
New data published on the inflammatory response to DVT underscore the importance of early thrombus removal. Downing and colleagues[ ] in Ann Arbor have shown that the leukocyte adhesion molecule P-selectin activates the leukocytes emigrating into
10]
from Stanford showed, in another experimental model, that if the thrombus is removed early, the inflammatory changes are reversible.

the venous wall, creating an inflammation that destroys the venous wall and the valves. See-Tho and Harris[

Finally, although modern venous reconstructive valvuloplasty can achieve good long-term results in primary venous disease with severe reflux, the results of vein segment transfer and autologous vein transplantation in secondary (i.e., post-thrombotic) venous

11

disease are much less promising.[ ] Therefore, there are less suitable late interventions for the venous derangements typically seen in patients with severe PTS. The common mistake is for clinicians to treat all patients with DVT with anticoagulation alone,
and belatedly refer those who complain of severe pain and swelling during follow-up for consideration of thrombolysis or thrombectomy—too late for them to achieve the goals of such procedures. The conclusions from this and all the other studies cited here
are clear: Early removal of the thrombus conveys significant benefits, and the earlier the removal, the better the outcome.

DIAGNOSIS
Whether DVT is suspected on the basis of pain, discoloration, or swelling of one leg or during the search for a source for PE, the diagnosis can be confirmed by duplex scanning using color-flow imaging (fully discussed in Chapter 148 ). Clinical signs are
more likely to be present in proximal DVT—in other words, IFVT—but there may be no apparent swelling in patients confined to bed rest, and the first signs may be those of PE (pleuritic chest pain, shortness of breath, hemoptysis; see also Chapter 152 ).
Duplex scanning should evaluate not only the femoral and popliteal veins but the iliac and calf veins as well; otherwise, 30% of DVTs will be missed. Venography is mainly used now when catheter-directed interventions or surgical thrombectomy is indicated,
to guide and monitor the procedure. Standard ascending venography using foot vein injection may miss isolated iliac vein thrombosis unless an adequate load of contrast agent is infused (see Chapter 19 ). In cases of IFVT with extension into the iliac vein
without visualization of the upper end of the thrombus, a femoral venogram from the contralateral side is performed to visualize the inferior vena cava and determine the upper extent of thrombus extension.

TREATMENT
The treatment of patients with DVT until recently consisted of in-hospital bed rest with leg elevation and anticoagulation using intravenous unfractionated heparin for at least 5 days,
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accompanied by oral warfarin, which was started simultaneously and continued for at least 3 months. This therapy has shifted now from the use of unfractionated heparin to injections of LMWH without monitoring; instead, a weight-determined dosage is
administered mostly on an outpatient basis. The U.S. Food and Drug Administration (FDA) approved this treatment for DVT in 1999. The rationale and effectiveness of this new approach are well discussed in Chapter 149 . One potentially serious
consequence of this trend is that the evidence of its cost-effectiveness may lull clinicians into the convenient practice of treating all patients with DVT in this manner, so that the outpatient treatment of DVT may circumvent the opportunity to apply thrombusremoving interventions to appropriately selected patients who have IFVT.

INDICATIONS FOR INTERVENTION
Early thrombus removal has clear benefit in two categories of patients with IFVT falling at the two ends of the clinical spectrum—active healthy patients with good longevity, to prevent or mitigate potentially severe late post-thrombotic sequelae, and patients
with massive swelling and phlegmasia cerulea dolens, to mitigate early morbidity and prevent progression to venous gangrene. Older patients with significant intercurrent disease and serious co-morbidities, who are unlikely to be active and live a long life, and
patients with distal (popliteal or calf vein) thrombosis should be treated with anticoagulant therapy. Late post-thrombotic sequelae are not likely to be an issue with them. Even these patients, however, if faced with the threat of venous gangrene, may merit an
attempt at prompt thrombus removal.
In terms of the choice of the method of thrombus removal, catheter-directed techniques are appropriate for achieving the first goal, by removing obstructing thrombus and thereby preserving valve function, although the latter result has been presumed rather
than proved. These techniques and their results are fully discussed in Chapter 150 . In the patients identified as having indications for intervention, however, if catheter access cannot be achieved, thrombus removal or dissolution is unsuccessful or does not
progress satisfactorily, or concomitant anticoagulation is contraindicated (e.g., IFVT in young peripartum women, and certain postoperative or trauma patients), surgical thrombectomy is an appropriate choice ( Fig. 151–1 ).

SURGICAL THROMBECTOMY
Historical Background

12

The history of venous thrombectomy in the United States is quite interesting and reveals misconceptions that underscore its current infrequent use. John Homans,[ ] an advocate for division of the femoral vein to prevent PE, first suggested thrombectomy in
a paper entitled “Exploration and Division of the Femoral and Iliac Veins in the Treatment of Thrombophlebitis of the Leg,” which he presented at the New England Surgical Society in 1940. Homans discussed indications for thrombectomy with or without
ligation of the femoral vein, the technique, the complications, and the importance to prevent reflux.

13

However, the modern era of thrombectomy in the United States started in 1954, with Howard Mahorner’s[ ] paper, “New Management for Thrombosis of Deep Veins of Extremities,” in which he advocated thrombectomy followed by restoration of vein
lumen and regional heparinization. He presented 6 patients of whom 5 had an excellent result, with rapid disappearance of leg swelling, very little late morbidity, and minimal leg edema. There was no PE prior or subsequent to surgery. He claimed that this

Figure 151-1 An algorithm summarizing the application of either thrombectomy or catheter-directed thrombolysis to selected patients with iliofemoral venous thrombosis, as discussed in the text.

TABLE 151-1 -- Iliofemoral Venous Thrombectomy in the United States Before Lansing and Davis (1968)
PERIOPERATIVE
MORTALITY
STUDY (YEAR)

14]

(1957)

19]

(1960)

Mahorner et al[
DeWeese et al[

15]

Haller and Abrams[

(1963)

*

NO. PATIENTS

No. (%)

NO. FATAL
PULMONARY
EMBOLISMS

14

1 (7)

0

39

85

11

3 (27)

1

—

75

†

3 (9)

0

58

84

‡

3 (27)

2

50

13

29

4 (14)

1

64

80

16

3 (19)

1

62

100

48

9 (19)

0

—

82

34
11

20]

DeWeese[

CLINICAL SUCCESS (%)

(1964)

21]

Bradham and Buxton[

22]

Kaiser et al[

POSTOPERATIVE
VENOGRAPHY (%)

(1965)

(1964)

23]

Hafner et al[

24]

Smith[

(1965)

25]

—

86

18

1 (6)

1

24

82

31

0 (0)

0

55

89

10

——

—

80

—

16

0 (0)

0

—

42

36

1 (3)

1

31

39

323

29 (9)

8

—

71

POSTOPERATIVE
VENOGRAPHY (%)

CLINICAL SUCCESS (%)

(1966)

18]

Karp and Wylie[

26]

1

§

(1965)

Fogarty et al[

Britt[

1 (2)

49

(1966)

(1966)

27]

Wilson and Britt[

(1967)

Total

From Eklof B, Kistner RL: Is there a role for thrombectomy in iliofemoral venous thrombosis? Semin Vasc Surg 9:34–45, 1996.
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TABLE 151-2 -- Iliofemoral Venous Thrombectomy in the United States After Lansing and Davis (1968)
PERIOPERATIVE
MORTALITY
STUDY (YEAR)

28]

Harris and Brown[

29]

Mahorner[

31]

Stephens[

No. (%)

17

0 (0)

0

100

88

93

6 (6)

1

+

83

70

12 (17)

1

29

76

58

1 (2)

0

+

80

16

0 (0)

0

−

75

77

0 (0)

0

74

86

(1968)

(1969)

17]

Edwards et al[

NO. PATIENTS

(1969)

30]

Barner et al[

*

NO. FATAL
PULMONARY
EMBOLISMS

(1970)

(1976)

32]

Kistner and Sparkuhl[

(1979)

From Eklof B, Kistner RL: Is there a role for thrombectomy in iliofemoral venous thrombosis? Semin Vasc Surg 9:34–45, 1996.

* Superscript numbers indicate chapter references.

Surgical Technique

33]
Surgery today is performed under general anesthesia, with positive end-expiratory pressure at 10 cm H2 O added during manipulation of the thrombus to prevent PE. The

The first thrombectomy for IFVT was performed by Läwen of Germany in 1937.[

skin of the involved leg, contralateral groin, and abdomen is prepared for surgery. A longitudinal incision is made in the groin to expose the great saphenous vein (GSV), which is followed to its confluence with the common femoral vein (CFV), which in turn
is dissected up to the inguinal ligament. The superficial femoral artery is dissected 3 to 4 cm below the femoral bifurcation for construction of an arteriovenous fistula (AVF).

In primary IFVT, in which the thrombus originates in the iliac vein and subsequently progresses distally, a longitudinal venotomy is made in the CFV, and a venous Fogarty thrombectomy catheter is passed upward through the thrombus into the inferior vena
cava (IVC). The balloon is inflated and withdrawn, these maneuvers being repeated until no more thrombotic material can be extracted. With the balloon left inflated in the common iliac vein, a suction catheter is introduced to the level of the internal iliac vein
to evacuate thrombi from this vein. Backflow is not a reliable sign of thrombus clearance, because a proximal valve in the external iliac vein may be present in 25% of cases, preventing retrograde flow in a cleared vein. On the other hand, backflow from the
internal iliac vein and its tributaries can be excellent despite a remaining occlusion of the common iliac vein. Therefore, an intraoperative completion venogram is mandatory. An alternative is the use of an angioscope, which enables removal of residual
thrombus material under direct vision. In cases of early IFVT, the distal thrombus is usually readily extruded through the venotomy by means of manual massage of the leg distally, starting at the foot. The Fogarty venous catheter, with soft flexible tip, can
sometimes be advanced in retrograde fashion without significant trauma. The aim is to remove all fresh thrombi from the leg. The venotomy is closed with continuous suture, and an AVF is created with the saphenous vein, which is anastomosed end-to-side to
the superficial femoral artery ( Fig. 151–2 ). An intraoperative venogram is performed through a catheter inserted in a branch of the AVF. After a satisfactory completion venogram, the wound is closed in layers without drainage. Intraoperative blood salvage
with rapid retransfusion has been very helpful to decrease blood loss during the operation.

In IFVT secondary to ascending thrombosis from the calf, the thrombus in the femoral vein may be old and adherent to the venous wall. The chance of preserving valve function has been already lost, and the opportunity to restore patency significantly
diminished. A femoral segment without functioning valves leads in time to distal valve dysfunction, much as does failure to achieve proximal patency. However, a patent iliac venous outflow plus a competent profunda collateral system usually achieves
normal venous function. Therefore, if iliac patency is established but the thrombus in the femoral vein is too old to remove, it is preferable to ligate the femoral vein. If normal flow cannot be re-established in the femoral vein, we recommend extending the
incision distally and exploring the orifices of the deep femoral branches. These are isolated, and venous flow is restored with a small Fogarty catheter. The femoral vein is then ligated distal to the profunda branches. In a 13-year follow-up after femoral vein

34

ligation in this setting, Masuda and colleagues[ ] found excellent clinical and physiologic results without PTS. Finally, if the completion venogram shows evidence of iliac vein compression, which can occur in about 50% of cases of left-sided IFVT, we
recommend intraoperative iliac angioplasty and stenting.
If phlegmasia cerulea dolens is the indication for intervention, because of the threat of impending venous gangrene, we start the operation with fasciotomy of the calf compartments in order to release the pressure and improve the circulation immediately.
If there is extension of the thrombus into the IVC, the vena cava is approached transperitoneally through a subcostal incision. The IVC is exposed by medial deflection of the ascending colon and duodenum. Depending on the venographic findings relative to
the top of the thrombus, the IVC is controlled, usually just below the renal veins. The IVC is opened, and the thrombus is removed by massage, especially of the iliac venous system. Then, if the femoral segment is involved, the operation is continued in the
groin as previously described. When laparotomy is contraindicated in patients in poor condition, a vena cava filter of the
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Figure 151-2 After complete thrombectomy, an arteriovenous fistula is constructed using the proximal 10 cm of the great saphenous vein, which is divided and anastomosed end-to-side to the superficial femoral artery. (From Eklof B: Arteriovenous fistulas as
an adjunct to venous surgery. Semin Vasc Surg 13:20, 2000.)

Figure 151-3 Before closure of the arteriovenous fistula at 6 weeks, an arteriovenogram is performed, in which the femoral artery on the contralateral side is catheterized to the level of the arteriovenous fistula. (From Eklof B: Arteriovenous fistulas as an
adjunct to venous surgery. Semin Vasc Surg 13:20, 2000.)

Figure 151-4 An arteriovenogram shows the arteriovenous fistula (arrow) with normal morphology of the iliac vein and distal inferior vena cava. (From Eklof B: Arteriovenous fistulas as an adjunct to venous surgery. Semin Vasc Surg 13:20, 2000.)

Figure 151-5 If the proximal venous system is patent without signs of stenosis or occlusion, the arteriovenous fistula is occluded using coils (arrow), with a second arteriogram to confirm closure. (From Eklof B: Arteriovenous fistulas as an adjunct to venous
surgery. Semin Vasc Surg 13:20, 2000.)

TABLE 151-3 -- Thrombectomy with Temporary Arteriovenous Fistula: Early Iliac Vein Patency
STUDY (YEAR)

39]

(1982)

38]

(1984)

Delin et al[
Plate et al[

40]

Piquet et al[

42]

Juhan et al[

NO. PATIENTS

PATENT ILIAC VEIN (%)

13

85

31

87

92

80

51

88

42

93

(1985)

41]

Einarsson et al[

*

(1986)

(1987)

43]

Vollmar and Hutschenreiter[

44]

Kniemeyer et al[

45]

Neglén et al[

93

82

185

96

48

89

555

88

(1989)

(1990)

(1991)

Total
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39] [40] [41] [42] [43] [44] [45]

the iliac vein.[ ] This low rate of early rethrombosis for thrombectomy with use of a temporary AVF is corroborated by a series of 555 patients showing 12% rethrombosis ( Table 151–3 ).[
protocol to avoid this complication are as follows:

Important aspects of the

■ Rarely operating in patients whose symptoms of iliac obstruction began more than 7 days previously
■ Use of a Fogarty catheter to clear the external and common iliac vein with special attention to the internal iliac vein
■ Direct caval approach when the IVC is involved
■ Intraoperative venography or venoscopy to demonstrate clearance of the iliac vein
■ Liberal indications for and early performance of decompressive leg fasciotomy in patients with phlegmasia cerulea dolens
■ Use of a temporary AVF
■ Early ambulation with the patient wearing compression stockings
■ Carefully monitored postoperative administration of anticoagulants

Postoperative bleeding with hematoma formation in the groin was not uncommon in the Swedish series (Eklof and his group), despite drainage of the wound, because full anticoagulation with heparin was continued for 5 days after operation. To avoid
compression of the vein with risk of thrombosis and infection, the hematomas should be evacuated.

Early rethrombosis was previously common, but with the use of the temporary AVF, the rate is now 12%. If there is an immediate reocclusion of the iliac vein, a re-exploration with a second thrombectomy is performed. In selected cases in which iliac outflow
patency cannot be restored, angioplasty and stenting or a femorofemoral crossover bypass graft is considered to prevent retrograde formation of thrombus and subsequent valve incompetence.

Venous gangrene is very rare and, in most cases, due to underlying malignancy. With liberal indications for fasciotomy in phlegmasia cerulea dolens, it can be prevented.
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TABLE 151-4 -- Thrombectomy with Temporary Arteriovenous Fistula: Clinical Results
STUDY (YEAR)

46]

Poilleux et al[

38]

Plate et al[

*

NO. PATIENTS

FOLLOW-UP (mo)

CLINICAL SUCCESS (%)

27

—

78

31

6

42

82

51

51

55

10

75

(1975)

(1984)

40]

Piquet et al[

(1985)

41]

Einarsson et al[

(1986)

42]

Juhan et al[

36

12–48

93

17

91

88

100

12

64

147

43

51

19

60

37

25

20

68

112

36

59

37

24

83

63

66

43

†

44

60

82

†

16

120

81

(1987)

47]

(1989)

48]

(1989)

Gänger et al[
Winter et al[

44]

Kniemeyer et al[

49]

Plate et al[

(1990)

(1990)

50]

Rasmussen et al[

51]

Loeprecht et al[

45]

Neglén et al[

(1991)

(1991)

52]

Törngren et al[

(1990)

(1991)

53]

(1997)

53]

(1997)

Juhan et al[
Juhan et al[
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Groin infection was common until they (Eklof’s group) improved preoperative hygiene and added prophylactic antibiotics. Lymphorrhea is still seen but it usually stops after 2 to 3 weeks. In two elderly patients in the Swedish series, previously known to have
compromised cardiac function, the AVF caused high-output cardiac failure, which responded immediately to closure of the fistula. There has been some concern that the AVF might increase venous pressure and produce limb swelling. We found no increase in
iliac vein pressure without residual outflow obstruction. This finding stresses the importance of ensuring unobstructed proximal venous outflow.
“Late” Results

46] [53]

There are few studies on “long-term” results after thrombectomy with AVF. There are eight studies of clinical results in 521 patients with more than 2 years of follow-up in which “clinical success” is claimed in 62% of cases ( Table 151–4 ). [

Five

54] [55]
Five studies of femoropopliteal valvular competence in 259 patients with more than 2 years of follow-up

studies of iliac vein patency in 247 patients with more than 2 years of follow-up show an 82% patency rate (range, 77% to 88%; Table 151–5 ).[

56]

report a 60% competency rate (range 36% to 84%; Table 151–6 ).[

In a prospective, randomized study from Sweden comparing thrombectomy plus AVF with conservative treatment using anticoagulation alone, a highly significant difference in the number of asymptomatic patients after 6 months was found, with 42% in the

39] [49] [57]

surgical group versus 7% in the conservatively treated group.[

At 5 years, 37% of the operated patients were asymptomatic, compared with 18% of the conservatively treated group. At 10 years,

TABLE 151-5 -- Thrombectomy with Temporary Arteriovenous Fistula: “Long-Term” Iliac Vein Patency
STUDY (YEAR)

38]

Plate et al[

*

NO. PATIENTS
31

(1984)

FOLLOW-UP (mo)
6

PATENT ILIAC VEIN (%)
76

40]

Piquet et al[

41]

Einarsson et al[

54]

Vollmar[

57

39

80

58

10

61

93

53

82

36

12–48

93

54

19

54

19

60

77

24

20

75

34

24

88

†

44

60

84

†

16

120

80

(1985)
(1986)

(1986)

42]

Juhan et al[

(1987)

55]

Törngren et al[

49]

Plate et al[

(1988)

(1990)

50]

Rasmussen et al[

45]

Neglén et al[

(1990)

(1991)

53]

(1997)

53]

(1997)

Juhan et al[
Juhan et al[
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54% of patients in the surgical group were basically asymptomatic (CEAP classifications 0 to 2) compared with 23% in the conservative treatment group; however, the difference was not statistically significant with so few patients with this late follow-up.
Rate of iliac vein patency at 6 months was 76% in the surgical group compared with 35% in the conservative treatment group, as demonstrated on venography. This significant difference was upheld after 5 and 10 years, with 77% and 77% patency in the
surgical group, respectively, compared with 30% and 47% in the conservative group, respectively. The rate of femoropopliteal valvular competence at 6 months was 52% in the surgical group compared with 26% in the conservatively treated group, as
monitored by descending venography with
TABLE 151-6 -- Thrombectomy with Temporary Arteriovenous Fistula: “Long-Term” Competence of the Femoropopliteal Vein
STUDY (YEAR)

38]

Plate et al[

41]

47]

Gänger et al[

COMPETENCE (%)

31

6

52

53

10

42

17

91

82

147

43

44

14

60

36

37

24

56

37

55

84

44

60

84

(1989)

44]

(1990)

(1990)

45]

Neglén et al[

(1991)

56]

Kniemeyer et al[

53]

Juhan et al[

FOLLOW-UP (mo)

(1986)

Kniemeyer et al[

49]

NO. PATIENTS

(1984)

Einarsson et al[

Plate et al[

*

(1992)

(1997)

†

53]

Juhan et al[

(1997)

16

†

120

56
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Valsalva maneuver; a statistically significant difference. After 5 years, the patients who underwent thrombectomy had significantly lower AVPs, improved venous emptying (as shown on plethysmography), and a better calf pump function with less reflux, as
measured by foot volumetry. Combining the results of all functional tests shows that 36% of the surgical patients had normal venous function, compared with 11% of the conservatively treated group. These differences were not statistically significant owing to
loss of patients to follow-up. At 10 years, duplex scanning found popliteal reflux in 32% in the surgical group compared with 67% in the conservative treatment group. Six patients who had a successful thrombectomy 10 years before, without obstruction of
the iliac vein (May-Thurner) at the time of surgery, were all asymptomatic with patent iliac veins, and 50% had competent popliteal veins.

SUMMARY
Prompt early removal of the thrombus is indicated to avoid the late PTS in active patients with acute IFVT. The first line of treatment is CDT, or PMT plus CDT, with or without adjunct procedures such as angioplasty and stenting. When there are
contraindications to or failure to achieve catheter access or adequate lysis with these techniques, thrombectomy with a temporary AVF is an appropriate alternative in patients qualifying for intervention in the first place—that is, active, healthy patients with
reasonable longevity and short duration of IFVT. These interventions are not justified in chronically ill, bedridden, high-risk, or aged patients or in those with serious intercurrent disease or limited life expectancy, except when performed for limb salvage in
patients with phlegmasia cerulea dolens in whom elevation and anticoagulation do not prevent the development of an acute compartment syndrome and progression to venous gangrene.
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Chapter 152 - Vena Caval Interruption Procedures
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HISTORICAL PERSPECTIVE
John Hunter performed the first femoral vein ligation for thrombophlebitis in 1784. However, not until 1893 did Bottini report successful ligation of the inferior vena cava (IVC) to prevent pulmonary embolism (PE). In the United States, venous ligation was
also the earliest surgical technique used. Bilateral common femoral vein ligation was undertaken first as suggested by Homans, but an unacceptable incidence of recurrent PE and lower extremity venous stasis sequelae led to abandonment of the procedure.
Ligation of the infrarenal inferior vena cava provided theoretical control of the final common path to the pulmonary circulation for most emboli and was commonly performed until the late 1960s. However, high postoperative mortality, recurrent PE, and
adverse lower extremity sequelae were unacceptable outcomes.

1

2

Nasbeth and Moran[ ] and Amador and coworkers[ ] reported mortality rates after IVC ligation of 19% and 39%, respectively; rates were highest in patients with underlying cardiac disease (41% and 19%, respectively). Among patients who had normal
cardiac function and who were classified as good preoperative risks, an operative mortality rate of 4% was still observed; cited causes included recurrent PE arising at the site of caval ligation and phlegmasia cerulea dolens. In follow-up studies, Ferris and

3
colleagues[ ] found recurrent PE in 3 of 20 patients within 2 months of vena caval ligation. Although thrombus can form above the ligation, large ovarian and ascending lumbar venous collateral vessels were the probable conduits for
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TABLE 152-1 -- Indications for Insertion of a Vena Caval Filter
Absolute indications

Deep venous thrombosis or documented thromboembolism in a patient who has a contraindication to anticoagulation
Recurrent thromboembolism despite adequate anticoagulation
Complications of anticoagulation that have forced therapy to be discontinued
Immediately after pulmonary embolectomy
Failure of another form of caval interruption, demonstrated by recurrent thromboembolism

Relative indications

A large free-floating iliofemoral thrombus demonstrated on venography in a high-risk patient
A propagating iliofemoral thrombus despite adequate anticoagulation
Septic pulmonary embolism
Chronic pulmonary embolism in a patient with pulmonary hypertension and cor pulmonale
A patient who has occlusion of more than 50% of the pulmonary vascular bed and would not tolerate any additional thrombus
Severe ataxia and risk of falling

1
emboli from lower extremity sources, because acute thrombi were present below the ligation site in 40% to 50% of cases. Lower extremity sequelae in the series reported by Nasbeth and Moran[ ] included leg edema (40%), development of new varicose
veins (20%), stasis pigmentation (18%), leg discomfort (14%), disabling venous claudication (14%), and ulceration (6%).

4
Later data have also suggested an underappreciation of cardiac output limitation after vena caval ligation in patients without preexisting heart disease. Miller and Staats,[ ] in an exercise and gas exchange study of such patients, found significant impairment
of cardiac output secondary to inadequate venous return.

Against this background, the first techniques to provide filtration of emboli without vena caval occlusion evolved. For more than a decade, vena caval suture, staple plication, and externally applied clip devices were used to provide a limited orifice flow

5 6 7
through the IVC.[ ] [ ] [ ] These techniques added the morbidity of general anesthesia and laparotomy. Although IVC clips are still being applied at the time of surgery in some instances, there is considerably less morbidity if an intracaval filter is placed

8 9 10
preoperatively. Despite promising early patency data, high rates of caval occlusion with external devices were noted after a relatively short follow-up.[ ] [ ] [ ]

The development of transvenous approaches with the use of local anesthesia was the next logical step. The earliest transvenous approaches demonstrated the ease of access to the vena cava with local anesthesia and fluoroscopy. Although various devices were
developed, the Mobin-Uddin umbrella became the most popular because it could be readily positioned below the renal veins. However, its use was found to cause a high rate of subsequent vena caval thrombosis and was associated with additional

11]
It was withdrawn from the market, and a new generation of devices was developed to facilitate placement, achieve reliable capture of thromboemboli, and

complications of proximal thrombus formation and occasional migration into the pulmonary artery.[
maintain long-term caval patency.

INDICATIONS FOR VENA CAVAL FILTER PLACEMENT
Currently accepted indications for insertion of an inferior vena caval filter are (1) documented deep venous thrombosis (DVT) or PE in a patient with a recognized contraindication to anticoagulation, (2) recurrent PE and DVT despite adequate anticoagulation,
(3) bleeding complications requiring that anticoagulation therapy for DVT or PE be discontinued, (4) for prevention of further PE after pulmonary embolectomy, and (5) failure of another form of caval interruption as demonstrated by recurrent
thromboembolism ( Table 152–1 ).

12

Case-selective or relative indications include the presence of iliofemoral thrombosis with a 5-cm or longer free-floating tail. Although this indication has been questioned by a prospective trial,[ ] thrombus with a 5-cm free-floating tail may still be prudently
treated with a vena caval filter. Other such indications are septic PE, chronic PE in a patient with cor pulmonale, a high-risk patient (e.g., one who has significant cardiopulmonary disease, occlusion of more than 50% of the pulmonary bed, or both) who would
not tolerate any recurrent thromboembolism, and severe ataxia, putting a patient at risk for falls while undergoing anticoagulation therapy.

Because long-term favorable experience with the Greenfield vena caval filter has accumulated, there have been suggestions to liberalize the indications for filter insertion. Two new uses for vena caval filters have been suggested. As a method of PE

13] [14] [15]

prophylaxis, they have been placed in patients who have sustained massive trauma and remain at high risk for thromboembolism but do not actually have the disease.[

18]

and Rosen and colleagues, [

16]

Some physicians, such as Cohen and colleagues,[

17]

Lossef and Barth,[

advocate the use of filters in patients with malignancy who are at risk for PE or who have thromboembolism. Each of these indications remains unproven in randomized studies, but its efficacy is suggested in smaller series.

16 19

Recommendations have included the routine use of the filter for DVT instead of anticoagulation in high-risk general surgical patients, in older patients, and in pregnant women with DVT or PE.[ ] [ ] Additional studies are required to determine whether
the risk of anticoagulation outweighs the risk of filter placement alone in these patient groups and, in particular, with long-term follow-up. At present, most authorities recommend the use of appropriate anticoagulation to control the underlying thrombotic
disorder in patients who are eligible for anticoagulant therapy.

STAINLESS STEEL GREENFIELD FILTER

20]

The current benchmark for performance of transvenous vena caval filters is the stainless steel Greenfield filter, for which 20 years of long-term follow-up is available.[
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Figure 152-1 Original stainless steel Greenfield filter introduced in 1972 for mechanical protection against pulmonary thromboembolism.

The Greenfield filter was developed to maintain caval patency

Figure 152-2 Relationship between the volume of thrombus trapped within the filter and the percentage of cross-section occluded.

Figure 152-3 Comparison of the carriers used for the available models of the Greenfield filter: the 12 French (F) carrier for the modified-hook titanium Greenfield filter (top) and the 24F carrier for the stainless steel Greenfield filter (bottom).

Figure 152-4 Commercially available vena caval filter devices: The Vena Tech filter (left), the Simon nitinol filter (center), and the bird’s nest filter (right).

TABLE 152-2 -- Comparison of Inferior Vena Caval Filters
GREENFIELD
STAINLESS

*

GREENFIELD TITANIUM

VENA TECH

[22]

[61]

[50]

Type and year of evaluation

Registry (1988)

Clinical trial (1991)

Clinical trial
(1990)

Clinical trial (1988)

Clinical trial (1990)

Registry (2001)

Clinical trial (2003)

Clinical trial
(2002)

Duration

12 years

30 days

1 year

6 months

6 months

5–420 days

0–24 months

5–134 days

PARAMETER

STEEL

GÜNTHER

35
BIRD’S NEST[ ]

SIMON NITINOL

[45]

TULIP

[73]

RECOVERY
TRAPEASE

[67]

78]

NITINOL[

Number of patients

469

186 (154 at follow-up)

97 (77 at
follow-up)

568 (440 at 6 months)

224 (102 at follow-up)

90 (39 patients
with filter not
removed, 25
with follow-up)

189 (152 at 24 months)

32

Rate of recurrent pulmonary
embolism (%)

4

3

2

2.7 (33–67 in subset with
objective follow-up)

4 based on those with follow-up

None

None suspected

None

Caval patency rate (%)

98

100

92

97

81

99

98.50

100

Filter patency rate (%)

98

Not reported

63 without
thrombus

81

Not reported

95.00

98.50

100

Rate of deep venous thrombosis
at insertion site (%)

41
(percutaneous)

8.70

23

Few reported clinically

11

None

None

None

Migration rate (%)

35; >3 mm

11; > 9 mm

14; >10 mm

9 with original model

1.2 in those with follow-up

None

None

3 (one filter);
>20 mm

Penetration rate (%)

Not reported

1

Not reported

None reported

0.6 in those with follow-up

None reported

0.50

None

Misplacement rate (%)

4

0.50

Not reported

Not reported

Not reported

2.20

Not reported

6.2 (filter tilt
>15 degrees)

Rate of incomplete opening (%)

Not seen

2

6

Not reported

Not reported

Not reported

Not reported

3 (unable to
advance filter
through sheath
in one case)

Means of follow-up

Physical exam,
IVC scan, x-ray
study, CT in
indicated
noninvasive
vascular exam

Physical exam, x-ray study, CT,
noninvasive vascular exam

Objective data
vary by site
CT, duplex
scanning, x-ray
study)

Phone interview; objective data
(cavogram, available for only 40
of 440

Clinical, x-ray, laboratory test are
random and

Clinical,
duplex
scanning, and
patients

Clinical, duplex scanning, and CT
in indicated patients

Clinical,
duplex
scanning, and
CT in indicated
patients

Retrieval rate

Not applicable.

Not applicable

Not applicable

Not applicable

Not applicable

98 by 10 days

Not applicable, only case reports

100 up to 134
days

CT, computed tomography; IVC, inferior vena cava; mm, millimeter.

* Superscript numbers indicate chapter references.
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Figure 152-5 Percutaneous needle insertion into the common femoral vein is shown medial to the femoral artery, which is palpated with the middle finger. (From Greenfield LJ: Percutaneous placement of the Greenfield filter. In Vanoer Salm TJ, Cutler BS,
Wheeler HB [eds]: Atlas of Bedside Procedures, 2nd ed. Boston, Little, Brown, 1988, pp 107–110.)

Figure 152-6 The dilator with attached sheath is passed under fluoroscopic guidance over the guidewire to the desired level of discharge of the filter. The dilator and guidewire are withdrawn, leaving the sheath in place. The sheath should then be flushed with
heparinized saline. Digital control of the sheath orifice is necessary to minimize blood loss. (From Greenfield LJ: Percutaneous placement of the Greenfield filter. In Vanoer Salm TJ, Cutler BS, Wheeler HB [eds]: Atlas of Bedside Procedures, 2nd ed. Boston,
Little, Brown, 1988, pp 107–110.)

Figure 152-7 The filter carrier is introduced into the sheath, and if difficulty is encountered in exiting from the pelvis, both carrier and sheath should be advanced together. The carrier should be advanced through the sheath until the sheath hub contacts the
control handle, to prevent release of the filter into the sheath. (From Greenfield LJ: Percutaneous placement of the Greenfield filter. In Vanoer Salm TJ, Cutler BS, Wheeler HB [eds]: Atlas of Bedside Procedures, 2nd ed. Boston, Little, Brown, 1988, pp 107–
110.)

Figure 152-8 The carrier tip should be positioned under fluoroscopic guidance at the level of L2-L3. The operator releases the locking mechanism on the control handle by moving the control tab to the left with the thumb. The control tab is then pulled
backward to uncover the filter, which is discharged within the vena cava. Once the filter has been discharged, no attempt should be made to alter its position. (From Greenfield LJ: Percutaneous placement of the Greenfield filter. In Vanoer Salm TJ, Cutler BS,
Wheeler HB [eds]: Atlas of Bedside Procedures, 2nd ed. Boston, Little, Brown, 1988, pp 107–110.)

Figure 152-9 The Vena Tech LP vena cava filter. (Courtesy of B. Braun, Boulogne, France.)

Figure 152-10 Modified-hook titanium Greenfield filter. The recurved hooks are set at an angle of 80 degrees for stabilization without full penetration of the vena cava.

Figure 152-11 The percutaneous stainless steel filter has an improved fixation system, with two of the four recurved hooks directed in a downward direction to oppose distal migration.

Figure 152-12 The three marketed Greenfield filters have similar conical shapes, which have demonstrated long-term protection from pulmonary embolism while maintaining caval patency in more than 95% of cases.

Figure 152-13 The TrapEase vena cava filter.

Figure 152-14 The Günther Tulip vena cava filter.

Figure 152-15 The Recovery nitinol filter. (Reprinted with permission from Asch MR: Initial experience in humans with a new retrievable inferior vena cava filter. Radiology 225:835–844, 2002.)
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Chapter 153 - Superficial Thrombophlebitis:

Diagnosis and Management

RALPH G. DE PALMA MD

The seriousness of thrombosis involving the superficial venous system had long been underestimated. Although superficial venous thrombophlebitis (SVT) causes significant discomfort, it had been considered a benign and self-limiting condition; in many

1

instances, this is so. However, SVT can progress to involve the deep venous system in some patients and can also cause pulmonary embolism (PE). The incidence of progression to these complications, according to a 2001 literature review,[ ] ranges from
0.75% to 40% for association with or progression to deep venous thrombosis (DVT). For PE, estimates ranged from 0 to 17% depending on the studies quoted. The availability of more sophisticated and sensitive screening methods, such as duplex scanning
and lung scanning, yields higher figures in the later studies. The recognition of etiology and predisposing risk factors in particular cohorts has also contributed to such estimates. The estimate from a report published in 1996, that superficial thrombophlebitis

2
can progress to DVT in as many as 11% of cases, was likely reasonable.[ ]
SVT can be caused by trauma such as catheter insertion, direct intimal injury, infection, and, more commonly, stasis within saphenous varices. It can also be promoted by abnormalities in blood coagulation or thrombophilias. SVT, particularly in what appears

3
4 5
6
to be a normal venous system, may signal the presence of abnormalities in levels of antithrombin III and protein C or S.[ ] An important relationship between oral contraceptives[ ] [ ] and pregnancy[ ] and SVT occurs in women of childbearing age,

7
8
particularly those with abnormal activated protein C. An equally relevant association with certain malignancies has also long been noted. Specific procoagulant factors have been identified in acute lymphocytic leukemia[ ] and cholangiocarcinoma.[ ] In
considering factors leading to SVT, the clinician must remember that all the components constituting Virchow’s triad—namely, intimal injury, stasis, and changes in blood coagulation—exist. The challenge for the clinician is to discern the possible
contribution of each factor and to treat, when possible, the underlying etiology of SVT in individual cases. This chapter provides guidance to accomplish these goals.
ETIOLOGY AND CLINICAL PRESENTATIONS
Traumatic Thrombophlebitis
SVT can develop after direct injury, usually of an extremity. A tender cord along the course of a vein, juxtaposing the area of trauma, usually signals its presence. Ecchymosis is often present, indicating extravasation of blood associated with the injury.
Thrombophlebitis at the site of an intravenous infusion is the result of irritating drugs, hypertonic solutions, and, less commonly, intimal injury caused by the catheter, particularly when the access device remains in place in a peripheral vein for an extended
period. This presentation of SVT is seen in hospitalized patients or in ambulatory individuals who are using drugs or undergoing drug therapy. Redness, pain, and tenderness usually signal its development while the infusion is in progress. The thrombotic vein
segment remains as a cord or lump for days or weeks after cessation of intravenous therapy.
Thrombophlebitis in Varicose Veins
Superficial thrombophlebitis frequently occurs in varicose veins: this may be a common antecedent to progression to DVT. The process extends the length of the saphenous vein or, more frequently, remains segmentally confined.
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Sometimes SVT involves cluster varicosities well away from the main saphenous trunk. Although thrombosis may occur after local trauma, the process more often appears in varicosities without antecedent cause, likely as a result of stasis. Thrombophlebitis
manifests as a tender, hard nodule surrounded by a zone of erythema in a previously noted varicose vein. Rarely, bleeding occurs if an inflammatory reaction extends through the vein wall and skin at the ankle. Localized thrombosis and woody induration,
sometimes with thrombosed superficial veins, surround venous stasis ulcers, owing to round cell inflammation and cytokine elaboration.
Thrombophlebitis and Infection

9
DeTakats[ ] in 1932 speculated that dormant infection in varicose veins was a factor in the development of thrombophlebitis, which might be exacerbated after operations, injection treatments, trauma, or exposure to radiation therapy. Altemeier and colleagues
[10] suggested that the presence of L-forms and other atypical bacterial forms in the blood play an etiologic role in thrombophlebitis and recommended administration of tetracycline. This drug might act to decrease the inflammatory response rather than

acting as an antibiotic. Septic phlebitis caused by intravenous cannulation is a special case clearly related to an infectious process. It is a serious, potentially lethal complication.

11]

Aerobic and anaerobic as well as mixed infections have been seen in SVT.[

Aerobic organisms include Staphylococcus aureus, Pseudomonas, and Klebsiella; anaerobic bacteria include Peptostreptococcus, Propionibacterium, Bacteroides fragilis,

12

Prevotella, Fusobacterium, and, more recently, fungi such as Fusarium proliferatum.[ ] With SVT in children and neonates as well as in elderly people, septicemia might manifest in one third of patients. Most patients exhibit localizing signs, but a search
with a high index of suspicion should be made of intravenous sites in older people and infants with unexplained fevers. Treatment involves discontinuation of cannulation, prompt excision of suppurating veins, and administration of appropriate systemic

13]

antibiotics.[

Migratory Thrombophlebitis

14]

Migratory thrombophlebitis was first described by Jadioux in 1845 as an entity characterized by repeated thrombosis of superficial veins at varying sites, commonly involving the lower extremity.[

The association with carcinoma was first reported by

15
Trousseau in 1856. Sproul[ ] emphasized that migratory thrombophlebitis was particularly prevalent with carcinoma of the tail of the pancreas. Migratory phlebitis occurs in vasculitides, such as polyarteritis nodosa (periarteritis nodosa) and Buerger’s
[16]
[17]
disease. Buerger

initially noted phlebitis in 8 of his 19 patients, and SVT has been reported in 43% of 255 patients monitored for extended periods.

Upper extremity involvement occurs in Buerger’s disease. Inflammatory lesions mimicking

18 19
migratory phlebitis include erythema nodosum, erythema induratum, and Behçet’s disease.[ ] [ ]
Mondor’s Disease: Thrombophlebitis of Superficial Veins of the Breast
Superficial thrombophlebitis involving the veins at the anterolateral aspect of the upper portion of the breast or in the region extending from the lower portion of the breast across the submammary fold toward the costal margin and the epigastrium is known as
Mondor’s disease. Characteristically, a tender, cordlike structure can be demonstrated by tensing the skin, as with elevation of the arm. As in other cases of thrombophlebitis, a search for malignancy may be indicated. Mondor’s disease occurs after breast

20]

surgery, with use of oral contraceptives, with hereditary protein C deficiency, and in the presence of anticardiolipin antibodies.[
Unusual Forms

Thrombophlebitis of the dorsal penile vein, a rare condition, is also called penile Mondor’s disease. Main etiologic factors are prolonged excessive sexual intercourse, hernia operations, and, as with other forms of superficial thrombophlebitis, involvement of

21

22]
as should be done in any case of SVT. Therapy consists of nonsteroidal anti-inflammatory drugs (NSAIDs) as well as dorsal penile vein resection for

the deep veins.[ ] Duplex scanning is also needed in this condition to rule out concomitant DVT,[
cases not responding to medical therapy.

23]

Another unusual form of superficial thrombophlebitis has been described in the palmar digital veins in five women, with vein involvement over the proximal interphalangeal joints.[
was noted. Four of the five were treated with excision, and histopathologic examination confirmed the diagnosis.

DIAGNOSIS

In all women, no history of trauma was elicited, and no underlying cause

The initial diagnosis of SVT is usually made from physical examination. The patient complains of a painful, cordlike structure along the course of the affected vein. Perivenous inflammation frequently gives rise to redness and induration of variable degrees
along the course of the vein. Duplex scanning of lower extremity involvement should be used to determine the extent of the thrombus in the superficial vein as well as to provide critical information about extension into the deep venous system ( Fig. 153–1 ).

24

25]

Lutter and associates[ ] reported that 12% of 186 patients with superficial thrombophlebitis of the great saphenous vein above the knee had simultaneous extension of thrombophlebitis into the deep venous system. Bounameaux and Reber-Wassem[
described association of SVT with deep venous thrombosis, with reported frequencies of 12% to 44%. In their database, 31 cases of SVT, or 5.6%, with a confidence interval of 3.8% to 7.9%, were associated with DVT. During a 3-month follow-up,

1
thromboembolic events were detected in 1.7%. In Sullivan and colleagues’[ ] review of six series of above-knee SVT, involving a total of 246 patients who were treated medically or surgically, extension
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Figure 153-1 Duplex ultrasonography scan of saphenous vein thrombophlebitis extending into the deep venous system at the saphenofemoral junction. Patient is a 65-year-old man with carcinoma of the prostate; first presentation was dyspnea due to
pulmonary embolism.
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Chapter 154 - The Pathophysiology of Chronic Venous Insufficiency
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Ten percent to 35% of adults in the United States have some form of chronic venous disorder, ranging from spider veins and simple varicosities, to the most advanced form of chronic venous insufficiency (CVI), venous ulcers, which affect 4% of people older

1 2
than 65 years.[ ] [ ] Because of the high prevalence of the disease, the population-based costs to the U.S. government for CVI treatment and venous ulcer care has been estimated to exceed $1 billion a year. In addition, 4.6 million work-days per year are lost
3 4

to chronic venous disease.[ ] [ ] The recurrent nature of the disease, the high cost to the health care system, and the ineffectiveness of current treatment modalities underscore the need for CVI-related research. The past decade has further defined the role of
leukocyte-mediated injury and elucidated the role of inflammatory cytokines in lower extremity dermal disease. In addition, several laboratories have performed investigations of pathologic alterations in cellular function and the molecular regulation of these
processes observed in patients with CVI. In this chapter, we discuss the pathophysiology of varicose veins and advanced CVI leading to venous ulcerations. We also describe in detail the alterations in the microcirculation that lead to venous ulcers and the
molecular regulation of inflammatory damage to the lower extremity dermis caused by persistent ambulatory venous hypertension.

THE VENOUS MACROCIRCULATION
Unlike arteries, veins are thin-walled, low-pressure conduits whose function is to return blood from the periphery to the heart. Muscular contractions in the upper and lower extremities propel blood forward, and a series of intraluminal valves prevent
retrograde flow or reflux. Venous reflux is observed when valvular destruction or dysfunction occurs. Valvular reflux causes a rise in ambulatory venous pressure and a cascade of pathologic events that manifest clinically as varicose veins, lower extremity
edema, pain, itching, skin discoloration, and, in the severest form, venous ulceration. These clinical signs and symptoms collectively refer to chronic venous disorders; manifestations specific to abnormal venous function are known as chronic venous

5
insufficiency (CVI).[ ] Classification of chronic venous disorders according to the signs and severity of the disease is discussed in detail in Chapter 155 .
Primary valvular incompetence can involve all veins participating in the macrocirculation: the superficial, the deep, and the perforating venous systems, alone or in combination. In patients with post-thrombotic syndrome, destruction of the valves results in
secondary valvular incompetence. Chronic obstruction of deep veins due to previous deep venous thrombosis (DVT) is another important cause of persistent ambulatory venous hypertension. The role of the perforating veins is still a subject of much debate; it
is discussed in detail in Chapter 158 , where the distribution of venous reflux in advanced CVI is also presented.

VARICOSE VEINS
Etiology
Age, gender, pregnancy, weight, height, race, diet, bowel habits, occupation, posture, previous DVT, and genetics have all been proposed as predisposing factors for varicose vein
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6
formation.[ ] Except for previous DVT and genetics, there is poor evidence for a causative relationship between these predisposing factors and the formation of varicose veins.
The Role of Genetics

7 8
There are few reported epidemiologic investigations that suggest a relationship between varicose vein formation and a genetic predisposition.[ ] [ ] It was previously thought that axial destruction of venous valves led to transmission of ambulatory venous
6

9

hypertension, causing reflux and varix formation.[ ] However, Labropoulos and associates[ ] reported that the most common location for initial varicose vein formation was in the below-knee great saphenous vein (GSV) and its tributaries, followed by the
above-knee GSV, and the saphenofemoral junction. Their study clearly indicates that vein wall degeneration with subsequent varix formation can occur in any segment of the superficial and deep systems at any time and suggests a genetic component to the
disease.

7

In 1969, Gunderson and Hauge[ ] reported on the epidemiology of varicose veins observed in the vein clinic in Malmo, Sweden, over 2 months. Of 250 patients, 154 women and 24 men provided complete survey information about their parents and siblings.
Although biased by the predominance of women and a dependence on survey data, this report suggested that patients with varicose veins had a higher likelihood of varicosities if their fathers had varicose veins. Furthermore, risk of varicose vein development

8

8

increases if both parents had varicosities. Cornu-Thenard and associates[ ] prospectively examined 67 patients and their parents. Patients’ non-affected spouses and parents were used as controls, for a total of 402 subjects.[ ] These investigators reported that
the risk of development of varicose veins was 90% if both parents were affected, 25% for males and 62% for females if one parent was affected, and 20% if neither parent was affected. These data suggest an autosomal dominant with variable penetrance mode
of genetic transmission. The lower incidence in males with an affected parent and the spontaneous development in patients without affected parents suggest that males are more resistant to varix formation and that other multifactorial causes in patients with
predispositions to the disease must exist. To further elucidate the genetic component of the disease, molecular analyses with gene chip technologies is required. The chromosome responsible for the disease and its protein byproducts are currently unknown.
The Role of Deep Venous Thrombosis

An injury to the venous endothelium or local procoagulant environmental factors lead to thrombus formation in the venous system. It is currently well accepted that a venous thrombus initiates a cascade of inflammatory events that contribute to or cause vein

10

wall fibrosis.[ ] Thrombus formation at venous confluences and valve pockets leads to activation of neutrophils and platelets. Activation of these cells results in formation of inflammatory cytokines, procoagulants, and chemokines, causing thrombin
activation and further clot formation. Production of inflammatory mediators creates a cytokine-chemokine gradient, prompting leukocyte invasion of the vein wall at the thrombus wall interface and from the surrounding adventitia. Upregulation of adhesion

10 11

molecules perpetuates this process, eventually leading to vein wall fibrosis, valvular destruction, and alteration of vein wall architecture.[ ] [ ] Although the mechanisms associated with vein wall damage secondary to venous thrombosis are beginning to
be unraveled, the majority of varicose veins occur in patients with no prior history of DVT. The etiology of primary varicose veins continues to be a mystery.
Vein Wall Anatomy and Histopathology
Whatever the initiating event, several unique anatomic and biochemical abnormalities have been observed in patients with varicose veins. The walls of both normal and varicose GSVs are characterized by three distinct muscle layers. The media contains an

12] [13] [14]
In normal GSVs, these muscle layers are composed of smooth muscle cells (SMCs), which appear spindle-shaped

inner longitudinal and an outer circular layer, but the adventitia contains a loosely organized outer longitudinal layer.[

15]
These cells lie in close proximity to one another, are in parallel arrays, and are surrounded by bundles of regularly arranged collagen fibers.

(contractile phenotype) when examined with electron microscopy ( Fig. 154–1 ). [

15] [16] [17]
Collagen deposits separate the normally closely opposed SMCs and are particularly striking in the
[15]

In varicose veins, the orderly appearance of the muscle layers of the media is replaced by an intense and disorganized deposition of collagen.[

media. SMCs appear elliptical rather than spindle-shaped and demonstrate numerous collagen-containing vacuoles, imparting a secretory phenotype ( Fig. 154–2 ).

What causes SMCs to dedifferentiate from a contractile to a secretory phenotype is

18] [19]

currently unknown. Ascher and coworkers[
the adventitia of varicose veins compared

theorized that SMC dedifferentiation may be related to dysregulation of apoptosis. These investigators reported a decrease in the pro-apoptotic mediators bax and PARP (poly ADP-ribose polymerase) in

Figure 154-1 Electron micrograph of normal great saphenous vein (×11,830). Note organized structure of alternating smooth muscle cells (long arrows) with spindle-shaped contractile phenotype, interspersed with longitudinally arranged collagen bundles
(short arrows).

Figure 154-2 Electron micrograph of varicosed great saphenous vein (×4240). Smooth muscle cells exhibit prominent vacuoles (arrows) and an elliptical appearance consistent with a secretory phenotype. Smooth muscle cells are separated by diffusely
deposited collagen bundles, which impart a disorganized architectural appearance to the vein wall.

Figure 154-3 Electron micrograph (×4300) of mast cells (MC), macrophages (MP), and fibroblast (F) surrounding a central capillary from dermal biopsy of a patient with CEAP class 4 chronic venous insufficiency.

Figure 154-4 Electron micrograph (×4300) of a well-developed perivascular cuff in close proximity to a fibroblast in a patient with CEAP class 6 chronic venous insufficiency. Long arrow points to macrophages that appear to be entering a lymphatic lumen.

Figure 154-5 Bar graph demonstrating differences in active transforming growth factor-β1 protein concentration between and within chronic venous insufficiency (CVI) groups in comparison with control subjects. *, Control vs. CEAP Class 4 and Class 6 (P
≤ .05); #, Lower calf vs. lower thigh biopsies within each class (P ≤ .02). Con, control; C4, C5, C6, CEAP Class 4, Class 5, and Class 6.

Figure 154-6 Immunohistochemistry (×575) of dermal skin biopsy demonstrating transforming growth factor-β1–positive granules (long arrow) in leukocytes surrounding a perivascular cuff and leukocytes migrating through a perivascular cuff (short arrow).
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Chapter 155 - Classification and Clinical and Diagnostic Evaluation of Patients with Chronic Venous Disorders

FRANK T. PADBERG JR MD

Patients referred for evaluation of chronic venous disorders (CVD) of the lower limbs offer a broad range of treatable complaints that usually account for the greatest proportion of cases seen in most vascular clinics. These range from unsightly cutaneous veins
to chronic ulceration with its attendant disability. Although an extensive varicose network may produce minimal physiologic abnormalities, the most severe complaints (ulceration, edema, discoloration) may result from widely varied anatomic abnormalities.
Reflux and venous obstruction are capable of producing a similar distribution of complaints, which may range from edema to ulceration or, rarely, the patient may be entirely asymptomatic. As a result, the current six-item clinical classification of all lower

1 2 3

extremity CVD, which emphasizes these obvious clinical findings, is widely utilized because of its practical simplicity.[ ] [ ] [ ] The term chronic venous disease is used also by many experts in the field to include conditions with measurable physiologic
abnormalities of the venous circulation (C2–C6). In this summary, the term chronic venous insufficiency is used to accommodate more advanced venous abnormalities (C3–C6).

Because there is such variance in etiology, anatomy, and pathophysiology, complete diagnostic information is essential for accurate initial assessment, subsequent reassessment, and new investigations. Intended to fulfill this role, the full CEAP classification
system incorporates etiologic, anatomic, and pathophysiologic data, to organize and categorize descriptions of CVD of the lower limbs in a format universally accepted by the international community. Such a full assessment usually requires additional
diagnostic studies (i.e., duplex ultrasonography) in addition to the clinical examination. To complete the full assessment, and to maximize its accuracy, additional imaging studies may also be required.

In order to refine appropriate indications for management of CVD, the classification is followed by outcome assessment, which involves hemodynamic and physiologic studies, measures of disease severity, and estimates of quality of life. Physiologic
outcomes are not incorporated in a specific scoring scheme; they are addressed elsewhere in this text. Severity scoring emphasizes the physician’s perspective and is based on items in the clinical classification; items were selected to reflect change, and they
assign greater weight to the more severe symptoms of CVD. Quality of life instruments emphasize the patient’s perspective and use both generic and functional instruments; the items are selected to reflect the impact of CVD on the relationship between the

2
individual and the environment, and thus, address the more subtle symptoms of CVD.[ ] Finally, although prominent cutaneous veins are obvious clinical findings, all of the remaining items in clinical classes C3 through C6 can result from numerous other
conditions that mimic CVD—but that may not have a venous etiology at all!
Thus, CVD is little different from numerous other clinical conditions in which the interaction of many different factors influences outcome. Although CVD rarely is life-threatening or requires emergency measures, improved management for this disorder is
important because it is ubiquitous, common, and disabling. A uniform descriptive classification is a key first step to understanding the disease process and facilitates progressive identification of effective management strategies. Examples of efforts to this end

4 5 6
are randomized trials evaluating endoscopic perforator surgery and structured exercise for severe CVD as well as systemic reviews of surgical outcomes.[ ] [ ] [ ] The chapter begins with a review of the clinical examination, which is followed by a brief
overview of physiology and imaging tests, detailed disease classification, assessment of disease impact, and, finally, mimics of the disease.
CLINICAL EXAMINATION: NOTABLE OBSERVATIONS AND HISTORICAL ESSENTIALS
A venous etiology is relevant to each of the three most common chief complaints in the vascular surgical clinic: the painful, swollen, or ulcerated leg (see Chapter 1 ). In the typical outpatient setting, a majority of the patients have venous problems. Although
clinical examination was covered in detail in the first chapter of this text, a brief reiteration of the vein-directed clinical examination is included here because it forms an integral part of the assessment and classification of the patient with venous insufficiency.
The interview begins with a review of the patient’s description of the problem. Often, pain or discomfort is the predominant consideration, and its severity is estimated; the savvy clinician also addresses the consideration that
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appearance may be the most important underlying issue. A venous etiology is more likely when a swollen limb is unilateral and worsens during the course of the day. A gaiter distribution of pigmentation or ulceration suggests venous insufficiency but may
also result from other conditions. The duration and extent of all of these factors help to gauge their severity. Bleeding from superficial veins is more common in elderly individuals with a thin dermis. Knowledge of prior medical and surgical therapy is
important, particularly in those referred for evaluation of edema. Inquiry about previous “blood clots” is often useful but usually requires supplementation with specific notation about “blood thinners,” warfarin or heparin therapy, embolism, filter placement,
admission to a hospital, and transient episodes of unilateral edema; specific recollection of surgical operations, bed rest for fractures, or prior injury may also yield pertinent information. The family history is important for multiple reasons—genetic
predisposition to thrombosis, varicosities, and congenital abnormalities. Review of medications and allergies should include topical agents. Habits and vitamin and hormonal deficiencies may produce secondary manifestations in the limbs. Symptoms and

7 8 9
severity tend to worsen with obesity and advanced age.[ ] [ ] [ ]

The clinical examination begins with the usual cervical, thoracic, and abdominal survey, which should include weight and body mass index (BMI) as well as correlation between physiologic and chronologic age. The directed examination begins with
observation of each limb in both the supine and standing positions. The distributions of visible large and small venous tributaries are noted, and assessment is made of their significance to the patient. When the limb is dependent, veins distend fully and
discoloration intensifies; when the patient is standing, he or she is asked not to bear weight on the limb to be examined. In the standing position, the great and small saphenous veins are evaluated for palpable turgidity, and for stress incompetence with a
cough; a tussive impulse is sought by both palpation and a hand-held Doppler probe. Thigh perforators may be suspected if the findings are localized only to the distal thigh and are controlled by direct distal compression rather than compression at the
saphenofemoral junction; cessation of the impulse with groin compression is suggestive of proximal saphenofemoral incompetence. Owing to the beneficial clinical, functional, and hemodynamic response to correction of saphenofemoral incompetence, this

10] [11] [12] [13]

finding should be specifically evaluated as a part of every surgeon’s examination.[

The extent of pigmentation and edema is noted, along with induration, cellulitis, or lymphangitis. Onset of edema early in the day is considered a sign of greater disease severity. Chronic exposure to diffuse elevation of venous pressure throughout the lower
leg results in scarring and thickening of the dermal and subdermal tissues, referred to as brawny edema or lipodermatosclerosis. Appearance, size, number, duration, and location describe active ulcerations. Frequency and utilization of compression garments is
noted. All of the preceding factors are registered in the CEAP scale or Venous Clinical Severity Score (VCSS).

