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Preface

Understanding the many complex cellular and molecular mechanisms underlying 
human vascular diseases is essential in improving the treatment of this important 
and wide-ranging group of diseases that affect a large proportion of the world popu-
lation. This book is based on lectures presented at an International Vascular Biology 
Workshop held in London and chaired by Professor Dame Carol Black. The con-
tents are complemented by some invited chapters, all written by world experts in 
areas of basic science and clinical medicine highly relevant to vascular biology and 
disease. We are particularly grateful to Professor Arshed Quyyumi, Professor of 
Medicine and Cardiology at Emory University, who with his research group and 
clinical colleagues, has provided a substantial contribution to this book. In common 
with our previous book – Vascular Complications in Human Disease: Mechanisms 
and Consequences published by Springer in 2008, our aim with this book is to 
highlight some of the established relationships between basic science and clinical 
medicine, and to outline new and exciting fields of research and practice in vascular 
biology and pathobiology.

There are two sections: Basic Science of Vascular Biology and Clinical Aspects 
of Vascular Biology. In the first section, dealing with basic science, we have 
included three important growth areas: “Genetics and Gene Therapy” cover 
approaches to gene therapy and delivery systems, “Animal Models to Study 
Vascular Disease” with chapters on animal models of scleroderma, animal models 
of atherosclerosis, and finally on the endothelin system. The final section on basic 
science titled “Molecules and Mediators and Therapeutic Applications” encom-
passes the role of endothelin in systemic sclerosis, and other aspects of the genetics 
and biology of endothelium and vascular function and includes a chapter on Cell 
Therapy for Cardiovascular Diseases and Cell and Molecular Mechanism(s) 
Underlying Vascular Remodeling. These basic science topics underpin what may 
further improve the clinical care of patients with vascular diseases.

The first section on clinical aspects of vascular biology is written by our col-
leagues from Papworth Hospital, currently the only UK center operating on patients 
with chronic thromboembolic disease associated pulmonary hypertension; this sec-
tion also includes a chapter on imaging in acute and chronic thromboembolic dis-
ease. Vascular disease in connective tissue diseases includes chapters on pulmonary 
arterial hypertension in connective tissue disease, registry and epidemiological data 
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in systemic sclerosis associated pulmonary arterial hypertension, and a review of 
vascular disease in systemic sclerosis. The final clinical section on Cardiovascular 
Disease, includes the important topics of coronary heart disease in women, graft 
performance in coronary artery surgery, predicting cardiovascular risk and the 
metabolic syndrome.

Although common basic science strands link the chapters, each chapter stands 
alone as an authoritative, up-to-date and powerful insight into these important top-
ics of vascular biology. The chapters help the basic scientist understand clinical 
problems as well as explaining to clinicians the scientific foundations of vascular 
diseases and allude to possible tracks for future research.

Although we are making progress in understanding some of the basic scientific 
mechanisms of vascular disease, there is much work to be done. The picture is thus 
far from complete. We hope that the information and insights contained in this book 
will be a useful contribution to the literature and help other scientists and clinicians 
make progress in this exciting field of biomedicine.

London, UK   David Abraham
Clive Handler

Michael Dashwood
Gerry Coghlan
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Foreword

Vascular medicine, in the form of vascular surgery, has its origins in attempts to 
ligate blood vessels to prevent haemorrhage, which is a well-described practice in 
one of the first extant textbooks of surgery written by the Indian doctor Sushruta 
over 2,500 years ago. However, reconstructive vascular surgery to repair torn or 
aneurysmic vessels, or to create anastomoses, only really became routinely feasible 
in the 19th century when surgery in general benefitted from the introduction of 
antiseptic and anesthetic procedures. Other areas of vascular medicine are much 
more recent, and needed for their impetus the realization that blood vessels are far 
more than structural conduits but have an intrinsic biology and pathology that con-
tribute to a wide range of diseases.

For example, though the atherosclerotic process was accurately described by 
eminent 19th century pathologists such as Virchow, it is only since after World War 
II that cardiologists began to take seriously the idea that acute myocardial infarction 
was a consequence of atherosclerosis in the coronary arteries, leading to the huge 
upsurge in the last 50 years of novel interventional attempts to remedy the problem – 
coronary bypass surgery since 1960, angioplasty since the mid 1970s, bare metal 
stents since the mid 1980s, and drug eluting stents since 2002.

In parallel with developments in intervention, vascular biology has steadily 
increased our understanding of the cellular and molecular physiology of blood 
vessels, revealing the characteristic responses of endothelial and smooth muscle 
cells to insult and injury and defining their active roles in the maintenance of 
vascular homeostasis. As late as 1960, the endothelium was described as a pas-
sive, blood-compatible, semi-permeable membrane – leading to Lord Florey’s 
rejection of this view of the endothelium as “little more than a sheet of nucleated 
cellophane” and the beginnings of endothelial cell biology. This was to lead 
within 20 years to important discoveries, including the key molecular mecha-
nisms by which endothelium controls leukocyte traffic and other aspects of the 
inflammatory response, and then the Nobel prize-winning discovery of nitric 
oxide as a novel endogenous endothelium-derived signalling molecule that regu-
lates vascular tone and platelet function. Another hugely significant body of cell 
and molecular biology has stemmed from Folkman’s careful description of new 
blood vessel formation (angiogenesis) and his seminal discovery of its importance 
for tumor growth.
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Thus we are currently in an exciting phase, as the molecular discoveries from 
vascular biology are beginning to be combined with the increasingly sophisticated 
technical expertise of vascular interventionists and surgeons, leading confidently 
into an era when a series of novel preventive and regenerative strategies will be 
applied successfully to vascular medicine. This volume provides a valuable snap-
shot of several growth points in vascular medicine, both preclinical and clinical, 
that reflect these strategies and the wide range of diseases where they impact.

King’s College, London Jeremy D. Pearson
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1.1  Plasma Lipoproteins and Dyslipoproteinemia

1.1.1  Delivering Lipid Nutrients

Plasma lipoproteins are large macromolecular particles integral to the transport of 
lipids between the liver, intestine, and peripheral tissues (Fig. 1.1).1 Dietary triglyc-
erides and other fat-soluble substances are absorbed from the intestine and packaged 
into chylomicrons, which are secreted into the bloodstream via the lymphatics. 
Following lipolysis by endothelium-bound lipoprotein lipase, their energy-rich 
triglyceride is delivered to peripheral tissues as free fatty-acids, leaving behind 
cholesterol-enriched chylomicron remnants, which are rapidly cleared by the liver.2 
In contrast, following carbohydrate ingestion or fasting, endogenous triglycerides 
and also cholesterol are packaged into very-low-density lipoprotein (VLDL) for 
transport from liver to the periphery.2,3 As with chylomicron lipolysis, the delivery 
of triglycerides decreases VLDL volume and changes its composition, forming 
initially intermediate-density lipoprotein (IDL) and then low-density lipoprotein 
(LDL) particles. The half-life of LDL, which carries three-quarters of plasma 
cholesterol, is much longer than chylomicron remnants, and the particles are 
catabolized by LDL-receptors in both peripheral tissues and the liver.1

1.1.2  Reverse Cholesterol Transport

The remaining major class of lipoproteins, high-density lipoprotein (HDL), is 
involved in reverse cholesterol transport, the pathway by which excess cellular 
cholesterol is transferred from the periphery to the liver for excretion (Fig. 1.1).4-6 

I. Papaioannou and J.S. Owen () 
Department of Medicine, Royal Free and University College Medical School,  
Royal Free Campus, Rowland Hill Street, London, NW3 2PF, UK 
e-mail: j.owen@medsch.ucl.ac.uk

Chapter 1
Oligonucleotide Therapeutics to Treat 
Dyslipoproteinemia and Atherosclerosis

Ioannis Papaioannou and James S. Owen

D. Abraham et al. (eds.),  Advances in Vascular Medicine, 
DOI 10.1007/978-1-84882-637-3_1, © Springer-Verlag London Limited 2010
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Newly synthesized or nascent HDL particles are discoidal and secreted by the 
enterohepatic system. They sequester free cholesterol from peripheral cells, which 
is esterified by the plasma enzyme lecithin-cholesterol acyltransferase (LCAT) to 
form cholesteryl esters that move into a hydrophobic core. Loading of nascent HDL 
with cholesterol produces mature, spherical HDL particles, which can deliver their 
cholesteryl ester to liver via scavenger receptors.4 Alternatively, some cholesteryl 
esters are transferred to VLDL and LDL in exchange for triglyceride by the choles-
teryl ester transfer protein (CETP), and so are eventually taken up by hepatic LDL-
receptors.5,6

Fig. 1.1 The lipoprotein transport system for plasma lipids. Dietary lipids are absorbed in the 
intestine and packaged into chylomicrons, which then deliver energy-rich triglycerides to periph-
eral tissues, particularly muscle and adipose. The resultant remnant particles are cleared by 
hepatic receptors via ApoE. Endogenous lipids in liver are secreted as very-low-density lipopro-
tein (VLDL), which undergoes a similar lipolysis to generate cholesterol-rich low-density lipopro-
tein (LDL) particles that are taken up equally by liver and extrahepatic tissues. Reverse cholesterol 
transport from periphery to liver occurs when nascent discoidal high-density lipoprotein (HDL) 
(lipid-poor ApoAI) sequesters cellular cholesterol, which, following esterification to facilitate 
internal packing and formation of mature spherical HDL, is then transported to liver, for recycling 
or excretion
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1.1.3  Clinical Relevance

The metabolism and relative concentrations of plasma lipoproteins are of profound 
clinical importance, as dyslipoproteinemias are common and are major risk factors 
for cardiovascular disease (CVD), the leading cause of death worldwide. High 
plasma cholesterol levels in the form of LDL or remnant particles result in depo-
sition of lipids in the arterial wall, ultimately causing atherosclerosis.7 Moreover, 
low HDL is an important independent risk factor because of its role in removing 
excess cholesterol from arterial cells.1,4,5 Controlling risk through lifestyle modi-
fication and/or drugs, such as statins to lower LDL, are major public health goals. 
Nonetheless, about two-thirds of adverse cardiovascular events continue despite 
these interventions; increasingly, new therapeutic approaches are required.

1.2  Key Protein Targets within Plasma Lipid  
Transfer Pathways

1.2.1  Apolipoprotein B (ApoB)

1.2.1.1  Structural and Receptor-Binding Functions

Apolipoprotein B (ApoB) is the principal protein component of VLDL, IDL, LDL, 
and chylomicrons.8 It is primarily expressed in liver and intestine, but the two trans-
lational products differ. In the intestine, ApoB mRNA is subject to post-transcriptional 
editing, which results in a premature stop codon.1,8 Thus, both the full-length protein, 
ApoB100 (515-kDa), and a carboxy-terminus truncated form, ApoB48 (244-kDa; 
hence 48% the size of ApoB100), are produced from the same gene. Editing of 
ApoB mRNA is accomplished by the editosome, a multiprotein complex whose 
active subunit is APOBEC-1 (ApoB mRNA-editing enzyme catalytic polypeptide 1).4 
Circulating liver-derived VLDL has ApoB100 as its major protein component, 
which in LDL is the sole protein constituent, while ApoB48 is the structural protein 
of chylomicrons.1-3,8

This difference determines their catabolism: as ApoB48 lacks the C-terminal 
moiety, it cannot bind to the LDL-receptor and hence chylomicron remnants are 
cleared via ApoE interaction with hepatic LDL-receptor-related protein (LRP), a fast 
catabolic step. In contrast, binding of ApoB100 is a slow process and the half-life of 
LDL is 100-fold greater than chylomicrons. This exacerbates the susceptibility of 
LDL to oxidation and ingestion by monocyte-macrophages to form “foam cells,” the 
lipid streak of early atherosclerotic lesions.7 As LDL has a central role in atheroscle-
rotic plaque formation, inhibition of ApoB synthesis is considered a therapeutic 
target to reduce CVD risk. However, genetic evidence suggests that any suppression 
of ApoB expression must be carefully controlled to prevent adverse consequences.
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1.2.1.2  ApoB Deficiency

Familial hypobetalipoproteinemia (FHBL) is an inherited genetic disease, which 
naturally reduces levels of functional ApoB.1,9,10 In most cases of FHBL, the muta-
tion results in production of truncated inactive ApoB, although nontruncating 
missense mutations with impaired secretion, such as R463W, are also documented.11 
The more severe form of the disease abetalipoproteinemia (ABL), in which there is 
complete absence of ApoB-containing lipoproteins, is often caused by inactivating 
mutations in the microsomal trigyceride transfer protein (MTP), a molecular chap-
erone essential for the correct folding and lipidation of ApoB in the endoplasmic 
reticulum.12 ABL results in intestinal fat malabsorption, and patients present with 
severe neurological and other disorders due to lipid-soluble vitamin deficiency.12 
In FHBL, heterozygous carriers have decreased LDL levels and a high incidence of 
nonalcoholic fatty liver disease and mild intestinal dysfunction, but are otherwise 
asymptomatic.1,10,13 Homozygous carriers, on the other hand, have a more severe 
phenotype similar to that of ABL.10,12

1.2.2 Apolipoprotein AI (ApoAI)

1.2.2.1  ApoAI and HDL are Atheroprotective

Apolipoprotein AI is a 243 amino acid (28-kDa) amphipathic protein produced by 
liver and intestine, and is the main protein component of HDL. It is secreted into 
the circulation as a longer propeptide, which is proteolytically processed by cleavage 
of a hexapeptide to mature ApoAI.14 ApoAI is essential for formation of HDL and 
several of its biological functions; thus, impaired ApoAI activity results in dimin-
ished reverse cholesterol transport and low HDL levels.4,5 Genetic evidence reveals 
that mutations associated with defective ApoAI correlate strongly with increased 
risk for premature CVD.14 Complete absence of normal ApoAI, a condition known 
as analphalipoproteinemia, results in undetectable levels of HDL.1 Various mis-
sense mutations leading to premature termination of the protein, such as codon-2 
(Q[-2]X) of the ApoAI propeptide14 or codon 136 (E136X),15 are associated with 
markedly decreased plasma HDL and greatly increased risk of premature CVD. 
Patients homozygous for Q[-2]X show additional pathology such as neuropathy 
and, due to subretinal lipid deposition, premature cataracts and retinopathy.14

1.2.2.2  ApoAIMilano

In 1980, a novel “gain-of-function” ApoAI variant termed ApoAI
Milano

 and arising 
from a point mutation (C→T; R173C) was identified, which appeared to be athero-
protective.16 Heterozygous patients with the ApoAI

Milano
 mutation have decreased 

incidence of CVD, despite paradoxical low plasma HDL. Although anti-atherogenic 



91 Oligonucleotide Therapeutics to Treat Dyslipoproteinemia and Atherosclerosis

mechanism(s) of ApoAI
Milano

 are poorly understood, the Cysteine-173 substitution 
allows intramolecular disulfide bond formation, which confers unique structural 
and functional properties to the HDL particles.17,18 Some studies in vitro suggest 
that ApoAI

Milano
 increases cholesterol efflux, while in experimental animals infu-

sion of ApoAI
Milano

 stabilizes or even regresses established atherosclerotic plaque.19 
Indeed, weekly injections of ApoAI

Milano
/phospholipid complexes for 5 weeks 

caused regression of coronary atheroma in patients with acute coronary syndrome, 
validating the potential of HDL-based therapeutics to treat CVD.20

1.2.3  Apolipoprotein (ApoE)

Plasma ApoE is a polymorphic glycoprotein of 299 amino acids (34-kDa), primarily 
secreted by liver (90%) and monocyte-macrophages (10%); it is also synthesized 
by brain, kidneys, and spleen.21 ApoE plays a critical role in clearing remnant 
chylomicrons by targeting them to liver for receptor-mediated endocytosis.21 Two 
common isoforms arise from wild-type human ApoE3 by single nucleotide poly-
morphisms (SNPs) and increase risk of coronary heart disease.1,21,22 The rarest 
variant ApoE2 (Arg158Cys; 8% frequency) has defective binding to LDL-
receptors and LRP, and in homozygous carriers predisposes to Type III hyperlipo-
proteinemia.22 ApoE4 (Cys112Arg; 15% frequency) produces dominant 
hyperlipidemia and, additionally, is strongly associated with increased susceptibility 
to Alzheimer’s disease.23

1.2.4  Proprotein Convertase Subtilisin Kexin Type 9 (PCSK9)

PCSK9 is a serine protease, mainly expressed by liver and intestine, with a key role 
in the catabolism of the LDL-receptor and other lipoprotein receptors of the same 
family, such as the VLDL-receptor and ApoE receptor 2 (ApoER2), though not 
LRP.1,24,25 Initially, it was thought that PCSK9 degraded LDL receptors intracellu-
larly. However, later studies showed that PCSK9 was also secreted into the circula-
tion where it acts as a ligand for the LDL-receptor and, following their endocytosis, 
directs the receptor for degradation rather than recycling to the plasma membrane. 
Its physiological significance is emphasized by the close positive correlation 
between levels of plasma PCSK9 and total or LDL-cholesterol. Missense “gain-of-
function” mutations in the PCSK9 gene are associated with autosomal dominant 
hypercholesterolemia (ADH), a rare form of familial hypercholesterolemia in 
which both the LDL-receptor and the ligand binding domain of ApoB100 are normal.24 
Such mutations, including F216L, lead to increased LDL-receptor catabolism and 
hence higher plasma levels of total cholesterol and LDL.24 In contrast, “loss-of-function” 
mutations increase the amount of LDL-receptor protein, thereby reducing plasma 
LDL levels25,26; indeed, patients homozygous for the C679X mutation, which 
produces a 14 amino acid truncated PCSK9, have severe hypobetaliproteinemia.26
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1.3  Oligonucleotide Therapeutics

1.3.1  Overview

Oligonucleotides, either chemically synthesized or generated by selective enrichment 
strategies, are well-established research tools. Moreover, advances in their production 
and in vivo delivery have seen them emerge as a novel class of nonsmall molecule 
therapeutics, and several products are in clinical trial. RNA aptamers and short 
interfering RNA (siRNA) are at the forefront of clinical development, but other 
technologies also offer promise.27-29 Here, we focus on three key types of oligonu-
cleotide therapeutics, which have potential to treat dyslipoproteinemias and athero-
sclerosis: RNA interference, exon skipping, and oligonucleotide-directed gene 
editing. The first two, RNA interference30 and exon skipping,31 are now established 
examples of antisense oligonucleotide technology for manipulating gene expression, 
while gene editing32 is a radical technique, uniquely suited for introducing small, 
permanent changes into the genome of the target cells.

1.3.2  RNA Interference

1.3.2.1  Mechanism

Gene silencing or RNA interference is a form of post-translational gene down regu-
lation that is activated in response to double-stranded RNA.30 Most likely, it evolved 
as a defense mechanism against parasitic RNA sequences, for example, viruses or 
transposons, but is now in widespread use as a research tool and as a developing 
clinical therapeutic. The mechanism of RNA interference has been elucidated 
(Fig. 1.2).30 Double-stranded RNA is recognized and processed by Dicer, an 
enzyme that makes staggered cuts to cleave it into shorter 21 nucleotide double-
stranded fragments (short interfering RNA or siRNA). In turn, the siRNA frag-
ments are targets for RNA-induced silencing complex (RISC), a multiprotein 
cluster, which becomes activated by degrading one of the siRNA strands and incor-
porating the second. The activated RISC then binds mRNA sequences complemen-
tary to the assimilated RNA strand, resulting in mRNA degradation and hence gene 
downregulation.

This process is commonly exploited experimentally to silence genes in two 
ways: (1) transfection of synthetic preformed siRNA duplexes; or (2) transfection 
of a plasmid or viral vector that produces short hairpin RNA (shRNA).30 Synthetic 
siRNAs are designed, so their sequence matches only the gene of interest. When 
transfected into cells, the siRNA is recognized by RISC and used to target and 
degrade mRNA; this produces a transient and sequence-specific downregulation 
of gene expression. The siRNA-induced silencing is temporary because the siRNAs 
and the activated RISCs have finite lifetimes. Vectors producing shRNA are constructed 
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to express a short RNA sequence that forms a hairpin structure. The double-
stranded part of the hairpin is designed to match the target gene sequence. This 
structure is recognized by Dicer and processed into siRNAs that then downregulate 
gene expression. As the plasmid or viral vector persists, especially if selection is 
applied, it can be used for long-term gene silencing.

Use of unmodified (naked) RNA in vivo is limited by its susceptibility to ubiquitous 
RNases and its inability to cross cellular plasma membranes.33 Indeed, naked 
siRNA molecules administered to animals are eliminated rapidly and fail to reach 
target tissues.33 This problem was initially circumvented by using RNA with a 
modified, nuclease-resistant backbone and by conjugation to lipophilic molecules, 
such as cholesterol,33 which facilitate entry into cells. Although this approach is 
relatively effective, newer liposomal formulations of siRNAs are superior and show 
much promise as potential future therapeutics.34

Fig. 1.2 RNA interference. Double-stranded RNA (dsRNA) is recognized by Dicer, an 
enzyme which chops it into 21–23 base pair fragments with end-overhangs of 1 nucleotide, 
termed short interfering RNA (siRNA). These are bound by the multienzyme RNA-induced 
silencing complex (RISC), which is primed by displaying one siRNA strand after degrading its 
partner. The siRNA strand retained by activated RISC recognizes and binds complementary 
mRNA targets, which are then destroyed by the enzyme complex. Thus, targeting mRNA by 
transfecting cells with short dsRNA that has sequence match marks the mRNA for degradation 
and hence silences gene expression
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1.3.2.2  Lipoprotein Targets

There are two reports of reducing ApoB expression in vivo by using siRNA. The 
first was intravenous injection (liver-directed) of cholesterol-conjugated ApoB-
specific siRNA into transgenic mice expressing human ApoB100. Significantly 
lower levels of plasma ApoB100 were seen, which were accompanied by 40–50% 
reductions in chylomicrons, LDL, and total cholesterol.33 A later study in cynomolgus 
monkeys showed that a single injection of a liposomal formulation of ApoB siRNA 
reduced levels of ApoB mRNA by >80% for a period of 11 days; concomitant 
reductions of 62 and 82% in plasma total cholesterol and LDL were also noted.34 
An additional target for cholesterol lowering, well-suited to siRNA treatment and a 
major focus for drug companies, is PCSK9, as its downregulation would increase 
LDL-receptor protein and hence reduce circulating LDL. Indeed, a study in vivo in 
nonhuman primates showed siRNA to reduce PCSK9 expression by 70% and 
plasma LDL by 60%, while leaving HDL or triglyceride levels unchanged.35

1.3.3  RNA Splicing and Exon Skipping

1.3.3.1  Mechanism

An interesting property of eukaryotic genes is their discontinuous nature. The pro-
tein coding sequence exists in segments called exons that are separated by stretches 
of noncoding sequence, known as introns.36 Gene transcription produces a long pre-
mRNA molecule containing both exons and introns, which is then converted to 
mature mRNA (Fig. 1.3). This process, known as RNA splicing, removes introns 
and joins the exons into one continuous protein-coding sequence.36

The mechanism of RNA splicing has been characterized36,37 in some detail 
(Fig. 1.4). Splicing is carried out by the spliceosome, a large nucleoprotein complex 
that comprises all necessary enzymes and factors, and assembles directly on the pre-
mRNA molecule. There are five types of sequences that are important in defining 
introns and exons (see Fig. 1.4): the 5¢ and 3¢ splice sites, the branch point sequence 
(BPS), the polypyrimidine tract, and the splicing enhancers/silencers. The 5¢ and 3¢ 
splice sites are the intron/exon boundaries and are defined through conserved 
sequence elements and via binding of the splicing machinery components and acces-
sory proteins during spliceosome assembly. As the spliceosome catalyzes intron 
removal and joining of the two adjacent exons, it follows that if one of the splice sites 
is incorrectly chosen, or skipped, then this will drastically change the final mRNA 
sequence, as intron sequence might be included, or exon sequence deleted (Fig. 1.5).

Where a splice site is skipped, leaving the next suitable splice site along the pre-
mRNA to be selected instead, one or more exons can be completely omitted. This 
can occur naturally, in a process termed alternative splicing (Fig. 1.5), which allows 
more than one protein product to be produced from the same pre-mRNA. In most 
cases, alternative splice site selection is regulated by the presence of factors that 



131 Oligonucleotide Therapeutics to Treat Dyslipoproteinemia and Atherosclerosis

Fig. 1.3 Structure of eukaryotic genes. Protein coding segments (exons) of eukaryotic genes are 
interspersed with noncoding regions, termed introns. Gene transcription produces a pre-mRNA 
that contains both introns and exons. Formation of mature mRNA requires excision of each intron 
and the merging of adjacent exons

bind to splicing enhancers/silencers.36 However, erroneous disruption of the  splicing 
 signals by naturally occurring mutations can give rise to aberrant, often nonfunc-
tional, products with pathological consequences. Recently, short antisense RNA 
oligonucleotides (ASO) were shown to interfere with the splicing machinery by 
inhibiting the binding of splicing factors and thereby artificially dictating the choice 
of splice sites.31 It is feasible, therefore, to use specific ASOs for blocking selection 
of a splice site and hence force the splicing machinery to use the next available one, 
causing an exon to be skipped (Fig. 1.5). This outcome, termed exon skipping, can 
be exploited to remove exons, which through mutations have deleterious effects on 
the final gene product.

The most successful application of exon skipping is in Duchenne muscular dys-
trophy (DMD), a muscle wasting disorder caused by dysfunctional forms of the 
cytoplasmic structural protein, dystrophin. Usually, this occurs through frameshift 
mutations, or formation of internal stop codons, which completely disrupt protein 
function.31 The central part of dystrophin contains multiple repeats of the same 
sequence and partially functional dystrophin can be produced by small internal 
deletions, which skip certain repeats but keep the reading frame intact. This type of 
defect results in a much milder phenotype, termed Becker muscular dystrophy 
(BMD).31 Importantly, the tolerance of dystrophin to internal deletions can be  utilized 

Eukaryotic gene

Exon 3Exon 2Exon 1 Intron 1 Intron 2 

Transcription

Pre-mRNA

Splicing

mRNA



14 I. Papaioannou and J.S. Owen

 therapeutically: out-of-frame DMD mutations can be “rescued” to partially func-
tional forms, by skipping appropriate exons. This either removes the mutation 
completely if it preserves the reading frame or, if skipping changes the reading 
frame, it restores the reading frame in the remaining sequence. This approach was 
used in a mouse DMD model to remove mutated exon 23 and produced a partially 
functional dystrophin, rescuing the animals muscle from degeneration.38 Indeed, 
phase I/II clinical trials are underway to assess safety and efficacy of locally 
injected ASOs directed against exon 51.39

Fig. 1.4 mRNA splicing. This is mediated by the spliceosome, a ribonucleoprotein particle 
containing several small nuclear RNAs (snRNP, or small nuclear ribonucleoprotein), predomi-
nantly U1, U2, U4, U5, and U6, and various accessory proteins, which act as splicing enhancers 
or silencers. The spliceosome binds five sequence elements within pre-mRNA, which define 
introns and exon boundaries: the 5¢ and 3¢ splice sites (5¢SS or 3¢SS), the branch point sequence 
(BPS), the polypyrimidine tract, and exon splicing enchancers/silencers (ESE/ESS). This com-
plexity is important, as the relative affinities of the sequence elements for the splicing factors 
expressed in each cell decides which pairs of splice sites are actually used. Once assembled, the 
two splice sites and spliceosome catalytic components are brought together, allowing splicing to 
proceed via a double transesterification reaction. First, the 2¢ OH on the ribose ring of the invariant 
BPS adenine (shown in italic) attacks the phosphodiester bond at the intron–exon boundary in the 
5¢ splice site (i.e. the bond between the last nucleotide of the upstream exon and the first nucle-
otide of the intron). This releases the 3¢ end of the upstream exon and leaves the 5¢ end of the 
intron bound to the invariant adenine on the BPS, forming a “lariat” structure. The free 3¢ end of 
the upstream exon is now available to attack the phosphodiester bond at the intron–exon boundary 
in the 3¢ splice site. This leaves the upstream and downstream exons joined, while the intron (still 
as a lariat structure) is released
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1.3.3.2  Lipoprotein Targets

Exon skipping is also being considered as an alternative to ApoB siRNA for treating 
hypercholesterolemia.40 Although RNA interference successfully reduced plasma 
LDL, it is uncertain whether impaired production of chylomicrons might cause liver 
toxicity and intestinal dysfunction as is sometimes observed in FHBL patients. The 
strategy is based on the observation that skipping of ApoB exon 27 generates a 
product, ApoB87

SKIP27
, which is almost identical to ApoB87

Padova
, a naturally occur-

ring dominant ApoB variant from patients with FHBL.40 Although ApoB87
Padova

 
produces functional LDL particles, they have much faster catabolic rates and hence 
FHBL kindreds have markedly decreased plasma LDL and total cholesterol. At the 
molecular level ApoB87

Padova
, and a similar variant ApoB89, have frameshift mutations 

Fig. 1.5 Alternative splicing and exon skipping. (a) Molecules of mRNA often have more than 
one pair of splice sites for each exon. Use of such alternate splice sites may result in exclusion of 
some exon sequence, inclusion of some intron sequence, or both; this produces, from the same 
gene, mRNA with significantly different sequences. Notably, by regulation of appropriate splicing 
factors, this mechanism termed alternative splicing allows different cell types to produce distinct 
product(s) from a particular gene. (b) Splice site selection can be blocked artificially using anti-
sense oligonucleotides (ASO), for example (as shown) by targeting an exonic splicing enhancer 
(ESE) or silencer (ESS) element. This blocks binding of the ESE or ESS, which in turn reduces 
the affinity of additional splicing factors for the elements pertaining to this splice site, potentially 
preventing its selection
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(single nucleotide deletions) in exons 28 and 29, respectively, which produce truncated 
ApoB with  novel C-termini that confer increased LDL-receptor affinity.40 Importantly, 
both natural variants retain exon 26, within which lies the nucleotide targeted by the 
editosome to create ApoB48, thereby allowing normal assembly and secretion of 
chylomicrons. It has been established that suitably selected ASOs can indeed induce 
skipping of exon 27 to generate ApoB87

SKIP27
, albeit with a low frequency.40 

However, since the increased catabolism conferred by these variants is dominant, it 
is predicted that expressing a relatively small amount of ApoB87

SKIP27
 will still 

increase LDL catabolism without affecting chylomicron production. Although not 
yet tested in vivo, this use of “gain-of-function” exon skipping is an exciting applica-
tion of oligonucleotide therapeutics.

