MECHANISMS OF VASCULAR DISEASE:

A REFERENCE BOOK FOR VASCULAR SPECIALISTS

EDITED BY ROBERT FITRIDGE AND MATTHEW THOMPSON
COMPLETELY UPDATED EDITION 2011

BARR SMITH PRESS




Mechanisms of Vascular
Disease






Mechanisms of Vascular Disease:
A Reference Book for Vascular Specialists

Robert Fitridge
The University of Adelaide, The Queen Elizabeth Hospital, Woodville, Australia

Matthew Thompson
St George’s Hospital Medical School, London, UK

BARR SMITH PRESS

An imprint of
The University of Adelaide Press



Published in Adelaide by

The University of Adelaide, Barr Smith Press
Barr Smith Library

The University of Adelaide

South Australia 5005
press@adelaide.edu.au
www.adelaide.edu.au/press

The University of Adelaide Press publishes peer-reviewed scholarly works by staff via Open Access
online editions and print editions.

The Barr Smith Press is an imprint of the University of Adelaide Press, reserved for scholarly works
which are not available in Open Access, as well as titles of interest to the University and its associates.
The Barr Smith Press logo features a woodcut of the original Barr Smith Library entrance.

© The Contributors 2011

This book is copyright. Apart from any fair dealing for the purposes of private study, research,
criticism or review as permitted under the Copyright Act, no part may be reproduced, stored in a
retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying,
recording or otherwise without the prior written permission. Address all inquiries to the Director at
the above address.

This CIP cataloguing for this work is as follows;

Mechanisms of vascular disease : a reference book for vascular surgeons / Robert Fitridge, Matthew
Thompson, [editors].

1. Blood vessels, Diseases.
2. Blood vessels, Surgery.
I. Fitridge, Robert

1I. Thompson, M. M.

For the full Cataloguing-in-Publication data please contact National Library of Australia:
cip@nla.gov.au

ISBN (paperback) 978-0-9871718-2-5

Book design: Midland Typesetters

Cover design: Emma Spochr, based on a diagram by Dave Heinrich of the Medical Illustration and
Media Unit, Flinders Medical Centre

Paperback edition printed by Griffin Press, South Australia



Table of Contents

Contributors  vii
Detailed Contents xi

1.

10.

11.

Endothelium 1
Paul Kerr, Raymond Tam,
Frances Plane (Calgary, Canada)

. Vascular smooth muscle structure and

function 13
David Wilson (Adelaide, Australia)
Atherosclerosis 25
Gillian Cockerill, Qingbo Xu
(London, UK)
Mechanisms of plaque rupture 43
Ian Loftus (London, UK)
Current and emerging therapies in
atheroprotection 79
Stephen Nicholls, Rishi Puri
(Cleveland, USA)
Molecular approaches to
revascularisation in peripheral vascular
disease 103
Greg McMahon, Mark McCarthy
(Leicester, UK)
Biology of restenosis and targets for
intervention 115
Richard Kenagy (Seattle, USA)
Vascular arterial haemodynamics
Michael Lawrence-Brown, Kurt
Liffman, James Semmens, Ilija
Sutalo (Melbourne ¢ Perth, Australia)
Physiological haemostasis 177
Simon McRae (Adelaide, Australia)
Hypercoagulable states 189
Simon McRae (Adelaide, Australia)
Platelets in the pathogenesis of vascular
disease and their role as a therapeutic

153

12.

13.

14.

15.

16.

17.

18.

19.

20.

target 201
Sandeep Prabhu, Rahul Sharma,
Karlheinz Peter (Melbourne, Australia)
Pathogenesis of aortic aneurysms 227
Jonathan Golledge, Guo-Ping Shi,
Paul Norman (Townsville ¢ Perth,
Australia; Boston, USA)
Pharmacological treatment of
aneurysms 247
Matthew Thompson, Janet Powell
(London, UK)
Aortic dissection and connective tissue
disorders 255
Mark Hamilton (Adelaide, Australia)
Biomarkers in vascular disease 277
lan Nordon, Robert Hinchliffe
(London, UK)
Pathophysiology and principles
of management of vasculitis and
Raynaud’s phenomenon 295
Martin Veller (Johannesburg,
South Africa)
SIRS, sepsis and multiorgan
failure 315
Vishwanath Biradar, John Moran
(Adelaide, Australia)
Pathophysiology of reperfusion
injury 331
Prue Cowled, Robert Fitridge
(Adelaide, Australia)
Compartment syndrome 351
Edward Choke, Robert Sayers,
Matthew Bown (Leicester, UK)
Pathophysiology of pain 375
Stephan Schug, Helen Daly,
Kathryn Stannard (Perth, Australia)



vi

21.

22.

23.

24.

25.

Mechanisms of Vascular Disease

Postamputation pain 389
Stephan Schug, Gail Gillespie
(Perth, Australia)

Treatment of neuropathic pain 401
Stephan Schug, Kathryn Stannard
(Perth, Australia)

Principles of wound healing 423
Gregory Schultz, Gloria Chin,

Lyle Moldawer, Robert Diegelmann
(Florida, USA)

Pathophysiology and principles of

varicose veins 451
Andrew Bradbury (Birmingham, UK)

Chronic venous insufficiency and leg

ulceration: Principles and vascular

biology 459
Michael Stacey (Perth, Australia)

26.

27.

28.

29.

Index

Pathophysiology and principles of
management of the diabetic foot
David Armstrong, Timothy Fisher,
Brian Lepow, Matthew White,
Joseph Mills (Tucson, USA)
Lymphoedema — Principles, genetics
and pathophysiology 497
Matt Waltham (London, UK)
Graft materials past and future
Mital Desai, George Hamilton
(London, UK)
Pathophysiology of vascular graft
infections 537
Mauro Vicaretti (Sydney, Australia)

475

511

549



List of Contributors

David G Armstrong

The University of Arizona

Southern Arizona Limb Salvage Alliance
Tucson, AZ

USA

Vishwanath Biradar

Intensive Care Unit

The Queen Elizabeth Hospital
Woodville, SA

Australia

Matthew Bown
Department of Vascular Surgery
University of Leicester

Leicester
UK

Andrew W Bradbury

University Department of Vascular Surgery
Birmingham Heartlands Hospital
Birmingham

UK

Edward Choke

Department of Vascular Surgery
University of Leicester

Leicester

UK

Gillian Cockerill

Department of Clinical Sciences

St George’s Hospital Medical School
London

UK

vii

Prue Cowled

Department of Surgery
University of Adelaide

The Queen Elizabeth Hospital
Woodville, SA

Australia

Helen Daly

Royal Perth Hospital
Perth, WA

Australia

Mital Desai

University Department of Vascular Surgery
Royal Free Hospital

University College

London

UK

Robert F Diegelmann
Department of Biochemistry
Medical College of Virginia
Richmond, VA

USA

Timothy K Fisher

Rashid Centre for Diabetes and Research
Sheikh Khalifa Hospital

Ajmon

UAE

Robert A Fitridge

Department of Surgery
University of Adelaide

The Queen Elizabeth Hospital
Woodville, SA

Australia



viii Mechanisms of Vascular Disease

Gail Gillespie
Royal Perth Hospital
Perth, WA

Australia

Jonathan Golledge

Vascular Biology Unit

School of Medicine & Dentistry
James Cook University
Townsville, QLD

Australia

George Hamilton

University Department of Vascular Surgery
Royal Free Hospital

University College

London

UK

Mark Hamilton

Department of Surgery
University of Adelaide

The Queen Elizabeth Hospital
Woodville, SA

Australia

Robert ] Hinchliffe

St George’s Vascular Institiute
St George’s Hospital

London

UK

Richard D Kenagy
Department of Surgery
University of Washington
Seattle, WA

USA

Paul Kerr

Department of Pharmacology
University of Alberta

Alberta

Canada

Michael MD Lawrence-Brown

Curtin Health Innovation Research
Institute

Curtin University

Perth, WA

Australia

Brian Lepow

The University of Arizona

Department of Surgery

Southern Arizona Limb Salvage Alliance
Tucson, AZ

USA

Kurt Liffman

CSIRO Material Science & Engineering
and School of Mathematical Sciences

Monash University

Melbourne, Vic

Australia

Ian Loftus

Department of Vascular Surgery
St George’s Hospital

London

UK

Mark ] McCarthy

Department of Surgery and Cardiovascular
Sciences

University of Leicester

Leicester

UK

Greg S McMahon

Department of Surgery and Cardiovascular
Sciences

University of Leicester

Leicester
UK

Simon McRae

Adult Haemophilia Treatment Centre
SA Pathology

Adelaide, SA

Australia



Joseph L Mills

The University of Arizona

Southern Arizona Limb Salvage Alliance
Tucson, AZ

USA

Lyle Moldawer
Department of Surgery
University of Florida
Gainesville, FL

USA

John L Moran

Faculty of Health Sciences
University of Adelaide

The Queen Elizabeth Hospital
Woodville, SA

Australia

Stephen Nicholls

The Heart and Vascular Institute
Cleveland Clinic

Cleveland, OH

USA

Ian M Nordon

St George’s Vascular Institiute
St George’s Hospital

London

UK

Paul E Norman
School of Surgery
University of WA

Fremantle, WA
Australia

Karlheinz Peter

Baker IDI Heart & Diabetes Institute
Melbourne, Vic

Australia

Frances Plane

Department of Pharmacology
University of Alberta

Alberta

Canada

List of Contributors

Janet T Powell
Imperial College
London

UK

Sandeep Prabhu

Baker IDI Heart & Diabetes Institute
Alfred Hospital

Melbourne, Vic

Australia

Rishi Puri

The Heart and Vascular Institute
Cleveland Clinic

Cleveland, OH

USA

Stephan A Schug
Royal Perth Hospital
Perth, WA

Australia

Gregory S Schultz

Department of Obstetrics and Gynaecology

University of Florida
Gainesville, FL
USA

Rahul Sharma

Baker IDI Heart & Diabetes Institute
Alfred Hospital

Melbourne, Vic

Australia

Guo-Ping Shi

Department of Cardiovascular Medicine
Brigham & Women’s Hospital

Harvard Medical School

Boston, MA

USA

Michael Stacey

University Department of Surgery
Fremantle Hospital

Fremantle, WA

Australia



X Mechanisms of Vascular Disease

Ilija D Sutalo

CSIRO Material Science & Engineering

and Curtin Health Innovation
Research Instutute

Curtin University

Highett, Vic

Raymond Tam

Department of Pharmacology
University of Alberta

Alberta

Canada

Matthew Thompson
St Georges Hospital Medical School
London

UK

Martin Veller
Department of Surgery
University of Witwatersrand

Johannesburg
South Africa

Mauro Vicaretti

Department of Vascular Surgery
Westmead Hospital

Westmead, NSW

Australia

Matt Waltham

Academic Department of Surgery
St Thomas’ Hospital

London

UK

Matthew L White

Vascular and Endovascular Surgery
University of Arizona

Tucson, AZ

USA

David P Wilson

School of Medical Sciences
Discipline of Physiology
University of Adelaide
Adelaide SA