Not specifically recorded in the CEAP scale are several additional relevant items. They include localized pruritus, which is often betrayed by telltale scratch marks; it may be associated with eczema, which also has a gaiter distribution and may be dry or moist.

5 14 15

Arthritis and skeletal deformities reduce calf muscle function, which may diminish the capacity for the calf muscle pump to compensate for valvular reflux or venous obstruction.[ ] [ ] [ ] Arterial insufficiency is excluded through palpation of pulses;
when the pulses are masked by edema or thickened skin, the addition of an ankle-brachial index is often sufficient unless the individual is diabetic. In addition to consideration of nonvenous causes, individuals with recurrent ulceration should be assessed for

16]

normal sensation in the supramalleolar region, as absence of normal sensation may be associated with a greater propensity for recurrence.[

17] [18]

The inframalleolar ankle flare, or corona phlebectatica, is assigned special significance by European investigators and was included in clinical class 1 of the initial reporting standards in venous disease.[

It emanates from one of the original

19
classification schemes for venous diseases, which was based on clinical examination and evaluated 4529 industrial workers in Basle, Switzerland.[ ] The scheme consisted of three clinical classes, and was developed in the era preceding widespread use of

duplex ultrasonography; the classes were (1) reticular veins, (2) edema and corona phlebectatica, and (3) pigmentation-ulceration. The initial recommendations of the Society for Vascular Surgery (SVS)–International Society for Cardiovascular Surgery

17]

(ISCVS) committee on standards for venous disease offered 10 years later also used three classes, consisting of (1) reticular veins–edema-corona, (2) pigmentation, and (3) ulceration, roughly corresponding to mild, moderate, and severe disease.[

The

1 3
following decade, the recommendations were altered to include the current six-item CEAP classification in use today and summarized in Table 155–1 .[ ] [ ]
Coordinating the elements of diagnosis enables a course of therapy to be accurately determined. When the approach is efficiently organized, 97% of ulcerated limbs can be accurately diagnosed in a single visit incorporating the clinical examination, duplex

20

21 22

scan, and the ankle-brachial index.[ ] Unbiased evidence supports use of a standard care regimen incorporating compression therapy, but success requires compliance and consistent attention.[ ] [ ] Failure to consider other differential diagnoses may
result in serious misdiagnosis (malignancy), nonhealing (obesity), and frequent recurrence (ulcerative colitis or collagen vascular disease). Yet, in more than a third of patients with these other disorders, the anatomic abnormality can be corrected by an

11] [12] [13]

appropriately directed intervention.[

IMAGING AND HEMODYNAMICS
Although both direct venous imaging and hemodynamic studies are covered by specific discussion in other chapters, they are such an integral part of the assessment of severe venous insufficiency that a brief reminder of their role and indications is
appropriate. As a general rule, duplex scanning, which is now considered routine in most ultrasonography vascular laboratories, is essential for a complete CEAP classification. Modern ultrasonography routinely demonstrates valvular incompetence and large
perforating veins. Demonstration of the subtle changes accompanying
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TABLE 155-1 -- CEAP Classification of Lower Extremity Chronic Venous Disease
C

Clinical signs (class 0–6), supplemented by A for asymptomatic and S for symptomatic presentation.
Class 0

No visible or palpable signs of venous disease

Class 1

Telangiectases, reticular veins, malleolar flare

Class 2

Varicose veins

Class 3

Edema without skin changes

Class 4

Skin changes attributed to venous disease (e.g., pigmentation, venous eczema, lipodermatosclerosis)

Class 5

Skin changes as defined above with healed ulceration

Class 6

Skin changes as defined above with active ulceration

E

Etiologic classification
Congenital (EC )

The cause of the venous disease has been present since birth

Primary (EP )

Chronic venous disease of undetermined cause

Secondary (ES )

Chronic venous disease with an associated known cause (post-thrombotic, post-traumatic, other)

A

Anatomic distribution
AS1-5

Superficial veins

AD6-16

Deep veins

AP17-18

Perforating veins

P

Pathophysiologic dysfunction
PR

Reflux

PO

Obstruction

PR,O

Reflux and obstruction

Adapted from Porter JM, Moneta GL: Reporting standards in venous disease: An update. International Consensus Committee on Chronic Venous Disease. J Vasc Surg 21:635–645, 1995; with permission from Society for Vascular Surgery.
resolution of thrombosis has also improved. The major weakness of duplex scanning is investigation of suprainguinal venous structures.
Invasive investigations, such as venography or ambulatory venous pressures, are requested when findings of the clinical and noninvasive examinations are insufficient to provide complete diagnosis or as a part of a therapeutic endeavor. In addition to
diagnosis, venography offers an access route for thrombolysis and stenting. Although less widely available, intravascular ultrasonography offers new information about intra-abdominal venous compression syndromes and may be more sensitive than

23]

venography or pressure studies.[

Measurement of ambulatory venous pressure remains an important invasive diagnostic tool and identifies the standing pressure nadir as well as the rapidity of emptying and refill. Small subtle changes in foot pressures may reflect significant venous

23]
In practice, these examinations are often supplanted by more patient-friendly, noninvasive plethysmographic studies, which provide

abnormalities, but even these measurements are plagued by low sensitivity to the difficult problem of venous obstruction.[

14] [24] [25]
As the other major non-invasive component of venous assessment, plethysmography may contribute direct information to the

an objective measure of volume changes related to posture and to function of the calf muscle pump.[

1 3 17
pathophysiologic classification.[ ] [ ] [ ] However, as duplex ultrasonographic diagnosis has assumed an increasingly dominant diagnostic role, disease classification is often assigned on the basis of duplex scanning information alone. Plethysmographic

5 11 26 27
results are not incorporated into severity scoring, can be repeated as needed with minimal discomfort or risk, and thus offer additional data for longitudinal comparison of outcomes.[ ] [ ] [ ] [ ]
28]
The evolution of new imaging techniques in MRV and computed tomography venography holds as much or more promise for

Magnetic resonance venography (MRV) offers yet another alternative for clarification of proximal diagnostic questions.[
elucidation of venous disease than of arterial disease. Both modalities require only venipuncture for image optimization.

THE CEAP CLASSIFICATION

1 2 17

Correct diagnosis is critical to success, and the international community has endorsed the initiative of the American Venous Forum in developing a consensus for the language of venous disorders.[ ] [ ] [ ] The detailed categorization consists of six
symptoms, 17 anatomic sites, and tripartite etiologic and pathophysiologic categories. These were the details deemed necessary to accurately compare limbs in medical and surgical treatment trials. Although criticized as too complex and detailed, the CEAP

18]
CEAP is now considered the standard for reports on venous disorders. It appears to be fulfilling the intent to
[1] [2] [3] [18]

classification was embraced by the worldwide community, published in more than 25 journals, and translated into multiple languages.[

standardize communication in this surprisingly complex field, was analyzed for improved accuracy, and has been enhanced by refinement in severity scoring.

1 3

The CEAP classification was developed at a 1994 international consensus committee meeting sponsored by the American Venous Forum.[ ] [ ] The reporting format was designed for completeness, not convenience. Although it was not intended for isolated
use in the description of limbs with venous disorders, the clinical (C) classification has often been reported independent of the etiologic (E), anatomic (A), and pathophysiologic (P) classifications. In part, this may be a function of the diagnostic imprecision

9 29 30 31
5 6 7 19 26 32
inherent in many nonspecialty clinics.[ ] [ ] [ ] [ ] The E, A, and P classifications serve to define the presence and nature of venous disease and to differentiate other, nonvenous causes of the typical physical findings.[ ] [ ] [ ] [ ] [ ] [ ] Thus,

8 30 31 33 34
reports that do not incorporate these three additional components are more likely to include limbs with nonvenous causes of insufficiency, some of which may respond to entirely different management strategies.[ ] [ ] [ ] [ ] [ ]

Chronic venous disease was broadly defined in the revised reporting standards coming from the consensus conference as “an abnormally functioning venous system caused by venous valvular incompetence with or without associated venous outflow

1
obstruction, which may affect the superficial venous system, the deep venous system, or both.”[ ] Although perforating veins are not cited in this definition, their role remains controversial, and they are integral to the whole CEAP classification. Note that in
9
British use, CVI specifically implies severe (C4 to C6) venous dysfunction[ ] ; in this summary, the term chronic venous disorders is used to accommodate the full spectrum of venous abnormalities.

Clinical Classification
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1

The most widely utilized component of the CEAP system is the clinical classification. The various components of each class are given in Table 155–1 , which is adapted in format but uses the same language as the consensus committee report.[ ] The
classification is organized to reflect ascending severity of venous disease; in addition, subscripts are added to designate the asymptomatic (A) or symptomatic (S) state. Although many of the higher classes include characteristics of lesser classes, this is not

1 35
essential, and the higher class is reported preferentially.[ ] [ ] European surveys have found an unacceptable interobserver variation in classification of C1 and C2 and have offered recommendations for changing the criteria.
A C0 category is provided for two reasons. First, there are inevitably some patients with anatomic venous problems who have no visible or palpable signs of CVD. Common examples are the individual with an isolated incompetent venous valve identified on a

36]
Second, C0 provides an additional definition for control patients in clinical trials. The International Union of Phlebology Working

duplex scan, and an individual with mild post-thrombotic scarring who cannot recall the episode of venous thrombosis.[

18]
In practice, this stringent requirement may be difficult to achieve.

Group has recommended that C0 with no EAP abnormalities be the criterion for control patients in clinical trials.[

Smaller dilated, nonpalpable veins specifically referred to as telangiectatic, reticular, or “spider,” thread, or web veins are all categorized as C1. Telangiectasia refers to intradermal, dilated veins less than 1 mm in diameter. Reticular refers to nonpalpable,

1

subdermal veins less than 4 mm in diameter.[ ] The predominant concern with this patient population is usually one of appearance, and more severe underlying venous abnormalities may or may not be present. Commonly reported symptoms include pain,
aching, and skin irritation. Duplex scanning is generally not required before initiation of treatment in this patient group. However, its omission precludes complete CEAP classification and contributes to the variance between clinical observers.

1
A varicose vein (clinical class C2) was defined as a palpable, subcutaneous vein more than 4 mm in diameter.[ ] On the basis of improved interobserver reproducibility, an international consensus conference recommended a decrease in this threshold to 3 mm.
[18] Accuracy of classification is the issue, because the diameter difference has no physiologic significance. Whether the vein is palpable or not is highly subjective, but making diameter the criterion implies the need for imaging to define the clinical
classification. Although most clinicians would prefer routine duplex scanning examinations for this population, expense and availability have impeded universal acceptance of this recommendation throughout the world. Valvular incompetence at either the
saphenofemoral or saphenopopliteal junction may occur without additional symptoms, but onset of unilateral edema raises the individual’s clinical class designation.
The distinguishing characteristic of C3—edema—is common and is usually clinically obvious. However, alternative diagnoses are probably encountered more frequently in patients with edema than in those with the other clinical classes of disease. Although
detailed in the recommendations, the differential exclusion of other causes of edema is rarely so straightforward in clinical practice (i.e., bilateral findings are not distinguished from other conditions characterized by systemic fluid retention, such as congestive

3 31
heart failure, renal failure, and ascites). Circumferential limb measurements were recommended in the consensus report, but reliable estimates of the extent of edema is difficult without volume measurements.[ ] [ ] The most accurate technique is probably
18]

water displacement plethysmography, which is also too cumbersome for routine use. A practical definition of edema is simple indentation on pressure (“pitting”). [

The entire spectrum of skin changes, excluding current or existing ulceration, constitutes the C4 class. Although many of the limbs with this classification also have edema, they may not have obvious cutaneous veins. The most obvious finding is the light to
dark tan discoloration of the skin distributed in a “gaiter” pattern. However, pigmentation may also be distributed throughout the leg and below the malleoli. An inflammatory response mediated by transforming growth factor-β (TGF-β) is thought to arise

32]

from breakdown products of extravasated hemosiderin.[

The skin is thickened along with the subcutaneous tissues and may have a solid, woody character to palpation known as lipodermatosclerosis. An acute form of dermatosclerosis, hypodermatitis

18

describes diffuse reddening of the skin in the absence of inflammation or cellulitis.[ ] Pale, atrophic skin surrounded by dilated capillaries or pigmentation that has not ulcerated (yet) is known as atrophie blanche. Both lipodermatosclerosis and atrophie
blanche are thought to predispose to ulceration. In severely edematous limbs, the skin may start to weep, a finding that is also probably a precursor to ulceration. The spectrum of C4 also includes venous eczema, which may also be wet or dry.
Healed ulceration, or C5, is perhaps the most uncomplicated clinical class. A history of venous ulceration at any prior time establishes this diagnosis, and the C5 limb probably represents the highest risk for recurrence of ulceration. During a mean 5-year

22]

observation in one study, 30% of patients compliant with compression therapy experienced recurrent ulceration within 5 years; 100% of individuals who were noncompliant had recurrence within 3 years.[

In the 25-year Olmsted County study, 6.3% of

8
class 4 limbs with a first-time, clinically defined diagnosis of venous stasis progressed to ulceration in a mean of 5 years.[ ]
Active ulceration is also relatively straightforward, but the classification also assumes that the ulcer can be attributed to a venous cause. Because it is the most debilitating and least desirable aspect of the disease process of CVD, it is accorded the highest
CEAP clinical class, C6. The greatest morbidity and the greatest functional impairment are attributed to this clinical class. Junctional saphenous incompetence should be specifically noted because it is present in 30% to 60% of limbs with venous insufficiency

11] [12] [13] [20]

and responds to surgical correction.[

However, the clinician must not just assume that all perimalleolar ulcers have a venous etiology; additional information beyond CEAP classification is often required to establish the correct diagnosis.

7 13 22 33 34 36
Approximately 3% to 15% of ulcers “never” heal (no response to appropriate treatment within 6 months), and this finding may be due to combined arterial and venous insufficiency (10% to 15%) or other causes (5% to 10%).[ ] [ ] [ ] [ ] [ ] [ ]

Etiology, Anatomy, and Pathophysiology Classifications
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The three etiology categories, primary, secondary, and congenital, are mutually exclusive. Although specifically defined as “indeterminant,” the primary component is generally characterized by intrinsic weakness of the vein wall or valve cusp. Secondary
venous dysfunction results from an acquired condition. Designating a limb as having secondary dysfunction implies knowledge of a specific cause. If thrombosis is known to have occurred, the limb may be referred to as post-thrombotic; if not, the problem
should be generically categorized as chronic venous disease. The most common of these is venous thrombosis, but it also includes states resulting from trauma. Currently, secondary venous disease is more and more commonly a result of prolonged intravenous

37] [38] [39]

catheterization. Congenital venous disease is generally obvious, and comprises the various venous malformations, Klippel-Trenaunay variants, avalvulia, and other conditions that may not be recognized until later in life.[

Anatomy is initially characterized by describing abnormalities of the three venous systems in the lower extremity: the superficial, deep, and perforating veins. Further breakdown identifies each of the individual veins with a numeric subscript ( Table 155–2 ).
As a minimum for the venous practitioner, characterization of dysfunction in each of the three main systems is important, because this localization may influence subsequent management. In order to evaluate the anatomic effects of differing management
TABLE 155-2 -- Segmental Localization of Chronic Lower Extremity Venous Disease
NUMBER

SEGMENT
Superficial veins (AS1-5 ):

1

Great saphenous vein

2

Above knee

3

Below knee

4

Small saphenous vein

5

Nonsaphenous
Deep veins (AD6-16 ):

6

Inferior vena cava
Iliac

7

Common

8

Internal

9

External

10

Pelvic: gonadal, broad ligament
Femoral

11

Common

12

Deep

13

Superficial

14

Popliteal

15

Tibial (anterior, posterior, or peroneal)

16

Muscular (gastrocnemius, soleal, other)
Perforating veins (AP17-18 ):

17

Thigh

18

Calf

From Porter JM, Moneta GL: Reporting standards in venous disease: An update. International Consensus Committee on Chronic Venous Disease. J Vasc Surg 21:635–645, 1995; with permission from Society for Vascular Surgery.
techniques, these individual segments are characterized before and after intervention. For example, several reports have assessed the importance of individual anatomic segments and suggested differing roles for perforator vein incompetence and deep vein

11 13 27 40

incompetence in relation to superficial ablation.[ ] [ ] [ ] [ ] With longer follow-up, it may be possible to determine whether, and which, individual segments contribute greater adverse effects. Ongoing experience with CEAP can provide a better
delineation of the contribution of each segment to global dysfunction in the limb.

20] [26]
Duplex scanning criteria for reflux have been widely accepted and utilized worldwide. Reverse flow is considered abnormal when its
[2] [41] [42]

Pathophysiology is classified as reflux, obstruction, or both. The vast majority of patients with CVD have reflux.[

The “both” category reflects the remarkable capability of the venous conduit to restore luminal patency through the
duration is greater than 0.5 second, although some have recommended a more stringent criterion of more than 1.0 second.
process of recanalization. Because valves are predominantly infrainguinal structures, reflux is essentially characterized by evaluation of the extremity alone; in contrast, obstruction may result from occlusion or extrinsic compression anywhere in the proximal

23]

venous outflow, including the abdomen and chest.[

Unfortunately, obstruction is not as clearly defined as reflux. Plethysmographic determination of outflow was once the mainstay of noninvasive assessment when used for the diagnosis of acute obstruction from iliofemoral thrombosis; however,
plethysmography is relatively insensitive to subacute or resolving obstruction, and findings may be normal with extensive collateralization. The physiology of venous obstruction is quite complex, beginning with the concept of venous return against gravity.
Relatively small pressure gradients control flow, but a large capacitance requires volume and distention before the pressures rise. Thus, plethysmography is rather insensitive to obstruction, but when obstruction is identified, it is probably clinically significant.

2 23
Arm-foot differential pressures of 4 to 8 mm Hg have been used to confirm obstruction but also have low sensitivity.[ ] [ ] As a practical solution, duplex scanning evidence of prior scarring and partial occlusions has sometimes been reported without
28]

adjunctive hemodynamic measurements. Increasing access to MRV and computed tomography venography will inevitably enlarge their role in the diagnosis of both acute and chronic venous obstruction.[

Controversies and Considerations Regarding Revision

29

No standard is likely to remain static in the face of new technology and change, so on its 10-year anniversary, CEAP is undergoing re-evaluation by another international consensus committee to address these issues.[ ] The goals of the revision are to
consider a more convenient format, to improve its functionality, and to incorporate some of the controversial issues described here. Complexity may be increased with application of a complete anatomic score, but localization still appears to be a major key to
organizing successful management of the disease process.
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During this first decade of implementation, reporting the clinical classification has evolved to reporting the single most severe clinical class present in that limb.[ ] [ ] In other words, a patient with healed ulceration, pigmentation, varicosed veins,
telangiectasis, and edema would receive a classification of C5. This is a change from the initial recommendation, when an inclusive nomenclature, which listed each of the clinical classes observed in the individual’s limb (i.e., C1, C2, C3, C4, C5) was
recommended.
The clinical classification successfully defines the patient’s status on the basis of an initial clinical examination; however, the remainder of the CEAP classification requires some adjunctive testing. The inaccuracy of reliance on clinical diagnosis alone

26]

retarded progress in venous diseases for years, but the addition of noninvasive examinations has been a critical component fueling progress in venous diseases.[

In most institutions, complete assessment would require an additional clinic visit, but

20
adherence to a standardized protocol can facilitate diagnosis in a single visit.[ ] There is probably a need for a simplified version of CEAP, which can be assigned on the basis of a clinical examination without adjunctive testing. However, it is probably
premature to attempt development of a uniform description of CVD without noninvasive data. Meanwhile, the complete CEAP classification should continue to be employed for comparison of interventional strategies.

SEVERITY SCORING

3

The first consensus conference offered an 18-point severity score, based on 0 to 2 points for each of nine categories, and a straight-sum anatomic score.[ ] The clinical score appeared to have reasonable utility, but several of the items were not likely to reflect
change and therefore would not have been responsive to improvement or deterioration with therapy. Although available for almost a decade, and reported in numerous studies, neither scoring approach was ever subjected to validation.

43 44 45

In contrast, the recent Venous Clinical Severity Score received international utilization and has now been field-tested by three groups of investigators.[ ] [ ] [ ] It is constructed from 10 items scored 0 through 3, roughly corresponding to the familiar
none-mild-moderate-severe, for a maximal score of 30 (see Tables 155–3 , 155–4 , 155–5 ). The range of values has a linear correlation with CEAP clinical class and anatomic extent. In one study, the most severely affected individuals, those with active

43]

ulceration, had a mean VCSS of 14.9 ± 2.8[

45]
All three groups found the VCSS to be very good a separating normal limbs from limbs with venous disease and at differentiating mild or

; a similar value of 13.5 was observed in a European study.[

43] [44] [45]

moderate disease (C2 to C3), from severe (C4 through C6) venous disease.[

The purpose of revising the severity score was to make it more responsive to changes in the patient’s

TABLE 155-3 -- Venous Severity Scoring: The Venous Clinical Severity Score

ATTRIBUTE
Pain

ABSENT: 0

MILD: 1

MODERATE: 2

SEVERE: 3

None

Occasional; not restricting activity or requiring
analgesics

Daily; moderate activity limitation; occasional analgesics

Daily; severely limiting activities or requiring regular use of analgesics

*

None

Few, scattered: branch varicose veins

Multiple: GS varicose veins confined to calf or thigh

Extensive: Thigh and calf or GS and LS distribution

†

None

Evening ankle edema only

Afternoon edema, above ankle

Morning edema above ankle and requiring activity change, elevation

None or focal,
low-intensity
(tan)

Diffuse, but limited in area and old (brown)

Diffuse over most of gaiter distribution (lower ⅓ of leg) or recent
pigmentation (purple)

Wider distribution (above lower ⅓ of leg) and recent

Inflammation

None

Mild cellulitis, limited to marginal area around ulcer

Moderate cellulitis, involving most

Severe cellulitis (lower ⅓ of of gaiter area (lower ⅓ of leg) leg and
above) or significant venous eczema

Induration

None

Focal, circummalleolar (< 5 cm)

Medial or lateral, less than lower ⅓ of leg

Entire lower ⅓ of leg or more

No. of acute ulcers

0

1

2

>2

Active ulceration; duration

No

Yes; < 3 mo

Yes; > 3 mo, < 1 yr

Yes; not healed > 1 yr

Active ulcer, size (diameter)

No

Yes; < 2 cm

Yes; 2–6 cm

Yes; > 6 cm

Compressive therapy

Not used or not
compliant

Intermittent use of stockings

Patient wears elastic stockings most days

Full compliance: stockings and elevation

Varicose veins
Venous edema

Skin pigmentation

‡

GS, greater saphenous; LS, lesser saphenous.
Adapted from Rutherford RB, Padberg FT, Comerota AJ, et al: Venous Severity Scoring: An adjunct to venous outcome assessment. J Vasc Surg 31:1307–1312, 2000; with permission from Society for Vascular Surgery.

* “Varicose” veins must be > 4 mm in diameter to qualify so that differentiation is ensured between C1 and C2 venous disease.
† Presumes venous origin from characteristics (e.g., brawny [not pitting or spongy] edema), with significant effect of standing/limb elevation and/or other clinical evidence of venous etiology (i.e., varicose veins,
history of deep venous thrombosis). Edema must be regular finding (e.g., daily occurrence). Occasional or mild edema does not qualify.
‡ Focal pigmentation over varicose veins does not qualify.
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TABLE 155-4 -- Venous Severity Scoring: The Venous Segmental Disease Score (Based on Venous Segmental Involvement with Reflux or Obstruction
REFLUX
Score

†

OBSTRUCTION
Vein(s)

Score

½

Small saphenous

§

1

Great saphenous

1

½

Perforators, thigh

§

1

Perforator, calf

§

2

Calf veins, multiple (posterior tibial alone = 1)

1

*

)

†‡
Vein(s)

Greater saphenous (only if thrombosed from groin to below knee)

Calf veins, multiple

2

Popliteal vein

2

Popliteal vein

1

Femoral vein

1

Femoral vein

1

Profunda femoris vein

1

Profunda femoris vein

2

Common femoral

1

Iliac vein

1

Inferior vena cava

1
Common femoral vein and above

10

§

Maximum reflux score

10
Maximum obstruction score

¶

Adapted from Rutherford RB, Padberg FT, Comerota AJ, et al: Venous Severity Scoring: An adjunct to venous outcome assessment. J Vasc Surg 31:1307–1312, 2000; with permission from Society for Vascular Surgery.

* As determined by appropriate venous imaging (phlebography or duplex ultrasonography scan). Although some segments may not be routinely studied in some laboratories (e.g., profunda femoris and tibial veins),
points cannot be awarded on the basis of presumption, without scanning of the segments for obstruction or reflux.
† Reflux means that all the valves in that segment are incompetent. Obstruction means there is total occlusion at some point in the segment or > 50% narrowing of at least half of the segment. Most segments are
assigned 1 point, but some segments have been weighted more or less to fit with their perceived significance (e.g., increasing points for common femoral or popliteal obstruction and for popliteal and multiple calf
vein reflux and decreasing points for lesser saphenous or thigh perforator reflux). Points can be assigned for both obstruction and reflux in the same segment; this is uncommon but can occur in some post-thrombotic
states, potentially giving secondary venous insufficiency higher severity scores than primary disease.
‡ The excision, ligation, or traumatic obstruction of deep venous segments counts toward obstruction points just as much as their thrombosis.
§ Normally there are no valves above the common femoral vein, so no reflux points are assigned to them. In addition, perforator interruption and saphenous ligation/excision do not count in the obstruction score, but
as a reduction of the reflux score.
¶ Not all of the 11 segments can be involved in reflux or obstruction. 10 is the maximum score that can be assigned, and the maximum might be achieved by complete reflux at all segmental levels.

condition. It emphasizes the more severe aspects of venous insufficiency with the inclusion of three separate categories for active ulceration. Thus, severity can be expected to diminish substantially at the time of healing. Other aspects of CVD responsive to
relatively rapid change are pain, edema, extent of varicose veins, and inflammation. In one study, interobserver variability was greatest in the assessment of three items—pain, pigmentation, and inflammation—and suggestions were made to improve these

43]

descriptions.[

Although induration and pigmentation are thought to improve, the response is expected to occur more slowly.

The Venous Segmental Disease Score (VSDS) attempts to refine the anatomic score by assigning specified point values to various anatomic segments and separating the scores for reflux and obstruction. Segments considered to have a greater impact on the
disease process are given higher point values, but both have a maximum of 10. Although the VSDS is not widely employed as yet, it is hoped that these values will be validated in subsequent clinical studies. In one review comparing VCSS, VSDS, and

44] [45]

Venous Disability Score (VDS), the segmental disease score was the least well correlated with the disease process, suggesting that more work is needed on this aspect of scoring.[

In another, the “anatomic score correlated well with the clinical

44
severity score.”[ ]
The Venous Disability Score (VDS) was revised to make it more versatile, by changing the original definition from one relating inability to function at work-related activities, to one concerned with all general activities. This permitted rating of the

45]

continuously enlarging elderly population with venous insufficiency. In several studies, it correlated well with severity and exhibited a correlation coefficient of .7.[

Both the CEAP classification system and its associated scoring are assigned and interpreted by the physician and, on the basis of the history and physical findings, supplemented by duplex scanning. It is expected that additional research and investigation will
further validate this system, and the American Venous Forum initiated the first of these reviews in 2002.

TABLE 155-5 -- Venous Severity Scoring: The Venous Disability Score
0

Asymptomatic

1
Symptomatic but patient is able to carry out usual activities
2
Patient can carry out usual activities

*

*

without compressive therapy

only with compression and/or limb elevation

3
Patient is unable to carry out usual activities

*

even with compression and/or limb elevation

Adapted from Rutherford RB, Padberg FT, Comerota AJ, et al: Venous Severity Scoring: An adjunct to venous outcome assessment. J Vasc Surg 31:1307–1312, 2000; with permission from Society for Vascular Surgery.

* Usual activities = patient’s activities before onset of disability from venous disease.
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TABLE 155-6 -- Currently Available Disease-Specific Instruments for Measurement of Health-Related Quality of Life in Patients with Chronic Venous Disease (CVD) of the Lower Extremity
ABBREVIATION AND TITLE

48

AVVS[ ] ; Aberdeen Varicose
Vein Score

YEAR
1993

FOCUS

LANGUAGE(S)

Varicose veins, CVD

English

NUMBER OF QUESTIONS; COMMENTS
20 questions
Weighted scoring
Patient diagrams veins onto template

30

CIVIQ[ ] ; Chronic Venous
Insufficiency Questionnaire

49]

Temple DVT[

1996

General Venous

French, English

20 questions
Diagnosis based on clinical and subjective symptoms; no objective confirmation of venous etiology

1999

Iliofemoral deep venous
thrombosis

English

80 questions
Derived from thrombolysis registry data

31

VEINES[ ] ; VEnous
INsufficiency Epidemiological &
Economic Study

2003

General venous

French, English, Italian, FrenchCanadian

26 questions
Claims to assess full C1–C6 spectrum of CVD
Based on large clinical sample, infrequent confirmation of venous etiology

46

CCVU[ ] ; Charing Cross
Venous Ulcer Questionaire

2000

Venous ulcers

English

20 questions
Venous etiology confirmed with duplex ultrasonography

HEALTH-RELATED QUALITY OF LIFE: THE PATIENT’S PERSPECTIVE
In contrast to CEAP and the various physician-scoring systems, the various health-related quality-of-life (HR-QoL) questionnaires for CVI-related illness provide additional insight from the patient’s perspective. Most psychometric experts continue to
recommend the use of both generic and disease-specific instruments for these assessments. Although the generic questionnaires did not have a strong correlation with CVI, they are recommended because of their effectiveness in identifying other factors
influencing an individual’s quality of life. Currently, five validated instruments with acceptable reliability and responsiveness are available for evaluation of HR-QoL in CVI ( Table 155–6 ). The basic concepts underlying this evaluation process involve
several specific terms usually less familiar to the vascular surgeon: validity, reliability, and responsiveness, as defined here. In addition, acceptability and convenience are relative considerations that vary with the location and goals of the project.
Validity: Does the questionnaire measure what it is intended to measure? Often, there are not good measures for this parameter, and the questionnaires are then compared with clinical findings or other objective findings.
Reliability: Is the measure free of random error? Examples are test-retest comparisons, such as Does the result change when evaluated by the same examiner at different times? By different examiners? Is the evaluation stable when evaluated by the
same examiner at different times, or different examiners?
Responsiveness: Does the instrument identify meaningful change? This is often the most difficult parameter to illustrate. However, like the expected improvement in the severity score, healing of an active venous ulceration would be expected to

46]

produce a measurable improvement in HR-QoL score; this is illustrated in Figure 155–1 .[

The role of psychometric instruments such as these is critically tied to the comprehensive measurement of surgical and other medical outcomes. The relationship to financial impact and the cost of delivering various types of surgical and medical care is directly

relevant and will become increasingly important in future decisions about funding for

Figure 155-1 Responsiveness of the ulcer-specific questionnaire at 6 and 12 weeks (SE of the mean is represented by the error bars). (From Smith JJ: Measuring quality of life: Patients with venous ulcers. J Vasc Surg, 31:646, 2000, with permission from
Society for Vascular Surgery.)

TABLE 155-7 -- Differential Diagnosis of Chronic Venous Ulcers
Peripheral arterial disease (alone or combined with chronic venous insufficiency
Arteriovenous shunting (congenital malformation or acquired fistula)
Peripheral neuropathies:
Primary sensory neuropathy
Diabetes mellitus
Malignancies:
Basal cell carcinoma
Squamous cell carcinoma
Blood dyscrasias:
Hemoglobinopathies (sickle cell)
Leukemia
Thalassemia
Polycythemia rubra vera
Tropical ulcer
Insect bites
Chronic infectious diseases:
Osteomyelitis

Tuberculosis
Leprosy
Syphilis
Vasculitides:
Systemic lupus erythematosus
Scleroderma
Rheumatoid arthritis
Metabolic diseases:
Gout
Myxedema
Morbid obesity

Any discussion of this problem must incorporate additional information relating to malignant transformation in long-term, chronic ulceration. Both basal cell carcinoma and squamous cell carcinoma have been reported in presumed venous ulcers. Raised
edges, an irregular appearance in an ulcer, bleeding, and prolonged failure to heal suggest malignancy; malignancies can be readily diagnosed through biopsy with local anesthesia. Recognition may provide an opportunity for cure with a wide local excision,
but if the disease is advanced, limb amputation may be required.

SUMMARY
Clinical trials and basic research projects are now conducted with the descriptions, classifications, and scores generated by various consensus groups. Validity, reliability, and responsiveness have been demonstrated with recently proposed classifications and
scoring systems. As further anatomic information is extracted, and technical advances offer new perspectives, accurate descriptive data will continue to translate into real therapeutic advances. It remains unclear whether items additional to those currently
categorized in the CEAP classification will be needed for future determinations, but the ongoing process of evaluation and re-evaluation has been actively pursued, and future changes will be made in response to evidence-based recommendations. Because it
appears that the complexities of the human venous system are slowly becoming better understood, the detailed reporting encouraged by the CEAP classification and the various outcome measures has already begun to bear fruit.
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Chapter 156 - Nonoperative Treatment of Chronic Venous Insufficiency

MARY E. GISWOLD MD
GREGORY L. MONETA MD

Nonoperative therapy has been the primary treatment for chronic venous insufficiency (CVI) and venous ulceration for decades. Elevation of the lower extremities that places the feet above the thighs when one is sitting and above the heart when one is supine
is nearly universally accepted as effective treatment for venous ulceration. It is, however, impractical for most patients as anything but a short-term solution to a refractory or enlarging ulcer. The goals of nonoperative therapy for venous ulceration are to
promote healing of existing ulcers and prevent recurrence while allowing the patient to maintain a normal ambulatory status. Nonoperative therapy is highly effective in controlling symptoms of CVI and promoting healing of venous ulcers. Healing can be

1
prolonged, however, and in some cases painful. Larger size, duration of the ulcer, and the extent of healing within the first 3 weeks of therapy are important predictors of healing of venous ulcers with nonoperative therapy.[ ] Recurrence of venous ulceration
after healing is still a significant problem.
COMPRESSION THERAPY

2

3 4

Compression therapy remains the primary treatment for CVI despite progress in ablative[ ] and reconstructive[ ] [ ] venous surgery. The actual mechanism by which compression therapy counteracts the adverse effects of venous hypertension on the skin
and subcutaneous tissues remains unknown. Many studies have focused on the possible venous hemodynamic effects of compression therapy. Some investigators, using either invasive or noninvasive techniques, have shown no change in ambulatory venous

5 6 7
8 9 10 11 12 13 14
pressure (AVP) or venous recovery time (VRT) with compression therapy.[ ] [ ] [ ] Others have reported statistically significant improvements in AVP, VRT, or venous capacitance and outflow with compression therapy.[ ] [ ] [ ] [ ] [ ] [ ] [ ]
Even in reports suggesting improved hemodynamics with compression, detected changes are often small, and AVP measurements are rarely normalized.

Another possible explanation for the benefits of compression therapy is a favorable effect on subcutaneous interstitial pressures. Increased interstitial pressure counteracts transcapillary Starling’s forces and promotes fluid resorption and resolution of edema
with improved diffusion of nutrients to the skin and subcutaneous tissues. Several studies have examined the skin microcirculation in limbs with CVI after the resolution of edema following compression therapy. Skin capillary density, as determined by

15]

videomicroscopy, predictably rises after edema reduction.[

16] [17]

Several investigators have demonstrated an increase in skin transcutaneous oxygen pressure (tcPO2 ) after edema reduction, [

but others have been unable to demonstrate a significant

18]

change in skin tcPO2 after edema removal by pneumatic compression.[

Elastic Compression Stockings

19

Jobst invented gradient ambulatory compression therapy in the 1950s after personally suffering for years from venous ulceration.[ ] He observed that his leg symptoms were alleviated when he stood upright in a swimming pool. He therefore designed the
first ambulatory gradient-compression hosiery to mimic the hydrostatic forces exerted by water in a swimming pool ( Fig. 156–1 ). Forty years later, the use of ambulatory compression hosiery remains the primary treatment of CVI. Manufacturers provide
elastic compression stockings of various strengths, compositions, lengths, and colors.

20] [21] [22]
At our institution, venous ulceration has been primarily treated with local wound care and elastic compression therapy, usually elastic

Many reports document benefit of compression stockings for treatment of CVI and venous ulceration.[

23

stockings.[ ] Patients with venous ulcers are first assessed for the presence of infection and the extent of lower extremity edema. If necessary, a period of bed rest is prescribed to resolve the edema. Cellulitis is treated with short-term intravenous or oral
antibiotics in conjunction with local wound care (dry gauze dressings changed every 12 hours). When the edema and cellulitis have resolved, patients are usually fitted with below-knee 30- to 40-mm Hg elastic compression stockings. Two pairs are prescribed
to permit laundering on alternate days. Patients are instructed to wear the stockings at all times while they are ambulatory and to remove them on going to bed. Patients who for personal or social reasons cannot use elastic stockings are prescribed alternative
forms of compression (see later).
Wound care throughout the course of compression therapy consists of a simple daily washing of the ulcer with soap and water. Topical corticosteroids may be applied to surrounding areas of significant stasis dermatitis, but not to the ulcer itself. Other topical
agents are not used in our practice. The ulcer is covered with a dry gauze dressing held
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Figure 156-1 Model demonstrating the effect of hydrostatic pressure on the lower extremity in a water tank and its relationship to gradient compression hosiery. The pressure obtained by each is represented by the weights of various sizes, with the largest
located at the ankle. (From Bergan JJ: Conrad Jobst and the development of pressure gradient therapy for venous disease. In Bergan JJ, Yao JS [eds]: Surgery of the Veins. Orlando, FL, Grune & Stratton, 1985, pp 529–540.)

Figure 156-2 A and B, Compression stocking being sequentially fitted onto the leg with the Butler device. (From Mayberry JC, Moneta GL, Taylor LM, Porter JM: Nonoperative treatment of venous stasis ulcer. In Bergan JJ, Yao JS [eds]: Venous Disorders.
Philadelphia, WB Saunders, 1991, pp 381–395.)

Figure 156-3 Photograph of a multilayered dressing for treatment of chronic venous insufficiency.

Figure 156-4 The Circ-Aid legging orthosis provides rigid, adjustable compression. The device appears particularly useful in patients with very large or unusually shaped legs. A illustrates the interlocking Velcro straps that provide adjustable compression. B
shows the device in place.

Figure 156-5 Histologic photographs of the bioengineered skin substitute Apligraf (left) and normal human skin (right). The bioengineered product appears very similar to normal human skin. It produces numerous growth factors, and both dermal and
epidermal layers are mitotically active.

Figure 156-6 Photograph of Apligraf supplied as a disk on an agarose gel nutrient medium.

Figure 156-7 Photographs of a venous ulcer before (right) and after (left) treatment with Apligraf skin substitute.
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Chapter 157 - Varicose Veins:

Treatment by Intervention Including Sclerotherapy

JOHN J. BERGAN MD

The care of venous stasis in all of its manifestations is the responsibility of surgeons in general and of vascular surgeons in particular. Others, including internists, family doctors, dermatologists and interventional radiologists, are entering the field. This is
because prevalence of the conditions of venous dysfunction has outstripped care given by the surgical profession. The title of this chapter reflects this change. No longer can we use the exclusive term surgery. Now, the correct term is intervention, and the
following text explains this paradigm shift. With varicose veins, such care is directed toward ablation of diseased vessels. Ablation is achieved by removing them surgically or by obliterating them with techniques that include radiofrequency or laser ablation or

1
sclerotherapy. Large varicose clusters and varicosities above the knee are best treated by removal.[ ] Other vessels, especially telangiectasias, may be subjected to sclerotherapy.
RELEVANT ANATOMY

2

The gross anatomy of the venous system is well known to surgeons.[ ] Valve-containing deep veins transport venous blood by means of muscular contraction. Less physiologically important superficial veins also contain valves that direct their flow upward,
and these veins connect with the deep system by means of perforating veins that penetrate the deep fascia of the lower extremities. Check valves in the perforating veins protect the poorly supported venules superficial to the tela aponeurotica from
compartmental exercise pressure.

3
The official names of some veins has been changed in response to clinical needs and some ultrasonography-derived observations.[ ] Chief among these changes are the adoption of the terms great saphenous vein (GSV), small saphenous vein (SSV), and
femoral vein (FV) to replace the commonplace but confusing term “superficial femoral vein.”

Less anatomically appreciated is the reticular subdermal venous network, which also contains valves ( Fig. 157–1 ). Because it is the most superficially located vein network of the lower extremities, this plexus is the most poorly supported and is the source of

3
the earliest subcutaneous varicosities.[ ]
2 4

Superficial to this network in the dermis, postcapillary venules run horizontally, range in size from 12 to 35 μm, and empty into collecting venules twice as large in the mid-dermis.[ ] [ ] One-way valves are found in venules at the dermis-adipose junction
and also in areas of anastomosis of small to large venules. Larger venules also contain valves not necessarily associated with junctional points. Free edges of valves are always directed away from the smaller vessels and toward the larger ones. These valves
serve to direct blood flow toward the deeper venous system. The valve structure in these small venules is identical to that found in larger deep veins, consisting of valve sinuses, cusps, and aggeres in relation to vein walls.

5

Of greatest concern to the physician treating venous problems in the lower extremity is the great saphenous vein. The term saphenous is derived from the Greek word for “evident.”[ ] The saphenous vein (1) originates on the dorsum of the foot in the dorsal
venous arch, (2) passes anterior to the medial malleolus, (3) progresses through the medial calf across the posteromedial aspect of the popliteal space, (4) ascends in the medial thigh, and (5) terminates in the femoral vein ( Fig. 157–2 ).

The anatomy of the great saphenous vein is relatively constant. It is well appreciated that this vein lies on the deep fascia of the leg and thigh. Less well recognized, however, is that the vein lies below or deep to the superficial fascia ( Fig. 157–3 ). Even

6
contemporary descriptions of the anatomy of the veins of the lower extremity do not make this distinction.[ ] Yet this fact is important to knowledge of the

Figure 157-1 Dermal postcapillary venular network. Valves within these tiny vessels all direct blood flow deeper into large collecting veins. Failure of check valve function allows high-pressure venous blood to flow into unsupported dermal vessels, thus
producing telangiectatic blemishes.

Figure 157-2 The location of the most important perforating veins associated with the great saphenous system is shown. The Cockett and inframalleolar perforating veins are actually separate from the great saphenous system. The Boyd perforating vein is
constantly present, but it may drain the saphenous vein or its tributaries. Perforating veins in the distal third of the thigh are referred to as “Dodd perforators,” whereas those in the middle third of the thigh are referred to as “Hunterian perforators.”

Figure 157-3 The saphenous compartment is bounded by deep and superficial layers of fascia. Tributaries to the saphenous vein pierce the superficial fascia and it is they that become varicose. Transverse ultrasonography scanning has shown a single
saphenous vein in 52% of persons, two parallel veins in 1%, a single saphenous vein with a large subcutaneous tributary that pierces the superficial fascia to join the saphenous vein at various levels in the thigh in 26%. Other variations have been identified.
ASV, accessory saphenous vein; FA, femoral artery; FV, femoral vein; GSV, great saphenous vein.

Figure 157-4 The small (lesser) saphenous vein dominates the posterolateral superficial venous drainage and originates in the dorsal venous arch. At the posterolateral ankle, it is intimately associated with the sural nerve. Note the important posterolateral
tributary vein and the posterior thigh vein, which ascend and connect the small saphenous venous system with the great saphenous system. The anterolateral superficial thigh vein and the posterolateral tributary vein can be very important in congenital venous
anomalies, such as Klippel-Trenaunay syndrome.

TABLE 157-1 -- Patterns of Varicosities
LOCATION OF VARICES

PERFORATOR

Medial thigh, middle third

Hunterian

Medial thigh, distal third

Dodd’s

Medial leg, upper third

Boyd’s

Ankle, posteromedial

Cockett’s

Ankle, anteromedial

Sherman’s

Posterolateral knee crease

Unnamed

in the absence of varicose veins elsewhere in the lower extremity. Such varicosities may consist of the anterior tributary vein varicose cluster or, more commonly, a posterior varicose cluster. The first manifestations may be pain, aching, and heaviness. Relief
may be obtained by applying local pressure under an elastic stocking and then by performing local excision of the cluster of varicosities and its perforating vein. Whether sclerotherapy for this pattern of varicosities will give long-term benefit is undetermined,
but the best method of treatment is phlebectomy.
Of some importance is the relationship of the saphenous nerve to Boyd’s perforating veins and its varicose clusters. In a study of this relationship, the most common vein-nerve pattern was found to be the saphenous vein and saphenous nerve that meet a few

15

centimeters below the knee.[ ] Below this point, the vein and the nerve were inseparable as far as the medial malleolus. This pattern was noted in 41 of 60 limbs studied. The next most common pattern, seen in 10 limbs, was the nerve joining the saphenous
vein a few centimeters more proximally. Thus, in 50 of 60 limbs, nerve injury could be a problem in limbs in which the saphenous vein is exposed below Boyd’s perforating vein.
Another isolated pattern of varicosities arises from the anteromedial tributary to the saphenofemoral junction. These veins may form prominent ropelike varicosities across the anterior surface of the thigh, coursing laterally and descending on the lateral aspect
of the thigh. They may cross the popliteal space and arborize distally on the calf.
Other prominent varicose cluster patterns originate from the perforating veins of Hunter at the mid-thigh and of Dodd in the distal thigh and are sometimes isolated clusters of varicosities. Usually, they occur in association with great saphenous vein reflux. In
fact, recognition that these clusters of varicosities are markers of saphenous vein reflux alerts the interested physician to study the saphenofemoral junction. The probable cause of great saphenous insufficiency when varicose clusters of the midthigh or distal

16]

thigh are present can then be confirmed by Doppler ultrasonographic evaluation.[

17

In a study intended to classify the clinical appearance of uncomplicated varicose veins, Goren and Yellin[ ] found that 71% of the limbs studied demonstrated typical saphenous vein varicosities. Of the 164 limbs, 147 demonstrated great saphenous vein
incompetence, whereas only 17 limbs showed small saphenous vein incompetence. Only 22% of limbs did not show saphenous vein incompetence; these showed isolated perforating vein incompetence.
The necessity of reconciling preservation of the saphenous vein for subsequent arterial surgery with the need for varicose vein surgery is considerably aided by the recognition that great saphenous vein incompetence may not be present in some limbs with

17

gross varicosities. In such instances (22% of the limbs in the study by Goren and Yellin),[ ] the great saphenous vein can be spared yet the operation can be done properly to remove symptomatic varicosities. Doppler ultrasonographic evaluation with
confirmation by duplex scanning aids considerably in the planning of such surgical interventions. However, one should also understand that in more than 75% of limbs, the great saphenous vein may have to be sacrificed.
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VARICOSE VEINS AND TELANGIECTASIAS
Varicose veins, telangiectatic blemishes, and dilated, tortuous, flat, blue-green reticular veins are not normal physical findings. They are evidence of venous dysfunction. Telangiectasias are defined as being a confluence of permanently dilated intradermal

18

venules of less than 1 mm in diameter. Reticular veins are defined as permanently dilated bluish intradermal veins usually from 1 to less than 3 mm in diameter; they are usually tortuous.[ ] The visible physical findings, more often than not, cause the
symptoms of aching pain, leg fatigue, and a poorly described discomfort that makes the individual harboring this venous dysfunction wish to elevate the legs to a more comfortable position. Ultimately, the target of venous dysfunction is the skin. With longstanding venous dysfunction, the skin darkens as a result of hemosiderin deposition; if an inflammatory process is triggered, the subcutaneous tissues harden, and minor breaks in the epidermis are slow to heal, producing white, depressed scars. A confluence
of these is called atrophie blanche.

The aching pain, which is the most common symptom, is related to pressure of the dilated vessels on a dense network of somatic nerve fibers present in subcutaneous tissues adjacent to affected veins. The magnitude of symptoms is not related to the length or

19]

diameter of the malfunctioning vein.[

20]

Patients with telangiectasias, for the most part, have symptoms identical to those of patients with protuberant, saccular varicosities.[

It is these symptoms that drive the patient to a physician, who more likely than

21
not dismisses the symptoms and their cause as unimportant.[ ] Nevertheless, in best medical practice, the patient’s complaint is acknowledged, and after appropriate diagnosis, treatment is instituted.
Indications for therapeutic intervention are listed in Table 157–2 . Physicians might recognize that treatment is indicated when the patient has had superficial thrombophlebitis in varicose clusters or has experienced external bleeding from high-pressure venous
blebs. Certainly, treatment such as elastic support would be offered for advanced changes of chronic venous insufficiency. The much more common symptoms, such as aching pain, leg fatigue, and leg heaviness, and the appearance of the leg, however, are
likely to be dismissed. Nevertheless, they should be acknowledged and cared for.

TABLE 157-2 -- Varicose Veins: Indications for Intervention
General appearance

Aching pain
Leg heaviness
Easy leg fatigue
Superficial thrombophlebitis
External bleeding
Ankle hyperpigmentation
Lipodermatosclerosis
Atrophie blanche
Venous ulcer

Specific findings on physical examination that lead to surgical intervention rather than sclerotherapy are those of axial vein reflux in the great saphenous vein or, perhaps, the small saphenous vein. Experience teaches that sclerotherapy of varicosities in the

22]

presence of saphenous vein reflux will fail.[

23]

Furthermore, large varices lend themselves to surgical removal rather than sclerotherapy, and the trend worldwide is toward ambulatory phlebectomy rather than sclerotherapy for such varicose clusters.[

H.

24
A.M. Neumann, a dermatologist who has emphasized this issue, recommended that one should “always operate: insufficient saphenous junctions, major insufficiency of long saphenous vein…and big insufficient (incompetent) perforating veins.”[ ] Others
[25]

have found that surgery is indicated even when saphenofemoral junction incompetence is not present.

26]
27
At present, such surgery can be performed as day-case surgery, with no additional workload being given to the primary care physician.[ ]

When such phlebectomies are carried out, patient satisfaction is virtually unanimous.[

28]

Extensive availability of duplex ultrasonography technology has revealed another reason for intervening in varicose veins—deep venous function is improved by superficial venous surgery.[

Increased dilatation of the deep venous system has been noted to

29
accompany superficial venous reflux and was described in a phlebographic study by Fischer and Siebrecht[ ] as early as 1970. They observed that greater dilatation of deep veins was seen in the absence of post-thrombotic manifestations.
30]
Although observations of deep venous dilatation and elongation were made in phlebographic studies in preoperative patients,
[29]

Such deep venous dysfunction has been thought to be the most important complication of superficial axial vein incompetence.[

such studies were not carried out uniformly in postoperative patients. When duplex ultrasonography technology is applied to the study of postoperative patients, ablation of preoperative deep vein reflux has been found.
strong argument for treatment of varicose veins with the best method possible, which is ambulatory phlebectomy.

This important finding provides a

INTERVENTION AS TREATMENT
Objectives

31]
:

When intervention is decided upon, the physician must keep three goals in mind in planning the treatment[
■ Permanent removal of the varicosities with the source of venous hypertension
■ As cosmetic a result as possible
■ Minimum number of complications

The source of venous hypertension, as described previously, is gravitational reflux (hydrostatic) or compartmental pressure developed during muscular contraction through perforator outflow (hydrodynamic). Therefore, removal of gravitational reflux by

32]

means of removal of the axial vein from the circulation and detachment of hydrodynamic forces by superficial varicosity excision has been found to accomplish both objectives.[

2256

The Plan
The planned operation for a given patient must be completely individualized. As indicated previously, Doppler evaluation and duplex scanning have shown that in 70% of limbs selected for surgery, typical saphenofemoral junction reflux is present. In such

17]

limbs, the saphenous vein at the femoral junction must be treated. However, atypical varicosities without saphenofemoral junction reflux do occur in some 20% of limbs. In other limbs, atypical reflux causes their varicosities.[
intervention fits every patient perfectly.

Clearly, no standard

33]
34 35
36 37
Their outpatient variations have become routine.[ ] [ ] And minimally invasive operations have come into vogue.[ ] [ ] This means that older methods requiring
[31]

The techniques of saphenous surgery are well described in standard surgical texts.[

Surgical removal of the saphenous vein is now done by groin-to-knee downward stripping of

inpatient care, general anesthesia, long operating time, radical avulsion of varicose veins, and stripping of varicose veins to the ankle can be largely abandoned.

38 40 41
17 32 39 42
the GSV or its endoluminal destruction.[ ] [ ] [ ] Techniques to decrease hematoma after downward stripping include irrigation and epinephrine- gauze packing of the saphenectomy tunnel.[ ] [ ] [ ] [ ] Tourniquets should be used for huge
[43] [44]
varicosities during saphenous vein stripping.
Options
Options available for surgical treatment of varicose veins are as follows:
■ Ankle-to-groin saphenous vein stripping (with stab avulsion)
■ Segmental saphenous vein stripping (with stab avulsion)
■ Saphenous vein ligation: high, low, or both
■ Saphenous vein ligation and sclerotherapy
■ Saphenous vein ligation (with stab avulsion)
■ Stab avulsion of varices without saphenous vein stripping (phlebectomy)
■ Endoluminal occlusion of the saphenous vein by radiofrequency (RF) or laser energy
Objectives of surgical treatment should be (1) ablation of the hydrostatic forces of axial and saphenous vein reflux and (2) removal of the hydrodynamic forces of perforating vein reflux. These maneuvers should be combined with extraction of the varicose
vein clusters in as cosmetic a fashion as possible.
Saphenous Vein Ligation
Ligation of the saphenous vein at the saphenofemoral junction has been practiced widely in the belief that it would control gravitational reflux while preserving the vein for subsequent arterial bypass. It is true that the saphenous vein is largely preserved after

45]

proximal ligation.[

46]

Reflux continues, however, and hydrostatic forces are not controlled.[

Before the accurate delineation of the sites of origin of varicosities, ankle-to-groin stripping of the saphenous vein was considered the standard operation that should be performed in every case. Turn-of-the-20th-century publications had conveyed the belief

47] [48] [49]
This belief led to excessively radical saphenous vein stripping and the desire of surgeons to perform proximal saphenous vein ligation without saphenous vein

that reflux was uniformly distributed over the entire length of the saphenous vein.[
stripping.

The objective of excision of the saphenous vein is to remove its gravitational reflux and detach its perforator vein tributaries in the thigh. Therefore, it has been found unnecessary to remove the below-knee portion. Perforating veins of the medial thigh are
largely a part of the saphenous system; in the lower leg, however, this is not the case. Below the knee, important perforating veins are part of the posterior arch circulation. A further argument against routine removal of the saphenous vein below the knee is the

50]

discovery of saphenous nerve injury associated with the operation. Such injury has occurred in the upper third of the leg as well as adjacent to the ankle incision.[

51]
32
Recurrent varicose veins are also more common after saphenous vein ligation and sclerotherapy than after stripping and sclerotherapy.[ ] A prospective
[52] [53]

Recurrent varicose veins are more common after saphenous vein ligation than after stripping.[

randomized trial comparing proximal saphenous vein ligation and stab avulsion of varices with stripping of the thigh portion of the saphenous vein and stab avulsion of varices has found superior results for the latter procedure.

13] [54]

Studies of recurrent varicose veins have found preservation of the patency of the saphenous vein and continued reflux in the saphenous vein to be the most common element in the recurrence.[

In patients presenting for surgical relief of recurrent

107]

varicosities, Stonebridge and colleagues[

found that two thirds required removal of the saphenous vein as part of the second procedure. For all of these reasons, simple proximal saphenous vein ligation should be done only in very special cases.

Surgical Procedure
As indicated previously, knowledge of the pathophysiologic hydrodynamics, relevant venous anatomy, and results of the various surgical procedures allows precise prescription of the proper surgical procedure for each patient and each limb to be benefited by

17]

surgical intervention. In surgical practice, because great saphenous vein reflux is found in two thirds of patients, groin-to-knee removal of the saphenous vein from the circulation is part of the operation chosen.[
but ablation of the vein by RF or laser energy is an acceptable alternative.

Figure 157–5 illustrates surgical stripping,

In nearly all patients, this procedure is supplemented with stab avulsion of clusters of varicosities. In one third of patients, the saphenofemoral junction is found to be competent and therefore can be left intact. However, stab avulsion of clusters of varicosities
derived from reflux from the Hunter or Dodd perforating veins may be necessary. This maneuver may remove segments of the great saphenous vein. Finally, approximately 15% of patients are found to have small saphenous vein incompetence, and the
operation in such patients must include careful removal of some or all of that structure.

55]

Advent of foam sclerotherapy has provided another minimally invasive alternative to stab avulsion surgery.[
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Figure 157-5 Removal of the thigh portion of the saphenous vein is the mainstay in surgical treatment of primary venous insufficiency. The endoluminal device, commonly a disposable plastic stripper, can be introduced from above downward, and the vein
ligated around the stripper proximally. As distal traction is applied, the vein is then inverted into itself and removed distally in the region of the knee. This minimizes tissue trauma but accomplishes the desired result of detaching the superficial venous system
from perforating veins that are transmitting intercompartmental pressure to unsupported subcutaneous venous networks.

Figure 157-6 Common locations of telangiectatic blemishes on the medial distal thigh and the proximal leg both laterally and medially. Such telangiectatic blemishes may be connected to reticular feeding veins, which can be identified and sclerosed.
Commonly, these feeding veins are connected to the deep venous circulation and transmit hydrodynamic forces to the dermal venules.