1.3.4  Gene Editing

1.3.4.1  Early Difficulties Using RNA–DNA Oligonucleotides

Oligonucleotide-mediated targeted gene editing is a novel and potentially very 
powerful technology for introducing permanent genetic changes into a cell’s 
genome.32,41 In a clinical setting, it represents the ultimate gene therapy protocol for 
inherited diseases: repair to a defective gene would be permanent and existing 
enhancers and promoters, and cell-specific control and context to regulate gene 
expression would be retained. Over a decade ago, chimeric RNA–DNA oligonucle-
otides (RDOs) were reported to induce 30% editing in an episomal target42 and 50% 
in a cell model of sickle cell anemia.43 Encouraged by such reports, we pioneered 
the technique in CVD, initially converting the dysfunctional e2 allele in recombinant 
CHO cells to wild-type e3 using 68-mer RDOs. The correction was confirmed at 
both genomic and protein levels.44 However, on extending this emerging technology 
to other targets, we began to question its practicality. Thus, while we demonstrated 
successful conversions of APOE4 to APOE345 and APOAI to APOAI

Milano
46 by PCR-

based assays, we also noted poor reproducibility and apparently unstable conversions45; 
such concerns were voiced by others.47,48 Adverse factors included low-quality 
RDOs, as these hairpin-capped duplex reagents were difficult to synthesize, which 
meant higher reagent doses and delivery vehicles were needed to effect gene editing; 
these amplified cytotoxic and pro-apoptotic actions, or induced cell cycle arrest.45,49,50

1.3.4.2  Single-Stranded All-DNA Oligonucleotides (ssODN)  
Give Reproducibility

To resolve such issues, we undertook a back-to-basics approach and targeted cells that 
stably-express nonfluorescent EGFP due to a point mutation (TAC→TCC; Tyr66→Ser).50 
Successful correction produced green cells, which we accurately quantified by flow 
cytometry. We also switched from problematic RDOs to short (27-mer) single-stranded 
all-DNA oligonucleotides (ssODNs), as these 2nd generation reagents have high 
purity and increased reproducibility. Our experiments help clarify certain inconsistent 
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findings and the apparent instability of edited genes, but most importantly stringently 
validated gene editing as a real and reproducible phenomenon.51,52

The basic ssODN technology involves a design that is complementary to the 
DNA genomic target sequence, except for the desired change, e.g. a 1–3 nucleotide 
mismatch, deletion, or insertion, and its direct transfection into the nucleus of cells. 
The change borne within the ssODN is apparently incorporated into the genome 
through the action of the cell’s own DNA repair machinery (Fig. 1.6). Clearly, gene 
editing has great therapeutic potential to correct harmful missense or frameshift 
mutations, and additionally might introduce beneficial “gain-of-function” mutations 
into normal genes. As yet, conversion efficiencies are low, although true correction 
rates are often uncertain because many studies are proof-of-principle in which 
multiple copies of reporter gene integrants have been targeted.

1.3.4.3  Mechanism of ssODN-Mediated Gene Editing

The mechanism of gene editing is still largely unknown, as indicated in Fig. 1.6, 
although a study with biotinylated ssODN suggests that at least part of the ssODN 
is physically incorporated into the cell’s genome.53 It is also clear that homologous 
recombination (HR) is involved, as gene editing is stimulated by expression of 
RAD51, a key protein for HR, and by inhibition of nonhomologous end joining 
(NHEJ), a pathway that competes with HR.54 Another important factor is that the 5¢ 
and 3¢ ends of the targeting ssODN must be capable of ligation/extension.55 
Altogether, this evidence suggests that the first step in gene editing is homologous 
base pairing to the target sequence, followed by a partial strand exchange between 
the ssODN and cellular DNA.

Perhaps surprisingly, the role of the DNA repair system is also poorly defined. 
Thus, although the mismatch repair system (MMR) corrects small postreplication 
errors, including mismatches and 1–3 nucleotide insertion or deletion loops,41 it 
appears unnecessary for gene editing; indeed, downregulation of key MMR pro-
teins such as MSH2 (mutS homolog 2) can increase editing efficiency.43 An inter-
esting observation is that cells that have undergone gene editing appear to arrest, at 
least temporarily, in the G2 phase of the cell cycle.50,52 It has been suggested that 
since MSH2 can trigger G2 cell cycle arrest in response to some forms of DNA 
damage, it may in part be responsible for the arrest, though this is not yet con-
firmed.49 On the other hand, gene editing requires the nucleotide excision repair 
(NER) pathway, a system which corrects larger, bulkier, and more complex lesions 
by removing a large piece of the DNA strand harboring the lesion, and then filling 
in the gap using the undamaged strand as a template. The two endonucleases 
responsible for the initial strand cleavage reactions, XPF and XPG (xeroderma 
pigmentosum complementation groups F and G), are implicated in gene editing, as 
their absence significantly suppresses editing efficiency.56 Conceivably, XPF and 
XPG help mediate the strand exchange reaction postulated to occur between 
genomic DNA and the targeting ssODN. The Cockayne syndrome B (CSB) gene 
product, which is involved in global DNA repair, is also suggested to enhance gene 
editing and may provide a link between gene editing and transcription.56
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1.3.4.4  Future Therapeutic Possibilities

Can the efficiency of gene editing be increased? One established approach is to use 
modified, nuclease-resistant nucleotides; for example, adding phosphorothioate resi-
dues to both ends of the ssODN prolongs its half-life and substantially enhances 
editing efficiency.52,57 Unfortunately, as demonstrated by recent work from our labo-
ratory, such nuclease-protected ssODNs adversely affect the ability of edited cells to 
proliferate52 (see Fig. 1.7); an important consideration as it imparts a strong selective 
disadvantage to edited cells in the presence of non-edited cells, which can proliferate 
freely. In addition it may lead to reversion of successful editing events. This is pos-
sible because the current model of gene editing proposes that the targeting ssODN is 
physically integrated into genomic DNA, replacing the original sequence and leaving 
a mismatched duplex. Such a heteroduplex is thought to persist until the next cell 
division, when the new round of replication produces one daughter cell  homozygous 

Fig. 1.6 A model of gene editing. Synthetic oligonucleotide (ssODN) is incorporated into the 
targeted gene via three possible mechanisms: (1) during transcription by binding to the nontran-
scribed strand, (2) during DNA replication in the replication fork ahead of the DNA polymerase, 
or (3) directly via the homologous recombination (HR) machinery. Incorporation results in a 
mismatch as the ssODN contains the desired change to the gene sequence. The mismatch is 
resolved either by a second round of replication giving rise to 50% corrected progeny, or via DNA 
repair mechanisms, which can either correct the ssODN (reversing the gene editing event), or correct 
the parental strand, resulting in a fully edited gene
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Fig. 1.7 Viability of gene-edited cells is increased by using internally protected oligonucleotides. 
Use of conventional end-protected ssODNs (three phosphorothioate [PTO] linkages at both 5¢ and 
3¢ ends) to target mutated, nonfluorescent EGFP results in high gene editing efficiency (3–5%). 
However, it also strongly perturbs the cell cycle, reducing the G1:G2 ratio and only the occasional 
divided pair of green cells, but no proliferating colonies are seen 64 h post-transfection (a). In 
contrast, if the protecting PTO groups are positioned internally to span the mismatch, the cell 
cycle is much less disturbed and a high G1:G2 ratio is seen (b). Thus, even though the correction 
efficiency is lower with internally protected ssODN (typically 30–40% of end-protection), the 
green cells recover faster and growing colonies can be readily identified post-transfection
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for the edited sequence and another for the original sequence. However, a delay in 
cell division could allow recognition of the heteroduplex by DNA repair systems 
and consequently loss of the editing event.

Despite the controversy and criticism it received along the way, gene editing has 
now reached a stage of greater maturity. Work from our laboratory and from other 
groups has consolidated the validity of the technique using ssODNs and established 
its feasibility for introducing small genetic changes in cultured cells in vitro and ex 
vivo, and also in creating transgenic mice.58 Moreover, in a significant advance, we 
showed that ssODNs, which are internally protected (i.e. having phosphorothioate-
modified nucleotides in the center of the ssODN spanning the mismatch), are less 
harmful and allow active replication of corrected cells52 (Fig. 1.7).

Ultimately, gene editing can have wide applications to treat dyslipoproteine-
mias, as most genetic factors that influence plasma lipid levels involve point muta-
tions. As described earlier, these targets include repair of dysfunctional ApoE2 or 
ApoE4, or generation of atheroprotective ApopAI

Milano
. Conversion of wild-type 
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PCSK9 to the C679X loss-of-function mutant is also an attractive target for reduc-
ing plasma LDL levels, while ApoB100 itself is amenable to gene editing, as the 
simple frameshift mutations causing ApoB89 and ApoB87

Padova
 could be generated 

by ssODN. Even if the conversions are at low frequency, they are permanent so that 
a single treatment, or limited number, might produce measurably lower levels of 
plasma LDL-cholesterol and hence reduce risk of CVD.

The goal for future studies is to release the enormous potential of targeted gene 
editing for therapeutic gain. One approach in advanced development exploits the 
observations that double-stranded breaks (DSBs) in genomic DNA are repaired 
extremely efficiently by the cell’s HR machinery and that the template used can be 
extra-chromosomal DNA. In practice, the DSB is specifically introduced into the tar-
get gene using a custom engineered zinc-finger nuclease in the presence of an exoge-
nously delivered homologous DNA template harboring the desired sequence change(s). 
Repair of the DSB by HR then inadvertently incorporates the genetic changes into the 
chromosomal target with very high conversion frequencies (perhaps up to 20%).59,60 
However, though offering much promise, including the possibility of introducing tar-
geted inserts of several Kb,61 there remain important concerns about off-target cleav-
ages and associated genotoxicity, as well as immunogenicity.60 In contrast, the simple 
technology of transfecting synthetic oligonucleotides is predicted to have high safety 
and high fidelity, as increasingly demonstrated by the success of siRNA.
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NOS Nitric oxide synthase
NPC Nuclear pore complex
PDGFR Platelet-derived growth factor receptor
SERCA2a Sarco-endoplasmic reticulum calcium ATPase pump
SHR Spontaneously hypertensive rat
SMC Smooth muscle cell
TIMPs Tissue inhibitors of metalloproteinases
VEGF Vascular endothelial growth factor

2.1  Gene Therapy

Advancement in the understanding of molecular therapeutics has allowed the 
development of novel treatments to prevent and treat many diseases. Originally 
conceived for the treatment of inherited monogenic disorders, such as Duchenne’s 
muscular dystrophy and hemophilia, where gene replacement should restore a 
normal phenotype, gene therapy approaches can now be applied to the treatment 
of more complex acquired diseases, including cardiovascular diseases (CVDs) 
and cancers. Before the full potential of gene therapy can be reached, many 
limitations common to all methods of gene delivery must be overcome. The 
efficiency of gene transfer will determine how successful the gene therapy appli-
cation will be. To date, difficulties in achieving sustained gene expression in the 
target tissue or cell have resulted in limited clinical benefits from gene therapy. 
The success of gene therapy is restricted by the relative lack of suitable vectors 
and will depend on the ability of researchers to address a number of still unsolved 
problems. This can be approached by either the isolation of new viral serotypes 
that can be developed into vectors or the creation of new vectors by the modifica-
tion of the existing ones.

2.2  Justification for Gene Therapy  
for Cardiovascular Disease

CVD remain the leading cause of mortality and morbidity in the western population. 
An estimated 2.6 million people have CVD in the UK, accounting for over 216,000 
deaths in 2004. More than one in three people (37%) die from CVD (www.bhf.org.uk). 
Despite advances and improvements in treatments, the incidence of CVD continues 
to increase worldwide. Gene therapy for the treatment of CVD is currently being 
developed preclinically and tested clinically. Developments in the field of gene 
therapy have been rapid. Since 1990, over 1,300 clinical trials have been approved 
worldwide (www.advisorybodies.doh.gov.uk). The majority of clinical trials are for 
the treatment of cancers (66.5%), with the second biggest field in gene therapy 
being for the treatment of CVDs (9.1%).

http://www.bhf.org.uk
http://www.advisorybodies.doh.gov.uk
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2.3  Therapeutic Genes for Cardiovascular Diseases

With the identification of the genes involved in CVD and the assignment of function 
to these genes, the potential to translate this information and identify candidate 
therapeutic genes is enormous. The genes of interest include targets for the treatment 
of heart failure, such as sarco-endoplasmic reticulum calcium ATPase pump 
(SERCA2a), targets for treatment of hypertension, including components of the 
renin–angiotensin system, and targets for the induction of therapeutic angiogenesis, 
including angiogenic factors, such as the vascular endothelial growth factor 
(VEGF) and the fibroblast growth factor (FGF).

VEGF production is induced in response to a number of stimuli, such as 
hypoxia. Its activity can result in a revascularization process, known as therapeutic 
angiogenesis,1,2 through the induction of EC growth or proliferation. Being an 
angiogenic factor, and therefore having the ability to induce the formation of new 
blood vessels from the existing vascular bed, VEGF is an ideal gene to overexpress 
in the context of ischemic vascular disease. Direct muscular injection of human 
VEGF cDNA into patients with ischemic limbs led to an increased blood flow to 
the limbs and the subsequent healing of ulcers.3,4 However, some experiments have 
demonstrated that nonregulated overexpression of pro-inflammatory VEGF can 
also lead to detrimental effects, including hypotension and arthritis, and so an element 
of transcriptional control needs to be included. Adeno-associated virus (AAV) vectors 
expressing the VEGF transgene under the control of hypoxia response elements 
induced gene expression in ischemic mouse hearts in vivo.5

The absence of heme oxygenase (HO)-1 is implicated in the exacerbation of 
atherosclerosis, demonstrated by the accelerated and more advanced atherosclerotic 
lesion formation in HO-1-deficient mice.6 Retroviral-mediated overexpression of 
HO-1 in the spontaneously hypertensive rat (SHR) resulted in the attenuation of 
hypertension,7 while adenoviral-mediated HO-1 gene transfer prevented the devel-
opment of atherosclerosis in apolipoprotein E deficient mice.8 Adenoviral-mediated 
HO-1 overexpression has also resulted in the attenuation of remodeling responses 
to experimental vascular injury.9 The many advantageous effects make this gene an 
important novel target in the treatment of vascular disease.

The potential of gene therapy in the treatment of hypertension has been explored, 
although this strategy is unlikely to be tested clinically. Nitric oxide (NO) plays an 
important role in vascular smooth muscle relaxation, and many vascular diseases are 
influenced by a reduction in NO bioavailability. Gene therapy approaches aim to 
increase NO bioavailability to improve vascular function. The direct injection of a 
plasmid expressing human endothelial NO synthase (eNOS) fused to the CMV pro-
moter significantly reduced systemic blood pressure in the SHR, that was prolonged 
for 5–6 weeks.10 In vitro, adenoviral-mediated expression of eNOS and inducible nitric 
oxide synthase (iNOS) had antiproliferative and antiangiogenic effects on endothelial 
and smooth muscle cells (SMCs).11-13 Nitric oxide synthase (NOS) is one of the many 
genes that have beneficial effects on endothelial function and blood pressure. Other 
vasodilatory promoting genes include atrial natriuretic peptide, human kallikrein, and 
bradykinin, and are being investigated for their role in the treatment of CVDs.
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2.4  Requirements of a Gene Delivery Vector

A multitude of vector systems, viral and nonviral, have been assessed as tools for 
gene delivery. A generic vector that is suitable for use in all circumstances is 
unlikely; gene expression is required in different target tissues for varying lengths 
of time for different conditions. To avoid eliciting host immune responses, a lack of 
immunogenicity is desirable and would allow for vector readministration. The 
induction of immune response is a limiting factor, particularly for adenovirus sero-
type 5 (Ad5) vectors, which target dendritic cells and some monocytes. The 
removal of virulence genes in viral vectors helps to limit host defenses.14,15 Vectors 
capable of sustained transgene expression would avert the problems of vector read-
ministration; however, some gene therapy applications only require transient trans-
gene expression. Vectors must be producible on a large scale resulting in high 
vector concentrations. To date, no vector possesses all these qualities, although 
many steps are being made to overcome these hurdles. Each vector system has its 
own advantages and disadvantages, depending on its intended use.

For cardiovascular gene delivery, vectors with the ability to transduce cells of the 
vasculature or of the myocardium are being developed. To increase specificity of 
cardiovascular gene delivery vectors, methods of tropism alteration and incorporation 
of cell-specific promoters can be applied.16-18 Vector tropisms need to be modified 
to allow efficient and selective transgene expression in vascular cells in vivo.

2.5  Ex Vivo and In Vivo Gene Delivery for CVD

Gene delivery approaches are based on two major concepts: ex vivo and in vivo 
delivery. In ex vivo cell-based gene therapy, autologous cells or tissue are harvested 
from a patient, incubated with the vector carrying the desired therapeutic gene, and 
then reintroduced into the patient. Genetically modified cells will express the trans-
gene, usually at high levels. Owing to the lack of effective pharmacological interven-
tions, this method is being developed for gene therapy of vein graft failure during 
coronary artery bypass graft (CABG) surgery. CABG surgery is performed on 
patients with significant atherosclerotic narrowing and blockages of the arteries. 
CABG allows for the incubation of the graft vessel with a gene therapy vector prior 
to coronary grafting. Late vein graft failure is a common clinical problem19,20 and 
occurs due to thrombosis or neointima formation and accelerated atherosclerosis, a 
process in which a role for matrix-degrading matrix metalloproteinases (MMPs) and 
neuronal nitric oxide synthase (nNOS), amongst others, has been implicated. Tissue 
inhibitor of metalloproteinase-3 (TIMP-3) has been shown to inhibit MMP activity 
and promote apoptosis, thus inhibiting the progression of neointima formation asso-
ciated with late vein graft failure in human and pig model systems.21 Adenovirus-
mediated overexpression of nNOS-induced beneficial effects on vein graft remodeling 
and improved endothelial function,22 demonstrating the potential of this technique. 
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Transgene expression in nontarget tissue is limited by this ex vivo method by the 
removal of excess virus prior to engraftment.

Ex vivo gene delivery has also been utilized in the treatment of familial hyperc-
holesterolemia (FH), in which patients have a deficiency of low-density lipoprotein 
receptors (LDLRs). For this approach, autologous hepatocytes are harvested, trans-
duced with recombinant retroviruses expressing LDLR, and then transplanted back 
into the patient. This technique has been validated in rabbit models of FH23 and in 
patients,24 both showing persistent and significantly reduced levels of low-density 
lipoprotein (LDL) cholesterol. However, ex vivo approaches are limited to largely 
invasive surgical procedures and to tissues and cells that can easily be removed 
from the body and then reimplanted. Thus, its clinical applications are severely 
limited. In vivo gene delivery may be able to help overcome this limitation, 
although faces many challenges of its own.

For in vivo gene delivery, the vector is either administered directly into diseased 
tissue within a patient, or is systemically delivered and targeted to the site of action 
by the vector. Local delivery will ensure relatively efficient transduction of target 
cells unattainable by systemic administration and avoids the need for the delivery 
vector to cross endothelial barriers, thus resulting in high vector levels in the target 
tissue.25 The route of administration has a major influence on the ability of the vector 
to transduce various cells and tissues. Delivery methods encompass direct injection 
into the tissue of interest, catheter-mediated gene transfer techniques,26 or perfu-
sion.27 Intramyocardial injection of rAAV2 vectors was used to achieve beneficial 
therapeutic effects in rat ischemia/reperfusion models and demonstrated highly 
selective transduction of myocardial tissue.28 Infusion-perfusion catheters have 
been used in the context of restenosis prevention. In this case, either adenovirus 
expressing human vascular endothelial growth factor 165 (hVEGF

165
) or plasmid–

liposome complexes containing the hVEGF
165

 gene were delivered directly into the 
artery. However, in both groups there was no significant change in the lumen diameter 
or clinical restenosis rate when compared with the control group.29 A surgical 
technique to improve gene delivery efficiency involves treating the heart with per-
meability agents in vivo. Simultaneous clamping of all vessels to/from the heart is 
followed by continuous retrograde perfusion of the heart through a catheter positioned 
in the aortic root.30 This technique eliminates excess virus, which ultimately 
reduces peripheral tissue infection. Local delivery can however result in leakage of 
transgene expression into nontarget tissues.31,32

Systemic delivery is the ultimate goal of gene therapy as it is, in concept, a 
simple and noninvasive route of delivery. However, the challenge with this approach 
is that the body has evolved many highly specific systems to remove foreign par-
ticles and pathogens from the bloodstream. Many vectors for systemic gene transfer 
remain ineffective at delivering genes to the vasculature and myocardium, as a result 
of liver sequestering after vector administration. There is a trend for viral vectors 
to display tropism for nonvascular tissues. Liver sequestration is a major limitation 
of Ad vectors, which are mainly based on serotype 5.33,34 This hepatic tropism 
limits the use of systemic delivery to gene therapy for liver disorders. Advances in 
vector technology and development are helping to overcome this major barrier. 
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Some AAV serotypes have been recently shown to efficiently cross the blood vessel 
barrier and as such can be intravenously injected.35,36 The major limitation of these 
vectors is that other noncardiac organs may also be targeted. Transductional and 
transcriptional targeting strategies can be used to improve transgene expression and 
cell specificity.

2.6  Nonviral Vectors

Nonviral vectors account for approximately 25% of the clinical trials currently in 
operation (www.wiley.co.uk/genmed/clinical). The simplest form of the vector is 
naked plasmid DNA encoding for the gene of interest and can be directly injected 
into the target tissue. Nonviral vector gene delivery is highly inefficient with levels 
of transduction being significantly less than those achieved by viral vector gene 
delivery. Nonviral vectors have no specific mechanism with which to cross cell 
membranes or traffic the injected DNA into the host cell nucleus.37,38 Strategies to 
improve vector delivery can be categorized into two general groups: (1) the associa-
tion of the DNA with other molecules, and (2) the application of physical energy to 
aid cell entry through the cell membrane (Table 2.1). The major problems of nonvi-
ral vector delivery include the interactions of the vector–DNA complex with blood 
plasma proteins and nontarget cells, and entrapment within endosomes from which 

Table 2.1 Characteristics of nonviral gene delivery techniques

Method of gene transfer Advantages Disadvantages

Physical Hydrodynamic 
injection

Potent gene transfer to liver Restricted to the liver

Bioballistic  
(gene gun)

High transfection efficiency Shallow penetration of DNA 
into the tissue

Short duration of gene transfer
Dependent on cell line used

Ultrasound Low invasiveness Relatively short duration of 
gene expressionNontoxic

Chemical Liposomes Large capacity for DNA 
(>20 kb)

Low transfer efficiency in 
comparison to viral vectors

Poor efficiency in transduction 
of nondividing cells

Lack of immunogenicity  
Broad tropism

Polycation DNA 
complexes

Safe in vivo Instability
High transduction efficiency 

in vitro
Cleared rapidly from blood 

stream
Nonspecific interactions with 

other proteins
Peptide DNA 

complexes
Low toxicity Conjugation reactions may 

reduce biological activities 
of the proteins and peptides

Low immunogenicity

http://www.wiley.co.uk/genmed/clinical
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the vector must escape. Once inside the target cell, the challenge of resisting nonspecific 
cytoplasmic degradation and passage through the physical barrier of the nuclear 
envelope must be faced.38 Additionally, plasmid DNA that reaches the nucleus 
remains extrachromosomal and is usually lost during breakdown of the nuclear 
envelope at mitosis.39 Recent studies have thus focused on the development of spe-
cially designed vectors with reduced affinity for intracellular proteins and cellular 
surfaces40,41 and on mimicking viral properties that will allow the nonviral vector to 
be maintained and replicate in the target cells. As plasmids contain no proteins to inter-
act with cellular receptors, physical methods of gene delivery can be applied to bring 
the vector into closer proximity with the cell membrane or to temporarily disrupt the 
cell membrane, making it permeable to the DNA. Potentially, the use of nonviral 
vectors offers several advantages over the use of viral vectors including ease and 
thrift of mass-production, lessened immunogenicity, and a lower risk of unwanted 
transgene expression in nontarget tissues. However, clinical applications of nonviral 
vectors remain impeded by the low efficiency of transfection and transient transgene 
expression. Producing sustained gene expression and potentiating the efficiency of 
delivery remains a goal of nonviral gene therapy applications.

2.7  Viral Vectors

Viruses have evolved highly specialized mechanisms to enable them to insert their 
genomes into target cells, making them an ideal candidate to deliver therapeutic 
genes. In a direct comparison of gene transfer vectors for myocardial gene transfer, 
recombinant (E1-/E3-) adenovirus, recombinant AAV, and recombinant (ICP27-) 
HSV all exhibited robust transgene expression, while uncomplexed and complexed 
naked DNA displayed very limited expression.42 The efficiency of viral vectors can 
be attributed to the viral proteins that interact selectively with cell surface receptors 
and potentially in the trafficking of the virus to the nucleus.43,44 However, low-level 
expression of viral genes often evokes an adaptive immune response, and as such 
the host would destroy the vector-transduced cell.45 Ad vectors in particular evoke 
strong immune responses and on administration, can activate an innate immune 
response mediated by the viral particle itself.45 This type of immune response is not 
specific and is aimed at clearing the body of foreign particles, being the first line of 
defense. Rapid clearance of the vector by cellular elements of the innate immune 
response involves Kupffer cells,46 activation of the classical arm of the complement 
pathway,47 and an inflammatory response. Adaptive cellular responses are subse-
quently induced, which activates cytotoxic T-lymphocytes (CTLs).48 B-cells are 
activated during the humoral response, which can result in the production of neu-
tralizing antibodies, thereby eliminating the option of vector readministration. By 
removing genes necessary for viral replication to provide space in which to insert 
foreign genes, viruses can be manipulated to express foreign genes in any cells that 
the virus transduces. This also minimizes host immune responses through removal 
of the adaptive arm of the immune response. Recombinant vectors are thus replication 
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deficient, and to produce them, the replication genes must be provided in trans, 
either integrated into the genome of the packaging cell line or on a plasmid.

In principle, any virus can be used as a vector. There are five main classes of 
clinically applicable viral vectors being studied for cardiovascular applications; 
retroviruses, lentiviruses, HSV, adenoviruses (Ad), and AAV, a summary of which 
can be seen in Table 2.2. These five vector classes can be further subcategorized 
according to whether the vector genome integrates into the host chromosome or 
exists extra-chromosomally.49 Integrating vectors are associated with an increased 
risk of insertional mutagenesis,50 although careful engineering may be applied to 
minimize these risks. For example, the engineering of vectors that integrate into 
predetermined sites could allow long-term transgene expression while preventing 
the detrimental effects through inappropriate integration.51 Since each vector system 
has its own unique set of properties, one vector may be preferential above another 
in a particular setting and will determine its range of uses in gene therapy.