Australia

Qingbo Xu

Department of Cardiology
Kings College

University of London

UK



Detailed Contents

CHAPTER 1 —- ENDOTHELIUM
Paul Kerr, Raymond Tam, Frances Plane

Introduction 1

Endothelium-dependent regulation of
vascular tone 2

Angiogenesis 7

Haemostasis 8

Inflammation 9

Conclusions 10

References

CHAPTER 2 — VASCULAR
SMOOTH MUSCLE STRUCTURE
AND FUNCTION

David Wilson

Introduction 13
Smooth muscle (vascular) structure
Cytoskeleton 14
Contractile myofilament
Functional regulation of vascular smooth
muscle: Neuronal, hormonal, receptor
mediated 15
Smooth muscle function 17
Myofilament basis of smooth muscle
contraction and relaxation
Smooth muscle contraction and
relaxation 18
Ion channels important in the regulation
of smooth muscle function
Regulation of cellular Ca**
Sources of cytosolic Ca** entry 19
Potassium channels
Endothelial regulation of smooth muscle
vasodilatation 20

xi

Smooth muscle proliferation and vascular
remodeling 20

Summary 22

References

CHAPTER 3 — ATHEROSCLEROSIS
Gillian Cockerill, Qingbo Xu

Introduction 25
Atherosclerotic lesions
Fatty streaks
Plaque or atheroma
Hypercholesterolemia and oxidised-LDL
27
High-density lipoproteins role in
atheroprotection 28
Hypertension and biomechanical stress
29
Biomechanical stress-induced cell death
30
Biomechanical stress and inflammation
31
Biomechanical stress-induced smooth
muscle cell proliferation 32
Infections and heat shock proteins
Infections
Heat shock proteins 33
Infections and HSP expression
Infections, sHSP and innate immuntiy
34
Immune responses 36
MHC class II antigens and T cells
Oxidised LDL as a candidate antigen
HSPG6O as a candidate antigen 37
B2-gylcoprotein Ib as a candidate antigen
Inflammation

26



Xii Mechanisms of Vascular Disease

C-reactive protein 38
CD40/CD40L
Summary and perspectives 39
References

CHAPTER 4 — MECHANSIMS OF
PLAQUE RUPTURE

Ian Loftus

Introduction 43
Evidence for the ‘plaque rupture theory’
44
Coronary circulation
Cerebral circulation
The role of individual components of the
arterial wall
The endothelium 45
The lipid core 47
The cap of the plaque 49
Smooth muscle cells and collagen
production 50
Macrophages and collagen degradation
51
The vessel lumen 56
The role of angiogenesis in plaque rupture
The role of infectious agents in plaque
rupture 57
Risk prediction of plaque instability 58
Imaging
Blood markers 59
Therapy aimed at plaque stabilisation
HMG Co-A reductase inhibitors 60
MMP inhibition
Tissue inhibitors of metalloproteinases
(TIMPs) 61
Synthetic MMP inhibitors
Doxycycline
ACE inhibitors
Summary 62
References 63

CHAPTER 5 — CURRENT AND
EMERGING THERAPIES IN
ATHEROPROTECTION

Stephen Nicholls, Rishi Puri

Background 79
Pathology
Risk factor modification 80
Statins, LDL lowering and C-reactive
protein
The complexity of HDL 84
The controversy of trigylcerides 87
Hypertension
Risk factor modification in the diabetic
patient 89
Glycaemic control
Global risk factor reduction in diabetics
91
The metabolic syndrome 92
Future targets 93
Conclusion

References 94

CHAPTER 6 - MOLECULAR
APPROACHES TO
REVASCULARISATION IN
PERIPHERAL VASCULAR DISEASE

Greg S McMahon, Mark ] McCarthy

Introduction 103
Mechanisms of vascular growth
Vasculogenesis
Angiogenesis 104
Neovessel maturation 105
Microvascular network maturation 106
Arteriogenesis
Therapeutic induction of vascular growth
107
Delivery of molecular activators of
vascular growth
Angiogenic activators
Arteriogenic activators

108
109
Clinical trials for angiogenic therapy of
peripheral vascular disease
Conclusions 110
References



CHAPTER 7 — BIOLOGY OF
RESTENOSIS AND TARGETS FOR
INTERVENTION

Richard Kenagy

Introduction 115
Mechanisms of restenosis
Thrombosis 116
Remodelling
Intimal hyperplasia 123
Sequence of events after injury
Origin of intimal cells 125
Inflammation 126
Role of ECM production 127
The contribution of specific factors to
restenosis
Growth factors/cytokines
Inhibitors 128
Coagulation and fibrinolytic factors 129
Matrix metalloproteinases
Extracellular matrix/receptors
Targets for intervention 130
Intracellular signalling molecules
mTOR and microtubules
Transcription factors
miRNA 131
Inflammation targets
Brachytherapy
Extracellular targets and cell-based
therapies
Angiotensin pathway
Cell-based therapies 132
Differential effects on endothelium and
SMCs
Delivery devices
Prevention versus reversal of restenosis
Conclusions 133
References 134

CHAPTER 8 — VASCULAR
ARTERIAL HAEMODYNAMICS

Michael Lawrence Brown, Kurt Liffinan,
James Semmens, Ilija Sutalo

Introduction 153

Detailed Contents xiii

Laplace’s law of wall of tension 154
Newtonian fluid 155
Non-Newtonian fluid
Poiseuille flow 158
Bernoulli’s equation
Young’s modulus and pulsatile flow 159
Mass conversion 161
Reynold’s number
Arterial dissection, collateral circulation
and competing flows 163
Shear stress and pressure 164
Forces on graft systems 165
Case 1 — The cylindrical graft 168
Case 2 — The windsock graft
Case 3 — The curved graft 169
Case 4 — The symmetric bifurcated graft
Computational modelling 170
Recent development and future directions
171
Conclusions
References

172
173

CHAPTER 9 — PHYSIOLOGICAL
HAEMOSTASIS

Simon McRae

Introduction 177
Primary haemostasis
Platelets
Platelet adhesion
Platelet activation and shape change
179
Platelet aggregation 180
Interactions between primary and
secondary haemostasis 181
Secondary haemostasis
The coagulation cascade 182
Initiation 183
Amplification
Propagation 184
Normal inhibitors of coagulation
Fibrinolysis 185
Conclusions 186
References



Xiv Mechanisms of Vascular Disease

CHAPTER 10 -
HYPERCOAGULABLE STATES

Sitmon McRae

Introduction 189
Classification of thrombophilia
Inherited thrombophilia 190
Type 1 conditions
Antithrombin deficiency
Protein C and Protein S deficiency
Type 2 conditions 191
Factor V Leiden
The prothrombin (G20210A) gene
mutation
FVL/PGM compound heterozygotes
Other inherited conditions
Acquired thrombophilia 192
Antiphospholipid antibodies
Heparin induced thrombocytopenia
Mpyeloproliferative disorders 193
Potential reasons for performing
thrombophilia testing
Patients with venous thrombosis and
their relatives
Providing an understanding of the
aetiology of a thrombotic event
Determining risk of recurrence and
therefore optimal duration of
anticoagulation 194
Determining the need for primary
prophylaxis in asymptomatic
family members 195
Making decisions regarding the use of
the oral contraceptive pill 196
Determining the need for
thromboprophylaxis during
pregnancy
Patients with arterial thrombosis
Potential detrimental effects of
thrombophilia testing 197
Conclusion
References

CHAPTER 11 — PLATELETS
IN THE PATHOGENESIS OF

VASCULAR DISEASE AND THEIR
ROLE AS A THERAPEUTIC
TARGET

Sandeep Prabhu, Rahul Sharma,
Karlheinz Peter

Introduction 201
Platelet function — Adhesion and
activation
Platelet adhesion 202
Platelet activation 203
Mediators of platelet activation and
‘outside in’ signalling
Thrombin and collagen 204
Adenosine diphosphate (ADP)
Thromboxane A2 (TXA2)
Adrenaline 206
Second messenger systems 207
Physiological consequences of platelet
activation
The GP IIb/IlIa receptor and ‘inside-
out signalling
Granule exocytosis 208
Activation-induced conformational
change of platelets
Platelets and atherosclerosis 209
Role of platelets in the initiation of the
atherosclerosis
Role of the platelets in the progression of
the atherosclerosis
Role of platelets in vulnerable plaques and
plaque rupture
Current and future anti-platelet agents
210
Aspirin (salicylic acid)
Thienopyridines 211
Clopidogrel
Prasugrel 213
Ticlopidine
Ticagrelor
GPIIb/IIIa Antagonists
Other anti-platelet agents and promising
new deleopments 214
Platelet function testing 215
Light-transmission aggregometry



Whole blood aggregometry 217
VerifyNow® Assay
Flow cytometry 218

References

CHAPTER 12 - PATHOGENESIS
OF AORTIC ANEURYSMS

Jonathan Golledge, Guo-Ping Shi,
Paul E Norman

Introduction 227
Differences between thoracic and
abdominal aortic aneurysms 228
Summary of current theories and stages of
AAA evolution
Atherosclerosis and AAA
Immune mechanisms in AAA 229
Extracellular matrix dysfunction 232
Infection 233
Biomechanical forces
Angiogenesis
Intra-luminal thrombus
Extracellular matrix proteolysis 234
Genetics 236
AAA rupture 237
Biomechanical factors in aneurysms
rupture
The role of enzymes in AAA rupture
Role of intraluminal thrombus in
aneurysm rupture 238
Future research
References

CHAPTER 13 -
PHARMACOLOGICAL
TREATMENT OF ANEURYSMS

Matthew Thompson, Janet T Powell
Background 247

Screening programmes
Pathophysiology 248
Therapeutic strategies

Beta blockade

Modification of the inflammatory

Detailed Contents XV

response 249
Non-steroidal anti-inflammatories
Matrix metalloproteinase (MMP)
inhibition
Anti-chlamydial therapy 250
Drugs acting on the renin/angiotensin axis
HMG Co-A reductase inhibitors 251
The future — Data from recent
experimental studies
References

CHAPTER 14 -
PATHOPHYSIOLOGY OF AORTIC
DISSECTION AND CONNECTIVE
TISSUE DISORDERS

Mark Hamilton

Introduction 255
Embryology of thoracic aorta and arch
vessels
Haemodynamics of thoracic compared to
abdominal aorta 257
Sizes of normal aorta
Classification of aortic syndromes
Acute/Chronic
DeBakey classification of class 1
dissection — Type 1, 2, and 3
Stanford classification 258
European task force
Pathogenesis of thoracic aortic dissection
Classical thoracic aortic dissection (class 1
dissection) 260
Intramural haematoma (class 2 aortic
dissection) 261
Penetrating aortic ulcer (class 4 aortic
dissection) 262
Complications of acute aortic syndromes
263
Visceral ischaemia /malperfusion
syndromes
Fate of the false lumen
Aneurysmal degeneration and rupture
264
Connective tissue disorders and acute
aortic syndromes