TABLE 157-3 -- Comparison of Saphenous Veins Treated with Ablation and EVLT
RESULTS (AT LAST VISIT)

RF TREATED

EVLT TREATED

PVALUE

Primary occlusion

41

28

<0.05

Assisted primary occlusion

5

14

<0.05

Failure of treatment

4

8

<0.05
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achieving primary occlusion (41 versus 28 veins). In addition, there were somewhat fewer treatment failures with RF than with EVLT (4 versus 8 legs).
Ten RF-treated legs showed early recurrent patency of the vein. Of these, one vein closed without further treatment, five closed after ultrasound-guided sclerotherapy, two did not undergo follow-up duplex scanning, and two failed to close after repeated
sessions of ultrasound-guided sclerotherapy. In these 10 patients, the contralateral leg was treated with EVLT. In 7 of the 10 EVLT-treated legs, the saphenous vein failed to close primarily. Of the 24 EVLT-treated legs that showed recurrent venous patency
and flow, 2 veins closed without further intervention, 14 closed after ultrasound-guided sclerotherapy, 4 did not undergo follow-up duplex scanning, and 4 failed to close after repeated sessions of ultrasound-guided sclerotherapy. The 4 legs with veins that
failed to close with EVLT and ultrasound-guided sclerotherapy were treated with a second ablation procedure, this time with RF. Two of the 4 closed after the second ablation procedure. For the 2 legs that showed recurrent patency and flow even after a
second ablation procedure, a high ligation of the greater saphenous vein was done in the office with the patient under local anesthesia.
Surgery of the Small Saphenous Vein
Surgery of the small saphenous vein is very little like surgery of the great saphenous vein. There is one similarity; the anatomy of the saphenopopliteal junction is just as irregular as that of the saphenofemoral junction. Indications for surgery of the small
saphenous vein are similar to those for surgery of the great saphenous vein; that is, reflux in the small saphenous vein accompanied by symptomatic varices tributary to that system.
Although earlier surgeons described a normal low or high termination of the saphenous vein in the popliteal fossa, this area has been more carefully defined by duplex scanning. Now it is known that a very low termination below the knee joint occurs in only
2% of cases. In 42% of cases, the termination is within 5 cm of the knee joint crease and is the saphenous vein’s only termination. However, the small saphenous vein may continue up into the thigh and terminate elsewhere. For example, it terminates in the
vein of Giacomini in about 12% of cases, in half of which there is also a standard saphenopopliteal junction. The small saphenous vein may terminate higher, in a femoropopliteal vein or posterior subcutaneous thigh vein. In nearly half of these cases, the

63]

femoropopliteal vein enters a thigh perforating vein or, more rarely, splits into two or more branches that may reach the gluteal area. One third of these cases also demonstrate a standard saphenopopliteal junction.[

Because of the variability of the anatomy and the limited nature of small saphenous vein reflux, it is essential that examination with a continuous-wave, hand-held Doppler instrument be supplemented by duplex scanning. The objectives of duplex scanning are
to confirm small saphenous vein reflux and to identify the termination of the small saphenous vein. The termination can be marked on the skin if the examination is performed immediately preoperatively; more often, however, because the duplex examination
is remote in time from the operative procedure, the distance from the heel pad to the termination of the saphenous vein is carefully measured and recorded in the duplex scanning report.

71]

Hobbs [

recommends on-table small saphenous varicography. Many of his observations were made before the days of duplex scanning.

72

Further differences between the small saphenous vein and the great saphenous vein include the fact that in the posterior leg, the small saphenous vein has segmental reflux in most cases. van Bemmelen and associates[ ] found that the proximal part of the
vein was incompetent in 36% of cases, and the midcalf portion in 31%. In more than half of the affected small saphenous veins, the incompetence was limited to only one segment; in the distal half of the leg, the small saphenous vein was normal in 26% of
cases. The importance of this finding derives from the fact that the sural nerve is vulnerable to injury in the retromalleolar space on the lateral aspect of the ankle.

The surgical procedure is performed with the patient prone and the popliteal space relaxed by knee flexion. The incision is made over the termination of the small saphenous vein and centered on the junction between the middle and lateral thirds of the
popliteal space. It can be made 5 cm long to expose the deep fascia. This structure can be further relaxed by more knee flexion. The incision in the deep fascia can be made parallel to the skin incision or longitudinally to achieve more exposure. The sural nerve
should be identified and preserved. Frequently, the small saphenous vein or tributaries to it encircle one or more of these nerve structures. When the encircling veins are varicose, the dissection may be tricky indeed.

Division of the tributaries, and especially the proximal tributary to the vein of Giacomini, mobilizes the small saphenous vein termination. The vein can be divided and suture-ligated near its termination in the popliteal vein. Distally, stripping can be carried
out with the disposable plastic Codman vein stripper or, better, with the Oesch stripper. Because there are no equivalents to the Hunter or Dodd perforating vein in the posterior calf, the stripping can be limited to the proximal lesser saphenous vein to above

73]

midcalf in most cases. Goren and Yellin[

have provided a concise description of this technique.

After ligation, my colleagues and I have followed the original Oesch technique, which dictates that after the saphenous vein is divided, the stainless steel stripper is passed with its angled tip in a downward direction. The stripper usually passes only to the

varicose cluster in the posterior calf. There, the angled tip of the stripper can be palpated through the skin, and skin pressure allows the stripper to perforate the vein wall and become subcutaneous. A 3-mm stab incision exposes the tip of the stripper, and the
actual vein, which has been penetrated, is not visualized. A strong, nonabsorbable suture is tied to the end of the stainless steel stripper, and this suture in turn is fixed to the end of the vein so that it can be inverted into itself as the stripper is removed distally.
Once the inverted vein appears in the distal incision, it can be grasped directly with the hemostat, and traction can be placed on the vein as close to the skin as possible to avoid tearing the relatively fragile small saphenous vein. Gastrocnemius veins should be
searched for in the proximal incision, because their persistence may contribute to recurrent varicosities in the posterior calf.
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SCLEROTHERAPY

74

75

Although many credit Pravaz with the invention of the syringe in 1851, it was actually Rynd who developed this radical advance in 1845.[ ] Case reports of sclerotherapy appear throughout the latter half of the 19th century.[ ] A variety of caustics were
used, including carbolic acid. Profound inflammation and suppuration followed such treatments in the pre-Listerian era. All early agents were thrombogenic. After investigations showing that quinine obliterated small vessels through intimal damage, the focus

76]

of sclerotherapy changed.[

77]

This change led directly to the use of hypertonic saline in 1924 and sodium morrhuate in 1930.[

78]

Credit should be given to Biegeleisen[

79] [80]

for the invention of microsclerotherapy after 1930. The technique languished somewhat until after 1970, although in some centers, treatment of varicosities of all sizes continued throughout this time.[

Indications for the use of sclerotherapy are listed in Table 157–4 . Sclerotherapy is the only modality effective in the ablation of telangiectatic blemishes. It can also erase reticular veins and varicosities, particularly those less than 4 mm in diameter. Below the
knee, where effective compression is most efficient, sclerosants can ablate larger varicosities and small clusters of varices not associated with great saphenous vein reflux. Furthermore, sclerotherapy is useful in obliterating residual varicosities after surgical
treatment and varicosities that appear at times remote from surgery after saphenous vein reflux has been totally corrected.

4

Many individuals, especially nonsurgeons, use sclerotherapy for nearly all varicosities. Some even believe that axial vein reflux through saphenous veins can be halted effectively with sclerosants.[ ] Furthermore, sclerotherapy is used by some for thigh
varicosities of nonsaphenous origin and even for large varices associated with principal named perforating veins. As mentioned in Table 157–4 , these are not ideal indications. It is the use of sclerotherapy in suboptimal situations that has contributed to its
inferior reputation.

In general, sclerotherapy finds its greatest utility in the smallest incompetent vessels. These, then, may be telangiectasias or small varices below the knee. Proximal venous
TABLE 157-4 -- Indications for Sclerotherapy
Optimal indications

Telangiectasias
Reticular varicosities and reticular veins
Isolated varicosities

*

Below-knee varicosities
Recurrent varicosities
Less-than-optimal indications

*

*

Symptomatic reflux
Aged or infirm patient
Patients who are not surgical candidates

Questionable indications

Great saphenous vein reflux
Small saphenous vein reflux
Large varicosities

Contraindication
Allergy to the sclerosant

*

* In the absence of gross saphenous vein reflux.

81 82 83 84 85 86

reflux and venous hypertension must be corrected first.[ ] [ ] [ ] [ ] [ ] [ ] Under less than ideal circumstances, sclerotherapy also finds a distinct usefulness in palliation, for the aged or infirm patient. In addition, in situations that violate these
guidelines, sclerotherapeutic ablation of symptomatic varicosities can temporarily prove to be gratifyingly beneficial.

87]
When sclerotherapy is used to obliterate larger veins, it is referred to as macrosclerotherapy.

When telangiectasias are treated by sclerotherapy, the process is termed microsclerotherapy.[
Sclerotherapeutic Agents

Drugs available for sclerotherapy may cause thrombosis, fibrosis, or both. Excessive thrombosis is undesirable and may lead to excessive perivascular inflammation and recanalization of the vessel. More desirable endothelial damage may be provoked by a
number of mechanisms, including:
■ Changes in the surface tension of the plasma membrane
■ Modification of the physical or chemical environment of the endothelial cell
■ Alteration in intravascular pH or osmolality

80]

For effective microsclerotherapy, the endothelial damage must produce vascular necrosis in a significant portion of the vascular wall.[

88]

Agents that change the surface tension of the plasma membrane are detergents. They include sodium morrhuate, sodium tetradecyl sulfate, and polidocanol. Their action produces endothelial damage through interference with cell surface lipids.[

Hypertonic solutions, including hypertonic saline, hypertonic dextrose, and sodium salicylate, cause dehydration of endothelial cells through osmosis. Possibly, fibrin deposition with thrombus formation occurs through modification of the electrostatic charge

89]

on the endothelial cells.[

Chemical irritants, such as chromated glycerin and polyiodinated iodine, act directly on the endothelial cells to produce endosclerosis. After endothelial damage occurs, fibrin is deposited in the sclerosed vessels. Platelets adhere to the underlying elastin,

90]

collagen, or basement membrane.[

Table 157–5 ranks sclerosing agents according to strength. The strongest solutions are used in the largest veins, including the saphenopopliteal and saphenofemoral junctions, selective perforating veins, and larger varicose clusters. At the other end of the scale
are the weakest solutions, which are used for telangiectasias and other vessels smaller than 0.4 mm in diameter. Weak solutions are useful for vessels of up to 2 mm in diameter, and strong solutions for vessels of 3 to 5 mm in diameter.
The only two sclerosant solutions approved by the U.S. Food and Drug Administration (FDA) and listed in the Physician’s Desk Reference are detergents. The oldest, sodium morrhuate, is a mixture of sodium salts of saturated and unsaturated fatty acids
present in cod liver oil. This agent experienced early popularity in the 1930s. The enthusiasm was dampened, however, by reports of anaphylactic reactions.

91]

The other agent, sodium tetradecyl sulfate, was widely utilized after 1950[

and was advocated for use in dilute
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TABLE 157-5 -- Relative Strengths of Sclerosing Solutions

Category 1: strongest

Category 2: strong

Category 3: moderate

Category 4: weak

Sodium tetradecyl sulfate

1.5–3.0%

Polidocanol

3–5%

Polyiodinated iodine

3–12%

Sodium tetradecyl sulfate

0.5–1.0%

Polidocanol

1–2%

Polyiodinated iodine

2%

Sodium morrhuate

5%

Sodium tetradecyl sulfate

0.25%

Polidocanol

0.75%

Polyiodinated iodine

1%

Hypertonic saline

23.4%

Sodium morrhuate

2.5%

Sodium tetradecyl sulfate

0.1%

Polidocanol

0.25–0.50%

Chromated glycerin

50%

Polyiodinated iodine

0.1%

Hypertonic saline

11.7%

Sodium morrhuate

1%
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solution for the treatment of telangiectasias after 1978.[ ] Although it is widely used, this agent does produce epidermal necrosis when infiltrated in concentrations greater than 0.2%. Allergic reactions have been reported, and postsclerotherapy
hyperpigmentation is commonly seen. Curiously, the manufacturer recommends an intravenous test injection as a precaution against anaphylaxis.
Not approved by the FDA at present but undergoing phase 2 trials in anticipation of approval is the most widely used sclerotherapeutic agent, polidocanol. It was synthesized and introduced as a local and topical anesthetic agent that clearly differed from the
class of anesthetic agents that were “-caine” compounds. Polidocanol is a urethane whose optimum anesthetic effect occurs at a concentration of 3%. Because intravascular and intradermal instillations of this agent produced sclerosis of small-diameter blood

93]

vessels, polidocanol was withdrawn as an anesthetic agent and proposed as a sclerosing agent after 1967. An optimal concentration for treating telangiectasias is 0.5%, whereas varicose veins may be treated with a 1% or greater concentration.[

Treatment of Telangiectatic Blemishes (Microsclerotherapy)

Telangiectatic blemishes may be thought of as extremely small varicose veins. Therefore, principles of treatment remain the same. The source of venous hypertension that has produced the elongation, tortuosity, and dilatation of the vessel must be controlled if

84

treatment is to be effective. Telangiectasias may receive their pulse of venous hypertension directly through minute incompetent perforating veins (see Fig. 157–6 ).[ ] This may be identifiable through careful Doppler examination; more often, the offending
perforating vein is not specifically identified. Treatment of the telangiectatic blemish in such a situation may fail simply because the sclerosant solution does not reach the feeding vein in a concentration sufficient to obliterate it.

Telangiectasias may receive their pulse of venous hypertension from the subdermal reticular network ( Fig. 157–7 ). These are seen as thin-walled, blue, superficial, dilated veins that are eventually tributaries to the main superficial venous system. Doppler

94]

studies have shown that free reflux occurs in such a network in association with telangiectasias. The reflux may proceed upward against the flow of gravity.[
incompetent perforators, or from a hydrostatic or hydrodynamic cause, as described earlier in this chapter.

The reticular network may receive venous hypertension through gravitational effects, from

Figure 157-7 Diagram showing the interconnections of the structures that participate in venous insufficiency. Note the saphenous compartment, the varices in the superficial compartment, and the relationship of telangiectasias to the deeper structures.
Telangiectasias are connected to reticular veins or varicose veins or both.

Figure 157-8 Placement of the needle in a feeding vein to treat the reticular varicosity found in association with a large telangiectatic blemish. Note the stretching of the skin, the penetration of the reticular varicosity with the needle, and the deft management
of the plunger to clear blood from the entire blemish during injection.
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Chapter 158 - Management of Perforator Vein Incompetence

MANJU KALRA MBBS
PETER GLOVICZKI MD

1
2
Incompetent perforating veins were observed in patients with venous ulceration more than a century ago by John Gay,[ ] but surgical interruption of these veins to prevent ulceration was suggested first by Linton only in 1938.[ ] Linton attributed a key role
3 4

5 6

7 8 9 10 11 12 13

to perforator vein incompetence (PVI) in the pathomechanism of venous ulceration, an idea embraced later by Cockett,[ ] [ ] Dodd,[ ] [ ] and several other investigators.[ ] [ ] [ ] [ ] [ ] [ ] [ ] This assumption led to the premise that surgical
interruption of perforating veins would prevent the abnormal transmission of elevated venous pressure in the deep venous system generated during walking to the superficial venous system and thereby promote ulcer healing. In the mid-twentieth century,
perforator ligation was adopted by many surgeons as the panacea to heal venous ulcers. However, a high incidence of wound complications after subfascial perforator ligation, coupled with conflicting long-term results reported by various investigators, led to

14] [15]

virtual abandonment of the procedure during the 1980s.[

[3] [5] [7] [10] [11]

shorter skin incisions,

In the light of these results, several investigators attempted to modify Linton’s original operation, which required long skin incisions. Less invasive surgical techniques included the use of

16] [17]
18
19
multiple medial incisions in skin creases, [ ] and blind avulsion of the perforators with a shearing instrument.[ ] In the mid 1980s, Hauer developed
[20]

long posterior incision away from damaged skin,[

a technique that enabled incompetent perforating veins to be ligated under direct vision through small incisions situated far away from areas of ulcerated or damaged skin.

This technique was rapidly adopted and refined by several groups, and over the

21 22 23 24 25 26 27 28 29 30 31
past decade subfascial endoscopic perforator vein surgery (SEPS) has emerged as an effective minimally invasive technique to interrupt perforating veins.[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] In recent years, ultrasound-guided

sclerotherapy (USGS) of perforating veins has been described as an office procedure performed with the use of local anesthesia to make the procedure even less invasive.

In this chapter we review the surgical anatomy of the perforating veins and discuss available evidence supporting the role of perforators in chronic venous disease. We describe indications for perforator vein interruption, discuss preoperative evaluation of
patients, and present the currently used techniques for interruption of perforators. Finally, we review data in the literature on the efficacy of perforator vein interruption.

SURGICAL ANATOMY OF PERFORATOR VEINS
Perforating veins connect the superficial to the deep venous system, either directly to the main axial veins (direct perforators) or indirectly to muscular tributaries or soleal venous sinuses (indirect perforators). The term communicating veins refers to
interconnecting veins within the same system. In normal limbs, unidirectional flow in calf and thigh perforators, from the great and small saphenous systems toward the deep veins, is assured by venous valves. Perforating veins of the foot, on the other hand,

32] [33] [34]

are valveless and paradoxically direct flow from the deep to the superficial venous system.[

In the mid and distal calf the most important direct medial perforators do not originate directly from the great saphenous vein (GSV) ( Fig. 158–1 ). This finding was first noted by John Gay in 1866 in a clinical case with venous ulcers, in which he

1

demonstrated the posterior accessory GSV and three perforating veins.[ ] This observation is extremely important because stripping of the GSV will not affect flow through incompetent medial calf perforators. The most significant calf perforators, termed the
Cockett perforators, connect the posterior accessory GSV (Leonardo’s vein) ( Figs. 158–1 and 158–2 ) to the paired posterior tibial veins. In some patients the posterior accessory GSVs are not well developed and other posterior tributaries of the GSV are
connected instead through perforators to the deep system. Three groups of Cockett perforators have been identified. The Cockett I perforator is located posterior to the medial malleolus and may be difficult to reach endoscopically. The Cockett II and III

33]
34 35 36
All are found in “Linton’s lane,” 2 to 4 cm posterior to the medial edge of the tibia.[ ] [ ] [ ]

perforators are located 7 to 9 cm and 10 to 12 cm proximal to the lower border of the medial malleolus, respectively ( Figs. 158–3 and 158–4 ).[

Mozes and coworkers, during anatomic dissections, identified an average of 14 medial calf perforating veins (direct and indirect) per limb in patients with chronic venous insufficiency (CVI), with a range of 7 to 22 veins. However, only 3 of these were greater

22]

than 2 mm in diameter, in concordance with the earlier clinical descriptions of Linton and Cockett and with the fact that only 3 to 5 clinically significant incompetent perforators are found in most patients.[
was located at 25 to 33 cm above the ankle, followed by 7

The greatest concentration of perforating veins
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Figure 158-1 Anatomy of medial superficial and perforating veins of the leg. (From Mozes G, Gloviczki P, Menawat SS, et al: Surgical anatomy for endoscopic subfascial division of perforating veins. J Vasc Surg 24:800–808, 1996.)

Figure 158-2 The relationship of the superficial posterior compartment and the perforating medial veins of the leg. PTVs, posterior tibial veins; SPC, superficial posterior compartment. (From Mozes G, Carmichael SW, Gloviczki P: Development and anatomy
of the venous system. In Gloviczki P, Yao JST [eds]: Handbook of Venous Disorders, 2nd ed. London, Arnold, 2001, pp 11–24.)

Figure 158-3 Relationship of the superficial, perforating, and deep veins to the fascia of the superficial posterior compartment. Note that Cockett III and the lowest proximal paratibial perforator (“24-cm perforator”) are readily accessible from the subfascial
space. (From Mozes G, Gloviczki P, Kadar A, Carmichael SW: Surgical anatomy of perforating veins. In Gloviczki P, Bergan JJ [eds]: Atlas of Endoscopic Perforator Vein Surgery. London, Springer-Verlag, 1998, pp 17–28.)

Figure 158-4 Corrosion cast of leg veins. A, Skin and a portion of subcutaneous fat were removed. B, Fascia has been incised and rolled anteriorly to expose the superficial posterior compartment. Note that only the lower paratibial perforator and Cockett III
perforators are now accessible in the superficial posterior compartment. MP, muscle perforator; PTP, paratibial perforator; CII, Cockett II; CIII, Cockett III. (From Mozes G, Gloviczki P, Menawat SS, et al: Surgical anatomy for endoscopic subfascial division
of perforating veins. J Vasc Surg 24:800–808, 1996.)

Figure 158-5 Cross-section of the upper third of the leg. Note a paratibial perforating vein (PTP) passing between the periosteum of the tibia and the fascia of the superficial posterior compartment. Veins were filled with blue Latex. PTVs, posterior tibial
veins. (From Mozes G, Gloviczki P, Menawat SS, et al: A surgical anatomy for endoscopic subfascial division of perforating veins. J Vasc Surg 24:800–808, 1996.)

TABLE 158-1 -- Distribution of Valvular Incompetence in Patients with Advanced Chronic Venous Disease

AUTHOR(S), YEAR

10]

Schanzer and Pierce,[

PERF NO. (%)

DEEP NO. (%)

SUP + PERF NO. (%)

SUP + PERF + DEEP
NO. (%)

52

3 (6)

20 (38)

4 (8)

11 (21)

14 (27)

77

0 (0)

0 (0)

0 (0)

35 (46)

42 (54)

60

0 (0)

5 (8)

20 (33)

17 (28)

18 (30)

1983

54]
1984

Sethia and Darke,[

SUP NO. (%)

1982

11]

Negus and Friedgood,[

NO. OF LIMBS

49]

van Bemmelen et al.,[

47]

Hanrahan et al.,[

50]

51]

Lees and Lambert,[

93]

48]

Myers et al.,[

2 (8)

3 (12)

20 (80)

91

16 (17)

8 (8)

2 (2)

18 (19)

47 (49)

213

0 (0)

8 (4)

47 (22)

83 (39)

75 (35)

25

3 (12)

0 (0)

3 (12)

10 (40)

9 (36)

59

0 (0)

0 (0)

19 (32)

31 (53)

9 (15)

120

48 (40)

6 (5)

10 (8)

31 (26)

25 (21)

96

15 (16)

2 (2)

7 (8)

25 (26)

47 (49)

120

26 (22)

1 (1)

5 (4)

23 (19)

65 (54)

146

0 (0)

7 (5)

0 (0)

66 (45)

73 (50)

1084

111 (10)

57 (5)

119 (11)

353 (32)

444 (41)

1992

1993

1994

1995

94]
1996

Labropoulos et al.,[

29]

Gloviczki et al.,[

0 (0)

1993

44]

van Rij et al.,[

0 (0)

1991

Darke and Penfold,[

Shami et al.,[

25
1991

1999

Total No. of Limbs (%)

Sup, superficial vein incompetence; Perf, perforator vein incompetence; Deep, deep vein incompetence.

47]

only 17% and PVI in 63% of limbs.[

51]
46
and a 56% incidence was noted by Labrapoulos and associates.[ ] The large prevalence of PVI in

Similarly, a 60% incidence of PVI in ulcer patients was demonstrated by duplex scanning by Lees and Lambert[

39]

ulcer patients is emphasized even in those studies that favor operation on the incompetent superficial system only.[

52] [53]

Whereas today few argue that incompetent perforators occur in at least two thirds of patients with venous ulcerations, the contribution of incompetent perforators to the hemodynamic derangement in limbs with CVI remains a topic of debate.[

3 54
Cockett coined the term ankle blowout syndrome to differentiate PVI from the usually more benign isolated saphenous incompetence.[ ] [ ] Indeed, PVI can raise pressures in the supramalleolar network well above 100 mm Hg during calf muscle
11

55

contraction, a phenomenon best described by Negus and Friedgood using the analogy of a “broken bellows.”[ ] Experiments of Bjordal confirmed a net outward flow of 60/mL/min through incompetent perforating veins.[ ] The importance of incompetent
perforators is also supported by the observation that skin changes and venous ulcers almost always develop in the gaiter area of the leg (the area between the distal edge of the soleus muscle and the ankle), where large incompetent medial perforating veins are
located. Because functional studies cannot reliably differentiate PVI from DVI in most patients, the task of documenting hemodynamic abnormalities related directly to PVI, even if it is confirmed with duplex scanning, remains challenging. The question will

46]

be difficult to answer because isolated PVI in CVI is rare[

56]

and because incompetent perforators with outward flow have been observed in normal limbs as well; in one study, 21% of normal limbs had outward flow in perforating veins.[

In a study using Doppler ultrasonography and ambulatory venous pressure measurements to assess functional significance of incompetent perforating veins, however, Zukowski and Nicolaides found that 70% of incompetent perforators were of moderate or

57]

major hemodynamic significance.[

More importantly, hemodynamic deterioration caused by incompetent perforators correlated with the severity of CVI. A correlation between the number and size of incompetent perforating veins, as detected by duplex

45] [58] [59]
In patients with advanced disease, more incompetent perforators were found and their diameters were also larger. This study is significant because,

ultrasonography, and the severity of CVI was also demonstrated by several other authors.[

56]

contrary to previously published data,[

it failed to confirm PVI in 106 normal volunteers. Delis and coworkers quantified PVI based on diameter, flow velocities, and volume flow and stressed that incompetent perforators sustain further hemodynamic

[60]

impairment in the presence of deep reflux.

Data have been accumulating from hemodynamic studies performed after surgical interruption of incompetent perforating veins. These are discussed later in this chapter.

INDICATIONS FOR PERFORATOR INTERRUPTION
The presence of incompetent perforators in patients with advanced CVI (clinical classes 4 to 6) is an indication for surgical treatment in a fit patient. Whereas most authors performing open perforator ligation prefer to operate only in patients with healed
ulcerations, a clean, granulating open ulcer is not a contraindication for a SEPS procedure. Contraindications include associated chronic arterial occlusive disease, infected ulcer, morbid obesity, and a nonambulatory or high-risk patient. Diabetes, renal failure,
or ulcers in patients with rheumatoid arthritis or scleroderma are relative contraindications. Patients with previous perforator interruption or those with extensive skin changes, circumferential large ulcers, or large legs may not be suitable for SEPS. Those with
lateral ulcerations, if appropriate, should be managed by open interruption of lateral or posterior perforators.
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Figure 158-6 Color Doppler and spectral tracing of an enlarged incompetent perforating vein. Spectral analysis demonstrates bidirectional flow (arrow). (From Gloviczki P, Lewis BD, Lindsey JR, McKusick MA: Preoperative evaluation of chronic venous
insufficiency with duplex scanning and venography. In Gloviczki P, Bergan JJ [eds]: Atlas of Endoscopic Perforator Vein Surgery. London, Springer-Verlag, 1998, pp 81–91.)

Figure 158-7 Ascending venogram in anteroposterior projection of the right calf of a 41-year-old woman with a nonhealing venous ulcer due to primary valvular incompetence. Note medial and lateral incompetent perforators (IPV) filling the superficial
system with contrast medium. GSV, greater saphenous vein. (From Gloviczki P, Lewis BD, Lindsey JR, McKusick MA: Preoperative evaluation of chronic venous insufficiency with duplex scanning and venography. In Gloviczki P, Bergan JJ (eds): Atlas of
Endoscopic Perforator Vein Surgery. London, Springer-Verlag, 1998, pp 81–91.)

TABLE 158-2 -- Diagnostic Tests to Predict the Sites of Incompetent Perforating Veins
TEST

35]

Physical examination[

35]

Continuous wave Doppler ultrasonography[

35]

Ascending phlebography[

23]

Duplex scanning[

SENSITIVITY (%)

SPECIFICITY (%)

60

0

62

4

60

50

79

100

13] [31]

performed before and after surgery to quantitate the degree of incompetence, identify abnormalities in calf muscle pump function, aid in the exclusion of outflow obstruction, and assess hemodynamic results of surgical intervention.[

SURGICAL TECHNIQUES
Open Technique of Perforator Interruption

2
Linton’s radical operation of subfascial ligation, which included long medial, anterolateral, and posterolateral calf incisions, was soon abandoned because of its association with wound complications.[ ] In a report published in 1953, Linton advocated only a
39

long medial incision from the ankle to the knee to interrupt all medial and posterior perforating veins.[ ] His operative technique also included stripping of the great and small saphenous veins and excision of a portion of the deep fascia. (His suggestion to
interrupt axial reflux by ligation of the superficial femoral vein is of historical interest only.) Wound complications caused by the incision made in the lipodermatosclerotic skin were, however, still frequent, and hospitalization of the patients was prolonged.

3 4
Several other authors have proposed further changes in the open procedure to limit wound complications. Cockett advocated ligation of the perforating veins above the deep fascia,[ ] [ ] a technique distinctly different from that of Linton. The importance of
34]

ligating the perforating veins subfascially was emphasized by Sherman, because the perforating veins branch extensively once they penetrate the deep fascia.[

Modifications included the use of shorter medial incisions or a more posteriorly placed stocking

4 16 17
18
seam–type incision.[ ] [ ] [ ] DePalma achieved good results using multiple, parallel bipedicled flaps placed along skin lines to access and ligate the perforating veins above or below the fascia.[ ] The operation was combined with saphenous stripping,

ulcer excision, and skin grafting.

19

To decrease wound complications, a technique to ablate incompetent perforating veins from sites remote from diseased skin was first reported by Edwards in 1976.[ ] He designed a device called the phlebotome that is inserted through a medial incision just
distal to the knee, deep to the fascia, and advanced to the level of the medial malleolus. Resistance is felt as perforators are engaged and subsequently disrupted with the leading edge. Other authors have subsequently reported successful application of this

62]

device, passed in either the subfascial or the extrafascial plane.[

Interruption of perforators through stab wounds and hook avulsion is another possibility, and accuracy of this blind

Figure 158-8 Olympus endoscope for the subfascial perforating vein interruption. The scope can be used with or without carbon dioxide insufflation. It has an 85-degree angle field of view, and the outer sheath is either 16 or 22 mm in diameter. The working
channel is 6 × 8.5 mm, with a working length of 20 cm. (From Bergan JJ, Ballard JL, Sparks S: Subfascial endoscopic perforator surgery: The open technique. In Gloviczki P, Bergan JJ [eds]: Atlas of Endoscopic Perforator Vein Surgery. London, SpringerVerlag, 1998, pp 141–149.)

Figure 158-9 A, Endoscopic perforator division is performed in a bloodless field. A pneumatic tourniquet is placed on the thigh, and the extremity is exsanguinated with an Esmarch bandage. The tourniquet inflated to 300 mm Hg is used to create a bloodless
field. B, Balloon dissection is used to widen the subfascial space. C, Subfascial endoscopic perforator vein surgery is performed using two ports: a 10-mm camera port and a 5- or 10-mm distal port inserted under video control. Carbon dioxide is insufflated
through the camera port into the subfascial space to a pressure of 30 mm Hg to improve visualization and access to perforators. D, The subfascial space is widely explored from the medial border of the tibia to the posterior midline and down to the level of the
ankle. Division of the perforator is done with endoscopic scissors after placement of vascular clips or a harmonic scalpel placed through the second port. E, A paratibial fasciotomy is routinely performed to identify perforators in the deep posterior
compartment. F, Full view of the superficial posterior compartment after clipping and division of the medial perforating veins. (A through F, with permission of the Mayo Foundation.)

TABLE 158-3 -- Results of Nonoperative Management for Advanced Chronic Venous Disease
ULCER RECURRENCE NO.
AUTHOR(S), YEAR

73]

Anning,[

95]

96]

Kitahama et al.,[

72]

MEAN FOLLOW-UP (mo)

100

100

59 (59)

64

83

83

58 (69)

12

65

59

8 (14)

12

25

0

17 (68)

—

113

113

24 (33)

30

99

99

52 (58)

10

11

11

11 (100)

24

53

53

23 (43)

28

549 (100)

518/549 (94)

241/488 (52)

27

1982

1982

1985

74]

Mayberry et al.,[

75]

Erickson,[

*

NO. OF LIMBS WITH ULCER

1956

Monk and Sarkany,[

Negus,[

(%)

NO. OF LIMBS TREATED

1991

1995

97]

DePalma and Kowallek,[

98]

Samson and Showalter,[

1996

1996

Total

* Percentage accounts for patients lost to follow-up.

TABLE 158-4 -- Results of Open Perforator Interruption for the Treatment of Advanced Chronic Venous Disease

NO. OF LIMBS
TREATED

NO. OF LIMBS WITH
ULCER

WOUND
COMPLICATIONS
NO. (%)

7
Silver et al.,[ ] 1971

31

19

4 (14)

8
Thurston and Williams,[ ] 1973

102

0

12 (12)

9
Bowen,[ ] 1975

71

8

31 (44)

41

0

108

108

AUTHOR(S), YEAR

14]

Burnand et al.,[

1976

11]

Negus and Friedgood,[

1983

24 (22)

ULCER
RECURRENCE NO.
ULCER HEALING NO.
(%)

†

(%)

*

MEAN FOLLOW-UP
(yr)

— (10)

1–15

11 (13)

3.3

24 (34)

4.5

†

24 (55)

91 (84)

16 (15)

3.7

76]

Wilkinson and Maclaren,[

12]

Cikrit et al.,[

24]

Pierik et al.,[

0

26 (24)

†

3 (7)

6

32

30

6 (19)

30 (100)

5 (19)

4

53

0

†

14 (26)

5

19

19

10 (53)

17 (90)

0 (0)

1.8

565 (100)

184 (33)

113/468 (24)

138/157 (88)

97/443 (22)

1988

13]

Bradbury et al.,[

108
1986

1993

1997

Total No. of Limbs (%)

* Recurrence calculated for class 5 and class 6 limbs where data were available, and percentage accounts for patients lost to follow-up.
† Only class 5 (healed ulcer) patients admitted in study.

Figure 158-10 A, Components of balloon dissector (General Surgical Innovations, Palo Alto, CA) for creation of a large subfascial working space. An integral 10-mm endoscopic port is included. B, The balloon dissector device before (top) and after (bottom)
balloon cover removal. Note the degree of radial and distal balloon expansion that occurs when fully inflated with saline solution. Balloon inflation is performed with 200 to 300 mL of saline. The balloon expands both radially and distally with minimal trauma
to surrounding tissue, thus creating a large bloodless working space. (From Allen RC, Tawes RL, Wetter A, Fogarty T: Endoscopic perforator vein surgery: Creation of a subfascial space. In Gloviczki P, Bergan JJ [eds]: Atlas of Endoscopic Perforator Vein
Surgery. London, Springer-Verlag, 1998, pp 153–162.)

Figure 158-11 A, Thirty-six-year-old man with post-thrombotic ulcer of the right ankle before endoscopic division of six medial perforating veins. B, Same leg 10 months later with healed ulcer. (From Gloviczki P, Canton LG, Cambria RA, Rhee RY:
Subfascial endoscopic perforator vein surgery with gas insufflation. In Gloviczki P, Bergan JJ [eds]: Atlas of Endoscopic Perforator Vein Surgery. London, Springer-Verlag, 1998, pp 125–138.)

Figure 158-12 A, Right leg of a 64-year-old man who has a 2-year history of ulcer and severe post-thrombotic syndrome. B, Postoperative picture at 6 weeks shows healed ulcer and incisions after subfascial endoscopic perforator vein surgery, stripping, and
avulsion of varicose veins. Three years later the patient is asymptomatic, does not use elastic stockings, and has had no ulcer recurrence. (From Gloviczki P, Canton LG, Cambria RA, Rhee RY: Subfascial endoscopic perforator vein surgery with gas
insufflation. In Gloviczki P, Bergan JJ [eds]: Atlas of Endoscopic Perforator Vein Surgery. London, Springer-Verlag, 1998, pp 125–138, with permission.)

TABLE 158-5 -- Results of Subfascial Endoscopic Perforator Vein Surgery for Treatment of Advanced Chronic Venous Disease
NO. OF
LIMBS
WITH
AUTHOR(S), YEAR

26]

Jugenheimer and Junginger,[

63]

Pierek et al.,[

ULCER
HEALING
NO. (%)

ULCER
RECURRENCE NO.
(%)

‡

MEAN
FOLLOW-UP
(mo)

103

17

97 (94)

3 (3)

16 (94)

0 (0)

27

40

16

4 (10)

3 (8)

16 (100)

1 (2.5)

46

31

15

31 (100)

3 (10)

15 (100)

(0)

27

27

0 (0)

2 (7)

26 (96)

2 (8)

12–24

11

0

11 (100)

†

0 (0)

16

1992

1996

99]

1996

79]

1996

Wolters et al.,[

Padberg et al.,[

ULCER

*

WOUND
COMPLICATIONS
NO. (%)

1995

21]

Bergan et al.,[

NO. OF LIMBS
TREATED

CONCOMITANT
SAPHENOUS ABLATION
NO. (%)

68]

Pierek et al.,[

30]

Rhodes et al.,[

100]

84]

Nelzen,[

14 (70)

0 (0)

17 (85)

0 (0)

21

57

22

41 (72)

3 (5)

22 (100)

5 (12)

17

146

101

86 (59)

9 (6)

85 (84)

26 (21)

24

30

19

17 (89)

4 (15)

9

149

36

132 (89)

11 (7)

32 (89)

3 (5)

32

103

42

74 (72)

7 (6)

38 (90)

15 (21)

40

717 (100)

315 (44)

490/670 (73)

48/659 (6)

284/315 (90)

56/468 (12)

1999

1999

2001

85]

Kalra et al.,[

20

1998

29]

Gloviczki et al.,[
Illig et al.,[

20
1997

2002

Total No. of Limbs (%)

* Only class 6 (active ulcer) patients are included.
‡ Recurrence was calculated for class 5 and 6 limbs only where data were available, and percentage accounts for patients lost to follow-up.
† Only class 5 (healed ulcer) patients were admitted in this study.

2280

22] [63]
24 80
and it yields a much lower wound complication rate than that observed after traditional open surgical techniques.[ ] [ ] In a noncontrolled trial that compared 37
[81]

The safety and early efficacy of SEPS have been established in several studies,[

SEPS procedures with 30 antedated open perforator ligations, SEPS resulted in lower calf wound morbidity, shorter hospital stay, and comparable short-term ulcer healing.

A single prospective, randomized study by Pierik and colleagues in 39 patients

24]

reported wound complications in 53% of patients undergoing open perforator ligation versus 0% in the SEPS group, with no ulcer recurrence in either group over a mean follow-up of 21 months.[

In a subsequent communication 4 years later the authors

82]

reported long-term follow-up in these patients. Ulcer recurrence in the open perforator ligation group (22%) was not significantly different from that in the SEPS group (12%) in this small patient cohort.[

These data support the use of SEPS rather than

83]

open ligation, yet do not address the role of SEPS in the management of advanced CVI and venous ulceration. Favorable long-term clinical results in 832 patients followed to 9 years after SEPS have been reported by Tawes and colleagues.[

22

The relative safety of SEPS was further confirmed in the early report of the NASEPS registry.[ ] The uniformity of evaluation and the reporting of results from 17 centers in North America emphasize the reliability and significance of results of this study.
The study included 146 patients, 101 of whom had active ulcers. DVI was present in 72% of patients, and 38% of patients had post-thrombotic syndrome. Concomitant superficial venous surgery was performed in 71% of patients. Wound complication rate

29

was 6%, and one deep venous thrombosis occurred at 2 months after surgery The mid-term (24 months) results of the NASEPS registry demonstrated an 88% cumulative ulcer healing rate at 1 year ( Fig. 158–13 ).[ ] The median time to ulcer healing was 54
days. Cumulative rate of ulcer recurrence was significant: 16% at 1 year and 28% at 2 years ( Fig. 158–14 ). Although the observed recurrence rates in the NASEPS registry were high, they still compare favorably to results of nonoperative management (see
Table 158–3 ).

84

In the largest series from a single institution, Nelzen and coworkers reported on prospectively collected data from 149 SEPS procedures in 138 patients.[ ] There were 36 limbs with active ulcers (class 6), 31 with healed ulcers (class 5), 34 with skin changes
(class 4), and 48 with varicose veins (class 2). Combined saphenous vein surgery was performed in 89% of limbs. During a median follow-up of 32 months, 32 of 36 ulcers healed, more than half (19/36) within 1 month. Three ulcers recurred, 1 of which
subsequently healed during follow-up. At a median follow-up of 7 months after surgery, 91% of patients were satisfied with the results of the operation.

85

In one study, extended results were analyzed in 103 consecutive SEPS procedures performed at the Mayo Clinic over a 7-year period.[ ] There were 42 class 6 limbs, 34 class 5 limbs, and 24 class 4 limbs. Thirty procedures were performed in postthrombotic limbs. DVI was present in 89% of limbs; 13% had venous outflow obstruction on plethysmography. Concomitant superficial reflux ablation was performed in 72% of limbs. Thirty-eight of 42 ulcers healed with a median time to ulcer healing of 35
days; all 4 ulcers that failed to heal were in post-thrombotic limbs. On

Figure 158-13 A, Cumulative ulcer healing in 101 patients after subfascial endoscopic perforator vein surgery. The 90-day, 1-year, and 1.5-year healing rates are indicated. The standard error is less than 10% at all time points. B, Cumulative ulcer healing in

42 patients after subfascial endoscopic perforator vein surgery. The 90-day and 1-year healing rates are indicated. The standard error is less than 10% at all time points. (A from Gloviczki P, Bergan JJ, Rhodes JM, et al: North American Study Group: Mid-term
results of endoscopic perforator vein interruption for chronic venous insufficiency: Lessons learned from the North American Subfascial Endoscopic Perforator Surgery (NASEPS) registry. J Vasc Surg 29:489–499, 1999; B from Kalra M, Gloviczki P, Noel
AA, et al: Subfascial endoscopic perforator vein surgery in patients with post-thrombotic venous insufficiency—Is it justified? Vasc Endovasc Surg 36:41–50, 2002.)

Figure 158-14 A, Cumulative ulcer recurrence in 106 patients after subfascial endoscopic perforator vein surgery (SEPS). The 1-, 2-, and 3-year recurrence rates are indicated. All class 5 limbs at the time of SEPS and class 6 limbs that subsequently healed are
included. The start point (day 0) for time to recurrence in class 6 patients was the date of initial ulcer healing. The standard error is less than 10% at all time points. B, Cumulative ulcer recurrence in 72 patients after SEPS. The 1-, 3-, and 5-year recurrence
rates are indicated. All class 5 limbs at the time of SEPS and class 6 limbs that subsequently healed are included. The start point (day 0) for time to recurrence in class 6 patients was the date of initial ulcer healing. The standard error is less than 10% at all time
points. (A from Gloviczki P, Bergan JJ, Rhodes JM, et al: North American Study Group: Mid-term results of endoscopic perforator vein interruption for chronic venous insufficiency: Lessons learned from the North American Subfascial Endoscopic
Perforator Surgery (NASEPS) registry. J Vasc Surg 29:489–499, 1999; B from Kalra M, Gloviczki P, Noel AA, et al: Subfascial endoscopic perforator vein surgery in patients with post-thrombotic venous insufficiency—Is it justified? Vasc Endovasc Surg
36:41–50, 2002.)

Figure 158-15 Cumulative ulcer healing. Box-and-whiskers plot depicts ulcer healing after subfascial endoscopic perforator surgery (SEPS) in patients with class 6 disease in subset of studies with data for time to healing (nine studies, 264 limbs). The y-axis
shows percentage of limbs that healed during follow-up; the x-axis depicts three healing endpoints, number of limbs, and number of studies that contributed to each endpoint. Horizontal lines, endpoints; boxes, 95% confidence intervals; error bars, range for
individual studies that contributed to each estimate; Longest follow-up, healing by end of follow-up. (From TenBrook JA Jr, Iafrati MD, O’Donnell TF, et al: Systematic review of outcomes after surgical management of venous disease incorporating
subfascial endoscopic perforator surgery. J Vasc Surg 39:583–589, 2004.)

Figure 158-16 Cumulative ulcer recurrence. Box-and-whiskers plot depicts ulcer recurrence after subfascial endoscopic perforator surgery (SEPS). The y-axis shows percentage of limbs with ulcer recurrence during follow-up; the x-axis depicts three
categories of limbs, number of limbs, and number of studies that contributed to each endpoint. Horizontal lines, Point estimates; boxes, 95% confidence intervals; error bars, ranges for individual studies that contributed to each estimate; class 5, recurrence in
limbs with class 5 disease at SEPS; class 6, recurrence in limbs with class 6 disease at SEPS in which ulcers subsequently healed; combined, recurrence in limbs with class 5 and class 6 disease. Number of limbs and studies in class 5 and class 6 disease do not
total those in the combined group because not all studies reported data separately for limbs with class 5 and class 6 disease. (From TenBrook JA Jr, Iafrati MD, O’Donnell TF, et al: Systematic review of outcomes after surgical management of venous disease
incorporating subfascial endoscopic perforator surgery. J Vasc Surg 39:583–589, 2004.)

Figure 158-17 Ulcer recurrence based on the extent of venous surgery. Limbs undergoing SEPS alone (n = 16) and limbs undergoing SEPS with saphenous vein stripping (n = 56). The 1-, 3-, and 5-year recurrence rates are indicated. SEPS alone versus SEPS
with saphenous vein stripping, P< .05. (From Kalra M, Gloviczki P, Noel AA, et al: Subfascial endoscopic perforator vein surgery in patients with post-thrombotic venous insufficiency—Is it justified? Vasc Endovasc Surg 36:41–50, 2002.)

Figure 158-18 Ulcer recurrence based on cause of chronic venous insufficiency. Limbs were separated into primary valvular incompetence (n = 51) and post-thrombotic syndrome (n = 21). The 1-, 3-, and 5-year recurrence rates are indicated. The dashed line
represents a standard error of greater than 10%. Primary valvular incompetence versus post-thrombotic syndrome, P < .05. (From Kalra M, Gloviczki P, Noel AA, et al: Subfascial endoscopic perforator vein surgery in patients with post-thrombotic venous
insufficiency—Is it justified? Vasc Endovasc Surg 36:41–50, 2002.)

Figure 158-19 Preoperative and postoperative clinical scores based on the etiology of chronic venous insufficiency. Limbs were separated into primary valvular incompetence (n = 73) and limbs with post-thrombotic syndrome (n = 30). (From Kalra M,
Gloviczki P, Noel AA, et al: Subfascial endoscopic perforator vein surgery in patients with post-thrombotic venous insufficiency—Is it justified? Vasc Endovasc Surg 36:41–50, 2002.)

Figure 158-20 Calf muscle pump function (refill volume) measured in 28 limbs before and after subfascial endoscopic perforator vein surgery and in 18 contralateral nonoperated limbs. Asterisk indicates P< .01; dashed line indicates normal refill volume ≥
0.7 mL/100 mL of tissue. (From Rhodes JM, Gloviczki P, Canton LG, et al: Endoscopic perforator vein division with ablation of superficial reflux improves venous hemodynamics. J Vasc Surg 28:839–847, 1998.)
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Chapter 159 - The Surgical Treatment of Deep Venous Valvular Incompetence

KEVIN M. SHERIDAN MD
MICHAEL C. DALSING MD

Chronic venous insufficiency (CVI) is a highly prevalent and costly disease in Western countries. If one considers the entire spectrum of disorders from telangiectasia to venous ulcers, this affects more than 30 million Americans, more than half of whom are

1 2
2 3
2 3
women.[ ] [ ] Skin changes suggestive of venous disease are noted in 6 to 7 million U.S. citizens.[ ] [ ] Lower extremity venous ulcerations occur in up to 2% of those with CVI (approximately 500,000).[ ] [ ] More recent population studies continue to

4
5
demonstrate similar findings.[ ] The annual cost of venous ulcers in the U.S. population is estimated at greater than 1 billion dollars.[ ]
Although there are many theories proposed to help explain the sequelae of chronic venous disease at a local level, venous stasis and venous hypertension are key ingredients in the pathophysiology. The ultimate goal in the treatment of significant CVI is to
diminish the hemodynamic impact of the disease on the target organ, the lower leg, to a point where the sequelae of the disease are minimized. Conservative management in the form of various types of external compression can successfully treat venous

6 7

ulceration with excellent early results, but the recurrence rate within a few years can be 70% to 100% in noncompliant patients and 30% to 40% in those who faithfully comply with continued long-term compressive therapy.[ ] [ ] This form of therapy does
not require a comprehensive understanding of the venous systems involved in the disease process, but if a more aggressive and invasive approach is required, one must differentiate those with superficial/perforator venous disease from those without
involvement of these veins. The proper diagnosis and treatment of disease of the superficial or perforator veins has been discussed in depth by other authors in this text. Isolated superficial or perforator disease has been observed to cause advanced

8 9 10 11
manifestations of venous disease, but in approximately two thirds of these advanced cases, the deep system is insufficient alone or, more commonly, in association with disease of the superficial or perforator veins.[ ] [ ] [ ] [ ] In patients with disease of
12]

the superficial or perforator veins and deep venous involvement, removal of pathologic superficial and/or perforator venous insufficiency can eliminate the majority of venous reflux, resulting in prolonged venous ulcer healing.[

[12]

of patients with primary deep venous incompetence and 70% of those with the post-thrombotic syndrome will experience ulcer recurrence, emphasizing the importance of the remaining deep venous disease.

However, about one third

Venous obstruction is the predominant

[8] [9] [13] [14]

Significant pathology causing obstruction can be repaired by endovascular or open surgical techniques and has been well described previously. With the failure of
hemodynamic disorder in a minority of venous ulcer cases (2% to 20%).
these less invasive and technically demanding methods to control the disabling sequelae of chronic venous disease, surgical intervention to alleviate insufficiency in the deep venous system is being considered more often.

ETIOLOGY AND PATHOPHYSIOLOGY

15]

As discussed in more detail in Chapters 154 and 155 , there are congenital, primary, and secondary causes for CVI. Congenital absence of the valves is a rare occurrence.[
with venous aplasia or dysplasia, but these syndromes are uncommon and seldom require deep venous valvular reconstruction as an integral component of treatment.

There are syndromes associated with venous abnormalities that may be associated

16] [17]

Primary venous insufficiency occurs as a result of a structural elongation of the valve cusps or stretching of the vein wall with no obvious underlying cause identified.[

Floppy, redundant valve cusps permit prolapse of the valve leaflets, resulting in

16
18 19
poor coaptation, and are observed in many cases of primary deep venous valvular incompetence.[ ] Alternatively, an enlarged venous diameter will not permit the unaltered valve cusps to meet appropriately.[ ] [ ] When a pressure gradient is created, as

with standing, reflux of blood occurs through the architecturally preserved valve. In these situations, an in-situ repair can be performed to render the valve competent.

13] [16] [20]

Secondary venous insufficiency is often the result of deep venous thrombosis and may account for 40% to 70% of cases of major chronic deep venous valvular incompetence (CDVVI).[

Inflammation and scarring resulting from thrombosis and

16
recanalization can cause shortening and fibrosis of the valve leaflets, small perforations, or valve adhesions causing luminal narrowing.[ ] Thus, this situation is often referred to as resulting from the post-thrombotic syndrome. In general, these valves are so

damaged that an
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in-situ repair is not practical or feasible. This leaves only the potential options of transplantation of a competent valve (often from the axillary vein) into the incompetent system, transposition of the incompetent venous system to a position distal to a local
competent valve, or the use of less traditional valve substitutes that are being actively investigated.
However, this classic differentiation between “primary” and “secondary” (post-thrombotic) pathology has been challenged by both clinical and direct observation of the veins and valves at surgery. That the two conditions can be present in the same patient is a

21]

clinical observation made almost 20 years ago.[

In these cases, the vein wall is thickened/fibrotic at the valve station or there is thickening of the valve cusps and/or intima. Pathologic study of 11 veins with these surgical findings (graded 2 or 3 in this

16

report’s grading system) demonstrated clear post-thrombotic changes in six but phlebosclerosis of a nonthrombotic origin in the remaining five.[ ] Clearly, preservation of a rather normal valve architecture can be explained if “primary” reflux and sustained
high pressure on the vein wall is the cause of the valve station changes noted. However, it has always been thought that deep venous thrombosis destroys the involved delicate valve cusps, making repair of such valves impossible. Nevertheless, these valves

16]

have undergone a successful in-situ repair in 87% of cases.[

22]

It is theorized that the rapid resolution of venous thrombi, an event known to occur and documented by investigators studying acute deep venous thrombosis,[

may have allowed these valves

[22] [23] [24]

to escape the ravages of the disease. Alternatively, the valve itself may not have been directly involved in the thrombotic process. Several investigators have noted venous valvular reflux proximal to a distal thrombosis.

The fibrotic process in

16
the vein wall may extend to the valve station in the natural course of resolution, and the valve cusps become floppy by virtue of a decrease in wall diameter resulting from a thickened, noncompliant wall of the vein ( Fig. 159–1 ).[ ] The valve remains

architecturally intact, thin, and compliant and can be made competent by standard reefing of the cusps.

To realize the goal of diminishing venous hypertension to the lower leg in patients with CDVVI, correction of axial deep venous reflux to the calf/ankle area is required. If one ignores this axiom, most notably by ignoring reflux in the profunda femoris vein,

25]
With profunda femoris competence, repair of femoral vein incompetence by whatever method can improve lower

isolated femoral vein valvular reconstruction will be clinically unsuccessful and lower limb venous hemodynamics will not be improved.[

25] [26]

limb venous hemodynamics.[

[27]

Tremendous dilatation of the profunda femoris vein after femoral vein thrombosis has been documented, and repair of the profunda femoris vein valvular incompetence is required for a successful outcome ( Fig. 159–2 ).

An alternative method of correcting significant axial reflux is to position the valve reconstruction below all collateral connections of the femoral and profunda femoris veins to the popliteal vein. Repair of valvular incompetence at the popliteal location

28] [29] [30]

can accomplish this goal.[

31]

At least one investigator has performed multiple tibial vein valve repairs to accomplish correction of axial reflux at this level.[

DIAGNOSIS
Patients with CVI and specifically with CDVVI present with symptoms related to venous hypertension and stasis. Initial manifestations may include dependent edema, especially after long periods of standing, as well as leg fatigue and a feeling of “fullness” in
the legs. The signs and symptoms progress in severity to include increasing pain, intractable edema, and skin changes such as eczema, cellulitis, hyperpigmentation, lipodermatosclerosis, and stasis ulcers. These are the sequelae of CVI, and a patient may
present with any combination of these signs and symptoms. A careful history and physical examination should be performed that includes any history of deep venous thrombosis or clotting disorders, any signs of venous diseases present in the patient, and the
resultant limitations of physical and occupational activity from the disease. Of course, a good arterial examination and general history and physical examination will eliminate the presence of other diseases that might impact the treatment of the venous
pathology. Furthermore, this preliminary evaluation will help exclude other causes of lower leg venous ulceration or skin changes, such as ischemic ulcers, diabetic ulcers, dermatologic disorders (e.g., eczema), or even skin or soft tissue cancers.

32]
As discussed in detail in Chapter 155 , this system categorizes a patient’s disease based on clinical (C), etiologic (E), anatomic (A), and pathophysiologic (P)

Each patient should ultimately be stratified according to the CEAP classification system.[
designations. This classification

Figure 159-1 A possible mechanism for the production of valve redundancy and reflux in post-thrombotic valve stations. Valve station fibrosis may lead to luminal constriction, resulting in “secondary” valve leaflet redundancy and reflux. Foreshortening of

the valve station may lead to widening of the commissural valve angle, contributing further to development of reflux. (Redrawn from Raju S, Fredericks RK, Hudson CA, et al: Venous valve station changes in “primary” and post-thrombotic reflux: An
analysis of 149 cases. Ann Vasc Surg 14:199, 2000.)

Figure 159-2 Axial transformation of the profunda femoris vein. Note the remnant of the thrombosed femoral vein in the distal thigh. (From Raju S, Fountain T, Neglen P, Devidas M: Axial transformation of the profunda femoris vein. J Vasc Surg 27:651–
659, 1998.)

Figure 159-3 A duplex image of a complete and competent valve with both cusps easily identified.

Figure 159-4 A duplex image of the venous system (top, B mode gray scale image) with velocity profile on the lower scale. Note that this patient has an incompetent deep venous system because a distal compression (first wave of increased velocity) is

followed by more than 1 second of reverse flow (second velocity peak).

Figure 159-5 This duplex image demonstrates a femoral vein that has experienced an episode of deep venous thrombosis with resulting recannulation. Note thickened walls with intraluminal septa.

Figure 159-6 This descending venogram demonstrates the presence of valves with architecturally preserved cusps available for an in-situ repair.

Figure 159-7 Internal valvuloplasty can be accomplished by a variety of techniques used to visualize the incompetent valve leaflets. A, Artist’s representation of the method first proposed by Dr. Kistner, in which he opens the vein through the anterior

commissure. B, A representation of the method of Dr. Raju, who uses a supravalvular transverse venotomy to view the valve from above without incising through the valve commissural angle. C, A representation of the method of Dr. Sottiurai, who performs a
supracommissural incision with extension toward a cusp sinus to improve visualization. D, A representation of the technique used by Dr. Tripathi, who uses a “trapdoor” incision to provide optimal visualization of the valve cusps for repair. The method of
reefing the valve to re-establish a competent valve is essentially the same in each instance.

Figure 159-8 The method of Kistner is shown in these pre-valvuloplasty (A) and post-valvuloplasty (B) operative pictures. Note the laxity of the incompetent valve before intervention, whereas after reefing the valve cusps the normal architecture and tension
is re-established. (Courtesy of Dr. Robert Kistner.)