2.7.1  Retrovirus

Retroviruses were the first viral vectors to be used in human gene therapy52 and 
approximately 25% of the world’s gene therapy clinical trials use retroviruses as 
their platform vector (www.wiley.co.uk/genmed/clinical). Retroviruses can be further 
subdivided into oncoretroviruses, lentiviruses, and spumaviruses, all of which are 
being developed for gene therapy applications to varying extents. Retroviruses are 
small enveloped RNA viruses, which replicate via an integrated DNA intermediate 
by the actions of the enzyme reverse transcriptase. The viral genome is approximately 
10 kb, comprising at least three genes: gag (group-specific antigens), pol (reverse 
transcriptase), and env (the viral envelope protein). These viral genes are flanked by 

Table 2.2 Characteristics of viral vectors for use in gene therapy

Vector
Ability to 
integrate

Transgene 
capacity Tropism

Immune 
response 
activation Reference

Retrovirus Yes 9 kb Dividing cells only Minimal 51
Lentivirus Yes 7–9 kb Dividing and  

nondividing cells.  
Ideal for endothelial cells

Minimal 57,76

Herpes  
simplex 
virus-1

No 152 kb Dividing and nondividing 
cells. Natural tropism for 
neuronal cells

Minimal 83

Adenovirus No 36 kb Dividing and nondividing  
cells

Strong 45

Adeno-
associated 
virus

Yes 4.6 kb Dividing and nondividing  
cells

Minimal 145,178

http://www.wiley.co.uk/genmed/clinical
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long terminal repeats (LTRs), which are required for integration into the host genome 
and control viral gene expression. The genome also contains a packaging sequence 
that allows it to be distinguished from the host-cell RNA.53

Retroviral vectors have all their viral genes removed and replaced with the transgene 
of interest, thus rendering them replication-incompetent.54 Despite their wide use as 
gene delivery vectors, the small genome of retroviruses allows for only 9 kb of 
foreign sequence to be inserted. Production of high-titer preparations required for 
gene therapy applications is problematic. Retroviruses are associated with low-
efficiency gene transfer owing to their inability to deliver genes to nondividing 
cells.55 Thus, their utility as gene delivery vectors for vascular applications is 
severely limited as they are not able to infect nondividing vascular cells. These 
inefficiencies have led to the development of lentiviral vectors, which are capable 
of infecting both dividing and nondividing quiescent cells.56-58

The genome of retroviruses integrates into the host’s genome leading to the 
potential for long-term transgene expression. However, integration is not site-specific 
and subsequently this vector has many safety concerns associated with it. Random 
insertion of an LTR sequence adjacent to a cellular proto-oncogene can lead to 
inappropriate expression of a protein involved in cellular regulation. Random inser-
tional mutagenesis could also disrupt tumor suppressor genes, potentially leading 
to dysregulation and a malignancy. In 2000, a clinical trial carried out in France to 
treat children with severe combined immunodeficiency-X1, illustrated the oncogenic 
potential of retroviral vectors.59 This study was based on ex vivo transfer of the gc 
gene into CD34+ cells using a defective gamma Moloney retrovirus-derived vector. 
After 10 months, the therapy was found to provide sustained full correction of dis-
ease phenotype demonstrating the unique potential of gene therapy. However, by 
2003, two patients had developed a serious adverse complication consisting of 
uncontrolled leukemia-like clonal lymphocyte proliferation,50 with a third case of 
leukemia-like illness being reported in 2005.60 Two of the three patients were found 
to have retrovirus integration within or in close proximity to the LM02 proto-
oncogene promoter, which is associated with childhood leukemia. This integration 
resulted in the inappropriate upregulation of the proto-oncogene and proved fatal in 
one of the patients.61 However, the beneficial outcomes in the remaining patients 
are not to be overlooked. To date, 17 out of 20 patients in both the Paris and London 
clinical trials have had their immune system restored and has remained functional 
for over 7 years.62 One adverse effect has recently been reported in the UK-based 
clinical trial (www.news.bbc.co.uk/1/hi/health).

2.7.2  Lentivirus

Lentiviruses are a subclass of retroviruses that are increasing being used in gene 
therapy. In particular, they are being developed for the treatment of neurodegenera-
tive disorders, because of their ability to efficiently transduce cells of the nervous 
system.63,64 The lentiviruses used are usually derived from human immunodeficiency 

http://www.news.bbc.co.uk/1/hi/health
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virus-1 (HIV-1) and so raise many potential clinical safety concerns. The vector 
integrated into the genome randomly. To improve the biosafety of these vectors, sig-
nificant modification to the HIV-1 genome can be made.65 Deletion of accessory 
genes tat, vif, vpr, vpu, and nef produces minimal vectors that contain only genes 
necessary for replication and packaging, thus minimizing deleterious effects.65 
Development of nonhuman lentiviral-based systems, including simian,66 feline,67,68 
and bovine immunodeficiency viruses,69,70 has also been given attention to increase 
the safety profile of these vectors.

Lentiviruses have a relatively large packaging capacity of up to 8 kb and an ability 
to infect a wide range of cells. They are also minimally immunogenic having 
been shown to sustain gene expression for several months71 without detectable 
pathology.72-74 Gene transfer through lentiviruses is relatively stable, as the trans-
gene integrates into the host genome and is copied along with the host genome 
every time the cell divides. One of the most appealing features of these vectors is 
that unlike other retroviruses, lentiviruses can infect nondividing cells, being able 
to enter the nucleus without mitosis.75,76 This ability makes these vectors ideal 
for targeting the endothelium, which is largely composed of nondividing cells. 
Lentivirus transduction of both primary human saphenous vein endothelial cells (EC) 
and SMC was shown to be efficient and without toxicity,57 but there are relatively 
few studies to date. Lentivirus-based vectors have been also shown to be successful 
at transducing adult cardiomyocytes of a transplanted heart,77 and the hearts of SHR 
in a study of cardiac physiology.78

Recently, a new generation of lentiviral vectors has been produced with enormous 
potential. These are in the form of nonintegrating lentiviral vectors. By introducing 
mutations into highly conserved acidic residues in the viral integrase gene, catalytic 
site or chromosome binding site, vectors can be rendered integration defective without 
interrupting viral DNA synthesis or accumulation in the nucleus.79-81 Efficient sus-
tained transgene expression in vivo is attainable with nonintegrating lentiviral vectors 
as has been demonstrated in muscle81 and in rat ocular and brain tissue at levels 
high enough to improve retinal degeneration in an appropriate disease model.82

2.7.3  Herpes Simplex Virus (HSV)

HSV type 1 is an enveloped double-stranded DNA virus containing an icosahedral-
shaped capsid surrounded by a layer of proteins referred to as tegument. It has a 
relatively large genome of 150 kb, which facilitates large foreign DNA inserts of up 
to 30–40 kb.83 HSV is able to infect a broad range of cell types including nondividing 
cells. Natural viral infection can take the form of a cycle of lytic replication or can 
enter a latent state in which the viral genome persists without the expression of any 
viral proteins, possibly for the life of the host. Latently infected neurons function 
normally and do not illicit an immune response.84 HSV-1 has many key features 
making it a highly desirable vector for gene delivery. First, it has a large transgene 
capacity, which is provided by the deletion of genes superfluous for viral replication. 
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However, because its genome does not integrate, HSV vectors are unlikely to be 
suitable for the treatment of conditions requiring long-term gene expression. 
Because of its natural tropism for neuronal cells, it has become a promising vector for 
the treatment of neurological disorders such as Parkinson’s disease.85 HSV vectors 
have also emerged as promising vectors in cancer therapies in the form of replication-
selective oncolytic vectors.86-88 These vectors fail to replicate efficiently in healthy 
cells and will replicate in cancer cells only, destroying them through oncolysis.

2.7.4  Adenovirus

Adenoviruses are nonenveloped dsDNA viruses with an icosahedral capsid consisting 
of three main structural proteins, hexon, fiber, and penton base, and several minor 
capsid proteins. Their genomes range in size from 26 to 45 kb. Adenoviruses were 
first isolated from tonsils and adenoid tissue89 and are infectious human viruses, 
which often cause mild infection of the gastrointestinal, upper respiratory tract and 
eye. Most adenoviral infections are self-limiting being efficiently counteracted by 
the host’s immune system. Deletion of the virulent genes during vector production 
may help in reducing the pathogenesis of these viruses.

Adenoviral vectors, most commonly Ad5 and adenovirus serotype 2 (Ad2), are 
a popular choice in gene therapy and such a status has led to much information 
about them becoming widely available. As such, adenovirus is well characterized 
and can be easily genetically altered and grown to high titers. They have a high 
capacity for the insertion of foreign DNA allowing up to 36 kb (helper-dependent 
Ads) to be accommodated. They were initially deemed promising vectors for car-
diovascular gene therapy applications as they were shown to transduce human 
vascular cells in vitro90 and in vivo.91,92 Adenoviral vectors exhibit a tropism for 
many human cells and can infect quiescent as well as dividing cells,93 an important 
characteristic for the transduction of vascular EC and SMC, which have low mitotic 
rates, even in diseased states.94 Adenovirus replicates episomally, thus reducing the 
risk of random integration into the host genome. However, because Ad vectors are 
nonintegrating, it means that their genomes are lost in proliferating cells, and so 
transgene expression will be transient, although this may be advantageous in certain 
clinical applications. Transient gene expression coupled with hepatic tropism is a 
major limiting factor for adenoviral vectors and has led to their use in niche areas 
such as vein grafting, where gene transfer can be carried out ex vivo.21,95

The major inadequacy of adenoviral vectors is their high immunogenicity. Many 
individuals produce neutralizing antibodies and memory T cells directed at Ad 
proteins after exposure to the vectors. This is a result of the expression of viral 
genes, which trigger a cascade of humoral and innate immune responses.48 This is 
a significant problem, as gene expression is consequently short-lived96 and vector 
readministration is less effective.97 In view of this, current studies focus on strate-
gies to eliminate host immune responses,14,98 and also on engineering vectors with 
increased transduction of cardiovascular cells. This can be achieved in several 



36 R. Masson et al.

ways, one of which involves the abolition of the natural tropism of the virus and 
subsequently endowing it with a new tropism for the target cell type.99-101

2.7.4.1  Ad Vector Development

To reduce the immunogenicity of Ad vectors and create additional space for the 
insertion of new genetic material, Ad has been altered in several ways to remove 
unnecessary parts of the genome (Fig. 2.1). Expression of adenovirus proteins 
occurs in phases – early and late. The adenovirus genome contains five early tran-
scription units (E1A, E1B, E2, E3, E4), two early delayed (intermediate) transcrip-
tion units, and five late units (L1–L5), and encodes over 70 gene products.102 The 
genome is flanked by inverted terminal repeats (ITRs) of 100–140 bp in size that 
serve as replication origins. Early genes (E1A and E1B) are involved in gene 
expression regulation and their activation leads to the expression of viral late genes 
(involved in the expression of structural proteins) and the production of infectious 
viral particles. The foreign gene can be inserted into the region occupied by either 
E1 or E3 genes with one or both being deleted in the vector construct. In the first 
generation Ad vector, the E1 (E1A and E1B) gene is replaced by the gene of inter-
est and the resultant defective virus is propagated in cell lines, such as 293 cells,103 
which provide the early gene products in trans. The progeny virus cannot replicate 
in normal cells and on introduction into the host, it will infect cells and express the 
foreign gene, but no progeny virus will be produced. As the E3 region of the 
genome is dispensable in viral replication, many first-generation vectors will also 
have all or part of the E3 region deleted. Despite these deletions, first-generation 
vectors still express wild-type late viral genes at low levels and trigger a CTL 
immune response,104 resulting in a short duration of transgene expression.

Fig. 2.1 Adenovirus serotype 5 (Ad5) vector development. Adenovirus 5 genome and maps of 
first-, second-, and third-generation adenoviral vectors showing regions of the genome deleted to 
facilitate transgene insertion. Adapted from ref.186
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Second-generation Ad vectors have the E2 and/or E4 regions deleted from their 
genomes in addition to the E1±E3 deletion. However, second-generation vectors 
were not found to reduce inflammation of humoral immune response to adenovirus 
in rabbit models in comparison with first-generation vectors, and most disappoint-
ingly did not increase longevity of transgene expression.96

Helper virus-dependent or gutless vectors have essential regions of the viral 
genome (L1, L2, VA, and TP) deleted and rely on the provision of essential viral 
functions from a helper virus. The gutless adenovirus only keeps the two ITRs and 
the packaging signal from the wild-type adenovirus required for DNA replication 
and packaging.105-108 By deleting most of the viral genomes, it is possible to accom-
modate up to 37 kb of insert DNA into defective vectors. In vivo studies have 
shown substantially longer transgene expression with helper-dependent vectors14,98 
sustained up to a year in baboons. However, an innate immune response is still 
activated against the vectors.48 Recently, however, Barcia et al demonstrated that 
helper-dependent Ad vectors mediated sustained transgene expression for up to 
1 year in the brains of mice preimmunized against adenovirus.15 This highlights the 
potential of these vectors in the treatment of chronic diseases, as the immune sys-
tem was unable to inhibit transgene expression.

2.7.4.2  Vector Capsid Engineering

There are more than 50 different serotypes of adenovirus, classified into six groups 
(A–F) based on biochemical and immunological properties. These viruses infect 
different cell types through the utilization of different primary cellular receptors 
and thus have a wide tissue tropism range. Most adenoviruses, except subgroup B 
and the short fiber of subgroup F, use the coxsackie virus and adenovirus receptor 
(CAR).109,110 The two-step mechanism of Ad5 infection is well characterized, mak-
ing it possible to reengineer it to alter its tropism. Ad5 virus interacts in vitro with 
CAR by means of the knob domain of the capsid fiber, bringing the capsid into 
close proximity with integrins. After attachment, the RGD motif in the penton base 
at the N-terminus of the fiber interacts with coreceptors a

v
b

3
/a

v
b

5
 integrins.111 

Adenovirus is then internalized by receptor-mediated endocytosis and released by 
endosomal acidification in fiber-free form to the cytosol, before trafficking to the 
nucleus. CAR is relatively ubiquitous, resulting in the infection of undesirable 
tissues as well as target tissues. Ad5 can transduce EC,90 coronary arteries,92 the 
heart112 and at lower efficiency vascular SMC.113 This is reflective of the distribution 
of CAR expression, with high CAR expression leading to high transduction effi-
ciency. Indeed, after systemic injection in the rat and mouse models, Ad5 virions 
preferentially accumulated in the liver and spleen.33,114 This highlights the need to 
substantially alter Ad5 tropism to retarget it to alternative sites, for example the 
brain, kidney, and heart vasculature.

Genetic strategies to alter adenovirus tropism can either focus on pseudo-
typing the Ad5 fiber with that of another serotype, or on modification of the 
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existing receptor binding mechanisms. Native hepatic tropism can be altered by 
mutating the virus in areas integral to cellular receptor binding. The identification 
and mutation of the residues in the knob involved in CAR binding115 has allowed 
the production of modified Ad5.116

2.7.4.3  Adenoviral Retargeting by Pseudotyping

The adenovirus fiber protein mediates primary binding of adenovirus to its receptor. 
Vector retargeting may be achieved through the use of chimeric vectors that incor-
porate the entire fiber or part of the fiber from a different serotype in place of its 
own. This could potentially ablate the virus’s natural tropism by removal of both 
the CAR- and heparan sulfate proteoglycan (HSPG)-binding sites and bestow a new 
tropism upon the vector. Several adenovirus serotypes have shown increased trans-
duction of specific tissues. Proof of the concept of chimeric vectors was first shown 
in 1996 with the production of functional adenoviral vectors in which the fiber was 
composed of the tail and shaft domains of Ad5 and the knob domain of serotype 3.117 
Alterations in adenoviral tropism were achieved through primary binding via the 
Ad3 receptor with subsequent internalization steps achieved via domains of the 
penton base of Ad5.

Ad5 vectors pseudotyped with serotype 37 and 19p fibers have demonstrated a 
lack of native tropism for mouse, rat, and human hepatocytes in vitro and demon-
strated greatly reduced transduction of liver after systemic injection into rats.118 
Further genetic modifications can allow the development of targeted and thus more 
efficient vectors. Isolated targeting peptides can be genetically incorporated into the 
HI loop of the fiber of Ad19p between amino acids 331 and 332. Kidney targeting 
peptides HTTHREP and HITSLLS, which were identified through in vivo phage 
display, were incorporated into Ad19p-pseudotyped vectors. These peptide-modified 
vectors were shown in vitro and in vivo, after systemic administration, to display a 
significant increase in selective renal targeting with higher levels of transduction 
than the unmodified Ad19p vectors.119

2.7.4.4  Nongenetic Targeting

A simple way of altering vector tropism without genetic modification is the coating 
of the viral particle with a bispecific antibody. One domain of the bispecific mole-
cule binds to the virus capsid, while the other domain binds to a novel receptor thus 
acting as a molecular bridge. This concept has been used in vitro to enhance 
Ad-mediated transduction of human umbilical vascular EC,120 and in vivo to redi-
rect Ad vectors to a new cellular receptor after systemic delivery.121,122 Although the 
addition of a protein adapter enhances the affinity of Ad vectors for their targets, it 
also increases the difficulty of crossing the barrier from laboratory to clinic as there 
are more components to be considered and reproduced without batch variation.
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2.7.4.5  Retargeting Detargeted Vectors by Ligand Insertion

The insertion of targeting peptides into the fiber gene of Ad5 can provide new 
tropism to detargeted vectors. The exposed HI loop has been identified as a 
preferred insertion site for peptides123,124 without detriment to virion assembly or 
fiber trimerization. As the fiber is present at a frequency of 36 copies per virion, the 
vector can display the targeting peptide a maximum of 36 times. Foreign peptides 
have also been successfully incorporated in the hypervariable region 5 surface loop 
of the hexon of Ad vectors.125 In this region, peptides can be displayed at a copy 
number of 720. However, in a direct comparison of peptide-modified fiber and hexon 
vectors, hexon-mediated targeting failed to change the tropism of the vectors.126

Recent work has shown the application of the phage display technology to identify 
sequences with desired biological properties, and subsequently introduced these 
sequences in the retargeting site of the vector.127-129 One disadvantage of these small 
targeting peptides is their often weak binding affinity for their targets. The concept of 
phage display of exogenous peptides was first conceived in 1985, and is simply the 
display of peptides or proteins on the surface of bacteriophage.130 The technology of 
phage display has since been developed and is now used in a wide range of applica-
tions, including the rapid isolation of novel peptides with the ability to bind to defined 
target molecules in vitro or in vivo.131 For use in cardiovascular applications, phage 
display could potentially identify ligands, which are specific for the vasculature. 
Highly efficient and selective peptides can be isolated through the process known as 
biopanning, which can be carried out in vitro and in vivo. Successive rounds of bio-
panning enrich the pool of phage with clones that specifically bind the target.

The distinct disadvantage of using in vitro biopanning is that the question 
remains as to whether the ligands isolated in vitro will display the same specificity 
in vivo. Phage libraries can be directly introduced into live animals, to select for 
targeting peptide sequences. However, targeting peptides identified in animal models 
may not always be applicable and achieve the same level of targeting in humans. 
In 2002, the first in vivo screening of a peptide library in a patient was carried 
out.132 Isolated motifs from tissue biopsies showed high similarity to ligands for 
cell-surface proteins of the human vasculature. This method has since been used in 
stage IV cancer patients to identify tumor-targeting ligands.133 This study displays 
how this method can be directly applicable in a clinical setting.

2.7.5  Adeno-Associated Virus (AAV)

AAV vectors have developed rapidly over the past decade and have become prom-
ising vectors for several genres of gene therapy. RAAV2 vectors have been exten-
sively researched and are the most characterized and predominantly used of the AAV 
vectors. The potential of these vectors in cardiovascular gene delivery was first 
shown through rAAV-mediated expression of the cytoprotective gene HO-1 in rat 
myocardium.28 The safety and efficiency of these vectors was further proven through 
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rAAV-mediated myocardial gene transfer in mice. Transgene expression was 
observed 1 year postinfusion with no significant inflammatory response or adverse 
affects on LV systolic function.134 In a study by Xiao et al,135 the introduction of 
rAAV vectors expressing the lacZ gene into the muscles of immunocompetent mice 
resulted in persistent gene expression for more than 1.5 years.135 AAV vectors are 
thus minimally pathogenic and possess the ability to mediate long-term transgene 
expression, and so could prove useful in clinical situations where prolonged 
transgene expression is desirable. Stable transgene expression is a prerequisite for 
vectors to treat inherited disorders and would be desirable in the treatment of many 
acquired CVDs, which progressively worsen over time. However, the progress of 
AAV vectors has been hampered by their poor transduction of many target tissues.

RAAV vectors evoke little innate immune response, with only transient infiltration 
of neutrophils and chemokines.136 Immune response against the virus appears to be 
restricted to the generation of antibodies specific for the viral capsid protein.137 AAV 
vectors are inefficient transducers of antigen presenting cells such as macrophages 
and dendritic cells, which are believed to be necessary in the production of cellular 
immune responses.138 However, recently the duration of transgene expression in the 
liver mediated by rAAV2 vectors was found to be limited to 8 weeks.139 Upon further 
investigation, it was suggested that transduced hepatocytes were destroyed by the 
activation of T-cells against the capsid of rAAV2.139,140 Direct comparison of T-cell 
responses activated against the capsids of rAAV serotypes 2, 7, and 8 revealed little 
evidence of T-cell activation against rAAV7 and 8 and postulated a potential role 
for heparin binding in directing immune response against the capsid proteins.140 
Thus, utilization of alternative serotypes that do not use HSPG as their receptor for 
cell entry may help to avoid this limitation.

In AAV vectors, the viral DNA, except the ITRs, has been eliminated to allow for 
foreign DNA insertion. This adds a safety feature that will reduce host immune 
responses directed at viral gene expression and eliminate the possibility of the generation 
of replication competent pseudo-wild-type AAV. One important safety concern with 
AAV vectors is the potential for germ-line transmission. Intramyocardial injection 
of AAV vectors expressing lacZ into Sprague–Dawley rats resulted in the detection of 
lacZ expression and b-galactosidase activity in the testes at 6 months postinfusion.141 
In a similar study, Arruda et al found that while vector DNA could be detected in the 
gonad of rat, mouse, rabbit, and dog, no AAV vector sequences could be detected in 
the semen.142 Another major safety concern lies among reports of high incidences of 
hepatic carcinomas after rAAV vector infusion into mice.143 Carcinomas that devel-
oped in these mice were subsequently found to contain AAV vector proviruses at a 
specific chromosomal locus,144 implicating insertional mutagenesis by AAV vectors 
as a causative factor. These findings raise questions of rAAV vector safety.

2.7.5.1  AAV Biology

AAVs are small 4.7-kb linear single-stranded DNA nonenveloped viruses. Their 
genomes are organized in similar ways, being extremely simple in composition and 
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containing only two large open reading frames (ORFs) flanked by ITRs of approximately 
145 bp, which are required for viral genome replication and packaging (Fig. 2.2). 
The two ORFs encode two genes, rep (replication) and cap (capsid), which are, 
respectively, involved in gene expression regulation and structure. Four multifunc-
tional rep isoforms with molecular masses of 78, 68, 52, and 40 kDa are encoded 
by the 5¢ ORF and are transcribed from two different promoters. The rep proteins are 
involved in specific DNA-binding, helicase, and site-specific endonuclease and 
modulation of transcription of viral genome promoters. The 3¢ ORF encodes three 
capsid proteins (VP1, VP2, and VP3) through alternate splicing of the cap gene. All 
three proteins use the same stop codon, and so VP2 and VP3 are successive amino-
terminal truncated forms of VP1. The three proteins interact together to form a 
capsid with icosahedral symmetry. When used as gene delivery vectors, the rep & 
cap genes, which make up 96% of the genome, are replaced by the transgene. 
Recombinant vectors are produced by supplying these deleted genes in trans. The 
resultant vectors are less likely to evoke a host immune response. The small size of 
the AAV virion is responsible for the limited DNA packaging capacity and is a 
major disadvantage of AAV vectors. Transgenes can be packaged as long as they 
are not significantly larger (119% maximum capacity) or smaller than the wild-type 
genome.145 Without these limits, the resultant vectors are severely defective with 
regard to producing infectious virions. One method to overcome this limitation is 
the trans-splicing of larger genes between two independent AAV vectors that will be 
coadministered.146 This technique utilizes the ability of AAV genomes to combine, 
although results in lower transgene expression as a result of the complexity of the 
system. However, further development may increase the utility of AAV vectors 
allowing them to appeal to a wide range of applications.

Fig. 2.2 Genome organization of adeno-associated virus (AAV). The AAV genome is a 4.7 kb 
single-stranded linear DNA genome and is made up of 2 genes, rep and cap, with two flanking 
inverted terminal repeats (ITRs). Three different promoters drive transcription: P5, P19, and P40. 
Four transcripts encode nonstructural genes (Rep72, 68, 52, and 40) and three transcripts encode 
structural proteins (VP1, 2, and 3)
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2.7.5.2  AAV Replication

AAVs are helper-dependent viruses with a bi-phasic life cycle. They cannot replicate 
autonomously, instead requiring coinfection with an unrelated virus, such as Ad or 
HSV, to complete its life cycle. In the absence of coinfection, AAV can undergo 
latent infection as an episome or may integrate its viral DNA into the host genome147 
in human chromosome 19 by site-specific recombination directed by the viral rep 
function.148 AAV genomes can be excised from the host genome in the presence of 
helper factors and can lead to a productive infection cycle.149 It is important to note 
that rAAV vectors lack the integration function as their viral genes have been 
removed. Advances in AAV vector production have eliminated the need for helper 
adenovirus infection.150 Instead, to be packaged into functional vectors, genomes 
must be provided with all rep, cap, and helper functions in trans on exogenous 
plasmids.150,151

There are several common stages for replication of all AAV vectors that must be 
carried out for successful transgene expression. The first step in infection is the 
attachment of the vector to the cell surface receptor, and in the case of AAV vectors 
will require the use of coreceptors to assist in internalization. The virus must then be 
internalized into the cell by the process of receptor-mediated endocytosis. The vector 
is subsequently trafficked from early endosomes to late endosomal compartments.152 
It must then escape the endosome to be released into the cytosol and undergo nuclear 
translocation. Endosomal processing is thought to be an essential step for AAVs, 
exemplified by the fact that AAV2 directly injected into the cytosol fails to reach the 
nucleus.44 After endosomal release, which may occur through weak acidification of 
the vesicle, AAV rapidly traffics to the nucleus and accumulates in the perinuclear 
region.153 Nuclear translocation was initially thought to occur through the virus slowly 
penetrating the nuclear pore complex (NPC) into the nucleus, with the majority of 
the virus remaining in perinuclear compartments.153 However, entry into the nucleus 
has since been shown to occur independently of the NPC through the use of agents 
that block NPC function.154 It is unknown whether viral uncoating to release the 
genome occurs within or outside the nucleus. However, capsid proteins155 and the 
necessary machinery for virion uncoating154 have been identified within the nucleus, 
suggesting that nuclear virion uncoating may be a reality, although direct evidence 
is lacking. The single-stranded DNA genome is converted to double-stranded DNA 
within the nucleus and is then the transcription template. After entry into the host 
cell nucleus, the virus can either establish a lytic or lysogenic life cycle, which is 
determined by the presence or absence of helper virus. The efficiency of all these 
replication steps will determine the overall efficiency of the vector.

2.7.5.3  AAV Serotypes and Receptors

To date, over 100 AAV genetic variants have been isolated.156 Twelve known 
serotypes of AAV have been identified, all displaying a variety of tissue tropisms 
and receptor-binding characteristics (Table 2.3). The sequence identities among the 
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different serotypes are high with a general homology in nucleotide sequence of 
approximately 80%. The greatest divergence in sequence can be observed in the 
capsid proteins, especially in regions thought to lie on the utmost exterior of the 
virion.157 This may account for the differing natural tropisms of these viruses. 
The pattern of transgene expression has been demonstrated to be affected by the 
serotype of AAV,158 which may be due, in part, to viral receptor distribution, as 
receptor binding is the primary step in viral infection. The discrepancies in tissue 
tropisms between serotypes are likely as a result of different mechanisms of uptake 
into a target cell. To comprehend the differences in transduction efficiencies of the 
different serotypes, it is important to understand the full mechanism of the initial 
AAV binding and internalization steps.