XVi Mechanisms of Vascular Disease

Marfan syndrome
Fibrillin and Marfan syndrome 265
The role of transforming growth factor
beta in development of the vascular
system in health and disease 266
Ehlers-Danlos syndrome 267
Diagnosis of Ehlers-Danlos syndrome
268
Loeys-Deitz syndrome 270
Familial thoracic aortic aneurysm disease
271
Bicuspid aortic valve 273
Turners Syndrome
Summary 274
Reference list

CHAPTER 15 - BIOMARKERS IN
VASCULAR DISEASE

Ian M Nordon, Robert | Hinchliffe

Introduction 277
What is a biomarker?
Types of biomarkers
A classical clinical example 278
Potential value of biomarkers in vascular
disease 279
Biomarker discovery steps 280
AAA biomarkers
Circulating extracellular matrix markers
281
Matrix-degrading enzymes 283
Proteins associated with thrombosis
Markers of inflammation 284
Biomarkers of AAA rupture 285
Biomarkers following endovascular repair
Inflammation 287
Lipid accumulation
Apoptosis
Thrombosis
Proteolysis 288
Challenges in biomarkers discovery
Future work
Conclusion 289
References

CHAPTER 16 -
PATHOPHYSIOLOGY AND
PRINCIPLES OF MANAGEMENT
OF VASCULITIS AND RAYNAUD’S
PHENOMENON

Martin Veller
295

Vasculitides
Introduction
Classification of vasculitides 296
Clinical presentation of vasculitides
Investigations of vasculitides
Principles of treatment of vasculitides
297
The vasculitides of specific interest to
vascular surgeons 298
Giant cell arteritis
Takayasu’s arteritis 299
Thromboangitis obliterans (Buerger’s
disease) 300
Behcet’s disease 301
Polyarteritis nodosa 302
Vasculitides secondary to connective
tissue diseases 303
Systemic lupus erythematosus (SLE)
Antiphospholipid antibody syndrome
(APS) 304
Rheumatoid arthritis
Scleroderma
Infective vasculitides 306
Human immunodeficiency virus (HIV)
Pathophysiology and principles of
Raynaud’s phenomenon 307
Prevalence of Raynaud’s phenomenon
308
Clinical findings in Raynaud’s
phenomenon 309
Diagnosis of Raynaud’s phenomenon
Prognosis 310
Treatment
Recommendations 311
312

305

References

CHAPTER 17 — SIRS, SEPSIS AND



MULTIORGAN FAILURE
Vishwanath Biradar, John Moran

Epidemiology 315
Historical perspectives and definition 316
Risk factors for sepsis 317
Causative agents
Pathophysiology of sepsis
innate immunity and toll-like receptors
(TLRs) 319
Proinflammatory response
Coagulation cascade
Multiorgan dysfunction syndrome
(MODS) 320
Epithelial and endothelial dysfunction
Immune suppression and apoptosis
Sepsis, circulatory failure and organ
dysfunction
Management 322
Steroids 323
Recombinant human activated protein C
(thAPC) 324
Glucose control 325
Renal replacement therapy
3-hydroxy-3-methylglutaryl-coenzyme
reductase inhibitors (HMG-CoA)
326
Other adjuvant therapies in sepsis
Cytokines and anticytokine therapies
Pooled immunoglobulin (IVIG)
Acute respiratory distress syndrome
(ARDS) 327

References

CHAPTER 18 -
PATHOPHYSIOLOGY OF
REPERFUSION INJURY

Prue Cowled, Rob Fitridge

Introduction 331
Ischaemia

ATP and mitochondrial function

Gene expression during ischaemia 332
Reperfusion 333

Reactive oxygen species

Detailed Contents XVii
Eicosanoids 334
Nitric Oxide 335
Endothelin 336
Cytokines
Neutrophil and endothelial interactions
338

Complement activation 340
Tissue destruction 341
Proteases and metalloproteinases
Apoptotic cell death during ischaemia-
reperfusion injury
No-reflow phenomenon 342
Therapeutic approaches to IRI
Ischaemic preconditioning
Ischaemic post-conditioning 343
Conditioning effects of volatile
anaesthetics
Pharmacological treatments 344
Summary 345
References

CHAPTER 19 - COMPARTMENT
SYNDROME

Edward Choke, Robert Sayers, Matthew
Bown

Definition 351

Acute limb compartment syndrome
Incidence
Anatomy/physiology 352
Aetiology/pathophysiology
Clinical presentation 354
Investigation 355
Treatment 357
Complication of LCS 359
Outcome 360

Acute abdominal compartment syndrome
Incidence 361
Actiology
Pathological effects of raised intra-

abdominal pressure 362

Clinical presentation 363
Investigation
Treatment 364

Complications of surgical decompression



XViii Mechanisms of Vascular Disease

Outcome 367
368

References

CHAPTER 20 -
PATHOPHYSIOLOGY OF PAIN

Stephan Schug, Helen Daly, Kathryn
Stannard

Introduction 375
Peripheral mechanisms
Nociception/transduction
Conduction 376
Spinal cord mechanisms
Ascending systems 377
Descending control
Pain modulation 378
Peripheral sensation
Central sensitisation in the dorsal horn
Neuropathic pain 379
Mechanisms of neuropathic pain
Peripheral mechanisms
Spontaneous ectopic discharge
Altered gene expression
Spared sensory neurons
Involvement of the sympathetic nervous
system 380
Collateral sprouting
Effects of bradykinin
Central mechanisms
Wind up
Central sensitization 381
Central disinhibition
Expansion in receptive field size
(recuruitment)
Immediate early gene expression
Anatomical re-organisation of the spinal
cord
Contribution of glial cells to pain
conditions 382
Symptoms of neuropathic pain
Stimulus-dependent pain
Stimulus-independent pain 383
Sympathetically maintained pain (SMP)
Neuropathic pain syndromes

Peripheral neuropathies
Central neuropathies 385
References

CHAPTER 21 -
POST-AMPUTATION PAIN

Stephan Schug, Gail Gillespie

Introduction 389
Classification and incidence of post-
amputation pain syndromes
Stump pain
Phantom sensation 390
Phantom limb pain
Pathophysiology of post-amputation pain
syndromes
Peripheral factors
Spinal factors 391
Supraspinal factors
Current pathophysiological model of post-
amputation pain syndromes 392
Prevention of post-amputation pain
Perioperative lumbar epidural blockade
Peripheral nerve blockade 393
NMDA antagonists
Evaluation of the patient with post-
amputation pain syndromes
Examination
Therapy of post-amputation pain
syndromes 394
Calcitonin
Ketamine
Analgesic and Co-analgesic compounds
Opioids 395
Gabapentin
Clonazepam
Lidocaine
Carbamazepine
Tricyclic antidepressants (TCA)
Selective serotonin reuptake inhibitors
Baclofen
Capsaicin
Symptomatic treatment of pain
396

Neuropharmacological therapies

components



Invasive therapies
Electroconvulsive therapy (ECT)
Nerve blockade
Spinal cord stimulation
Implantable intrathecal delivery systems
Dorsal root entry zone (DREZ) lesions
Psychological therapy 397
Future aims
References

CHAPTER 22 - TREATMENT OF
NEUROPATHIC PAIN

Stephan Schug, Kathryn Stannard

Introduction 401
Principles of treatment
Pharmacological treatment 402
Opioids
Recommendations for clinical use of
opioids
Tramadol
Mechanism of action
Efficacy 403
Adverse effects
Recommendations for clinical use of
tramadol in neuropathic pain
Antidepressants
Tricyclic antidepressants (TCAs)
Mechanism of action 404
Adverse effects
Selective serotonin re-uptake inhibitors
(SSRIs)
Serotonin/Noradrenaline reuptake
inhibitors (SNRIs) 405
Recommendations for clinical use of
antidepressants as analgesics
Anticonvulsants
Mechanism of action 406
Individual medications
Clonazepam
Gabapentin
Pregabalin 407
Carbamazepine
Sodium valproate 408

Detailed Contents Xix

Phenytoin
Lamotrigene
Recommendations for clinical use of
anticonvulsants as analgesics
Local anaesthetics and antiarrhythmics
409
Mechanism of action
Lignocaine
Mexiletine
Recommendations for clinical use
of lignocaine and mexiletine in
neuropathic pain
N-methyl-D-aspartate-receptor
antagonists (NMDA)
Ketamine 410

Other NMDA antagonists
Miscellaneous compounds for systemic

use

Clonidine
Efficacy

Baclofen

Levodopa 411

Cannabinoids

Topical treatments
Lignocaine 5% medicated plaster
Capsaicin 412
Mechanism of action
Efficacy
Non-pharmacological therapy
Transcutaneous electrical nerve
stimulation (TENS)
Spinal cord stimulation (SCS) 413
Sympathetic nerve blocks
Neurosurgical destructive techniques
Cognitive behavious therapy
References 414

CHAPTER 23 — PRINCIPLES OF
WOUND HEALING

Gregory Schultz, Gloria Chin,
Lyle Moldawer, Robert Diegelmann

Introduction 423
Phases of acute wound healing
Haemostasis



XX Mechanisms of Vascular Disease

Inflammation 426
Neutrophils 427
Macrophages 428
Proliferative phase 429
Fibroblast migration 430
Collagen and extracellular matrix
production
Angiogenesis 431
Granulation 432
Epithelialization
Remodelling 433
Summary of acute wound healing 435
Comparison of acute and chronic wounds
Normal and pathological responses to
injury
Biochemical differences in the molecular
environments of healing and chronic
wounds 436

Biological differences in the response of

chronic wound cells to growth factors

439
From bench to bedside
Role of endocrine hormones in the
regulation of wound healing
Molecular basis of chronic non-healing
wounds
Chronic venous stasis ulcers 441
Pressure ulcers
Future concepts for the treatment of
chronic wounds 442
Bacterial biofilms in chronic wounds
443
Conclusion 445

References

CHAPTER 24 -
PATHOPHYSIOLOGY AND
PRINCIPLES OF MANAGEMENT
OF VARICOSE VEINS

Andrew Bradbury

Introduction 451
Anatomy
Histology 452
Physiology

Varicose veins 453
Valvular abnormalities
Muscle pump failure 455
Venous recirculation
Recurrent varicose veins
New varicose veins
Persistent varicose veins
True recurrent varicose veins 456
Cellular and molecular biology of varicose
veins
Conclusion 457