Figure 159-9 Artist’s rendition of the method of external valvuloplasty. The enlarged venous diameter results in valve incompetence. Note how the placement of sutures decreases the diameter of the venous wall but keeps the valve cusps from harm’s way.

Figure 159-10 As an improvement to “blind” placement of sutures in the method of external valvuloplasty, the use of an angioscope as suggested by Gloviczki, allows precise suture placement for actual tightening (reefing) of the valve cusps.

Figure 159-11 Transcommissural repair utilizes transluminal sutures to close the commissural valve angle while simultaneously tightening the valve cusp. Use of the angioscope is optional. (From Raju S, Hardy JD: Technical options in venous valve
reconstruction. J Vasc Surg 174:304, 1997.)

Figure 159-12 A and B, Artist’s depiction of external banding to prevent venous valvular incompetence in veins that become competent during the vasoconstriction that occurs during operative dissection. Some surgeons use this technique to prevent dilation
after valve transplantation or other types of repair.

Figure 159-13 An operative picture of a vein containing a competent valve transplantation with the proximal anastomosis complete and the proximal vascular loop loosened to allow blood to fill the segment with the competent valve. The distal anastomosis is
often completed without reapplying the proximal clamp. The distention of the vein allows for a more precise length determination and confirms that the valve is competent. The distal anastomosis is completed in a similar interrupted fashion with 7–0 or 6–0
polypropylene suture.

Figure 159-14 The strip test confirms valve competence. The test is conducted by occluding the vein distal to the valve (in this case by the surgeon’s fingers) and milking the blood out of the valve-containing vein segment. As blood is allowed to refill the
vein, if the valve is competent, blood will not be present in the vein distal to the valve.

Figure 159-15 Note the competent valve (forceps point to the area) under which the incompetent venous system has been placed.

Figure 159-16 An experimental venous valve transplant placed percutaneously into a canine model. Note the valve cusps are present and of normal architecture within the patent vein segment in which they reside. The valved vein segment was placed on a
metallic Z-stent exoskeleton.

Figure 159-17 Cumulative clinical success rates for class 0 or 1 patients after venous valve reconstruction for all limbs. Numbers in parentheses represent total limbs at risk for each time interval. (From Masuda EM, Kistner RL: Long-term results of venous
valve reconstruction: A four- to twenty-one-year follow-up. J Vasc Surg 19:394, 1994.)

TABLE 159-1 -- Results of Internal Valvuloplasty
NO. SYMPTOM
RECURRENCE/
AUTHOR(S) (YEAR)

MAIN SITE

NO. LIMBS

FOLLOW-UP (mo)
(AVERAGE)

88]

FV

15

36–84 (60)

Kistner (1975)[

NO. PVI
0/15

NO. COMPETENT
5/14

*

NO. PATENT
14/14

*

UNCHANGED
2/15

†

HEMODYNAMIC
IMPROVEMENT

‡

89]

Ferris and Kistner (1982)[

51]

Raju (1983)[

FV

32

12–156 (72)

FV

15

3–40

16/22

6/32

7/8

‖

0/15

10/15

13/19

5/19

12/19

15/15
4/5

Eriksson and Almgren (1986)

FV

19

84 (44)

19/19

FV

52

3–54

40/52

§

[25]
45]

Cheatle and Perrin (1994)[

46/52
23/27

¶
*

48/52
26/27

7/51

¶

40/42

*

24/25

FV

32

48–256 (127)

24/31

9/32

30]

FV

81

12–144

30/71

16/68

90]

FV

49

36–108 (74)

75

24–96 (58)

55/75

FV

33

24–96 (51)

22/33

FV

85

12–96 (58)

FV

25

1–12 (6)

21]

Masuda and Kistner (1994)[
Raju et al (1996)[

Lurie et al (1997)[

91]

Perrin (1997)[

92]

Perrin et al (1999)[

73]

Perrin (2000)[

53]

Tripathi and Ktenidis (2001)[

¶
*

18/49
50/74

6/33

54/74

22/33

6/33

16/27

65/85

51/83

10/35

43/68

25/25

35/41

39/41

4/25

PVI, Primary venous insufficiency (determined by the authors based on a lack of venous thrombosis detected in the patients); FV, femoral vein.

* Determined by venogram or Doppler/duplex ultrasonography.
† Includes skin changes, edema, pain, and ulcer recurrence.
‡ Determined by plethysmography or ambulatory venous pressure measurements (improvement in hemodynamic tests postoperatively when compared with preoperative values).
§ Determined by Doppler ultrasonography.
‖ Determined by venography.
¶Immediately after surgery.
** Twelve months after surgery.
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Table 159–2 provides a synopsis of the results one can anticipate when valve transplantation is required to treat CDVVI. Clinical improvement is seen in about 50% of patients even at 8 years of follow-up, and it remains a good option in cases in which

13] [14] [54]

valvuloplasty is not possible.[

14] [21]

Table 159–3 tabulates the results of transposition operations. Good results with the technique of valve transposition have been observed in 40% to 50% of patients after 5 years of follow-up.[

In general, patients with post-thrombotic reflux tend to have more problems maintaining healed ulcers than those with a primary etiology of reflux, as noted from the results of internal valvuloplasty (generally a primary etiology) versus those requiring

20 30

transplantation or a transposition operative approach. Although Raju and associates find little difference between the post-thrombotic and primary patient results in their series,[ ] [ ] which may reflect a delay in the appearance of ulceration after valve
failure, these same investigators are some of a few with a high-volume experience in a variety of venous valve repairs and do report a difference in valve competence based on method of repair ( Fig. 159–18 ). It would appear that there is decreasing durability
as one progresses from internal valvuloplasty, to external valvuloplasty, and, finally, to a need for transplantation.

SUMMARY
The surgical treatment of CDVVI is a developing field with many options available for these patients. Preoperative evaluation should identify the specific disease process affecting the venous system. Of the available surgical techniques to treat patients with
primary deep vein valve incompetence, internal valvuloplasty currently has the best track record, followed by external banding or valvuloplasty in select patients. The transcommissural valvuloplasty appears to achieve superior results to a standard external
valvuloplasty. For management of the post-thrombotic syndrome resulting in deep vein valve incompetence, valve transplantation should be attempted, with transposition remaining useful only in select patients with a competent valve in the area. More
experience with other developing techniques is required before we can recommend them for routine use. Research is ongoing in the field of valve substitutes. Diligent long-term follow-up and constant evaluation of the patient’s clinical status are important to
achieve a complete understanding of the clinical and hemodynamic impact of these repairs. Furthermore, new investigations should attempt to use quality of life measures, clinical severity scoring, and other tools to quantify the benefit of the treatment chosen
and to allow a more informed comparison of various treatment options.

Figure 159-18 Actuarial durability of various valve reconstruction techniques assessed by serial duplex examination for competence. (From Raju S, Fredericks RK, Neglen PN, Bass JD: Durability of venous valve reconstruction techniques for “primary” and
post-thrombotic reflux. J Vasc Surg 23:363, 1996.)

TABLE 159-2 -- Results of Valve Transplantation
NO. SYMPTOM
RECURRENCE/ HEMODYNAMIC

AUTHOR(S) (YEAR)

MAIN SITE

NO. LIMBS

FOLLOW-UP (mo)
(AVERAGE)

NO. PVI

NO. COMPETENT

*

NO. PATENT

UNCHANGED

IMPROVEMENT

*

†

‡

FV

93]

Taheri et al (1982)[

6

12

0/6

4/4

4/4
5/5

51]

Raju (1983)[

94]

Taheri et al (1986)[

28]

O’Donnell et al (1987)[

95]

Nash (1988)[

96]

Rai and Lerner (1991)[

FV

21

3–40

2/14

POP

46

8–36

22/24

POP

10

>24

POP

25

12–18

POP

12

6–24 (16)

0/25

29]

91]

Perrin (1997)[

POP

15

15–132 (64)

0/15

FV

30

12–120 (58)

1/30

31

8–156 (74)

97]

Sottiurai (1997)[

5/5

10/21

10/13

21/24

5/46

12/14

0/10

10/10

0/10

1/10

20/25

25/25

2/25

21/25

6/6

9/9
0/12

Bry et al (1995)[

§

6/20

‖

14/14

3/14

6/20

8/20

14/31

11/12

17/31

PVI, Primary venous insufficiency (determined by the authors based on a lack of venous thrombosis detected in the patients); FV, femoral vein; POP, popliteal vein.

* Determined by venogram or Doppler/duplex ultrasonography.
† Includes skin changes, edema, pain, and ulcer recurrence.
‡ Determined by plethysmography or ambulatory venous pressure measurements (improvement in hemodynamic tests postoperatively when compared with preoperative values).
§ Four of five received skin graft.
‖ Two patients required skin graft to heal ulcer.
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TABLE 159-3 -- Results of Valve Transposition
NO. SYMPTOM
RECURRENCE/ HEMODYNAMIC

NO.

AUTHOR(S) (YEAR)

26]

Queral et al (1980)[

98]

Johnson et al (1981)[

89]

Ferris and Kistner (1982)[

21]

Masuda and Kistner (1994)[

91]

Perrin (1997)[

COMPETENT

NO. PATENT

UNCHANGED

IMPROVEMENT

*

*

†

‡

>3

9/12

10/12

1/12

11/12

12

12–18

2/2

2/2

9/12

3/12

PFV/LSV

14

12–156

4/7

3/14

10/11

PFV/LSV

14

48–256 (127)

4/14

7/14

LSV

13

12–114 (49)

MAIN SITE

NO. LIMBS

FOLLOW-UP (mo)
(AVERAGE)

LSV

12

LSV

NO. PVI

1/13
5/12

§

5/12

§

2/6

62]

Cardon et al (1999)[

LSV

16

29–56 (42)

0/16

12/15

15/16

5/16

PVI, Primary venous insufficiency (determined by the authors based on a lack of venous thrombosis detected in the patients); LSV, long saphenous vein; PFV, profunda femoris vein.

* Determined by venogram or Doppler/duplex ultrasonography.
† Includes skin changes, edema, pain, and ulcer recurrence.
‡ Determined by plethysmography or ambulatory venous pressure measurements (improvement in hemodynamic tests postoperatively when compared with preoperative values).
§ Reported as patent and competent (not subdivided).
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Chapter 160 - Surgical Treatment of Chronic Occlusions of the Iliac Veins and the Inferior Vena Cava

PETER GLOVICZKI MD
JAE-SUNG CHO MD

1
Valvular incompetence is the most common cause of chronic venous insufficiency (CVI) of the lower extremities; deep venous obstruction is responsible for signs and symptoms of venous congestion in less than 10% of patients.[ ] Although the first

2
successful venous reconstruction in a patient was reported more than 50 years ago by Warren and Thayer,[ ] results of open surgical treatment for venous obstructions have been less than satisfactory for many years. Only in the past two decades have

3
improvements in diagnosis, patient selection, and surgical technique and the availability of better graft materials resulted in more frequent successful implantation of venous bypasses in patients.[ ] Results of venous grafting are, however, still inferior to those
obtained with arterial reconstructions.

Endovascular treatment for iliocaval obstruction has progressed rapidly, and today venous stenting is the primary choice for treatment of benign iliac or iliocaval venous occlusions. Techniques and results of endovenous reconstructions are discussed in detail
in Chapter 161 . In this review, we discuss indications, patient selection, preoperative evaluation, techniques, and results of open surgical treatment of chronic iliac and iliocaval venous obstructions. We examine causes of graft failure in the venous system and
list advantages of different adjuncts used currently to improve patency of venous grafts. The reader is referred to Chapter 163 for a discussion of vena caval reconstructions in treatment of malignant tumors and to Chapters 72 and 73 for details on venous
reconstruction after abdominal or lower limb trauma.

ETIOLOGY

Deep venous thrombosis (DVT) is the most common cause of venous obstructions. In symptomatic patients, recanalization of the thrombosed veins in incomplete collateral circulation is inadequate and, in the infrainguinal veins, valvular incompetence due to
destruction of the venous valve leaflets develops. Venous occlusion may also develop because of trauma or irradiation or as a result of external compression of deep veins by:

4
■ Retroperitoneal fibrosis[ ]
5 6 7
■ Benign or malignant, primary, or metastatic tumors[ ] [ ] [ ]
■ Cysts
■ Aneurysms
8
■ Abnormally inserted muscle (popliteal vein entrapment)[ ]
9
10
■ Fibrous bands or ligaments (soleal arch syndrome,[ ] femoral vein compression by the inguinal ligament[ ] )
11 12 13 14

Compression of the left common iliac vein by the overriding right common iliac artery (May-Thurner syndrome) ( Fig. 160–1 ) is a frequently overlooked cause of left iliofemoral venous thrombosis.[ ] [ ] [ ] [ ] May and Thurner observed secondary
changes, such as an intraluminal web or “spur,” in the proximal left common iliac vein in 20% of 430 autopsies. Congenital anomalies, such as membranous occlusion of the suprahepatic inferior vena cava (IVC) with or without associated thrombosis of

15]

hepatic veins (Budd-Chiari syndrome),[

16] [17]
can also cause CVI.

aplasia, and hypoplasia of the iliofemoral veins ( Fig. 160–2 ) as in Klippel-Trenaunay syndrome,[

PREOPERATIVE EVALUATION
Preoperative evaluation of the patient should reveal the etiology and functional significance of deep venous obstruction and the extent and severity of associated venous incompetence. In at least two thirds of patients with venous outflow obstruction, however,

18]

distal reflux due to valvular incompetence contributes greatly to development of CVI.[

Figure 160-1 Magnetic resonance venography of the iliocaval bifurcation. Arrow indicates compression of the left common iliac vein by the overriding right common iliac artery (May-Thurner syndrome).

Figure 160-2 Venogram of agenesis of the right iliac vein in a 22-year-old woman. A large suprapubic venous collateral (arrow) drains the entire right lower extremity. (From Gloviczki P, Stanson AW, et al: Klippel-Trenaunay syndrome: The risks and
benefits of vascular interventions. Surgery 110:469, 1991.)

Figure 160-3 Platelet deposition on PTFE vena caval grafts in dogs with and without arteriovenous fistula 3 hours after perfusion. (From Gloviczki P, Hollier LH, Dewanjee MJ, et al: Experimental replacement of the inferior vena cava: Factors affecting
patency. Surgery 95:657, 1984.)

Figure 160-4 A, Artist’s conception of a bifemorocaval PTFE graft with bilateral femoral arteriovenous fistula. B, Illustration of a left femorocaval ePTFE graft with a femoral arteriovenous fistula. (From Jost CJ, Gloviczki P, Cherry KJ Jr, et al: Surgical
reconstruction of iliofemoral veins and the inferior vena cava for nonmalignant occlusive disease. J Vasc Surg 33:320, 2001.)

Figure 160-5 Illustration of a right iliac vein/inferior vena caval externally supported PTFE graft. Note the arteriovenous fistula at the right groin and a 20-gauge catheter, which is introduced through a tributary of the saphenous vein for perioperative heparin
infusion. (From Gloviczki P, Pairolero PC, Toomey BJ, et al: Reconstruction of large veins for nonmalignant venous occlusive disease. J Vasc Surg 16:750, 1992. With permission of Mayo Foundation.)

Figure 160-6 A, Klippel-Trenaunay syndrome with atresia of the right femoral vein in a 20-year-old patient. P, popliteal vein; F, fibrous bands replacing the superficial femoral vein. B, Intraoperative photograph of the contralateral saphenous vein graft
interposed between the patient’s popliteal and proximal great saphenous vein. P, popliteal vein; G, vein graft; S, great saphenous vein. (From Gloviczki P, Stanson AW, Stickler GB, et al: Klippel-Trenaunay syndrome: The risks and benefits of vascular
interventions. Surgery 110:469–479, 1991.)

Figure 160-7 Venogram performed 5 months after popliteal saphenous vein interposition graft. Arrows indicate proximal and distal anastomoses of the patent graft. Note absence of the right femoral vein. The vein has been patent and competent at 8 years, 6
months. (From Gloviczki P, Stanson AW, Stickler GB, et al: Klippel-Trenaunay syndrome: The risks and benefits of vascular interventions. Surgery 110:469, 1991.)

TABLE 160-1 -- Published Results of Femorofemoral Crossover Bypass
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71]
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2001

3

Cross-Pubic Venous Bypass (Palma Procedure)

70 71

65

Initially described 40 years ago by Palma and Esperon[ ] [ ] in Uruguay and popularized by Dale[ ] in the United States, the Palma procedure has remained a useful technique for venous reconstruction in patients with proximal outflow obstruction
( Fig. 160–8 ). This operation, which was designed for patients with chronic unilateral iliac vein obstruction of any etiology, requires a normal contralateral iliofemoral venous system to ensure venous drainage. Results have been better in the presence of intact
inflow, when the affected limb has no infrainguinal obstruction or deep venous incompetence.

We favor this operation especially in young women who present with residual chronic iliac vein occlusion after acute left iliofemoral venous thrombosis that developed as a result of May-Thurner syndrome. The operation is indicated in patients who are not
candidates for iliac vein stenting or failed previous endovascular procedures.
Technique

For the original operation, the contralateral great saphenous vein is used. Preoperative imaging of the potential graft conduit with phlebography or duplex scanning is recommended, because varicose saphenous veins or veins smaller than 4 mm in diameter
have a poor chance of long-term success.
Endoscopic harvesting of a 25- to 30-cm segment of the contralateral saphenous vein ensures an excellent cosmetic result; otherwise, the vein can be dissected through two or three small skin incisions.
After ligation and division of all tributaries, the graft is gently distended ( Fig. 160–9 ) with heparinized papaverine solution and is tunneled to the contralateral groin in a suprapubic, subcutaneous position. Dissection of the femoral vein on the affected side
should be minimal; usually, just the anterior and lateral vein wall is freed up for proximal and distal clamps or for a side-biting clamp to occlude the femoral artery for the anastomosis. Excision of intraluminal fibrous bands after venotomy may be needed. The
anastomosis between the saphenous and femoral veins is performed in an end-to-side fashion with standard atraumatic vascular surgical technique. If the vein is small, interrupted 5–0 or 6–0 sutures are preferred to permit later dilatation of the vein and to
avoid “purse-stringing” of the

Figure 160-8 Left-to-right femorofemoral venous bypass (Palma procedure) for left common iliac vein obstruction. A small polyethylene catheter can be placed through a side branch of the greater saphenous vein for immediate perioperative heparinization to
improve chances of patency. (From Rhee RY, Gloviczki P, Luthra HS, et al: Iliocaval complications of retroperitoneal fibrosis. Am J Surg 168:179, 1994.)

Figure 160-9 A, Technique of Palma procedure: the contralateral saphenous vein is dissected, and a vascular clamp is placed on the common femoral vein. B, The vein is distended with papaverine solution. C and D, The saphenous vein is tunneled to the left
groin and anastomosed end-to-side to the common femoral vein. A femoral arteriovenous fistula was constructed and encircled with a Silastic sheath for easy identification for takedown 3 months later.

Figure 160-10 A, Postoperative venogram of a right-to-left femorofemoral crossover vein graft (arrow) (Palma procedure). B, Digital subtraction venogram of left lower extremity and pelvis showing a patent left-to-right Palma graft 6 months after operation
(dark arrow). Left iliac vein stent (white arrow) thrombosed before operation. (From Jost CJ, Gloviczki P, Cherry KJ Jr, et al: Surgical reconstruction of iliofemoral veins and the inferior vena cava for nonmalignant occlusive disease. J Vasc Surg 33:320–
328, 2001.)

TABLE 160-2 -- Published Results of Femorocaval/Iliocaval Bypass

FIRST AUTHOR
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88

88

PTFE

2001
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24

54

PTFE, polytetrafluoroethylene.
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PTFE

24]

externally supported ePTFE grafts with arteriovenous fistula for all cross-femoral venous bypasses.[

67

Plethysmographic evidence of outflow obstruction was an independent predictor of clinical outcome in the report by AbuRahma and coworkers.[ ] Eighty-eight percent of their patients undergoing the Palma procedure who had abnormal preoperative
maximum venous outflow showed significant clinical improvement, whereas 86% of those with normal preoperative maximum venous outflow had no improvement after operation.

Prosthetic Femorocaval, Iliocaval, or Inferior Vena Caval Bypass

Anatomic in-line iliac or iliocaval reconstruction can be performed for (1) unilateral disease when autologous conduit for suprapubic graft is not available or (2) bilateral iliac, iliocaval, or inferior vena caval occlusion. Extensive venous thrombosis (not
infrequently after previous placement of a vena caval clip), tumors, and retroperitoneal fibrosis not responding to nonoperative therapy are potential indications. Failure of previous endovascular attempts and occlusion after placement of multiple stents also
have been indications for bypass.
Technique

The femoral vessels (for the arteriovenous fistula or for the site of the distal anastomosis) are exposed at the groin through a vertical incision. The iliac vein or the distal segment of the IVC is exposed through a right oblique flank incision through the
retroperitoneal approach. The vena cava at the level of the renal veins is best exposed through a midline or a right subcostal incision. The ascending colon is mobilized medially, and the vena cava is exposed retroperitoneally. The infrarenal IVC is
reconstructed with a 16- to 20-mm graft, the iliocaval segment usually with a 14-mm graft, and the femorocaval segment with a 10- or 12-mm ePTFE graft. The arteriovenous fistula is constructed first in patients who undergo a long iliocaval bypass (see Fig.
160–5 ).
Short iliocaval bypass with significant pressure gradient can be performed without an arteriovenous fistula, as discussed previously. Reconstruction of the vena cava with a straight PTFE graft, if the inflow is good, is also usually performed without an
additional arteriovenous fistula. In patients who undergo femorocaval bypass, we perform the proximal and distal anastomoses of the bypass first and then place the arteriovenous fistula before opening up the circulation through the graft. As discussed
previously, we usually use a tributary of the greater saphenous vein. The operation is performed with the patient in full anticoagulation with intravenous heparin, and at the end of the operation, as mentioned, a small polyethylene catheter is placed to the level
of the distal anastomosis to infuse low-dose heparin (500 units/hr).
Results

Experience with femorocaval or iliocaval bypass is limited, and only a few series are available (see Table 160–2 ). In a Mayo Clinic series of 13 such bypasses, primary and

Figure 160-11 A, Venogram 1.6 years after implantation in a 36-year-old female patient confirms widely patent 10-mm PTFE graft. Arrow indicates site of the end-to-end femoral anastomosis. B, This patient is free of symptoms 10 years after the operation
with duplex evidence (arrow) of graft patency.

Figure 160-12 A, Preoperative venogram confirms occlusion of the right common iliac vein with a remarkable lack of collateral circulation. B, Left iliocavogram confirms normal anatomy. C, Illustration of a right external iliac inferior vena cava ringed PTFE
graft. D, Patent graft on venogram 3 months later. E, Patent graft at 3 years after surgery.

Figure 160-13 A, Preoperative photograph of an 81-year-old patient with severe right lower extremity swelling and massive transudation of fluid due to right common iliac vein obstruction (see venogram in Fig. 160–12 ). B, Photograph 9 months after the
operation confirmed excellent clinical results.

Figure 160-14 A and B, Extensive iliocaval obstruction in a 47-year-old patient treated with right iliocaval bypass with a right saphenous vein/common femoral artery arteriovenous fistula. C, Postoperative venogram shows patent graft.

Figure 160-15 Cumulative secondary patency rates of saphenous vein crossover bypass grafts (Palma procedure) and ePTFE iliocaval and femorocaval bypass grafts. (From Jost CJ, Gloviczki P, Cherry KJ Jr, et al: Surgical reconstruction of iliofemoral veins
and the inferior vena cava for nonmalignant occlusive disease. J Vasc Surg 33:320–328, 2001.)

Figure 160-16 Combined endovascular and open reconstruction for chronic iliofemoral venous occlusion. A, Note old recanalized thrombus (arrow) in the common femoral vein. B, The old thrombus was excised and the iliofemoral vein was stented with
Wallstents (arrow). C, The femoral vein was closed with bovine pericardial patch. D, Postoperative venogram confirms widely patent iliofemoral vein.

Figure 160-16 Combined endovascular and open reconstruction for chronic iliofemoral venous occlusion. A, Note old recanalized thrombus (arrow) in the common femoral vein. B, The old thrombus was excised and the iliofemoral vein was stented with
Wallstents (arrow). C, The femoral vein was closed with bovine pericardial patch. D, Postoperative venogram confirms widely patent iliofemoral vein.

Figure 160-17 Different configurations of cavoatrial bypass performed for membranous occlusion of the inferior vena cava. Reinforced PTFE graft can originate from the infrarenal (A) or suprarenal (B) inferior vena cava and be routed behind the right lobe of
the liver. Another potential position of the graft is behind the left lobe of the liver (C). (With permission of Mayo Foundation.)
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Chapter 161 - Endovascular Treatment of Chronic Occlusions of the Iliac Veins and the Inferior Vena Cava

PETER NEGLÉN MD
SESHADRI RAJU MD, PHD

Following the success of endovascular interventions in the arterial tree, endovenous therapy using balloon venoplasty and stenting for venous obstructions was introduced in the late 1980s and early 1990s. It was soon realized that experience acquired with
endovascular treatment of arterial obstructive disease could not necessarily be transferred directly to the venous system. For example, initial studies showed that balloon venoplasty alone led to early restenosis and that immediate recoil of the iliac vein was

1 2 3 4

observed in the majority of limbs.[ ] [ ] [ ] [ ] Contrary to the case with endovascular treatment of arterial obstruction, we recommend placement of a stent with all endovascular interventions performed to correct chronic iliac or iliocaval venous
obstruction. Insertion of venous stents is widely performed today, and it has dramatically altered the management of pelvic venous outflow obstruction. Owing to the increased availability, minimal invasiveness, low morbidity and mortality, a 4-year
acceptable patency, and substantial sustained clinical improvement, venous stenting has largely replaced bypass surgery. It is now considered the initial “method of choice” for chronic iliofemoral venous obstruction. This technique provides a less invasive and
relatively safer alternative to open surgery and can therefore be offered to a larger group of patients. In case of immediate or late failure, venous stenting does not preclude subsequent bypass surgery or surgical correction of reflux when necessary. As a
“spinoff,” the introduction of this relatively simple treatment of outflow obstruction has also led to a renewed interest in the nature and pathophysiology of venous obstruction per se and in tests for detection of hemodynamically significant lesions. With the
promising clinical results of endovascular treatment, the role and importance of venous obstruction in chronic venous insufficiency (CVI) has also been re-evaluated.

Venous stenting is a mode of treatment that still is under development. Patients with chronic venous disease are younger, live longer, and have a better prognosis than patients with atherosclerotic arterial disease. Therefore, venous stenting must maintain the
favorable initial result over the long term. Although venous stenting may presently be the preferred treatment of iliofemoral obstruction, more research is necessary to define accurate hemodynamic criteria for assessment and treatment and to study the longterm effects of stents in the venous system. The behavior of venous stents varies greatly depending on the indication for treatment and anatomic placement of the stents. In this chapter we focus on the etiology, signs and symptoms, and diagnosis of chronic
nonmalignant venous obstructions and the technique and clinical and morphologic results (patency and in-stent restenosis rates) of iliofemoral and caval stenting of these obstructions.

ETIOLOGY

5 6 7

The iliac vein is the common outflow tract of the lower extremity, and chronic obstruction of this segment appears to result in more severe symptoms than does lower segmental blockage.[ ] [ ] [ ] Distal obstructions are more readily compensated for,
because of facilitated collateralization in the femoral-popliteal segment owing to the presence of double veins, direct connection to the profunda vein, saphenosaphenous connection, and deep muscular tributaries in the thigh. Conversely, the collateral
formation is relatively poor in the iliofemoral segment. The most frequent chronic pelvic outflow obstruction occurs after deep venous thrombosis. Only 20% to 30% of iliac veins completely recanalize spontaneously after thrombosis, whereas the remaining

8 9
veins recanalize partially and develop varying degrees of collaterals.[ ] [ ] This may result in significant remaining obstruction to the outflow of the lower extremity.
10

11

A so-called primary, nonthrombotic iliac vein obstruction (May-Thurner syndrome[ ] or iliac vein compression syndrome [ ] ) has been well described. This entity appears to be a more common cause of venous obstruction than previously thought. In our
experience in the treatment of more than 600 obstructive limbs, approximately 40% had nonthrombotic blockage (defined as absent history of deep venous thrombosis [DVT] and no venographic or ultrasound findings indicating previous DVT). Typically, a

12]
At least 15% of the limbs with primary disease, however, have been shown to

stenosis of the left proximal common iliac vein is caused by compression by the right common iliac artery with secondary band or web formation.[
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13]

have stenosis of both common and external iliac veins.[

In addition, although this lesion is classically found in the left iliac vein in younger females, it is not uncommon in males or in elderly patients and may involve the right limb.

11 14 15 16 17

Previous work has clearly established that intraluminal iliac vein lesions and varying degrees of external compression are quite common in the general population (14% to 30% and 88%, respectively),[ ] [ ] [ ] [ ] [ ] and the incidence is probably
higher in symptomatic patients. The anatomic differences between the right and left pelvic vasculature may explain the variable incidence of both proximal and distal obstructive lesions between the two sides. The pathologic finding is often not merely an
external compression of the vein by the artery but also the presence of an intraluminal obstructive lesion (e.g., ridges, webs, cords, or bridges). Whether these intravenous lesions are congenital or secondary to trauma has not been proved conclusively.

18]

Although the lesions frequently occur at or near arterial crossover points, the sites also mark the locations of embryonic fusion of venous pathways in the development of the adult venous system.[

The possibility that these limbs with “primary,” nonthrombotic disease may have had an isolated subclinical iliac vein thrombosis that initiated at the vessel crossing and then propagated distally into the external iliac vein cannot be excluded. On the other

17]
A lack of hemosiderin and absence of other features characteristic of an organized thrombus on pathologic

hand, limbs with obvious post-thrombotic disease may have had an underlying iliac vein compression resulting in an iliofemoral vein thrombosis.[

10] [12]
Whatever the chain of events, it serves to remind us that patients complaining of leg pain and swelling and no history of previous DVT or other venous

examination appear to largely rule out a post-thrombotic cause in these “primary” obstructions.[
disease may have isolated iliac vein obstruction.

Less common causes of chronic blockage of the iliac veins and the inferior vena cava include benign or malignant tumors, retroperitoneal fibrosis, iatrogenic injury, irradiation, cysts, and aneurysms. Relief of symptoms is immediate after successful stenting of

19]
20
Iliocaval stenosis due to retroperitoneal fibrosis has been successfully treated by stenting.[ ]

malignant obstructions. The long-term outcome appears to depend largely on the progress of the tumor.[

SIGNS AND SYMPTOMS
Signs and symptoms of chronic venous disease may vary greatly, ranging from moderate swelling and pain to discoloration and stasis ulcers. The main emphasis has been on treatment of severe skin changes and stasis ulcers, chiefly by controlling reflux. It is

21

our experience, however, that a substantial number of patients with CVI complain of disabling limb pain and swelling without skin changes.[ ] These symptoms are not always improved by wearing compression stockings or performing venous valve repair.
The dominant pathophysiologic component in these patients may be obstruction rather than reflux, and it is possible that these symptoms are mainly attributable to the outflow blockage. “Venous claudication” is a dramatic condition described as an exerciseinduced “tense” pain that requires several minutes of rest and leg elevation to achieve relief. Certainly patients with significant outflow obstruction may have less dramatic symptoms with less distinct lower extremity pain and discomfort with decreased quality
of life and moderate disability. Previous estimations that obstruction is a major contributor in only 10% to 20% of patients with severe chronic venous disease are probably low, and in our practice this number is definitely higher.

DIAGNOSIS
Often when algorithms are constructed for workup of patients with CVI, investigations for estimating the degree of reflux are emphasized, but testing for outflow obstruction is omitted completely. This is probably due to lack of accurate objective noninvasive
or invasive tests for evaluation of hemodynamically significant chronic venous obstruction. In addition, it may be due to lack of practical treatment alternatives before the introduction of venous stenting. Whereas there are many tests for delineating focal and
global reflux, this is not so for outflow obstruction. Ultrasound investigation and outflow fraction determinations by plethysmographic methods have been shown to be unreliable and play only a limited role. Although abnormal plethysmography findings may

22] [23] [24]
Even the invasive pressures (i.e., hand/foot pressure differential and reactive hyperemia pressure) increase, and indirect resistance

indicate obstruction to the venous outflow, significant blockage may exist in the presence of normal findings.[

22]

calculations appear insensitive and do not define the level of obstruction.[

Only a small pressure gradient over a venous stenosis or a pressure increase below an obstruction on exercise or hyperemia may indicate significant obstruction. These pressure

25] [26] [27]
Thus, although a positive hemodynamic test may indicate hemodynamic significance, a normal test

differences are certainly much lower than in the arterial system, often as low as 2 to 3 mm Hg, which may be difficult to measure accurately.[
does not exclude it. Unfortunately, it is presently impossible to detect borderline obstructions, which may be of hemodynamic importance.

Because accurate hemodynamic tests are unavailable, diagnosis and treatment must be based on morphologic findings. Single-plane transfemoral venography, the standard investigation, may show definite obstruction and development of collaterals. Although
a defined lesion may be obvious, findings on the anteroposterior view are often subtle and only suggestive of an underlying obstruction (e.g., widening of the iliac vein [pancaking], “thinning” of the contrast dye resulting in a translucence of the area, partial
intraluminal defect [septum], or a minimal filling of transpelvic collaterals). Increased accuracy may be achieved with multiple angled projections, which may reveal surprisingly tight stenosis on oblique projections, although the anteroposterior view is quite

28]

normal ( Fig. 161–1 ). [

Although the degree of stenosis may be obtained, the hemodynamic impact of this stenosis is not known from morphologic studies. In fact, the degree of venous stenosis that should be considered hemodynamically “critical” is also

[29]

Although the formation of collaterals is classically regarded as a compensatory mechanism to bypass and thus neutralize the effects of an obstruction, the mechanism and inducement of collateral formation are unknown. It is doubtful that
not known.
blood flow through this
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Figure 161-1 A, Single-plane transfemoral venogram showing typical findings suggesting a left common iliac vein compression, pancaking and translucency (left), and widening and presence of collaterals (right). B, Left transfemoral venogram with multiple
projections. The oblique views (45- and 60-degree rotation) reveal stenoses, which are not visualized on the anteroposterior projection (0 degrees). C, IVUS images corresponding to the transfemoral venogram in B. The compression of the left common iliac
vein as it is crossed by the right common iliac artery (A) is clearly shown (left) as compared with the normal vein below the venous stenosis (right). The black circle inside the vein represents the inserted IVUS catheter.

Figure 161-2 An iliofemoral post-thrombotic obstruction before and after stenting. Note the disappearance of collaterals after disobliteration. (From Raju S, McAllister S, Neglén P: Recanalization of totally occluded iliac and adjacent venous segments. J Vasc
Surg 36:903–911, 2000.)

Figure 161-3 Images obtained by venous IVUS: Upper left: 1. Intraluminal septa. Upper right: 2. Trabeculation with multiple lumina. Bottom left: 3. In-stent restenosis precisely identifying the stent, neointimal hyperplasia, and remaining lumen. Bottom
right: 4. Compression of the vein by the artery at the iliac vessel crossing. The adjacent artery is marked with an A. The black circle inside the vein represents the inserted IVUS catheter.

Figure 161-4 Ultrasound-guided cannulation allows a low approach to the femoral vein in the thigh, which facilitates balloon dilation and stent delivery into the common femoral vein and proximal iliac vein segment without impedance by the sheath. (From
Raju S, McAllister S, Neglén P: Recanalization of totally occluded iliac and adjacent venous segments. J Vasc Surg 36:903–911, 2002.)

TABLE 161-1 -- Technical Recommendations
1. Consider that balloon angioplasty and stenting is a different procedure in the venous than in the arterial system.
2. Balloon angioplasty alone is insufficient treatment for chronic occlusion of the iliofemoral veins. Stent insertion is mandatory.
3. The “kissing” balloon technique utilized at the aortic bifurcation is unnecessary at the confluence of the common iliac veins, and bilateral stents are not needed.
4. Ultrasound to guide cannulation of the femoral vein is a necessity.
5. Intravascular ultrasound is invaluable, both as a diagnostic tool and as an intraoperative aid in directing placement of the stent.
6. Stenting of a stenosis adjacent to the confluence of the common iliac veins requires that the stent be placed well into the inferior vena cava to avoid migration and early restenosis.
7. Insertion of a large diameter stent (14–16 mm wide) is recommended. Unlike the artery, the vein accepts extensive dilation without rupture.
8. It is important to re-dilate the stent after insertion to avoid its possible movement.
9. The diseased vein segment is more extensive in reality than what is visualized on venography. Cover the entire diseased venous segment as outlined by the intravascular ultrasound. Probably the most common cause of early restenosis is inadequate
stenting of the entire lesion.
10. Short (<5 cm) skip areas in between two stents should be avoided, because they are prone to develop secondary stenosis.
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Figure 161-5 Balloon dilation and stenting of a left common iliac vein compression syndrome (May-Thurner syndrome) as shown on multiplane projections. A, Before venous stenting there is absence of stenosis but presence of collaterals in the
anteroposterior view. The stenosis is detected by rotation. B, Waisting of balloon by the stenosis during inflation. C, Post-stent venogram revealing no stenosis. (From Neglén P: Endovascular treatment of chronic iliofemoral venous obstruction—a review.
Phlebolymphology 43:204–211, 2003, with permission.)

Figure 161-6 A, Transfemoral venogram performed through sheath inserted after ultrasound-guided cannulation of the left femoral vein. A complete post-thrombotic chronic occlusion of the left common iliac vein and severe stenosis of the external and
common femoral veins are shown. Huge transpelvic collaterals fill a normal right iliocaval venous system. B, The obstruction has been traversed by manipulation with soft and stiff guide wires supported by guiding catheters (left). A cavogram obtained by
contrast dye injection through an inserted general purpose catheter ensures that the inferior vena cava (IVC) has been penetrated. C, The occluded vessel is recanalized by a smaller balloon to allow passage of the IVUS catheter to assess the extent of the lesion
and subsequent insertion of larger balloons and stents. D, Images obtained by venous IVUS: 1, Normal IVC proximal to stenosis. 2, The common iliac vein severely compressed by the crossing iliac artery. 3, The completely occluded common iliac vein.
Despite the chronic nature of the occlusion, the recanalizing guide wire has followed the course of the original vein and is clearly intraluminal on this image. 4, The partially recanalized external iliac vein. The black circle inside the vein represents the inserted
IVUS catheter. E, Sequential ballooning of the entire iliofemoral venous segment to final diameter size (in this case, 14 mm width). F, Image showing the entire stent system comprising three stents placed well into the IVC and telescoped over each other to
cover the entire iliofemoral vein with the distal end placed at the inflow of the profunda vein (left). Final transfemoral venogram showing uninterrupted venous outflow with no visualization of any collaterals (right).

Figure 161-7 Cumulative primary, assisted-primary, and secondary patency rates of 324 limbs after iliofemoral stenting. The lower numbers represent limbs at risk for each time interval (all SEM < 10%).

Figure 161-8 Cumulative primary, assisted-primary, and secondary patency rates for stented limbs with thrombotic (PT) and nonthrombotic (non-PT) obstruction. The lower numbers represent total limbs at risk for each time interval (all SEM < 10%).

Figure 161-9 Cumulative in-stent restenosis-free rates for all limbs with any degree of stenosis (>20%) and severe (>50%) narrowing. The lower numbers represent total limbs at risk for each time interval (all SEM < 10%). (From Neglén P, Raju S: In-stent
restenosis in stents placed in the lower extremity venous outflow tract. J Vasc Surg 39:181–188, 2004.)

Figure 161-10 Cumulative in-stent restenosis-free rates (>20% in-stent restenosis) and cumulative primary rates for stented limbs with thrombotic (PT) and nonthrombotic (non-PT) obstruction. The lower numbers represent total limbs at risk for each time
interval (all SEM < 10%). (From Neglén P, Raju S: In-stent restenosis in stents placed in the lower extremity venous outflow tract. J Vasc Surg 39:181–188, 2004.)

Figure 161-11 Cumulative ulcer recurrence-free rate after iliofemoral venous stenting alone (with no subsequent reflux repair). (From Raju S, Owen S Jr, Neglén P: The clinical impact of iliac venous stents in the management of chronic venous insufficiency.
J Vasc Surg 35:8–15, 2002.)

TABLE 161-2 -- Clinical Assessment of Degree of Pain (Visual Analogue Scale, 0–10) and Swelling (Grade 0–3) Pre-stenting as Compared with Post-stenting in Limbs with Obstruction Only (Group 1) and Combined Obstruction and Reflux (Group 2)

*

OBSTRUCTION ONLY
Pre-stent

OBSTRUCTION + REFLUX
Post-stent

Pre-stent

Post-stent

Swelling
No. of limbs

187

152

249

200

Prevalence

170 (91%)

91 (60%)

207 (83%)

94 (47%)

Grade (median [range])

2 [0–3]
1 [0–3]

1 [0–3]

†

0 [0–3]

†

Pain
No. of limbs

177

152

244

196

Prevalence

135 (76%)

41 (27%)

186 (77%)

58 (30%)

Score (median [range])

4 [0–9]
0 [0–9]

4 [0–9]

†

0 [0–9]

†

Reprinted from Neglén P, Raju S: Venous outflow obstruction: An underestimated contributor to chronic venous disease. J Vasc Surg 38:879–885, 2003.

* No subsequent reflux surgery was performed during the observation period in group 2.
† P < .001
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currently used. Awareness and a high index of suspicion of iliac venous obstruction, combined with generous use of transfemoral multiplane venography and IVUS investigations, are necessary to detect borderline obstruction. The target population includes
patients with clinical features (especially pain) out of proportion to detectable pathology, patients with no other discernable basis for their symptoms, symptomatic patients with visualized pelvic collaterals, and patients with a history or ultrasound or
venographic evidence of previous deep venous thrombosis.
Although iliofemoral venous stenting is a promising technique, some caveats must be offered. Selection of patients for treatment based on morphologic investigations ultimately is not satisfactory, and hemodynamic criteria have to be developed. Further
research should be encouraged to achieve better understanding of the nature of venous obstruction and to develop reliable methods for testing hemodynamic significance. Monitoring of these patients should continue to contribute to our knowledge of the
longterm effects of stents in the venous system and of the potential development of threatening in-stent restenosis.
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Chapter 162 - Endovascular Treatment of Vena Caval Occlusions

1 2 3 4

Occlusions of the superior vena cava (SVC) and inferior vena cava (IVC) form a heterogeneous group of vascular lesions of various causes and prognosis.[ ] [ ] [ ] [ ] As outlined in the preceding chapters, there have been a number of modern
developments in the medical and surgical management of venous disease. Simultaneous advances in radiographic imaging and catheter-based interventional procedures now offer clinicians safe, less invasive, and effective treatment alternatives to traditional
therapy for these diseases. The purpose of this chapter is to outline recent advances in the fields of thrombolysis, percutaneous transluminal angioplasty (PTA), and endoluminal stenting, focusing on their applications in the treatment of large vein occlusions.

5 6 7
Traditionally, the treatments of choice for vena caval obstruction included external-beam radiation, chemotherapy, systemic anticoagulation, and systemic thrombolytic therapy. Success rates for these procedures have generally been disappointing.[ ] [ ] [ ]

7 8 9 10
Also, a number of different operative approaches have been presented in the surgical literature. Surgical bypass, an invasive approach, has usually been reserved for relief of symptoms caused by diseases other than neoplastic ones.[ ] [ ] [ ] [ ] In many

6 11
8 12
series, short-term patency rates for surgical bypass have been better than those for medical management alone[ ] [ ] ; however, symptoms of caval obstruction recur in a large proportion of patients.[ ] [ ]

The goal of endovascular interventions is to provide a safe, noninvasive approach to the management of acute and chronic venous occlusions. Endovascular techniques have been used for palliation of symptoms of venous obstruction associated with malignant

13] [14]

neoplasm for a number of years.[

Recently, however, primary venous angioplasty and stenting have been performed with increasing frequency for benign venous occlusive disease, and, in institutions where caval occlusions are treated principally

15] [16]

with surgical bypass, endovascular techniques have been used to salvage failing vena cava grafts.[

INDICATIONS FOR INTERVENTION
Endovascular interventions are indicated for patients whose symptoms have not resolved after either a standard course of anticoagulation or surgical bypass and who have persistent symptoms consistent with chronic SVC or IVC occlusion. The decision to
exclude a patient from endovascular intervention is based primarily on contraindications to anticoagulation or fibrinolytic therapy.
The treatment of caval occlusions secondary to benign processes remains a serious challenge for endoluminal therapies, because patients often outlive their repairs. In patients with a known malignancy, the clinician must weigh the patient’s quality of life
against the potential complications of the procedure. The patient must understand that the endovascular procedure will not treat the underlying malignancy and is merely palliative.
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INTERVENTIONAL STRATEGIES
The four primary strategies for endovascular interventions in the SVC and IVC systems are venography, thrombolysis, angioplasty, and endoluminal stenting or stent-grafting. For both chronic SVC and IVC occlusions, a combination of these techniques is
used to restore and maintain good drainage into the right atrium. The interventions listed earlier can be performed entirely in the angiographic suite under sterile conditions.
Superior Vena Cava
Occlusion of the SVC and of associated central veins of the thorax can produce a wide range of clinical findings which, collectively, are referred to as superior vena cava syndrome. SVC syndrome (see Chapter 164 ) consists of facial, periorbital, neck, and
bilateral upper extremity edema; dilated superficial veins over the anterior and lateral chest wall; dysphagia; dyspnea; and cognitive dysfunction secondary to cerebral venous hypertension. Rarely is SVC syndrome alone a life-threatening emergency; however,

1 2
the quality of life for many of these patients is poor, owing to limited use of their arms, inability to lie flat (due to venous congestion), and severe facial edema.[ ] [ ]
The clinical syndrome is caused by compression or complete obstruction of the SVC plus altered venous return from the head, neck, and upper extremities. The severity of the SVC syndrome depends on how fast occlusion develops and the associated pattern
of collateral vessels. The more acute the occlusion and the more limited the development of collateral vessels, the more severe are the symptoms. SVC syndrome has both benign and malignant causes ( Table 162–1 ). Before the advent of antibiotic therapy, a
large percentage of cases of SVC syndrome were caused by pathogens. Today, malignant disease accounts for 85% to 97% of all cases, but, as the number of central venous catheters placed for long-term access continues to rise, non-neoplastic causes will

2
increase proportionately.[ ]
Patients suffering from SVC syndrome should undergo complete diagnostic evaluation to rule out malignancy, including a detailed history and physical examination, chest radiography, and thoracic computed tomography (CT).

TABLE 162-1 -- Etiology of Superior Vena Caval Obstruction
Benign
Central venous catheters
Radiation fibrosis
Mediastinal fibrosis
Pacemaker leads
Dialysis fistula–related stenosis
Substernal thyroid goiter
Malignant
Bronchogenic carcinoma
Mediastinal tumors
Lymphoma
Thyroid carcinoma
Metastatic disease

3 4

Chest radiographs reveal malignant intrathoracic processes in 85% of patients with SVC syndrome. Two thirds of these lesions are situated in the right upper lobe near the SVC, and a right-sided pleural effusion is present in about a fourth of patients.[ ] [ ]
Venography is not usually part of the initial evaluation but typically is reserved for patients who will undergo some form of endovascular intervention. In my experience, patients who have recently been found to have radiosensitive tumors are usually treated
immediately with radiation, chemotherapy, or both. Prompt therapy with these modalities often relieves the symptoms of SVC syndrome. Consequently, patients do not usually require endovascular intervention acutely. Patients with a malignancy who have
been treated by irradiation, chemotherapy, or surgery can present several months later with SVC syndrome to radiation-induced fibrosis of central veins.
Venography and Catheterization of SVC Occlusion

Venography is still considered the “gold standard” for diagnosis and localization of occlusive disease in the SVC. With the patient lying supine or semi-recumbent, and to the extent it is clinically tolerated, bilateral access is obtained through both the right and
left basilic veins. When there is an SVC occlusion with extension of acute thrombus into both brachiocephalic veins, each subclavian vein must be traversed with catheters and wires advanced into the SVC and right atrium. To gain access to a chronically
occluded SVC involved by fibrosis the right femoral or right internal jugular approach may be necessary to provide for a better mechanical advantage. If the patient has a dialysis fistula, access may be gained through direct puncture of the fistula. Once
venipuncture has been performed, simultaneous bilateral upper extremity venography is performed to document the extent and degree of stenosis or occlusion ( Fig. 162–1 ).
In patients with upper extremity edema, venipuncture of the basilic vein may prove very difficult. Standard tourniquet techniques are often unsuccessful, because the basilic vein lies well below the skin surface. One technique involves cannulating a small hand
vein and performing venography to map the basilic vein in the antecubital region with an arm tourniquet in place. The contrast medium–infiltrated basilic vein is then punctured under direct fluoroscopic guidance. A second popular method involves ultrasoundguided needle puncture of the basilic vein using a 5- or 7-MHz transducer with an arm tourniquet in place.
Once vascular access has been achieved in both arms, the basilic venipuncture sites are converted to No. 5 French (Fr) or No. 6 Fr angiographic side-arm sheaths. Attempts are then made to pass a No. 5 Fr angiographic catheter with a simple curve (Berenstein
Glidecatheter, Boston Scientfic, Watertown, MA) and a 0.035-inch steerable hydrophilic guide wire (Glidewire, Boston Scientific) through the occluded vein segment. For more organized fibrotic occlusions, extra stiffness may be needed to avoid buckling of
the catheter when it encounters resistance. In this situation, I would convert to a coaxial system consisting of a No. 7 or 8 Fr braided coronary guiding catheter fitted with a Touhy-Borst adapter to allow placement of the No. 5 Fr
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Figure 162-1 Endovascular treatment of malignant superior vena cava (SVC) obstruction with catheter-directed thrombolysis and stent placement. A, Bilateral upper extremity venography demonstrates collateral flow bypassing bilateral brachiocephalic and
SVC obstruction. B, Fourteen hours after initiation of bilateral upper extremity regional thrombolysis via infusion catheters placed in each subclavian vein and extending into the SVC, recanalization of the brachiocephalic veins is apparent. C, After balloon
angioplasty of the brachiocephalic veins and SVC, in-line flow through diminutive channels is obtained. D, Frontal radiograph after placement of multiple Palmaz stents in the left and right brachiocephalic veins and the SVC. E, Venographic appearance after
stent placement shows no evidence of residual obstruction or of collateral veins.

Figure 162-2 Chronic superior vena cava (SVC) obstruction caused by an indwelling central venous catheter. A, Upper extremity venography demonstrates obstruction of the SVC just above the tip of a central venous catheter. B, A loop snare placed via a left
antecubital vein approach is used to snare the catheter and withdraw it from the SVC. An angioplasty balloon is inflated at the site of SVC obstruction. C, Venography after balloon angioplasty demonstrates a patent but narrowed SVC. D, A balloonexpandable Palmaz stent is deployed to treat the residual stenosis. E, Venography after stent placement demonstrates no residual narrowing. Subsequently, the central venous catheter was placed again into the stented SVC.

TABLE 162-2 -- Etiology of Inferior Vena Caval Obstruction
Benign
Membranous occlusion
Hypercoagulability disorders
Inferior vena caval interruption
Post-transplant surgery
Inferior vena caval filter thrombosis
Dialysis fistula–related stenosis
Retroperitoneal fibrosis
Inflammation
Trauma
Infection
Malignant
Hepatocellular carcinoma
Renal cell carcinoma
Lymphoma
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Figure 162-3 Focal chronic obstruction of the intrahepatic inferior vena cava (IVC). A, Inferior venacavogram demonstrates obstruction of the IVC with abundant collateral opacification. B, After balloon angioplasty, residual stenosis of the intrahepatic IVC
is evident. C, No residual narrowing is noted after placement of two Palmaz stents at the site of IVC obstruction.

Figure 162-4 Acute iliac deep venous thrombosis associated with chronic inferior vena cava (IVC) occlusion. Endovascular treatment by Wallstent placement. A, Pelvic venogram demonstrates right iliac vein obstruction with abundant collateral formation. B,
Venographic appearance of the abdomen shows occlusion of the IVC from its bifurcation to its intrahepatic segment. C, Deployment of 24-mm, self-expanding Wallstent within the IVC. D and E, Venographic appearance after Wallstent placement in the iliac
vein and IVC.

Figure 162-5 Catheter-directed thrombolysis and stent placement for recanalization of an inferior vena cava (IVC) obstruction. The occlusion was associated with multiple femoral hemodialysis catheters and was first documented venographically 4 years
before this study. A, Right iliac venogram shows obstruction of the IVC at the level of its bifurcation. B, Multiple-sidehole infusion cathether placed within the IVC for regional thrombolysis with urokinase. C, Inferior venacavogram performed 12 hours after
initiation of catheter-directed thrombolysis shows partial recanalization of the IVC. D, Appearance of IVC after placement of multiple Palmaz stents shows no residual stenosis. E, Follow-up cavogram 3 years after stent placement demonstrates mild intimal
hypertrophy lining the stents without significant narrowing of the IVC.
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Chapter 163 - Evaluation and Management of Malignant Tumors of the Inferior Vena Cava

THOMAS C. BOWER MD

1 2 3 4 5

Tumors of the inferior vena cava (IVC) are rare and often malignant.[ ] [ ] [ ] [ ] [ ] Management of these patients is difficult because symptoms occur late, adjuvant therapy has been ineffective, and surgical resection with caval replacement is a major
operation with unpredictable long-term benefit. Currently, surgical resection offers the only hope for cure or palliation of symptoms. Improvements in surgical techniques, anesthesia, and critical care and the use of externally supported synthetic grafts for

1 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
venous reconstruction have resulted in more reports of successful tumor resection and IVC replacement.[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] The types of IVC tumors, their
clinical presentation, the current methods of diagnosis, and surgical treatment are reviewed.
12

For reference, the IVC is arbitrarily divided into three segments, as described by Kieffer and colleagues ( Fig. 163–1 ). [ ] The suprahepatic IVC is the segment between the hepatic veins and the right atrium; the suprarenal IVC is the segment between the
renal and hepatic veins; and the infrarenal segment extends from the confluence of the common iliac veins to the renal veins. The retrohepatic IVC lies behind the liver, and the infrahepatic portion defines the area between the caudate lobe veins and the renal
veins.

TUMOR TYPES

27]
Vascular leiomyosarcomas are rare, involve veins more often than arteries, and represent less than 2% of all

The types of primary and secondary tumors of the IVC are shown in Table 163–1 . The most common primary tumor is leiomyosarcoma.[

28]

leiomyosarcomas.[

29] [30]
Primary venous leiomyosarcoma (PVL) occurs most often in the IVC compared with other central or peripheral veins. Dzsinich and

Only a few hundred cases have been reported since Perl’s first description in 1871.[

5
associates found 60% of 210 reported cases of PVL to arise from the IVC.[ ] Any segment of the vena cava may be involved. Mingoli and coworkers found involvement of the suprarenal IVC in 42% of cases, the infrarenal IVC in 34%, and the suprahepatic
4
IVC in 24% ( Fig. 163–2 ).[ ]
5 27 31
Pathologically, these tumors are polypoid or nodular, are firmly attached to the vessel of origin, and exhibit less intratumor hemorrhage and necrosis than other retroperitoneal sarcomas ( Fig. 163–3 ).[ ] [ ] [ ] The most common growth pattern is
31]

intraluminal, but the tumor may invade adjacent structures.[

This latter characteristic makes them difficult to differentiate from retroperitoneal sarcomas, which have vascular involvement. Almost one half of patients have metastases to the lung, liver,

4 5 27 32
kidney, bone, pleura, or chest wall at the time of diagnosis.[ ] [ ] [ ] [ ] If these tumors are not treated, survival is measured in months, with death secondary to complications of locoregional or metastatic disease. Mingoli and coworkers reported a mean
[4]

survival of 3 months for untreated patients in their series.

Secondary malignancies that affect the IVC include retroperitoneal sarcomas such as liposarcoma, malignant

Figure 163-1 Segments of the inferior vena cava.

TABLE 163-1 -- Tumors of the Inferior Vena Cava
Primary
IVC leiomyosarcoma
Secondary
Retroperitoneal soft tissue tumors
Liposarcoma
Leiomyosarcoma
Malignant fibrous histiocytoma

Hepatic tumors
Cholangiocarcinoma
Hepatocellular carcinoma
Metastatic (e.g., colorectal)
Pancreaticoduodenal cancers
Secondary Tumors That May Have Tumor Thrombus
Renal cell carcinoma
Pheochromocytoma
Adrenocortical carcinoma
Sarcomas of uterine origin
Leiomyomatosis
Endometrial stromal cell
Germ cell tumors
Embryonal
Teratocarcinoma

fibrous histiocytoma, or leiomyosarcoma; liver cancers; and duodenal, pancreatic, intestinal, adrenal, or renal malignancies. These cancers either invade the IVC, obstruct its lumen by extrinsic compression, or grow intraluminally ( Fig. 163–4 ).

2
Retroperitoneal sarcomas can obstruct any segment of the IVC, and they are the most common cause of malignant obstruction of the infrarenal segment.[ ] These tumors usually have a pseudocapsule and displace but do not invade adjacent structures. If they
31] [33]

become invasive, they are indistinguishable pathologically from primary tumors of the IVC, which have grown extraluminally. As many as one third of cases have a combination of extraluminal and intraluminal growth.[

[2]

cancers invade or obstruct the IVC in anatomic proximity to the site of origin of the neoplasm. Advanced hepatic, duodenal, pancreatic, and large renal or adrenal malignancies may obstruct the suprarenal vena cava.
normal tissue planes around the IVC.