AAV2 has a wide host range and utilizes HSPG as an attachment receptor,159 and 
at least three different coreceptors including aVb5 integrin,160 and the fibroblast or 
hepatocyte growth factor receptors.161 AAV3 has been shown to bind to heparin, 
heparan sulfate, and fibroblast growth factor receptor-1 (FGFR-1), making its array 
of receptors similar to those of AAV2.162 Competition assays identified that closely 
related serotypes AAV1 and AAV6 use either a2–3 linked or a2–6 linked sialic 
acid as primary receptors when transducing numerous cell types.163 Platelet-derived 
growth factor receptor (PDGFR) has been identified as a coreceptor for AAV5, with 
the in vivo tropism of AAV5 correlating with the distribution of PDGFR.164 AAV5 
also requires a2–3 sialic acid for binding and transduction.165 AAV4 shares the 
requirement of AAV5 for sialic acid; however, the difference between these two 
vectors lies in linkage specificity; AAV4 requires O-linked sialic acid, whereas 
AAV5 requires N-linked sialic acid, offering an explanation for tropism differences.166 
A 2-yeast hybrid screen with subsequent functional studies revealed the 37/67-kDa 
laminin receptor (LamR) as important in binding and transduction of AAV8.167 

Table 2.3 Adeno-associated virus (AAV) serotypes and their varying tropisms and receptors

Serotype Tropism Receptor

AAV1 Skeletal muscle179 cardiac tissue112 a2–3 linked or a2–6 linked sialic acid
AAV2 Broad tropism – muscle, brain, 

retina, liver, lung.
HSPG, aVb5 integrin, fibroblast or hepatocyte 

growth factor receptors, 37/67-kDa laminin 
receptor

AAV3 Cochlear inner hair cells180 heparin, heparan sulfate, and FGFR-1, 37/67-
kDa laminin receptor

AAV4 Ependymal cells181 a2–3 O-linked sialic acid
AAV5 Neurons182, dendritic cells183 PDGFR, a2–3 N-linked sialic acid
AAV6 Skeletal muscle, cardiac tissue35 a2–3 linked or a2–6 linked sialic acid
AAV7 Skeletal muscle184 Unknown
AAV8 Liver184 37/67-kDa laminin receptor
AAV9 Liver, skeletal muscle, cardiac 

tissue36

37/67-kDa laminin receptor

AAV10 Liver, heart, skeletal muscle, lung, 
kidney, uterus185

Unknown

AAV11 Muscle, kidney, spleen, lung, heart, 
stomach185

Unknown
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It was also shown to be important in the binding of AAV2, -3, and -9. AAV10 and 
-11 have not yet been fully characterized.

AAV2 vectors have been quite disappointing in the area of cardiovascular gene 
therapy due to inefficiencies in transduction of both myocardial cells and EC. 
Direct comparison of Ad5 and AAV2 for transduction of vascular cells has revealed 
the poor tropism of AAV2 for EC.57 Transduction of vascular EC has been shown 
to be inefficient with AAV2 vectors resulting in virion degradation by the protea-
some during the trafficking process.168 Although no AAV serotype appears substan-
tially more efficient than AAV2 in transduction of the vascular endothelium, other 
EC have been transduced by alternate serotypes. AAV6-based vectors demonstrate 
a higher transduction efficiency of airway epithelia than AAV2,169 illustrating the 
potential of exploiting naturally occurring serotypes. Thus, alternate serotypes with 
naturally occurring tropism differences can be exploited as potential gene therapy 
vectors to see if they offer an enhanced tropism for cardiovascular tissues. AAV 
serotypes 1 and 6 have shown preferential transduction of the musculature.

2.7.5.4  AAV Transcapsidation

RAAV vectors are based on the AAV2 genome and onto which the capsid proteins 
from a different serotype have been pseudotyped. Capsid proteins from most sero-
types have been successfully cross-packaged with ITRs from AAV2. Several studies 
have been carried out to compare the transduction efficiencies of the ever increasing 
array of alternate serotype AAV vectors. In a study by Du et al,170 the capacity of 
AAV serotypes 1–5 for in vitro myocardial transduction was tested.170 This study 
demonstrated the differing capacities of the alternative serotypes, and identified 
AAV1 as having the highest enhanced ability to transduce adult human cardiomyo-
cytes. In another study that compared the efficiency of recombinant vectors of eight 
different serotypes in transducing rat myocardium in vivo, AAV1, 6, and 8 demon-
strated the highest efficiency in transducing rat hearts in vivo.112 It is difficult to 
compare between AAV serotype studies as no standard for titering AAV has been 
set up, and different routes of administration and different aged animals have been 
used. However, general trends can be observed, demonstrating that AAV serotypes 
1, 6, 8, and 9 show high levels of cardiac transduction.

2.7.5.5  Retargeting AAV Vectors

Although several serotypes of AAV have been identified, several cell types remain 
nonpermissive to AAV infection. Retargeting vectors may encompass these nonper-
missive cells into AAVs vast repertoire, and may improve the efficiency of transduction 
of cells already permissive to infection. Retargeting of AAV vectors has mainly been 
applied to AAV2 vectors, and has been achieved in vitro through two main strategies. 
These are (1) the use of bi-functional antibodies171 and (2) the genetic modification 
of the capsid through the insertion of targeting peptides.172 Vector binding is enhanced 
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by the use of bi-specific antibodies. During this process, one arm of the antibody binds 
to the surface of the cell of interest, and the other arm to the AAV capsid structure. 
Bartlett et al171 achieved AAV2-mediated transduction of nonpermissive human mega-
karyocytic cells through the interaction of a bispecific F (ab)

2
 antibody with both the 

cell surface receptor a
IIb
b3, and the viral capsid. This facilitated the binding and inter-

nalization of the vector via an alternative receptor and represents the potential to 
improve the binding and transduction profile of AAV2. This technique has been used 
to redirect AAV binding by insertion of an immunoglobulin binding domain to 
couple it to various antibodies to mediate altered receptor binding.173 However, this 
relies on a very stable interaction between the antibody and the vector.

The AAV capsid protein is important in the initial stages of viral infection and 
primarily interacts with the cell surface receptor. The capsid protein determines the 
tissue tropisms of the virus through its selective interactions. Short peptide 
sequences can be cloned into the capsid gene to change or expand the vector tro-
pism and can even be used to disrupt the native tropism. Targeting peptides may be 
derived from phage-display techniques previously described. To be successful, the 
peptide insertion should have minimal effects on subsequent vector assembly, 
packaging, and infectivity. Several suitable sites for insertion of targeting peptides 
into the AAV2 capsid have been identified and evaluated for tolerance to insertions 
and mutations; peptides may be inserted at the optimal position of 587 in the AAV2 
capsid to be displayed on the surface of the virion.172,174 Genetic incorporation of 
peptides into the AAV capsid has been used to enhance transduction of human 
EC129 and to alter tropism toward cells expressing the CD13 receptor128 and human 
luteinizing receptor (LH-R).175

A variant of this technique is the use of AAV libraries, which are similar in 
concept to phage libraries. A random peptide is inserted into the AAV2 capsid 
sequence in a position that allows it to be displayed on the surface of the virion, 
while at the same time ablating HSPG binding. Chimeric capsid AAV libraries are 
screened to identify vectors that exclusively transduce a particular target cell or 
tissue type. This technique was first developed by Müller et al,176 who used the 
AAV library to identify vectors that could transduce human coronary artery EC 
more readily than nonendothelial control cells. Others have used this approach to 
identify AAV vectors that efficiently transduce acute myeloid leukemia cell lines,177 
a cell type that no other vectors have been found to efficiently transduce. AAV 
libraries allow the selection of vectors with targeting peptides that have been identi-
fied while already in the AAV2 capsid. This eliminates the possibility of the targeting 
peptide losing its specificity when incorporated into the vector.
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3.1  Introduction

Systemic sclerosis (SSc; scleroderma) is a complex connective tissue disorder that 
leads to fibrosis of the skin and various internal organs including the heart, lung, 
kidney, and gastrointestinal tract.1 Although fibrosis is the main pathological hallmark 
of SSc, autoimmunity, inflammation, and widespread small-vessel vasculopathy 
characteristically precede the excessive synthesis and deposition of extracellular 
matrix (ECM), which ultimately disrupts the physiologic structure of the affected 
tissues and leads to dysfunction of the affected organs.2,3 Fibrosis results from a 
complex interplay among endothelial cells, inflammatory cells, immune cells, and 
fibroblasts activated by and inducing a number of mediators.2,3

Several cytokines, chemokines, and growth factors have been shown to be 
strongly associated with the pathogenesis of SSc, including the transforming 
growth factor b (TGFb), the connective tissue growth factor (CTGF), the platelet-
derived growth factor (PDGF), interleukin-4 (IL-4), monocyte chemoattractant 
protein-1 (MCP-1/CCL2), and endothelin-1 (ET-1).2-4 Furthermore, increasing evi-
dence suggests that an altered balance between Th1 and Th2 cytokines toward a 
Th2-polarized immune response plays a pivotal role in the pathogenesis of fibrotic 
diseases.5 The resulting cellular microenvironment ultimately leads to a constitutive 
activation of fibroblasts, which transdifferentiate into contractile myofibroblasts, 
produce high amount of types I, III, VI, and VII collagen, fibronectins, and proteo-
glycans, and secrete growth factors and fibrogenic cytokines that perpetuate the 
fibrotic process in an autocrine or paracrine manner.2,3 Several alterations in 
the downstream signaling pathways of TGFb, and in particular, a dysregulation in the 
expression and activation of Smad transcription factors have been reported in SSc 
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fibroblasts.3,6,7 Of note is the observation that these cellular alterations showed to be 
stable over multiple generations in vitro. In addition, recent observations lead to the 
suggestion that Smad-independent TGFb signaling pathways, as well as TGFb-
independent transduction, and epigenetic regulation in SSc fibroblasts also might 
contribute to their persistent dysfunction, thus playing an important role in inducing 
or maintaining the SSc phenotype.6,8-11

Despite substantial progress during the past years in uncovering the molecular 
and cellular pathogenetic mechanisms of SSc, its etiology still remains unclear. In 
addition, there is no therapeutic approach available that is able to reverse or slow 
down the progression of skin fibrosis and, thus, to substantially modify the natural 
progression of the disease.

Animal models are important tools for a better understanding of the mechanisms that 
trigger and sustain fibrosis and to exploit potential therapeutic interventions for SSc. So 
far, various induced or naturally occurring in vivo models have been generated and 
investigated in detail and, although not exclusively, murine models, such as bleomycin-
induced scleroderma, sclerodermatous graft-versus-host disease (Scl GvHD), and types 
1 and 2 tight skin (Tsk1 and Tsk2) mouse models, have been studied most extensively.12 
The large body of genetic information available for mice represents the principal advan-
tage of murine models in comparison with other species. Therefore, the generation of 
novel models by genetic manipulations such as gene knockout or differential gene 
expression in selective cell types using transgenesis, was possible.12-15 Nevertheless, the 
University of California at Davis (UCD)-200/206 chicken model is another important 
animal model for SSc, which recapitulates several aspects of the human disease, such 
as a prominent vascular involvement with inflammation and widespread fibrosis.12

Although all animal models display fibrotic skin alterations resembling those in 
SSc patients, a model that shows all the pathogenetic components and histologic 
and biochemical features of human scleroderma is currently not available.12,16 
However, animal models recapitulate selected aspects of SSc phenotype and have 
contributed significantly to advance the understanding of the pathogenetic mecha-
nisms of human SSc (Table 3.1). Hence, a growing body of studies provides evi-
dence that such model systems may be used as platforms to test promising novel 
therapeutic interventions for SSc.

In this review, the different animal models and their recent contribution to the knowl-
edge of the pathogenesis and potential treatment of human scleroderma are summarized.

3.2  Bleomycin-Induced Scleroderma Model

Since its development by Yamamoto et al about 10 years ago,17 the bleomycin-
induced scleroderma model has been extensively used by several groups, providing 
substantial and valuable information about the pathogenesis of human SSc.18 
Because of its reproducibility and easy induction, this model is used with increasing 
frequency to investigate the role of cellular mediators and signaling pathways in 
fibrosis, and to test novel antifibrotic strategies in vivo.
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In this model, repeated subcutaneous injections of the anticancer drug bleomycin 
induce skin as well as pulmonary fibrosis in several mouse strains18 (Fig. 3.1). 
Moreover, in contrast to the human disease, in bleomycin-treated mice there is no 
evidence of microvasculopathy and autoimmunity. Cutaneous changes are localized 
to the injected skin area and remain at least for 6 weeks after the last bleomycin 
treatment.18 The histological features observed in the involved skin of the mice 
include a gradual increase in dermal thickness caused by a severe dermal fibrosis 
characterized by deposition of dense collagen bundles with mononuclear cell infiltrates, 
mimicking the cutaneous changes of human scleroderma17,18 (Fig. 3.1). In the lung, 
fibrosis with thickened alveolar walls and the presence of cellular infiltrates are 
commonly observed at early time points.17,18

In this model, the development of fibrosis appears to be triggered by excessive 
oxidative stress mediated by reactive oxygen species (ROS) and the subsequent 
acute inflammatory reaction.18 Of note, oxidative stress has also been implicated in 
the pathogenesis of human SSc.3,19 The early cutaneous inflammatory infiltrates 
consist mainly of CD4+ T cells, macrophages, eosinophils, and mast cells, the latter 
displaying a marked degranulation. The inflammatory process precedes the onset 

Table 3.1 Aspects of systemic sclerosis (SSc) pathogenesis reproduced in animal modelsa

Model
Skin 
fibrosis

Inflam 
mation

Auto 
immunity

Vasculo 
pathy Further features

Murine 
bleomycin

• • – – Lung fibrosis

Scl GvHD • • – – Lung fibrosis
Modified Scl 

GvHD
• • • • Fibrosis in kidneys and small 

intestine, but not in lungs. 
Vascular alterations in skin  
and kidneys

Tsk1 • – • – Skin tethering, subcutaneous 
hyperplasia

Tsk2 • • • −
TbRIIDk 

transgenic
• • − − Lung fibrosis

TbRICA/Cre-ER 
transgenic

• − − • Vasculopathy in lungs and kidneys

MRL/lpr-
IFNgR−/−

• • • • Fibrosis in lungs and other internal 
organs

RLX−/− • − − − Pulmonary, cardiac, and renal 
fibrosis

Chicken UCD-
200/206

• • • • Widespread visceral vasculopathy, 
inflammation and fibrosis, 
rheumatoid factors and distal 
polyarthritis

aScl GvHD sclerodermatous graft-versus-host disease; Tsk1 and Tsk2 types 1 and 2 tight skin 
mice; TbRIIDk transgenic mice expressing a kinase-deficient TbRII selectively on fibroblasts; 
TbRICA/Cre-ER transgenic mice expressing a postnatally constitutively active TbRI in fibroblasts; 
MRL/lpr-IFNgR−/− MRL/lpr mouse strains lacking IFNg receptor; RLX−/− relaxin gene knockout 
mice; UCD200/206 University of California at Davis chicken lines 200/206; • present; − absent



60 M. Manetti et al.

of dermal fibrosis, closely resembling the sequence of histopathological changes 
observed in human SSc.3,18 Moreover, there is evidence of ROS-mediated endothe-
lial cell damage and adhesion molecule expression, and of excessive Fas/Fas 
ligand-mediated apoptosis of mononuclear cells, which occur in parallel with the 
induction of dermal fibrosis in this animal model.18,20-22

It is well known that excessive ECM deposition in SSc is the result of a complex 
imbalance between matrix synthesis and degradation.2 Similarly, increased produc-
tion of type I collagen, upregulation of TGFb in infiltrating cells and fibroblasts, 

Fig. 3.1 Bleomycin-induced scleroderma model. Repeated subcutaneous injections of bleomycin 
induce skin fibrosis in several mouse strains. Cutaneous changes are evident after 4 weeks of treat-
ment, are localized at the injected skin area, and remain at least for 6 weeks after the last bleomy-
cin injection. Upper panels: Histological sections of control (left) and bleomycin-injected (right) 
mouse skin showing a marked increase in dermal thickness caused by a severe dermal fibrosis 
characterized by deposition of dense collagen bundles with mononuclear cell infiltrates after 
bleomycin treatment (Masson’s trichrome staining: red color, cytoplasm and muscle fibers; blue 
color, collagen). Lower panels: Serial histological sections of bleomycin-injected mouse skin 
immunostained with specific antibodies for connective tissue growth factor (CTGF), as an exam-
ple of profibrotic cytokine, a-smooth muscle actin (a-SMA), a marker of myofibroblasts, and type 
I collagen. The immunoreactivity was detected using biotinylated secondary antibodies and the 
avidin–biotin peroxidase complex followed by color development with 3-amino-9-ethylcarbazole 
substrate (red staining). Sections were counterstained with hematoxylin (blue staining) (original 
magnification, 100×)
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differentiation of a-smooth muscle actin (a-SMA)-expressing myofibroblasts, as 
well as increased expression of tissue inhibitor of matrix metalloproteinases 1 
(TIMP-1) and plasminogen activator inhibitor 1 (PAI-1) were observed in the skin 
of bleomycin-treated mice.18,23-25

The bleomycin model also exhibits SSc-like early and sustained activation of the 
profibrotic Smad-dependent TGFb signaling with elevated levels and nuclear local-
ization of phospho-Smad2/3, and the downregulation of endogenous TGFb signaling 
inhibitor Smad7 in lesional fibroblasts.26 Interestingly, blockade of TGFb activity 
using specific antibodies reduced the development of dermal fibrosis and the number 
of myofibroblasts in the lesional skin of bleomycin-treated mice.18,24 Moreover, 
bleomycin administration reduced collagen gene expression and induced a mild 
fibrogenic response in genetically deleted Smad3 null mice (Smad3−/−) in compari-
son with wild-type animals, suggesting a pivotal role of Smad-dependent TGFb 
signaling in the pathogenesis of the murine scleroderma-like phenotype.27

In addition to TGFb, the overexpression of other profibrotic cytokines and 
chemokines, which are known to be strongly involved in the pathogenesis of human 
SSc, such as CTGF, PDGF, MCP-1/CCL2, and IL-4, is also found in this model.18 
In particular, MCP-1 and its receptor (CCR2) are strongly expressed in inflammatory 
cellular infiltrates at early stages following bleomycin treatment and in the fibro-
blasts of sclerotic skin at later stages.28 Of note, the application of neutralizing 
antibodies against MCP-1 led to reduced cutaneous fibrosis.28 Moreover, mice with 
MCP-1 deficiency (MCP-1 null mice, MCP-1−/−) showed a substantial diminished 
induction of skin fibrosis following bleomycin administration.29 These data under-
line the prominent role for MCP-1 in the pathogenesis of bleomycin-induced skin 
fibrosis, mimicking an important molecular aspect of human SSc pathogenesis. 
Furthermore, MCP-1 is known to mediate its profibrotic effects in SSc fibroblasts 
through the release of IL-4 from T cells.4 In addition, the Th2-polarized immune 
response leads to an increase of type 2 cytokines, such as TGFb, IL-4, and IL-13.5 
The potent profibrotic cytokines IL-4 and IL-13 are dysregulated in bleomycin-
induced cutaneous fibrosis as well as in a mouse model of pulmonary fibrosis, and 
IL-13 transgenic mice show increased levels of TGFb1 and sustained development 
of tissue fibrosis.30-32 Moreover, Aliprantis et al reported that mice deficient for the 
transcription factor T-bet, which is selectively expressed in T cells and regulates 
type 1 immunity, display increased sensitivity to bleomycin-induced dermal 
fibrosis. Here, T-bet appears to exert its antifibrotic effect by repressing IL-13.33 
Other recent observations showed that IL-13 triggers its profibrotic response in a 
TGFb-dependent as well as -independent fashion.34 Thus, IL-13 is regarded as an 
attractive potential target for developing novel therapeutic strategies for SSc.

The relative role of the adaptive and innate immune system in the pathogenesis 
of bleomycin-induced fibrosis is unclear and the published data are inconsistent. It 
has been reported that both nude mice, and mice immunodepleted of CD4+ and 
CD8+ T cells after treatment with specific antibodies, show attenuated bleomycin-
mediated pulmonary disease.18 Conversely, severe combined immunodeficient 
(SCID) mice have been described to develop both bleomycin-induced pulmonary 
fibrosis and dermal sclerosis comparable with those of wild-type mice.35,36 Dermal 
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sclerosis was also inducible in nude mice.37 In a very recent study, the bleomycin-
induced scleroderma model has been reproduced in RAG2−/− knockout (RAG2 KO) 
mice, which are deficient for the recombinase gene necessary for antigen receptor 
rearrangement, and therefore totally lack mature T and B cells.33 RAG2 KO mice 
developed skin sclerosis comparable with that of wild-type mice, indicating that the 
bleomycin-induced scleroderma phenotype is not mediated by the adaptive immune 
system, but must involve innate immune cells.33

The bleomycin-induced scleroderma model has been used with increasing fre-
quency to investigate the effects of various molecules both as preventive agents and 
as a treatment for established fibrosis.

Yamamoto et al reported that systemic administration of anti-TGFb antibodies 
along with local subcutaneous injections of bleomycin resulted in a significant 
reduction of dermal fibrosis and inflammatory cell infiltration.18 However, because 
of the short half-life of the antibody, repeated injections were required to achieve 
the described antifibrotic effects.18 In a recent study, the topical application of a 
peptide inhibitor for TGFb1 (P144) has been shown to ameliorate established skin 
fibrosis in bleomycin-treated mice.38 These effects were mediated through the sup-
pression of collagen synthesis, CTGF expression, Smad2/3 phosphorylation in 
fibroblasts, and differentiation of a-SMA-expressing myofibroblasts at sites of 
fibrosis, whereas mast cell and mononuclear cell infiltration was not affected.38

Transfection of human hepatocyte growth factor (HGF) cDNA into the skeletal 
muscle prevented and ameliorated the symptoms of dermal sclerosis and lung 
fibrosis induced by subcutaneous bleomycin injections.39 Of note, the treatment 
reduced TGFb1 expression in mononuclear inflammatory cells and fibroblasts.39 
Thus, the authors proposed that gene therapy using HGF cDNA transfection could 
be regarded as a potential therapeutic approach for the treatment of both skin and 
pulmonary fibrosis in SSc.

Systemic administration of interferon-g (IFN-g), which is an inducer of Th1 
immune responses and is known to act as a potent inhibitor of collagen synthesis and 
Smad-dependent TGFb signaling, reduced but did not suppress dermal fibrosis in the 
bleomycin-induced scleroderma model, most likely by counteracting the profibrotic 
Th1–Th2 imbalance.18,40 Furthermore, the potential therapeutic utility of IFN-g for the 
treatment of skin lesions in localized scleroderma has already been evaluated in clinical 
trials, achieving only modest results after long-term treatment.41

Kimura et al recently showed that a novel synthetic small molecule, SKL-2841, 
which exerts a dual antichemotactic activity for MCP-1 and macrophage inflamma-
tory protein-1b (MIP-1b) significantly suppresses the inflammatory response in the 
acute phase and skin fibrosis in the chronic phase of the bleomycin-induced sclero-
derma model.42 Considering the pivotal role of MCP-1 in the pathogenesis of SSc, 
this compound needs further investigation to clarify its mode of action in vivo and 
might be useful for the treatment of skin fibrosis in human scleroderma.

Using the bleomycin-induced murine model of scleroderma and in vitro studies 
on human dermal fibroblasts, the role of adenosine A

2A
 receptors in the pathogen-

esis of dermal fibrosis could be demonstrated.43 Adenosine A
2A

 receptor-knockout 
mice were protected from developing bleomycin-induced dermal fibrosis. 
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Pharmacologic blockade with a specific antagonist of adenosine A
2A

 receptors 
substantially attenuated dermal fibrosis in wild-type mice.43 These results show that 
adenosine A

2A
 receptors could be novel therapeutic targets in the treatment of dermal 

fibrosis in SSc.
Very recently, the in vitro and in vivo potential of imatinib mesylate as antifibrotic 

agent for the treatment of dermal fibrosis in SSc has been investigated.44 Imatinib 
mesylate is an ATP analog tyrosine kinase inhibitor. It blocks the binding site of the 
ATP pocket of the kinase c-Abl and inhibits another membrane tyrosine kinase, 
c-kit, and the fusion protein Bcr-Abl. Its inhibitory action selectively interferes with 
both TGFb and PDGF signaling, thus making the drug a promising candidate as 
inhibitor of fibrosis. Imatinib mesylate significantly inhibits the production of ECM by 
SSc fibroblasts under basal condition and under PDGF or TGFb stimulation.44 
Simultaneous systemic administration of imatinib mesylate in biologically relevant 
concentrations prevented dermal fibrosis induced by bleomycin without any toxic 
side effects.44 These results indicate that imatinib mesylate may be a potential 
antifibrotic agent in SSc. Further studies using animal models are needed to assess 
its efficacy as treatment for established fibrosis in vivo in addition to its potential 
as a preventive agent.

In another recent study, the antifibrogenic effects of histone deacetylase inhibitor 
trichostatin A (TSA) in human SSc skin fibroblasts in vitro and in the bleomycin-
induced scleroderma model in vivo were analyzed.11 Intraperitoneal injection of 
TSA after repeated subcutaneous bleomycin treatments showed substantial antifibrotic 
efficacy in vivo. The histological features included the prevention of dermal thicken-
ing and the presence of less densely packed dermal collagen bundles in comparison 
with the TSA-untreated mice. Furthermore, no toxic effects were observed in TSA-
treated mice.11 As there is growing evidence that epigenetic histone modifica-
tions regulate the expression of fibrogenic molecules and that epigenetic mechanisms 
are involved in SSc pathogenesis, the study supported the possibility that TSA and 
related inhibitory compounds could be useful as pharmacologic strategy to prevent 
the development and progression of fibrosis in early scleroderma.3,10,11

3.3  Sclerodermatous Graft-Versus-Host Disease Model

Chronic GvHD resembling scleroderma showing fibrotic involvement of the skin 
and internal organs is a serious complication, which can occur after bone marrow 
hematopoietic cell transplantation from donors mismatched for minor histocompat-
ibility loci. In addition, the hypothesis that fetal microchimerism may play a role in 
the pathogenesis of SSc further supports the notion of the utility of a GvHD murine 
model to study the pathogenetic mechanisms of SSc.2

The murine Scl GvHD was first proposed as a model to study human sclero-
derma by Jaffee and Claman in 1983.45 Several years later, McCormick et al generated 
Scl GvHD using B10.D2 bone marrow and spleen cell transplantation across 
minor histocompatibility loci into sublethally irradiated BALB/c mice46 (Fig. 3.2). 
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The cellular and molecular changes and the sequence of events that characterize the 
development of the murine scleroderma-like phenotype have been described in 
detail.46,47 A prominent inflammation and the subsequent fibrotic response appear 
to be the principal characteristics of murine Scl GvHD without evidence of micro-
vascular injury or production of autoantibodies. In Scl GvHD mice, infiltrating 
cutaneous mononuclear cells and increased TGFb1 mRNA levels precede the 
increase of type I collagen mRNA expression and protein synthesis, with subsequent 
remarkable skin thickening and lung fibrosis at early time points.46,47 These features 
closely resemble those of early and rapidly progressive human scleroderma. 
Increased expression of C-C chemokines such as MCP-1, macrophage inflamma-
tory protein-1a (MIP-1a/CCL3), and RANTES (CCL5) also precedes the onset of 
skin and pulmonary fibrosis.47 In the lesional skin, the inflammatory infiltrates 
consist mainly of CD11b+ monocytes/macrophages, and T cells. In particular, 
monocytes displaying upregulated activation markers appear to be the predominant 
cell population infiltrating not only the skin, but also the lungs.46 Furthermore, the 
mononuclear cells infiltrating the skin in Scl GvHD are of donor origin, as demon-
strated by PCR analysis of Y chromosome sequences when female BALB/c mice 
are transplanted with B10.D2 male cells, thus mimicking the microchimerism, 
which has been detected in the lesional skin of SSc female patients.46

Interestingly, neutralizing antibodies to TGFb have been shown to prevent both 
skin and lung fibrosis by blocking the recruitment of monocytes/macrophages and 
T cells in the skin and by abrogating the upregulation of TGFb1.46 Furthermore, the 
same group reported that latency-associated peptide, which is released from latent 
form of TGFb is effective in preventing skin fibrosis and thickening in Scl GvHD. 
In contrast, it is not able to suppress mononuclear cell activation and influx into the 
skin.48 Very recently, cutaneous gene expression analysis using DNA microarrays 
showed that several inflammatory cytokines, chemokines, growth factors, and cell 
adhesion molecules are upregulated in the lesional skin of Scl GvHD mice, closely 
resembling the expression pattern of human scleroderma involved skin.49

These findings lead to the suggestion that murine Scl GvHD is TGFb and 
chemokine dependent and might be regarded as a valuable platform to analyze 
novel antifibrotic interventions such as chemokine targeting in early scleroderma.