References

CHAPTER 25 — CHRONIC
VENOUS INSUFFICIENCY AND
LEG ULCERATION: PRINCIPLES
AND VASCULAR BIOLOGY

Michael Stacey
Definitions 459

Chronic venous insuffiency
Leg ulceration
Assessment of cause of leg ulceration
460
Epidemiology 461
Pathophysiology
Venous abnormality
Effect of ambulatory venous hypertension
on the tissues in the leg 463

Influence of venous disease on the wound

healing process 465
Genetic associations with venous
ulceration 466
Assessment of venous function 467
Treatment of venous ulceration
Compression therapy
Dressings 468
Surgery
Prevention of venous ulcer recurrence
470
Sclerotherapy and other techniques to
obliterate surface and perforating
veins
Other therapies 471

References



CHAPTER 26 -
PATHOPHYSIOLOGY AND
PRINCIPLES OF MANAGEMENT
OF THE DIABETIC FOOT

David Armstrong, Timothy Fisher, Brian
Lepow, Matthew White, Joseph Mills

Introduction 475
Pathophysiology of the diabetic foot 476
Neuropathy
Structural abnormalities/gait
abnormalities
Angiopathy 478
Diagnosis
History and rapid visual screening
Neurological examination 479
Monofilament testing
Vibration testing
Dermatologic examination 480
Anatomy of occlusive disease — vascular
examination
Prediction of wound healing: assessment
of perfusion 481
Arterial imaging
Soft tissue imaging 482
Classification systems 483
Diabetes mellitus foot risk classification
University of Texas wound classification
system
Clinical problems and principles of
management 484
Ulceration
Epidemiology and risk factors
Offloading
Non-vascular surgical treatment 485
Class I — Elective 486
Class II — Prophylactic
Class III — Curative
Class IV — Emergency (urgent)
Post-operative management
Infections 487
Charcot arthopathy
Prevention 490
Conclusion 492
References

Detailed Contents XXi

CHAPTER 27 - LYMPHOEDEMA
— PRINCIPLES, GENETICS AND
PATHOPHYSIOLOGY

Matt Waltham

Introduction 497
Classification of lymphoedema
Classification of primary lymphoedema
498
The genetics of lymphangiogensis in
primary lymphoedema 500
Milroy’s disease
Lymphoedema — distichiasis syndrome
501
Hypotrichosis — lymphoedema —
telangiectasia syndrome 502
Meige disease (primary non-syndromic
lymphoedema)
Other primary lymphoedema disorders
503
Structure and development of the
lymphatic circulation
Clinical aspects of lymphoedema 505
Summary
References

CHAPTER 28 — GRAFT
MATERIALS PAST AND FUTURE

Mital Desai, George Hamilton
The pathophysiology of graft healing 511

The peri-anastomotic area
Healing of prosthetic grafts 512
The healing process of the anastomosis
Graft porosity and permeability
Physical properties of prosthetic materials
514
Tubular compliance
Anastomotic compliance mismatch
The compliance hypothesis of graft failure
Synthetic grafts 515
Newer developments of Dacron grafts
Modifications and newer developments of
PTEE grafts 517
Polyurethane grafts



XXii Mechanisms of Vascular Disease

Newer developments of polyurethane
vascular grafts 518
Biological vascular grafts 519
Newer developments of biological
vascular grafts 520
Prosthetic graft modifications
Modifications to reduce graft infection
Modifications to improve patency 521
Nanocomposite grafts
Endothelial cell seeding 522
Single stage seeding
Two stage seeding
Vascular tissue engineering
Non-degradable polymer and cell seeding
523
Bioresorbable and biodegradable polymers
Combined bioresorbable and tissue
engineered grafts 524
Mechanical conditioning of seeded
vascular cells
Alternative scaffolds
Tissue-engineered grafts 525
Graft materials for aortic endografts 526
The future

References

527

CHAPTER 29 -
PATHOPHYSIOLOGY OF
VASCULAR GRAFT INFECTIONS

Mauro Vicaretti

Introduction 537
Natural history of prosthetic vascular graft
infections
Mechanism of graft contamination at
operation 538
Pathogenesis of graft infections
Bacteriology of vascular graft infections
Investigations for detection of prosthetic
graft infections 539
History and physical examination
Laboratory investigations
Diagnostic imaging 540
Management of prosthetic graft infections
Prevention
Reduction of prosthetic vascular graft
infection with rifampicin bonded
gelatin sealed Dacron 541
Established infection
Antibiotic therapy
Operative management
Conclusion 542
References



Acknowledgements

The Editors gratefully acknowledge the outstanding contributions of each Author involved
in this reference book. We would also like to acknowledge the invaluable efforts of
Ms Sheona Page who has worked tirelessly on this project. We would also like to thank
Prue Cowled PhD and Ms Cayley Wright for their assistance.

xxiil



Abbreviation List

al1-Pl al-protease inhibitor

5-HT 5-Hydroxytryptamine/Serotonin

AAA Abdominal aortic aneurysm

AAS Acute aortic syndrome

AAV Adeno-associated viruses

ACE Angiotensin converting enzyme

ACS Acute coronary syndrome

ACS Abdominal compartment syndrome
ACTH Adrenocorticotropic hormone
ADAMTS A disintegrin and metalloproteinase with thrombospondin motifs
ADP Adenosine diphosphate

AIDS Acquired immune deficiency syndrome
ALI Acute lung injury

AMP Adenosine monophosphate

AMPA a-amino-3 hydroxy-5-methylisoxazole
ANA Anti-nuclear antibody

ANCA Anti-neutrophil cytoplasmic antibody
AOD Aortic occlusive disease

AP1 Activated protein 1

APC Activated protein C

APC Antigen presenting cell

APLAS Antiphospholipid antibody syndrome
ApoAl Apolipoprotein Al

ApoE Apolipoprotein E

APS Antiphospholipid antibody syndrome
APTT Activated partial thromboplastin time
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Bone morphogenetic proteins
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c-Jun N-terminal kinase
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Chronic noncancer pain

Constitutive nitric oxygen synthase enzyme
Cyclooxygenase-1
Cyclooxygenase-2
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DVT
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C-reactive protein

Complex regional pain syndromes
Computational tomography

Computed tomographic angiography
Connective tissue disorders
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Drug-eluting stent

Dorsal root ganglion
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Digital subtraction arteriography
Dense tubular system

Deep vein thrombosis

Endothelial cell

Extracellular matrix
Endothelium-derived contracting factor
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Ehlers-Danlos syndrome
Epoxyeicosatrienoic acids
Endothelial-leukocyte adhesion molecule-1
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Enzyme linked immunosorbent assay
Equilibrium potential

Membrane potential

Endothelial nitric oxide synthase enzyme
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Endothelial protein C receptor
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Extracellular signal-regulated kinase
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Food and drug administration
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Intra-abdominal pressure
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Inter-cellular adhesion molecule-1
Inter-cellular adhesion molecule-2
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Interferon
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Lipoxygenase
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NFKB Nuclear factor kappa B

NiTi Nitinol

NJP Non-junctional perforators

NMDA N-methyl-D-aspartate

NNH Number needed to harm

NNT Number needed to treat

NO Nitric oxide

NOS Nitric oxide synthase enzyme
NSAID Non-steroidal anti-inflammatory drug
NV Neovascularisation

OoCP Oestrogen/progesterone contraceptive pill
OPN Osteopontin

OPG Osteoprotegerin

OR Odds ratio

OxLDL Oxidised low density lipoprotein
PAD Peripheral arterial disease

PAF Platelet activating factor

PAI Plasminogen activator inhibitor
PAI-1 Plasminogen activator inhibitor-1
PAR Protease activated receptor

PAR-1 Protease activated receptor-1

PAR-4 Protease activated receptor-4

PAU Penetrating aortic ulcer

PC Protein C

PCA Poly (carbonate-urea) urethane

PCI Percutaneous coronary intervention (angioplasty)
PCWP Pulmonary capillary wedge pressure
PDGF Platelet-derived growth factor
PDGFp Platelet-derived growth factor-f

PDS Polydioxanone

PECAM-1 Platelet-endothelial cell adhesion molecule-1
PEDF Pigment epithelium-derived factor
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Positron emission tomography
Platelet factor 4
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Prostaglandin G,
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Phospholipase C
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Plasma membrane Ca?* APTases
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Peroxisomal proliferation activating receptor
Proton pump inhibitor

Polycythaemia rubra vera

Protein S

P-selectin glycoprotein ligand-1
Prothombin time

Percutaneous coronary angioplasty
Polytetrafluoroethylene
Post-thrombotic syndrome
Polyunsaturated fatty acid

Primary valvular incompetence
Ruptured AAA

Ras activated cell adhesion molecule
Regulated upon activation, normal T cell expressed and secreted
Renin angiotensin system

Randomised controlled trial
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ROS
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SIRS
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Rheumatoid factor

Radiofrequency ablation

Recombinant human activated protein C
Ribonucleic acid

Reactive oxygen species

Relative risk

Reflex sympathetic dystrophy
Sphingosine-1-phosphate

Stress-activated protein kinase

Stem cell factor

Spinal cord stimulation

Superior vena cava venous oxygen saturation
Stromal-cell-derived factor-1
Sarco/endoplasmic reticulum CaATPases
Serum elastin peptides

Sirolimus-eluting stent

Subfascial endoscopic perforator surgery
Superficial femoral artery

Sapheno-femoral junction

Systemic inflammatory response syndrome
Small conductance calcium-activated potassium channels
Systemic lupus erythematosus

Smooth muscle alpha actin

Smooth muscle cell

Sympathetically maintained pain

Soluble N-ethylmaleimide-sensitive factor activating protein receptors
Single nucleotide polymorphisms
Serotonin/Noradrenaline reuptake inhibitors
Sapheno-popliteal junction

Skin perfusion pressure

Sarcoplasmic reticulum

Selective serotonin re-uptake inhibitors

Small saphenous vein
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Stromal interacting molecule 1

TNFa converting enzyme

Thoracic aortic aneurysm disease
Thoracic aortic dissection
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Tricyclic antidepressant

Total contact cast

T-cell receptor

Transcutaneous electrical nerve stimulation
Tissue factor

Tissue factor pathway inhibitor
Transforming growth factor
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Transforming growth factor-beta
Triglycerides

T helper

Transient ischemic attack
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Tumour necrosis factor
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Urokinase

University of Texas

Vascular cell adhesion molecule
Vascular cell adhesion molecule-1

Vascular endothelial growth factor
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VEGF-R Vascular endothelial growth factor receptor
VIP Vasoactive intestinal peptide
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VOCC Voltage operated calcium channels
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THE PATHOPHYSIOLOGY OF
GRAFT HEALING

The mechanisms of graft healing are of
central importance in understanding the
successes and failures of current bypass
grafts. The tissue response to implantation
of a prosthetic graft is complex with many
variable factors involved such as the material
used, its construction, its porosity, and its
length. Further important factors relate to
the interaction between the graft and the host
artery at the anastomotic areas. Until recently
graft design focused on simple conduits for
blood flow which were strong (resistant to
pressure), biologically inert (resistant to
biodegradation) and non-leaking. Each of
the major causes of graft failure, luminal
thrombogenicity, compliance mismatch and
anastomotic intimal hyperplasia, have the
potential to be modulated if their aetiology
could be better understood. A further stimulus
to study of this area is the still unresolved
puzzle of man’s inability to endothelialise a
prosthetic graft beyond the immediate 2 cm
or so from the anastomosis.