Visceral or solid organ

Typically, these cancers obliterate the

34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48]

Some renal cell and adrenocortical cancers, pheochromocytomas, uterine sarcomas, and germ cell tumors grow as tumor thrombus within the lumen of the IVC ( Fig. 163–5 ).[

[49] [50] [51] [52] [53] [54] [55] [56] [57] Renal cell cancer is the most common malignancy to exhibit this behavior. It is also the most common cancer of the IVC that requires operative intervention.[34] [35] [36] [37] [57]
44] [46] [57]
36 44 48 58
The right kidney is affected more than the left one.[ ] [ ] [ ] [ ] Kallman and coworkers reviewed 431 preoperative radiologic imaging

Tumor thrombus is found in the renal veins in 15% to 20% of patients with renal cell cancers.[

58]
However, I have treated a patient with caval tumor thrombus whose primary renal cancer was only 2 cm.

studies and found tumor thrombus only in patients whose cancers were larger than 4.5 cm.[

Intracaval extension of tumor thrombus is found in 4% to 15% of patients. The proximal extent of IVC tumor

Figure 163-2 Distribution of primary inferior vena cava leiomyosarcomas. (Data based on a review by Mingoli A, Feldhaus RJ, Cavallaro A, Stipa S: Leiomyosarcoma of the inferior vena cava. In Bergan JJ, Yao ST [eds]: Surgery of the Veins. New York,
Grune & Stratton, 1985, pp 423–443. By permission of Mayo Foundation.)

Figure 163-3 CT scan of a large retroperitoneal leiomyosarcoma involving the organs of the right upper quadrant, including the liver and retrohepatic vena cava. Note the necrotic areas within the tumor (arrows). (From Bower TC: Primary and secondary
tumors of the inferior vena cava. In Gloviczki P, Yao JST [eds]: Handbook of Venous Disorders. London, Chapman & Hall, 1996, pp 529–550.)

Figure 163-4 Examples of primary and secondary tumors of the inferior vena cava. A, CT scan of the abdomen showing a large retroperitoneal tumor that surrounds the IVC and obliterates its lumen (white arrow). The tumor also abuts the abdominal aorta
(dark arrow). B, Venacavogram showing compression and bowing of the IVC. C, Pathology specimen from the same patient after resection showing invasion of the lumen of the IVC (arrow). D, CT showing an intraluminal defect (arrow) that later proved to
be a primary IVC leiomyosarcoma. (B from Phillips M, Bower T, Orszulak TO, Hartman L: Intracardiac extension of an intracaval sarcoma of endometrial origin. Ann Thorac Surg 59:742–744, 1995; D from Bower TC: Primary and secondary tumors of the
inferior vena cava. In Gloviczki P, Yao JST [eds]: Handbook of Venous Disorders: London, Chapman & Hall, 1996, pp 529–550.)

Figure 163-5 Intracaval tumor thrombus extending into the right heart chambers shown on MRI (A) and depicted schematically (B). Pathologic specimen (C) revealed endometrial stromal cell sarcoma. (From Phillips M, Bower T, Orszulak TO, Hartman L:
Intracardiac extension of an intracaval sarcoma of endometrial origin. Ann Thorac Surg 59:742–744, 1995.)

Figure 163-6 Classification of level of inferior vena caval thrombus associated with renal cell carcinoma. (From Monty JE: Inferior vena cava tumor thrombus. In Monty JE, Purtes JE, Bukowski RM [eds]: Clinical Management of Renal Cell Cancer. St.
Louis, Mosby–Year Book, 1990).

TABLE 163-2 -- Clinical Presentations Related to Level of IVC Obstruction
LEVEL OF IVC
Suprahepatic

SYMPTOMS AND SIGNS
Cardiac arrhythmias, syncope, pulmonary embolism

Suprarenal
Retrohepatic with hepatic vein involvement

Budd-Chiari syndrome, ascites

Retrohepatic between hepatic and renal veins

Abdominal pain, biliary symptoms, nausea (nonspecific)

At renal vein confluence

Renal insufficiency, nephrotic syndrome

Infrarenal

Pain, dilated veins on abdominal wall, palpable mass, lower extremity edema

2 36 44

Most patients with secondary IVC malignancies present with symptoms and signs related to the cancer and not to IVC obstruction.[ ] [ ] [ ] If there is IVC invasion, the clinical presentation is determined by the segment involved and the degree of
venous obstruction ( Table 163–2 ). Tumor thrombus in the right side of the heart causes cardiac arrhythmias, syncope, pulmonary embolism, pulmonary hypertension, or right-sided heart failure. Hepatic vein obstruction results in hepatomegaly, jaundice,
ascites, or liver failure. Cancers that invade the retrohepatic IVC cause right upper quadrant or epigastric pain and tenderness or biliary tract symptoms. Obstruction at the renal vein level may cause renal insufficiency or nephrotic syndrome, but frank renal
failure is rare because of collateral drainage through branches of the left renal vein. Patients with infrarenal IVC tumors present with abdominal or back pain; neurologic symptoms from involvement of the lumbosacral plexus, the nerve roots, or the psoas
muscle; a palpable mass; or lower extremity edema. Patients with slow, progressive IVC obstruction develop dilated abdominal wall veins. Deep venous thrombosis is a rare presentation and is more common in patients with primary tumors of the iliac or

1 2 3 4 5 6 12 13 27 31 36
peripheral veins.[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ]
EVALUATION
I prefer a multidisciplinary approach to the evaluation and treatment of these patients. Tumor type, local or distant extent of the malignancy, the degree of caval obstruction, and the presence of intraluminal tumor thrombus are determined first. If the tumor is

1 6 9
resectable, a preoperative medical risk assessment is done. A cardiopulmonary evaluation is essential, especially in patients older than age 60 to 65 years.[ ] [ ] [ ] An assessment of the patient’s physical activity, according to criteria outlined by the Eastern

2 61
Cooperative Oncology Group, helps judge the impact of tumor resection on quality of life.[ ] [ ]

2 36 44 58
The radiologic imaging studies used are ultrasonography, computed tomography (CT), magnetic resonance imaging (MRI), and venacavography.[ ] [ ] [ ] [ ] A combination of studies is often needed to determine surgical resectability and to plan vena
cava reconstruction.

Ultrasonography provides images of the entire IVC, including the retrohepatic segment. Bowel gas and tumor distortion of the major veins are limitations of this technique. However, when adequate imaging is achieved, ultrasonography is as sensitive as MRI

58]

and venacavography for defining patency of the IVC and the presence and extent of intraluminal tumor thrombus.[

2 44 58

CT and MRI are the most common tests performed. Scans of the chest and abdomen define the local extent of the cancer, the level of IVC involvement, and the presence of regional or distant metastases.[ ] [ ] [ ] Both techniques identify intracaval tumor
extension and provide axial, coronal, and sagittal imagery of the tumor and the IVC. Filling defects and distention of the IVC are seen in some patients with primary or secondary cancers and in those with intraluminal tumor thrombus. Differentiation of tumor

56]
Kallman and associates believe MRI is almost 100% sensitive for detecting intracaval tumor thrombus

thrombus from bland thrombus on a single study may be difficult, but serial enlargement and distention of the IVC raise the suspicion of a caval tumor.[

58]
Both CT angiography and MRI or MR angiography are useful for postoperative surveillance of the tumor and an IVC graft if venous

associated with renal cell cancers. The few false-positive studies with MRI are usually caused by flow artifacts.[

1 2 5 6 9
reconstruction has been performed.[ ] [ ] [ ] [ ] [ ]

Contrast venography has been the “gold standard” test for patients with suspected peripheral or central venous obstruction. I use venacavography only for patients in whom the IVC anatomy or the extent of tumor thrombus is not clearly defined by the other

12]

studies. Retrograde cavography via the internal jugular vein is rarely needed to assess the level of caval occlusion or thrombus relative to the hepatic vein origin.[

Preoperative fine-needle aspiration or Tru-Cut needle biopsy with CT or ultrasound guidance is used in the rare patient in whom histologic diagnosis may determine the need for preoperative adjuvant therapy or when intracaval tumor cannot be differentiated

2 5 44
from bland thrombus. With the exception of germ cell cancers, the majority of primary and secondary IVC malignancies do not respond to radiation or chemotherapy, so preoperative tissue sampling is not necessary.[ ] [ ] [ ]
TREATMENT
Operation is rarely an option for patients with IVC tumors because most patients have advanced disease, have a poor prognosis, and carry a high operative risk. Diffuse metastatic disease, severe cardiopulmonary dysfunction, or physical limitations are

2 12 13
contraindications to surgical resection. However, individuals with localized tumors, a good performance status, and few medical co-morbidities are candidates for operation.[ ] [ ] [ ]

Figure 163-7 Various incisions used to approach the inferior vena cava.
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Figure 163-8 Postoperative cavograms and accompanying diagrams demonstrating patency of expanded polytetrafluoroethylene grafts used to replace the retrohepatic vena cava after liver resection (A and B) and the infrarenal vena cava after tumor removal
(C and D). (A, B, and D from Bower TC, Nagorney DM, Toomey BJ, et al: Vena cava replacement for malignant disease: Is there a role? Ann Vasc Surg 7:51–62, 1993, with permission.)

Figure 163-9 Operative technique for replacement of the retrohepatic inferior vena cava (IVC) in conjunction with major liver resection. A, Isolation of the IVC above and below the level of the tumor as well as isolation and division of the hepatic artery and
portal vein branches. B, Hepatic vascular exclusion used to complete resection of the liver, tumor, and retrohepatic IVC. If necessary, venovenous bypass via a cannula is used. C, The upper caval anastomosis is performed first. D, The suprahepatic caval
clamp is transferred across the graft after acid metabolites have been flushed from the liver. The lower caval anastomosis is completed. (From Bower TC, Nagorney DM, Toomey BJ, et al: Vena cava replacement for malignant disease: Is there a role? Ann
Vasc Surg 7:51–62, 1993, with permission.)

TABLE 163-3 -- Operative Mortality and 5-Year Cumulative Survival of Patients with Renal Cell Carcinomas and IVC Tumor Thrombectomy

STUDY

36]

Neves et al.,[

OPERATIVE MORTALITY %

SURVIVAL, % NO
METASTASES

SURVIVAL, % WITH METASTASES(LYMPH
NODE OR DIRECT)

54

9.3

68

12.5

53

13

40

0

71

N/A

72

16

68

7.4

30

25 (2 year)

44

6.8

42

13

100

N/A

64

19.6

37

2.7

45

24.6

(1987)

38]

Skinner et al.,[

(1989)

35]

Libertino et al.,[

39]

Montie et al.,[

(1989)

(1991)

43]

Hatcher et al.,[

(1991)

40]

Swierzewski et al.,[

57]

Nesbitt et al.,[

NO. PATIENTS

(1994)

(1997)

N/A, not available.

among 51 patients operated on at the Mayo Clinic for IVC malignancies.

Major morbidity must be low for there to be a role for these operations. Perioperative complication rates are lessened by careful patient selection and operative technique. In the last Mayo Clinic report, three patients required transfusions for bleeding and one

1
of these needed reoperation. [ ] Two patients had postoperative myocardial infarctions, and one patient developed bilateral lower extremity edema despite a patent graft. Four other patients had either symptomatic postoperative nonchylous ascites or large
1 6 9 13
pleural effusions. The risk of graft infection is low, even in patients with wound infections or bile leaks.[ ] [ ] [ ] [ ]
35] [36] [37] [38] [39] [40] [45] [53] [57]
The addition of cardiopulmonary bypass or hypothermic

Operative mortality rates for patients treated by radical nephrectomy and IVC tumor thrombectomy range between 2.7% and 13% ( Table 163–3 ).[

37] [39] [41] [42] [43]
Cardiopulmonary problems are the primary cause of perioperative death and morbidity. Neves and Zincke reported five deaths among 54 patients
36
[ ]
[57]

circulatory arrest has not significantly increased operative mortality in most series.[

Only one of 37 patients died in the series by Nesbitt and colleagues.

(9.3% mortality), four from pulmonary emboli and one from a myocardial infarction.

36] [53] [57]

Major morbidity after radical nephrectomy is as high as 10% to 31%.[

Myocardial ischemia, prolonged mechanical ventilation, pneumonitis, pulmonary embolism, atrial arrhythmias, renal insufficiency, and bleeding are the most common

36] [44]
36 44 57
An IVC filter, stapling, or clip is recommended for patients with bland thrombus in the infrarenal IVC.[ ] [ ] [ ] Cardiopulmonary bypass and
[37] [38] [39] [41] [42] [43] [45] [46] [57]

postoperative complications. Pulmonary emboli have been major problems in some reports.[

hypothermic circulatory arrest seem to increase blood loss and the risk of coagulopathy.

Graft Patency

1 6 9 12 13 20 22 23
Early and late patency for large-diameter (16 to 20 mm) prosthetic caval grafts is good regardless of which IVC segment is replaced.[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] Huguet and associates reported no graft occlusions among three survivors with
13]

prosthetic replacement of the suprarenal IVC.[

Less than 10% of the 51 IVC grafts have occluded during follow-up in the Mayo Clinic experience. Only a few patients have developed nonocclusive graft thrombus. They were chronically anticoagulated.

12

68

The use of an arteriovenous fistula to improve graft patency is controversial. Kieffer and colleagues use a centrally placed fistula if graft flow needs to be enhanced.[ ] Others place a fistula at the femoral vein level.[ ] I do not routinely add an
arteriovenous fistula for reconstruction of the suprarenal or suprahepatic IVC because of the rapid blood flow at this level. However, an arteriovenous fistula is considered for patients in whom more than one caval segment is replaced or a long graft is needed

1 6 12 13
to bypass an obstructing caval tumor for palliation of symptoms.[ ] [ ] [ ] [ ]

Survival and Quality of Life
The most important postoperative outcome measures are survival, control of local tumor recurrence, and quality of life.
Survival in patients with primary venous leiomyosarcoma is dependent on tumor resectability. Dzsinich and associates reported median survival after operation in patients with PVL at all sites to be 3.5 years (range, 6 months to 17 years). Survival was not

4

affected by tumor size, location, grade, or use of adjuvant therapy.[ ] These findings are interesting because the primary determinant of survival in most patients with other types of retroperitoneal sarcomas is the grade of the tumor. Survival of patients with
primary IVC leiomyosarcoma reported by Mingoli and coworkers averaged 3 months in patients not operated, 21 months in patients submitted to a palliative resection, and 36.8 months in those undergoing radical resection. In that series, a 5-year survival of

3
28% was achieved with curative resection.[ ] Mingoli and coworkers later analyzed data from 120 surgical patients in the International Registry of IVC Leiomyosarcomas to determine the influence of limited versus extended resection on tumor recurrence
61

and patient survival.[ ] The variables assessed were the IVC segment involved by the tumor, the growth pattern (extraluminal or intraluminal), the patency of the IVC, the size and histologic grade of the tumor, and the use of adjuvant therapy. Follow-up
was available in 102 patients. Fifty-three patients (44%) had limited resection of the IVC wall, and 67 (56%) had extensive resection. Three patients died early, 39 (33.3%) died of recurrent disease, and 7 died of unrelated causes but

2355

were disease-free. Thirty-six of 53 survivors were alive with no evidence of disease at a mean follow-up of 63 months. The other 17 were alive with recurrent disease. Multivariate analysis showed no significant difference in survival or disease recurrence

61]

between those with limited versus extended resection. Survival rates between the two groups were 55% and 37% at 5 years and 42% and 23% at 10 years, respectively. [

Resection with tumor-free margins still remains the primary goal. There is yet no

33 61 69 70
clear benefit from adjuvant therapy on survival or locoregional disease recurrence rates.[ ] [ ] [ ] [ ]

Survival for patients with secondary malignancies of the IVC left untreated is measured in months, not years. The limited data available suggest survival may be improved with tumor resection and IVC replacement in selected patients. However, the number of

1 2 5 6 12 13
1 6 9
patients operated is too small to make statistical comparisons.[ ] [ ] [ ] [ ] [ ] [ ] Local tumor control and palliation of symptoms is excellent, even in patients who need liver resection and retrohepatic IVC replacement.[ ] [ ] [ ] Twenty-seven of 48
early survivors with IVC replacement for malignant disease at the Mayo Clinic are alive at a mean follow up of 2.7 years (range, 9 days to 8.4 years). Most deaths occurred from distant metastases.
36] [44]

The greatest survival benefit is seen for patients with renal cell carcinoma and IVC tumor thrombus. Aggressive surgical treatment has resulted in average 5-year survival rates as high as 50% to 68% in patients with no distant or regional metastases.[

35] [36] [38] [39] [43] [50] [57]
Patients with diffuse metastases have 1-year survival rates ranging from 10% to
[35]

The primary determinants of survival are the presence of diffuse metastases, lymph node involvement, and completeness of tumor resection.[

39] [44]

68% but 5-year survival rates of only 0% to 8%.[

[36] [39] [43] [57]

Five-year survival rates are 50% to 68% for patients with complete tumor resection and no lymph node involvement compared with survival rates less than 17% for those with positive nodes.

36] [38] [43] [57]
Tumor thrombus as an independent factor probably does not affect patient survival, although some authors have noted a trend toward

Only a handful of patients survive 5 years if they are left with residual cancer.[

37] [38] [43] [51] [57]

lower survival rates based on the level of the thrombus.[

Postoperative quality of life is difficult to assess objectively. Few clinical series report performance status (physical limitations) of patients post resection. I have been impressed that carefully selected patients have minimal restriction in their physical activity

1 6 9
postoperatively. Almost 80% of patients with IVC replacement for malignant disease can be expected to maintain excellent performance status, even if they later develop regional or distant recurrent disease.[ ] [ ] [ ]
SUMMARY
Primary and secondary tumors of the inferior vena cava are rare, usually at advanced stages at the time of diagnosis, and carry a poor prognosis if left untreated. Until early cancer detection and effective adjuvant therapies are developed, surgical resection
remains the only chance for cure or control of symptoms. Careful patient selection, thorough preoperative evaluation and staging, and coordinated management between the oncologist and surgeon are keys to a successful outcome. Patients with no evidence of
metastatic disease, few medical co-morbidities, and a good performance status should be considered candidates for surgical resection, with or without venous replacement. If vena cava reconstruction is necessary, it can be performed safely with few graftrelated complications. Aggressive surgical management of patients with either renal cell carcinoma and vena cava tumor thrombus or localized primary IVC leiomyosarcoma appears proven. However, the role of resection for patients with secondary
malignancies involving the IVC requires more experience and longer follow-up.
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Chapter 164 - Surgical Treatment of Superior Vena Cava Syndrome

PETER GLOVICZKI MD
MANJU KALRA MBBS
JAMES C. ANDREWS MD

Few areas of venous surgery provide a more satisfying experience for both the patient and the vascular surgeon than reconstruction for superior vena cava (SVC) syndrome. Relief from severe, frequently incapacitating symptoms of chronic venous congestion
of the head and neck is almost instantaneous, and benefit after reconstruction is generally long lasting.
In this chapter, we review the etiology, clinical presentation, and diagnostic evaluation of SVC syndrome. Because endovascular treatment is reviewed in Chapter 162 , here we focus on the surgical management of SVC and innominate vein occlusions.

ETIOLOGY

1

2

The first case of SVC obstruction described by William Hunter in 1757 was due to an aortic aneurysm.[ ] Aortic aneurysms remained the second most common cause of SVC syndrome after primary malignant thoracic tumors until the mid 1900s.[ ] The
incidence of tuberculous and syphilitic mediastinitis decreased markedly early in the 20th century. Only occasional cases in HIV-positive patients have been reported during the past decade. Today, lung cancer (squamous, small cell, and adenocarcinoma) with

3 4
mediastinal lymphadenopathy and primary mediastinal malignancy are the most frequent causes of SVC syndrome, accounting for 60% to 85% of cases.[ ] [ ] Primary mediastinal malignant tumors leading to SVC syndrome include mediastinal lymphoma,
3 4 5 6 7
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medullary or follicular carcinoma of the thyroid, thymoma, teratoma, angiosarcoma, and synovial cell carcinoma.[ ] [ ] [ ] [ ] [ ] Benign disease is a less common cause of SVC syndrome, accounting for only 15% to 22% of cases.[ ] [ ] [ ] Mediastinal

6 10 11 12 13 14
fibrosis and granulomatous fungal disease, such as histoplasmosis, have been the most frequent benign causes of SVC and innominate vein obstruction.[ ] [ ] [ ] [ ] [ ] [ ] However, the exponential increase in the use of indwelling central venous
11 12 15 16 17 18 19 20 21

catheters and cardiac pacemakers over the past 2 decades has resulted in greater numbers of patients presenting with SVC obstruction of benign etiology.[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] Previous radiotherapy to the mediastinum, retrosternal
goiter, and aortic dissection can also cause SVC syndrome. The risk of venous thrombosis is increased in patients with thrombophilia such as factor V Leiden abnormality and deficiencies in circulating natural anticoagulants, such as antithrombin III, protein
S, and protein C.

CLINICAL PRESENTATION
Signs and symptoms of venous congestion of the head, neck, and upper extremities are determined by the duration and extent of the venous occlusive disease and by the amount of collateral venous circulation that develops. Patients with SVC syndrome
present with a feeling of fullness in the head and neck that is exacerbated when the patient bends over or lies flat in bed. The severity of the disease can be graded easily by the number of pillows needed by the patient to sleep comfortably. Venous hypertension

4 22

may cause headache, dizziness, visual symptoms, or even blackout spells.[ ] [ ] Patients may complain of mental confusion, dyspnea, orthopnea, or cough. Dilated neck veins and swelling of the face, neck, and eyelids are the characteristic physical signs
most commonly seen ( Fig. 164–1 ). Prominent chest wall collateral veins are frequently seen, as are ecchymosis and cyanosis of the face. Although symptoms are usually localized to the head and neck, mild to moderate upper extremity swelling may also
develop ( Table 164–1 ). Additional signs or symptoms of malignant SVC syndrome include hemoptysis, hoarseness, dysphagia,
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Figure 164-1 A, Severe symptomatic superior vena cava (SVC) syndrome in a 69-year-old man. B, Bilateral upper extremity venogram confirms thrombosis of the SVC and both innominate veins after placement of pacemaker lines bilaterally. C, Right
internal jugular vein/right atrial appendage spiral saphenous vein graft (SSVG). Arrows indicate anastomoses. D, Postoperative venogram confirms graft patency. E, Photograph of the patient 5 days after SSVG placement. The clinical result is excellent 8
years after the operation. (From Gloviczki P, Bower TC, McKusick M, Pairolero PC: Superior vena cava syndrome: Endovascular and direct surgical treatment. In Gloviczki P, Yao YST [eds]: Handbook of Venous Disorders. London, Chapman & Hall, 1996,
pp 580–599.)

TABLE 164-1 -- Signs and Symptoms of SVC Syndrome in 32 Patients with Benign Disease
NO. PATIENTS (%)
Symptoms
Feeling of fullness in head or neck

26 (81)

Dyspnea on exertion or orthopnea

23 (72)

Headache

17 (53)

Dizziness or syncope

11 (34)

Visual problems

8 (25)

Cough

7 (22)

Nocturnal oxygen requirement

3 (9)

Protein-losing enteropathy

1 (3)

Signs
Head and neck swelling

31 (97)

Large chest wall venous collaterals

29 (91)

Facial cyanosis

18 (56)

Arm swelling

17 (53)

Pleural effusion

2 (6)

From Kalra M, Gloviczki P, Andrews JC, et al: Open surgical and endovascular treatment of superior vena cava syndrome caused by nonmalignant disease. J Vasc Surg 38:215–223, 2003.

weight loss, lethargy, or palpable cervical tumor or lymph nodes. Patients with lymphoma may also present with fever and night sweats.

DIAGNOSTIC EVALUATION
The diagnosis of SVC obstruction is usually suggested from a detailed clinical history and physical examination. The clinical diagnosis may be confirmed by a variety of tools, including plain film radiographs, ultrasonography, radionuclide imaging, computed
tomography (CT), venography, and magnetic resonance imaging (MRI). The appropriate diagnostic study for an individual patient includes not only the demonstration of the underlying cause but also the site and extent of obstruction as well as the routes of
collateral venous circulation.
Radiography
Plain film radiographs of the chest are readily available and are often abnormal in patients with SVC obstruction. Findings most commonly include mediastinal widening, right hilar mass, pleural effusion, bilateral diffuse infiltrates, and upper lobe collapse;
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however, a normal radiograph of the chest does not preclude the diagnosis of SVC obstruction.[ ] [ ] Occasionally, dilated collateral veins may be visible, especially enlargement of the azygos vein or superior intercostal vein (aortic nipple) draining the
22]

hemiazygos system. In more than 90% of patients a diagnosis of SVC syndrome can be made on the basis of clinical presentation and plain chest radiograph.[

Ultrasonography

Ultrasound evaluation is an effective, noninvasive screening technique in the patient with suspected SVC obstruction. Although direct visualization of the SVC is not possible with transthoracic duplex ultrasound, valuable information can be obtained. The
subclavian veins are accessible to sonographic evaluation and can provide indirect evidence of SVC patency or obstruction. In the presence of SVC obstruction the normal respiratory flow variation due to changes in intrathoracic pressure seen in patent
subclavian veins is lost. This can be easily demonstrated with reduced or no change in the diameter and blood flow through the subclavian veins in response to respiratory maneuvers such as a sudden sniff or a Valsalva maneuver. Occasionally, collateral
vessels may be detected within the chest wall or in the mediastinum. The advantage of ultrasound is the absence of exposure to ionizing radiation and no requirement for the administration of iodinated contrast material. In addition, ultrasound remains an
important diagnostic tool to preoperatively assess the patency and size of the internal jugular veins in candidates selected for surgical reconstruction because these are usually not visualized on upper extremity venography. The disadvantage of ultrasound
includes not only the lack of direct visualization of the SVC but also the inability to determine the extent of an obstructing lesion.

Radionuclide Imaging

Radionuclide venography has been used in the diagnosis of SVC syndrome. A technetium-99m pertechnetate scan, performed with bilateral simultaneous injection of the radionuclide tracer into the arm veins, has been used not only to demonstrate the

23] [24]
An advantage is the potential usefulness as a follow-up examination in determining therapeutic

presence of SVC obstruction and associated collateral pathways but also to provide functional aspects of the SVC obstruction using time-density curves.[

25]

response.[

The disadvantage of radionuclide venography is the lower-resolution anatomic detail and the inability to determine the cause of the SVC obstruction. This technique is rarely used in current practice.

Computed Tomography

26 27

The diagnosis of the SVC obstruction can be made by CT of the chest. Multiple authors have demonstrated CT findings in the diagnosis of SVC obstruction.[ ] [ ] These findings include nonopacification or decreased opacification of the central veins of
the chest with increased opacification of collateral venous routes. These collateral pathways include the (1) azygos-hemiazygos pathway, (2) internal mammary pathway, (3) lateral thoracic-thoracoepigastric pathway, and (4) vertebral pathway and small

28

29] [30]

mediastinal veins.[ ] Less commonly, unusual shunts, including hepatic parenchyma as an intense focal enhancement in the medial segment of the left lobe of the liver, and pulmonary pathways are identified on CT.[
between the level of occlusion and the number of collateral pathways has been identified.

No definite relationship

CT accurately depicts the location and extent of the obstruction and also distinguishes various types of benign and malignant mediastinal disease. The extent of venous collateral formation is also well demonstrated. Disadvantages include the requirement for
intravenous contrast material, which may be contraindicated in patients with a history of allergic reaction or renal insufficiency.
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Venography
Venography has been considered the “gold standard” for accurate depiction of central venous obstruction and is used as an anatomic roadmap before reconstructive surgery. Venography also depicts the presence and direction of venous collateral flow. It is
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performed by simultaneous injection of contrast material in bilateral superficial arm veins. Stanford and Doty[ ] described four venographic patterns of SVC syndrome, each having a different venous collateral network depending on the site and extent of
SVC obstruction ( Fig. 164–2 and Table 164–2 ). Type I is partial and type II is complete or near-complete SVC obstruction, with flow in the azygos vein remaining antegrade. Type III is 90% to 100% SVC obstruction with reversed azygos blood flow ( Fig.
164–3 A), whereas type IV is extensive mediastinal central venous occlusion with venous return occurring through the inferior vena cava (see Fig. 164–1 B).
The disadvantages of contrast venography include its invasiveness and the requirement of iodinated contrast material. Catheter-directed venography is also limited by the site of contrast agent administration. Only veins and collateral pathways between the
injection site and right atrium are visualized; therefore, on bilateral upper extremity venography routinely performed in patients with SVC syndrome, the internal jugular veins frequently used for inflow for a surgical bypass are not visualized.
Magnetic Resonance Imaging
MRI may provide a new standard for venographic imaging in the future, especially with the ability to acquire venographic images during the peak phase of gadolinium enhancement. The advantages of MRI include the ability to demonstrate anatomic
structures in multiple planes and to delineate the central venous chest veins and collateral vessels. MRI is a relatively noninvasive modality and does not require the administration of iodinated contrast material. The disadvantage is its contraindication in
patients with pacemakers and aneurysm clips.

CONSERVATIVE THERAPY
Conservative measures are used first in every patient to relieve symptoms of venous congestion and to decrease progression of venous thrombosis. These measures include elevation of the head during the night on pillows, modifications of daily activities by
avoiding bending over, and avoidance of wearing constricting garments or a tight collar. Patients frequently need diuretic agents to decrease, at least temporarily, excessive edema of the neck and head.
Patients with acute SVC syndrome, caused by malignant disease, are generally treated with intravenous unfractionated or low-molecular-weight heparin, followed by warfarin, to prevent recurrence and protect the venous collateral circulation. Thrombolytic
treatment is considered in most patients with benign acute SVC syndrome, whereas those with metastatic malignant disease are candidates for treatment by endovascular stents, with or without thrombolytic treatment (see Chapter 162 ).

6 7
Symptoms of SVC syndrome caused by mediastinal malignancy frequently improve after irradiation, chemotherapy, or combination chemoradiation based on the tumor histology.[ ] [ ] Resolution of symptoms occurs in 80% of the patients within 4 weeks.
32] [33] [34] [35]

In recent years, primary stenting for symptomatic SVC obstruction caused by malignant disease has become first-line treatment with immediate definitive treatment by radiation or chemotherapy.[

Stenting results in almost immediate
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symptomatic relief, which is maintained in 80% to 95% of patients for their lifetime.[ ] [ ] [ ] [ ]
35] [40]

Chemotherapy and radiotherapy are effective in relieving symptoms in the majority of patients with malignancy-related SVC syndrome, whereas stent insertion may provide relief in a higher proportion and more rapidly.[

Endovascular treatment is

41] [42]

associated with equivalent initial technical success in patients with SVC syndrome of benign etiology; primary patency at 1 year varies from 0% to 80% in several small series, but secondary patency is more consistently reported as 80% to 100%.[

[43] In view of the need for repeat interventions, the role of endovascular treatment in patients with benign disease remains to be established, although initial results seem to justify offering endovascular treatment first to most patients.
SURGICAL TREATMENT
Indications
Patients with SVC syndrome can have severe, frequently incapacitating symptoms, which cannot be alleviated by conservative measures. In 2004, endovascular treatment in these patients should be considered as the first option of

TABLE 164-2 -- Venographic Classification
TYPE

*

in Patients Who Underwent Reconstruction for Benign SVC Syndrome
DESCRIPTION

NO. OF PATIENTS (%)

I

Stenosis (up to 90%) of the SVC with patency and antegrade flow of the azygos—right atrial pathway

3 (9)

II

> 90% stenosis or occlusion of the SVC with patency and antegrade flow in the azygos—right atrial pathway

5 (16)

III

> 90% stenosis or occlusion of the SVC with reversal of azygos blood flow

13 (41)

IV

Occlusion of the SVC and one or more of the major caval tributaries including the azygos systems

11 (34)

Total

32 (100)

From Kalra M, Gloviczki P, Andrews JC, et al: Open surgical and endovascular treatment of superior vena cava syndrome caused by nonmalignant disease. J Vasc Surg 38:215–223, 2003.

* Classification of Stanford and Doty. [

31]
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Figure 164-2 Venographic classification of SVC syndrome according to Stanford and Doty.[ ] A, Type I. High-grade SVC stenosis but still normal direction of blood flow through the SVC and azygos veins. Increased collateral circulation through
hemiazygos and accessory hemiazygos veins. B, Type II. Greater than 90% stenosis or occlusion of the SVC but patent azygos vein with normal direction of blood flow. C, Type III. Occlusion of the SVC with retrograde flow in both the azygos and
hemiazygos veins. D, Type IV. Extensive occlusion of the SVC and innominate and azygos veins with chest wall and epigastric venous collaterals. (From Alimi YS, Gloviczki P, Vrtiska TJ, et al: Reconstruction of the superior vena cava: The benefits of
postoperative surveillance and secondary endovascular interventions. J Vasc Surg 27:298–299, 1998.)

Figure 164-3 A, Bilateral upper extremity venogram documents obstruction of the superior vena cava and retrograde flow through the azygos vein (arrow). B, Left innominate vein/right atrial appendage spiral saphenous vein graft. (From Gloviczki P,
Pairolero PC, Cherry KJ, Hallett JW: Reconstruction of the vena cava and of its primary tributaries: A preliminary report. J Vasc Surg 11:373–381, 1990.)

Figure 164-4 A, Technique for a spiral saphenous vein graft (SSVG). The saphenous vein is opened longitudinally, valves are excised, the vein is wrapped around an argyle chest tube, and the vein edges are approximated with sutures. B, A 15-cm long SSVG
ready for implantation. C, Technique of left internal jugular/right atrial SSVG implantation. (From Gloviczki PG, Pairolero PC: Venous reconstruction for obstruction and valvular incompetence. In Goldstone J [ed]: Perspectives in Vascular Surgery. St.
Louis, Quality Medical Publishing, 1988, pp 75–93.)

Figure 164-5 A, Nonpenetrating vascular clips used for preparation of a spiral saphenous vein graft. B, Postoperative venogram demonstrating the patent left internal jugular/right atrial appendage bypass graft. The graft is patent, and the patient is
asymptomatic 3 years later.

Figure 164-6 A, Venography in a 41-year-old woman with mediastinal fibrosis and liver failure, demonstrating type III SVC occlusion with retrograde flow in the azygos vein (arrow). B, Left innominate vein/right atrial appendage bypass was performed
concomitant to orthotopic liver transplantation, using an iliocaval allograft. Arrows indicate the anastomoses. The graft is patent and the patient is asymptomatic from SVC syndrome 3 years after surgery. (From Rhee Y, Gloviczki P, Steers JL, et al: Superior
vena cava reconstruction using an iliocaval allograft. Vasc Surg 30:77–83, 1996.)

Figure 164-7 A, Bifurcated spiral saphenous vein graft in a 43-year-old woman. B, Venogram at 37 months reveals patent limbs of the bifurcated graft. (From Alimi YS, Gloviczki P, Vrtiska TJ, et al: Reconstruction of the superior vena cava: The benefits of
postoperative surveillance and secondary endovascular interventions. J Vasc Surg 27:298–299, 1998.)

Figure 164-8 A, Venogram 10 months after placement of a left innominate vein–right atrial appendage spiral vein graft reveals severe stenosis at the proximal anastomosis (arrow). B, Successful reconstruction with placement of a Wallstent. (From Alimi YS,
Gloviczki P, Vrtiska TJ, et al: Reconstruction of the superior vena cava: The benefits of postoperative surveillance and secondary endovascular interventions. J Vasc Surg 27:298–299, 1998.)

Figure 164-9 Cumulative patency rates of 29 bypass grafts used for SVC reconstruction. (From Kalra M, Gloviczki P, Andrews JC, et al: Open surgical and endovascular treatment of superior vena cava syndrome caused by nonmalignant disease. J Vasc
Surg 38:215–223, 2003.)

Figure 164-10 Cumulative secondary patency rates of 23 vein grafts and 6 expanded polytetrafluoroethylene (ePTFE) bypass grafts used for SVC recon- struction. (From Kalra M, Gloviczki P, Andrews JC, et al: Open surgical and endovascular treatment of
superior vena cava syndrome caused by nonmalignant disease. J Vasc Surg 38:215–223, 2003.)

Figure 164-11 A, Left innominate vein/right atrial appendage bypass graft using femoral vein. B, Venogram 3 months after surgery confirms the graft to be widely patent.

Figure 164-12 Venograms after placement of a left internal jugular vein/atrial appendage externally supported ePTFE graft: A, Widely patent graft at 3 months after the operation. B, Patent ePTFE graft at 13 months after intervention in another patient.
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Peter Gloviczki MD

Section XXII - THE MANAGEMENT OF LYMPHATIC DISORDERS

* This section is dedicated to Charles L. Witte, MD (1935-2003), a quintessential lymphologist, for his outstanding contributions to the art and science of lymphology, to this book, to surgery, as an astute researcher, a “reluctant” surgeon, a spirited educator, a
prolific author, and, for 20 years, as editor-in-chief of the journal Lymphology.
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Chapter 165 - Lymphedema:

An Overview

PETER GLOVICZKI MD

When the transport capacity of the lymphatic system is reduced by obstruction or abnormal development of the lymph vessels or lymph nodes, protein-rich interstitial fluid accumulates and lymphedema develops. Chronic limb swelling due to lymphedema is
not only a marked cosmetic deformity but, in most patients, it is also a disabling and distressing condition. Complications can be severe and include bacterial and fungal infections, chronic inflammation, wasting, immunodeficiency, and, occasionally,
malignancy. The study of lymphedema, long a neglected field in medicine, has received considerable attention in recent years owing to progress in ultrastructural and physiologic investigations and to improvements in diagnosis and management of the disease.
This new information and experience with lymphedema is based on a substantial knowledge of the lymphatic system that has been accumulating for centuries.

HISTORICAL BACKGROUND

1
Lymph vessels and nodes were mentioned in early times by Hippocrates (460–377 BC), who described “white blood” and “glands, that everyone has in the armpit,”[ ] by Aristotle (384–322 BC), who wrote about “nerves…which contain colorless

2
3
liquids,”[ ] and by Erasistratus (310–250 BC) of the Alexandrian School of Medicine, who recognized the lacteals as “arteries on the mesentery of sucking pigs full of milk.”[ ] It was not until the Renaissance, however, that further progress was made in
4
this field. Eustachius, while dissecting a horse in 1563, was the first to observe the thoracic duct, but he did not recognize its significance and named it the vena alba thoracis.[ ]
5

The discovery of the lymphatic system is attributed to Gasparo Asellius, professor of anatomy and surgery at Pavia, Italy. On July 23, 1622, during a vivisection, he observed the mesenteric lymphatics in a well-fed dog.[ ] Asellius named the lymphatics the
vasa lactea and recognized their function of absorbing chyle from the intestines. He assumed, however, that the mesenteric lymphatics transported lymph to the liver. It was Jean Pecquet, in 1651, who described the exact route of mesenteric lymphatic

6
7 8
drainage to the “receptaculum chyli” and from there into the thoracic duct.[ ] In subsequent years, Bartholin and Rudbeck clarified other details of the lymphatic circulation and the anatomy of the thoracic duct ( Fig. 165–1 ).[ ] [ ] The term lymphatic was

9
10
first used by Bartholin. The valvular structure in the lymph vessels was demonstrated by Ruysch[ ] in 1665 and later in 1692 by Anton Nuck, who injected mercury into the lymph vessels for his anatomic studies.[ ]
11]

The gross anatomy of the lymphatic system was remarkably well documented by the great anatomists of the 18th century. Cruikshank, a student of William Hunter, published The Anatomy of the Absorbing Vessels of the Human Body in 1786.[

His work,

12
however, was surpassed by the atlas of Paolo Mascagni, who published exceptionally detailed and clear illustrations of the entire lymphatic system ( Figs. 165–2 , 165–3 , 165–4 ).[ ] It was not until 100 years later that our knowledge of the anatomy of the
13]

lymphatic system was further broadened by the works of Sappey[

14]

and then by those of Ranvier.[
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Figure 165-1 The receptaculum chyli and the thoracic duct in humans. (From Bartholin T: Vasa Lymphatica. Hafniae, Petrus Hakius, 1653.)

Figure 165-2 The lymphatic system of the lower extremity according to Mascagni. (From Mascagni P: Vasorum Lymphaticorum Corporis Humani Historia et Ichnographia. Vol 138. Senis, P. Carli, 1787.)

Figure 165-3 Anatomy of the thoracic duct, as illustrated by Mascagni. (From Mascagni P: Vasorum Lymphaticorum Corporis Humani Historia et Ichnographia. Vol 138. Senis, P. Carli, 1787.)

Figure 165-4 Anatomy of the lymphatic system of the upper extremity by Mascagni. (From Mascagni P: Vasorum Lymphaticorum Corporis Humani Historia et Ichnographia. Vol 138. Senis, P. Carli, 1787.)
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Chapter 166 - Lymph Circulatory Dynamics, Lymphangiogenesis, and Pathophysiology of the Lymphovascular System

CHARLES L. WITTE MD
MARLYS H. WITTE MD

Any proteid which leaves these vessels… is lost for the time to the vascular system…. it must be collected by lymphatics and restored to the vascular system by way of the thoracic or right lymphatic duct.Physiologist Ernest Starling, 1897
With improvement in methods of studying chromosomes, unexpected light may be shed on Milroy’s disease and other hereditary lymphedemas.Lymphatic/Vascular Surgeon John Kinmonth, 1972

In a narrow sense, the lymph circulation is a unidirectional vascular system that merely transports surplus tissue fluid back to the bloodstream. In a broader sense, however, this network stabilizes the mobile intercellular liquid and extracellular matrix
microenvironment to ensure parenchymal cellular integrity and function. In its entirety, the lymphatic system is composed of vascular conduits; lymphoid organs including the lymph nodes, spleen, Peyer’s patches, thymus, and nasopharyngeal tonsils; and
cellular elements such as lymphocytes and macrophages that circulate in the liquid lymph. These migrating cells cross the blood capillary barrier along with a multitude of immunoglobulins, polypeptides, plasma protein complexes, and cytokines and enter
lymphatics to return to the bloodstream. Although body water circulates very rapidly as a plasma suspension of red blood cells within the blood vascular compartment, it percolates slowly outside the bloodstream as a tissue fluid-lymph suspension of
lymphocytes through lymph vessels and lymph nodes. As a specialized subcompartment of the extracellular space, therefore, the lymphatic system completes a closed loop for the circulation by returning liquid, macromolecules, and other blood elements that
“escape” or “leak” from blood capillaries ( Fig. 166–1 ). Disruption of this blood-lymph loop promotes tissue swelling and is also responsible for a variety of syndromes characterized by scarring, wasting, immunodeficiency, and disordered angiogenesis.
Rational therapeutic approaches, now and for the future, should be based on current and expanded understanding of these fundamental pathophysiologic principles.

TOPOGRAPHY
Macroscopic Anatomy
The discovery of chylous mesenteric lacteals in a well-fed dog by Gasparo Aselli early in the 17th century set off a flurry of anatomic dissections in England and continental Europe that established the nearly ubiquitous presence of lymphatics throughout the

1

body and their important role in the absorption of nutrients.[ ] These lymphatic “absorbents” accompany venous trunks everywhere except in the central nervous system and in the cortical bony skeleton. In general, lymph from the lower torso and viscera
enters the bloodstream via the thoracic duct at the left subclavian-jugular venous junction. Lymphatics from the head and neck and the upper extremities enter the central veins either independently or by a common supraclavicular cistern. Numerous
interconnections exist within this rich vascular network, and subvariant anatomic pathways are plentiful. For example, the bulk of cardiac and pulmonary lymph as well as the intraperitoneal fluid, which drains through fenestrae of the diaphragm into
substernal mediastinal collectors, unites as a common trunk to empty into the great veins in the right neck. Intestinal lymph, on the other hand, which transports cholesterol and fat-soluble vitamins (vitamins A, K, and D) and long-chain triglycerides as
chylomicra, unlike intestinal blood, which flows directly into the liver, courses retroperitoneally to the aortic hiatus to form with other visceral and retroperitoneal lymphatics the multichannel cisterna chyli and the thoracic duct. The bulk
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Figure 166-1 Blood-lymph circulatory loop. Within the bloodstream, liquid flows rapidly as a plasma suspension of erythrocytes; outside the bloodstream it flows slowly as a tissue fluid-lymph suspension of immunocytes through lymphatics and lymph
nodes. Small and large molecules including plasma protein, trafficking cells, particulates, and respiratory gases cross the blood capillary endothelial barrier, percolate through the tissues, enter the lymph stream, and return to the central venous system to
complete the loop. Clinical disorders of the blood-lymph circulatory loop manifest as swelling, scarring, immunodeficiency, nutritional depletion, and uncontrolled lymphangiogenesis and angiotumorigenesis. The words in parentheses designate current and
potential future therapeutic approaches.

Figure 166-2 Schematic drawing of the developing lymphatic system. The primary lymph sacs and the thoracic duct primordium as well as several lymph nodes of a 2-month old human embryo. (Modified after Sabin FR: On the origin and development of the
lymphatic system from the veins and the development of the lymph hearts and the thoracic duct in the pig. Am J Anat 1:367, 1902; and Yoffey JM, Courtice FC: Lymphatics, Lymph and the Lymphomyeloid Complex. New York, Academic Press, 1970.)

TABLE 166-1 -- Vascular Growth Factors, Receptors, and Transcription Factors in Vascular, Including Lymphatic, Development
VASCULAR GROWTH FACTOR LIGANDS
RECEPTORS

PIGF

VEGF-A

VEGF-B

VEGF-C

*

VEGF-D

*

VEGF-E

Ang-1

*

Ang-2

*

Ephrin-B2

VEGFR-1/Flt-1

+

VEGFR-2/Flk-1
VEGFR-3/Flt-4

+

+

+

+
+

*

Neuropilin-1

+

Neuropilin-2

+

+

+
+
+

+

Tie-1
Tie-2

+

*

Eph-B4

+
+

Transcription factors: Prox-1*, FOXC2*, Net*, SOX18*

* Implicated specifically in lymphatic development.

22]

with prominent convolutions.[

Depending on the extent of tissue “activity,” these capillaries can dramatically adjust their shape and lumen size. Unlike blood capillaries, a basal lamina (basement membrane) is tenuous or lacking altogether in lymph

23 24
25 26
capillaries.[ ] [ ] Moreover, complex elastic fibrils, termed anchoring filaments, tether the outer portions of the endothelium to a fibrous gel matrix in the interstitium.[ ] [ ] These filaments allow the lymph microvessels to open wide with sudden

increases in tissue fluid load and pressure in contrast to the simultaneous collapse of adjacent blood capillaries. Just beyond the lymph capillaries are the terminal lymphatics. These, in contrast to more proximal and larger lymph collectors and trunks, are

14]
Intraluminal bicuspid valves are also prominent features and serve to partition the lymphatic vessels into discrete contractile segments termed lymphangions.

devoid of smooth muscle, although the endothelial lining is rich in the contractile protein actin.[

[27] These specialized microscopic features of

Figure 166-3 A, Three-dimensional diagram of a lymphatic capillary reconstructed from collated electron micrographs. The lymphatic anchoring filaments originate from the albuminal surface of the endothelial cells and extend into adjacent collagen bundles,
thereby forming a firm connection between the lymphatic capillary wall and the surrounding interstitium. B, Transmission electron micrograph demonstrating anchoring filaments (af) that derive from the lymphatic endothelium (ep) and join nearby collagen
bundles (CF). C, Response of lymphatic capillaries to an increase in interstitial fluid volume. As the tissue matrix expands, the tension on the anchoring filaments (af) rises, and the lymph capillaries open widely to allow more rapid entry of liquid and solute (ac). In contrast to the stretching of the lymph capillaries, a rise in matrix pressure collapses the blood capillaries, thereby restricting further plasma filtration. (From Leak LV, Burke JF: Ultrastructural studies on the lymphatic anchoring filaments. J Cell Biol
30:129–149, 1968, by copyright permission of the Rockefeller University Press; and Leak LV: Electron microscopic observation on lymphatic capillaries and the structural components of the connective tissue-lymph interface. Microvasc Res 2:361, 1970.)

Figure 166-4 Schematic illustration depicting the postulated role of endothelial processes in microcirculatory events bearing on angiogenesis in the blood-lymph loop. These include macromolecular and liquid permeability, vasoreponsiveness, leukocyte
adhesion and transmigration, coagulation cascading, particulate phagocytosis, antigen presentation and cytokine activation, lymphoid cell trafficking, and proliferative events leading to new vessel or tumor growth. Although scarcely studied, processes
corresponding to those implicated at the blood vascular endothelial surface probably also occur at the lymphatic endothelial interface. The relative anatomic and dynamic relationships between blood and lymph vascular endothelium, parenchymal and
extravascular connective tissues, and transmigrating leukocytes are shown. Ag, antigen; bm, basement membrane; CSFs, colony-stimulating factors; ECM, extracellular matrix; EDRF, endothelium-derived relaxing factor; GFs, growth factors; ICAM,
intercellular adhesion molecule; IFN, interferon; IL, interleukin; LPS, lipopolysaccharide; macro, macrophage; MCP-1, monocyte chemoattractant protein 1; MHC, major histocompatibility complex; NO(EDRF), nitric oxide (endothelium-derived relaxing
factor); PMN, polymorphonuclear leukocyte; RES, reticuloendothelial system; TGF, transforming growth factor; TNF, tumor necrosis factor; VCAM, vascular cell adhesion molecule. Black circle = exogenous particulates; black square = macromolecules;
drops=fluid (plasma, interstitial or lymph).

Figure 166-5 Schematic diagram of the primary forces regulating fluid flux into the interstitium and the importance of lymph flow in maintaining a steady-state interstitial fluid volume and hence a stable partition of extracellular fluid between the bloodstream
and the interstitium.

Figure 166-6 Lateral pressure (curve with acute peaks) and cumulative lymph flow (stepwise rising curve) in a subcutaneous leg lymphatic of a healthy man lying supine during movement of the foot and at rest. Note that lymph flow occurs only during
rhythmic contraction of the lymphatic collector and specifically not by voluntary contraction of calf muscles. s, seconds. (From Olszewski WL, Engeset A: Intrinsic contractility of prenodal lymph vessels and lymph flow in the human leg. Am J Physiol 239:
H775, 1980.)

TABLE 166-2 -- Circulatory Dynamics of Vascular Conduits
LYMPHATIC
1°, propulsive unit

Lymphangion

2°, propulsive force
Haphazard

*

VEIN

ARTERY

Heart

Heart

Skeletal muscle

Vasomotion

Distal (upright) pressure (mm Hg)

2–3

90–100

20

Central pressure (mm Hg)

6–10

0–2

100

Flow rate

Very low

High

High

Vascular resistance

Relatively high

Very low

High

Intraluminal valves

Innumerable

Several

None

Impediment to flow

Lymph nodes

None

None

Conduit fluid column

Incomplete

Complete

Complete

Conduit failure

Edema (>1.5 g/dL)

Edema (<1.0 g/dL)

Claudication

Brawny induration

Skin pigmentation

Rest pain

Acanthosis

“Stasis” ulceration

Tissue necrosis

* Breathing, sighing, yawning, peristalsis, transmitted arterial pulsation; skeletal muscle contraction also increases the amplitude and frequency of lymphatic contractions and squeezes interstitial fluid into initial
lymphatics (i.e., lymph capillaries).

Figure 166-7 A human leg lymphatic has been cannulated retrograde, and the external tip of the cannula has been progressively raised, thereby gradually increasing hydrostatic pressure above the level of the cannulated lymphatic. While the man is upright
(upper tracing), sequential increases in outflow resistance cause an increase in lymphatic pulse frequency with subsequent decreases in pulse amplitude, lymph flow (stepwise ascending curve), and stroke volume. When the intralymphatic pressure reaches 34
mm Hg, lymph flow ceases despite a high pulsation rate. In the lower tracing the same man is now tiptoeing, and rising outflow pressure induces more frequent lymphatic pulsations. Note again that calf muscle contraction with up-and-down foot motion is not
associated with greater lymph propulsion. Also note that at higher pressures each flow wave is followed by sporadic retrograde flow (reflux), which probably relates to intraluminal valve incompetence in the distending lymph vessel. (Reprinted with
permission from Olszewski WL: Lymph pressure and flow in limbs. In Olszewski WL (ed): Lymph Stasis: Pathophysiology, Diagnosis, and Treatment. Boca Raton, FL, CRC Press, 1991, pp 136–137.)

Figure 166-8 Tracing taken from a human lower leg lymphatic segment. Norepinephrine (noradrenaline, NA) 10−6 M induces phasic lymphatic contractions that are unaffected by the beta-blocker propranolol (prop) 10−6 M but are abolished by phentolamine
(phent) 10−6 M. K+ indicates previous potassium (124 mM)-induced contraction, and W indicates washout with fresh Krebs’ buffer solution. (From Sjöberg T, Steen S: Contractile properties of lymphatics from the human lower leg. Lymphology 24:16, 1991.)

Figure 166-9 Composite drawing of terminal lymphatic network reconstructed from several mesenteric preparations in the rat demonstrating a gradual rise in intralymphatic pressure from 0.6 cm H2 O in the terminal lymphatics to 30 cm H2 O in the larger

collecting duct. Note also the rhythmic pressure pulsations in the collecting trunks. (From Zweifach BW, Prather JW: Micromanipulation of pressure in terminal lymphatics in the mesentery. Am J Physiol 228:1326, 1975.)

Figure 166-10 Effect of intermittent external pneumatic compression on the sheep foot on peripheral lymph flow, lymph outflow pressure, and venous pressure. Note that prior to external compression the lymphatic contracts spontaneously and each
contraction extrudes a small quantity of lymph, which appears as a step increment in the flow record. During the 2-minute time period when the foot cuff is inflated intermittently, each compression causes a synchronous pressure rise in peripheral venous
pressure but not in lymph pressure. The frequency and amplitude of spontaneous lymphatic contractions increase, however, and this increase is associated with a concomitant rise in lymph flow. (From Pippard C, Roddie IC: Comparison of fluid transport
systems in lymphatics and veins. Lymphology 20:224, 1987.)

Figure 166-11 Flow chart illustrating the pathogenesis of peripheral lymphedema and some of its sequelae. According to this scheme, congenitally deficient or obstructed lymphatics promote lymph stasis, which is accompanied by deranged truncal
contractility, progressive valve incompetence, destruction of contractile elements (lymphangioparalysis), and gradual ectasia of lymphatic collectors. After a variable period (occult lymphedema), sometimes aggravated by environmental trauma, a series of
events is set into motion that culminates in chronic lymphedema. This clinical state is characterized not only by progressive swelling but also by fat and scar deposition, immunodysregulation, a propensity for cellulitis, and microvascular proliferation; these
processes, on the one hand, are essential for repair and regeneration but, on the other hand, may result in bizarre and poorly understood vascular new growths.

Figure 166-12 Schematic representation of physiologic and pathologic processes involving growth of lymphatic vessels (lymphangiogenesis) analogous to and often accompanied by hemangiogenesis. These entities include tumor-associated angiogenesis,
angiodysplasias, Kaposi’s sarcoma, and angiotumorigenesis, including angioma and angiosarcoma.

Figure 166-13 Classic observations on lymphangiogenesis in vivo. Left, Series of camera-lucida, oil-immersion records, showing growth of an individual lymphatic capillary in the rabbit ear (LYM). Corresponding parts of a lymphatic and vein have been
placed below one another in drawings of December (Dec) 7, 8, and 9 to 13. The drawings of December 9 to 13 have been moved to the right so that X represents the same spot on December 8 and 9. During growth of the lymphatic there has been conspicuous
retraction and disappearance of branches and loops of the blood vessel. Retraction of a short lymphatic tip is seen between December 11 and 13. Lymphatic endothelial nuclei are stippled. A1 and A2 are two daughter nuclei after a mitotic division (×177,
magnification of original drawing, ×700). Center, Twenty-one days after making a turpentine abscess, which perforated a mouse’s ear, a dense new network of lymphatic capillaries surrounds the hole (×8). Right, In-vivo microlymphangiogram 24 days after
a short transverse incision in the skin of a rabbit ear. The extent of the incision is depicted by the crosses. The distal part of the ear is uppermost. Several arcading vessels around the incision and numerous fine connections through the scar are seen. (Left from
Clark ER, Clark EL: Observations on the new growth of lymphatic vessels as seen in transparent chambers introduced into the rabbit’s ear. Am J Anat 51:49, 1932; Center from Pullinger DB, Florey HW: Proliferation of lymphatics in inflammation. J Pathol
Bacteriol 45:157, 1937; and Right from Bellman S, Odén B: Regeneration of surgically divided lymph vessels: An experimental study on the rabbit’s ear. Acta Chir Scand 116:99, 1958–1959.)

Figure 166-15 Lymphangiogenesis in vitro. Top, One to 3 days after treatment of lymphatic endothelial cells in tissue culture with collagen type 1. Adjacent cells (arrows) continue to migrate and adhere to tubular points with an increase in their dimension
and length. Adhesion of cells (asterisk) at various points along the length of the tubular structures is accompanied by branching and the subsequent formation of elaborate capillary-like networks in the culture dishes. This lymphatic capillary tube that formed
in vitro was derived from bovine lymphatic endothelial cells (×155). Bottom, Spontaneous lymphangiogenesis in cell culture derived from a lymphatic ductal malformation (lymphangioma). Note loose clusters of lymphatic endothelial cells sprouting into
branches (left) which are more prominent (middle) and evolve into a sheetlike aggregate with intense lymphatic-like sprouting branches (right). (Top from Leak LV, Jones M: Lymphatic endothelium isolation, characterization and long-term culture. Anat Rec
236:641, 1993; Bottom from Witte MH, Witte CL: Lymphatics and blood vessels, lymphangiogenesis and hemangiogenesis: From cell biology to clinical medicine. Lymphology 20:257, 1987.)