In 2004, Ruzek et al developed a modified model of graft-versus-host-induced SSc. 
Here, spleen cells from B10.D2 donor mice were injected intravenously into BALB/c 
RAG2–/– knockout (RAG2 KO) recipient mice, which are deficient in mature T and B 
cells50 (Fig. 3.2). This model exhibits several aspects of the human disease, including 
dermal thickening, particularly in the extremities, progressive fibrosis involving 
internal organs such as kidney and small intestine but not lungs, and a prominent 
mononuclear cell infiltration.50 Mainly monocytes/macrophages, CD4+ and CD8+ T 
cells infiltrate the affected tissues. Early immune activation and SSc-specific circu-
lating autoantibodies such as antinuclear antibodies (ANAs) and anti-topoisomerase I 
antibodies (anti-Scl-70) could be detected. In addition, there is evidence of vascular 
alterations with a prominent vasoconstriction and altered expression of vascular markers 
such as ET-1 and a-SMA in skin and kidney.50 In this model, TGFb levels are elevated 
in skin and kidney. The administration of a monoclonal antibody (1D11), which 
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neutralizes all isoforms of TGFb was able to reduce dermal thickening and ECM 
accumulation as well as changes in vessel morphology in the affected organs.50 
Because of the numerous similarities to the human disease, the modified GvHD model 
should be considered for further investigations aimed to achieve novel insights into 

Fig. 3.2 Induced, spontaneous, and transgenic murine models for scleroderma. Scl GvHD 
sclerodermatous graft-versus-host disease model: transplantation of bone marrow and spleen cells 
from wild-type B10.D2 mice into sublethally irradiated BALB/c mice. Modified Scl GvHD: 
intravenous injection of spleen cells from wild-type B10.D2 mice into RAG2 knockout (RAG2 
KO) BALB/c mice. Tsk1 type 1 tight skin mouse: spontaneous mutation in the gene encoding 
fibrillin-1 on the mouse chromosome 2. Tsk2 type 2 tight skin mouse: unknown mutagen-induced 
mutation on the mouse chromosome 1. TbRIIDk: transgenic mice expressing a kinase-deficient 
TbRII selectively on fibroblasts. TbRICA/Cre-ER: transgenic mice expressing a postnatally consti-
tutively active TbRI in fibroblasts
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the pathogenetic mechanisms and potential treatment of SSc, in particular of the diffuse 
SSc form, which is characterized by most prominent multiorgan involvement.

3.4  Tight Skin (Tsk) Mice

3.4.1  Tsk1

The type 1 tight skin (Tsk1) mouse represents a naturally occurring disease model 
in which a partial in-frame duplication within the coding region of the fibrillin-1 
gene on chromosome 2 causes the SSc-like phenotype51 (Fig. 3.2). This mutation is 
inherited as an autosomal dominant trait. Homozygous embryos die in utero whereas 
neonatal heterozygous animals develop a tight skin phenotype, which is apparent at 
2–3 weeks of age.51,52 Tsk1 mice spontaneously develop a fibrotic response, which 
probably originates deeply from the fascia and is characterized by diffuse thickening 
and tethering of the skin that is firmly bound to the subcutaneous tissue.52,53 The initial 
descriptions of the tight skin phenotype included an excessive growth of connec-
tive tissue and skeleton with thickened dermis and altered ultrastructure of dermal 
collagen.52,53 Subsequently, several groups reported that in contrast to human SSc, 
which is characterized by thickening and sclerosis of the dermis, Tsk1 mice rather 
show increased hypodermal thickness and severe subcutaneous hyperplasia while 
the dermis appears unaffected.53,54 Vascular involvement has not been reported in Tsk1 
mice and the histological changes detected in the lungs resemble those of human 
emphysema rather than interstitial fibrosis.53,54 Nevertheless, the genetic background 
and other important features, such as evidence of autoimmunity,55 make the Tsk1 a 
useful model for SSc which has been extensively studied in the past years.

Fibrillin-1 is a structural protein of connective tissue microfibrils, which has 
been implicated in the pathogenesis of scleroderma. Studies on Choctaw Native 
Americans, a population with a higher prevalence of scleroderma than the general 
population, show a genetic linkage, implicating the chromosomal region containing 
the fibrillin-1 encoding gene as a region of SSc susceptibility.56,57 Furthermore, 
increased numbers of extracellular microfibrils have been detected in SSc skin 
lesions.58 Microfibrils produced in vitro by SSc fibroblasts showed an altered struc-
ture, and circulating autoantibodies against fibrillin-1 have been found in patients 
with scleroderma.56,59 Similarly, the mutation that is responsible for the tight skin 
phenotype in mice leads to a mutant fibrillin protein that has been shown to 
alter the organization of the ECM and to increase the deposition of other ECM 
proteins.53,60,61 Fibrillin-1 is supposed to have a role in controlling the bioavailability 
of TGFb by interactions with latent TGFb binding proteins. Therefore, it has been 
suggested that the mutant fibrillin protein might lead to increased release of this 
profibrotic cytokine in Tsk1 mice.62

Increased ECM production, including collagen types I, III, and VI, elevated 
numbers of procollagen a1(I) and a1(III)-expressing fibroblasts, and upregulated 
TGFb mRNA expression have been reported during the rapid postnatal development 
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of the skin in Tsk1 mice.53 The levels of collagen transcripts decrease with age. 
TGFb is not elevated in the skin of adult Tsk1 mice.53 Denton et al reported an 
increased in vivo activity of a reporter transgene harboring a fibroblast-specific 
enhancer of procollagen a2(I) and demonstrated an increased expression of procol-
lagens a1(I) and a2(I) in Tsk1 mice.63 It has been suggested that the development 
of the tight skin phenotype is due to the activation of TGFb signaling, and that 
TGFb and IL-4 play a pivotal role in the pathogenesis of fibrosis in this model. 
Explanted fibroblasts from the lesional skin of Tsk1 mice showed a sustained 
increase in procollagen a1(I) transcript and collagen protein under IL-4 and TGFb 
stimulation.64 Moreover, other studies suggested that the tight skin phenotype is 
abrogated by the disruption of the IL-4 axis, most likely through the consequent 
deregulation of TGFb signaling.65,66 Interestingly, the deletion of the IL-4 gene has 
been shown to rescue the Tsk1/Tsk1 homozygous mice that usually die during 
embryonic development.66 CD4+ T cells are the main source of IL-4, and Tsk1 
mice lacking CD4+ T cells did not develop skin thickening.67 In contrast, the tight 
skin phenotype could be reproduced in SCID mice.68,69 Administration of anti-IL-4 
antibodies to neonatal Tsk1 mice prevented skin thickening.70 Intravenous immuno-
globulin therapy decreased the secretion of IL-4 and TGFb from splenocytes and 
abrogated fibrosis in this model.71 Dermal or systemic administration of halofugi-
none, which inhibits TGF-b-induced a1(I) procollagen gene expression and Smad3 
phosphorylation, prevented thickening of the skin in Tsk1 mice.72,73 Furthermore, a 
recent study showed that transfection with human recombinant HGF significantly 
reduced hypodermal thickness and IL-4 and TGFb expression in the skin of Tsk1 
mice, although did not ameliorate the pulmonary disease.74 Using high-density gene 
arrays, Ong et al demonstrated a substantial similarity in the gene expression profile 
between neonatal Tsk1 fibroblasts and neonatal wild-type fibroblasts activated by 
recombinant TGFb1.75 This analysis also allowed the identification of several 
mediators such as monocyte chemoattractant protein 3 (MCP-3/CCL7), which are 
overexpressed in Tsk1 fibroblasts but had not previously been implicated in the 
pathogenesis of the tight skin phenotype and fibrosis.75 Conversely, the transcript 
profiling analysis performed on Tsk1 skin by Baxter et al did not show any evi-
dence of increased activity of TGFb-induced signaling pathways. Many genes 
known to be involved in human fibrosis were also not upregulated in this model.54

Nevertheless, the large body of evidence of autoimmunity in Tsk1 mice indicates 
that such model may be useful to clarify the controversial role, which has been 
assigned to B cells in the development and progression of the human disease. Several 
groups reported that Tsk1 mice produce various autoantibodies similar to those found 
in SSc patients, such as anti-topoisomerase I, anti-RNA polymerase I, and anti-
fibrillin-1 antibodies.55 Interestingly, it has also been demonstrated that there is a 
correlation between skin thickness, soluble collagen content, and the serum level of 
anti-topoisomerase I antibodies.55 Peripheral blood B cells showed elevated CD19 
expression and activated CD19-mediated signal transduction in Tsk1 mice, leading to 
chronic B cell activation, which might have important implications for autoantibody 
production.76-78 The loss of CD19 significantly decreased skin fibrosis, and the levels 
of circulating anti-topoisomerase I antibodies correlated with CD19 expression in 
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Tsk1 mice.76 In a recent study, Hasegawa et al investigated the effects of B cell 
depletion on tight skin phenotype using an anti-CD20 monoclonal antibody for 
immunotherapy.79 Interestingly, B cell depletion in neonatal Tsk1 mice has been 
shown to significantly suppress the development of skin thickening, autoantibody 
production, and the imbalance between Th1 and Th2 cytokine expression. In contrast, 
it was not effective in improving the pathological signs in adult mice with established 
disease.79 These data suggest that B cells play a major role in the initiation of autoim-
munity and fibrotic disease in Tsk1 mice, but are not required for the maintenance of 
the tight skin phenotype. Since no immunotherapy to date has been proven effective 
in the treatment of skin sclerosis in SSc patients, an early B cell-targeted intervention 
prior to the onset of skin fibrosis might be a potential therapeutic strategy.

Moreover, other recent studies showed that blockade of CD40–CD40 ligand 
(CD40L) interaction and antagonism of the B-cell-activating factor belonging to 
the tumor necrosis factor family (BAFF) remarkably attenuate the development of 
skin fibrosis as well as autoantibody production in the Tsk1 mouse model.80,81 Thus, 
the critical immunoregulatory CD40–CD40L and BAFF–BAFF receptor axes could 
be regarded as attractive therapeutic targets for the treatment of skin fibrosis and 
autoimmunity in SSc patients.

3.4.2  Tsk2

The type 2 tight skin (Tsk2) mouse is an animal model resulting from a mutagen-
induced mutation on the mouse chromosome 182 (Fig. 3.2). This mutation is 
inherited as an autosomal dominant trait. Only heterozygous animals survive and 
develop the Tsk2 phenotype, which is characterized by several histological and 
biochemical cutaneous abnormalities similar to those in the skin of SSc patients.82 
Histological examination of the skin showed a marked dermal thickening and exces-
sive deposition of dense collagen bundles in the dermis and in the subdermal adipose 
tissue.82 Biochemical analyzes on Tsk2 explanted fibroblasts showed increased 
procollagen a1(I) and a3(I) gene expression and collagen synthesis when compared 
with wild-type fibroblasts. In addition, elevated collagen gene expression was 
detected in the skin of the animals.82-84 Tsk2 mice display a prominent mononuclear 
cell infiltration in the lower dermis and subcutaneous adipose tissue, a feature that is 
not displayed in Tsk1 mouse.82 A recent study reported autoimmunity in Tsk2 mice, 
including the presence of several autoantibodies against nuclear antigens similar to 
those detected in SSc patients, such as anti-topoisomerase I, anti-centromere, and 
anti-ribonucleoprotein antibodies.84 Interestingly, the circulating levels of anti-
centromere antibodies significantly correlated with the increase of dermal thickness. 
These mice also showed autoantibodies, which are not associated with SSc, such 
as anti-dsDNA antibodies that are specific for systemic lupus erythematosus.84 
Therefore, Tsk2 mouse may be useful to better understand the complex interrelation-
ship between autoimmunity and fibrosis in the pathogenesis of scleroderma and can 
be considered as in vivo model to study autoimmunity in different human disorders.
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3.5  Genetically Modified and Transgenic Mouse Models

Genetically modified mice harboring manipulations or disruptions of pivotal signaling 
pathways allow the determination of the cellular and molecular mechanisms, which 
trigger key pathogenetic events of diseases. In the recent years, mutant or transgenic 
murine models have been generated in the attempt to create an animal model, which 
closely recapitulates the complex pathogenesis and the pathological features of 
human SSc.

Because of the proposed central role of TGFb in SSc, the recently developed 
animal models include mice characterized by perturbation in TGFb signaling fol-
lowing genetic modifications or deletion of key downstream mediators of TGFb 
transduction.

Using transgenesis, Denton et al generated mice expressing a kinase-deficient 
type II TGFb receptor (TbRIIDk) selectively on fibroblasts14 (Fig. 3.2). This genetic 
modification results in the development of dermal and pulmonary fibrosis in vivo. 
Further in vitro studies on explanted dermal murine fibroblasts provided evidence of 
TGFb signaling alteration and SSc-like molecular features in this model.14 The expression 
of the mutant receptor has been shown to lead to sustained activation of the TGFb 
ligand-receptor axis through the kinase activity of the TGFb receptor type 1 (TbRI, 
ALK5). TbRIIDk transgenic fibroblasts showed increased synthesis of type I 
collagen, altered production of matrix metalloproteinases, elevated expression of 
CTGF, and myofibroblast transdifferentiation with enhanced ability to contract 
collagen gel matrices.14

Very recently, Sonnylal et al established a mouse model in which the TGFb 
pathway is constitutively activated postnatally in fibroblasts.15 These transgenic 
mice harbor an inducible constitutively active mutant TbRI and a Cre-ER transgene 
that is driven by a fibroblast-specific Col1a2 enhancer (TbRICA/Cre-ER mice) (Fig. 3.2). 
After birth, the administration of 4-hydroxytamoxifen induces the expression of 
fibroblast-restricted constitutively active TbRI, leading to pronounced and generalized 
fibrosis of the dermis, and widespread vasculopathy in internal organs with fibrotic 
thickening of the small vessel wall in lung and kidney.15 Moreover, primary explanted 
skin fibroblasts showed enhanced myofibroblast differentiation as well as increased 
gene expression of several ECM proteins and downstream targets of TGFb signaling, 
such as procollagen a1(I), fibronectin, CTGF, and increased Smad2/3 phosphory-
lation.15 Since this murine phenotype recapitulates several histologic and biochemical 
features of human scleroderma and is characterized by sustained TGFb signaling 
activation, it should be a valuable model to test novel antifibrotic strategies, such as 
therapies targeting TGFb activation or downstream mediators of TGFb transduction, 
including CTGF and Smad transcription factors. In addition, further characterization 
of the structural vasculopathy and future modifications of this murine model are 
likely to result in an even more comprehensive clinical scleroderma phenotype.

The same group has recently generated transgenic mice that overexpress CTGF 
in fibroblastic cells, and these mice also appear to show generalized skin fibrosis.15 
The characterization of this new animal model should aid in understanding the still 
unknown molecular mechanisms of CTGF function in the pathogenesis of SSc.
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Le Hir et al reported that MRL/lpr mouse strains lacking IFNg receptor (MRL/
lpr-IFNgR−/−) spontaneously develop an inflammatory and fibrotic syndrome, 
which displays several features of human SSc, including abnormal deposition of 
dermal collagen bundles, a prominent mononuclear cell infiltration and fibrosis in 
skin, lungs, and other internal organs, production of autoantibodies, and microvas-
cular alterations.85

Samuel et al recently proposed the relaxin gene knockout (RLX−/−) mouse as 
a model of systemic sclerosis.13 RLX−/− mice showed an age-related progression 
of skin thickening and dermal fibrosis, with increased type I and III collagen 
deposition and marked collagen overexpression in explanted lesional fibroblasts. 
These mice also consistently developed an age-related progression of pulmo-
nary, cardiac, and renal fibrosis. Interestingly, the administration of relaxin 
effectively and completely reverted dermal fibrosis at early onset of the disease 
but did not improve the established sclerosis and excessive dermal scarring in 
later stages.13

3.6  UCD-200/206 Chicken

The UCD chicken lines 200/206 are an animal model particularly useful to study 
the vascular changes, which characterize human SSc.86 The UCD-200/2006 
chickens spontaneously develop an inherited scleroderma-like disease exhibiting 
the entire spectrum of SSc manifestations, including vascular occlusion, severe 
perivascular lymphocytic infiltration of the skin and viscera, fibrosis of skin and 
internal organs, the presence of circulating autoantibodies against nuclear antigens, 
anti-cardiolipin antibodies, anti-endothelial cell antibodies (AECAs), rheumatoid 
factors, and distal polyarthritis.87 Studies on skin lesions from UCD-200/206 
chickens have highlighted the role of endothelial dysfunction as an early acute 
disease feature. These studies demonstrated that circulating AECAs lead to 
endothelial cell injury and that AECA-induced endothelial cell apoptosis is a primary 
event in the pathogenesis of the SSc-like disease in this animal model.88,89 Similar 
findings of endothelial cell apoptosis in early disease stages have been observed in 
skin biopsies from SSc patients.88,89 These findings were further supported by the 
observation that AECA-positive serum from UCD-200 chickens injected into normal 
chicken embryos results in AECA binding to microvascular endothelium in vivo 
and a significant increase in endothelial cell apoptosis.90 A further study focused on 
endothelial cell apoptosis, mononuclear cell infiltration, and collagen deposition in 
the visceral organs of UCD chickens.91 In this study, apoptotic endothelial cells 
were found mostly in esophagus, lungs, and kidneys, but not in heart or liver, in 
UCD-200 chickens at the initial stage of the disease. This study also showed that 
the esophagus was the most affected organ, with a prominent mononuclear cell 
infiltration and increased collagen deposition. These observations support the 
hypothesis that endothelial cell apoptosis initiates the disease process, followed by 
mononuclear cell infiltration and fibrosis.
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3.7  Concluding Remarks and Future Perspectives

The complexity and the still limited knowledge of the molecular mechanisms that 
trigger the pathogenesis of SSc avert the development of a prototypic animal model 
that would include all the hallmarks of the human disease. To date, several internal 
organ manifestations that are the most frequent causes of morbidity and mortality 
in SSc patients, such as gastrointestinal tract dysfunction and mainly gastro-esophageal 
disease, pulmonary arterial hypertension (PAH), and SSc-associated interstitial 
lung disease (SSc-ILD), could not be reproduced in an experimental approach. 
Furthermore, the only available animal model that appears to recapitulate the entire 
spectrum of vascular changes of human SSc is an avian model, which is difficult to 
further characterize and to use for molecular biology studies because of the almost 
completely unknown genetic background.

Nevertheless, some of the key features of the disease have been recapitulated in a 
number of animal models, which have been extensively studied by many groups to 
decipher the cellular and molecular pathogenetic events that drive the onset and the 
progression of fibrosis in human SSc. Based on the large body of knowledge achieved 
up to date, further in-depth investigations using established and new mouse models 
and the development of novel genetically determined experimental approaches, that 
more closely resemble human SSc, will provide new insight into disease pathways 
and potential therapeutic targets. The prudent extrapolation of the achieved results and 
the evaluation of their potential use in therapeutic approaches finally will allow the 
translation of basic research into more effective treatment of scleroderma patients.
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4.1  Introduction

Atherosclerosis has been studied in animals for exactly a century, starting with the 
pioneering studies of Ignatowski (reviewed in ref.).1 The motivation for those early 
studies is unclear, as atherosclerosis was not then recognized as a major disease. 
However, the increasing prevalence of cardiovascular disorders within the global 
burden of disease2 has given the desire to understand and treat atherosclerosis ever 
greater impetus. Animal models have an important part to play in this, in two main 
regards: increasing our understanding of the pathophysiology of atherosclerosis and 
developing new treatments for the disease. This chapter takes the view that most of 
the atherosclerosis research done in animal models until now has served the first 
purpose well, but the second rather poorly. To support this contention, it will be 
necessary to consider how atherosclerosis starts and develops.

4.2  Natural History of Atherosclerosis

Atherosclerosis is a disease of the intimal lining of the larger arteries. It is most 
prevalent in those vessels closest to the heart in terms of the time taken for blood 
to travel to them: the coronary arteries, the aortic arch and its branches, the abdominal 
aorta, and the iliac arteries.

An important feature of atherosclerosis is that it is a focal disease, characterized 
by lesions that arise at discrete locations. As they grow, they may coalesce and give 
the appearance of a single large damaged surface, but this is misleading. How ath-
erosclerosis is initiated is a matter of dispute, as this is impossible to study in 
humans. It is possible to derive hypotheses based on certain common features of 
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lesion location, which include disturbed blood flow (hence a predilection for 
branch points), and the presence of pre-existing accumulations of smooth muscle 
cells in the intima. The first easily recognized pathological change is the appear-
ance of small collections of lipid-filled cells called foam cells (Fig. 4.1). These are 
derived either from macrophages or from smooth muscle cells and suggest that 
lipoprotein trafficking into and out of the vessel wall is compromised. Since this 
would require at least some impairment of endothelial function, it is reasonable to 
suggest that endothelial dysfunction is a very early feature of atherogenesis.

The accumulation of foamy cells eventually becomes big enough to be seen with 
the naked eye, and is then termed a fatty streak. This gradually develops a cap 
formed from smooth muscle cells, structural proteins, and proteoglycans. Despite 
existing in an environment conducive to foam cell formation, these smooth muscle 
cells do not become foamy. Further elaboration of proteins such as collagen and 
elastin by smooth muscle cells results in the fibrous lesion (Fig. 4.2), the next step 
in plaque evolution after the fatty streak.

Death of cells within the plaque, particularly foam cells, results in the formation 
of pools of extracellular lipid, and the plaque is now said to be complex (Fig. 4.3). 
The plaque may remain in the complex state, or may progress further. Continued 
deposition of extracellular lipid, loss of cells through apoptosis, degradation of 
structural proteins, and mechanical stress and strain may together sufficiently 
weaken the plaque to the point where it splits open, an event usually called a rupture 
(Fig. 4.4). Plaque rupture results in the inner components of the atherosclerotic 

Fig. 4.1 A fatty streak lesion in the thoracic aorta of a male apolipoprotein E (apoE) knockout 
mouse fed high-fat diet for 4 weeks. Stained for lipid with Oil Red O. Nuclei are counter-stained 
with hematoxylin. Scale bar = 100 mm. Reproduced with permission from ref.37
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Fig. 4.2 A fibrous plaque in the proximal brachiocephalic artery of a male apoE knockout mouse 
fed high-fat diet for 6 weeks. Stained for elastin. Scale bar = 200 mm. Reproduced with permission 
from ref. 37

Fig. 4.3 A complex lesion in the proximal brachiocephalic artery of a male apoE knockout mouse 
fed high-fat diet for 8 weeks. Stained for elastin. Scale bar = 200 mm. Reproduced with permission 
from ref. 37
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lesion coming into contact with the blood, and thus thrombosis. This is usually 
resolved without symptom but, in some cases, will critically narrow the lumen and 
precipitate end-organ ischemia. More often than not, this manifests as a heart attack 
or a stroke.

For many years, it was considered that the clinical significance of atherosclerosis 
was that its lesions obtruded into the lumen of the vessel, reducing blood flow and 
increasing the likelihood of embolism. It has now been recognized that many 
plaques pose no such threat; it is probably true to say that if plaques reached the 
stage of the complex lesion and progressed no further, then atherosclerosis would 
not be of very much interest. It is the rupture of the complex plaque that is the key 
pathological event, but one that is still very poorly understood.

4.3  General Considerations

There are of course many animal models in which atherosclerotic lesions develop, 
involving a wide range of species and manipulations. It is not our intention here to 
recapitulate all of these, as they have been very expertly reviewed elsewhere (see, 
for example, refs.) 1 and 3. Instead, some general points about the use and interpretation 
of animal models of atherosclerosis will be made.

Fig. 4.4 An acute atherosclerotic plaque rupture in the proximal brachiocephalic artery of a male 
apoE knockout mouse fed high-fat diet for 8 weeks. Stained for elastin. Scale bar = 200 mm. 
Reproduced with permission from ref. 37
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The first thing to say is that all biological studies, from purified molecules to 
clinical trials, involve the use of models. Animal models, however, are sometimes 
treated with a special degree of skepticism and caution; it is often demanded that 
the animal form of the disease being studied recapitulates the human disease with 
great morphological fidelity. This is a criterion that is far more stringent than those 
used for other model systems, and it is quite wrong. An ideal model will faithfully 
reproduce the biochemistry of the disease, but this need not necessarily result in 
identical morphology. Provided that the processes that lead to lesion formation are 
closely congruent between animal and human, the model will yield accurate and 
useful insights. This is a particularly important point to make in the case of ath-
erosclerosis, a disease that takes decades to develop in humans. An animal model 
of atherosclerosis must necessarily involve acceleration of the disease, which may 
mean that processes that are sequential in humans occur in parallel in the animal. 
This is likely to distort the morphology, but the biochemistry may still be accu-
rately modeled.

4.4  Selecting an Animal Model

The suggestion that it is only rupture of the plaque that is pathologically significant 
has important implications for how to select animal models. If we assume that 
pharmacological therapy of atherosclerosis is only going to be instituted in indi-
viduals with demonstrable risk, and accept that atherosclerotic lesions begin to 
appear early in life, then it will be necessary to target just those processes that occur 
later in plaque development. We will need to study them and test new treatments in 
animal models of advanced and, crucially, unstable atherosclerosis. On the other 
hand, the basic scientific understanding of the disease certainly can be advanced by 
studies of the early stages of plaque initiation in animals.

In most model systems, animals are challenged with some hyperlipemic stimulus, 
such as dietary or genetic manipulation, and develop fatty streak lesions. This is the 
case, for example, when normal rabbits are fed a cholesterol-supplemented diet. 
Lesions are particularly prevalent in the thoracic aorta, but eventually form in most 
of the large arteries. They take the form of collections of foam cells – these collec-
tions can grow quite large – but are uncomplicated lesions that do not develop mor-
phological complexity and do not rupture. What can we learn from such a model?

In terms of the basic processes underlying atherosclerosis, we can learn rather a 
lot. The changes in endothelial function that permit lipid insudation into the vessel 
wall, the homing of monocytes to sites of lipid accumulation, the processing of the 
lipids by monocytes, and the differentiation of those cells into macrophages and 
macrophage-derived foam cells are all grist to the investigator’s mill. However, none 
of this yields useful information about events in advanced and unstable plaques. 
Drugs that inhibit, say, lipid accumulation by macrophages will effectively limit 
plaque growth in such a model, but are very unlikely to show clinical benefit in terms 
of preventing an individual who has had one heart attack from having another.
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This demonstration that animal models must be selected with the purpose of the 
investigation in mind may seem like a long-winded way to make rather an obvious 
point, but it is a point that has often been ignored during pre-clinical studies of anti-
atherosclerosis drugs. The usual approach has been to take a naïve animal and then 
to test an intervention administered during the same period as the atherosclerotic 
provocation is applied. Drugs that interfere with plaque initiation and early devel-
opment are effective in such models, but do little to influence clinically important 
advanced unstable atherosclerosis and thus are destined to almost certain failure 
during clinical development.

4.5  Models of Plaque Initiation and Early Plaque Development

Modeling atherogenesis is of basic scientific interest but does not have much bearing 
on drug development, for the reasons outlined above. Therefore, the main consid-
eration has to be the precise process that one is trying to investigate. For example, 
investigation of endothelial dysfunction is very likely to produce misleading 
results in a model wherein endothelial perturbation is used to provoke lesion 
formation, such as the administration of high doses of homocysteine4 or bacterial 
endotoxin.5 With such obvious exceptions, the selection of an animal model for 
this kind of basic study is mainly an issue of cost and convenience, with consid-
eration of things like availability of reagents and the quantity of tissue that can be 
harvested also needing to be taken into consideration. We do not intend to go into 
these models in any more detail.

4.6  Models of Unstable Atherosclerosis

There are two kinds of animal models of unstable atherosclerosis: those that do develop 
unstable atherosclerosis, and those that do not. Surprisingly, most published studies 
make use of the latter. It has to be admitted that there was in the past some justification 
for this, because there were only one or two animal models in which plaques actually 
ruptured. Since 2001 though, a simple mouse model has been available.6 The continued 
use of animal models in which plaques do not rupture raises interesting questions 
regarding the criteria that can be used to evaluate plaque stability.

4.6.1  Models in Which Atherosclerotic Lesions Do Not Rupture

Direct evaluation of instability is clearly impossible in a model in which plaques 
never rupture, so indirect methods are used instead. Essentially, this involves 
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measuring parameters that are thought to affect lesion stability, such as plaque 
cellularity, the cell types present, structural protein content, lipid content, fibrous 
cap thickness, and so on. An intervention that results in an increase in the frac-
tional content of collagen, for example, is interpreted as causing an increase in 
plaque stability even though the plaques in that particular animal model do not 
rupture. How do we know that this approach yields useful data?

The logic that is used is that these are the features that differ between human 
nonruptured and ruptured plaques. Data obtained at postmortem show that reduced 
collagen content, reduced smooth muscle cell content, increased lipid content, a 
thin fibrous cap, and so forth are common features of ruptured plaques.7 In other 
words, if the change caused by the intervention is also manifested in human 
plaques, then they will become more stable and less liable to rupture. The problem 
with this approach stems from its post hoc nature. The changes in an animal plaque 
that are said to predict an increase in stability have been selected because they are 
opposite to those that show a probabilistic association with plaque rupture in 
humans. Because 90% of plaque ruptures in humans heal without acute clinical 
consequence,8 the factors associated with ruptured human plaques have been 
deduced from only the other 10% and it is open to question how representative they 
are. Despite this, it is probably reasonable to say that the use of indirect markers of 
plaque stability in animal models, which do not suffer from ruptured plaques, is 
acceptable at present, subject to the caveats expressed below. However, this 
approach really needs to be validated by the use of a drug treatment that has been 
shown to improve plaque stability in humans.