The peri-anastomotic area

Intimal or neointimal hyperplasia is a charac-
teristic healing reaction to vascular injury.'

In prosthetic grafting the injury typically
involves the direct trauma of implantation,
and subsequent exposure of the anastomotic
areas to haemodynamic stress (compliance
mismatch, turbulent and altered
shear stress). This results in injury which is
transmural with endothelial removal, variable
disruption of the internal elastic lamina and
medial smooth muscle cells (SMC).

The three phases of intimal hyperplasia
will develop quite rapidly with the first being
proliferation of medial smooth muscle cells
as soon as 24 hours after injury and lasting
up to 4 weeks. The second phase of SMC
migration into the intima starts as early as
4 days after injury and continues for about a
month. The final phase is of intimal expan-
sion by the dual action of SMC migration
and intimal proliferation by deposition of
matrix proteins such as collagen, elastin
and proteoglycan. This phase is complex and
is mostly self-limiting but may continue
unabated if certain factors are present, (refer
to Chapter 7 for a more detailed discussion
of intimal hyperplasia).

The endothelial cell plays a pivotal role via
its mechanoreceptors which will be sensitive
to changes in flow and shear stress. High shear
stress, as found in laminar flow, promotes
endothelial cell survival and quiescence,

flow
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and secretion of nitric oxide (NO). Low or
changing shear stress direction (turbulent
flow), promotes endothelial proliferation and
apoptosis, shape change, and reduced secre-
tion of NO. If by a process of flow change
towards high shear stress and endothelialisa-
tion by regrowth in the injured area, a bal-
ance between stimulatory and inhibitory
factors is achieved, the drive towards intimal
hyperplasia will cease. If this balance is not
achieved because of ongoing factors such
as lack of endothelial cover, major haemo-
dynamic disturbance such as severe compli-
ance mismatch or turbulent flow with areas
of stagnation and low shear stress, then the
drive towards intimal hyperplasia will con-
tinue unabated leading to severe narrowing
at the anastomosis and graft failure. In pros-
thetic grafting therefore several factors will
persist which have the potential to promote
intimal hyperplasia.

Healing of prosthetic grafts

Healing of prosthetic grafts takes place by
two main mechanisms, capillary in-growth
through the graft wall, and growth of
endothelial cells along the luminal surface
of the graft from each anastomosis.” Studies
of prosthetic graft healing in various animal
models used short lengths of graft, typically
10cm or less, which readily developed a full
lining of endothelial cells. In man however,
endothelialization is restricted to the first
centimetre or two of the anastomotic regions
with no evidence of healing having taken
place beyond this area. This observation
based on a few individual explants has led
to the conviction that man is different from
other species in his inability to endothelialise
a graft.

The healing process at the anastomosis

Endothelialisation along the graft from
the host artery occurs more aggressively in
animals compared to man. A review of all

animal studies found that the average graft
length was 10 cm with 89% being only
5.5 cm. In all of these studies therefore it is
very likely that anastomotic ingrowth was
the sole avenue for endothelialization.*

The speed of trans-anastomotic endothe-
lialization differs between species. Many of
the models used young animals with rapid
endothelialization but in low porosity grafts,
endothelialization stopped 2 cm from the
anastomosis. To set this species difference in
context, trans-anastomotic endothelializa-
tion is 7-8 times more pronounced in any
animal compared to man.* Two factors are
foremost among the possible explanations.
The first is the exclusive clinical use of low
or zero porosity grafts. The second is the
clinical reality of grafting performed in the
sick and elderly in whom vascular cells are
known from tissue culture studies to be less
vigorous.

Graft porosity and permeability

The terms porosity and permeability are used
interchangeably but have separate meanings.
Permeability is the property of material
to allow passage of substances through its
interstices and classically is measured by the
volume of water traversing a given area and
pressure. Porosity refers to the spaces or pores
that exist within the graft material, which
depending on the material, may not traverse
its entire thickness but end blindly. Zilla
suggests that to facilitate transmural healing
and endothelialization, graft spaces should be
wide enough to allow ingrowth of a capillary
tuft with accompanying fibroblasts or
pericytes requiring minimum pore diameters
of 60-80pm.*’ Currently available grafts,
even those described as having high porosity
fail in this regard. (Table 28.1)

Macrophages the predominant
inflammatory cells found in large num-
bers after implantation and later as part of

are
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TABLE 28.1: The effects of graft porosity

Low porosity ePTFE grafts: (<45um of internodal distance)
® Low porosity ePTFE grafts (<30mm) no difference in healing between animal and human.

*  Within two weeks surface is covered with fibrin and platelet thrombus 15um thick which over
following months increases to between 80-300um.

® Pannus persists for years and is actively thrombogenic.
* Ingrowth of connective tissue is limited to the outer graft wall.

High porosity ePTFE grafts: (>45um internodal distance)
First layering similar to that of low porosity ePTFE grafts.
® |In older animals very little ingrowth — luminal thrombus without any cellular component.
® Early and spontaneous endothelialization is found in young animals.
® These changes happen as early as 1-2 weeks.
— patches of endothelial cells and capillary orifices found approximately 100-500um apart
which proceed to confluence.?
— These endothelial cells lie over a layer of arterial smooth muscle cells probably derived from
pericytes.
— Stable neo-intima evenly distributed along the surface, as compared to the limited peri-
anastomotic coverage in low porosity grafts.
— This extensive endothelialization arises from cells reaching the luminal surface by
transmural ingrowth.
— In older primate models and also in the dog these developments take longer but only with
sprouting capillaries reaching the outer third to one half of the graft wall.*

Low porosity Dacron grafts (woven)
* |Immediately after implantation thin pannus of fibrin and platelets deposited on the surface.
* Thrombus compacts over time and in man stabilises after one year.®
* Endothelialization does not happen either in animals or in humans.
— small islands of endothelial cells found after many years in explants in man.5”
* Narrow graft interstices filled with fibrin.
® Foreign body giant cell reaction present.

® Variable spread of some capillaries and fibroblasts into interstitial spaces never breaks through
the compacted fibrin of the inner lining.

High porosity Dacron grafts (knitted)

® |nitial pannus same as woven Dacron but develops to a thickness of 100—120um increasing to
500um by six months.

® In dogs and other animals this inner lining replaced with a confluent layer of smooth muscle
cells resting directly on the graft surface, covered by endothelium.

* These come from anastomotic ingrowth but in longer grafts endothelialization in the midgraft
region fails to occur despite partial ingrowth of capillary fibroblasts from the adventitia.

Prosthetic grafts made of PTFE and Dacron can show a degree of healing by endothelialization
related to the porosity of the graft. High porosity PTFE grafts promised the best endothelialization
but were not marketed because of concerns regarding long-term strength and the practical
difficulties of haemorrhage and serum leakage through the graft wall at implantation.
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a chronic inflammatory process. Soon after
implantation, the interstices become filled
with fibrin and matrix similar to any early
wound. Macrophages form part of a normal
inflammatory response releasing cytokines
to stimulate migration and proliferation of
fibroblasts and endothelial cells. In the later
stages however, macrophages persisting in
large number may have an adverse effect
on healing and ingrowth. Consistently the
outer portion of the graft has high concen-
trations of macrophages and foreign body
giant cells while the deeper layers lose these
cells, probably due to the dense impenetra-
ble nature of the fibrinous pannus. Dacron
seems to be more inflammatory than poly-
tetrafluoroethylene (PTFE) where less giant
cells develop.

PHYSICAL PROPERTIES OF
PROSTHETIC MATERIALS

Arterial wall pulsatility is due to acombination
of elastic and viscous components inherent
in the structure of the artery which can
therefore be described as being viscoelastic.
Most commonly this property is measured
as compliance, defined as the ratio of change
in diameter over change in blood pressure
(percentage/mmHg x 102).

Arterial compliance is complex, having
both longitudinal and circumferential com-
ponents but only this latter measurement
is commonly quoted when the elasticity of
different materials is compared. Compliance
mismatch has been implicated as an impor-
tant factor in the performance of vascular
grafts since 1976."° This mismatch should be
considered to have two major components,
tubular and anastomotic.

Tubular compliance

Mismatch of tubular compliance is present
when there is a significant difference in

elasticity between the prosthetic graft and
native artery. A compliant vessel acts as an
elastic reservoir absorbing energy during
systole which is released during diastole
giving an extra push to pulsatile blood flow.
A rigid conduit will consequently diminish
this secondary pulsatile energy and reduce
distal perfusion. At the interface between a
compliant artery and a non-compliant graft,
changes in impedance (defined as the resist-
ance to pulsatile flow) will diminish pulsatile
energy by as much as 60%." Furthermore,
optimal organ perfusion depends on pulsatile
blood flow with a change from pulsatile to
static perfusion shown to increase peripheral
resistance by 10%."> Finally, at the graft to
artery interface there is wave reflection of
pulsatile energy which can lead to increased
velocity gradients and turbulence. As a result
of these increased vibratory movements and
mechanical stresses, endothelial damage and
intimal hyperplasia occurs.

Anastomotic compliance mismatch

A sutured anastomosis generates a decrease in
diameter and drop in compliance determined
primarily by the lack of elasticity of the suture
material. Interrupted sutures give a more
compliant anastomosis, while a continuous
technique results in a ring of non-compliant
suture material — both prolene and PTFE
sutures are profoundly non-elastic. Within
a few millimetres on either side of the
suture line, there is a paradoxical increase
of compliance which is known as the para-
anastomotic hyper-compliant zone (PHZ)"
(Figure 28.1). Intimal hyperplasia develops
typically in these areas of hyper-compliance.

The compliance hypothesis of graft

failure

Compliance mismatch will lead to a region
of excessive mechanical stress which can give
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FIGURE 28.1: The peri-anastomotic hypercompliant zones (PHZ); compliance at the anastomosis is lower due
to the suture (#) while compliance is increased compared to the vessel wall several mms from the anastomosis
(*). This effect further aggravates compliance mismatch in bypass grafting.

rise to subtle arterial wall injuries and initiate
the first phase of intimal hyperplasia. Cyclical
stretching is known to have a positive influ-
ence on proliferation of vascular smooth
muscle cells and production of extracellular
matrix. This increased cyclical stretch at the
zones of PHZ, will cause proliferation of
the smooth muscle cells. Finally changes in
compliance are known to affect flow and shear
stress. Where there is turbulent flow, there
will be areas of low shear stress and this is
known to promote endothelial proliferation,
apoptosis and reduce production of nitric
oxide.