Figure 166-16 Genomics of lymphedema-angiodysplasia syndromes displaying mutation of known genes for familial Milroy lymphedema subpopulation (VEGFR3 at chromosome 5q34-35), lymphedema-distichiasis (FOXC2 at chromosome 16q24), and
hypotrichosis, lymphedema, telangiectasia (SOX18 at chromosome 20q13) and linkage locations for Aagenaes syndrome (chromosome 15) and Noonan’s syndrome (chromosome 12). In addition, aneuploidies and rearrangements involving other chromosomes
are associated with additional lymphedema-angiodysplasia syndromes.

Figure 166-17 Sixteen-year-old boy with chylous reflux syndrome characterized by left leg, penile, and scrotal lymphedema with multiple small chyle-containing vesicles. Lymphoscintigraphy shows (upper right) that tracer (99m Tc human serum albumin)

injected intradermally into the right foot crosses to the left side and flows retrograde to outline dermal lymphatics in the contralateral leg. During a scrotal debulking operation, chylous lymph floods the operative field (lower left), and light microscopy of the
excised skin shows large endothelium-lined channels (mid and lower right) consistent with ectatic dermal lymphatics.
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Chapter 167 - Clinical Diagnosis and Evaluation of Lymphedema

PETER GLOVICZKI MD
HEINZ W. WAHNER MD

Chronic lymphedema is a progressive, usually painless swelling of the extremity that results from a decreased transport capacity of the lymphatic system. Lymphedema may be caused by developmental abnormalities of the lymph vessels, such as aplasia,

1 2

3 4 5 6

hypoplasia, or hyperplasia with valvular incompetence,[ ] [ ] or it may be the result of congenital or acquired obstruction of the lymph vessels and lymph nodes.[ ] [ ] [ ] [ ] The diagnosis of lymphedema is suspected in most patients after the history is
obtained and the physical examination is performed. The goal of further evaluation is to confirm the cause and determine the type and site of lymphatic obstruction. It is equally important, however, to diagnose any underlying malignancy and to exclude other
systemic or local causes of limb swelling, such as venous disease or congenital vascular malformation.

In this chapter, the current classifications of lymphedema are presented and the clinical presentation of patients with this disease is reviewed. The methods of noninvasive evaluation are discussed, and the technique and interpretation of lymphoscintigraphy,
which has become the test of choice to confirm or exclude lymphatic disease, are presented in detail. The limited role of contrast lymphangiography in the diagnosis of lymphatic disorders is delineated. Finally, the differential diagnosis of lymphedema is
discussed and a diagnostic protocol for the evaluation of patients with a swollen extremity is suggested.

CLINICAL CLASSIFICATIONS

1 2 7
Standard clinical classifications distinguish lymphedemas based on etiology (primary versus secondary), genetics (familial versus sporadic), and time of onset of the edema (congenital, praecox, tarda) ( Table 167–1 ).[ ] [ ] [ ] Although these systems are
useful for categorizing all lymphedemas,
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TABLE 167-1 -- Etiologic Classification of Lymphedema
I. Primary lymphedema
A. Congenital (onset before 1 year of age)
1. Nonfamilial
2. Familial (Milroy’s disease)
B. Praecox (onset at 1 to 35 years of age)
1. Nonfamilial
2. Familial (Meige’s disease)
C. Tarda (onset after 35 years of age)
II. Secondary lymphedema
A. Filariasis
B. Lymph node excision ± radiation
C. Tumor invasion
D. Infection
E. Trauma
F. Other

8
they do not address the clinical severity of the disease and are usually not relevant to therapy. More recent classifications focus on the clinical stage of lymphedema[ ] or emphasize the underlying anatomic abnormality of the lymphatic system in an attempt to

3 4 9
plan therapy.[ ] [ ] [ ]

Primary Lymphedema

7

The etiologic classification divides lymphedemas into two major groups: primary and secondary lymphedemas. These terms were suggested in 1934 by Allen, from the Mayo Clinic, who evaluated 300 patients with lymphedema of the extremities.[ ] He
further divided the primary or idiopathic group into congenital and praecox types ( Fig. 167–1 ). The congenital types included patients who developed edema before 1 year of age. Kinmonth later added another group to the primary lymphedemas comprising

2
those who develop the disease after 35 years of age (lymphedema tarda). [ ]
Although it has been assumed that all primary or idiopathic lymphedemas have an underlying developmental abnormality in the lymphatic system (i.e., aplasia, hypoplasia, or hyperplasia of the lymph vessels), fibrotic occlusion of lymph vessels and lymph

10] [11]

nodes has been described in primary lymphedema by Kinmonth and Wolfe.[

[3] [4] [9]

conducting elements of the lymph nodes.

Studies by Browse suggest that the most likely cause of primary lymphedema praecox in many patients is acquired fibrotic obliteration of the lymph vessels and the lymph-

12]
it affects 1.15 per 100,000 persons younger than 20 years of age. It occurs more frequently in girls, and the incidence peaks between the ages of 12 and 16
[13]

Primary lymphedema is fortunately rare. Based on data collected by the Rochester Group Study,[

years. Of 125 patients with primary lymphedema treated at the Mayo Clinic, 97 (78%) were female and 28 (22%) were male, yielding a female:male ratio of 3.5:1.0.

The ratio of unilateral to bilateral lymphedema was 3:1.

Congenital lymphedema occurred more frequently in males than in females. In these patients, the edema was usually bilateral and involved the entire lower extremity. In contrast, the typical patient with lymphedema praecox was female and had unilateral

13]

involvement, with swelling usually extending up to the knee only.[

Figure 167-1 Primary lymphedema praecox of both lower extremities, more significantly of the left. Leg swelling in this patient, a 9-year-old boy, was first noted at age 4 years.

Figure 167-2 Primary lymphedema of the right leg caused by hyperplasia of the lymphatics and valvular incompetence. Note skin vesicles at mid-calf containing milky fluid because of reflux of chyle.

TABLE 167-2 -- Functional Classification of Primary Lymphedema
DISTAL OBLITERATION (80%)
Gender

HYPERPLASIA

PROXIMAL OBLITERATION (10%)

Female

Male or female

Male or female

Time

Puberty

Any age

Congenital

Location

Ankle; bilateral whole leg, thigh; unilateral

Whole leg, unilateral or bilateral

Progression

Slow

Rapid

Progressive

Family History

Frequently positive

None

Frequently positive

Onset

Adapted from Browse NL: The diagnosis and management of primary lymphedema. J Vasc Surg 3:181, 1986.

* With or without reflux of chyle.
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*

(10%)

Figure 167-3 Right arm lymphedema after modified radical mastectomy and radiation treatment. The edema was aggravated by obstruction of the right axillary vein.

Figure 167-4 Secondary lymphedema of the right leg in a 29-year-old woman after excision of Ewing’s sarcoma of the thigh and irradiation.

Figure 167-5 Lymphedema of the forefoot showing the typical “buffalo hump.”

Figure 167-6 Squaring of the toes, small verrucae of the skin, and onychomycosis in a patient with primary lymphedema praecox. (From Gloviczki P, Schirger A: Lymphedema. In Spittell JA Jr [ed]: Clinical Medicine. Philadelphia, Harper & Row, 1985, pp
1–10.)

Figure 167-7 Lymphoscintigraphic images of the groin taken every 5 minutes after injection of the colloid into both feet. Normal lymphatic transport and image pattern of the inguinal nodes on the right, and no visualization of the lymphatics of the left. This
30-year-old woman had primary lymphedema of the left leg.

Figure 167-8 Image display from total body scan with dual-headed gamma camera. Anterior and posterior images are displayed in two intensity settings. Left, Anterior and posterior images of a normal lymphoscintigram. Right, Higher-intensity settings in
the same patient. Large area of high activity and scatter is seen at the feet where the injection was made. The single well-outlined band in each leg represents the main lymphatic channels. Lymph nodes in the groin, pelvic and para-aortic nodes, liver, and an
area at the site of the upper thoracic duct are visualized.

TABLE 167-3 -- Evaluation Form for Calculation of Lymphatic Transport Index

The Normal Lymphoscintigram

After the tracer injection, visible activity gradually ascends the anteromedial aspect of the leg. The injection site, because of the relatively large tracer dose given, does not show details, and no information about lymph distribution in the feet is obtainable.
Several lymph channels may be identified in the calf. In the thigh, however, the lymph vessels run close to each other; separate activity in each larger channel is seldom seen on lymphoscintigrams (see Fig. 167–8 ).
With standardized exercise, as mentioned earlier, tracer activity should be seen clearly in the inguinal lymph nodes by 60 minutes (range, 15 to 60 minutes). A faint hepatic uptake, activity in the bladder, and faint traces in the para-abdominal nodes are visible
at 1 hour. Three-hour images show intense uptake in the liver; symmetrical and good uptake in the lymph nodes of the groin, pelvis, and abdomen; and occasionally a tracer focus in the left supraclavicular area at the site of the distal thoracic duct.
Scintigraphic Findings in Lymphedema

Abnormal lymphoscintigrams may show (1) an abnormally slow removal or no removal of the tracer from the injection site ( Figs. 167–9 and 167–10 ); (2) the presence of collaterals or a cutaneous pattern (dermal back-flow) in the extremities ( Figs. 167–11
and 167–12 A); (3) reduced, faint, or no uptake in the lymph nodes of the groin, the aortoiliac nodes, and the axillary nodes; and (4) abnormal tracer accumulation suggestive of extravasation, lymphocele, or lymphangiectasia ( Fig. 167–13 A).

Primary and secondary lymphedema are associated with similar abnormalities on lymphoscintigraphy. These include a delay in transport from the injection site ( Fig. 167–14 ), dermal back-flow, the presence of large collaterals, occasionally extravasated

54 57 58

activity, fewer visualized lymph nodes, and “crossover” filling of contralateral inguinal (or axillary) lymph nodes as a sign of collateral pathways.[ ] [ ] [ ] In primary lymphedema, it may be possible to distinguish aplasia from hypoplasia if imaging is
performed early in the evolution of the disease. In aplasia, there is usually (1) little or no removal of tracer from the injection site, (2) tracer in regional lymph nodes on 1- and 3-hour images, (3) dermal back-flow, and (4) visualized lymph channels. In

55]

hypoplasia, these scintigraphic features may be variably present. Regardless of etiology, lymphatic vessels of normal caliber are not seen in patients with long-standing lymphedema.[

57]
Quantitative lymphoscintigraphy with measurement of lymphatic clearance may improve detection of early disease,
[54] [57] [58]

Qualitative interpretation of images has resulted in excellent sensitivity (92%) and specificity (100%) for the diagnosis of lymphedema.[

[55] but the results obtained in our studies have been equivocal.[54] [57] Neither the image pattern nor the quantitative parameters can reliably distinguish primary from secondary lymphedema.
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Figure 167-9 Lymphoscintigram of a 25-year-old woman with congenital familial lymphedema of both lower extremities. Note absence of lymph vessels and lymph nodes at 6 hours, with only minimal dermal back-flow visible in the distal calves. This patient
also had recurrent familial cholestasis due to absence of intrahepatic bile ducts (Aagenaes syndrome).

Figure 167-10 Lymphoscintigram of a 65-year-old woman with primary lymphedema tarda of the right lower extremity. There is minimal dermal back-flow above the right ankle 3 hours after injection, and no lymph vessels or lymph nodes are visualized. The
pattern was normal in the left leg.

Figure 167-11 Lymphoscintigram of the right arm of a 51-year-old woman with postmastectomy lymphedema. Note extensive dermal back-flow resulting from lymphatic obstruction. Three groups of axillary nodes are still visualized.

Figure 167-12 A, Lymphoscintigram of a 43-year-old woman with left lower extremity lymphedema after hysterectomy and bilateral iliac node dissection for cervical cancer. Dermal pattern is seen on left with no visualization of the inguinal nodes. Transport
was mildly delayed in the clinically asymptomatic right limb. Note lack of visualization of iliac nodes bilaterally. B, Contrast lymphangiography in the same patient confirms the lymphoscintigraphic findings. Few small lymph vessels and two small nodes are
seen only in the thigh.

Figure 167-13 A, Lymphoscintigram of an 18-year-old man with lymphangiectasia, protein-losing enteropathy, and chylous ascites. Note large leg lymphatics and reflux of colloid into the mesenteric lymph vessels, filling almost the entire abdominal cavity.
B, Lymphangiogram of the same patient reveals reflux of dye into the dilated mesenteric lymphatics. C, Note extremely dilated and tortuous but patent thoracic duct.

Figure 167-14 Lymphoscintigram of a 47-years-old woman with primary lymphedema tarda of the right lower extremity. Note markedly delayed transport with dermal pattern in the right leg. The right inguinal or iliac nodes were not visualized.

Figure 167-15 Bilateral leg scintigraphy with anterior (left) and posterior (right) views in a 24-year-old man outlines the swollen scrotum in the 6-hour image. Reflux of the colloid resulted from dilatation and valvular incompetence of the lymphatics.

Figure 167-16 A, Secondary lymphedema of the right lower extremity in a 36-year-old woman, B, MRI of the legs reveals enlargement of the subcutaneous tissues and the deep compartment on the right with considerable stranding within the subcutaneous

tissues, predominantly anteriorly and medially. C, T2-weighted image reveals the region of soft tissue stranding that is now of high signal intensity in the deep layers of the subcutaneous tissue.

Figure 167-17 Visual lymphangiography in secondary lymphedema. Lymphazurine dye injected into the first interdigital space of the foot delineates the dermal lymphatics at the mid calf owing to obstruction in the proximal main lymphatic vessels.

Figure 167-18 Extensive occlusion of most lymph vessels in the thigh with extravasation of the dye distal to the knee after contrast lymphangiography in a patient with secondary lymphedema.

Figure 167-19 A and B, Normal bipedal lymphangiogram with only mild dilatation and tortuosity of the lymph vessels of the calf. Note the presence of 10 to 15 superficial lymphatic collectors in the thighs.

Figure 167-20 Dilated tortuous lymph vessels with valvular insufficiency and filling of lateral lymph vessels in a patient with lymphedema praecox. (From Gloviczki P, Schirger A: Lymphedema. In Spittell JA Jr [ed]: Clinical Medicine. Philadelphia, Harper
& Row, 1985, pp 1–10.)

Figure 167-21 Lymphangiographic patterns in normal patient and in patients with different types of primary lymphedema.

TABLE 167-4 -- Differential Diagnosis of Chronic Leg Swelling
SYSTEMIC CAUSES

LOCAL OR REGIONAL CAUSES

Cardiac failure

Chronic venous insufficiency

Hepatic failure

Lymphedema

Renal failure

Lipedema

Hypoproteinemia

Congenital vascular malformation

Hyperthyroidism (myxedema)

Arteriovenous fistula

Allergic disorders

Trauma

Idiopathic cyclic edema

Snake or insect bite

Hereditary angioedema

Infection, inflammation
Hematoma

Drugs
Antihypertensives

Dependency
Rheumatoid arthritis

Methyldopa

Post-revascularization edema

Nifedipine

Soft tissue tumor

Hydralazine

Hemihypertrophy

Hormones
Estrogen
Progesterone
Anti-inflammatory drugs
Phenylbutazone
Monoamine oxidase inhibitors

fibrosis. Although lymphedema is usually painless, venous hypertension results in marked pain and cramps after prolonged standing or at the end of the day. Patients with proximal venous obstruction may complain of typical claudication, which presents as
throbbing pain in the thigh or calf after walking. The pain resolves with rest, although elevation of the extremity provides the fastest relief. The presence of varicosity, pigmentation, induration, or venous ulcers makes the diagnosis of venous insufficiency
easier. Chronic inflammation in the subcutaneous tissue due to venous stasis may result in destruction of the collecting lymph channels, and a mixed venous-lymphatic edema develops in these patients.

Patients with congenital vascular malformations frequently have a larger extremity that may be difficult to distinguish from lymphedema (see Fig. 167–22 B). An increase in the length of the affected extremity, the presence of atypical lateral varicosity, and

76]
Although hypertrophy of the soft tissues and bones is caused by an abnormality in mesenchymal development,
[77]

port-wine stain with underlying developmental abnormality of the deep venous system is characteristic of Klippel-Trenaunay syndrome.[

congenital lymphedema may also be present in these patients. In patients with high-shunt, high-flow arteriovenous malformations, the extremity is larger and is also frequently longer.
frequently pulsatile, and the distal arterial pulses may be diminished.

A bruit and thrill are present, the superficial veins are dilated and

Figure 167-22 Venous disease in the differential diagnosis of limb edema. A, Right leg swelling due to venous insufficiency, caused by chronic iliofemoral venous thrombosis. B, Left leg edema associated with congenital vascular malformation (KlippelTrenaunay syndrome).

Figure 167-23 Lymphoscintigraphy in “high-output” lymphatic failure due to reflex sympathetic dystrophy of the right leg. A, Fast lymphatic transport in the affected right leg compared with the normal left leg on the image taken of the inguinal nodes 20
minutes after injection. B, Total body image taken at 3 hours shows dermal pattern on the right but no evidence of proximal lymphatic obstruction.

Figure 167-24 Diagnostic protocol for patients with chronic limb swelling. PG, plethysmography.
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Chapter 168 - Nonoperative Management of Chronic Lymphedema

1

2 3

Chronic lymphedema can cause significant functional limitations for those afflicted.[ ] Despite remarkable advances into the molecular, genetic, and clinical understanding of the disease,[ ] [ ] cure of lymphedema in humans is not yet possible. However,
most patients will benefit from conservative treatment. Nonoperative management of lymphedema involves three major areas: (1) preventive measures and minimization of risk factors, (2) pharmacologic therapy, and (3) physical therapeutic measures

4 5
developed for edema reduction and maintenance. Because the patient’s self-image and quality of life are affected,[ ] [ ] these issues must be considered when developing a comprehensive management program.
PREVENTIVE MEASURES
Patients with primary lymphedema usually have no known precipitating cause of the disease; thus, little if anything can be done to prevent lymphedema. However, recent advances in genetic mapping and mutation identification for the primary disorder

6 7

presenting at birth (Milroy’s disease) or at puberty (Meige’s disease)[ ] [ ] now offer possibilities for genetic testing of family members. Both genetic testing and counseling on early protective measures for those at risk are possible in a number of medical
centers and may become more common practice in the future. Patients with primary lymphedema of one limb should be counseled to avoid or minimize risk factors that may lead to clinically manifest lymphedema of the contralateral limb. Secondary
lymphedemas have numerous causes, many of which are potentially preventable. This raises the possibility that preventive measures can decrease occurrence and complications.
Infection

8
Worldwide, the most common cause of lymphedema is infection. Infestation by the parasite Wuchereria bancrofti[ ] is the most frequent etiology, and it occurs in tropical climates with areas lacking adequate public health prevention measures. There has
9 10
been much activity directed toward population control of filariasis in recent years.[ ] [ ] Programs have been developed to reduce both vector transmission (decreased transmission of W. bancrofti and Brugia malayi parasites by mosquito bites) as well as
11]

administration of antifilarial drugs to at-risk populations.[

9 12 13
The mass usage of diethylcarbamazine plus ivermectin has been shown to significantly decrease lymphatic filariasis in populations.[ ] [ ] [ ] The recognition that the endosymbiotic bacterial
10] [14]
Clearly, management of this difficult issue must be aimed at public health measures as

organism Wolvachia may also play a role in the development of filarial lymphedema raises possibilities of further drug development for filariasis control.[

15]

described earlier. Recent suggestions in the literature also include better preservation of skin integrity, which can reduce penetration of other bacteria, and prevention of infection that would increase further inflammatory response and lymphatic failure.[

There are also less evident forms of chronic infection, which can, over time, cause inflammation and enough lymphatic endothelial damage to obliterate local tissue function and cause sclerosis with subsequent development of lymphedema. In North America,

16

post-traumatic infection or even chronic recurrent distal limb onychomycosis may result in sufficient lymphatic destruction to cause lymphedema.[ ] Additionally, the lymphedematous limb, because of the high protein concentration in the interstitium, is
extremely susceptible to bacterial invasion, which will then further compromise the already impaired limb. Practical precautions are necessary to prevent infection in extremities with lymphedema ( Table 168–1 ).

Attention to daily skin hygiene of the limb at risk is imperative, yet this is often difficult for patients secondary to morbid obesity, lack of social and physical supports, or inadequate resources. The limbs should be washed regularly with soap and water and,
while still moist, lubricated with an alcohol-free emollient cream that traps moisture, minimizing the risk of skin barrier disruption and microfissures. Patients with a history of fungal infection, including candidiasis and tinea, should use topical antifungal
medications. Routine use of topical clotrimazole cream (1%) or miconazole nitrate lotion or cream (2%) is sufficient for most patients. Oral fluconazole or itraconazole may be needed on a chronic intermittent or continuous suppressive basis for recalcitrant or
extensive infections. No current studies definitively address the efficacy of these treatments in patients with lymphedema.

17] [18]
The pathogen is usually a beta-lactam–sensitive group A Streptococcus. Staphylococcus

Even in the absence of lymphedema, prompt administration of appropriate antibiotic therapy in any patients with lymphangitis is essential.[
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TABLE 168-1 -- Prophylactic Skin Management
Skin Hygiene
Daily washing
Air drying
Moisturizer (non–alcohol-based) to avoid fissures
Clothing

Cotton against skin, avoid synthetics
Loose fit
Avoidance of Trauma
Protective clothing for work outdoors
Avoid cuts, scrapes, puncture wounds
Avoid sunburn
Control Fungal Infections
Topical antifungal agents, chronic intermittent use

18

species and other organisms are less commonly reported.[ ] At the first sign of cellulitis, antibiotic treatment such as oral penicillin VK, 250 or 500 mg four times daily, should be initiated. Other beta-lactam antibiotic therapy, a simple cephalosporin (e.g.,
cephalexin), or a macrolide (e.g., erythromycin, azithromycin) can be utilized. Intravenous antibiotic infusion, hospitalization, and bed rest with leg elevation may be needed for some patients with more severe lymphangitis. Antibiotic therapy should be
continued for 7 to 10 days or until all signs and symptoms of acute infection have clearly resolved. There is no consensus in the literature on optimal treatment of recurrent cellulitis with or without previous lymphedema ( Table 168–2 ). When spontaneous
episodes occur more often than four to six times per year, a regular prophylactic program—penicillin VK (or an equivalent), 250 mg four times daily for 7 days of each month—can be considered. An alternative regimen of penicillin given intramuscularly

19]
A definitive antibiotic prophylaxis regimen for patients who experience recurrent cellulitis has not yet been identified. For some
[18]

once every month in patients with increased risk for cellulitis has not been found to be effective in reducing infections.[

patients, an intermittent prophylactic program may not be sufficient to prevent recurrent infections and a daily antibiotic regimen may be needed.
antibiotic prophylaxis promises the best preventive option to avoid further episodes of infection.

If premorbid lymphedema is present, fluid reduction and good maintenance compression combined with

Malignancy

In industrialized nations, lymphedema is most often identified after surgical or radiation therapy for breast, pelvic, or prostate cancer. The incidence and severity of lymphedema may be minimized if the extent of axillary or inguinal lymph node dissections is

20] [21] [22] [23] [24]

limited,[

although the invasiveness of the operation depends on the size, type, and location of the lesion. Sentinel node biopsy, rather than extensive lymph node dissection, will decrease, but not
TABLE 168-2 -- Prophylactic Antibiotic Regimen
EPISODES OF CELLULITIS

Cellulitis = 1

PROPHYLAXIS
Oral penicillin-VK, 250 to 500 mg qid for 7 to 10 days, or an equivalent
Antibiotic prescription available; take immediately at onset of symptoms

Cellulitis >4/yr

Prophylaxis with antibiotics 1 wk/mo
Rigorous edema control
Aggressive local antifungal prophylaxis

Refractory cellulitis

Daily oral antibiotics
Rigorous edema control
Aggressive local antifungal prophylaxis

20] [21] [25] [26] [27] [28]
Early patient education after surgical excision or tumor irradiation is important, since skin precautions, limb elevation, and appropriate exercise

eliminate, the risk for lymphedema present with axillary or inguinal dissection. [
reduce the incidence of lymphedema.

29]
24
30
31
advanced disease stage,[ ] radiation,[ ] and postoperative infection.[ ] Some of these factors can be controlled or reversed, and therefore

Other risk factors reported to increase the development of lymphedema in cancer patients include obesity,[
appropriate attention to risk factors may have an overall effect on incidence.

Other Preventive Measures

32] [33] [34]

Prolonged elevation of an involved limb can help to reduce edema, especially in the early stages of the disease ( Table 168–3 ). Exercise, particularly walking and aerobic exercise, promotes lymph flow.[
lymphedema are often cautioned not to “overuse” the limb at risk to avoid “overwhelming” the impaired drainage system. However, a recent prospective randomized study

Patients at risk for development of

TABLE 168-3 -- Edema Preventive Measures
Limb Elevation
Above heart
Periodic daily elevation
Elevated bed positioning (pillows or wedge to elevate leg)
Exercise
Daily exercise to increase lymph flow in limb
Range of motion, gentle stretching, gentle resistive, aerobic
Dietary
Adequate fluid intake
Weight management
Well-balanced meals, including protein
Low sodium
Pressure Avoidance
Blood pressure cuff not to be applied to affected limb
No tight jewelry or clothing
No chronic shoulder pressure (purse, back pack)

2418

34]

found that participation in an upper-body exercise program caused no changes in arm circumference or arm volume in women with lymphedema after breast cancer, and they may even have experienced an increase in quality of life.[

35

Various dietary restrictions have been advocated, but few have been substantiated. One study suggests that lowering triglyceride levels has some beneficial effect.[ ] Morbid obesity worsens lymphedema, and weight reduction enhances the effects of other
measures for edema reduction. When offering “do’s and don’ts,” medical myths must be separated from evidence-based medical advice. Nutritional supplements may eventually be found to play a role, but these unregulated substances require rigorous
investigational study before promotion.

36

Some observations (e.g., the potential lymphedema-inducing effect of airplane cabin pressure) also deserve further investigation.[ ] A well-informed patient has the best chance of avoiding the development of lymphedema. Patient education materials are
available through patient advocacy groups such as the National Lymphedema Network in the United States; other patient educational sites are available on the Internet.

PHARMACOLOGIC THERAPY
Pharmacologic enhancement of lymph transport has a limited role in the treatment of lymphedema. This can be frustrating to patients, who are often looking for a quick, effortless solution to the chronic problems associated with lymphedema.
Diuretics

37]

Diuretics are included in the treatment programs of some authors[

38]
Regular treatment with diuretics is usually not appropriate for patients with chronic lymphedema. Their effect is temporary, and secondary hemoconcentration is a

but not others.[

39

serious side effect.[ ] In some circumstances, however, short-term diuretic therapy may be helpful. In patients hospitalized for massive edema reduction (treated concurrently with strict bed rest, elevation of the extremity, and manual therapy techniques), the
response to acute treatment can be maximized by administering high doses of furosemide. For women whose periodic exacerbations of edema correspond to the menstrual cycle, short-term use of oral diuretic therapy has been suggested but is discouraged by

40]

others.[

41]

Finally, patients in the terminal phase of a malignant disease who have painful swelling of the extremity may benefit from adjunctive diuretic therapy to alleviate symptoms.[

Benzopyrones

42 43 44

Benzopyrones are thought to decrease lymphedema by stimulating tissue macrophages, thus altering the macrophage-dependent balance between protein deposition and lysis.[ ] [ ] [ ] As a result of increased macrophage activity, the intercellular
protein concentration is reduced, which promotes tissue softening and remodeling. In a randomized, double-blind study, 31 patients with postmastectomy lymphedema of the arm and 21 patients with leg lymphedema received 400 mg 5,6-benzo-α-pyrone or

44

placebo for 6 months.[ ] Limb measurements showed that the drug reduced the arm volumes from 46% to 26% above normal (P < .001) and the volume of the legs from 25% to 17% above normal (P < .001). The limb tissue softened, skin temperatures
dropped, and the episodes of infection diminished. The authors concluded that 5,6-benzo-α-pyrone produced slow but safe reduction of lymphedema.

45

In a subsequent independent study, 140 women were followed after breast cancer treatment in a prospective randomized crossover study comparing the effects of a benzopyrone (coumarin) versus placebo.[ ] The patients received coumarin, 400 mg daily, or
placebo for 6 months followed by crossover treatment for 6 months. Measurements included calculated arm volumes (from serial circumference measures) and monthly patient self-report questionnaires. Ultimately, upper extremity volumes and patient reports
showed no significant difference between benzopyrone and placebo. Increases in liver enzymes were reported in 6% of patients studied. Because of potential hepatotoxicity, coumarin has not been approved for use in the United States.

46

Another benzopyrone, without known hepatotoxicity, has received increased attention. A purified micronized flavonoid fraction (PMFF) has been shown to increase lymphatic transport.[ ] In a randomized double-blind study, 48 patients with postmastectomy upper extremity edema received placebo and 46 others received PMFF. Although several measurement parameters failed to show statistically significant differences, a subgroup of 24 patients with more severe lymphedema showed a statistically

46]

significant reduction in limb circumference.[

This and other studies show how PMFF may be successful in reduction of edemas (including those associated with chronic venous insufficiency and lymphedema), but further investigations will be necessary to

47] [48]

determine if this agent will, indeed, play a major role in lymphedema management.[

Intralymphatic corticosteroid injections have also been used in an attempt to decrease fibrotic occlusion in lymph nodes and improve lymphatic transport. In a pilot study of 20 patients with primary lymphedema, eight showed improvement for as long as 9

49]

months after treatment.[

The effectiveness of corticosteroid treatment, however, remains unproved. Investigators in Japan have attempted to treat secondary lymphedema by injecting autologous lymphocytes into the main artery of the affected limb, with

50]

five of seven patients showing short-term improvement.[

These same authors have reported their results for a larger series that used a combined therapy approach including lymphocyte injection and compression therapy. Thirty-four of 46 patients

51
experienced edema reduction.[ ]
MECHANICAL REDUCTION OF LIMB SWELLING

52 53

Lymphedema can be staged into three grades ( Table 168–4 ).[ ] [ ] Clinically, it is easier to treat grade 1 lymphedema, which by definition exhibits no fibrosis. Efforts to control chronic lymphedema have focused on mechanical reduction techniques.
Reducing the fluid volume and high protein concentration of the interstitium remains the primary goal of treatment.

2419

TABLE 168-4 -- Clinical Staging of Chronic Lymphedema
Grade I

Early pitting prevalent that reduces with elevation
No fibrotic skin thickening

Grade II

Skin thickened and fibrotic pitting only to deep prolonged pressure
Often no pitting

No reduction with elevation overnight
Grade III

Skin fibrotic and sclerotic in subcutaneous tissues
Often secondary hyperkeratosis
Verrucal development
These changes are permanent

Any comprehensive lymphedema therapy approach should include standardized measures of limb size to gauge response to the treatment. Changes in limb size should be followed using objective measures, including (1) circumferential measurements obtained

54]
55
56
57
Newer methods using computed tomography,[ ] MRI,[ ] and bioelectrical impedance analysis[ ] techniques have been

at predetermined levels and/or (2) volumetric assessments using water-displacement or computed volumetric techniques.[
reported; however, these techniques are not routinely used.

Edema reduction can be accomplished by a variety of techniques, which may be employed individually or in combinations to best fit a given patient’s clinical situation and capability. Each area has been found to be successful in limb volume reduction in
evidence-based review. The skilled clinician assesses the patient’s medical and functional status, etiology of the edema, and available resources when developing a reduction plan.

Elevation

38]

Elevation is the simplest way to reduce lymphedema.[
this purpose. With continuous bed rest,

25]

The patient is positioned comfortably, and the limb is elevated as tolerated, usually to 45 degrees or more. A variety of arm boards and lymphedema slings[

( Fig. 168–1 ) have been developed for

Figure 168-1 The lymphedema sling is used to elevate the patient’s leg during bed rest, typically to 45 degrees or more.

Figure 168-2 Severe primary lymphedema of the lower extremities in a 36-year-old man. A, Appearance of limbs on presentation. B, Appearance after 2 weeks of continuous leg elevation, elastic wrapping, and pneumatic compression treatment. Much of the
residual deformity distal to the knee is fatty deposition. C, The legs after application of bilateral custom-made elastic stockings and a nonelastic wrapping to reinforce the stocking on the left. D, The legs 1 month after initiation of therapy.

Figure 168-3 A lymph wedge can be used at several angles and provides a portable, firm support for elevation.

TABLE 168-5 -- Decongestive Lymphatic Therapy
Intensive Therapy (Phase I)
Manual lymph drainage massage
Multilayered low-stretch wrapping
Exercise techniques
Skin care and elevation principles
Maintenance Therapy (Phase II)
Daily wear of pressure garment
Nightly wrapping
Self-massage
Exercise and skin care

veins or deep lymphatics, and some of it may cross through the superficial anastomotic lymph vessels into the freshly drained contralateral quadrant. The therapist repeats the process in stages along the length of the limb, moving slowly from proximal-to-

67]

distal, but massaging each small segment in a distal-to-proximal direction ( Figs. 168–4 and 168–5 ). Practiced in this fashion, manual lymph drainage has been shown to redirect lymph and interstitial protein toward functioning lymphatic territories.[
There are several areas of the body including face, neck, shoulders, and some truncal areas where compression is difficult to maintain; manual lymph drainage techniques assume additional importance when these regions are affected.

Exercise

Exercise regimens are an integral part of any lymphedema management program, although they are often understressed and undervalued by patient and practitioner alike. Exercise

Figure 168-4 Massage of the trunk involves light movements initiated in the truncal area to stimulate and open proximal lymph channels.

Figure 168-5 Manual lymph drainage of the limb is performed with sequential distal-to-proximal hand movements over short segments, beginning with the proximal portion of the limb.

Figure 168-6 A and B, The multilayered wrap technique allows maximal pressures without causing patient discomfort.

Figure 168-7 Complex wrapping of the leg with foam. The use of foam pads allows for extra pressure to help contour focal, hardened areas.

Figure 168-8 Sequential pneumatic pump used for intermittent compression treatment of upper (A) or lower (B) extremity lymphedema. (A and B, Courtesy of Camp International, Inc., Jackson, MI.)

Figure 168-9 Different types of high-compression graduated elastic stockings for patients with lower extremity lymphedema: below-knee (A), thigh-high (B), and pantyhose lengths (C).

Figure 168-10 The Reid sleeve is easy to put on yet provides “custom” low-stretch resistance.
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Chapter 169 - Surgical Treatment of Chronic Lymphedema and Primary Chylous Disorders

PETER GLOVICZKI MD
AUDRA NOEL MD

Treatment of lymphedema is difficult and challenging. Nonoperative management has become the mainstay of treatment around the world, and progress in physical therapy using different forms of a complete decongestive therapy program, popularized by

1

Földi,[ ] has largely replaced surgical management of these patients. A comprehensive program consisting of limb elevation, therapeutic exercise, manual massage techniques, and compression wraps constitute the primary treatment of this debilitating
disease, and they are discussed in detail in Chapter 168 . In this chapter our focus is on indications, techniques, and results of surgical treatment of chronic lymphedema, and we also discuss management of primary chylous disorders such as lymphangiectasia
associated with chylous reflux, chyloperitoneum, and chylothorax.

SURGICAL TREATMENT OF LYMPHEDEMA

2 3
The goal of surgical treatment of chronic lymphedema is to reduce limb size, improve function, decrease the frequency of infections, and improve the quality of life of the patient.[ ] [ ] An absolute indication for surgery is malignant transformation of
4

chronic lymphedema (Stewart-Treves syndrome),[ ] whereas all other indications for surgery are relative and should be carefully considered in each patient. Usually 6 months of nonoperative management by a trained lymphedema specialist should precede
consideration of surgery for those who have poor results or who fail conservative management.
The operations have been divided into two major groups: those that involve removal of the excess tissue by open surgical excision (excisional operations) and those that are aimed at improving lymphatic transport (lymphatic reconstructions). Progress in

5
minimally invasive techniques has also introduced another procedure: liposuction has been used to remove the excess tissue from patients with chronic lymphedema.[ ]

6
2 7 8
The number of operations proposed in each category has been high, and many have been performed by one surgeon alone or by a few surgical groups. Some of the techniques attempted to use the omentum,[ ] an enteromesenteric bridge,[ ] [ ] [ ] or shaved
9 10

buried skin bridge[ ] [ ] to improve lymph flow of the limb. The many different operations that have been proposed are testimony to the frustration that surgeons have experienced in treating chronic lymphedema. In this chapter we focus our discussion on
the most frequently used excisional operations and on microsurgical lymphatic reconstructions.
Excisional Operations
Excisional operations involve removal of the lymphedematous, fibrotic, and frequently sclerotic subcutaneous tissue of the limb and are performed usually during staged procedures. If the skin is diseased and has to be resected, coverage with skin grafting may
be necessary.
Charles’ Operation

11] [12]

The most radical excisional operation, the Charles procedure includes circumferential excision of the skin and subcutaneous tissue of the lower extremity from the tibial tuberosity to the malleoli.[

The excision of the tissue is
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tapered at the proximal and distal margins of the resection to prevent a step deformity. Some surgeons remove a portion or all of the deep fascia. The defect is then covered with split-thickness or full-thickness skin grafts harvested from the resected specimen,
or a split-thickness skin graft can be used from an uninvolved site. The skin grafts are, unfortunately, difficult to manage with frequent localized sloughing, especially in areas of recurrent cellulitis, excessive scarring, hyperkeratosis, pigmentation, and
weeping dermatitis. Full-thickness skin grafts usually heal better, but graft breakdown and substantial scar formation can still occur. The Charles operation should be reserved for those few patients who have extreme lymphedema with severe skin changes. As

13]
14
Because of the poor cosmetic results this operation is seldom performed today, although occasional successful cases have been reported.[ ]

noted by Miller, the end result sometimes is worse than the cosmetic problem before the operation.[
Staged Subcutaneous Excision Beneath Flaps

15]
16
17
12
and was later modified by Homans. [ ] Personal techniques have been developed (Servelle’s excisional operation,[ ] Miller’s staged subcutaneous excision,[ ]

The most frequently used excisional operation was first described by Sistrunk in 1918[

[18] [19] [20] Pflug’s staged excisional operation), but these procedures all involve localized excision of the fibrosed edematous subcutaneous tissue beneath skin flaps. The thickness of the remaining skin flap determines the residual contour of the
[17]

extremity but also affects the volume of the excised tissue. Thin skin flaps, favored by Servelle, resulted in removal of larger volumes of tissue from the limb, although healing has been longer and skin complications have been more frequent.

Miller’s

20
technique of more conservative resection has been the most popular in United States, and his team has published excellent long-term results.[ ]
Surgical Technique

13 18 19 20

This technique has been described in detail by Miller and colleagues.[ ] [ ] [ ] [ ] The excision is performed in two or sometimes in three stages, starting medially during the first operation. A bloodless field is obtained with a pneumatic tourniquet.
An incision is made along the ankle beginning 1 cm posterior to the medial malleolus and extended proximally into the mid thigh. Flaps approximately 1.5 cm thick are elevated anteriorly and posteriorly to the midsagittal plane in the calf, with less extensive
dissection in the thigh and ankle. All subcutaneous tissue beneath the flaps is then removed, but the sural nerve is preserved. The deep fascia of the calf is incised over the tibia and resected, sparing the fascia about the knee and ankle to preserve joint integrity
( Fig. 169–1 ). Redundant skin, about 4 to 10 cm wide, is then resected, suction catheters are placed, and the wound is closed in a single layer with 4–0 nylon. When suturing around the ankle and knee, portions of the deep fascia are included in the suture to fix
the skin flaps deeply and ensure contour. The extremity is immobilized with a posterior splint and elevated.

The patient is kept at bed rest for 9 days and mobilized afterward wearing tightly wrapped elastic bandages to prevent seroma formation and promote optimal healing and contour. This regimen is continued for 3 weeks postoperatively. The second stage of
lateral excision is performed 3 months later in a similar fashion. During lateral excision the sensory branches of the peroneal nerve are identified and carefully preserved.
Results

Staged excision underneath skin flaps offers the most reliable improvement of all debulking operations while minimizing the likelihood of postoperative complications. Miller and colleagues reported on long-term results in 38 patients with chronic

20

lymphedema after staged subcutaneous excisions performed beneath skin flaps.[ ] Thirty patients had marked and durable reduction in extremity size with improved function. Episodes of cellulitis were reduced or eliminated. No differences in the long-term
results were seen in patients with primary or secondary lymphedema. This series had a remarkably low rate of skin complications (four patients) and low rate of late progression of the disease (six patients).
Clinical benefit of excisional operations is directly related to the amount of subcutaneous tissue excised. The patients are susceptible to recurrences and should continue to wear elastic compression stockings. The results of most of these procedures are good as
far as volume reduction is concerned. However, prolonged hospitalization, poor wound healing, long surgical scars, sensory nerve loss, and residual edema of the foot and ankle can be significant problems; and these complications prevent offering such
procedures to most patients, except those with disabling large lymphedema that is not responding to medical measures. Staged skin and subcutaneous excision beneath skin flaps appears to provide the most durable result with the lowest rate of complications.
Microsurgical Lymphatic Reconstructions

21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36]
37 38
and lymphatic grafting.[ ] [ ] Autotransplantation of

Microsurgical reconstructions of the obstructed lymphatic pathways include lymphovenous anastomoses[

39]

lymphatic tissue as a free flap has also been suggested.[
Lymphovenous Anastomoses

21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35]

Surgical lymphovenous anastomoses intended to bypass the obstructed lymphatic system in patients with chronic lymphedema have been performed in the past three decades.[

[36] The rationale for the operation is based on the observation that in patients with chronic lymphedema contrast lymphangiography occasionally demonstrates spontaneous lymphovenous anastomoses.[40] These spontaneous channels are considered
compensatory mechanisms of the body to decrease the lymphatic hypertension that occurs early in the course of the disease.

41]
23 41 42
Although improvement in patients with lymph node/vein anastomoses has been reported,[ ] [ ] [ ] enthusiasm for this
[43]

Nielubowicz and Olszewski suggested anastomosing the inguinal lymph nodes to the femoral or greater saphenous vein.[

operation faded because early occlusion due to thrombosis and fibrosis over the cut surface of the node is likely in most cases except in those caused by filariasis.
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Figure 169-1 The staged subcutaneous tissue and skin excision procedure in the lower extremity according to Miller. A, An incision is made posterior to the medial malleolus and extending into the thigh. B, Flaps approximately 1.5 cm thick are elevated
anteriorly and posteriorly. C to E, The deep fascia of the calf is incised over the tibia and resected; the fascia about the knee and ankle is spared. The sural nerve should be identified and preserved. F, Redundant skin is resected. G, A suction catheter is placed
in the dependent portion of the posterior flap and the skin is closed with 4–0 nylon. When suturing about the knee and ankle, portions of the deep fascia are included in the suture to fix the skin and ensure contour. (From Heffel DF, Miller TA: Excisional
operations for chronic lymphedema. In Rutherford RB (ed): Vascular Surgery, 5th ed. Philadelphia, WB Saunders, 2000, pp 2153–2159.)

Figure 169-2 Scanning electron micrograph of a patent lymphovenous anastomosis 3 months after operation in a dog. A, anastomosis; L, lymph vessel; LV, lymphatic valve; V, vein; VV, venous valve. (Original magnification, ×10). (From Gloviczki P,
Hollier LH, Nora FE, Kaye MP: The natural history of microsurgical lymphovenous anastomoses: An experimental study. J Vasc Surg 4:148, 1986.)

Figure 169-3 Bilateral lower extremity lymphoscintigram in a patient with right lower extremity lymphedema secondary to obstruction of the right iliac nodes. Note dilated lymph vessels in the right thigh distal to the obstruction suitable for direct lymphatic
reconstruction.

Figure 169-4 The lymphatic system of the lower extremity. (By permission of Mayo Foundation.)

Figure 169-5 A, Localization of groin lymphatics before lymphovenous anastomosis operation. The patient underwent contrast lymphangiography 24 hours before operation. Arrow indicates the lymphatics selected for anastomosis. B, Two dilated lymphatics
(L) and a tributary of the saphenous vein with a small side branch (V) were dissected for end-to-end lymphovenous anastomosis. C, End-to-end lymphovenous anastomosis completed between two lymph channels (L) and the bifurcated vein (V). Open arrows
indicate the sites of the anastomoses. D, Arrow indicates patent lymphovenous anastomosis in the same patient. (B and C from Gloviczki P: Treatment of secondary lymphedema-medical and surgical. In Ernst CB, Stanley JC [eds]: Current Therapy in
Vascular Surgery, 2nd ed. Philadelphia, BC Decker, 1991, pp 1030–1036.)

Figure 169-6 The lymphatic system of the upper extremity. (By permission of Mayo Foundation.)

TABLE 169-1 -- Clinical Results of Microsurgical Lymphatic Reconstructions
EXTREMITY
FIRST AUTHOR, YEAR

Lower

Upper

Krylov, 1982

50

+

LVA

?

30

Nieuborg, 1982

47

+

LVA

6–12

68

Gong-Kang, 1985

91

*

79

6–52

33

+

TYPE OF OPERATION

FOLLOW-UP (mo)

EXCELLENT OR GOOD
CLINICAL RESULTS (%)

NO. PATIENTS

LVA
24

Zhu et al., 1987

48

+

LVA

185
Gloviczki, 1988

6

+
+

LVA

6–52

LVA
36.6

8
O’Brien, 1990

+

46

+

30

+

+

8
Baumeister, 1990

+

†
†

36

+

+

12
Campisi, 2001

231

+

+

25

LVA

54

LVA

Campisi, 2001

83

*

LVA

33

LVA

50

LG

>12

33

LG

>24

8

LVA
>7 years

446

50

*

LVA

51
6

73

*

83 (combined for both groups)
in 446 patients

LVA

133

+

LVL

“Long-term” in 95 patients, max.
15 years

81

LVA, Lymphovenous anastomoses; LG, lymphatic grafting; LVL, lymphatic-venous-lymphatic graft with autologous vein.

* Mean.
† Lymphovenous anastomosis plus excisional procedure.
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Figure 169-7 A, Exposure of lymph vessels for suprapubic transposition. Note two major lymph vessels of the left thigh that will be used for grafting (arrows). B, Two lymphatic grafts divided at the distal thigh are prepared for lymphatic grafting. (By
permission of Mayo Foundation.)

Figure 169-8 A, Completed suprapubic lymph graft with two lympholymphatic anastomoses at right groin. Dashed line indicates position of suprapubic lymphatic grafts. B, Magnified photograph of two end-to-end lympholymphatic anastomoses (arrows)
performed with 11–0 interrupted monofilament sutures. (By permission of Mayo Foundation.)

Figure 169-9 Techniques of lymphatic reconstructions according to Campisi with interposition vein graft (A) or lymphovenous anastomosis (B). C, Technique of invagination of multiple lymphatics into interposition vein graft (lymphatic-venous-lymphatic
anastomoses). (By permission of Mayo Foundation.)

Figure 169-10 Lymphoscintigram 3 months after suprapubic lymphatic grafting for secondary lymphedema of the right lower extremity. Labeled colloid was injected into the right foot only. Arrow indicates suprapubic graft. Note intense filling of the left
inguinal nodes. Preoperative lymphoscintigram in this patient showed no activity at the groin. L, lymphatic graft. (From Gloviczki P: Treatment of secondary lymphedema-medical and surgical. In Ernst CB, Stanley JC [eds]: Current Therapy in Vascular
Surgery, 2nd ed. Philadelphia, BC Decker, 1991, pp 1030–1036.)

Figure 169-11 A, Right lower extremity lymphoscintigram in a 16-year-old girl with lymphangiectasia and severe reflux into the genitalia and left lower extremity. Injection of the isotope into the right foot reveals reflux into the pelvis at 3 hours and into the
left lower extremity at 4 hours. B, Intraoperative photograph reveals dilated incompetent retroperitoneal lymphatics in the left iliac fossa containing chyle. C, Radical excision and ligation of the lymph vessels were performed. In addition, two lymphovenous
anastomoses were also performed between two dilated lymphatics and two lumbar veins. D, Postoperative lymphoscintigram performed in a similar fashion reveals no evidence of reflux at 4 hours. The patient has no significant reflux 4 years after surgery.
(From Gloviczki P, et al: Noninvasive evaluation of the swollen extremity: Experiences with 190 lymphoscintigraphic examinations. J Vasc Surg 9:683, 1989.)

Figure 169-12 A, Preoperative photograph of an 18-year-old female with lymphangiectasia and recurrent chylous ascites. B, During the operation, 12 L of chyle was aspirated from the abdomen. C, The chylous ascites was caused by ruptured lymphatic and
leaking large mesenteric lymphatic cysts (arrow). D, The dilated retroperitoneal lymphatics containing chyle were ligated and excised. The patient has an excellent clinical result 8 months after the operation.

Figure 169-13 A, Right chylothorax in a 63-year-old woman. B, Bipedal lymphangiography confirmed thoracic duct obstruction at the base of the neck. Note contrast medium in the supraclavicular and left axillary lymphatics (arrows).

Figure 169-14 Cervical and thoracoabdominal anatomy of the thoracic duct.

Figure 169-15 A and B, Thoracic duct/azygos vein anastomosis performed through a right posterolateral thoracotomy in an end-to-end fashion with interrupted 8–0 polypropylene (Prolene) sutures. C, Chest radiograph 2 years later confirms absence of
chylothorax.
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Chapter 170 - Amputation:

An Overview

MARK R. NEHLER MD
HEATHER WOLFORD MD

Despite major advances in revascularization, lower extremity amputation remains a common procedure in modern vascular practice. This section is devoted to indications and preoperative evaluation, technique and perioperative care, complications, natural
history and functional outcomes, unique aspects of upper extremity amputation, and, finally, the controversial issue of amputation versus revascularization.
Lower extremity amputation has several unique aspects that complicate all of these issues. A number of different providers care for the amputee, each with different levels of training, expertise, and goals. Frequently, digital and forefoot amputations are
performed by podiatry surgeons. Major lower extremity amputations can be performed by general surgeons, orthopedic surgeons, and, most commonly, vascular surgeons. Rehabilitation of the amputee is under the direction of rehabilitation medicine and
physical therapists. Long-term care of the stump and prosthetic fitting is often under the direction of the prosthetist.

INDICATIONS FOR AMPUTATION

1 2 3
The vast majority of major lower extremity amputations are performed for critical limb ischemia (CLI), thus reinforcing the role of the vascular surgeon.[ ] [ ] [ ] The available data would indicate a significant delay in referral of these patients to a vascular
4

specialist.[ ] Therefore, it is safe to assume that a percentage of major lower extremity amputations are potentially preventable. Currently, there is no agreed-upon definition for an unsalvageable lower extremity. Individual surgeons and centers will vary in
the anatomy required to attempt surgical bypass. Bypass to pedal vessels and the use of an arm vein conduit have become common practices in many regions of the United States. Equally vague is the condition of the foot that would preclude salvage attempts.
Most surgeons would agree that extensive heel and/or forefoot necrosis predicts a poor outcome for eventual limb salvage, but again there are no established guidelines.
A less recognized but equally important aspect of care in these patients is patient education and acceptance. The former is critical in amputation prevention. Many poorly educated diabetic patients assume that seeking health care for foot lesions will lead to a
major amputation, and therefore they delay care until a major amputation is inevitable. This pattern reinforces a negative perception for limb salvage in this population. Compounding the issue, much of the care delivered is ultimately ineffective (minor
amputations performed without adequate circulation), leading to limb loss in a piecemeal fashion, further promoting the belief that limb loss is inevitable. Equally important to understand is the reluctance of patients to accept amputation. Although never
studied, the time interval from the date when the surgeon informs the patient he or she requires a major lower extremity amputation for CLI and the date that the amputation occurs is often weeks and sometimes months. Patients often obtain second and third
opinions and may turn to a number of alternative medical therapies.
The combination of lack of agreement regarding unsalvageable limbs between vascular surgeons and the variable reluctance of patients to accept a decision to amputate greatly complicate the clinical practice of amputation
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surgery. Building a trust between the surgeon and the patient is critical. Because this is a life-changing event, multiple discussions between the patient, family, and surgeon are often required. Amputations secondary to acute ischemia (especially iatrogenic
trauma) are particularly difficult.

AMPUTATION LEVEL
Most patients and physicians would agree that preservation of the maximal limb length is the ideal goal of any extremity amputation. Therefore, a digital amputation is considered preferable to a forefoot amputation and a below-knee amputation (BKA) is

4 5 6

preferable to an above-knee amputation (AKA). However, in the patient population with CLI, any incision below the knee joint is often problematic, with healing times measured in months rather than weeks.[ ] [ ] [ ] Due to the limited life expectancy of
this population, in addition to co-morbidities of the population, the surgeon must carefully consider the implication of the prolonged immobility to heal a difficult amputation wound. In addition, every distal amputation in a given population with CLI has a

4 7 8
higher failure rate than a more proximal amputation,[ ] [ ] [ ] and each failure has implications on patient morbidity, cost to the health care system, and ultimate functional outcome.

A major lower extremity amputation has several goals that are similar to other extirpative surgical procedures (e.g., resection of ischemic bowel, débridement of pancreatic phlegmon, or drainage of brain abscess):
1. To remove all nonviable or diseased tissue
2. To preserve optimal residual function
3. To minimize surgical morbidity

However, based on the clinical scenario, the relative weight of each of these goals may change. For example, an elderly patient with oxygen-dependent chronic obstructive pulmonary disease may be best served with an AKA to reliably heal the wound and
minimize the surgical morbidity, sacrificing function in a patient who is likely to remain wheelchair bound with or without the knee joint. In contrast, a young patient with isolated extremity trauma may undergo several operative procedures, including a
myocutaneous free flap transfer, to salvage the knee joint, because the ultimate gain in long-term function will negate the near-term morbidity.

A number of studies in the literature describe various circulatory measures to determine amputation level healing. As a general point, many of these techniques are not practical in clinical practice. Most surgeons agree that BKA without a femoral pulse is
unlikely to do well. However, a palpable femoral pulse does not guarantee success. The clinical judgment of the operating surgeon (tissue bleeding, viable muscle, and wounds without tension) has been demonstrated to be reasonably accurate (75% to 85%) in

4 8 9 10
several large clinical series (combined around 1000 patients).[ ] [ ] [ ] [ ] Finally, despite the plethora of research regarding the technical aspects of salvaging the knee joint, the sobering fact is that most vascular patients will take minimal advantage of
this in rehabilitation.
PERIOPERATIVE ISSUES

8 11
Based on results, major lower extremity amputations are arguably one of the most difficult procedures the modern vascular surgeon will perform. Perioperative mortality rates of 7% to 15% are typical.[ ] [ ] Compare this with the 2% perioperative
12]
This is obviously not due to the complexity of the procedure but rather to the patient population requiring it. Available data demonstrate a population with significant
[4]

mortality rate published in the recent Veterans Affairs multicenter small aneurysm trial.[

medical co-morbidities, poor nutrition, anemia, and a severely deconditioned state secondary to the immobility enforced by the nature of the presenting foot lesions and/or prior forefoot procedures.

4 13 14 15

Healing rates of BKA vary, but incisional failure in 10% to 20% is widely reported.[ ] [ ] [ ] [ ] These patients often have one or more operations attempting to salvage the knee joint, with at least half converting to an eventual AKA. Healing times are
often measured in months rather than weeks. Part of the difficulty in wound healing is related to falls and stump trauma. However, even without postoperative trauma, incisions in patients with CLI heal poorly below the knee. Casting the BKA stump appears

16]

useful to reduce trauma, but the single small trial using these devices did not demonstrate efficacy compared with standard protective bandages.[

TECHNICAL ISSUES
Despite the volume of procedures performed and the difficulty in achieving successful incisional healing, only a modest amount of literature exists regarding technical aspects of BKA. Several techniques have been described, including the Burgess posterior

17]
18
19
skew flaps, side-to-side flaps,[ ] and sagittal flaps.[ ] Of these techniques, the vast majority of BKAs performed in the United States are of the Burgess technique. Although some physiologic evidence indicates that sagittal and
[20] [21]

myocutaneous flap,[

skew flaps provide a better blood supply,

the single multicenter randomized trial of 191 total BKAs comparing skew flap to Burgess flap did not demonstrate any differences in healing or ultimate need for AKA (8% skew compared with 10%

15
Burgess).[ ]
Patients who present with forefoot sepsis are best managed with a guillotine amputation before the definitive BKA. If there is any question regarding deep space plantar or forefoot infection, the prudent course is to err on the side of conservatism with a two-

22] [23] [24]

staged amputation. Rarely, diabetic patients in severe metabolic stress with overwhelming forefoot sepsis can be managed by cryoamputation until they can be stabilized for the operating room.[

PERIOPERATIVE COMPLICATIONS

4 8 11
As previously stated, the perioperative mortality rates for major lower extremity amputation are above and beyond the morbidity of the procedure alone.[ ] [ ] [ ] The patient population requiring amputation is as ill as any in modern medicine. Many
patients are in the last months of their lives and could be described as dying from the periphery inward.
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An episode of aspiration pneumonitis, subendocardial infarct, or exacerbation of congestive failure can easily prove to be fatal. Compounding the problem, amputations are rarely considered by anesthesia and/or surgeons as a case of the same magnitude as a
major vascular reconstruction or cardiac case.
In addition to the typical cardiovascular morbidities, patients undergoing major amputation are immobile in both the preoperative and perioperative period. Not surprisingly, the incidence of deep venous thrombosis is high in this population, mandating some

25

level of prophylaxis.[ ] Because many of these patients have underlying hypercoagulable states or undergo amputation for acute arterial thrombosis, anticoagulation is frequent, which often leads to bleeding complications. Finally, many diabetic patients
require amputation for severe forefoot sepsis. These patients can suffer septic complications from delay in definitive removal of the septic focus and/or bacteremia at the time of the procedure.
From the patient perspective, one of the most important morbidities of amputation is postoperative pain. Chronic postoperative amputation pain can be divided into two groups: residual limb (stump pain) and phantom limb pain. The prevalence is in the range

26]

of 50% to 80% of patients.[

27]

Both central and peripheral pain mechanisms appear to be involved, including ectopic activity originating from afferent fibers in a neuroma and cortical reorganization/ spinal cord sensitization.[

A review of 255 amputees

[28] demonstrated 70% reported either residual or phantom limb pain. For most patients, the pain is episodic and not particularly troublesome. In approximately one in four patients, however, the symptoms are very disabling. In addition, there are some data
[29]
to suggest that the duration and intensity of pre-amputation limb pain plays a role in early post-amputation residual limb and phantom limb pain.