4.6.1.1  Study Design Considerations in Models Where Rupture  
Does Not Occur

One approach that is widely used and published is to study the effects of an inter-
vention on indirect markers of plaque stability, such as plaque collagen content, 
using a study design where the interventional treatment commences at the same 
time as the atherosclerotic stimulus. This is a deeply flawed study design that must 
be avoided: it is confounded by the combination of effects on atherogenesis with 
effects on plaque composition. An intervention that inhibits, say, monocyte 
recruitment into the vessel wall will limit atherosclerosis and the plaques will 
therefore necessarily contain less collagen, fewer smooth muscle cells, more lipid, 
and so on. This does not mean that the intervention has some specific effect on 
plaque stability, though such studies are frequently or even usually interpreted this 
way. This is misleading and wrong. If a model system that does not undergo 
plaque rupture is to be used, then really it is necessary to start the interventional 
treatment after plaques have already developed and become established. Changes 
to indirect markers of plaque stability under these circumstances may indeed 
reflect a genuine effect.
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4.6.2  Models in Which Atherosclerotic Lesions Do Rupture

4.6.2.1  Detection and Quantification of Plaque Rupture

Plaque rupture in humans has been defined as “fibroatheroma with cap disruption; 
luminal thrombus communicates with the underlying necrotic core.”9 Does this 
mean that if a disrupted plaque is observed without an accompanying thrombus in 
an animal model, then the model is not actually generating plaque ruptures? Such 
events would be mechanistically indistinguishable from plaque ruptures that do 
result in luminal thrombus, and the break in the fibrous cap would be identical. 
Even in human studies, plaque rupture has been identified without thrombus forma-
tion: for example, where the presence of old ruptures that have repaired is inferred 
from buried fibrous caps and layering.8 Separating the consequences of plaque 
rupture from its genesis in this way is of particular concern when we are considering 
animal models.

If luminal thrombus is retained as a key diagnostic feature of plaque rupture, 
animal models of plaque rupture would have to mirror not just the pathophysiologi-
cal mechanisms of rupture but also to display human-like thrombosis. This kind of 
restrictive approach is not justified.10 In particular, and most pertinently in the 
mouse, the requirement for luminal thrombus is incorrect. Murine brachiocephalic 
arteries are much smaller than human coronaries, so that the cross-sectional area of 
a fully occlusive thrombus is about 50-fold less in mice than humans. The volume 
of even a large thrombus in the mouse is likely to be at least 200-fold less than in 
humans and its surface area will be about 30-fold less. The fibrinolytic system in 
mice differs significantly from that in humans, as the plasma level of plasminogen 
activator inhibitor-1 (PAI-1) is 5–12.5-fold lower in mice than in humans, whereas 
fibrinogen and tissue-type plasminogen activator (tPA) concentrations are similar.11 
PAI-1 is the major determinant of the rate of lysis of platelet-rich arterial thrombi 
by pharmacological concentrations of tPA.12 Furthermore, plasma levels of throm-
bin-activatable fibrinolysis inhibitor (TAFI) in the mouse are 2–7-fold lower than 
in humans.13,14 Activated TAFI can impair fibrinolysis by removing carboxy-terminal 
lysine residues from fibrin, which act as binding sites for plasminogen and tPA.13 
Thus, the fibrinolytic balance in mice appears to be shifted toward enhanced lysis. 
Some human coronary thrombi may persist for months,15 but even if we assume 
equal rates of fibrinolysis, then mouse plaques will be gone within a few days. If 
we further assume that the interval between episodes of plaque rupture in mice is 
of the order of weeks, then the chance of terminating an animal during the period 
when the thrombus is still present may be as little as 5%, even if luminal thrombus 
formation is an invariable consequence of murine plaque rupture. It is therefore 
clear that the presence of luminal thrombosis should not be regarded as a defining 
characteristic for plaque rupture.

The tear in the fibrous cap will also be much smaller in a murine plaque rupture. 
Observations of serial sections of ruptured plaques in the mouse brachiocephalic 
artery suggest that these defects are rarely more than 60 mm in length,10 whereas in 
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human coronary arteries the average length of such a defect is 1.9 mm.16 Given 
similar rates of healing, the breach in the human fibrous cap will be detectable for 
30 times as long.

The foregoing makes it clear that it is not reasonable to apply the existing clini-
cal definitions of plaque rupture to mice and other small animal models. So how 
can we find, recognize, and quantify plaque rupture in animals? If it is true that 
there is rapid lysis of thrombi and healing of tears in the fibrous caps of mice, acute 
plaque ruptures of the type usually shown to illustrate the phenomenon in humans 
would only occasionally be seen in small animals. It is more likely that an animal 
plaque will be interrogated after a rupture has occurred and the healing process has 
already started, so the issue is how to recognize a previous, but now healing or fully 
healed plaque rupture.

Laminar structures are seen in the intima of advanced murine lesions that are 
rich in elastin and are populated by strongly a-smooth muscle actin-positive cells, 
taken to be smooth muscle cells10 (Fig. 4.5). These appearances are highly sugges-
tive of remnants of previous fibrous caps that have ruptured and have been incor-
porated into the growing lesion as it develops. When such buried fibrous caps are 
seen in humans, they are interpreted as indicative of previous, nonfatal, healed 
plaque rupture.8,17 A number of lines of evidence support a similar interpretation in 
mice10: buried fibrous caps form only at sites where plaque ruptures occur; they are 
associated with fibrin deposition; and they can be modulated independently of 
changes in plaque size. This suggests that buried fibrous caps either represent sites 
of previous plaque rupture in mice, or occur in parallel with plaque rupture, and are 

Fig. 4.5 A healed plaque rupture, in the form of a buried fibrous cap, in the proximal brachio-
cephalic artery of a male apoE knockout mouse fed high-fat diet for 8 weeks. Stained for 
a-smooth muscle actin. Scale bar = 200 mm. Reproduced with permission from ref. 37
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therefore useful indicators of plaque rupture that can be used to quantify the 
phenomenon.

4.6.2.2  Mouse Models of Plaque Rupture

The apolipoprotein E (apoE) knockout mouse, first reported in 1992, spontaneously 
develops atherosclerotic lesions in the thoracic aorta.18,19 However, these aortic 
lesions do not generally undergo plaque rupture. To induce plaque rupture in apoE 
knockouts, compression injury has been applied to the abdominal aorta at sites of 
atheromatous lesions using blunt forceps.20 Although this results in a number of 
areas of thrombosis not associated with plaque, 10 of 32 animals showed evidence 
of thrombus-associated plaque using this technique. There was histological evi-
dence of intraplaque hemorrhage within disrupted plaques, and plaque-associated 
luminal thrombus.

Physical and chemical triggers have also been employed, such as using a photo-
chemical reaction to induce thrombus formation.21Another approach has been to 
use apoE knockout mice with carotid atheromatous lesions induced by an exter-
nally placed silastic collar,22 and then to transfect these with an adenovirus expressing 
the tumor-suppressor protein p53.23 One day following transfection, increased 
apoptosis is evident in the cell of the fibrous cap and cap thinning is seen at later 
time points. These attenuated fibrous caps undergo rupture in 40% of animals after 
pressor challenge with phenylephrine.23 Recently, Cheng et al24 have developed a 
device that induces low shear stress proximally and oscillatory shear stress distally 
in a straight segment of the common carotid artery. In apoE knockout mice fed a 
high-fat, cholesterol-enriched diet for 9 weeks, plaques developed reproducibly in 
both the low and oscillating shear stress regions. The morphology of the plaques in 
the low shear stress region closely mimicked human thin cap fibro-atheroma, and 
prolonged angiotensin II infusion induced intraplaque hemorrhage exclusively in 
plaques with phenotypic features associated with instability. The particular advan-
tage that these models offer is that vulnerable lesions develop at sites that are very 
accessible to local manipulation and instrumentation.

Recently, investigations have begun to focus on the brachiocephalic artery of 
apoE knockout mice. This artery is a short communicating vessel originating at the 
aortic arch and bifurcating into the right common carotid and right subclavian arter-
ies. Unlike aortic lesions in apoE knockout mice, brachiocephalic plaques closely 
resemble those of human atherosclerosis. In studies of mice aged 42–54 weeks fed 
a standard chow diet (some of which received supplementary estrogens), intraplaque 
hemorrhage was found in 75% of animals, and there was also fibrotic conversion of 
necrotic zones and loss of fibrous cap.25 Many of these lesions also demonstrated 
endothelial denudation or absence of endothelium and macrophage infiltration. 
Although fibrous cap thinning was observed, neither plaque rupture nor thrombosis 
was identified. The threefold novel findings of an acellular necrotic core, erosion of 
this mass through to the lumen, and the presence of intraplaque hemorrhage do 
however suggest a resemblance to plaque erosion with thrombosis.
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This model has been developed further using apoE knockout mice with a strain 
background that is a mixture of C57BL/6 and 129. These mice, fed a diet  containing 
21% lard and 0.15% cholesterol starting at the age of 6–8 weeks, show progressive, 
pronounced atheromatous lesions within the brachiocephalic artery after as little as 
5 weeks.26 These lesions are similar to human coronary vulnerable plaque lesions 
in that they have a high lipid content and a relatively thin fibrous cap. Most intrigu-
ingly however, and in contrast to previous studies, these animals suffer acute plaque 
rupture with thinning and discontinuity of the fibrous cap and intrusion of blood 
into the lesion.6,27 Those animals in which acute rupture is seen also have a higher 
number of buried fibrous caps within the plaque, strongly suggestive of prior epi-
sodes of silent plaque rupture. These observations make this model particularly 
pertinent to human vulnerable plaque.8,17 The lesions exhibiting acute plaque rup-
ture are also relatively larger and are associated with a greater rate of luminal occlu-
sion.27 This model of atherosclerosis development, which induces lesions with 
many of the characteristics of vulnerable plaque, and most importantly demon-
strates acute plaque rupture, has been viewed as a major advance.28

Double knockout mice, usually combining apoE deficiency with other pathophys-
iologically relevant gene knockouts, are also proving increasingly useful. 
Hypercholesterolemic apoE/LDL receptor double knockout mice fed a diet of 21% 
fat and 0.15% cholesterol, exposed to mental stress (air being forced into the 
 holding cage, with stress recorded as increased heart rate) or hypoxia (from 21% 
oxygen stepwise down to 10%), undergo ischemia and myocardial infarction.29 The 
animals exhibit complex coronary lesions containing fibrin and extracellular 
 crystalline cholesterol, but neither acute plaque rupture nor plaque-associated 
thrombosis has been reported.

A similar phenotype to the apoE/LDL receptor double knockout mouse is 
 provided by the double knockout for apoE and the high-density lipoprotein scaven-
ger receptor class B type I (SR-BI).30 These animals develop aortic sinus athero-
sclerotic lesions from as early as 4 weeks when fed standard chow and then go on 
to develop extensive coronary artery disease. There is marked fibrin deposition and 
cholesterol cleft formation, and the animals suffer increased mortality. Actual 
 evidence of acute plaque rupture is not yet available, though the extensive fibrin 
staining suggests that intraplaque hemorrhage occurs. Moreover, these animals 
develop multiple ischemic myocardial infarctions and progressive left ventricular 
impairment.

4.6.2.3  Rat Models of Plaque Rupture

Dahl salt-sensitive hypertensive rats, transgenic for human cholesteryl ester  transfer 
protein, have been proposed as a useful model of plaque vulnerability.31 These rats 
develop age-dependent hypertriglyceridemia, hypercholesterolemia, and decreased 
HDL levels. They develop atherosclerotic lesions in the aorta and coronary vessels, 
and suffer myocardial infarctions and premature death. The coronary lesions have 
some analogies with human vulnerable plaques, in that they contain large globular 
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lipid deposits and a fibrocellular cap. Although plaque rupture has not been 
observed to date, this anatomic similarity, and the increased incidence of myocar-
dial infarction in these animals, suggest that this system may have potential as a 
model of coronary artery plaque rupture.

4.6.2.4  Rabbit Models of Plaque Rupture

A rabbit model of induced plaque rupture was described in the 1960s, in which 
atherosclerosis was induced by cholesterol feeding and then the animals were chal-
lenged by injection of Russell’s viper venom followed by the vasopressor histamine.32 
This experimental system has more recently been developed further, with the aim 
of shortening the preparatory period and increasing the yield of thrombosis.33 Four 
groups of animals were used, each with a different preparatory regimen. Group I 
consisted of normal rabbits fed on a normal diet for 8 months. Group II were fed a 
1% cholesterol diet in a 2 months on, 2 months off pattern for 8 months. Group III 
underwent balloon-induced injury to the aorta, and were fed a normal diet for 
8 months. Group IV also underwent balloon injury, but were fed according to the 
intermittent 1% cholesterol diet protocol for 8 months. At the end of the preparatory 
regimens, Russell’s viper venom was injected intraperitoneally followed, after 
30 min, by intravenous injection of histamine. This was repeated 24 h later and 
then, after a further 24 h, the rabbits were terminated.

In the Group I controls, the aorta and iliofemoral arteries were histologically 
normal. In Group II (cholesterol-fed), there was significant foam cell infiltration of 
the intima but only 3 of 13 rabbits developed thrombus following triggering. 
Rabbits in Groups III (balloon injury) and IV (cholesterol-fed plus balloon injury) 
had extensive plaque formation. All 5 rabbits in Group III, and 10 out of 14 rabbits 
in Group IV, developed platelet-rich thrombi.

With regard to plaque rupture, some animals in the cholesterol-fed groups 
showed evidence of fibrous cap thinning in areas of plaque that had overlying 
thrombus. However, this was a rare finding (less than 0.5% of lesions examined) 
and in the majority thrombus formation was not associated with obvious plaque 
rupture. There was also evidence of focal endothelial ulceration in some samples 
from Groups II and IV, without grossly visible thrombus but with platelets, fibrin, 
and red blood cells in the bases of the lesions. This model shows that vulnerable 
plaques can be produced in rabbits by cholesterol feeding and balloon injury. It also 
demonstrates that arterial thrombosis can be triggered pharmacologically, and that 
the extent of thrombosis in this setting is increased by the presence of atheroma. 
Furthermore, thin/fissured fibrous caps overlying lipid pools were present. 
Unfortunately, these lesions were rare and the authors estimated that cholesterol 
feeding for 2 years would probably be required to produce a significant number of 
lesions of this type, and in any case it is not clear if the thromboses were the con-
sequence of plaque erosion or of true plaque rupture.

In a development of this principle, Rekhter and colleagues described a system in 
which a balloon catheter is allowed to become embedded within the plaque: inflation 
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of the balloon disrupts the plaque and triggers thrombosis.34 The balloon inflation 
pressure required to induce plaque rupture can be used as a measure of plaque 
tensile strength, and the resultant plaque fissuring allows plaque-related thrombosis 
to be examined. The model also allows for delivery of drug to the lesion site, 
enabling testing of potential plaque-stabilizing strategies. Its drawback is its 
unknown but probably limited relevance to spontaneous plaque rupture.

4.6.2.5  Pig Models of Plaque Rupture

Some novel approaches have been examined in the pig. Among these is the creation 
of lipid-rich lesions within a coronary artery by direct injection of material into the 
media.35 This approach has a number of benefits, including the fact that the site and 
size of lesion can be controlled. Perhaps most importantly, the lesion composition can 
also potentially be manipulated, such that the contribution to vulnerability of the various 
plaque components can be assessed and plaque-stabilizing therapies examined.

The Rapacz pig, which suffers inherited hypercholesterolemia, develops sponta-
neous plaque rupture and hemorrhage at the site of coronary lesions after about a 
year.36 Although this is in many ways an ideal large animal model, there is very 
restricted availability of these pigs, limiting its utility.

4.7  Conclusions

1. All biological studies involve the use of models, and animal models are not spe-
cial in this regard. They have their advantages and shortcomings, and the search 
for a perfect recapitulation of human atherosclerosis in an animal model is both 
pointless and fruitless.

2. The real problem with atherosclerosis is that the plaques can rupture, and applied 
studies should be focused on this fact.

3. Animal models in which atherosclerotic plaques do not rupture can be useful, 
because indirect measures of plaque stability are available. However, these 
indirect measures have not been fully validated and must still be interpreted 
with caution.

4. Study designs that involve starting an intervention at the same time as the athero-
sclerotic stimulus do not provide trustworthy data about plaque stability because 
they are confounded by possible effects on atherogenesis.

5. Animal models in which plaques do actually rupture are available and should 
see increasing use. Intervention studies in such models, where treatment is 
started once the plaques have already become established and unstable, are 
particularly useful.
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Genetically modified animal models are an important part of medical research. 
By inducing conditions similar to human diseases in animals, pathophysiologic hypoth-
eses and therapeutic strategies can be tested and evaluated.

The endothelin (ET) system plays a complex role in physiologic and pathophysi-
ologic functions of the body. To analyze the role of single components of the ET 
system in specific organs and tissues, several transgenic and knockout (KO) animal 
models have been developed.

The ET system consists of the three peptides ET-1, ET-2, and ET-3, their 
G-protein-coupled receptors ET receptor A and B (ETRA and ETRB), and the 
two ET-converting enzymes (ECE-1 and ECE-2), which convert the precursor 
big-ETs to the biologically active forms. The ET system is expressed in various 
tissues and cells. Its different components are often counteracting in an autocrine 
and paracrine way.

Because of its strong vasoconstrictive effect, the ET system plays a role in the 
development of hypertension and atherosclerosis. It is also involved in cardiac diseases 
because of the effects on inotropy and chronotropy. ET has also been shown to be 
involved in states of portal hypertension and acute and chronic renal failure.1

This chapter outlines the genetically modified animal models, which have been 
established to obtain a better understanding of the ET system.

K. von Websky, S. Heiden, T. Pfab, and B. Hocher () 
Center for Cardiovascular Research/Department of Pharmacology and Toxicology, 
Charité, Hessische Strasse 3-4, 10115, Berlin, Germany 
e-mail: berthold.hocher@charite.de

Chapter 5
Animal Models of the Endothelin System

Karoline von Websky, Susi Heiden, Thiemo Pfab, and Berthold Hocher



94 K. von Websky et al.

5.1  The Transgenic Animal Models

A model in which the human ET-1 gene under the control of its natural promoter 
was transferred into the germline of mice was established independently by two 
research groups.2,3 Both groups observed similar results: the overexpression of the 
ET-1 gene creates a phenotype with characteristic, age-dependent pathologic alterations 
of the kidney while blood pressure remains normal. The most evident effects of 
the elevated plasma and tissue concentrations of ET-1 are the development of renal 
interstitial fibrosis, renal cysts, and glomerulosclerosis, leading to a progressive 
decrease in glomerular filtration rate in aged mice. In these transgenic models, the 
profibrotic effect of ET-1 is most ostentatious, whereas hypertension can only be 
induced by salt-loading. This was unexpected since previous studies showed ET-1 
to be a potent vasoconstrictor when administered intravenously.4-7

A bolus injection of the nitric oxide synthesis inhibitor L-NAME induces an exag-
gerated hypertensive response in ET-1 transgenic mice as well as in ET-2 transgenic 
rats.8,9 This suggests that the nitric oxide system as a vasodilator system is involved.

In an animal model of crossbreds of ET-1 transgenic mice (ET+/+) and mice in 
which the gene for the endothelial nitric oxide synthase (eNOS) was knocked 
out,10 this assumption was supported. Compared to the normotensive wild-type 
and ET+/+, the crossbred ET+/+; eNOS KO have a significantly elevated blood 
pressure. This is also seen in ET+/+; inducible NOS KO crossbreds,11 which 
corroborates the hypothesis that the NO system counter-regulates the ET over-
expression in the ET-1 transgenic model leading to a normotensive phenotype.

The ET-1 transgenic model also brought out some interesting findings about the 
role of ET in the etiology of pulmonary diseases. The development of pulmonary 
fibrosis and chronic lymphocytic inflammation in the absence of pulmonary hyper-
tension was observed in the transgenic animals,12 suggesting ET-1 to be involved in 
the pathogenesis of lung fibrosis and bronchiolitis.

Endothelium-restricted overexpression of human ET-1 does not result in elevated 
blood pressure; however, altered vascular structure and function in resistance ves-
sels can be observed. This is a sign of blood pressure-independent effects of 
endothelium-generated ET-1 on vasculature.13

Conditional cardiac overexpression of ET-1 induces inflammation and dilated 
cardiomyopathy in mice, indicating that ET-1 acts as a proinflammatory molecule in 
the heart.14

In rats overexpressing the human ET-2 gene under control of its natural pro-
moter, a blood pressure-independent fibrotic remodeling of the kidney is seen, but 
is mainly restricted to the glomeruli. This is most probably due to the preferential 
expression of the transgene within the glomeruli in ET-2 transgenic animals,15 
whereas the transgene is ubiquitously expressed within the entire kidney of ET-1 
transgenic mice.2

ET-3 plays an important role in the development of epidermal melanocytes.16 A 
tetracycline-responsive melanocyte-specific lineage transgenic system was created 
and used to conditionally regulate the overexpression of ET-3 in different stages of 
melanocyte development. Investigations showed that ET-3 interacts with precursors 
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and differentiated melanocytes.17The activation of the transgene in mice leads to a 
hyperpigmented phenotype both in embryonic development and mature mice.

5.2  The Knockout Animal Models

Homozygous ET-1 KO mice die within 15–30 min after birth owing to craniofacial 
abnormalities resulting in an inability to breathe normally.18 Furthermore, they 
display malformations of cardiovascular system,19 thymus, and thyroid.20 These 
affected tissues and organs are predominantly formed by cranial neural crest-
derived ectomesenchymal cells. No abnormalities in other organs such as the lung, 
kidney, and central nervous system can be observed.

Similar craniofacial and cardiovascular malformations are seen in mice with 
disruption of the ETAR gene. The important role of ET-1 in skeletal development 
during intrauterine life was recently confirmed by using prepro-ET-1-lacZ-trans-
genic mice.21

The examination of expression patterns of ETARs and ET-1 suggests that ET-1/
ETAR interaction is essential in cranial bone and connective tissue formation as 
well as in the development of the heart and its outflow tract.22 Heterozygous ET-1 
KO mice, which have lower serum levels of ET-1 than wild-type mice, paradoxi-
cally develop elevated blood pressure.18 Enhanced basal and hypercapnia-induced 
renal sympathetic nerve activity in the heterozygous ET-1 KO mice seem to be 
involved in elevation of blood pressure.23,24 Some other causes that might contribute 
to blood pressure elevation in heterozygous ET-1 KO mice have been excluded, 
such as salt sensitivity or respiratory abnormalities.25,26

Collecting duct (CD)-specific ET-1 KO mice do not have gross morphologic 
abnormalities. Plasma ET-1 levels are not affected; however, urinary excretion of 
ET-1 is reduced. CD ET-1 KO mice are hypertensive but show no differences in 
body weight, urine volume, creatinine clearance, sodium and potassium excretion, 
urine and plasma osmolality, plasma aldosterone concentration, and renin activity. 
CD ET-1 KO mice are salt-sensitive and exhibit reduced sodium excretion during 
the first 3 days of high-salt diet. Amiloride and furosemide are able to prevent 
sodium retention and exacerbation of hypertension. However, they do not reduce 
blood pressure in CD ET-1 KO mice on a normal sodium diet.27

Plasma vasopressin (AVP) concentrations are substantially reduced in CD ET-1 KO 
mice, despite all other aspects of water metabolism being similar. The response to 
continuous infusion of 1-deamin-8-d-arginine vasopressin is stronger in CD ET-1 KO 
mice. There seems to be an increased renal sensitivity to the effects of AVP suggesting 
that ET-1 acts as a physiological autocrine regulator of AVP action in the CD.28

Thus, CD-derived ET-1 seems to be an important physiological regulator of 
renal salt and water handling and systemic blood pressure.

CD-specific KO of the ETAR has no effect on blood pressure or urinary sodium 
excretion in mice, independently of salt intake. Those mice have increased plasma 
AVP levels but do not show differences of renal water excretion under baseline 
conditions. However, they have a more rapid decrease in urine osmolality following 



96 K. von Websky et al.

an acute water loading. During exogenous AVP infusion, CD ETAR KO mice 
increase urine osmolality similar to WT mice but have a more rapid subsequent fall 
in urine osmolality during sustained AVP administration. The lower AVP respon-
siveness in CD ETAR KO mice is contradictory to the results seen in CD ET-1 KO 
mice. These animals have elevated AVP sensitivity, and impaired ability to excrete 
an acute water load. This implies that ET-1 must exert its influence on vasopressin 
through CD ETBR and/or through paracrine effects.29

At 6 months of age, mice with disruption of the ET-1 gene in cardiomyocytes 
(CM ET-1 KO) have a significantly lower fractional shortening and develop a 
dilated left ventricle (LV). During the next month, the LV systolic function of CM 
ET-1 KO mice declines and ultimately they die at much younger ages (median life 
expectancy of CM ET-1 KO: 11 months, WT: 2 years). Histological characteriza-
tion of the CM ET-1 KO hearts reveal dilated heart chambers with heterogeneity of 
myocyte size, increased fibrosis, and raised apoptosis.

At the age of 2 months, aortic banding leads to dilated cardiomyopathy in CM 
ET-1 KO mice but to LV hypertrophy in WT mice.30

Transcriptional and Western blot analyzes suggest that increased apoptosis in 
CM ET-1 KO is mediated by enhanced activity of tumor necrosis factor (TNF). CM 
ET-1 KO hearts also have diminished NF-kB activity, amounting to diminution of 
downstream inhibitors of TNF signaling.30

CM ET-1 KO mice are resistant to the hypertrophic stress of treatment with 
thyroid hormone. While mice with intact ET-1 gene develop a pronounced LV 
hypertrophy, CM ET-1 KO mice show only a marginal increase in LV mass.

These findings indicate that the interaction of locally produced ET-1 with thy-
roid hormone is essential in the development of thyroid hormone induced myocar-
dial hypertrophy.31

There are no ET-2 KO models described in the published literature. ET-3 KO 
mice exhibit aganglionic megacolon and pigmentary disorders of the skin and 
choroidal layer of the retina. These findings indicate that ET-3 is essential in the 
development of two neural crest-derived cell lineages, epidermal and choroidal 
melanocytes, and enteric ganglion neurons.16,30,32

Blood pressure and heart rate of infant ET-3 KO mice are not different from 
those in age-matched WT mice. These results suggest that ET-3 is not involved in 
cardiovascular regulation at least in early life before they die of complications of 
the megacolon.33

Phenotypes of animals with natural mutations or with a targeted disruption of 
the ETBR gene are similar to that of ET-3 KO animals.16,34 This underlines the 
importance of ET-3/ETBR-mediated signaling in the development of melanocytes 
and enteric neurons.

A naturally occurring rodent model of the described phenotype is the spotting 
lethal (sl/sl) rat, which carries a deletion of the ETBR gene.

To establish a viable animal model, it was necessary to support a normal enteric 
nervous system development. ETBR-deficient sl/sl rats were rescued by breeding 
them with rats harboring a dopamine-beta-hydroxylase (DBH)-ETBR transgene. 
This transgene leads to the development of a normal enteric nervous system. The 
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resulting transgenic rats (DBH-ETBR; ETBRsl/sl) are healthy but present with total 
absence of ETBR in all nonadrenergic tissues including the kidneys.35 Those 
ETBR-deficient rats are normotensive on a sodium-deficient diet, mildly hyperten-
sive on a standard diet, and exhibit severe hypertension on a high-sodium diet.36

Their endothelial function is impaired, but it was shown that it is independent of 
the salt-enriched diet and therefore not responsible for the hypertension.37

In young sl/sl rats, fractional sodium excretion is markedly reduced. When 
treated with the specific epithelial sodium channel blocker amiloride, the animals 
show increased excretion of sodium.38 This seems to be due to a lack of the inhibi-
tory property of the ETBR on the epithelial sodium channel activity. These data 
indicate that a reduced renal ETBR activity might contribute to a salt-sensitive 
hypertension.

The effect of the ETBR on the progression of diabetic nephropathy was analyzed 
by rendering the transgenic animals diabetic with streptozotocin. These animals 
develop severe hypertension and show an enhanced functional renal impairment 
when compared with diabetic WT animals. Further analyzes suggested the elevated 
plasma levels of ET-1 to be responsible for the hypertension and not the renin–
angiotensin system or the NO system.39

In a model of endothelial cell-specific ETBR KO, the animals showed endothe-
lial dysfunction but no hypertension in response to a high-salt diet.40 This points out 
that the salt-induced hypertension seen in the model of rescued ETBR-deficient rats 
is not mediated by endothelial cells.

A CD-specific ETBR KO causes salt-sensitive hypertension and sodium reten-
tion.41 Taken together with the results from the CD-specific ET-1 KO, these findings 
point out an ET-1/ETBR axis, which has influence on systemic blood pressure at 
least partially mediated through autocrine inhibition of CD sodium reabsorption. 
Yet, it is not only the renal ETBR, which is crucial for the hypertension, since 
ETBR-deficient mice with transplanted normal kidneys are hypertensive as well.42

The highly specific ET-converting-enzymes (ECEs) are membrane-bound 
metalloproteases, which catalyze the cleavage of a Trp21 bond in the precursor 
big-ETs resulting in active ETs. Two isoenzymes ECE-1 and ECE-2 have been 
identified,43,44 and their role in the ET system was investigated by creating KO 
models.