The clinical evidence for the compliance
hypothesis is largely speculative but analysis
of the clinical performance of grafts of dif-
fering compliance reveals a positive correla-
tion between compliance and patency rates
(Figure 28.2). The most commonly used
prosthetic grafts, namely PTFE and Dacron
are profoundly rigid over the physiological
pressure range. A feature of the visco-elastic
nature of human artery is compliance which
diminishes with increasing pressure but
which increases exponentially as the mean

pressure falls below 80mmHg (Figure 28.3).
The ideal prosthetic graft should share this

property.

SYNTHETIC GRAFTS

The history of prosthetic grafts began in
1952 with successful placement of Vinyon
—N tubes into the abdominal aorta of dogs,
and subsequent human implantation in 1954
in 18 patients." An explosion of interest
followed with synthetic grafts being made
from various textiles but their major problem
was loss of tensile strength. Two materials
proved to be resistant namely Dacron and
PTFE, and because of their bio-durability
have dominated graft development to this
day.

Newer developments of dacron grafts

Heparin coating has been utilised for
improving biocompatibility of Dacron.
Besides enhancing the function of heparin-
binding proteins, immobilised heparin also

potentially reduces Dacron hydrophobicity.
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FIGURE 28.2: Correlation between typical compliance and 2 year patency of several graft materials in
clinical use.
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FIGURE 28.3: Compliance / Pressure curve for compliant polyurethane (CPU), Dacron (DAC), ePTFE (PTFE),
human femoral artery (ART) and saphenous vein (VEIN). None of the prosthetic materials possess the visco-
elastic properties of artery and vein which give higher compliance at lower pressures. CPU maintains higher
compliance at all pressures compared to Dacron or ePTFE.

This change in surface chemistry might alter ~ of the fibrinogen P2 epitope as well as the
the proteins present at the interface, thereby adhesion of monocytes.”® Independent of
influencing biocompatibility independent of  the inflammatory response, the hydrophilic
the biological action of heparin. It has been nature of the heparin coating may affect
shown that this is associated with exposure tissue interaction (reduction in cell adhesion,



growth and mobility). Overall, compared to
human umbilical vein (HUV) or PTFE,
heparin-bonded Dacron shows significantly
better primary patency up to 2 years but not
at 5 years of follow-up.'*

Modifications and newer
developments of PTFE grafts

The ePTFE graft has been modified in various
ways. Thin wall ePTFE grafts have improved
handling characteristics but still have an outer
wrap to provide strength. Stretch ePTFE
grafts have improved longitudinal rather
than circumferential elasticity with improved
handling characteristics but no other benefit
has been demonstrated in clinical studies.
External support, either rings or spirals, is
thought to be beneficial in extra-anatomic
(axillo-femoral or femoro-femoral) or below
knee grafts.

A further valuable adjunct shown in
prospective studies to improve below knee
PTFE graft patency is an interposition vein
cuff or patch at the distal anastomosis.*
This appears to improve the haemodynamic
situation at the distal anastomosis perhaps
acting through minimising compliance
mismatch and improving blood flow.”

Several reports indicate potential benefit
with ePTFE aortic grafts including reduced
bleeding and a lower risk of infection. The
only prospective randomised comparison of
ePTFE and Dacron aortic grafts, however,
failed to show any difference.”® The suprem-
acy of ePTFE in lower limb bypass grafting
has been challenged in a randomised trial
which showed no difference between ePTFE
and gelatin sealed Dacron.”*

Heparin bonded PTFE is being widely
utilised in contemporary practice. Two year
primary patency and limb salvage rates
were similar to autologous saphenous vein
in lower limb bypass including below-knee
locations.”” While there are case series data
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implying that this is an effective material,
results from randomised trials are awaited.?
Other ePTFE coating materials evaluated
include citric-acid based biodegradable elas-
tomers. In porcine carotid artery circulation,
they were found to be biocompatible with-
out causing increased risk of thrombosis,
restenosis or inflammation.’' These findings
are important as this may serve as the foun-
dation for a drug eluting vascular graft.

Polyurethane grafts

Polyurethanes are segmented polymers
initially formulated in the early 60’ to
provide elasticity in garment materials
(Lycra). These are a very large family of
which the most important component is
the urethane group present in repeating
sequences on the main chain of the polymer.
This forms the hard segment providing
strength with the soft segment being the
other main component (macromonomers
ranging from hundreds to over a thousand
Daltons). These hard and soft components
have a degree of incompatibility which allows
microphase separation delivering superior
and properties.
Polyurethanes also possess excellent blood
and tissue compatibility and are in extensive
use in access catheters and linings of various
prosthetic devices. Clinical experience of
conventional polyurethane grafts has con-
firmed their superior thrombo-resistance,
rapid ingrowth of living tissue and reduced
anastomotic hyperplasia.*

Polyurethane vascular access grafts for
haemodialysis have several advantages
including easy cannulation, rapid compres-
sion haemostasis and early use after implant-
Disadvantages with polyurethane
grafts include poor patency rates when com-
pared with PTFE and most problematically
hydrolytic degradation leading to aneurysm
formation. It is this complication that has

visco-elastic compliant

ation.



518 Mechanisms of Vascular Disease

limited their clinical use despite the advan-
tages of good compliance’™* (Table 28.1).

Newer developments of polyurethane
vascular grafts
Conventional  polyurethanes bio-
degradable at the soft segment of the polymer
particularly at the ester and ether groups in
poly(ester)urethane and poly(ether)urethane.
Recent interest has focused on replacing
these susceptible groups with other moieties
in particular polycarbonate, which are more
hydrolytically and oxidatively stable. One
polycarbonate polyurethane is currenty
available for clinical use, Corvita (Corvita
Inc) and also a renal access graft composed
of polyether polyurethane, the Vectra graft
(Bard Inc.).

Development of a compliant small calibre
vascular graft has been a major goal of our
unit. The focus has been on a poly (carbon-
ate) polyurethane with a honeycomb struc-
ture (Figure 28.4) composed of an inner and
outer skin enclosing a spongy middle wall

are

thus maintaining pulsatile flow even after
peri-graft tissue incorporation. Because this
polymer lacks ether and ester compounds
it resists biodegradation as proven both in
vitro, and in long term implantation study.
Comparison of this graft with artery, vein,
Dacron and PTFE shows compliance similar
to artery at mean pressures of 30—60 mm Hg,
with very significantly superior compliance
compared to Dacron or PTFE at all pressures
(Figure 28.3).“>% Soldani et al have devel-
oped a new compliant small diameter graft
with a poly (ether) urethane—polydimeth-
ylsiloxane semi-interpenetrating polymeric
network and featuring two different porous
wall layers; this showed superior compliance
and patency rates in comparison with stand-
ard ePTFE, with the ability of remodeling
in vivo being gradually replaced by natural
tissue with no sign of calcification.*

In addition, small-diameter poly (epsilon-
caprolactone) grafts represent a promising
alternative polyurethane with better healing
characteristics compared with ePTFE giving

FIGURE 28.4: Compliant polyurethane graft with external support; The sponge-like structure of the wall allows
pulsatile elastic recoil even with external support and after perigraft tissue incorporation has taken place.



faster endothelialisation and extracellular
matrix formation, accompanied by resistance
to structural deterioration during remodel-
ling.45’46

Reinforced polyurethane grafts using
polyester filament yarns knitted into tubu-
lar fabrics to form a composite vascular graft
have been demonstrated to be 5-10 times
stronger than pure polyurethane grafts.”” A
bioengineered microporous polycarbonate-
siloxane polyurethane graft has been devel-
oped for coronary artery bypass grafting.
Biological agents including heparin and
sirolimus can be impregnated into its absorb-
able collagen and hyaluronan microstruc-
ture giving a unique drug-eluting graft with
endothelialisation without excessive intimal
hyperplasia.® Biodegradable polymer sys-
tems provide the opportunity for release of
various growth factors to promote vascular
wall regeneration. For example, fibroblast
growth factor-2 (FGF-2) release from poly
(ester urethane) urea scaffolds amalgamates
the favourable mechanical properties of
polyurethanes with the bioactivity of an
angiogenic protein.*’

Nitric oxide releasing polyurethanes
reduce platelet adhesion and vascular smooth
growth, while stimulating
endothelial cell growth.”® Furthermore, the
elastomeric copolymer, poly(1,8-octanediol
citrate), with mechanical and degradation
properties suitable for vascular tissue engi-
neering, decreases platelet adhesion.”’ In
vitro studies evaluating the biocompatibility
of these materials confirm their potential for
vascular graft coatings.’>

Although  tissue-engineered
grafts based on biodegradable polymers have
yielded promising results, some drawbacks
exist. Challenges of cell sourcing are com-
pounded by long culture periods that range
between 2 and 6 months, and the prolifera-
tive capacity of cells isolated from elderly
patients is limited.

muscle cell

vascular
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Biological vascular grafts
Biografts, vascular grafts made from

biological sources, have been used over
many years. Allografts (sourced from the
same species) in current use are primarily
umbilical and saphenous vein. Xenografts
(derived from other species) have a long
history with disappointing results and there
is no xenograft currently in clinical use.

The major problems with biografts are
biodegradation and immunogenicity which
can be counteracted by chemical treatment
and cryopreservation. The first clinical use
of an allograft was in 1948 in the treatment
of aortic coarctation.’”® Arterial allografts
harvested from cadavers were first used in
the 1960s to perform lower limb bypass but
these were prone to significant degeneration,
aneurysm formation and wall calcification.”

Improved cryo-preservation with protect-
ant solutions to prevent intra-cellular ice crys-
tals on thawing, allowed the development of
tissue banks to provide a ready source of allo-
grafts. Clinical use of cryopreserved allografts
in the 1960s showed good short term func-
tion and the attractive possibility that cryop-
reservation might reduce immunogenicity.”
Further clinical experience however revealed
disappointing one year patency rates of less
than 50%.°¢ The stable functioning of arte-
rial and venous grafts in human liver trans-
plantation suggests that immuno-suppressive
therapy will improve the function of these
grafts. However the associated complications
probably make this approach unacceptable.