Therapy for residual and phantom limb pain has been disappointing, in part owing to the unclear mechanisms involved. Sodium channel blockers (lidocaine) and opioids have traditionally been the agents used. Preemptive epidural infusions, early regional

30]

nerve blocks with perineural infusions, and mechanical vibratory sensation have been advocated. Gabapentin, clonidine, and tricyclic antidepressants have also been used. Halbert and colleagues[

summarized the data for efficacy as consisting of a few

27 31 32 33 34 35
34 36 37 38
randomized trials (many with success in the treatment arm barely greater than controls)[ ] [ ] [ ] [ ] [ ] [ ] and case reports/small series.[ ] [ ] [ ] [ ] They concluded that there is currently a large gap between research and clinical

practice in the management of residual and phantom limb pain in amputees.

FUNCTIONAL OUTCOMES
A substantial amount of research has focused on preoperative evaluation to determine if a BKA will heal, with preservation of the knee joint and improved function and potential mobility. However, the sobering fact is that many elderly vascular patients will

4 14 39

not be able to complete an arduous rehabilitation program to ambulate to any extent with a prosthesis.[ ] [ ] [ ] Much of this is related to the co-morbidities in the population as previously stated with regard to perioperative mortality. However, in the
United States, the passage of Americans with Disability Act in 1990 has improved wheelchair access by mandating it for public buildings. Frequently, elderly amputees choose to focus effort toward modifying a home to allow at least some mobility in a

4

wheelchair. A review at our institution[ ] demonstrated that although fewer than half of amputees were ambulatory postoperatively, relatively few required transition to a care facility. A patient with a healed amputation (AKA or BKA) who can independently
transfer and take a few limited steps but remains in the community is the end result for the majority of elderly amputees. Ultimately, the majority of amputations performed are palliative. In addition, the incidence of vascular amputees who ambulate
postoperatively declines over time owing to a variety of issues. Finally, the occasional patient will fall and suffer a major fracture during prosthetic use.

7

Conversely, if patients are to have any realistic hope of extensive prosthetic ambulation postoperatively, the knee joint must be spared. However, the ratio of AKA to BKAs performed worldwide is roughly one.[ ] Many of the AKAs performed are done so
based on lack of rehabilitation potential rather than inability to eventually heal a BKA. One obvious question is the potential benefit of the knee joint in the nonambulatory patient. Although statements regarding improved transfer potential and balance are

40]
41 42 43
Balance is clearly an issue with prosthetic use and has been widely studied.[ ] [ ] [ ] However,
[44] [45] [46]

frequently made, the available data to support this are lacking. Thigh muscle atrophy has been noted to correlate with the length of the AKA stump.[

similar data regarding balance and wheelchair use are lacking. Finally, small series of the bilateral amputee (both AKA and BKA) have been reported.
not appear to be a long-term issue.

NATURAL HISTORY

Ambulation is unusual, but pressure ulcers as seen in neurologically impaired patients do

11]

Patient survival in the Veterans Affairs National Surgical Quality Improvement Program for BKA and AKA was 57% and 39% at 3 years, respectively, again emphasizing the palliative nature of these procedures in most patients.[

Other reports have found

34 47 48
similar poor survival after major limb amputation.[ ] [ ] [ ] In addition to mortality, significant ongoing morbidity occurs in both the remaining stump (BKA) and contralateral limb after major lower extremity amputation. At 2 years, 15% of patients
[7]

with an initially successful BKA will convert to an AKA and another 15% will suffer a major contralateral amputation.

UPPER EXTREMITY AMPUTATION
The incidence of upper extremity amputation is much less than that of the lower extremity. In addition, the pathology resulting in upper extremity limb loss includes a widespread differential diagnosis, compared with the lower extremity, where complications
of atherosclerosis and/or diabetes predominate. The technical issues associated with upper extremity amputation are more complex than in the lower
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49]

extremity. The psychological impact of the upper extremity amputation appears greater. In the veteran population, the highest rate of post-conflict suicide was noted in upper extremity amputees.[
amputation, most vascular surgeons focus on the diagnosis and treatment of the potential cause. Any amputation proximal to the digit is usually performed by either plastic or orthopedic surgeons.

Because of the rare incidence of upper extremity

AMPUTATION VERSUS REVASCULARIZATION
Undeniably, just as there are patients who suffer unnecessary limb loss from late referral and futile attempts at forefoot-directed amputations without adequate pedal circulation, there are also patients who undergo extensive revascularization procedures who
(1) suffer near-term limb loss from inadequate conduit, distal runoff, or inability to resolve overwhelming forefoot or heel sepsis or (2) suffer significant procedural morbidities (wound breakdown, lymphedema, graft revision) and die of their systemic comorbidities before full resolution and return to function.
Some of the morbidities suffered are subtle, and primarily financial, drains on an otherwise overburdened health care system. An example is the patient with forefoot necrosis who on arteriography has normal inflow, a single superficial femoral artery stenosis
with flow to a patent popliteal artery, and runoff via a peroneal artery patent to the distal calf that occludes without any visualized vessels in the foot. The patient then undergoes superficial femoral artery angioplasty. Not surprisingly, the foot does not improve
and a major amputation is performed. The morbidity for the patient is minimal, but an additional futile procedure is added to the total cost of care.
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Much has been written in the past two decades regarding prior bypass failure not affecting the level of subsequent amputation—BKA or AKA.[ ] [ ] [ ] However, prior bypass failure does prolong BKA incisional healing.[ ] [ ] [ ] In addition,
the patient population with CLI is clearly compromised, and additional surgeries increase the cumulative perioperative mortality risk and perioperative pain and inevitably prolong hospital stays and rehabilitation. Prosthetic grafts in a marginal technical

56

situation are particularly problematic, because the risk of graft infection if amputation is required through them is higher, often necessitating their removal.[ ] Unfortunately, prosthetic grafts in limb salvage surgery are, by definition, a marginal situation.
These issues lead to the patient scenarios we all wish to avoid, namely the elderly patient with CLI who spends the last few months of life in and out of the hospital undergoing multiple procedures.

Another relatively unexplored aspect of CLI is the nature of the presenting foot lesions and the impact on ultimate outcome. Aggressive foot salvage with severe necrosis frequently requires multiple foot operations, prolonged wound care, and healing times

5 6

measured in months rather than weeks.[ ] [ ] It seems intuitive that there is a point where the morbidity of this approach exceeds any long-term benefit. A tremendous amount of research has focused on defining pedal circulation limits (toe pressures, pulse
volume recordings, transcutaneous oxygen tensions) that would be adequate to support local wound healing, with minimal consideration for the nature of wounds this marginal circulation should support.
The obvious question is how to identify subgroups of patients with CLI who are better served by amputation? An approach we have used is to look at the problem from three sides—the technical issues of the revascularization, the foot wound healing issues,
and the co-morbidites of the patient. Patients with marginal prospects in more than one category are generally not considered reasonable revascularization candidates. For example, alternate vein conduit for a tibial bypass would be reasonable for a patient with
manageable toe gangrene and modest co-morbidities but would not be reasonable for a patient on home oxygen or with a large heel defect. Subgroups with severe co-morbidities who may survive the procedure due to modern anesthesia but are unlikely to
survive the follow-up required to heal incisions/ wounds and rehabilitation would also not be offered extensive limb salvage. Preoperative C-reactive protein levels have been used in several reports to predict patient survival, foot healing, and limb salvage.

[57] [58] Low serum albumin levels have correlated with mortality and increased length of stay in multiple studies of elderly hospitalized patients.[59] [60] [61] In the future, these markers are likely to gain more widespread use in the population with CLI.
SUMMARY
In this section, the subject of amputation is divided in chapters as outlined in this overview. The chapter authors all represent individuals with a clinical interest in limb salvage and have also contributed to the amputation literature in the past decade. The
majority of literature on amputations comes from outside the United States, and several authors are from Europe to reflect this.
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AHMED M. ABOU-ZAMZAM JR. MD

Chapter 171 - Lower Extremity Amputation:

Indications, Patient Evaluation, and Level Determination

Major lower extremity amputations continue to be a part of all vascular practices despite aggressive attempts at limb salvage. Although often viewed as a failure of treatment, major amputation should be embraced as an important, definitive treatment option.
With the aging of the population, the prevalence of peripheral vascular disease will continue to increase, as will the need for amputations.
The goal of amputation is to remove all infected, gangrenous, and ischemic tissue and provide the patient with the greatest length of functional limb. Avoiding repeated amputations and nonhealing operative sites is critical for the recovery of the patient and
optimal functional rehabilitation or palliation.
In this chapter, the current indications for amputation are reviewed along with preoperative patient evaluation, methods available for optimal determination of amputation level, and important functional and psychological aspects affecting patient outcome.
Having a clear understanding of these principles will help the vascular surgeon excel in this often underappreciated realm of vascular surgery.

BACKGROUND

15] [22]
Trends in the interplay between revascularization and amputation rates are confusing. Over a recent 10-year period, the Mayo Clinic reported a
[29]

In the United States approximately 80,000 major amputations (above the ankle) are performed annually.[

50% reduction in amputation rates that corresponded to increases in the rates of lower extremity revascularization by surgical and endovascular techniques.

A Finnish study also demonstrated an increase in revascularization rates correlating with a

21
decrease in the major amputation rates in elderly patients.[ ] However, a recent U.S. study of national hospital discharge data demonstrated an overall 11% increase in major amputation rates in recent years, which is likely related to the overall aging of the
[22]
[28]
[15] [28]
population.

Diabetes and peripheral vascular disease remain the major risk factors for lower extremity amputation worldwide.

fold greater risk for amputation than those without diabetes.

[22]

Studies show that 25% to 90% of all amputations are associated with diabetes.

This association is due to the presence of neuropathy and associated infection as well as to the markedly increased prevalence of peripheral vascular disease in this patient population.

12] [28] [35]

There is a regional variation in the performance of amputation around the world that suggests that factors other than strict medical issues may affect amputation rates.[

amputation rates and stressed the need for consensus guidelines.

Patients with diabetes have a 10-

[12]

A study from the United Kingdom cited significant regional variation in

Physician experience plays a key role in the selection of amputation as a treatment. In treating critical limb ischemia, surgeon caseload and hospital volume have been shown to affect

34]
9
Patient and health care provider education has been demonstrated to reduce amputation rates.[ ] Earlier identification of patients at risk will lead to more timely treatment

amputation rates, with low volumes being associated with higher amputation rates.[
and interventions.
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28]

A complex interaction exists between race and amputation rates. In certain groups, such as the Navajo population, amputation rates appear to be related to the high incidence of diabetes.[

However, African Americans are more likely than whites to undergo

30 51 58
amputation as opposed to revascularization even when controlled for the presence of diabetes.[ ] [ ] [ ] This difference is speculated to be due to variations in access to health care, treatment of comorbidities, and possible physician and patient factors.
[58]

Insurance status has also been demonstrated to have an effect on amputation rates, with patients without coverage having increased rates compared with those with access to health care.

INDICATIONS
Indications for amputation have been traditionally divided into presentations due to acute ischemia, chronic ischemia, or foot infections. In the presence of acute ischemia, major amputation is undertaken for irreversible ischemia, for severe ischemia with no
revascularization options, or following unsuccessful attempts at revascularization. With chronic ischemia, amputation may be employed for failures of revascularization, those with no revascularization options, patients with severe comorbidities or poor
functional status, or the presence of such extensive gangrene or infection that foot salvage is not possible. Pedal sepsis without ischemia constitutes another group of patients undergoing amputation. Clearly the underlying indications for amputation may
overlap. The traditional groupings of acute ischemia, chronic ischemia, and foot infections are better utilized when evaluating the outcome of limb salvage after revascularization and are not specific enough when discussing amputation.
The presence of peripheral vascular disease and diabetes, either alone or in combination, contributes to the majority of major lower extremity amputations. Many general classifications, however, overemphasize the role of diabetes and understate the role of
concomitant ischemia. Malone reported the indications for amputation as complications of diabetes (60% to 80%); infections without diabetes (15% to 25%); ischemia without infection (5% to 10%); chronic osteomyelitis (3% to 5%); trauma (2% to 5%); and

39

miscellaneous (5% to 10%).[ ] These general classifications have a certain degree of overlap and mask the true interaction between ischemia and diabetes. This simplistic breakdown does not give insight into the true influence of ischemia and the potential
of revascularization to affect amputation rates. Also, ischemia may occur in an acute or chronic setting, and because no revascularization technique is universally successful, amputation may ultimately follow revascularization.

2

In a recent report from our group,[ ] an attempt was made to more clearly categorize the indications for major amputation to explain why amputations continue to be performed despite aggressive revascularization programs. When identifying the indications
for amputation it must be recognized that with chronic ischemia ultimate limb loss may occur despite prior revascularization. Also, patients may present with acutely ischemic legs that are beyond hope of salvage. The influence of gangrene and pedal sepsis
must
TABLE 171-1 -- Indications for Major Amputation
INDICATION

NO. OF CASES (%) N = 131

Critical limb ischemia with failed revascularization

51 (39%)

Extensive pedal gangrene

20 (15%)

Unreconstructable arterial anatomy

15 (11%)

Overwhelming pedal sepsis

12 (9%)

Excessive surgical risk

12 (9%)

Nonviable, acutely ischemic foot

11 (8%)

Nonambulatory status

10 (8%)

From Abou-Zamzam AM Jr, Teruya TH, Killeen JD, Ballard JL: Major lower extremity amputation in an academic vascular center. Ann Vasc Surg 17:86–90, 2003.
also be considered, because they have a significant impact on the options for limb salvage. Last, patient comorbidities and ambulatory status also influence the decision for amputation. These issues were reviewed in a series of 131 consecutive major lower
extremity amputations, and the indications for amputation according to these categories are shown in Table 171–1 .
In our series, more than 50% of patients who underwent amputation had prior attempts at limb salvage via revascularization or anatomically had no revascularization options. This group of patients had presumably exhausted the armamentarium of vascular
surgery. Seventeen percent of patients were not considered candidates for aggressive attempts at limb salvage owing to a preexisting nonambulatory status or the presence of severe comorbidity. However, nearly one fourth of all patients underwent amputation
because of extensive gangrene or infection that was present at the initial presentation to the vascular surgeon. Patients in this last group may benefit from earlier diagnosis, prompt referral, and definitive therapy. The potential to improve the care of these
patients is an important direction of inquiry that requires further study.

45

Similar findings were reported by Nehler and coworkers [ ] in a series of 172 major amputations. The indication for amputation was critical ischemia in 87% and complications of diabetic neuropathy without significant ischemia in 13%. Forty-six patients
(30%) had prior bypass failures or amputations despite patent reconstructions, and 10 (6%) had no revascularization options; therefore, 36% had exhausted the resources of revascularization. Eighty-five of the patients (55%) underwent primary amputation

3
because of severe comorbidity, poor functional status, extensive necrosis, or a combination of these factors. Similarly, in another series of 125 major amputations, 38% of procedures were performed after failed reavscularizations.[ ]
45

The significant role that delay in treatment plays in amputation cannot be overstated. The mean time to vascular surgery consultation for pedal tissue loss was 73 days, and for rest pain it was 27 days in the report by Nehler and coworkers.[ ] This delay
likely accounts for the large percentage of primary amputation in their series and underscores the need for patient and physician education. Indeed, in a report by Bailey and colleagues, only 24% of patients with critical limb ischemia were perceived as

5
needing “urgent” vascular consultation, with a mean duration of symptoms before vascular evaluation of 8 weeks.[ ]
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TABLE 171-2 -- Details Regarding Presenting Foot Lesions in 132 Limbs with Foot Necrosis Undergoing Major Lower Extremity Amputation
LOCATION

NO. (%) ULCERATION (N = 25)

NO. (%) DRY GANGRENE (N = 56)

NO. (%) SEPSIS (N = 15)

TOTALS (N = 132)

Digit single

4 (16%)

4 (7%)

3 (6%)

11 (8%)

Digit multiple

6 (24%)

11 (20%)

2 (4%)

19 (14%)

Forefoot

MTH single

2 (8%)

3 (5%)

5 (10%)

10 (8%)

MTH multiple

0 (0%)

6 (11%)

8 (16%)

14 (11%)

Malleolar

1 (4%)

3 (5%)

2 (4%)

6 (5%)

Midfoot

4 (16%)

5 (9%)

16 (31%)

25 (19%)

Heel

6 (24%)

13 (23%)

10 (20%)

29 (22%)

2 (8%)

11 (20%)

5 (10%)

18 (13%)

Global

*

Categorization based on gross appearance of the foot necrosis on preoperative physical examination alone.
MTH, Metatarsal head.
From Nehler MR, Coll JR, Hiatt WR, et al: Functional outcome in a contemporary series of major lower extremity amputations. J Vasc Surg 38:7–14, 2003.

* Either complete breakdown of prior amputations, extremities that had large gangrenous defects, or extremities that presented nonviable at either the foot or calf level.

The most important aspect of the indication for amputation is the initial decision whether to attempt limb salvage or proceed with major amputation. Despite widespread discussion of great triumphs in revascularization, there is a growing awareness that

45 46

primary amputation may be the best approach in certain groups of patients. Indeed, in those with either extensive foot lesions, severe comorbidities, or very unfavorable anatomy, primary amputation should be considered a viable treatment option.[ ] [ ]
Owing to the delay in referral, many patients ultimately requiring amputation present to the vascular surgeon with extensive pedal necrosis, making salvage unlikely, regardless of arterial targets for revascularization ( Table 171–2 ). End-stage renal disease

20] [38]

presents a particularly difficult challenge, and the presence of heel gangrene in this group may be best treated with primary amputation.[

PREOPERATIVE EVALUATION
The preoperative evaluation of a patient undergoing major amputation should proceed in a rational, yet expeditious manner. The ideal of minimizing perioperative complications and mortality must be emphasized. Mortality rates remain high after below-knee

2 11 23 35 36 45 62

amputations (BKAs) (6% to 9%) and even greater after above-knee amputations (AKAs) (13% to 17%).[ ] [ ] [ ] [ ] [ ] [ ] [ ] The significant comorbidities present in the amputation population are undoubtedly what makes this a high-risk
procedure. However, owing to the perceived lower physiologic stress of a 1-hour amputation compared with a 5-hour revascularization, the risks these patients actually face are often underappreciated. In fact, an average perioperative mortality of 10% for

1 33 47 50
major amputation versus 2% for lower extremity revascularization refutes this misconception.[ ] [ ] [ ] [ ]

The requisite evaluation of the potential amputee depends on the urgency of the intervention. In patients with acute ischemia, embolic disease will direct the focus of the investigation toward the embolic sources—most often cardiac. Echocardiography and
anticoagulation are key aspects of perioperative management. Management of arrhythmias and the issue of recent myocardial infarction with ventricular thrombus must be addressed. However, the time taken preoperatively should be focused toward
stabilization of the unstable patient, and the nonviable limb should be amputated in a timely manner, with most diagnostic testing proceeding in the postoperative period.

Patients with acute ischemia related to thrombosis of underlying chronically diseased arteries will share many risk factors with the group presenting with chronic ischemia. In these patients, the role for extensive perioperative cardiac evaluation is unclear.

8 13 14 37
Indeed, most reports of preoperative cardiac evaluation have excluded patients undergoing amputation and instead focused on those undergoing aneurysm repair or lower extremity revascularization.[ ] [ ] [ ] [ ] However, comparative perioperative
mortality rates call this practice into question.

Standard evaluation with a thorough history and physical examination should be performed in all patients. Active congestive heart failure, unstable angina, or concurrent myocardial infarction must be addressed. In the absence of active cardiac symptoms,

37] [56]
It is important to recognize that most patients presenting for amputation have had limited

evidence of congestive heart failure on history or physical examination, or acute issues on electrocardiogram, thorough cardiac evaluation is not necessary.[
activity and may not manifest covert cardiac disease owing to the lack of physiologic stress, so even minor symptoms should be of concern.

19 43 49

Perioperative treatment with beta blockade has been shown to be beneficial in the general vascular population.[ ] [ ] [ ] These studies included few patients undergoing major amputation. However, owing to the shared risk factors, the positive impact of
beta blockers can likely be extrapolated to the amputation population. Management of associated hypertension, diabetes, and renal failure should be optimized. An aggressive approach to normalize glucose levels is essential to ensure proper wound healing.
The timing of hemodialysis in relation to operation is important in managing fluids and electrolytes in the perioperative period.

Special consideration should be given to the patients presenting with extensive pedal infection necessitating
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amputation. Aggressive control of infection with surgical extirpation of the source and adjunctive intravenous antibiotics is the mainstay of treatment. The two-stage approach of guillotine amputation, followed by formal amputation several days later, has been

24]

shown to have a lower complication rate than single-stage amputation.[

However, even though guillotine amputation is a rapid procedure, a trip to the operating room is still necessary. Another option in patients who are moribund is a physiologic

31 61
cryoamputation, which may be performed safely at the bedside.[ ] [ ] This procedure will alleviate any time pressures for amputation and allow optimal treatment of associated conditions. If necessary, cryoamputation can be maintained for several weeks.
63]

In the perioperative period the high incidence of venous thromboembolism must be remembered. Yeager and associates documented a perioperative rate of deep venous thrombosis of 11% after major amputation.[

Interestingly, more than one half of the

15
thromboses were present preoperatively. Furthermore, 17% of all amputation deaths are caused by pulmonary emboli.[ ] These statistics underscore the infirm nature of these patients and the importance of surveillance and prophylaxis.
Throughout the perioperative evaluation it is important to involve rehabilitation medicine colleagues, physical therapists, nurses, and prosthetists in the care of these patients. Clearly, centers with dedicated multispecialty teams have much better success in

42]

rehabilitation outcome.[

AMPUTATION LEVEL SELECTION
The goals of amputation are (1) to rid the patient of all infected, necrotic, and painful tissue; (2) to have a wound that heals successfully; and (3) to have an appropriate remnant stump that is able to accommodate a prosthetic. The length of the preserved limb
has important implications on rehabilitation. Prosthetic use after major amputation puts an increased energy demand on the patient. Unilateral below-knee amputees require a 10% to 40% increase in energy expenditure for ambulation, whereas above-knee

15]

amputees require 50% to 70% more energy to ambulate.[

[42] [44] [45] [57]

This differential may explain why the successful rehabilitation rate is much lower after an AKA than a BKA. Prosthetic use is reported as 50% to 100% after BKA but only 10% to 30% after AKA.

44] [45]

Interestingly, the true rate of ambulation is significantly lower than prosthetic use and shows a steady attrition in the 5 years after amputation.[

The failure of an amputation to heal is multifactorial. Much emphasis has been placed on assessing the blood flow at the level of the amputation to predict wound healing. However, failure may be caused not just by ischemia but also by infection, hematoma,
or trauma. This explains why no single test can ever predict with 100% accuracy the ability of an amputation to heal, or, conversely, the inability of an amputation to heal. Most of the tests in use are better at predicting wound healing than they are at predicting
wound failure. Thus utilizing any single test alone may lead to unnecessarily proximal amputation.

2 15 36 45
15
The importance of optimizing level selection is underlined by the reported need for revision of BKAs to AKAs in 15% to 25% of patients.[ ] [ ] [ ] [ ] This revision rate is frequently accompanied by a perioperative mortality of over 5%.[ ] Such
events also lead to increased patient anxiety and fear of repeated, more proximal amputations.

The drive to maximize limb length in the amputee and minimize the need for revisions has led to the investigation of the optimal modality for selection of amputation level. Physical findings alone (pulses, skin quality, extent of foot ischemia/infection, skin
temperature), noninvasive hemodynamic tests (segmental pressures and Doppler waveforms, toe pressures), invasive anatomic tests (angiographic scoring systems), and physiologic tests (skin blood flow, skin perfusion pressure, transcutaneous oxygen
measurements) have all been extensively investigated.

The physical examination is the essential first step in level determination. The extent of gangrene and infection will dictate the maximal length attainable. In this evaluation the presence of dependent rubor should be considered analogous to gangrene, because
this tissue is ischemic. The presence of pulses should be accurately assessed. The presence of a palpable pulse immediately proximal to a proposed amputation level predicts successful healing in nearly 100% of patients undergoing major and minor

7 18
amputation.[ ] [ ] However, the absence of a pulse does not necessarily lead to failure of wound healing; therefore, reliance solely on the presence of a pulse will lead to unnecessarily high amputations.
“Clinical judgment” incorporating the physical findings and consideration of the patient’s overall status has been demonstrated to yield wound healing rates of 80% in BKAs and 90% in AKAs. Wagner and colleagues found that objective data may supplement

60]

clinical judgment but not replace it, because more distal amputations were achieved with clinical judgment rather than sole reliance on objective examinations.[
surgeons or trainees.

Experience counts; determination of amputation level should not be relegated to junior

The subjective interpretation of skin temperature as a guide for amputation has not been reliable. However, several investigators have demonstrated that objective, direct skin temperature measurement may predict amputation healing with an accuracy of 80%

15] [55]

to 90%.[

60]

In a study comparing several noninvasive techniques, direct skin temperature measurement at the level of amputation with a threshold of 90° F demonstrated the best accuracy.[

The use of noninvasive hemodynamic tests has been extensively evaluated. The frequently employed tests are the segmental pressures and Doppler waveforms as well as toe pressures. Absolute ankle pressures of more than 60 mm Hg have been shown to

15]

predict healing of BKAs with an accuracy of 50% to 90%.[

60]

in predicting healing of BKAs.[

15]
However, Wagner and colleagues found that Doppler pressures at the thigh, popliteal, calf, and ankle levels were unreliable

Calf pressures and thigh pressures have shown similar reliability.[

This appears less accurate than clinical judgment, and the inaccuracy may in part be due to the high prevalence of diabetes in this population with concomitant arterial calcification.

59]
demonstrated universal failure of minor amputations in patients with diabetes and toe pressures less than 38 mm Hg.

The use of toe pressures has been advocated as being predictive in forefoot amputations. Vitti and associates[
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However, there was no similar threshold value in patients without diabetes, limiting the usefulness of this parameter.

18]

Invasive testing with arteriography has been investigated as a means of determining amputation level. The correlation between arteriographic findings and healing potential has been poor. Dwars and coworkers[
correlation at all with amputation healing. Indeed, in their report, the angiographic patency tended to be greater in the limbs with failed or delayed healing compared with limbs with successful healing.

found that angiographic scores had no

All physiologic tests attempt to give a prediction of wound healing based on tissue perfusion or oxygen delivery at the proposed level of amputation. Intradermal isotope skin blood flow determination is a technique in which an intradermal injection of isotope

39] [40]

is made and blood flow is calculated by measuring the isotope washout rate. This technique utilizes xenon-133 or iodine-125 and employs nuclear medicine scanning devices.[

41]

Malone and associates[

initially reported excellent results with the

40]

xenon-133 clearance with an accuracy of 92% to 97%. However, in a follow-up report this same group found that the overlap in values between patients with healed and failed amputations made this test too unreliable.[

Skin perfusion pressure is another physiologic test to determine amputation level. This test involves a scintigraphic technique in which intracutaneous injection of iodine-123 is performed at the different amputation levels. External pressure is applied and by

18]

measuring the washout of isotope the skin perfusion pressure is determined. A level less than 20 mm Hg was predictive of wound failure in 89% of amputations, and a reading more than 20 mm Hg predicted healing in 99%.[
pressure may be measured by laser Doppler velocimetry, thus avoiding the need for isotopes.

Similarly, skin perfusion

Skin fluorescence is a technique that employs a Wood or ultraviolet light after the intravenous injection of fluorescein dye. A qualitative determination of regional blood flow is used to determine amputation level. Success rates predicting healing have been

39

reported as 86% to 100%.[ ] Owing to the wider availability of these tools and no requirement for a radioisotope, this technique is more accessible than the scintigraphic techniques. However, the fluorescein technique may be more affected than
scintigraphic techniques by the presence of inflammation and cellulitis.
Transcutaneous oxygen measurements (tcPO2 ) are a completely noninvasive method that is used in level selection. A small sensor is placed on the skin at the area of interest. By heating the sensor and skin to 44° C, local skin hyperemia results in decreased

6
flow resistance and arteriolization of capillary blood. The tcPO2 then approximates the true PaO2 in the area of interest.[ ] The sensors can be placed anywhere on the body and readings are given in millimeters of mercury. Absolute readings may be
recorded, or readings in areas may be indexed to a reference site (often the chest). The probes are small and atraumatic, and multiple simultaneous sites can be tested depending on the machine. The readings in the supine position are more predictive than

53]
32
The values recorded are reliable and show an acceptable day-to-day variability in repeat measurements.[ ]

measurements in the dependent position or during supplemental oxygen breathing.[

7 10 15 40
Transcutaneous oxygen levels have been shown to have an accuracy of 87% to 100% in predicting wound healing.[ ] [ ] [ ] [ ] Malone and colleagues reported no amputation failures in patients with tcPO2 greater than 20 mm Hg and universal failure

7 15 60
when tcPO2 was less than 20 mm Hg. Unfortunately, others have not confirmed any consistent absolute tcPO2 threshold.[ ] [ ] [ ] Some authors have reported a useful tcPO2 threshold of 30 mm Hg, whereas others have reported 16 mm Hg as a useful

4 6
cutoff. In general, tcPO2 readings of more than 40 mm Hg are associated with healing and less than 20 mm Hg with failure.[ ] [ ] The lack of a consistent minimal level is likely because nutrient blood flow may be present even in the setting of tcPO2
readings of 0 mm Hg. The tcPO2 may be artificially low in the setting of infection, inflammation, or edema, and repeat measurements are advised once such processes have resolved. Incidentally, the tcPO2 has shown not just accuracy in predicting wound

10]

healing but also accuracy in predicting outcome after revascularization. Changes in tcPO2 of more than 30 mm Hg after revascularization are predictive of a successful clinical outcome.[

40]
7 10
This applies not just to major amputation but also to forefoot amputation.[ ] [ ] Measurements of

In direct comparisons to segmental pressures and skin blood flow, tcPO2 has been demonstrated to be the most accurate predictor of wound healing.[

27] [39]
In addition, tcPO2 has several advantages over the other tests in the ease of measurement, reproducibility, and simple instrumentation that can be readily

tcPO2 have also been shown to be more accurate than those from fluorescein dye injections.[
introduced into any vascular laboratory.

6 7 18 40 60
Taking away a meaningful approach to the determination of amputation level is important. A combination of physical findings, clinical judgment, and objective testing has been shown to yield the greatest accuracy in level selection.[ ] [ ] [ ] [ ] [ ]

Whether skin temperature, skin blood flow or perfusion, or tcPO2 measurements are used depends on the local experience and availability of techniques. My colleagues and my preferred objective test is the tcPO2 measurement with a threshold value of 30

mm Hg. However, strictly utilizing a single objective method and not all available clinical data will lead to unnecessarily proximal amputations and deny patients the best opportunity for successful rehabilitation. A rational approach is outlined in Figure 171–
1.

RAMIFICATIONS OF MAJOR AMPUTATION
As in other areas of vascular surgery, the successful completion of the operation is only the beginning. Even before the operation, all parties to be involved with the patient’s future care should be mobilized. A dedicated team approach clearly improves the

27] [42]

ultimate outcome of the amputee.[

42]

One report documented an increase in successful rehabilitation after major amputation from 69% before institution of a coordinated team approach to 100% after development of such a team.[

Although the surgeon may focus on the surgical wounds, other factors may arise unique to the recovery of the

Figure 171-1 Algorithm for determining major amputation level. AKA, above-knee amputation.
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Chapter 172 - Lower Extremity Amputation:

Technique and Perioperative Care

KENNETH R. WOODBURN MD, FRCSE(Gen.)
C. VAUGHAN RUCKLEY MB, ChM, FRCSE

Although limb amputation is the eventual outcome for a significant percentage of patients with occlusive arterial disease, it is rarely accorded a high enough priority in the work of a vascular service. Amputation surgery is often delegated to the more junior
trainee and is frequently undertaken without the typical planning accorded reconstructive surgery, or as an additional procedure at the end of an operating session. This practice is not to the patient’s advantage. Successful amputation surgery necessitates all the
preparation, experience, and surgical skills required of more elaborate vascular operations. Detailed preoperative planning and assessment, input from the rehabilitation team and prosthetists, and optimization of medical and psychological condition will
enhance the prospects of a good functional outcome. Meticulous surgical technique with attention to asepsis, minimal tissue trauma, thorough hemostasis, and accurate tissue removal are all mandatory. Successful amputation surgery can often restore the
patient with critical limb ischemia (CLI) to a level of function far higher than that experienced before surgery, and every effort should therefore be exerted to secure a positive outcome.

GENERAL PRINCIPLES
Regardless of the preoperative indication and level of amputation there are a number of general principles that need to be observed to maximize the outcome of surgery. The use of a tourniquet is inadvisable in the patient with arterial disease and cannot be
recommended except in the well-vascularized transtibial amputee when significant hemorrhage is anticipated. In these circumstances, limited use of a tourniquet to facilitate control of the major vessels while the limb is removed can reduce blood loss.
Provided that the tourniquet is then removed to enable accurate identification and control of bleeding points before fashioning the stump, tourniquet time can be kept to a minimum on these rare occasions when its use may be beneficial. Tissue handling should
be as atraumatic as possible. This requires the surgeon to handle tissues without resorting to instruments such as forceps, which can irreparably damage marginal tissue and impair wound healing. All necrotic and nonviable tissue requires excision. This will
determine the level of amputation required. If tissue is also infected, as is often the case in the diabetic patient, the infected area needs to be incised and drained at the time of surgical resection but the formation of a definitive amputation should be delayed
until active infection has subsided. Muscles are divided with the minimal number of firm clean cuts to minimize the macerating effect of multiple incisions. With few exceptions, bone should be transected rather than disarticulated and flaps kept thick to avoid

1

unnecessary dissection between soft tissue planes.[ ] Bone edges should be rounded and prominences beveled to optimize subsequent prosthetic fitting. The use of a power saw to divide bone avoids the splintering encountered with bone cutters and reduces
the risk of collateral tissue damage that can result from the use of a hand saw. In major amputations the bone ends are carefully contoured with a power saw and smoothed with a rasp to minimize trauma to overlying soft tissues. This is particularly crucial in
transtibial amputations. When bone is resected the operative field should be irrigated with saline to wash out any dust or bone fragments.
Nerves should be transected under traction to facilitate retraction into the adjacent soft tissue and minimize bleeding from nutrient arteries and symptomatic neuroma formation. Occasionally, ligation of larger nerves (with absorbable suture to reduce the
incidence of neuroma) is required to control bleeding from nutrient vessels. In general it is preferable to control bleeding by careful suture-ligation of bleeding points using fine absorbable sutures. Individual vessel ligation is preferred over a mass ligation
technique; and if adequate hemostasis cannot be achieved, a closed-system suction drain should be employed in the wound depths, placing one vacuum drain over the bone end and one in a more superficial plane, in the case of major limb amputation. To
facilitate subsequent removal, these drains are not sutured in place. The excessive use of diathermy should be discouraged, because thermal damage to adjacent soft tissue can impair wound healing. Myodesis or myoplasty should be employed whenever

1 2 3
possible because this stabilizes distal muscle insertion and corrects some of the deforming forces that result from amputation.[ ] [ ] [ ]

Antibiotic prophylaxis against clostridia is mandatory to avoid gas gangrene. A combination of a penicillin and metronidazole covers most likely pathogens, although where active infection is present, antibiotics appropriate to the most recent bacteriologic
cultures should also be administered alongside clostridial prophylaxis. Skin edges should be apposed without tension using a nonabsorbable monofilament suture or skin staples, unless primary closure is contraindicated by sepsis. Adhesive paper strips are a
satisfactory alternative or adjunctive means of skin closure and help to minimize tension. The patient undergoing
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4

amputation surgery should receive heparin prophylaxis to minimize the risks of deep venous thrombosis (DVT), particularly in those patients in whom surgery is undertaken for CLI, when there is an increased incidence of DVT.[ ] This should be begun on
admission to hospital and continued until the patient is mobilized. The authors’ practice is to use low-molecular-weight heparin (Fragmin, 5000 IU) administered once daily, because mechanical methods aimed at reducing DVT are inappropriate for the arterial
patient.

PRINCIPLES OF POSTOPERATIVE CARE

5

Postoperatively the amputation site must be protected from trauma, and direct weight bearing should be avoided until the site is healed, although the use of appropriate pressure distributing devices may enable early mobilization.[ ] Many different dressings
have been advocated for the postoperative amputee; and in amputees with an open wound, soft dressings that enable regular inspection and prevent desiccation are advisable. For many other amputations distal to the knee joint, a rigid plaster dressing can be

6 7 8
applied at the time of definitive amputation ( Fig. 172–1 ). This offers advantages over soft dressings with elastic bandages in terms of reduced postoperative edema, pain control, prevention of contractures, and protection from injury.[ ] [ ] [ ] The

9
10 11 12
immediate application of a rigid dressing at the time of surgery can result in improvements in wound healing, stump shrinkage,[ ] and a reduced time to prosthesis fitting when compared with soft stump dressings,[ ] [ ] [ ] although the claimed
13]

benefits of the technique have not been unequivocally proved,[

largely because clinical trials recruiting sufficient numbers of patients have yet to be performed. This problem led to the findings being statistically inconclusive, despite a mean reduction in

14]
The rigid dressing technique has also been used to accelerate healing of open below-knee stump

time to limb fitting of 6 days in the rigid dressing group in a Scottish multicenter trial in patients undergoing transtibial amputation for arterial disease.[

15]

wounds with some success.[

16]

However, in one review[

it was confirmed that at the present time there is insufficient evidence to unequivocally recommend any specific dressing regimen after amputation; further clinical trials are needed.

17]

Despite this, in addition to the theoretical benefits outlined, the rigid postoperative dressing can incorporate a temporary prosthesis to enable early mobilization.[

Alternatively, the protection offered by a rigid dressing can be utilized to enable early

18
mobilization with a pneumatic (PPAM) aid without the requirement for additional prosthetics. Other devices to facilitate early mobilization have also been described[ ] ; and it appears that, provided that direct weight bearing is avoided, early mobilization
[7]

although this, too, is an under-researched area. Rigid postoperative dressings are not without their complications, however, and it is imperative that all staff involved in the care
reduces complications and improves rehabilitation after transtibial amputation,
of the amputee have a detailed understanding of the technique, if complications are to be minimized.

AMPUTATIONS IN THE PRESENCE OF INFECTION
Sepsis in an ischemic limb, especially in the diabetic, can spread with remarkable rapidity and may be life threatening. It should be treated aggressively and quickly. Amputation undertaken in the presence of active infection follows the standard surgical
principles with regard to adequate drainage of abscesses, avoidance of complete wound closure, and removal of all nonviable tissue. Antibiotic therapy should be initiated intravenously before surgery and continued until infection has resolved. In the case of
minor amputations such as digital and forefoot amputations, the wound can be left to heal by secondary intention without compromising the eventual functional outcome.
When sepsis and tissue loss extend beyond the forefoot, the surgeon must choose between primary definitive amputation and a guillotine procedure designed to remove all nonviable tissue. A definitive amputation wound can be left partially closed to facilitate

19

drainage,[ ] with delayed closure 5 to 7 days later, but if there is concern about the viability of tissue at the proposed level of amputation, sepsis extending proximal to the ankle joint, or poor diabetic control with ketoacidosis, then supramalleolar guillotine
amputation is the best option and the definitive amputation stump fashioned at a second operation when the wound is healthy and viable and the patient’s hemodynamic and metabolic derangement is corrected. This two-stage amputation for pedal sepsis is

20]

reported to reduce both the incidence of stump infection[

21]
without any adverse effect on overall operative mortality.

and the rate of proximal revision,[

In certain rare circumstances when the patient with a septic, ischemic limb is not even medically stable enough to undergo supramalleolar guillotine amputation, consideration can be given to the use of cryoanesthesia: the distal gangrenous or septic portion of
the limb is cooled either with a cryoamputation boot or by immersion in dry ice with a tourniquet applied to the limb distal to the proposed site of amputation. This effectively isolates the limb from the rest of the body and prevents progressive gangrene/

22]

infection. Cryoamputation persists until the patient’s condition stabilizes enough to enable definitive amputation at a level proximal to the level of cooling. This technique is considered to reduce postoperative morbidity and death,[

but it has not gained

widespread popularity.

SPECIFIC AMPUTATIONS
Digital Amputation
In chronic arterial disease (but not in diabetics) digits affected by dry gangrene may be left to autoamputate over time, provided that facilities exist for close monitoring of progress. The development of “wet gangrene” or surrounding cellulitic change mandates
the early amputation of all nonviable tissue with adjunctive therapeutic antibiotic therapy. Other indications for digital amputation include infection, osteomyelitis, and neuropathic ulceration over the mid or distal phalanx. Isolated digital amputation is unlikely
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Figure 172-1 Stages in applying a rigid dressing to a transtibial amputation stump. A, The distal end of the stump is covered with fluffed-out gauze swabs positioned toward the back of the stump. B, After applying a stockinette of sterile tubular gauze on an
applicator from the upper thigh over the stump, twisting it over the gauze padding at the end of the stump and then taking it back up the thigh, the limb is wrapped in a layer of sterile orthopedic wool (i) and a pad of orthopedic felt is placed over the patellar
prominence. Alternatively, after applying the stockinette of gauze, a sterile preformed polyurethane end cap of appropriate size is placed over the stump (ii) and held in place by the application of a sterile elasticated stump sock. C, Thereafter one or two rolls
of plaster of Paris are applied to the stump, with care being taken to smooth out the plaster and ensure optimum coverage over the stump. A window is then cut over the patella and the orthopedic felt removed, to enable supervision of quadriceps exercises in
the postoperative period. D, A lateral view of the finished stump plaster showing the knee held in 10 to 15 degrees of flexion.

Figure 172-2 Digital amputation. A, While the adjacent toes are retracted medially and laterally, a circular incision proximal to the proximal interphalangeal joint is made. B, Dissection exposes the proximal phalanx, which is divided. C, The circular incision
is then closed in a transverse direction with interrupted, carefully placed, coapting sutures.

Figure 172-3 Single-ray amputation. A, The incision is designed to expose the distal metatarsal phalangeal region. B, The distal metatarsal is divided far enough proximally to permit closure without tension. C, After excision of the specimen, including the
intact metatarsophalangeal joint, the dorsal portion of the incision is closed in its original direction and the circular portion of the plantar incision is closed transversely.

TABLE 172-1 -- Criteria for Healing Transmetatarsal Amputation

27]

Transmetatarsal tcPO2 ≥ 30 mm Hg[

28]

Preoperative toe pressures > 68 mm Hg or ≥ 30 mm Hg after revascularization[

29]

Laser Doppler skin perfusion pressure ≥ 30 mm Hg[

30]

Ankle-brachial index > 0.5[

30]

Serum albumin > 3.0 g/dL[

30]

Serum protein > 6.0 g/dL[

30]

Total lymphocyte count > 1500/μL[

Adapted from Sanders LJ: Transmetatarsal and midfoot amputations. Clin Podiatr Med Surg 14:741–762, 1997.

24]
Predicting successful healing of a transmetatarsal amputation is difficult, and although healing in this type of amputation is associated with better mobility
[25]

adjuvant revascularization surgery or angioplasty is often required to facilitate long-term healing.[

than that in transtibial amputation, around 50% of transmetatarsal amputations undertaken for forefoot ischemia may eventually require conversion to transtibial amputation.

Criteria for healing transmetatarsal amputations have been reviewed by Sanders

[26] ( Table 172–1 ); and when these are met, up to 80% of transmetatarsal amputations are said to heal.
Transmetatarsal amputation is carried out at the level of the mid shaft. The skin incision is marked preoperatively on the dorsum of the foot by a line running from the mid shaft of the fifth metatarsal to the midshaft of the first metatarsal. The line should then
be extended distally along the first and fifth metatarsal shafts to the bases of the hallux and fifth toe, before joining up as a curved line just behind the sulcus of the toes ( Fig. 172–4 ). Ideally, if a transmetatarsal amputation is to succeed, the entire plantar
surface of the foot should be preserved and well perfused. When necrosis extends onto the plantar surface, it may still be possible to undertake this amputation, although complete primary closure of the wound is unlikely to be achieved. However, provided
that the deep tissues can be apposed without tension, using absorbable sutures, the skin defect will often heal by secondary intention. This can be facilitated by transecting the metatarsals slightly more proximally than usual, provided that the bases with their

26] [27] [28] [29] [30] [31]
Alternatively, a longer dorsal flap can be employed and, in some

muscle attachments are preserved. Skin markings are modified accordingly and can even incorporate wedge excision of isolated plantar ulcers if required.[

1
circumstances, equal dorsal and plantar flaps may be required to provide adequate tissue for tension-free closure.[ ]
The skin is incised just distal to the line marked on the dorsum of the foot and carried down to the metatarsal shafts, which are then transected with a power oscillating saw 5 to 10 mm proximal to the skin incision. The lateral skin incisions are extended deeper
to free the metatarsal shafts from their attachments to the plantar tissue, developing the plane deep to the metatarsals in a distal direction. The curved incision on the plantar surface is then extended deeper until it meets with this dissection plane, and the
desired tissue is excised en bloc. Bone ends are smoothed with a rasp if required, and the plantar tissues are then excised by sharp dissection: tendons are transected under

Figure 172-4 Transmetatarsal amputation. A, The skin incision is placed to provide a total posterior flap while allowing excision of the forefoot with division through all five metatarsals in the mid-metatarsal region. B, After excision of the forefoot, the
plantar flap is thinned to remove capsule and tendinous material and a meticulous closure of the plantar and anterior skin is performed.

Figure 172-5 Transtibial amputations: skin flaps. A, Long posterior flap. B, Skew flap incisions. C, Sagittal flaps. D, Equal anterior and posterior flaps. E, Medially based flap. (B redrawn from Ruckley CV, Stonebridge PA, Prescott RJ: Skewflap versus long
posterior flap in below-knee amputations: Multicenter trial. J Vasc Surg 13:423–427, 1991; C redrawn from Termansen NB: Below-knee amputation for ischaemic gangrene: Prospective, randomized comparison of a transverse and a sagittal operative
technique. Acta Orthop Scand 48:311–316, 1977; E redrawn from Jain AS, Stewart CPU, Turner MS: Transtibial amputation using a medially-based flap. J R Coll Surg Edinb 40:263–265, 1995.)

Figure 172-6 Fashioning the transected tibial bone. A, The bone end can be shaped with two oblique cuts and one vertical cut using a hand saw. Alternatively the end can be shaped using a power saw to divide the tibia. B, The anterior border of the tibia is
then smoothed with a rasp to remove sharp bone edges. (Redrawn from Ruckley CV: Lower limb amputation—time for critical appraisal. In Barros D, et al [eds]: Vascular Surgery: Current Questions. Oxford, Butterworth Heinemann, 1991, pp 190–206).

Figure 172-7 A, Skew flap technique. Note the oblique skin flaps and the underlying myofascial flap based on gastrocnemius. This flap is placed obliquely over the bone ends, trimmed, and sutured to the anterior periosteum and deep fascia (see Figure 172–
8 ). B, Long posterior flap. Although the myofascial flap is almost identical to the skew flap, it remains attached to the overlying skin of the posterior flap and is then placed anteriorly and sutured to the anterior fascia and periosteum parallel with the skin
incision. (Modified from Robinson KP: Amputations in vascular patients. In Bell PRF, et al [eds]: Surgical Management of Vascular Disease. London, WB Saunders, 1992, pp 609–635.)

Figure 172-8 Completing the skew flap stump. A, The posterior myofascial flap of gastrocnemius and deep fascia. B, The flap is rotated obliquely forward over the tibia and sutured to deep fascia. C, The skin flaps are then opposed, and the suture line does
not overlie the bone end or the myofascial suture line. (Redrawn from Ruckley CV: Lower limb amputation—time for critical appraisal. In Barros D, et al [eds]: Vascular Surgery: Current Questions. Oxford, Butterworth Heinemann, 1991, pp 190–206.)

Figure 172-9 Through-knee amputation. A, Equal sagittal skin flaps for a through-knee amputation. B, The limb prior to disarticulation of the knee joint by division of the cruciate ligaments. C, The completed stump with the patellar tendon sutured to the
cruciate ligament and hamstring tendons. (Redrawn from Robinson KP: Amputations in vascular patients. In Bell PRF, et al [eds]: Surgical Management of Vascular Disease. London, WB Saunders, 1992, pp 609–635.)

Figure 172-10 Transfemoral amputation. A, Anterior and posterior skin flaps. B, Beveling the subcutaneous fat. C, Extra convexity is cut on the posterior flap to minimize puckering of tissues when the wound edges are opposed. D, The femur is drilled before
its division. E, Sites of drill holes in femur just proximal to the level of amputation. F, Lateral and medial muscle bundles sutured to the bone with nonabsorbable sutures. G, Anterior and posterior muscles and deep fascia sutured across the bone end.
(Redrawn from Ruckley CV: Lower limb amputation—time for critical appraisal. In Barros D’ Sa, et al [eds]: Vascular Surgery: Current Questions. Oxford, Butterworth Heinemann, 1991, pp 190–206.)
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Chapter 173 - Lower Extremity Amputation:

Perioperative Complications

RICHARD A. YEAGER MD

Lower extremity amputation is frequently required in elderly patients with cardiac and peripheral vascular disease and/or diabetes. A compilation of demographic data from several large series reported the mean age of amputation patients to be 65 years, with

27]
In a large amputation series in 2003 from a single institution, 63% of patients had diabetes, 34% had end-stage renal disease, 40% had

54% having diabetes, 65% smokers, 33% with a prior myocardial infarction, and 39% with prior vascular surgery.[

1
cerebral vascular disease, 89% had hypertension, and 82% had coronary artery disease.[ ]
Not surprisingly, major amputation of the lower extremity can be complicated by a variety of fatal and early nonfatal perioperative complications. Early complications are either systemic relating to a specific organ system (e.g., myocardial infarction, stroke,
pneumonia) or local involving the amputation stump (e.g., infection, nonhealing, hematoma, contracture, and phantom pain). These systemic and stump-related early complications of lower extremity amputation are detailed later in this chapter.

PERIOPERATIVE MORTALITY

73]

Historically, lower extremity amputation was associated with high perioperative mortality. In 1965, Otteman and coworkers reported a 42% mortality with above-knee amputation and a 30% mortality with below-knee amputation.[

Consistently,

33 82
perioperative mortality is reported to be higher for above-knee amputation (AKA) compared with below-knee amputation (BKA).[ ] [ ] There is nothing obviously inherently more dangerous about the AKA procedure. However, AKA is more frequently
[1] [13] [26] [39] [83] [88]
One review article

performed in higher risk patients who are elderly, debilitated, bed-ridden, and nearing the end of life. During the later part of the 20th century, there was a consistent trend of improved perioperative survival.

26
published in 1991 analyzed data from numerous published series and reported mortality for BKA and AKA at less than 2% and 10%, respectively.[ ] However, in Veterans Affairs (VA) hospitals during the early 1990s, the 30-day postoperative mortality
[40] [60]

ranged from 6% to 9% for BKAs and 13% to 16% for AKAs.

In one published series of 154 patients undergoing 172 amputations (78 AKA, 94 BKA) on a combined university/VA vascular service a 30-day operative mortality of 10% was reported.

[71] In another report the 30-day mortality was 12% for BKA and 17% for AKA.[21]
Amputation is consistently reported to have a higher perioperative mortality than lower extremity arterial bypass, even though amputation takes less time, is usually associated with less blood loss, and is technically less demanding than arterial bypass. In

1 51 74 88

several large series, amputation patients were found to be older, to be more debilitated, and to have more diffuse vascular disease and renal disease than patients undergoing lower extremity bypass.[ ] [ ] [ ] [ ] Additionally, amputation patients may
receive less intense preoperative and postoperative care compared with patients undergoing lower extremity arterial bypass. Several large series have specified cause of death after major amputation, identifying cardiac complications and sepsis, including

1 13 21 61 65 71 86 88
pneumonia, as the leading causes for early mortality.[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ]

Amputation Patients at Higher Risk for Perioperative Mortality
Emergent/Urgent Amputations

Patients requiring amputation for severe, acute leg ischemia are at extremely high risk for perioperative mortality. Many such patients will have a history of recent myocardial infarction and/or cardiogenic shock. Death is often attributable to cardiac

106]

complications. In one small series of patients presenting with irreversibly ischemic legs as manifested by profound sensory loss, muscle paralysis and rigor, as well as skin marbling, the 1-month mortality after amputation was 46%.[

Campbell and

17
coworkers found patients undergoing amputation for acute ischemia had significantly more comorbidities and were twice as likely to require AKA than patients with chronic ischemia.[ ] If possible, delaying amputation in high-risk patients with recent

8 34
cardiac events is prudent and allows time for treatment of underlying cardiac complications. Intravenous heparin appears to be of benefit in lowering mortality in this setting.[ ] [ ] Heparin protects against extension of coronary thrombosis and prevents
8
additional arterial and venous thromboembolic complications, specifically pulmonary embolism, another well-recognized cause for death in patients after amputation.[ ]
35]
Several authors have recommended delaying operation in particularly high-risk patients by employing
[12]

Perioperative mortality is also consistently reported to be higher in patients undergoing urgent amputation for wet gangrene or extensive pedal sepsis.[

10] [12] [47] [53] [103]
One of the largest experiences with physiologic amputation was reported by Bunt.

physiologic amputation using tourniquet isolation and freezing the leg in dry ice.[

Of a total of 456 lower extremity

2475

amputations, Bunt performed 116 (25%) physiologic amputations in patients with underlying medical disability and acute pedal sepsis. Physiologic amputation was maintained for a mean period of 72 hours ranging from 24 hours to 1 month. Patients routinely
received intravenous broad-spectrum antibiotics and were managed in an intensive care unit with invasive monitoring, including pulmonary artery catheters and arterial lines. Once stabilized, patients underwent elective one-stage amputation. The perioperative

69]

mortality in this series of 116 patients was 5%. A very similar operative mortality has been reported when treating severe lower extremity infection with prompt guillotine or conventional amputation.[
of time, physiologic amputation may be considered an alternative to immediate guillotine amputation.

When surgical amputation is not possible for a period

End-Stage Renal Disease (ESRD) Patients Undergoing Amputation

32]

Patients with ESRD may have impaired wound healing and reduced limb-salvage rates after lower extremity arterial bypass compared with patients without ESRD. For this reason, many of these patients are better served by primary amputation.[

The

1 71 94
prevalence of ESRD among patients undergoing amputation currently ranges from 18% to 34%.[ ] [ ] [ ]
31

ESRD patients also have a relatively high perioperative mortality after amputation. In one series, patients with ESRD undergoing amputation had a hospital mortality of 18% for BKA and 38% for AKA, with cardiac arrhythmias a frequent cause of death.[ ]
The high mortality rate associated with amputation in patients with ESRD is underemphasized. Renewed efforts focusing on lowering operative mortality in this cohort seem indicated, but, to date, no prospective study has focused specifically on outcomes in
ESRD patients undergoing amputation.
Hip Disarticulation for Ischemia

Proximal amputations clearly are associated with higher mortality. The extreme case supporting this finding is the high perioperative mortality associated with hip disarticulation. Endean and associates reported a perioperative mortality of 50% when hip

36] [96]

disarticulation was performed for ischemia, and Unruh and colleagues reported a 60% mortality when hip disarticulation was performed for ischemia combined with preoperative infection.[

Patients requiring this procedure have advanced vascular

11]

disease and many comorbid medical problems, often including a nonhealing, infected AKA. When possible, inflow revascularization before lower extremity amputation in selected patients at risk for healing will obviate the need for hip disarticulation.[

[100]
SYSTEMIC COMPLICATIONS
Cardiac Complications

61] [71] [79]
Keagy and colleagues reported cardiac complications as the leading cause of death (43%) in their
[71]

Cardiac complications, frequently related to myocardial infarction, are the most common cause for perioperative mortality after amputation.[

61]

series of 1028 amputations.[

In another series of 172 major amputations, the authors reported over 60% of the deaths were due to cardiac complications.

13]

A focus on perioperative cardiac management of amputation patients can be successful in lowering mortality. Bunt and associates reported a perioperative mortality of 2.8% in 140 patients undergoing AKA and 0.9% in 113 patients undergoing BKA.[
authors attribute their notable results to liberal preoperative use of intensive care units including use of pulmonary artery catheters and pharmacologic agents directed at improving cardiac function.

The

My colleagues and I also have noted improvement in results of amputation surgery, including a reduction in cardiac complications. We prospectively screened all operative cases for perioperative myocardial infarction on our combined VA/university vascular

92]
Major lower extremity amputation (n = 44) comprised 8% of the series, with no perioperative myocardial infarction identified among the amputation patients. In addition,
[104]

service during a 1-year period using serial electrocardiograms and cardiac enzymes.[

The reduction in cardiac

as part of a prospective study screening for deep venous thrombosis (DVT) around the time of amputation surgery in 72 patients, we found an overall perioperative mortality of 4% with only one fatal myocardial infarction.