Most of the ECE-1 KO animals die in utero because of an embryonic lethal 
phenotype of cardiac abnormalities. Those severe defects of patterning of the great 
vessels and formation of the outflow tract are not found to this extent in other KO 
models of the ET system.45

The surviving mice have craniofacial abnormalities strikingly similar to those of 
the ET-1 KO and ETAR KO animals. The animals also present with an absence of 
epidermal melanocytes and enteric neurons of the distal gut, the phenotype known 
from the ET-3 KO and ETBR KO mice.18,22 This combined phenotype corroborates 
the assumption that ECE-1 by activating both ET-1 and ET-3 in vivo has an influ-
ence on the development of distinct subsets of neural crest cell lineages.

The tissue levels of ET-1, ET-2, and ET-3 were measured as whole embryo 
extracts and compared with those of WT animals. ET-3 is markedly reduced, 
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whereas the levels of ET-1 and ET-2 are still about 50% of the WT mice. 
However, biologically active ET seems not to be sufficiently produced at the sites 
crucial for normal embryonic development.

Unlike the ECE-1 KO mice, animals with a homozygous KO of ECE-2 show no 
embryonic developmental disorders. They are healthy, fertile, and have a normal 
life span.46

A cross-breeding of the two KO lines brought out animals with a lack of both 
ECE genes.46 These ECE-1 KO; ECE-2 KO animals show a similar but more pro-
found embryonic ECE-1 KO phenotype with the same amount of ET-1 and ET-2 as 
in the ECE-1 KO, suggesting yet another protease to be also responsible for the 
activation of ETs.

5.3  Conclusion

Taken together, results from the different transgenic and KO models disclose that 
the ET system plays a major role in embryonic development. Two ET system-
dependent neural crest-driven developmental pathways become obvious: one of 
them being an ET-1/ETAR axis, responsible for normal cardiac and cranial devel-
opment47; the other seems to be a ET-3/ETBR-mediated signaling pathway. 
Mutations within this axis are associated with disruptions in epidermal melanocytes 
and enteric neurons. These findings led to the discovery of similar findings in 
humans with Hirschsprung disease.48,49

In adult life, the ET system is most important in the renal and cardiovascular 
system as shown by a chronically activated ET system, which results in a blood 
pressure-independent fibrosis of kidneys and lungs.

The creation and investigation of genetically modified animals has contributed 
significantly to the understanding of ET function in vivo.

Transgenic models Phenotype References

ET-1+/+ Kidney: renal cysts, renal interstitial fibrosis, 
glomerulosclerosis lung: fibrosis and chronic 
inflammation

2,3,12

Endothelium specific ET+/+ Vascular remodeling and endothelial dysfunction 13
Cardiac-specific ET+/+ Inflammatory cardiomyopathy 14
ET-2+/+ Glomerulosclerosis 15
ET-3+/+ Hyperpigmentation 17
ET-1+/+; eNOS−/− Elevated blood pressure 11

KO models Phenotype References

ET-1−/− Craniopharyngeal and cardiovascular 
malformations

18-20

ET-1+/− Elevated blood pressure 18,23-25
CD-specific ET-1−/− Elevated blood pressure 27,28

(continued)
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6.1  Introduction

By painstakingly seeking and purifying a novel vasoconstrictor from the supernatants 
of large-scale cultures of endothelial cells, the 21 amino acid peptide endothelin-1 
(ET-1) was discovered by Yanagisawa and co-workers1 in Japan in 1988. They 
showed that it was synthesized in two stages by cleavage of a large precursor 
(prepro-ET-1), was structurally related to a snake venom toxin, and was a highly 
potent long-lasting vasoconstrictor (acting in the nanomolar range; still one of the 
most potent vasoconstrictors known). Within a few years, it had been shown that 
ET-1 secretion from endothelial cells can be enhanced by a series of cytokines, 
hypoxia, mechanical stress, and other stimuli, and that its action is mediated by two 
G-protein coupled receptors, ET(A) and ET(B).2 These receptors are almost 50% 
identical with similar affinity for ET-1. Both are linked to elevation of intracellular 
calcium ions, and activation of several kinase signaling pathways, which are likely 
to differ in different cell types.

The pharmaceutical industry has produced a series of antagonists to these receptors 
and they have become very important both in understanding biology of ET-1 and 
for therapeutic use. The most widely used clinical antagonist is bosentan, a mixed 
antagonist that binds to both receptors with approximately equal affinity. There are 
also selective antagonists for the ET(A) or the ET(B) receptor.2

Primarily by the use of experimental animal models, ET-1 has been implicated 
in several disease processes, including pulmonary hypertension, cardiac hypertrophy 
and progression to chronic heart failure, progression of atherosclerosis and restenosis 
after angioplasty, development of chronic renal disease, and in the rare connective 
autoimmune connective tissue disease systemic sclerosis (scleroderma, SSc).3 The 
underlying actions of ET-1 contributing to these diseases are cell contraction (particularly 
smooth muscle cells and fibroblasts), cellular hypertrophy, and promotion of extracel-
lular matrix production and hence fibrosis.
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The first direct indication that overexpression of ET-1 is by itself sufficient to 
induce fibrosis came from experiments in which ET-1 overexpressing transgenic 
mice were made, and among other phenotypic changes these animals gradually 
develop significant organ fibrosis.4 Before this, however, the benefit of ET receptor 
antagonists in experimental models, such as bleomycin-induced lung fibrosis, had 
demonstrated the involvement of ET-1 in inflammation-driven fibrotic reactions.5

6.2  Scleroderma

SSc is classically recognized by the fact that it causes hardened skin (hence the 
name scleroderma), though the disease in fact leads to multiorgan fibrosis and 
multiple consequent symptoms. Lifespan is reduced and death is usually due to 
compromised renal function or pulmonary hypertension. Significantly, over 90% of 
patients who go on to develop SSc have preexisting Raynaud’s phenomenon — an 
inappropriate severe episodic vasoconstriction in peripheral blood vessels in response 
to cold temperature or other stresses. Current understanding of the pathology of SSc 
is far from complete, but it includes:

Early vascular damage, directly perceived by Raynaud’s phenomenon, involving  –
endothelial cell perturbation
Concurrent immune dysfunction with characteristic circulating autoantibodies  –
present
Microvascular loss and arteriolar occlusion by neointimal thickening –
Inflammatory cell traffic from small blood vessels into the local connective tissue –
Excessive deposition of matrix components and progressive fibrosis, including the  –
differentiation of perivascular cells to a contractile myofibroblast phenotype6

The cause of vascular damage is not known, but altered paracrine signaling 
mechanisms between endothelial cells and fibroblasts may be key to the induction 
of fibrosis, and mediators for which there is evidence to support their involvement 
include transforming growth factor beta (TGFb), connective tissue growth factor 
(CCN2), and ET-1.6 Importantly, increased presence of perivascular ET-1 is a feature 
of early SSc lesions,7 and raised levels of ET-1 are detected in patient plasma.8

6.3  Endothelin-1 and Scleroderma

In vitro experiments first demonstrated that ET-1 increases collagen production in 
human skin fibroblasts, acting via both ET(A) and ET(B) receptors on these cells,9 
and then showed that the phenotypic changes in a range of matrix-related gene 
products induced by ET-1 treatment were similar to the differences exhibited 
between SSc and normal skin fibroblasts in early passage in culture,10 consistent 
with the view that ET-1 action contributes to the progression of SSc. More recent 
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gene array experiments indicate that expression of a large series of matrix-related 
gene mRNAs is enhanced by treating fibroblasts with ET-1, including CCN2 and 
TGFb (Table 6.1), and that induction of several of these mRNAs requires activation 
of the mitogen-activated protein kinase ERK.11 Induction of CCN2 and TGFb indi-
cates the initiation of an autocrine signaling loop that continually drives fibrosis, a 
hallmark of SSc. Gene array profiling of SSc vs. normal fibroblasts suggests strong 
similarities, though not identity, with the pattern of changes induced by ET-1.12

In addition to changes in matrix-related proteins, studies of this type also show 
that contractile proteins are increased in SSc fibroblasts. ET-1 directly induces 
contraction of skin fibroblasts in collagen gels, an action that seems to be mediated 
predominantly via ET(A) receptors and requires signaling via protein kinase C, 
ERK, and phosphoinositide-3 kinase (PI-3K) pathways,10 and involves modifica-
tion of phenotype to myofibroblasts expressing increased levels of the smooth 
muscle isoform of actin.13 Further indication of autocrine signaling, directly involving 
ET-1, comes from the demonstration that SSc fibroblasts themselves in culture 
secrete increased levels of ET-1, and their enhanced contractile phenotype can be 
reduced by bosentan treatment (Fig. 6.1).13 The increased contractility is also 
reduced by blocking TGFb receptors, implicating endogenously produced TGFb in 
addition to ET-1.12

Additional evidence of feedback interacting loops involving both mediators was 
found by treating normal fibroblasts with TGFb, and demonstrating that the resulting 
increased smooth muscle actin production is inhibited by bosentan.14 Gene array 

Table 6.1 Endothelin-1 (ET-1) rapidly upregu-
lates a series of matrix-related genes in 
fibroblasts

Gene Fold increase at 4 h

COMP 11.9
FGF2 5.0
CCN2 (CTGF) 4.8
Integrin b3 4.4
ADAM12 4.4
MMP3 4.1
Collagen VII a1 3.9
TGFb 3.5
ADAM19 3.2
MMP1 2.5
Thrombospondin 2.5
Integrin a2 2.3
TIMP3 2.1

Human lung fibroblasts in early passage culture 
were treated with 100 nM ET-1 for 4 h. mRNA 
levels were quantified on Affymetrix human 
U133A chips. Results are mean values from two 
independent experiments. Data from Xu et al11
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data also show that the overall pattern of altered gene expression in SSc fibroblasts 
in culture is substantially shifted by bosentan treatment toward the pattern expressed 
by normal fibroblasts.15

If fibroblasts are transfected with an ET-1 reporter gene, basal expression is, as 
expected from the results above, higher in SSc fibroblasts. This elevated basal 
expression is not reduced by blocking TGFb receptor activation (though it can be 
further increased by TGFb treatment).14

Taken together, these results implicate ET-1, TGFb, and CCN2 as important 
mediators of fibrosis in SSc, acting in a complex inter-related manner, summarized 
in Fig. 6.2. CCN2, first cloned as the secreted protein CTGF from endothelial cell 
cultures,16 is one of the CCN family of proteins that have been implicated in cell–cell 
interactions regulating matrix biology and angiogenesis.17 CCN2 is a heparin-
binding protein, and specific receptors for CCN2 have not yet been defined, though 
integrins and low-density lipoprotein receptor-related protein (LRP, CD91) have 
been suggested.17 CCN2 is upregulated by TGFb and has often been regarded as a 

a b

c d

Fig. 6.1 Endothelin-1 (ET-1) induces a myofibroblast phenotype in normal fibroblasts and 
contributes to the maintenance of the phenotype in scleroderma (SSc) fibroblasts. (a) and (b): 
Normal human lung fibroblasts under control conditions (a) or after treatment with 100 nM ET-1 
(b) for 24 h. (c) and (d): SSc fibroblasts under control conditions (c) or after treatment with 10 µM 
bosentan for 24 h (d). Cells are stained to detect smooth muscle alpha-actin. Figure derived from 
Shi-Wen et al13
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major downstream mediator of TGFb action. Recent experiments with CCN2 
knockout fibroblasts substantiate this, demonstrating that around a third of the several 
hundred genes upregulated by TGFb treatment in normal fibroblasts fail to be 
upregulated in the CCN2 knockout cells; expression of some of these transcripts, 
including smooth muscle actin, can be restored by overexpression of AKT (the 
kinase acting downstream from PI-3K).18 Similar feedback loops involving ET-1, 
TGFb, and CCN2 are likely to be involved in fibrosis in other organs, including 
blood vessels, the heart, and the liver.

Several actions of exogenous ET-1 are inhibited in SSc fibroblasts, perhaps 
because of preexisting activation of pathways by autocrine actions of endogenous 
ET-1, or possibly relating to alterations in the relative levels of activation of down-
stream signaling pathways in these cells. Thus, ET-1 is a fibroblast mitogen, but 

Fig. 6.2 Pathways leading to ET-1 induction of contractile and profibrotic phenotypes. ET-1 
secretion from endothelial or epithelial cells is increased by stimuli including hypoxia, altered 
mechanical stress or shear, and some proinflammatory cytokines. It acts on target mesenchymal 
cells at ET(A) and ET(B) receptors via several signaling pathways to enhance contraction (primarily 
via ET(A) receptors) and matrix production (via both receptors). Autocrine loops involving mes-
enchymal cell production of ET-1, transforming growth factor beta (TGFb), and CCN2 contribute. 
Not shown, for simplicity, are ET(B) and TGFb receptors on endothelial cells that contribute to 
further paracrine feedback regulation

Endothelial cell,
epithelial cell

Contraction:
Myofibroblast
phenotype

Mesenchymal cell: 
(fibroblast, smooth 
muscle cell,
stellate cell)

Big ET-1

Matrix
remodelling:
Fibrosis

CCN2 TGFβ

ET-1

Big ET-1

Hypoxia, mechanical forces, cytokines
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much less effective on SSc cells.9 In addition, whereas interleukin-1b is a more 
potent enhancer of ICAM-1 (a cell surface adhesion molecule) in SSc than normal 
fibroblasts, via a pathway requiring PKCd, ET-1 (which acts via a pathway requiring 
PKCe) is much less effective at inducing ICAM-1 in SSc cells.19,20

6.4  Conclusions

The results described here strongly suggest that ET-1 contributes to the pathogenesis 
of SSc, in combination with other mediators. Further support comes from the finding 
that specific polymorphic variants of the genes coding for the ET(A) and ET(B) 
receptors appear to be over-represented in patients with diffuse SSc.21 This has led 
to hopes that ET-1 receptor antagonists could be useful either in combating the 
early vasospastic symptoms of Raynaud’s phenomenon in SSc, or the later progres-
sion of fibrosis. There is increasing evidence that bosentan can reduce the incidence 
and increase the healing rate of digital ulcers in SSc patients, a reflection of their 
Raynaud’s phenomenon.22 Similarly, bosentan has been shown to have detectable 
clinical benefit for pulmonary arterial hypertension in SSc patients,23,24 though the 
patients being treated currently already have substantial deterioration in pulmonary 
function. Overall, effects of bosentan are thus positive, but modest. Since endothelial 
cells express ET(B) receptors, which are coupled to production of beneficial vaso-
dilator agents including nitric oxide,2 it is surmised that selective ET(A) receptor 
antagonists might have an improved profile of activity in SSc patients,25 though 
only one study has to date been reported.26 However, it seems likely that ET receptor 
antagonists will become increasingly part of multimodal therapy in SSc patients.
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7.1  Introduction

Nkx2-5, also known as Cardiac specific homeobox (CSX), belongs to the NK-2 
family of homeobox DNA binding transcriptional activators that are structurally 
and functionally highly conserved in evolution (reviewed in ref.1 Nkx2-5 is the 
mammalian homologue2 of the Drosophila NK4 gene (tinman), which was origi-
nally identified as a gene essential in the development of the dorsal vessel, the 
Drosophila “heart”3 and its mutation results in the complete absence of dorsal vessel 
formation.4,5 Tinman is expressed in the trunk mesoderm early in development and 
is then restricted to the dorsal and visceral mesoderm.6 Tinman homologues such 
as Nkx2-5 have been since described in many vertebrates from Xenopus to human 
and share a highly conserved protein structure of four distinct domains: an 
N-terminal TN-domain, a homeodomain, NK-2 domain, and a conserved C-terminal 
peptide.7 The homeodomain that binds to a consensus DNA sequence (TNAAGEGG) 
through a helix–turn–helix motif7,8 and interacts with other transcription factors1,8-10 
has been well characterized. The function(s) of the other domains is less well 
described although it is thought that the NK-2 domain has the ability to repress 
transcriptional activity through protein–protein interactions.

Expression of Nkx2-5 is first observed in the precardiac mesoderm and the pha-
ryngeal endoderm at 7.8 days postcoitum (d.p.c.) in the mouse embryo.11 Expression 
during development is also observed in the tongue, spleen, liver, stomach, and 
anterior larynx. Expression is down regulated significantly after birth in all organs 
except the heart where it is expressed in cardiomyocytes of the atria and ventricles 
and it continues to be expressed into adulthood.
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7.2  Role of Nkx2-5 in the Cardiovascular System

7.2.1  Nkx2-5 in Cardiac Development

The vertebrate heart is the first organ that is formed and its development involves a 
well-studied and precise sequence of events, requiring exquisite temporal and spatial 
regulations (reviewed in refs. 12,13).

In brief, heart development initiates during the late gastrulation stage at the 
anterior, lateral mesoderm of the embryo. The cardiac mesoderm forms two distinct 
cardiac progenitor cell fields, the primary and secondary heart fields (SHFs), and 
the cardiac crescent. Cells from the primary heart field migrate and fold along the 
embryonic midline to form a linear heart tube of which the inflow–outflow region 
is aligned in a rostral–caudal direction, respectively. During further development of 
the heart tube, cells from the secondary heart field (SHF) contribute and the heart 
tube undergoes rightward looping. As the heart develops and matures, subsequent 
chamber septation occurs. The development of the valves and the division of the 
outflow track into two large vessels follow chamber septation. At the same time, 
the development of the cardiac conduction system (CCS) and the development of 
coronary arteries result in the mature organ.14,15

The role of Nkx2-5 in embryonic development has been studied extensively.16,17 
Expression of Nkx2-5 is one of the earliest markers of the cardiac lineage18,19 and 
occurs in both primary and SHFs, observed in the precardiac mesoderm and the 
pharyngeal endoderm at 7.8 d.p.c. in the mouse embryo.2,11 Nkx2-5 is continued to 
be expressed in postnatal hearts and is notably upregulated in hypertrophied 
hearts.2,11,20

Targeted disruption of Nkx2-5 in mice causes the arrest of heart development 
after the initial stage of looping, and is lethal by 9.0–11.0 d.p.c.16,21,22 Nkx2-5 null 
mutant hearts exhibit growth retardation and do not form trabeculae and endocar-
dial cushions. Commitment to the cardiac lineage is not compromised, although the 
expression of many essential cardiac-specific genes has been affected. For example, 
transcription factors such as eHAND and Iroquois homeobox gene 4 (Irx4), which 
are essential in the differentiation of embryonic ventricular myocardium are down-
regulated in Nkx2-5 deficient mice.23-25

The role of Nkx2-5 in later stages of cardiac development has been investigated 
using Nkx2-5 conditional null mice where deletion of the gene was restricted to the 
ventricles using MLC2v-Cre-mediated recombination of the floxed Nkx2-5 allele.26 
The hearts from these mice showed hypertrabeculation and noncompaction of the 
myocardium; subsequently the mice exhibited chamber dilatation and progressive 
heart failure.

More recently, Prall et al.27 showed that Nkx2-5 regulates SHF cell proliferation 
and outflow track morphology, and demonstrated using Nkx2-5 hypomorphic mice 
that Nkx2-5 orchestrates the transition between periods of heart induction, SHF 
progenitor cell proliferation, and outflow track morphogenesis via a Smad1-dependent 
negative feedback loop, which may be targeted in congenital heart disease (CHD).
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7.2.1.1  Nkx2-5 in Congenital Heart Disease (CHD)

NKX2-5 is the most commonly mutated gene in CHD, accounting for 1–4% of 
specific malformations.28-30 Heterozygous mutations in the human NKX2.5 gene 
were found to cause familial CHD, secundum atrial septal defects (ASD), tetralogy 
of Fallot (a complex condition arising from stenosis of the Pulmonary artery), and 
other forms associated with atrioventricular (AV) conduction defects (see 7.2.2).15,30 
To date, 28 mutations of NKX2-5 have been reported; eight mutations have been 
identified in the homeodomain and are characterized with high disease penetrance 
(98% for AV block (see 7.2.2) and 83% for ASD).31-33

7.2.2  Nkx2-5 in the CCS

The CCS is a specialized structure responsible for the coordinated contraction of the 
heart by establishing and maintaining electrophysiological activities.34 The develop-
ment of the CCS is a highly complex process and closely associated with cardiac 
development (reviewed in ref. 14). The CCS consists of atrial components such as the 
AV and sinoatrial nodes, and ventricular components such as atrioventricular bundle 
(AVB or His bundle) and the left and right bundle branches. The earliest morpho-
logically distinct CCS structure is seen at the inner dorsal wall of the AV canal at 
9–10 d.p.c. in the mouse embryo. By 11–12 d.p.c. (5–5.5 weeks in the human) the 
AV node, the sinoatrial node as well as the AV bundle have developed, and by 13 
d.p.c. all components of the CCS, except the Purkinje fibers (PF), are distinguish-
able. PF are specialized cardiomyocytes whose role is to co-ordinate the rapid spread 
of action potential in the ventricular myocardium and their differentiation and matu-
ration requires the precise regulation of Nkx2-5 expression.35 Nkx2-5 expression is 
elevated and correlates with the recruitment of cells to the development of the ven-
tricular conduction system when compared with the surrounding myocardium,36 
although the detailed understanding is lacking of the role of Nkx2-5 and the path-
ways in which it is involved. Recent studies have begun to elucidate some of these 
pathways and have revealed that Nkx2-5, along with the T-box transcription factor 
Tbx5, is required for the ventricular conduction system but not the AV node. 
Coordinated high-level activity of these two transcription factors on promoters of 
sensitive genes results in a restricted and specific program of ventricular conduction 
gene expression. One such target gene of Nkx2-5/Tbx5 transcriptional activation is 
the transcriptional repressor inhibitor of DNA 2 (Id2), which is required for normal 
structure and function of ventricular conduction system.34,35,37,38

7.2.2.1  Nkx2-5 and CCS disorders

Disorders of the CCS occur often and result in arrhythmias, which can be life-
threatening. Dominant mutations in Nkx2-5 result in electrophysiological abnormalities 
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of the conduction system independently and in the absence of congenital heart 
defects.26,30 Haploinsufficent mice for Nkx7-5 and heterozygous Nkx2-5 null mutant 
mice (Nkx2-5+/−) develop AV blocks and arrhythmias39,40 and provide compelling 
evidence of the general role of Nkx2-5 in the formation of the CCS and in particular 
the development to the PF network.41 In ventricular-restricted conditionally null 
Nkx2-5 mice, CCS defects have been attributed to hypoplasia of AV nodes and AV 
bundles and PF hypocellularity.26,42

Mutations identified in the human NKX2-5 gene, such as the Gln170ter NKX2-5 
truncation mutation, also result in AV blocks thereby highlighting the importance.30

Another disease that Nkx2-5 has been unexpectedly associated with is the inher-
ited neuromuscular disorder Myotonic muscular dystrophy (DM1), a disease thought 
to be caused by RNA toxicity. Yadava et al. demonstrated using a reversible trans-
genic mouse model of RNA toxicity in DM1, that DM1 is associated with induced 
NKX2-5 expression, and that this resulted in cardiac conduction defects, increased 
expression NKX2-5, and profound disturbances in gap junction proteins connexin 40 
and connexin 43. The effects on NKX2-5 and its downstream targets were reversed 
by silencing toxic RNA expression. This study was the first to show that NKX2-5 is 
the first genetic modifier of DM1-associated RNA toxicity in the heart.43

7.2.3  Nkx2-5 in the Vasculature

Expression of Nkx2-5 is not normally observed in adult vasculature, although a number 
of studies and observations now suggest that Nkx2-5 plays a significant role in vessels. 
The first piece of evidence came from the Nkx2-5 null mouse embryos which, in 
addition to the well-documented cardiac abnormalities, were shown to have poorly 
developed blood vessels such as the intersomitic and pharyngeal arch arteries and the 
dorsal aorta. Moreover, yolk sacs from null embryos at 9.5 d.p.c. had no defined 
vasculature as opposed to the wild-type embryos, which had a well-established 
network of large vitelline vessels and smaller vessels filled with blood.22

Indeed, Tanaka et al. showed that Nkx2-5 is required for a canalized outflow 
tract (OFT) conduit.22 The cardiac OFT is a simple vascular conduit that connects 
the right ventricle to the aortic sac, which is the site of confluence of the arteries of 
the pharyngeal arch in the embryo. The embryonic OFT is lined with myocardial 
cells derived from the SHF caudal to the pharynx where Nkx2-5 is expressed, and 
is subsequently divided into two channels, which direct blood flow toward either 
the aortic or the pulmonary circulation.44,45 Nkx2-5 was shown to be upstream of 
Tbx1, a gene important in OFT morphogenesis.46 In a series of animal experiments 
using conditional deleted Tbx1 in Nkx2-5 expressing cells, these authors showed 
that the mutant mice had a defective aortic arch phenotype and this phenotype was 
attributed to the deletion of Tbx1 in the Nkx2-5 expressing cells.

In developing mice, Nkx2-5 has also been shown to be expressed and regulate 
the formation of pulmonary myocardium.47 The pulmonary myocardium is a 
myocardial layer, which forms a sheath around the pulmonary venous vessel. The 
origin of this vascular component is controversial, although it was shown that an 
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Nkx2-5-expressing population forms de novo arising in the pulmonary mesenchyme 
in the presence of transcription factor Pitx2c (see 7.4).47 The pulmonary myocar-
dium is an important source of electrical activity that initiates atrial fibrillation and 
expresses the gap-junction protein Connexin40 (Cx40), which is a target of Nkx2-5 
regulation and is essential for fast atrial conduction (see 7.4).

The origin of cells involved in the morphogenesis of the cardiovascular 
system is a matter of intensive investigation with continuous progress being 
made in deciphering the origins of the myocardial and endocardial cell lineages 
from multipotential progenitor cells. The origins of vascular smooth muscle are 
less well defined. Vascular smooth muscle cells (vSMC) develop from diverse 
sources later than myocardial and endocardial cells.48 Recently, Wu et al. isolated 
early Nkx2-5 expressing cells and demonstrated that these could differentiate into 
both cardiomyocytes and vSMC in vivo and suggested that these two cell lineages 
diverged from a common precursor.48 The expression of Nkx2-5 in de-differentiated 
collagen-producing vSMC provides additional support to this hypothesis.49

7.2.4  Nkx2-5 in Adult Tissues

The role of Nkx2-5 in adult tissues is not as yet well characterized, although with 
more information obtained on its downstream targets, it is very likely that novel 
functions will be assigned to it in the future. Nkx2-5 is expressed in adult hearts and 
it is overexpressed specifically in hypertrophied hearts.11,20 During right ventricular 
pressure overload-induced as well as in agonist-induced hypertrophy, Nkx2-5 
expression is upregulated suggesting a role of Nkx2-5 in cardiac hypertrophy in 
general.50,51 Nkx2-5 overexpressing mice do not have cardiac hypertrophy, although 
the Nkx2-5 target genes are upregulated suggesting that Nkx2-5 alone is not suffi-
cient to induce cardiac hypertrophy.52

Recently, studies carried out in transgenic mice overexpressing a dominant nega-
tive mutant of Nkx2-5 under the control of the a-myosin heavy chain (a-MHC) 
promoter showed impaired cardiac function and degeneration of cardiomyocytes.53 
In the same study, exposure of these mice to doxorubicin-induced myocardial damage 
showed severe cardiac dysfunction accompanied by cell apoptosis when compared 
with the mild effect on Nkx2-5 wild-type animals. The data suggest a protective 
role of Nkx2-5 in adult hearts against stress or cytotoxic damage.

7.3  Regulation of NKX2-5

7.3.1  Transcriptional Regulation of Nkx2-5

The human NKX2.5 gene is localized to chromosome 5q3554,55 and the murine Nkx2-5 
gene is localized to chromosome 17A3.3. Investigations of the murine gene structure 
have revealed a high degree of complexity. Various studies first determined that the 
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regulatory region extends to 23 kb surrounding the gene and contains at least seven 
different activating regions (AR), and three possible inhibitory regions. These regulatory 
regions or enhancers are active in specific locations of the embryo, with more than one 
sometimes being active at a specific location and include specific regulatory elements 
for the heart (AR1-5), thyroid (AR6 and 7), spleen, pharynx, and stomach (AR7). 
However, there are expression patterns during development or in the adult that have yet 
to be mapped within this regulatory region (reviewed in ref. 56). A more recent study 
has identified three distal enhancers over 20 kb upstream from the transcriptional start 
site, arranged in a modular manner and responsible for later cardiac chamber specifica-
tion and expression in tongue.57 The complexity of transcriptional regulation is 
compounded by the protein coding region that comprises of two exons, which can be 
spliced to either two alternative exons (1a and 1b) located 2–4 kb upstream of the 
transcriptional start site resulting in potential alternative isoforms.15,58

In the murine Nkx2-5 gene, a regulatory element located between around −3 and 
−2.5 kb upstream of the transcriptional start site was identified as sufficient for 
initial expression during heart development and contains essential GATA binding 
sites.59,60 Subsequently, it was shown that this element also contained a cluster of 
Smad binding sites, which have been suggested as targets of bone morphogenic 
protein (BMP) signaling (see 7.3.2).61 In a separate study, Lien et al.62 showed that 
the AR2 enhancer containing the GATA/Smad binding sites is a direct target of 
Smad4.62 In an elegant study,63 identified a novel enhancer region rich in GATA and 
Smad binding sites. They showed that BMP signaling activates Nkx2-5 directly 
through Smad1/4 and that there is co-dependence/interaction with GATA4 in vivo. 
They also speculated that TGF-b family members other than BMPs, such as activin, 
nodal, and TGF-b1 itself, may regulate Nkx2-5 activity under certain conditions.