Xenografts were introduced in the 1970s,
most commonly the bovine carotid artery.
Various chemicals including glutaraldehyde
were used to cross link collagen to provide
stability and reduced immunogenicity. Clini-
cal success rates of these xenografts were poor
with biodegradation after 6 months due to
progressive breakdown of the collagen cross

linkages.
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The human umbilical cord vein was
developed as a bypass graft by Drs Irving
and Dardik.”” This was stabilised using glu-
taraldehyde supported by an external Dacron
mesh and used specifically in lower limb
bypass grafting but were prone to aneurysmal
degeneration. Deficiencies in the manufactur-
ing process were corrected in the late eighties
with apparent significant reduction of this
problem. The graft, however, never regained
popularity despite impressive results in a large
series of 1,275 cases (five year secondary pat-
ency rates of 71% for femoro-popliteal and
56% for femoro-crural bypass).*®

Newer developments of biological
vascular grafts

Bacterial cellulose is a novel vascular
material with the potential to reduce
surface thrombogenicity. In vitro it had the
slowest activation of coagulation cascade
as compared to standard synthetic graft
materials.”” Bacterial cellulose has the added
advantage of promoting in situ vascular
tissue regeneration,” so it has potential as a
scaffold for small bore vascular grafts.

A fibrin scaffold supported by a poly
lactide mesh, and seeded with autologous
arterial-derived cells prior to dynamic con-
ditioning has been used to develop condi-
tioned grafts with good mid-term patency
and no evidence of thrombosis, aneurysm
formation or calcification in vivo.®! They also
show a confluent monolayer of endothelial
cells lining the inner surface of the graft. The
integrated biodegradable polylactide mesh
has also been used to provide temporary
mechanical support during the initial period
of tissue development, while an autologous
fibrin cell carrier system acts as the basis
of remodeling the entire graft into a viable
tissue structure.®

The in-vivo evaluation of cryopreserved
human umbilical arteries treated with poly
(styrene sulfonate)/ poly (allylamine hydro-

chloride) has demonstrated a high graft
patency after 3 months of implantation.®® An
allogenic vascular graft has also been devel-
oped from a decellularised scaffold prepared
from canine carotid arteries and modified
through heparin immobilisation and vascular
endothelial growth factor (VEGF) coating.*
LHeureux et al. have demonstrated the
feasibility of assembling arterial bypass grafts
exclusively from autologous cells in primate
models.” No synthetic or exogenous mater-
ials were used; instead, the vessels were
created with the use of autologous fibroblasts
and endothelial cells harvested from a small
biopsy specimen of skin and superficial vein.
In vivo results indicated that the grafts were
antithrombogenic and mechanically stable
for 8 months, with histology and micros-
copy displaying complete tissue integration,
regeneration of a vascular media, as well as
elastogenesis and a collagen fibre network.

PROSTHETIC GRAFT
MODIFICATIONS

Modifications to reduce graft
infection

Graft infection is a devastating complication
particularly in the modern era of increasing
methicillin-resistant ~ Szaphlococcus — aureus
(MRSA) infection. Several different strategies
have been employed to reduce the risk of
infection. The simplest approach is soaking
grafts coated with albumin, collagen or gelatin
with antibiotics, in particular rifampicin.®
Gelatin sealed grafts prebonded with two
antibiotics have shown resistance to infection
by Staphylococcus aureus in a dog model.”
In vitro studies show that antibacterial levels
of rifampicin will remain present for 48 to
72 hours with reduced risk of graft infection
to bacterial challenge.®®

The clinical experience of rifampicin
bonded Dacron grafts relates to two random-
ised controlled trials the first from Italy in



aorto-femoral grafts and the second from the
United Kingdom in extra-anatomical bypass
grafts. There was no long term benefit in
terms of reduced graft infection rate found
although early wound infection rates were
found to be significantly reduced.®’* How-
ever, these grafts should be used with caution
because it has been noted that in approxi-
mately 30% of cases, microbial organisms
isolated from infected grafts are resistant to
rifampicin.”!

A further approach to reducing infec-
tion is the binding of Triclosan (Irgason) to
grafts. This is an antimicrobial with broad
spectrum activity which in experimental
studies appears to bind effectively to dacron
grafts for four weeks.” Silver bonded PTFE
grafts have been shown experimentally to
reduce the risk of infection, and are currently
available for clinical use’”® (Interguard Silver
Graft. InterVascular, France). However, in
vivo comparison in a dog model between
rifampicin /gelatin sealed and silver/collagen
coated Dacron grafts, revealed significantly
greater resistance to infection for rifampicin
bonding.”* Silver-coated grafts did not dif-
fer from standard grafts and had no effect
on reducing graft infection in a recent
retrospective study.”

The other experimental strategies pro-
posed include direct pre-treatment with
soaking prosthetic grafts in antibiotic solu-
tion (Daptomycin) which has been dissolved
in a fibrin sealant.”® At present, all graft
modifications intended to reduce the risk of
infection in arterial reconstruction, although
promising, lack evidence of effectiveness.””

Modifications to improve patency

Carbon has been used because of its lack
of reactivity and potential reduction of
luminal thrombogenicity with flowing
blood. Experimental studies have suggested
improved primary and secondary patency
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rates.”® Prospective randomised comparison
of carbon impregnated PTFE grafts with
standard PTFE found no significant
difference at 2 years but with a trend for
improved patency in the carbon graft.”

As shown earlier heparin bonded Dacron
shows only short-term advantage in improv-
ing primary patency. A commercially available
graft is the Fluoropassiv (Terumo-Vascutek),
a Dacron graft coated with a fluoropoly-
mer which has been shown in experimental
studies to cause less tissue reaction and to
have reduced thrombogenicity.*® There are
no clinical data available to confirm any

beneficial effect of this graft.

Nanocomposite Grafts

Recent developments in the field of nano-
technology have facilitated vascular tissue-
engineering mimicking the nanostructure
of native vessels. One such application is
electrospinning of synthetic polymers into
nanofibers.®' % The advantages of forming
scaffolds with high porosity as well as
high surface area-to-volume ratio, thus
simulating the dimensions and structure of
native collagen and elastin fibrils holds great
promise for future off-the-shelf-grafts.*>%
Our group has developed a family of
nanocomposite polymers-based on poly-
hedral oligomeric silsesquioxanes (POSS)
and poly (carbonate-urea) urethane (PCU).
POSS-PCU has been used to develop a small
diameter bypass graft which shows match-
ing viscoelastic properties to human arter-
ies.’” Furthermore, a biofunctionalised small
diameter graft based on this nanocompos-
ite polymer demonstrates the potential for
relatively rapid endothelialisation from pro-
genitor cells extracted from peripheral blood
in an in vitro model.*” An extrusion-phase-
inversion technique is used to make uniform
walled porous conduits from POSS-PCU.
These elastic microporous grafts demonstrate
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favourable mechanical integrity and are
currently undergoing in-vivo evaluation of
durability and healing properties.®

Other groups have utilised the strength
and flexibility of carbon nanotubes as
fillers to enhance base polymer properties but
although these composite polymers decrease
thrombogenicity, toxicity of carbon nano-
tubes remains a concern.®?

ENDOTHELIAL CELL SEEDING
Achieving endothelial  cell

important in improving graft performance.
Endothelial cells have been extracted from
three main sources — vein, subcutaneous fat
andomentum.” Further potentially promising
sources are from bone marrow, circulating
blood and mesenchymal stem cells. There is
good experimental evidence to support the
benefit of endothelial cell seeding of bypass
grafts. These have better patency rates, are
less thrombogenic, will tolerate low flow
states and have been shown to have normal
endothelial cell activity.”” In addition seeded
grafts have been shown to resist bacteraemic
infection in animal models.”***

coverage Is

Single stage seeding

Single stage seeding requires sourcing
of larger numbers of endothelial cells to
allow immediate seeding of the graft at
implantation. With this method seeding is
not expected to be fully confluent but rather
is achieved over the early post-implantation
period by endothelial replication.
Herring and his colleagues in 1978 were
the first to report the seeding of Dacron
grafts in a dog model and showed that
PTFE seeded more rapidly and completely
than Dacron.””® This group confirmed in
an explant from a patient that endothelium
was present in the mid-portion of the graft
some months after implantation.””® A

cell

further clinical study demonstrated reduced
thrombogenicity in the endothelialised limb
compared to the non-seeded contralateral
limb of aorto-bi-femoral grafts.”” The major
disadvantage of one stage seeding is a lack of
sources of sufficient cells to allow immediate
seeding.

Two stage seeding

Two stage seeding involves harvesting a
modest quantity of endothelial cells typically
from a vein, and culturing sufficient
numbers for confluent seeding. A group
in Vienna have performed the largest and
the most detailed study in man using two
stage seeding with endothelial cells harvested
from cephalic or jugular veins.'” The ePTFE
grafts were pre-coated with fibrin glue and
then seeded with the patient’s own cultured
endothelial cells. This group’s experience is
of 213 patients with patency for below knee
reconstructions of 68% at 5 and 7 years, and
65% at nine years.'”! Endothelial cell seeding
has been successful in coronary artery bypass
with a recent trial using two stage seeding
of ePTFE reporting 90.5% patency rate at
28 months.'? These early clinical results are
very promising but two stage cell seeding
is cumbersome, and not easily applicable
particularly in emergency revascularisation.

VASCULAR TISSUE
ENGINEERING

There are three major approaches to creating
blood vessels. The first is in the addition of
vascular cells to synthetic polymers of which
seeding of existing graft materials forms the
most basic example. The second approach
is in the development of bioresorbable or
biodegradable grafts made of polymers
which will be absorbed to varying speeds and
degrees with eventual replacement by host
tissue. The third approach is that of growing



new grafts in tissue culture made from
endothelial cell, vascular smooth muscle cell,
collagen and matrix.

Non-degradable polymer and cell
seeding

Deutsch and colleagues in Vienna showed
in explants of endothelial cell seeded PTFE
grafts that a neo-media develops between the
prosthesis and the endothelium throughout
the entire length of the graft.!”>!% The cells
in the neo-media contained actin filaments
and a true internal elastic membrane
had developed to separate them from the
endothelial layer. Probably the original
inoculums of endothelial cells obtained
from cephalic or jugular vein had been
contaminated with some vascular smooth
muscle cells or pericytes. There has been
much debate in the past as to whether
endothelial cells for seeding should be pure
or whether there would be benefit from
inclusion of vascular smooth muscle cells or
pericytes. This finding of a neo-media with
a well developed internal elastic membrane
providing an inner structure very similar
to that of a normal artery lends support to
the argument that co-culturing of cells of
vascular origin would be beneficial.