[50] [76]

mortality after amputation surgery may be attributable to multiple factors, including improvements in anesthetic techniques and the perioperative use of cardioprotective drugs, including antiplatelet therapy and beta blockers.

68] [81] [97] [101]
As a result, vascular surgeons frequently employ perioperative beta-blocker therapy around the time of
[2]

There is level I evidence that the perioperative use of beta blockers reduces the incidence of cardiac events after noncardiac surgery.[

76] [105]

aortic and lower extremity revascularization procedures.[

It may, however, be underappreciated that patients undergoing amputation may also benefit from perioperative beta-blocker therapy.

Pulmonary Complications

54]

Pulmonary complications are another frequently reported cause of early death and morbidity after amputation. Huston and associates reported pulmonary sepsis as the leading cause for early death in their patients undergoing AKA.[

Many amputation

13] [54]

patients present debilitated, nutritionally depleted, and relatively immobile and may have problems with clearing of pulmonary secretions, atelectasis, and development of what has been termed inanition pneumonitis, which may prove fatal.[

Early

67 83
mobility, nutritional support, and aggressive physical therapy may help prevent fatal pulmonary complications in this frail patient population.[ ] [ ]
Sepsis

54 86

Sepsis has emerged as a leading cause for morbidity and death in patients undergoing amputation.[ ] [ ] Typical septic sources after amputation include pneumonia, urinary tract infection, intravenous line infection, decubitus ulcers, infection of prosthetic
arterial bypasses or dialysis access grafts, as well as infections involving the amputation site. When the origin for infection is not clinically obvious,
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28] [49]

intra-abdominal sources for sepsis should be routinely considered and evaluated. Specifically, the elderly amputation patient with diffuse vascular disease is at risk for acute mesenteric ischemia.[
Venous Thromboembolism

48]
6 15 43
Several studies have screened for perioperative DVT after amputation with conflicting results.[ ] [ ] [ ]

Due to immobility and surgically induced venous endothelial trauma, amputation patients are perceived to be at high risk for perioperative DVT.[

[104] A recent, small study found DVT proximal to the popliteal vein in 50% of amputation patients studied.[15] Conversely, Barnes and coworkers screened 35 amputation patients with venous Doppler examinations and failed to identify a single case of
[6]
[104]
DVT.

My colleagues and I prospectively screened amputation patients for perioperative DVT using duplex scanning and identified an incidence of 12.5%.

[43]

by Fletcher and coworkers.

Our results are similar to the 14% incidence of perioperative DVT after amputation identified

43] [75]

Although the exact prevalence of DVT after amputation is unclear, it does appear that DVT after amputation is higher than that after lower extremity arterial bypass surgery.[

19]
The main impetus for identifying perioperative DVT, however, is to allow for prompt treatment and prevention of fatal pulmonary embolism. In 1970,
[13] [61] [84] [86]

Postoperative DVT may cause severe stump swelling and impaired primary healing of the amputation.[

84]

Rosenberg and colleagues[

reported a 6.8% incidence of pulmonary embolism after amputation with fatal pulmonary embolism in multiple series of major amputation ranging from 1% to 3% of cases.

Routine DVT prophylaxis and/or

56 104]
careful perioperative screening for DVT with duplex scanning in amputation patients appears prudent.[ ] [
Postoperative Renal Failure

26]

Many amputation patients have underlying chronic renal insufficiency with renal failure reported as the cause for 4.5% of all deaths within 30 days of amputation.[

The prevalence of patients with renal functional impairment not requiring dialysis among

amputation patients has not been well documented but is probably significant. Additional renal damage can be incurred around the time of amputation from a host of potential complications, including contrast-dye nephropathy, episodes of sepsis or
cardiogenic shock, or antibiotic-related nephrotoxicity. These patients are at high risk for postoperative worsening of renal failure requiring initiation of dialysis. Nonetheless, acute renal failure necessitating the initiation of dialysis does not appear to be a
frequent occurrence after amputation.
Postoperative Stroke

26]
These data are not surprising considering that amputations are frequently performed in patients with diffuse vascular disease. Almost 20% of patients
[26] [27]

One review identified stroke as the cause for 7.3% of all mortality within 30 days of amputation.[
undergoing amputation for ischemia have a history of symptomatic cerebrovascular disease.

Also the prevalence of asymptomatic, hemodynamically significant

TABLE 173-1 -- Baseline Body Habitus, Albumin, and Hematocrit in Patients Undergoing Major Lower Extremity Amputation
SD

25TH PERCENTILE

75TH PERCENTILE

2.4 mg/dL

0.7

1.9 mg/dL

2.9 mg/dL

33.2%

5.7

29.1%

37.4%

25

5.7

20.9

28.1

VALUE
Albumin

MEAN

*

Hematocrit

†

BMI
BMI, body mass index before amputation (available on 118 patients).

From Nehler MR, Coll JR, Hiatt WR, et al: Functional outcome in a contemporary series of major lower extremity amputations. J Vasc Surg 38:7, 2003.

* Albumin is defined as the value closest to the date of amputation or initial vascular evaluation ± 30 days (available on 101 patients).
† Hematocrit is defined as the preoperative value closest to the amputation date within 30 days (available on 97 patients).

44]
There is no reason to believe that this prevalence rate would be any less among patients undergoing amputation for ischemia. Abou-Zamzam and coworkers noted

carotid stenosis among patients undergoing infrainguinal bypass surgery approaches 30%.[

1
cerebrovascular disease in over 40% of their amputation patients.[ ] The preoperative assessment of amputation patients should include questioning for symptoms consistent with transient ischemic attacks or stroke. In addition, amputation patients should
50]

receive aspirin or other antiplatelet therapy to help lower the risk of perioperative stroke.[
Depression as a Postoperative Complication After Amputation

Most experienced surgeons have encountered the occasional amputation patient who, early in the postoperative period, loses interest in his or her surroundings and stops eating. Clinical depression after amputation is a well-recognized condition, and in one

58]
Patients appearing depressed after amputation should undergo psychiatric evaluation and therapy, including antidepressant medication. Depressed patients not eating or
[78] [80]

prospective study 35% of amputees were found to have a major depressive disorder.[

participating in postoperative rehabilitation programs are at risk for a host of complications, including nutritional depletion, nonhealing, decubitus ulcers, contractures, and DVT.
and hypoalbuminemia were widely prevalent ( Table 173–1 ).

[71]

Indeed, in one series of major lower extremity amputations, anemia

71
Finally, postoperative suicide attempts have been reported after amputation.[ ]

LOCAL COMPLICATIONS OF THE AMPUTATION STUMP OR CONTRALATERAL EXTREMITY
Amputation Stump Infection
Infection of the amputation stump approaches 30% in some series and is more prevalent when there is preexisting foot or lower leg infection ( Fig. 173–1 ). Fisher and coworkers cultured deep calf muscle and peri–saphenous vein
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Figure 173-1 Patient with BKA stump infection and cellulitis.

Figure 173-2 Patient with purulent infection of necrotic heel ulcer before guillotine amputation.

Figure 173-3 Patient with failed arterial bypass and primary healing of BKA.
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Figure 173-4 Patient managed with rigid dressing with primary healing of BKA at 1 month.
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Chapter 174 - Functional Outcome and Natural History of Major Lower Extremity Amputation

PETER R. TAYLOR MA, MChir, FRCS

Amputation of the lower limb is arguably the operation vascular surgeons perform with the greatest emotional and functional impact. Subgroups of patients undergoing aortic and carotid surgery suffer major morbidity, but all lower extremity amputees face a
life-changing event. Many vascular surgeons consider this operation to be a failure of their reconstructive skills. However, the operation may be the only option in some patients with critical limb ischemia (CLI). These include patients without
revascularization options due to lack of conduit, lack of outflow targets, or extensive pedal necrosis. Patients with fixed flexion deformities of the hip or knee may not be suitable for vascular reconstruction even though the distal vessels are patent. Such
patients will not be able to ambulate postoperatively or use their limb in any useful way. Other patients may have such serious comorbidity that reconstructive surgery would not be in the their best interests. These include patients with terminal cancer and
those who have end-stage cardiorespiratory failure. This subgroup would benefit from immediate amputation and limited rehabilitation without prolonged hospitalization, because much of their care is palliative and early return to their home environment is the
priority.
The focus in this chapter is the rehabilitation potential in amputees and their natural history, including the incidence of contralateral amputation, their mortality, and ongoing medical events.

REHABILITATION POTENTIAL IN AMPUTEES
Integrated Care Pathways
The assessment of the rehabilitation potential in vascular amputees is complex and involves many disciplines. These include the medical and surgical teams, the nursing team, physiotherapy, occupational therapy, the pain team, the prosthetic team, social
workers, and the general practitioners and district nursing team. The coordination of such a large group is essential if early discharge from hospital is to be achieved. Two important factors for many amputees are pain relief and mobility. However, returning

25]

home to family and friends is also important.[
patients and staff.

The rehabilitation and discharge of amputees is often given a low priority in the clinical service of many hospitals. This has resulted in a fragmented, poorly organized service, which further demoralizes both

47

The establishment of integrated care pathways to coordinate the many groups involved in the care of amputees can improve matters considerably.[ ] In a small group of amputees, the length of stay was reduced from a median of 25 days to 13 by the
introduction of several changes. These included a preoperative outpatient visit to a vascular clinical nurse to provide support, answer questions, and start care planning. Referrals to both the occupational therapist and social worker were initiated as soon as the
decision to amputate was made. The occupational therapist made a home visit as soon as possible, preferably before the patient was admitted to the hospital, and also ordered a wheelchair before the operation. Early referral for rehabilitation was made and
better use was made of community hospitals for this purpose. Multidisciplinary team meetings were held at weekly intervals, and targets were set for rehabilitation and discharge. The meetings could also be used as case conferences with patients, relatives, and
social workers in attendance. A full physiotherapy assessment was carried out before surgery to establish the functional status of the patient and to determine realistic rehabilitation goals. The physiotherapist was also responsible for planning a series of goals
for each patient and for documenting progress. The nurses were responsible for pain relief, nutrition, hygiene, and pressure area care. Referral for limb fitting and outpatient physiotherapy was the responsibility of the physiotherapist. Arrangements for
discharge were reviewed daily, so that all necessary referrals were in place for the discharge date.

The evidence for the use of integrated care pathways in the care of amputees is sparse. The ideal subject should include small teams, have defined predictable groups in a containable setting, and have a high volume of cases with established guidelines for best

26]

practice.[

Unfortunately, very few of these apply to amputation. One study has shown, however, that integrated care pathways can reduce the length of stay in hospital of amputees and can also reduce readmission rates and increase the proportion

52]

discharged to their own home.[

The Choice of Amputation Level

The level of amputation is determined by a number of considerations, including the patency of blood vessels to achieve healing, the rehabilitation potential of the patient, and prosthetic requirements. A full assessment of the patient is required so that realistic
goals can be achieved. Important
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components of this include an assessment of any serious comorbidity, the patient’s cognitive status and motivation, the discharge destination, and the lifestyle the patient wishes to achieve. The balance in lower limb amputation is between mobility and the
ability to heal. In general, the more proximal the amputation, the more likely the stump is to heal but the less likely the chances of independent mobility. The knee joint is especially important, because 80% of below-knee amputees achieve unlimited, albeit

20]

housebound, mobility compared with 40% of above-knee amputees.[

One of the most important initial assessments of a vascular amputee is the likelihood of the patient being able to walk. Patients who are not going to walk may be best served by a Gritti-

[19]

The length of the stump is important in achieving balance when sitting and to aid transfer because it allows more leverage to be obtained than an above-knee stump. The problem of amputating below the knee in a
Stokes or through-knee amputation.
patient who is unlikely to walk is the development of a fixed flexion deformity of the knee joint. This can lead to pressure sores overlying the end of the transected tibia, which often result in secondary amputation at a higher level.

50

In one of the few randomized trials in amputation surgery, the long posterior flap was compared with the skew flap in below-knee amputations (BKAs).[ ] Although there was no difference in healing, the time to limb fitting and mobility was less in the
skew flap, owing to the less bulbous stump. Some surgeons would argue that a well-performed long posterior flap should not produce a bulbous stump and that if such stumps can be fashioned then the advantage attributable to the skew flap is lost. Another

8
prospective randomized trial comparing Gritti-Stokes procedures with through-knee amputations showed better healing with the former.[ ] The Gritti-Stokes procedure is also associated with good ambulation, but both these amputations cause problems with
19]

prosthetic fitting.[

Various techniques have been used to try and predict healing of an amputation stump. These include transcutaneous oximetry, thermography, laser Doppler velocity, and isotope clearance rates. Although they are useful adjuncts they have not found their way

51]

into routine clinical practice.[

The factors involved as to whether an amputation needs to be performed above or below the knee have been studied in a prospective series of patients presenting with CLI requiring femorocrural/femoropedal grafts or primary

41
amputation.[ ] Two important factors in retaining the knee were the state of the arterial inflow to the limb and the state of the profunda femoral artery. Knee salvage at 3 years was 82% if the inflow was good compared with 43% if it was impaired. If the
profunda femoris was patent, 93% of patients kept their knee at 3 years compared with only 37% if it was occluded.
Is There a Role for Primary Amputation?
There is little doubt that revascularization is attempted in some patients with CLI when the chances of success are low. Studies have shown that successful revascularization is more cost effective than amputation and is associated with a better quality of life.

[9] [42] However, amputation after a failed bypass was the worst outcome, being more expensive than primary amputation. The identification of patients who would not benefit from revascularization has been attempted on the basis of angiography.[1] [44]
[56]

Scoring systems have been devised, but these do not correlate well with clinical outcome.

More refined systems using both angiographic and clinical factors have been developed and may allow the identification of a subgroup of patients with CLI where

40
reconstruction is almost certain to fail.[ ] These patients would benefit from primary amputation, with subsequent improvement in cost-effectiveness. However, further prospective studies are required to prove their clinical effectiveness.
NATURAL HISTORY OF LOWER LIMB AMPUTEES
Short-Term Outcome by Indications

43] [45] [49]

The majority of amputations are performed for CLI,[

demonstrating the important role of the vascular surgeon in amputation care. Conversely, patients presenting with intermittent claudication comprise the smallest group of ultimate amputees.

33]
However, amputation can occur after intervention for claudication. In a series of 4,662 angioplasty procedures performed for claudication, the
[30]

Only 2% to 4% of patients with claudication ever require a major amputation over a 10- to 15-year period.[

3
incidence of amputation was 0.2% and the mortality was another 0.2%. [ ] In a more recent study, the 30-day mortality rate for angioplasty for claudication was 0.5% and there were no near-term amputations.
[24] [36]

Similar results for infrainguinal and

35]

However, it is well recognized that eventual failure of surgical revascularization in a subgroup of patients with claudication does convert them to limb threat.[
aortofemoral bypass for claudication have been reported.
would indicate near-term risk of limb loss in patients undergoing interventions for claudication is relatively small.

On balance, current data

2 38 39
Patients presenting with acute limb ischemia were studied in two prospective trials comparing catheter-directed thrombolysis with surgical revascularization: the STILE and TOPAS trials.[ ] [ ] [ ] At 1 year, these trials demonstrated amputation rates

5 6 10 60
between 11% and 19% and mortality rates between 6.5% and 16%. The majority of published series of acute limb ischemia demonstrate a 30-day mortality rate of 15% and major amputation ranging from 10% to 30%.[ ] [ ] [ ] [ ]
21] [58]
The majority of deaths are related to cardiovascular causes. In a group of patients with unreconstructable disease or failed
4
29
37
[ ][ ][ ]

Patients presenting with chronic CLI also have a poor prognosis. The 1-year mortality is about 20%, rising to 32% at 2 years.[
reconstruction who were entered into pharmacotherapy trials, 40% lost their limb and 20% were dead at 6 months.

The overall 30-day mortality for below-knee amputees is about 10%. Sixty percent will achieve healing by primary intention (however, there is significant variability reported in the literature), 15% will heal by secondary intention, and 15% will require

11]

revision to above-knee amputation (AKA) ( Fig. 174–1 ). [

The 30-day mortality for above-knee amputees is 15% to 20%, frequently owing to the significant comorbidities in this population. The primary healing rate
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Figure 174-1 Early fate of the below-knee amputee. (From Dormandy J, Heeck L, Vig S: Major amputations: Clinical patterns and predictors. Semin Vasc Surg 12:154–161, 1999.)
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Chapter 175 - Upper Extremity Amputation

JOYESH K. RAJ MD
MICHAEL J. V. GORDON MD

Upper extremity amputation is a potentially devastating event in a person’s life, often resulting in profound physical, psychological, and vocational consequences. There are approximately 400,000 amputees living in the United States, with about 135,000 new

1

amputations performed each year.[ ] Upper extremity amputations comprise approximately 15% of all amputations; and in contrast to lower extremity amputees, upper extremity amputees are younger, with a mean age ranging from 20 to 40 years. Men are at
higher risk than women for arm limb loss, especially with regard to trauma-related amputations. Psychological, emotional, and financial considerations play an even greater role in upper than in lower extremity amputations. The majority of upper extremities
are lost to trauma (roughly 80%), with tumors, congenital anomalies, vascular insufficiency, infections, and iatrogenic causes (e.g., cardiac catheterization mishaps, extravasation of vasopressors) accounting for the remainder. It has been estimated that there
are currently 75,000 upper extremity amputees in the United States, with approximately 6,000 to 10,000 new upper extremity amputations each year. Ninety-five percent of all upper extremity amputations occur below the elbow, with the vast majority (90%)

2
occurring within the digits.[ ]
Compared with the lower extremity arterial circulation, atherosclerosis of the upper extremity is distinctly uncommon. In a study comparing diabetic and nondiabetic patients using duplex examination, arterial disease in the upper extremity occurred in 2.3% of

3

diabetic patients versus 0% in nondiabetic patients and arterial disease in the lower extremity occurred in 31.8% of diabetic patients versus 18.4% in nondiabetic patients.[ ] Rather than atherosclerosis, a wide variety of uncommon disorders cause vascular
compromise in the upper extremity. Vasospastic disorders (including vibration syndromes), Buerger’s disease (thromboangiitis obliterans), arterial embolization from proximal aneurysm (thoracic outlet syndrome), arterial steal in patients on hemodialysis with
arteriovenous fistulae, and arterial malformations are well-recognized entities leading to upper extremity symptoms. Trauma, however, is the most common etiology for upper extremity vascular compromise. Of traumatic injuries, most are associated with

4
direct mechanical trauma but some are related to secondary factors such as embolization from misplaced drug injection, blunt trauma leading to occlusive disease, and surgical and radiation damage after treatment of breast cancer.[ ] When possible, treatment

is directed at correction of the underlying pathologic process (e.g., cessation of smoking in Buerger’s disease). Occasionally, upper extremity ischemia responds to sympathectomy for vasospastic diseases and bypasses and/or thrombolytic therapy for
occlusive disease.
Unfortunately, many of the diseases affecting the upper extremity share a common final pathway leading to some form of amputation. If the process is diffuse, without clear anatomic definition to the location of the vascular obstruction (e.g., in the vasospastic
diseases or in severe diabetes mellitus), the principle of conservatism and conservation of parts is vital, because aggressive surgical procedures may aggravate the ischemic process. In the cases in which the vascular obstruction is more clearly defined, the
same principles as used in traumatic amputations are invoked to provide the best functional result for the patient.

GENERAL CONSIDERATIONS
Three primary issues are considered in the assessment of patients requiring an upper extremity amputation:
1. A thorough evaluation of the injury, tumor, or ischemia is required to determine the best surgical procedure. Extensive experience is required to estimate the degree of functional recovery possible at the time of an injury. Such information is
important in determining optimal surgical strategy for the individual patient.
2. Evaluation of “extrinsic” factors, including the patient’s age, gender, handedness, general medical condition, other associated injuries, occupation, and hobbies. These features determine the suitability of the patient for initial repair, secondary
operations, and extended rehabilitation; thus, they guide the surgeon in recommending replantation, definitive amputation, or alternative complex reconstructive options.
3. The most difficult assessment involves evaluation of the patient’s “intrinsic” factors. These include the patient’s own self-image and desires for the final functional and cosmetic result. Consideration must be given to the patient’s social and cultural
background. In some cultural settings, even a minor cosmetic deformity is more debilitating than any functional impairment.
After the overall patient evaluation, a decision must be made about immediate care. Often this involves a determination about whether replantation is either surgically possible or functionally desirable. If replantation has been

2488

eliminated as a possibility, closure of the wound must be considered. The timing of wound closure is critical and depends on several factors. In cases of traumatic injury, the nature of the wound (the contamination of the offending agent) and the amount of
time elapsed since the injury dictate whether immediate closure is possible. It is best to adhere to general surgical principles of wound management. Although it is technically possible to close upper extremity traumatic amputation sites immediately most of the
time, delayed closure is reasonable if conditions warrant.
A much more difficult problem is the selection of the type of closure to perform. This decision depends on the level of amputation and is discussed in detail in subsequent sections. General considerations in this regard are determined by the principles of the
reconstructive ladder. This approach dictates that one begin with the simplest closure and progress to more complex closure patterns as required by lack of simpler methods or by functional (or aesthetic) considerations. In practical terms, direct closure is the
first choice, followed by skin grafting, local flaps, distant flaps, and finally free flap coverage. Before dealing with individual anatomic issues in detail, a brief discussion of proper management of different anatomic structures is needed. This would include
length, bone and cartilage, tendons, nerves, vasculature, and soft tissue coverage.
Length
Although preservation of length is a fundamental principle of amputation surgery, length does not always correlate directly with function, depending on the type of prosthetic application contemplated. In certain cases, it may be wise to sacrifice length in favor
of better prosthetic fit. Such decisions are almost never possible in emergency situations, because ideally it is desirable to consult with an experienced prosthetist or rehabilitation specialist.
Bone and Cartilage
Whatever length is ultimately chosen for the amputation, the bony prominences must be optimally contoured. A lack of attention to the bony prominences or irregularities in bony contour leads to aesthetic abnormalities and difficult prosthetic fitting. This
results from inadequate débridement of traumatized and displaced bony fragments, improper initial contouring of the bone, or failure to identify bone-producing periosteum, which must also be contoured. Visual identification of the periosteum is easiest at the
time of the initial injury, and achievement of a natural contour of the bone is greatly assisted by palpating the end of the bone through the skin before closure. This is even more important in amputations through joints, where natural anatomic flares of the bone
produce aesthetically unnatural contours and interfere with prosthetic fitting.
Vasculature
After proper débridement of the bony structures, the vessels are identified and ligated or coagulated, depending on their size and location. Obviously, adequate coverage of all vasculature is of paramount importance.
Tendons

The hand represents a very delicate balance between extensor and flexor forces. It is extremely difficult to duplicate the balance of these forces through myodesic methods (i.e., suturing of tendons or muscles to bones) or myoplastic techniques (i.e., suturing of
tendons or muscles to tendons or muscles of the opposite functional group, for example, suturing an extensor tendon directly to a flexor tendon over a bony amputation site). In general, then, such techniques are not used distally in the fingers and hand because
they often add to the functional deficit. However, they do have value proximally, where the balance is not as critical and re-education and adaptation are easier.
Nerves
Prevention of neuroma is the most difficult problem in upper extremity amputation. As in all of medicine, the existence of many methods of treatment usually indicates that none of them is exceptionally good. Such is the case with neuromas. Distal ligation,
proximal ligation, coagulation, chemical ablation of the end, simple division, traction and division, nerve repair to other divided nerves, and immediate burial of the transected nerve end have all been attempted with varying degrees of success. The desire to
eliminate painful focal sensation must be balanced against the secondary loss of sensibility induced by many of these techniques. A divided nerve always attempts to regenerate and, in so doing, produces a neuroma of variable clinical significance. Thus, in
reality the goal is not to prevent the formation of a neuroma altogether but to prevent the patient from experiencing pain or dysesthesias from the neuroma that will predictably develop. In general, locating the divided, free nerve end as far from external stimuli
as possible and placing it in a healthy, nonscarred bed of tissue are the best preventive measures. In addition, early postoperative therapy (desensitization or sensory re-education) is an extremely important determinant of the patient’s ability to tolerate the
dysesthesias that result from an amputation.
Soft Tissue Coverage
Historically, the matter of soft tissue coverage has been indistinguishable from the issue of length. Previously, if soft tissue coverage was not adequate, one merely shortened the extremity until closure could be achieved. The concept of grafts and flaps has
dramatically changed this approach. Skin grafts are applicable when the underlying bed is acceptable, but one must be sensitive to the ultimate functional needs of the amputation site; in some cases, skin grafts may not be durable enough. Local flaps (see
Fingertip Amputation, next) abound, but their applicability, owing to the anatomy at more proximal amputation sites, is limited. Pedicled flaps (regional or distal) have a long, productive history in hand surgery; however, these have been increasingly replaced
by free tissue transfers. This change is based on (1) better matching of the tissue transferred (in terms of thickness and ultimate functional performance), (2) avoidance of additional surgery (whether for
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division or thinning of the flap), and (3) lack of the joint limitations that result from the immobility that is typically necessary with pedicled flaps.

SPECIFIC AMPUTATIONS
Fingertip Amputation
Distal digital amputations are extremely common. The most frequent mechanism causing such injuries is a crushing blow, such as from a closing door. Although many people arrive in the emergency department with the tips of the finger available for
reattachment, this injury is usually too distal for microsurgical reattachment. Many surgeons have attempted composite reattachment (i.e., reattachment without specific revascularization) with generally poor results. At present, such composite grafts are not

5

indicated except in younger children (<2 years of age), in whom there is an increased chance of graft survival.[ ] Reasons for failure of most composite grafts are (1) the amount of tissue is generally more than can survive the ischemia until new circulation
develops; and (2) the zone of injury is greater than the area of amputation (i.e., the tip is usually damaged and thus is not capable of surviving as a composite graft).
Attention is then focused on amputation closure. If the proximal portion of the distal phalanx is not severely injured so that the insertions of the flexor digitorum profundus and extensor tendons are intact, preservation of that portion of bone is indicated for
functional length. If these areas are damaged beyond repair, disarticulation through the distal interphalangeal joint is indicated. The overriding issues are the status of the nail and what type of coverage can be provided. Generally, the amputation occurs
through a portion of the nail bed. If enough proximal nail bed (≅50%) is present to provide a functional nail, the bed should be repaired under optical magnification with absorbable 6–0 or 7–0 sutures.

The distal phalanx is usually rongeured back so that the end of the bone is not exposed. If the final cutaneous defect is then less than 1 cm2 , simply allowing the wound to close by secondary intention is acceptable. Other wound closures have been attempted,
including every conceivable type of local or regional flap. However, given the fact that the flap closures are frequently insensate and do not reduce healing time, the ultimate functional recovery appears to be better after secondary healing because the resulting
scar contracture diminishes the size of the sensory defect.

If the cutaneous defect is greater than 1 cm2 , the amount of time needed for closure and the ultimate functional result may not warrant healing by secondary intention. If there is no exposed bone, a skin graft is possible. The temptation is to use the amputated
part as a donor source for the skin graft. This should be avoided because the amputated portion has been traumatized, and therefore the overall success of these skin grafts is disappointing. However, one advantage of such grafts is that they may serve as
temporary biologic dressings even if they do not survive.

Nontraumatized skin graft donor sites that may be considered are:
■ The ulnar border of the palm (within the operative field and a good color match)

■ The forearm (the medial portion of the forearm or the elbow crease, although hypertrophic scarring can lead to some cosmetic deformity)
■ The groin (a well-hidden donor area, although the color match is not good and some unwanted hair may also be transferred)

As previously mentioned, many alternative flaps are often useful for cutaneous defects of the fingertip; some of the more common local flaps include:

6
■ The Kutler flap,[ ] a lateral V-Y flap for closure of a central tip defect
7
■ The Atasoy flap,[ ] a palmar V-Y flap
8
■ The palmar flap,[ ] based on both digital neurovascular bundles in which the entire soft tissue coverage of the digit above the tendon sheath is elevated and advanced to cover the tip of the finger
9
■ Radius-based or ulna-based local flaps, which preserve the cutaneous innervation on the appropriate digital nerve,[ ] with skin grafting of the donor site as necessary
In addition to these local flaps, numerous regional flaps can be used, such as dorsal skin cross-finger flaps, palmar skin cross-finger naps, and thenar flaps. Although it is sometimes necessary to use these regional pedicled flaps, they carry significant
additional morbidity by creating joint stiffness because of the obligatory period of immobility needed for attachment of the flap. Even in young people who have had good physical therapy, this can cause a long-term problem.
Finally, a rare patient may require distant pedicled flaps for coverage. Many such flaps have been described, including groin flaps, abdominal flaps, infraclavicular flaps, supraclavicular flaps, cross-arm flaps, and cross-hand flaps. Again, secondary morbidity
resulting from immobility is usually higher than warranted and simpler techniques are preferable. Free tissue transfer is almost never indicated for these injuries except in the case of thumb-tip amputations (discussed later). It is extremely important to
recognize that the use of regional and distant flap involves the bringing of insensate tissue to cover an area that before the injury was most striking for the presence of sensation. Thus the value of these flaps by providing soft tissue coverage must be carefully
weighed against the obvious functional deficit that they impose. In fact, similar logic can be used to dissuade one from considering even local flaps (which typically have at least decreased, if not markedly decreased, sensation) or skin grafts. As one moves
more proximally in the amputation, the critical need for maintaining sensation is decreased and the use of these soft tissue augmentation techniques becomes more reasonable.
Digital Amputations
Digital amputations are classified by level. Amputations that leave more than half the proximal phalanx may be functional for the patient. These amputations represent variations of fingertip amputations. First, the bone is rongeured back a short distance to
allow soft tissue coverage. Tendons that have been separated from their bony insertions by the
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Figure 175-1 A to C, The patient is a 30-year-old man who lost his index finger at the proximal interphalangeal joint. He does not use the index remnant, bypassing it to use his long digit. He requested elective ray resection because of a feeling that the index
remnant was “getting in the way” and creating an unsightly appearance.

Figure 175-2 Example of a voluntary-closing terminal device. Internal springs provide opening power.

Figure 175-3 An Otto Bock myoelectric hand with standard rubber glove.

Figure 175-4 A to D, In the bilateral blind amputee, use of any standard prosthesis is impossible because of the absence of visual feedback or proprioception in the prosthesis. Under such circumstances, separation of the radius and ulna with Krukenberg’s
procedure can provide a proprioceptive “feeling” extremity capable of simple grasp-release.
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Chapter 176 - Revascularization Versus Amputation

In the past two decades we have witnessed quantum leaps in the technical ability to provide infrainguinal revascularization. Despite failure in the widespread effort to develop a reliable prosthetic conduit for infrageniculate reconstruction, simultaneous
advances in using alternate vein conduit continued to press limb salvage forward. A number of centers have reported excellent limb salvage rates with distal bypass to tibial and pedal arteries. Case series of successful bypass in patients with heel lesions, renal
failure, and extensive pedal necrosis requiring myocutaneous flap coverage have been reported. It is widely accepted by those who routinely perform bypass for limb salvage that there are only a minority of patients who cannot undergo some type of
revascularization.

32]
Although technical revascularization may be possible for the majority of patients with critical limb ischemia (CLI), it is not widely utilized.
[9] [66]

In spite of these advances, the incidence of major lower extremity amputation has not markedly diminished.[

It is reasonable to assume that some
Several reasons for this are likely contributory. Available data indicate that many patients with CLI are referred to vascular specialists late in their course, after weeks and sometimes months of ineffective therapies.
patients who remain undiagnosed until too late or in communities without vascular specialists are never referred and therefore are only offered primary amputation (often after one or more failed forefoot procedures). Advanced distal revascularization is

1
17
generally focused in metropolitan centers.[ ] Finally, and most important, there is no generally agreed upon definition of a nonsalvageable limb within the vascular community.[ ] This is in marked contrast to the multiple studies demonstrating the
56]

appropriate-diameter asymptomatic aortic aneurysm requiring therapy[

2
or the degree of asymptomatic carotid stenosis favoring endarterectomy.[ ]

In this chapter we discuss the issue from several viewpoints. The unique features of the antecedent natural history of CLI are presented. Available data on functional outcomes on both therapies for CLI are presented. Morbidity and mortality of both
approaches are covered, including the downside of multiple procedures. Comparison of ambulation data is included as well as an examination of specific problematic patient populations. Finally, we close with some potential approaches to these problems and
future studies that are needed to push forward our ability to appropriately make these difficult decisions for an aging population.

NATURAL HISTORY OF CRITICAL LIMB ISCHEMIA
One of the greatest problems with modern care of CLI is the poor understanding of the antecedent natural history. It is well recognized that patients with CLI suffer diagnostic delays and poor risk factor modification, which in part contribute to limb loss and
poor patient survival. Unlike other disease entities, CLI does not have a clear clinical pattern that provides consistent entry to medical care allowing for a relatively uniform algorithm of care. Obviously, a clear understanding of the antecedent natural history of
CLI would improve this issue. Unfortunately, the data available in this regard are quite limited.
The Fontaine classification for peripheral artery disease ranges from asymptomatic (I), claudication (II), rest pain (III), and pedal necrosis (IV). Patients with CLI include stages III and IV, representing 5% to 10% of the population with peripheral artery

1
disease.[ ] Available data indicate that patients do not progress through these stages in an orderly
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fashion. This can be inferred from longitudinal studies demonstrating only a minority of patients with claudication progressing to CLI over time.[ ] [ ] [ ] In addition, Dormandy and coworkers[ ] demonstrated in a multicenter trial of adjuvant
prostaglandin therapy for below-knee amputations (BKAs), that over half of patients undergoing BKA had no symptoms of peripheral artery disease in the previous 6 months. Therefore, most patients progress directly from being asymptomatic to CLI.

61] [62] [63]

However, recent data from McDermott and associates[

have demonstrated that the majority of asymptomatic patients with peripheral artery disease actually have a number of different limb symptoms rather than claudication. This phenomenon

70]

may be secondary to the extensive comorbid diseases that often accompany peripheral artery disease, including diabetes, coronary artery disease, and chronic obstructive pulmonary disease.[
preclude claudication.

These comorbid conditions limit their activity enough to

If the majority of patients do not progress from claudication to CLI, what is the mechanism? It appears that several possibilities exist. Some patients with marginal circulation in asymptomatic limbs suffer occlusion of an important collateral or progression of

66]
that precipitate marked deterioration in lower extremity circulatory status or facilitate tissue

disease. Many patients with marginally perfused limbs will develop lesions from minor trauma. However, a subset of patients with CLI suffer acute events[

68

breakdown from pressure necrosis. The most common event is a lower extremity bypass occlusion.[ ] In addition, major fractures can lead to pressure necrosis in immobilized limbs. Finally, cardiac events requiring intravascular manipulation in patients
with significant preexistent peripheral artery disease can also precipitate CLI. It is reasonable to presume that the risk of limb loss in patients with CLI due to acute events is sizable.
Overall survival remains poor in patients with CLI—approximately 50% mortality over 5 years. Therefore, much of the treatment of CLI needs to be viewed as palliative rather than curative. Single series demonstrate that a subgroup of patients undergoing

71]

revascularization[

66]

or amputation[

for CLI die before healing all incisional or pedal wounds. Therefore, from a palliative standpoint, therapy for CLI in this subgroup of patients must be considered a failure.

FUNCTIONAL OUTCOMES
In the past decade, part of the debate regarding revascularization versus primary amputation has shifted from technical feasibility to functional outcomes. Data regarding functional outcomes in patients with CLI remain limited. In part, this may be because
patients are often not clinically stable, the treatments offered this population entail significant morbidity, and measurable outcomes for this frequently end-of-life population are complex. A reasonable outcome for one CLI patient may not be the same
compared with another for a number of reasons. For example, healing of wounds and absence of pain at the price of a major amputation and being primarily wheelchair bound may be the best option for an elderly patient with CLI and oxygen-dependent
chronic obstructive pulmonary disease but is not an acceptable functional tradeoff for a younger patient with CLI due to a failed bypass for claudication. Standard endpoints for revascularization of perioperative mortality, graft patency, and limb salvage are
being slowly supplemented by data regarding wound healing, postoperative lymphedema, ambulation, functional independence, and patient-reported assessment of his or her quality of life.
The majority of the available data for functional outcomes in patients with CLI is limited to clinical series with or without historical controls. Existing evidence for functional outcomes in patients with CLI can be divided into two basic groups: surgeon
observation and patient reporting. Surgeon-observed outcomes with the most comprehensive data are perioperative mortality, lower extremity arterial bypass graft patency, limb salvage, and long-term patient survival. Other surgeon-observed data include
incision and foot wound healing rates, incidence of postoperative lymphedema, and changes in patient disposition after operation. For series examining major limb amputation, similar endpoints would be perioperative mortality, healing of below-knee (BKA)
or above-knee amputation (AKA), need for secondary operations to achieve healing, rate of ultimate BKA failure and conversion to AKA, and long-term patient survival.
In contrast, patient-reported information has included ambulatory status and independence or outcomes via functional outcome questionnaire tools. Existing literature reports typically have consisted of small clinical series (both prospective and retrospective)
of patients before and after surgery from lower extremity revascularization and primary amputation. Problems with the available data of this type include a potentially significant selection bias (many of the patients with a poor clinical outcome may refuse to
participate or die before the follow-up interval), a variety of assessment tools used that are not easily comparable, and small numbers of patients examined using these methods.
Patient-reported outcome studies are small in number compared with data describing surgeon-reported outcomes. The tools and interpretation of test results are not uniform. Many patients with CLI have difficulty participating in longitudinal functional studies
because of the impact of their comorbid diseases, changes in clinical course, and frequently poor socioeconomic status. This leads to many patients with incomplete follow-up information. Importantly though, CLI clearly affects more than the limb. The degree

5 13 14
to which CLI impairs an individual’s quality of life cannot simply be extrapolated from the clinical indicators of arterial insufficiency but is akin to “the terminal phases of illness” in a cancer patient.[ ] [ ] [ ]

Published reports using quality of life tools to measure outcomes after revascularization for CLI are presented in Table 176–1 . Interestingly, there would appear to be little difference in quality of life between patients operated on for rest pain versus pedal
necrosis. Functional outcome results have been mixed. Some parameters, including pain/anxiety, have not demonstrated great improvement. Others, including self-reported physical function and mobility measures in other tools, improve. There appears to be a
trend of worse functional outcome in those patients who fail revascularization and refuse amputation compared with those who
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TABLE 176-1 -- Functional Outcome Assessment After Revascularization for Critical Limb Ischemia

FIRST AUTHOR (YR)

INITIAL STUDIED (NO.)

FINAL STUDIED (NO.)

FUNCTIONAL OUTCOME
TOOL

INTERVAL

% LIMB SALVAGE

OUTCOME

Retrospective Studies
Nehler (1993)[

88

Independence/Ambulation

3 years

91

Stable 71%

3
Abou-Zamzam (1997)[ ]

513

Independence/Ambulation

6 months

94

Stable 95+%

112

Independence/Ambulation

42 months

87

Stable 70%

228

Independence/Ambulation

5 years

92

Stable 80%

67]

71]

Nicoloff (1998)[

77]

Pomposelli (1998)[

262

70

85]

Seabrook (1999)[

Self designed

*

46 months

No changes

Prospective Studies

5
Albers (1992)[ ]
25]

Duggan (1994)[

14

11

QL-Index
12 months

38

21

Rand-36

19 months

†

50

‡

73

Improved
No changes

40]

276

156

46]

57

27

Gibbons (1995)[
Johnson (1995)[

Multiple

Paaske (1995)[

153

6
Albers (1996)[ ]

22

74]

Self designed

47]

15]

Chetter (1998)[

91

79

*

77

QL-Index

82
Multiple

55

43

97

6 months

§

102
18

6 months

12 months

Johnson (1997)[

§

12 months

SF36
12 months

†

68

Improved

‡

Mixed

‡

Improved

‡

Improved
Mixed

†
†

80

Improved

51]

29

29

NHP

6 months

—

Improved

52]

42

42

NHP

12 months

100

Improved

46

SF36

4 months

100

Improved

20

Multiple

3–4 months

100

No change

Klevsgard (2000)[
Klevsgard (2001)[

91]

Tretinyak (2001)[

38]

Gardner (2001)[

Health Status

46

¶

20

Independence, Not living in a nursing care facility; ambulation, any walking (with or without assist device); QL-Index, Quality of Life Index; NHP, Nottingham Health Profile.
From Nehler MR, et al: Functional outcomes and quality of life in peripheral arterial disease: Current status. Vasc Med 8:115–126, 2003.

* Questionnaire used by this center and designed by authors.
† Multiple intervals between, including 1, 3, and 6 months depending on study.
‡ Not determined by life-table analysis.
§ Hospital Anxiety and Depression scale, Frenchay lifestyle index, Barthel activities of daily living index, and Buford pain thermometer.
¶ Only patients who had revascularization and had completed preoperative and postoperative questionnaires were included from an unknown number of patients undergoing surgery during the same interval.

undergo secondary amputation (calling into question limb salvage rates as an isolated marker of success). However, the data set is small and incomplete, owing to the variety of factors mentioned previously. Technical success (patency and limb salvage) varies
widely from series to series, further confounding any global interpretation. Timing of the postoperative assessment is critical because many parameters continue to improve and only reach a peak at the 3- to 6-month postoperative period. The need for this
sequential evaluation adds to the difficulty in studying this population after interventions. Patients with CLI tend to deteriorate in global function when followed for over a year, consistent with their significant comorbidities and poor survival. Finally, the tools
used vary. All of these issues help to explain the failure of consensus in the published data.
The few studies summarizing functional outcomes of primary amputation in patients with CLI using functional assessment tools are presented in Table 176–2 . These data demonstrate that in contrast to revascularization and limb salvage, amputees experience
a reduction in mobility measures, but also improvements in pain scores and anxiety. The majority of patients in these studies had BKAs with the typical number of reoperations/AKA conversions.

MORTALITY

54] [55]
However, recent evidence indicates that perioperative mortality rates are modest. Data from the
[29] [35] [89]

It has been demonstrated that patients with infrainguinal occlusive disease have increased preoperative coronary events compared with aortic surgery.[

34]
Similar results have been demonstrated in a number of different non-VA centers.

Veterans Affairs National Surgery Quality Improvement Plan (NSQIP) demonstrated a 30-day mortality rate of 2.1% for femorodistal bypass.[

33

Patients undergoing amputation are typically more debilitated and at higher preoperative surgical risk. Data from the VA NSQIP demonstrated 30-day mortality of 6.3% and 13.3% for BKA and AKA, respectively.[ ] The perioperative mortality for AKA is
generally greater than BKA in most series, owing to the increased comorbidities in patients not thought to functionally benefit from salvage of the knee joint. Typical risk factors in the amputation population associated with increased mortality included endstage renal disease, hypertension, American Society of Anesthesiologists (ASA) class IV or V, and chronic obstructive pulmonary disease.
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TABLE 176-2 -- Functional Outcome Assessment After Major Amputation for Critical Limb Ischemia

FIRST AUTHOR (YR)

5
Albers (1992)[ ]

INITIAL STUDIED (NO.)

FINAL STUDIED (NO.)

16

14

FUNCTIONAL OUTCOME
TOOL

INTERVAL

QL-Index
12 months

46]

24

Johnson (1997)[

47]

46

6
Albers (1996)[ ]

16

Johnson (1995)[

15
Multiple
31
Multiple
16

*
*

OUTCOME
Decreased

†

6 months

12 months

QL-Index
12 months

Decreased

†

Mixed

†

No change

From Nehler MR, et al: Functional outcomes and quality of life in peripheral arterial disease: Current status. Vasc Med 8:115–126, 2003.

† Multiple intervals between including 1,3, and 6 months depending on study.
* Hospital Anxiety and Depression scale, Frenchay lifestyle index, Barthel activities of daily living index, and Buford pain thermometer.

73] [89]
One such case series compared 158 patients who underwent BKA with 204 patients who underwent

Most series comparing perioperative mortality rates for infrainguinal revascularization and amputation have favored revascularization.[

73]

revascularization for CLI.[

The two groups were stratified by ASA classification and Goldman’s index of cardiac risk. The patients undergoing revascularization had lower perioperative mortality, shorter hospital stays, and more rehabilitation potential at

44

each subgroup. The authors concluded that even high-risk patients benefit significantly from limb salvage attempts. Another retrospective comparison of revascularization with amputation reviewed 547 procedures.[ ] Perioperative mortality rate was
significantly higher in the amputation group, and rehabilitation was limited. Results using prosthetic for distal reconstruction were poor, leading this group to recommend revascularization only if autogenous vein is available.

However, these data must be placed in context. These are not randomized trials. Invariably, the comorbidites in the two groups are not equal. In general, these reports are from very aggressive centers for limb salvage. Only patients with extremely poor
function undergo primary amputation, with the remainder of amputations in patients who have exhausted all revascularization efforts. Therefore, the numbers of patients in these particular series are always markedly skewed in favor of revascularization,
making comparison difficult. These studies demonstrate reduced perioperative mortality rates and improved long-term survival for revascularization. Presumably, perioperative and long-term mortality for primary amputation would be markedly better if more
functional patients were offered this therapy as in a randomized trial. Most vascular surgeons would agree that much of the mortality benefits of revascularization are due to the selection bias in the patient population, rather than an effect of the amputation
procedure.

MORBIDITY
Healing incisions below the knee is difficult in the CLI population regardless of whether BKA or revascularization is performed. It appears that up to 25% of patients after infrainguinal bypass for CLI suffer some type of incisional wound complication

71] [90] [91]

postoperatively.[

Some require reoperations, and all suffer the pain and expense of extensive wound care. Up to 1% of all patients revascularized will suffer a graft infection secondary to wound breakdown with a 15% mortality rate and 40%

50 80 82
40
incidence of major limb loss.[ ] [ ] [ ] Postoperative lymphedema is considered an important factor in prolonging incisional healing and patient discomfort.[ ] Control of pain is clearly a critical issue for palliative care, yet the incidence of

postoperative ischemic neuropathy, iatrogenic operative nerve injury, and the impact of chronic non-healing incisional and foot wounds are little understood. In a single study of 70 patients undergoing peripheral arterial reconstructions for CLI followed for

85]

45.6 months, one third complained of continued difficulty with the revascularized limb, including swelling and painful ambulation.[

Several of the chapters in this section on amputations have focused on postoperative morbidities in patients undergoing major lower extremity amputation. Delayed wound healing, failure of BKA requiring reamputation or conversion to AKA, and phantom
limb pain are the prominent issues. In the main, AKA in populations with CLI incur significantly less perioperative morbidity than salvage of the knee joint.

18] [75] [92]
20 26 96
However, prior bypass failure does prolong BKA incisional healing.[ ] [ ] [ ] A large study

Much has been written in the past two decades regarding prior bypass failure not affecting the level of subsequent amputation—BKA or AKA.[

27]
The CLI patient population is clearly compromised, and additional surgeries increase the cumulative perioperative mortality risk and

of over 700 patients demonstrated 77% BKA healing after failed reconstruction compared with 89% with primary BKA.[

81]

perioperative pain and inevitably prolong hospital stays and rehabilitation. Prosthetic grafts in a marginal technical situation are particularly problematic, because the risk of graft infection is high if amputation occurs.[
scenarios we all wish to avoid, namely, the elderly CLI patient who spends the last few months of his or her life in and out of the hospital undergoing multiple procedures.

These issues lead to the patient

19

Finally, wound complications are a large drain of health care resources. Crouch and colleagues[ ] prospectively examined 380 patients undergoing 442 primary vascular procedures over a 1-year period. There were 186 lower extremity revascularizations
and 29 major amputations, consistent with an aggressive limb salvage policy. The authors performed 53 secondary procedures for wound complications. At discharge, half of these patients required some level of professional assistance (visiting nurses or
transfer to a skilled nursing facility) and roughly 4 of 10 had a decline in their independence compared with preoperatively.

2498

COMPARING AMBULATION
On balance, successful bypass is superior to amputation in providing patient populations with the best opportunity to retain ambulation. Multiple series of lower extremity revascularization have demonstrated some level of ambulation at 3 and 5 years of 70%

3 67 71 77
45
or greater.[ ] [ ] [ ] [ ] In contrast, significant ambulation after amputation in the elderly vascular population is the exception rather than the rule. A review of vascular amputees from Great Britain is representative.[ ] Of 440 major amputees, just
66

over half were referred to rehabilitation programs. Fewer than half of BKA patients ever ambulated, most just within the confines of their home. Results from a retrospective series of major amputations from the United States were similar.[ ] Although 35%
of the patients with BKAs and 71% of those with AKAs were nonambulatory at 17-month follow-up, the vast majority lived independently, but only 25% of all patients ambulated outdoors. Although more patients with BKAs ambulated, there was no
significant difference between AKAs and BKAs in the number of patients remaining independent of a care facility, in contrast to the widespread belief among vascular surgeons that loss of ambulation eliminates independent living. Patients with substance
abuse, mental illness, and age older than 75 years were less likely to use a prosthesis over the course of follow-up. The results of this study suggest a paradigm shift for surgical goals of the amputee. Outdoor ambulation for many vascular amputees is not an
achievable endpoint. Rather, keeping patients independent with improved wheelchair access and reducing amputation revisions is an acceptable palliative outcome for many CLI patients.

REALITY OF REVASCULARIZATION
Finally, a few comments are needed regarding the current state of limb salvage surgery. Clearly, large referral centers in multiple geographic locations have reported excellent technical results in preserving limbs utilizing alternate vein conduits and spliced

*

vein segments and conducting distal anastomoses to tibial and pedal targets. However, when scrutinized, these reports reflect only a subgroup of the vascular centers in the United States most expert in the management of CLI. The majority of these reports
arise from a handful of very active centers within this subgroup. It is unclear if these reports can be generalized across all medical communities. The actual state of the art regarding lower extremity revascularization throughout the United States (and Europe) is
probably less clear. There is evidence from statewide Medicare surveys regarding carotid endarterectomy to indicate that the experience of highly expert referral centers are actually the outliers and that the global efficacy is less than the “best” reported

53] [97]

surgical series.[

It would be reasonable to assume a similar situation with regard to lower extremity arterial bypass.

SPECIAL PATIENT POPULATIONS
Renal Failure
Renal failure is an important adverse prognostic indicator for CLI. Renal disease is known to both accelerate atherosclerosis and limit survival and is associated with poor wound healing. In large series of attempted revascularization, up to two thirds of the

89]
48
Johnson and colleagues[ ] had similar findings in a series of 53 patients with renal failure. In addition, patient survival at 2 years was less than

subgroup with renal failure required amputation, the majority in patients with patent revascularizations.[

83]

40%. Others have documented the same.[
amputations in this group.

87]

Finally, Simsir and associates[

demonstrated that sepsis contributed to the majority of perioperative deaths in their series of renal patients with revascularization, leading them to recommend more primary

8 42 64

Interestingly, this topic in the vascular community is a classic example of viewing the glass either half full or empty. Several studies[ ] [ ] [ ] with results similar to those citing mortality rates of 5% to 10%, high morbidity rates, reduced limb salvage of
50% to 70% at 2 to 3 years, and reduced survival less than 50% at 2 to 3 years have interpreted the data to indicate that infrainguinal bypass for limb salvage in renal failure patients has a significant role. However, most vascular surgeons would recommend
primary amputation in patients with renal failure who present with heel necrosis, severe pedal sepsis, and substantial cardiopulmonary comorbidities. In addition, using arm vein conduit in this population is generally not recommended considering the need for
vein access for dialysis.

Premature Atherosclerosis

The patient with premature atherosclerosis, age younger than 50 years, represents another special population that has markedly different outcomes with revascularization and with amputation. These are typically young men who are heavy smokers, have a

58] [94]

hypercoagulable state, and/or have abnormal lipid profiles.[

57] [93]
of patients with premature atherosclerosis who present with CLI demonstrate poor results with revascularization and a higher incidence of multiple procedures and
[95]

Clinical series[

limb loss during follow-up compared with older patients. However, their young age and limited comorbidities contribute to the improved prosthetic use after amputation, allowing ambulation at home and in the community.
aggressive limb salvage efforts. However, when amputation is ultimately necessary, preservation of the knee joint and aggressive attempts at rehabilitation and return to mobility are warranted.

Generally, these patients have

Extreme Elderly

Revascularization in the extreme elderly for CLI has been well reported. Clearly, this problem is becoming more prevalent as the population ages and medical care increases life expectancy. Several series of lower extremity bypass in patients older than age 80
years demonstrate perioperative mortality rates of 6% to 8%, limb salvage rates of 80% at 3

* See references [

4] [7] [16] [28] [30] [31] [39] [49] [78] [86] [89]

.
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37] [67] [72] [84]

years, and the typical reduced survival over time.[

These patients also appear to maintain independence and some level of ambulation with limb salvage. Because these series are all 10 or more years old, it is likely perioperative mortality

11]

rates in modern vascular practice are lower. Therefore, although the perioperative mortality rates for lower extremity bypass are greater in the extreme elderly,[

in general, advanced age alone is not a criterion for primary amputation.

Pedal Necrosis

Very little is known regarding the degree to which the extent of foot lesions influences the morbidity, ultimate success, and functional outcome of limb salvage attempts for CLI. Selected reports describe collective series of lower extremity bypass with

12]

midfoot amputations[

41] [79]
but these approaches must currently be considered the exception rather than the standard of care. Aggressive foot salvage in CLI
[4] [71]

and free flap tissue transfer to salvage extensively involved lesions of the forefoot or heel,[

It is likely that there is a point where the morbidity of this approach exceeds any long-term benefit. We
with severe necrosis frequently requires multiple foot operations, prolonged wound care, and healing times measured in months rather than weeks.
have anecdotally observed significant weight gain in moderately obese diabetic patients with prolonged convalescence due to complex foot wounds. These patients rarely ambulate much due to deconditioning and chronic foot pain once the wounds heal.
Autogenous Conduit Unavailable
With modern limb salvage techniques, patients may have failed one or more previous infrainguinal bypasses. However, interest and expertise in the use of alternate vein segments is not universally available in all communities. The use of the profunda femoris
or superficial femoral artery as inflow, with or without infrainguinal angioplasty, allows more distal inflow sites to diminish the length of conduit needed for reconstruction. The use of prosthetic conduit, particularly with various distal venous patches or

36] [69] [76] [88] [98]
As previously noted, if these grafts fail to provide limb salvage they frequently complicate any subsequent amputation, especially if failure is

hemodynamic configurations has been advocated with modest success in small series.[
near term without any graft incorporation.

SUMMARY
There is no simple algorithm to apply to the patient with CLI and come to a definitive course of action. Perhaps most important is to understand the risks and benefits for each therapy. Previously, most of the focus was on limb salvage and graft patency.
However, the vascular community is increasingly recognizing the morbidity of efforts to always maximize those outcomes, particularly in a population that is often less durable than their revascularizations. Ultimately, the debate becomes a public health issue.
It would appear prudent to minimize the number of patients who die early after bypass grafting without ultimate incision and wound healing and the number of limbs eventually amputated near-term after bypass grafting, because these patients do not get any
real functional benefit. The drive to salvage all possible limbs and limb length should be tempered by an effort to decrease patient morbidity while maintaining as much function as possible. With the rising competition for health resources, cost and care
utilization becomes an unavoidable consideration in the choice between treatment strategies. It is clear that in some patients amputation is more effective palliation at the cost of body image and function. In any model, the fewest number of procedures over
time will be the least expensive.
If subgroups of CLI patients are better served by primary amputation, how can they be identified? A possible approach is to look at the problem from three sides, the technical issues of the revascularization, the foot wound healing issues, and the comorbidities
of the patient. Patients with marginal prospects in more than one category would not be considered reasonable revascularization candidates. Therefore, alternative vein conduit for a tibial bypass would be reasonable for a patient with manageable toe gangrene
and modest comorbidities but would not be reasonable for a patient on home oxygen or with a large heel defect. Subgroups with severe comorbidities, who may survive the procedure due to modern anesthesia but are unlikely to survive the follow-up required
to heal incisions/wounds and rehabilitation, would also not be offered extensive limb salvage. Other clinical markers may be in order. Preoperative C-reactive protein levels have been used in several reports to predict patient survival, foot healing, and limb

10] [60]

salvage.[

21] [43] [59]

Low serum albumin levels have correlated with mortality and increased length of stay in multiple studies of elderly hospitalized patients.[

At the level of the individual patient, education is the key. Realistic expectations for wound healing, potential lymphedema, need for graft surveillance, and the ability to ambulate after revascularization or amputation is important. The role of presenting foot
lesions in the ultimate success and function is currently poorly understood, but it seems intuitive that patients with more extensive pedal necrosis at presentation will have greater morbidity and less ultimate function. We need to expand the focus from the
hemodynamic issues of revascularization to include comorbidities of the patient and ultimate functional outcomes.

FUTURE DIRECTIONS
Prospective natural history studies are needed to close the gap between asymptomatic patients with significant arterial occlusive disease and patients with CLI. Screening with the Fontaine classification for patients with significantly reduced ankle brachial
indices plus other risk factors and then following them for onset of CLI in a multicenter study would markedly enhance our currently limited database by providing insight into at-risk populations. Multicenter nonrandomized clinical trials of revascularization
compared with amputation in high-risk groups (renal failure, extensive pedal necrosis, poor nutrition, and extensive comorbidities) focusing on outcomes of wound healing and function are needed. However, the inherent difficulty enrolling patients in these
studies is obvious.
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Finally, education of medical personnel regarding CLI is clearly the most important need. Many poor outcomes could be eliminated with earlier referral.
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