The reintroduction of high porosity
prosthetic grafts (i.e. pores >90pm) merits
further study. Impermeability at the time
of implantation using established impreg-
nation methodology avoids the risk of
haemorrhage. Once the sealant is absorbed,
capillary tuft ingrowth with development of
a media and intima may result. An alterna-
tive approach would be to develop highly
porous prosthetic grafts pre-seeded with vas-
cular smooth muscle cells, collagen, and with
a seeded inner layer of endothelial cells. The
newer bio-resistant polyurethane polymers
are promising materials for development of

such hybrid grafts.
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Bioresorbable and biodegradable
polymers

The concept of degradable or absorbable
graft materials providing initial vessel
integrity but in time replaced by the host’s
own tissues has been under development for
some time.'?>1%

Polyglycolic and polylactic acid are the
two bioresorbable polymers which have
been most fully investigated. In addition to
polydioxanone, these are the polymers which
have FDA approval and for this reason are
the preferred materials.'” Polyglycolic acid
is susceptible to in-vivo hydrolysis after
2—4 weeks. Polylactic acid is more resistant to
hydrolysis in-vivo and in the form of, L-poly-
lactic acid, has high mechanical strength. Co-
polymers of these two substances are in
wide use as absorbable sutures and are
better known as vicryl and polyglactin 910
(PGI10). Polydioxanone, otherwise know
as PDS, is a much more slowly reabsorbed
compound. The first fully bioresorbable
vascular graft was made from sheets of vicryl
but became aneurysmal.'®

Greisler’s group in Chicago has contrib-
uted significantly in this field initially mak-
ing grafts from woven polyglycolic acid for a
rabbit model.'®!"° Four weeks after implant-
ation a confluent layer of endothelial cells
with a medial layer of myofibroblasts sur-
rounded by dense collagen fibres was found.
Ten percent became aneurysmal early on
probably because of reabsorption before ade-
quate ingrowth of host tissue. Grafts made
of polydioxanone (PDS) were more slowly
reabsorbed for up to six months. Similar tis-
sue ingrowth as in the previous experiments
with full endothelialisation over a neo-media
was found. These were strong grafts able to
withstand very high static bursting pressures
(600-2000 mmHg).""

Greisler’s group then reported a compos-
ite bioresorbable graft of 74% PG910 and
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26% PDS which at one year in a rabbit aorta
model had 100% patency with no aneurys-
mal degeneration. Complete reabsorption
of PGI10 took place within 2 months and
PDS within 6 months. These arteries with-
stood up to 800mmHg of pulsatile pres-
sure.''? Composite partially resorbable grafts
were next looked at in two grafts, the first
constituted of 69% PG910 and 31% poly-
propylene, and the second of 70% PDS and
30% polypropylene. In a dog aorto-iliac
interposition model, one year patency rates
of 90% for the former graft and 86% for
the latter graft were found."” Despite these
experimental successes, so far no bioresorb-
able small diameter graft has been produced
for human implantation.

Combined bioresorbable and tissue

engineered grafts

Later work focused on the concept of a
graft composed of autologous vascular cells
with a bioresorbable scaffold providing
sufficient strength during tissue ingrowth
and replacement."'* The first report was of
smooth muscle cell seeding onto polylactic
acid scaffold in a rat model where a
neomedia with vascular orientation of cells
was found.'” Langer and Vacanti reported
the successful development of a tubular
scaffold made of woven polyglactin as an
outer layer and an inner layer of non-woven
polyglactin onto which autologous cells were
seeded. After seven days of culture the vessels
were implanted into sheep pulmonary artery
with 7 grafts remaining patent for up to
3 months. The polymer scaffold was found
to be replaced as expected by host cells and
matrix, but these grafts dilated.

A more robust graft was produced using
a composite scaffold of polyglycolic acid as
an inner layer designed to degrade by two
months, and polyhydroxy alkanoate as an
outer non-porous layer, designed to degrade

much more slowly. This graft was implanted
into sheep abdominal aorta with full pat-
ency and no dilatation being found at up to
150 days and complete replacement by host
tissue. A normal endothelial layer and a
vascular media containing collagen and elas-
tin were found."¢!"”

Surface modulation of polyglycolic acid
polymer with 1IN NaOH increases absorp-
tion of seeded smooth muscle cells."”® The
RGD peptide, a component of fibronectin,
is known to promote endothelial cell attach-
mentand also influence cell differentiation.”
Much work is now focused on the incorpora-
tion of RGD peptide sequence onto polymer
surfaces to enhance endothelial attachment.
A turther promising approach is the incorp-
oration of biologically active substances, for
example vascular endothelial growth factor
and basic fibroblast growth factor in order
to stimulate and modulate the differen-
tiation of the seeded cells into functional

phenotypes.'*

Mechanical conditioning of seeded
vascular cells

The exposure of smooth muscle cell seeded
scaffolds to physiological and pulsatile
pressures results in orientation into multi-
layers with collagen fibrils in the extracellular
matrix.”” Elastin and proteoglycans are
also released into the extra-cellular matrix
after 8 to 16 weeks of exposure to arterial
circulation."”  Furthermore conditioning
of seeded endothelial cells by exposure to
pulsatile flow and shear stress has been shown
to improve proliferation and adhesion.'”

Alternative scaffolds

Biocompatible and biodegradable synthetic
polymers made by recombinant DNA
technology are under development. Examples
include the elastic protein-based polymers



such as poly (GVGP), a repeating sequence
in the elastin molecule. Carboxy-amides are
chemical moieties which will hydrolyse at
varying times depending on the amino acid
sequence. By selection of carboxy-amides
for inclusion in the structure of the poly
(GVGPV) polymeraplanned degradationrate
can potentially be incorporated. Differential
degradation, resorption and replacement by
host tissue of several layers of a graft can
therefore be achieved while maintaining its
structural integrity.'* These polymers have
excellent elasticity and proven optimised cell
attachment due to incorporation of RGD
sequences.'?

Decellularised vessels have well pre-
served collagen fibres theoretically ideal
for ingrowth. Good long term results from
allogenic decellularised biological scaffolds
have been reported with minimal immuno-
reactivity'* but this initial promise was not
maintained in further experimental studies.
Xenografts would be practical for human
implantation but unfortunately even decel-
lularised scaffolds maintain a significant
degree of immunogenicity and inflamma-
tory response sufficient to destroy elastin.'”
Endothelial cell seeding with autologous
cells has not been successful in reducing their
immunogenicity and thrombogenecity.'*®
Although a very promising concept the con-
tinuing problems of antigenicity make their
clinical application unlikely.

A poly-L-lactide/poly-epsilon-caprolactone
scaffold releasing heparin by a combina-
tion of electrospinning and fused deposition
modeling technique has been used. This par-
ticular scaffold design allowed the generation
of both a drug delivery system amenable to
surmount thrombogenic issues and a micro-
environment able to induce endothelial dif-
ferentiation.'” Silk-based fibroin grafts have
been developed and they provide excellent
patency when implanted in smaller vessels.'®

The fibroin graft gradually degraded with
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formation of an artery-like structure by
endogenous endothelial cells and smooth
muscle cells. Fibroin may hold the promise
to generate vascular prostheses for smaller-
diameter arteries.

Genetically-modified cellshave also been
considered for the construction of vascular
replacements. For example, genetically-
modified endothelial cells over-expressing
tissue plasminogen activator (t-PA) and
urokinase-type PA, or bone marrow mesen-
chymal stem cells transduced to express
endothelial nitric oxide synthase (eNOS),
would promote cell repopulation of the graft
and help to eliminate thrombotic events.'!
Growth-regulating substances, growth fac-
tors or antimigratory and antiproliferative
drugs have been incorporated directly into
prosthesis wall or delivered through drug-
eluting stents, catheters and perivascular
collars.’>13% Artificial materials releasing
nitric oxide (NO) are also being developed,
consisting of synthetic polymers incorpor-
ated with NO donors such as diazenium-
diolates and S-nitrosothiols."**

Tissue-engineered grafts

Blood vessels made purely from biological
and vascular cells have the
major potential advantage of a vaso-
active biological conduit which can both
heal and remodel according to changing
environment. In Japan Hiraj and Matsuda
developed a graft from canine vascular
cells and collagen which proved resistant
to physiological pressures only with a
dacron backbone.'®> In 1998 the Quebec
group reported the first successful totally
biological graft made from cultured human
umbilical vein cells which withstood
physiological pressures.”® The addition
of a period of pulsatile culture following
an initial static culture of smooth muscle
cells and collagen reliably produces grafts

materials
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which are strong and resistant to supra-
physiological burst pressures.'¥-1

All work in this field has been based on
young cells. The successful translation of
these promising developments to clinical
application requires proof that adult or senile
vascular cells will behave similarly. Such cells
will have to come from each individual vascu-
lar patient undil such time as pluri-potential,
non-immunogenic cells can be sourced.

GRAFT MATERIALS FOR AORTIC
ENDOGRAFTS

The endografts in current clinical use are
mainly made from either thin woven polyester
(Dacron) or ePTFE. Sac enlargement after
endovascular aneurysm repair (EVAR),
without evidence of endoleak, has been
attributed largely to endotension or material
porosity. The first-generation Gore Excluder
graft allowed serous transudate contributing
to continued sac pressurization. AneuRx
grafts had a higher incidence of microleaks,
or persistent transgraft blood flow, occurring
through the thin graft material. The Excluder
and AneuRx devices modified their graft
material in 2004 with subsequent reduced
permeability.'” Stent and graft materials
have different mechanical properties and
any repetitive movement between them may
damage the fabric. Stronger sutures and
tighter weaves have made current designs
more stable, but none is yet free from fabric
graft failure.'®

Research has also been targeted to improve
the delivery profile of endografts, which is a
main limiting factor in utilisation of these
grafts for thoracic aneurysms. One such
approach is to use thin-film Nitinol (NiTi)
and early in vitro results have confirmed its
feasibility."*" This device is presently being
tested in animal models.

With the availability of new materi-
als, reducing mismatch in aortic stiffness

and compliance may become important
in future EVAR grafts. Indeed, some dif-
ferences in presently used materials have
already been observed by van Herwaarden
and colleagues finding differences in compli-
ance between Gore Excluder and Medtronic
Talent stent-grafts at the level of aneurysm
neck.'"”? In the next decade, we can expect
continuing improvements in device design.
Plasmid-loaded cationized gelatin (CG)
hydrogel-coated stent grafts offer transduc-
tion of therapeutic genes into the vascular
wall facilitating the biologic healing between
the aorta and graft.'® Novel graft materi-
als such as POSS-PCU have the potential
to deliver compliance, antithrombogenicity,
biocompatibility and spontaneous endothe-
lialisation to provide better configurations
and reduce the risk of complications.

THE FUTURE

Over the next 5 years improved prosthetic
grafts will become available with the
introduction of biodurable and compliant
materials. Lumen modulation by ant-
coagulant molecules, cell ligands and growth
factors will further enhance performance thus
adding thromboresistance to compliance.
Attachment technology will allow Dacron
and PTFE to be similarly modified although
these can never be sufficiently compliant to
abolish compliance mismatch.

New compliant graft materials will be
developed using novel spinning technologies
to incorporate collagen and elastin polymers
resistant to degradation. The technology for
totally bioresorbable grafts is already in clini-
cal use for paediatric cardiovascular recon-
struction and its applicability to adult use is
under study. Similarly the development of
totally autologous tissue engineered grafts
is in its infancy. Endothelial cell seeding is
clinically proven but cumbersome. With
ongoing development to match as closely as



possible the mechanical characteristics and
functions of normal human arteries there
is real potential for new graft development
within the next decade.
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