In a recent report, Monzen et al.64 have demonstrated that HMGA2, a member 
of the high mobility group (HMG) of nuclear proteins, which are involved in the 
regulation of genes by chromatin remodeling and in synergy with Smad1/4, can 
trans-activate Nkx2-5.

Apart from GATA and Smad binding, myocyte enhancer factor 2C (MEF2C) has 
been shown to upregulate Nkx2-5 expression.65 Moreover, it appears that Nkx2-5 and 
MEF2C can upregulate each other’s expression. The MEF2 family of transcription 
factor plays a critical role in cell-type specific transcription of genes in cardiac, skeletal, 
and smooth muscle cells as well as some neuronal cells (reviewed in ref. 66).

Recently, it was shown that the transcription factor HIF-1a, a regulator of the 
adaptive response to oxygen tension and of oxygen homeostasis in general, is an 
upstream activator of Nkx2-5 in Xenopus.67 These authors suggested that a region 
between −2.5 kb and −1.2 kb was responsible for this activation, although they 
could not rule out an indirect regulation by HIF-1a.

7.3.2  Signaling Pathways Involved in Nkx2-5 Induction

The pathways that signal the induction of Nkx2-5 are complex. Indeed, signaling 
mechanisms that result in the activation or upregulation of Nkx2-5 are still under scrutiny. 
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BMPs are part of the transforming growth factor-b (TGF-b) superfamily of signal-
ing molecule mediating many cellular processes68 and have long been known to be 
involved in the commitment of cells to a cardiogenic fate. Studies in chicken 
embryos have shown that BMP-2, which is expressed in the anterior lateral endo-
derm, is sufficient to induce Nkx2-5 expression in the anterior lateral mesoderm.69 
Nkx2-5 expression is also regulated by BMP-4 in the chicken stomach and giz-
zard.70,71 Transcriptional regulation in response to BMP signaling occurs through 
Smad transcription factor family. Smad1, Smad5, and Smad8 are specific activa-
tors of BMP signaling and Smad4 is a co-activating Smad required for Smad 
translocation into the cell nucleus. Smad6, the “inhibitory” Smad, is expressed in 
the developing heart and may repress signaling after the induction to the cardio-
genic lineage.68,72 Conserved target Smad binding sites have been identified in the 
murine Nkx2-5 gene upstream regulatory region (see 7.3.1) through which BMPs 
can exert a positive or negative regulatory effect depending on the spatial and 
temporal conditions61 and Smad4 has been shown to interact with this region.62 
Expression of the BMP inhibitor, noggin, was sufficient to suppress the induction 
of cardiomyogenesis by Nkx2-5.73 Recently, Prall et al.27 provided evidence of a 
Nkx2-5/BMP2/Smad1 negative feedback loop. They demonstrated that Nkx2-5 is 
required for cardiac progenitor cell proliferation in vivo through the repression of 
BMP2/Smad1 signaling.

Recent stem cell studies have proposed that TGF-b1 also regulates Nkx2-5 
expression levels.

One study in bone marrow stem cells demonstrated that TGF-b1 treatment can 
induce the myogenic differentiation of CD117+ stem cells by upregulating GATA4 
and Nkx2-5 expression.74 Another report describes how TGF-b1 can upregulate 
Nkx2-5 expression in skeletal muscle derived primitive cells.75 Finally, in mouse 
embryonic teratocarcinoma stem cells, TGF-b1 neutralizing antibody inhibited 
induction of Nkx2-5 and thus prevented cardiomyocyte differentiation.76

Another signaling pathway proposed to be involved in the regulation of Nkx2-5 
is the Wnt pathway. The Wnt family of secreted signaling molecules is involved 
in many developmental processes such as cell-fate specification, cell prolifera-
tion, migration, and adhesion (reviewed by ref.77) Canonical Wnt signaling 
involves the frizzled (Fzd) family of co-receptors and lipoprotein receptor related 
proteins (LRP) 5/6, b-catenin, and the LEF/TCF family of DNA-binding proteins. 
Activating canonical Wnt molecules (Wnt1 and Wnt3a) in the anterior mesoderm 
inhibits Nkx2-5 expression.78,79 Cannonical Wnt signaling has a biphasic role in 
cardiac specification and blocking it in differentiating ES cells prior to cardiogen-
esis also inhibits the expression of early cardiogenic markers such as Nkx2-5.80 
In mouse embryonic stem cells, Pal et al.81 have shown that treatment with soluble 
Wnt inhibitor prevented Nkx2-5 and GATA-4 activity. Wnt family members such 
as Wnt5a and Wnt11 signal through an alternative pathway, the noncanonical Wnt 
pathway, which involves the Ca2+/protein kinase C (PKC) cascade and/or the 
RhoA/JNK cascade.

Blocking Wnt11 signaling in the anterior mesoderm Xenopus embryos blocks 
the expression of both Nkx2-5 and GATA4, while expressing Wnt11 in the posterior 
mesoderm induces ectopic expression of Nkx2-5.79,82
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Endothelin-1 (ET-1) is a cytokine produced by endothelial cells (reviewed in 
refs.83,84 and has been shown to be capable of regulating expression of PF-specific 
genes including Nkx2-5).85,86 A report by Patel and Kos87 demonstrated that ET-1 
and Neuregulin-1, another endothelial-derived factor, upregulate Nkx2-5 expression 
in murine embryonic cardiomyocytes. ET-1 requires activation by proteolytic 
cleavage by endothelin converting enzyme-1 (ECE-1) and recently it was reported 
that ECE-1 is a downstream target for Nkx2-5 in H9c2 cardiomyoblasts.88 These 
findings suggest a potential positive feedback loop involving Nkx2-5 and the 
endothelin gene axis.

7.3.3  Regulation of Nkx2-5 by Post-Translational Modification

Relatively little is known about posttranslational modification of Nkx2-5; however, 
it has been reported that phosphorylation on serine 163 by casein kinase II resulted 
in increased Nkx2-5 activity through increased DNA binding.89

More recently, it was reported that Nkx2-5 is a target of small ubiquitin-like 
modifiers (SUMOs).90 The SUMO conjugation pathway is similar to the ubiquitina-
tion pathway although the proteins are not directed to the proteosome to be 
degraded; instead their function is modulated by nuclear–cytoplasmic shuttling.91

7.4  Regulation of Downstream Genes by NKX2-5

7.4.1  Direct Regulation of Genes

Nkx2-5 has been shown to regulate the transcription of many downstream target 
genes with a wide range of functions, which are summarized below (Table 7.1), 
although the list is by no means complete as the number of Nkx2-5 targets is rap-
idly increasing.

Initially, several genes have been reported as being in downregulated in the heart 
of Nkx2.5-null mice, including atrial natriuretic factor (ANF), B-type natriuretic 
peptide, cardiac ankyrin repeat protein (CARP), eHAND, MEF2C, myosin light 
chain 2v (MLC-2v), SM22, N-myc, Msx2, Irx4, and Chisel (Csl).16,23,24,92-94

Many transcription factors and transcriptional regulators are themselves 
transcriptional targets of Nkx2-5. Promoters of genes such as the MEF2C, home-
odomain only protein (HOP), Xin, CARP, Id2 and Myocardin are directly regulated 
by Nkx2-5.

MEF2C is a member of the MADS-box transcription factor family that regulates 
the majority of muscle-specific genes and plays a role in myogenesis of all muscle 
types. Mef2c is a direct target of Foxh1, which physically and functionally interacts 
with Nkx2-5 to mediate strong Smad-dependent activation of a TGF-b response 
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Table 7.1 Downstream target genes of Nkx2-5

Gene Function Reference

Myocyte enhancer factor 2C 
(MEF2C)

Transcription factor involved in cardiac, 
smooth muscle, and skeletal muscle cell 
determination

65,95

Homeodomain only protein 
(HOP)

Non-DNA binding transcription factor  
involved in cardiac development

96,97

Xin Transcriptional regulator involved in cardiac  
and skeletal muscle differentiation

98

Cardiac ankyrin repeat protein 
(CARP)

Transcriptional repressor and titin-binding  
protein involved in cardiogenesis

94

Id2 Transcriptional repressor in the ventricular 
conduction system

34

Tbx1 Transcription factor involved in he formation  
of the cardiac outflow tract (OFT)

46

Pitx2 Transcription factor involved in left/right 
symmetry during organogenesis and  
formation of the pulmonary myocardium

100

eHand/Hand1 Transcription factor involved in left ventrical 
development

23

Myocardin Chromatin remodeling Transcription factor 
expressed in embryonic heart and vascular 
smooth muscle cells

104

Iroquois homeobox gene 
4(Irx4)

Transcription factor involved in ventrical 
development

24

Cardiac a-Actin Cardiomyocyte sarcomeric, contractile protein 18,102
Myosin light chain 2v 

(MLC-2v)
Ventricular differentiation 16,101

Atrial natriuretic peptide 
(ANP)

Chamber specification and postnatal chamber 
specificity

106,123

Chisel (Csl) Muscle-specific regulatory protein 93
Sodium calcium exchanger I 

(NCX1)
Ion exchange protein involved in cardiogenesis 107

Calreticulin Ca(2+) binding chaperone of the endoplasmic 
reticulum involved in cardiogenesis

108

Connexin 40 Gap junction protein involved in the cardiac 
conduction system (CCS)

110

Connexin 43 Gap junction protein involved in the CCS 109,110
Connexin 45 Gap junction protein involved in the CCS 109
Endothelin-converting 

enzyme-1 (ECE-1)
Metaloprotease involved in the endothelin  

cascade and in cardiac development
88

Collagen 1a2 Structural extracellular matrix protein involved 
in embryogenesis, adult wound repair, and 
fibrotic diseases

49

Procollagen lysyl hydroxylase 
1 (PLOD1)

Enzyme that hydroxylates and stabilizes  
collagens

106

Csm Cardiac-specific RNA Helicase 103
A1 adenosine receptor G-protein coupled adenosine receptor  

involved in heart and brain development
112



122 M. Ponticos

element in the mouse Mef2c gene.95 MEF2C can regulate NKx2-5 forming a positive 
feedback loop (see 7.3.1).65 HOP is a non-DNA-binding transcriptional antagonist 
of serum response factor (SRF) and therefore modulates SRF activity during heart 
development. It is a direct target of Nkx2-5 activation.96,97 Xin is a gene involved in 
heart tube formation and looping and is thought to be activated by BMP-induced 
Nkx2-5/MEF2C.98 CARP is a nuclear factor with inhibitory activity and is involved 
in cardiac ventricular specification and is a downstream target of Nkx2-5.94 Nkx2-5 
synergizes with GATA-4 to achieve this regulation (see 7.4.2).99

Nkx2-5 and Tbx-5 co-activate the promoter of Inhibitor of DNA 2 (Id2), which is 
a helix–loop–helix transcriptional repressor and is required for the normal structure 
and function of the ventricular conduction system.34 Pitx2 is transcription factor down-
stream of nodal signaling involved in left/right patterning and although its expression 
is not directly initiated by Nkx2-5, its maintenance requires Nkx2-5.100 Nkx2-5 also is 
involved in synergistic regulation with Pit2x (see 7.4.2) of other promoters.

eHand/Hand1 is a member of the basic-helix–loop–helix transcription factor family 
involved in left/right asymmetry in embryonic development. In hearts of embryos 
lacking Nkx2-5, which do not loop, left-sided eHand expression was abolished.23

Irx4 is a transcription factor involved in ventricle formation and is transcription-
ally regulated through the combinatorial activities of Nkx2-5 and dHand/Hand2.25

Cytoskeletal proteins Cardiac a-Actin18 and MLC-2v16,101 are both targets of 
Nkx2-5 transcriptional regulation. Cardiac a-Actin is transcriptionally activated by 
the synergistic effect of Nkx2-5 with SRF (see 7.4.2).8,102

Csl was identified through differential screening as target of Nkx2-5. Csl is 
expressed in the heart, skeletal and smooth muscle of the stomach and pulmonary 
veins, and is thought to have a regulatory role in myocyte structure and function.93

Csm is an RNA helicase specifically expressed in the mouse heart and is mark-
edly downregulated in Nkx2.5 null animals and its promoter is directly activated by 
Nkx2-5. In addition, Csm potentiated phenylephrine-induced hypertrophic response 
in cardiacmyocytes.103

Myocardin A is a transcription factor, highly expressed in developing heart, 
which is transcriptionally regulated by Nkx2-5. In turn, trans-activates ANF 
through a serum response element through BMP-2 and transforming growth factor 
beta-activated kinase 1 (TAK-1) signaling.104

Atrial natriuretic factor or peptide (ANF or ANP) is directly activated by Nkx2-5 
but in synergy with other transcription factors (see 7.4.2).105,106 Sodium Calcium 
exchanger I (NCX1) is a transmembrane electrogenic protein that is the primary 
mechanism for calcium efflux in the heart. In neonatal cardiomyocytes, the NCX1 
promoter is directly activated by Nkx2-5 and this activation is potentiated by SRF 
binding, although in adult cardiomyocytes this additive effect is lost.107

Calreticulin is a calcium-binding chaperone of the endoplasmic reticulum and 
essential in cardiac development. Nkx2.5 activates the calreticulin promoter 
directly and is antagonized by binding of chicken ovalbumin upstream promoter-
transcription factor 1 (COUP-T1) to the Nkx2.5 binding site.108

Connexins are transmemberane proteins, which form intercellular channels known 
as gap junctions and in cardiomyocytes are responsible for co-ordinated contraction. 
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Connexins 40, 43, and 45 are expressed in heart and conduction system where they 
are all regulated by Nkx2-5.109,110

Procollagen lysyl hydroxylase 1 (PLOD1) is a member of an enzyme family that 
hydroxylate lysine residues in collagens. Mutations in PLOD1 result among other 
connective tissue defects with muscular and aortic defects.111 In concert with 
PITX2C, Nkx2-5 regulates the PLOD1 promoter in embryonic heart development.

The structural extracellular matrix protein Collagen 1a2 is activated in vSMC 
by Nkx2-5 through a mechanism, which involves a response element located in the 
gene’s far upstream enhancer region and the displacement of the repressor 
ZEB1(dEF1) from an overlapping binding site.49

ECE-1 is a zinc metalloprotease, which cleaves and activates the vasoconstrictor 
ET-1. It is involved in cardiovascular development and a downstream target of 
Nkx2-5.88

A1 adenosine receptor is a G–coupled receptor expressed in early cardiac 
embryogenesis and is activated by Nkx2-5/GATA-4 complex (see 7.4.2).112

7.4.2  Combinatorial Regulation by Nkx2-5

Nkx2-5 is known to interact with other proteins to achieve positive or negative 
regulation of downstream genes. One such well-characterized interaction is with 
the transcription factor GATA-4, which also regulates Nkx2-5 transcriptional activity 
(see 7.3.1). Physical interaction between the two proteins was shown to occur via 
the homeodomain of Nkx2-5 and the zinc-finger domain of GATA-4 in vitro and 
in vivo and the complex results in a synergistic transactivation of the ANP promoter. 
This co-operativity was independent of GATA-4 binding on the ANP promoter.8,10,105,113 
CARP is another gene, which is transcriptionally regulated by Nkx2-5/GATA-4 
complex formation99 as is the A1 adenosine receptor.112 A further synergistic inter-
action of the Nkx2-5/GATA-4 complex was demonstrated with SRF on cardiac a-
Actin promoter.8,102

Nkx2-5 also interacts with the T-box transcription factor Tbx-5, through the 
homeodomain of NKx2-5 and the N-terminal domain and T-box of Tbx-5, to syner-
gistically activate the promoters of ANP, connexion 40, and Id2 (see 7.4.1).34,114,115 
A model of positive and negative transcriptional regulation was described by Habets 
et al., whereby another T-box factor Tbx-2 acts as a transcriptional repressor by 
displacing Tbx-5 from the complex with Nkx2-5 on the ANP promoter in areas such 
as the AV canal and the OFT where Tbx-2 is expressed and Tbx-5 is absent.116

Nkx2-5 is involved in a synergistic regulatory mechanism with PITX2C where 
together they can activate transcription of ANF and PLOD1 (see 7.4.1), although 
not through physical interaction.106 It is also reported that Nkx2-5 acts to inhibit 
PITX2A activation of the ANF promoter in a cell-specific manner.

eHand/Hand1 is another transcription factor involved in cardiac development, 
which interacts with Nkx2-5 to synergistically co-activate the ANP promoter117 and 
mice lacking both genes also lack ventricle specification. Another transcription 
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factor that functionally interacts with Nkx2-5 is Foxh1, forkhead DNA-binding 
transcription factor in the TGF-b-Smad pathway. Together, they regulate the tran-
scription of the MEF2C promoter in the anterior heart field.95

7.5  Future Perspectives

The role of Nkx2-5 in the development of the heart has been investigated at length 
and through these studies greater understanding of the origins of cells in different 
compartments of the cardiovascular system has been gained. However, greater 
understanding of the role of Nkx2-5 in adult tissues and how this is altered in disease 
is required if the full therapeutic potential of Nkx2-5 is to be realized.

Recently, Nkx2-5 has been recognized as a marker of a tripotent progenitor cell 
population,118 which can give rise to endothelial, cardiac, and smooth muscle cell 
lineages. This embryonic stem cell population, which also expresses Isl1 and flk1, 
could be used in cardiovascular tissue regeneration by directing the differentiation 
into mature cardiac, pacemaker, smooth muscle, and endothelial cell types. Another 
cardiac progenitor cell population expressing Nkx2-5 and c-kit has also been 
reported with the ability to generate cardiac and smooth muscle cells but not 
endothelial cells.48 More information about these embryonic stem cell populations 
has to be obtained and their potential relationship with adult heart progenitor cell 
populations has to be explored. However, as other types of progenitor cells found 
in adult hearts have not been very successful in generating cardiac muscle in vivo,119 
identification of these multipotent embryonic cell population is encouraging for 
future trial of cardiac repair using stem cells.120

Another future area of further study is the investigation of the role of Nkx2-5 in 
adult tissue repair and fibrosis in the cardiovascular system. Reports are already 
suggesting that cardiac fibrosis as a result of insult/damage coincides with Nkx2-5 
induction in adult tissues.50,121,122 Futhermore, induction by Nkx2-5 of genes related 
with the extracellular matrix remodeling, such as PLOD1, Collagen type I, and 
connexins, open up the possibility of Nkx2-5 being involved in repair and/or fibrosis 
in conditions were scar tissue is formed such as cardiac fibrosis, atrial fibrillation, 
and even in atherosclerosis.

7.6  Summary

Nkx2-5 is a transcription factor involved in the early embryonic development •	
and adult maintenance of the cardiovascular system and the CCS.
Nkx2-5 induction is mediated by various signaling pathways including BMP, •	
TGF-b, and Wnt.
Targets of Nkx2-5 include cardiac and smooth muscle specific genes and ECM-•	
related genes.
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8.1  Introduction

Advances in diagnosis and treatment have dramatically impacted morbidity and 
mortality from cardiovascular disease over the past several decades.1 The discovery 
in 1960 of stem cells capable of regeneration and repair sparked interest in a new 
mode of therapy for heart disease beyond pharmaceuticals and cardiac devices.2 
Over the past 10 years, work has focused on five key cell types – the endothelial 
mononuclear progenitor cell, the autologous skeletal myoblast, the allogeneic 
mesenchymal stem cell, the resident cardiac stem cell, and the human embryonic 
stem cell – as potential therapeutic agents, which may further contribute to gains in 
treating cardiovascular disease. This chapter aims to review these cell types, their 
preclinical underpinnings, the nascent clinical studies, and limitations observed in 
their use.

8.2  Endothelial Progenitor Cells/Bone Marrow-Derived 
Mononuclear Cells

8.2.1  Background

The pathobiology of atherosclerosis has been largely attributed to processes of 
repeated vascular injury leading to plaque development and expansion, subsequent 
tissue ischemia, and ultimately infarction.3 More recently, the discovery of a 
population of endogenous mononuclear cells that reside in the bone marrow mobilize 
in response to tissue injury, and repair injured vascular tissue has challenged the 
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classic Ross hypothesis, offering the possibility of another mode of treating 
atherosclerotic vascular disease. The precise identity of these so-called endothelial 
progenitor cells (EPCs) remains elusive. EPCs have thus necessarily been defined by 
their functions – that they originate in the bone marrow, circulate in peripheral blood, 
home to sites of vascular injury, and participate in new blood vessel formation.4 
Asahara and colleagues in 1997 provided the strongest evidence that new blood 
vessel formation is partly attributable to a population of bone marrow-derived 
monocytes. CD34-positive mononuclear cells isolated from humans demonstrated an 
endothelial phenotype in vitro. Moreover, these cells participated in neo-angiogenesis 
in a mouse hindlimb ischemia model,5 thus suggesting a possible therapeutic role 
for regeneration after ischemic vascular injury.

Preclinical work has shown that exogenously administered EPCs home to areas 
of ischemia or infarct and participate in tissue regeneration or repair. Kalka and 
co-workers described the first use of EPCs in therapeutic neovascularization when 
human EPCs were transplanted into athymic nude mice in a model of hindlimb 
ischemia.6 Blood flow recovery and capillary density was reported to markedly 
improve. Human EPC transplanted into ischemic regions of a rat model of myocar-
dial infarction resulted in improvements in left ventricular function.7 In a swine 
model of chronic myocardial ischemia, coronary collateral development and left 
ventricular ejection fraction improved after transplantation of autologous CD34-
positive mononuclear cells.8 Moreover, other work has shown that transplanted 
EPCs injected after myocardial infarct may home to infarct border zones.9 When 
athymic nude rats were injected with radiolabeled human EPCs from peripheral 
blood, radioactivity was measured in cardiac tissues in greater proportion in 
infarcted hearts rather than in controls (although the total percentage was dwarfed 
by the percentage localizing to spleen and liver [1% vs. >70%]).

Although investigators initially hypothesized that EPCs directly participate in 
the formation of new blood vessels at sites of injury, the true mechanism of repair 
remains to be fully described. Three potential mechanisms by which EPCs exert 
influence on injured tissue include differentiation, cell fusion, and paracrine 
effects.10 Pathologic correlations show that areas of infarcted myocardium injected 
with autologous bone marrow derived mononuclear cells have a higher capillary 
density with cellular changes including hyperplasia of pericytes, mural cells, and 
adventitia.11 The presence of contractile proteins in these cells suggests an active 
process of angiogenesis. Still, the role that these EPCs play at sites of tissue injury 
remains controversial, with some work suggesting that they may perform tasks 
other than angiogenesis.12 Badorff and co-workers reported that peripheral blood 
mononuclear cells from healthy adults transdifferentiated in vitro into functionally 
active cardiomyocytes (expressing alpha-sarcomeric actinin, cardiac troponin I, 
atrial natriuretic peptide, and formation of gap junctions) when co-cultured with rat 
cardiomyocytes, via a cell-to-cell contact mechanism rather than cellular fusion.13 
Other possible beneficial mechanisms of EPC repair via cell–cell signaling 
mechanisms are evident in work wherein co-incubation of bone marrow cells 
with cardiomyocytes in an ex vivo model of ischemia resulted in mitigation of cell 
death in a protein kinase C and p24 mitogen-activated kinase dependent process.14 
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Other work suggests that bone marrow-derived mononuclear cells contribute to new 
blood vessel formation in mouse hindlimb ischemia by a paracrine effect rather 
than directly incorporating into new vessel walls.15,16

8.2.2  Clinical Studies

While these repair mechanisms of EPCs continue to be elaborated, clinical studies 
of EPCs or of a broader population of bone marrow-derived mononuclear cells have 
been performed in settings of acute myocardial infarction, refractory angina, and 
chronic ischemic cardiomyopathy17-33 (Table 8.1). Although double-blinded pla-
cebo-controlled studies are limited, available data from over 350 subjects enrolled 
to date in various trials suggests that therapy with EPCs or bone marrow-derived 
mononuclear cells in these settings poses no excess hazard, and may result in 
improvements in ventricular function and remodeling. No single study has convinc-
ingly demonstrated convincing efficacy of cell therapy, yet generally favorable 
results have encouraged investigators to continue tackling key questions such as 
cell type, source of cells, delivery mode, dose, and timing of therapy.

Several studies have pursued a strategy of infusing autologous EPCs or bone 
marrow cells down the infarct-related artery of subjects several days after 
acute myocardial infarction, with the expectation that amplification of the existing 
repair mechanisms by delivery of a concentrated dose of cells to areas of recent 
injury might have demonstrable clinical benefit. Strauer and coworkers found that 
infusion of intracoronary autologous mononuclear bone marrow cells in the infarct-
related arteries of 10 patients 5–7 days after acute transmural myocardial infarction 
resulted in improvements in regional contractility, reduction in infarct size, and 
improved perfusion.17 Cells were obtained by bone marrow aspiration with isolation 
of mononuclear bone marrow mononuclear cells via Ficoll and subsequent washing. 
CD133-positive cells (a more refined putative marker of EPCs) accounted for 0.65 ± 0.4% 
and CD34-positive cells 2.1 ± 0.28% of an average yield of 2.8(± 2.2) ± 107 cells. 
Notably, no patient in the study underwent revascularization of the infarct-related 
artery within 4 h of onset of symptoms, suggesting that improvements may be 
attributable to cell therapy effects rather than recovery of hibernating myocardium. 
Subsequently, Fernandez-Aviles and co-workers found improvement in end-systolic 
volume and improvement in LV function after infusing autologous bone marrow 
mononuclear cells down the infarct-related artery of patients suffering from acute 
ST-elevation myocardial infarction in a nonrandomized controlled trial.22 Cells 
were infused around 2 weeks after initial presentation, and no excess adverse events 
were noted in the study group. Though of similar trial design, the TOPCARE-MI 
trial examined whether adequate and effective doses of cells could be obtained from 
the peripheral circulation, thus avoiding the need for bone-marrow harvest. Fifty-
nine subjects with acute myocardial infarction underwent intracoronary infusion of 
either circulating progenitor cells or bone marrow-derived mononuclear cells 
4.9 ± 1.5 days after presentation.18,34 Though in the immediate follow–up two 
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subjects developed recurrent infarction with one resultant death, in the 1 year 
follow-up period no significant ventricular arrhythmias or other adverse effects 
were observed. Both groups demonstrated favorable effects on LV remodeling as 
assessed by ejection fraction (50 ± 10%–58 ± 10%; p < 0.001) and end-systolic LV 
volume.

Randomized controlled trials of progenitor cell therapy have shown conflicting 
results with regard to efficacy. Improvements in left ventricular performance were 
observed by Wollert and co-workers when 30 subjects were randomized to receive 
intracoronary autologous BMC or placebo 4.8 days after presenting with acute ST 
elevation myocardial infarction.25 In comparison with 30 control subjects, cell 
therapy was associated with enhanced systolic function in segments adjacent to 
infarcted areas, without an excess risk of adverse clinical events. Long-term follow-
up at 18 months, however, failed to show a persistent benefit of cell therapy over 
controls.26 In a multicenter study in which 204 subjects were randomized to intrac-
oronary autologous bone marrow mononuclear cells or placebo, intracoronary 
injection of cells 3–7 days after acute myocardial infarction resulted in improve-
ment in left ventricular ejection fraction measured by left ventricular angiography 
(5.5 ± 7.3% vs. 3.0 ± 6.5%; p = 0.01) in the treatment group.27 At 1-year follow-up, 
cell therapy was associated with a reduced risk of major adverse cardiovascular 
events (death, recurrence of myocardial infarction, and revascularization). In con-
trast, Lunde and co-workers failed to observe any significant difference in left 
ventricular ejection fraction by myocardial perfusion study or cardiac magnetic 
resonance imaging at 6 months in a randomized study of 100 patients receiving 
either intracoronary autologous bone marrow mononuclear cells or placebo 6 days 
after acute myocardial infarction.28

Likewise, studies questioning whether early delivery of cell therapy would affect 
efficacy and safety have found conflicting results. Evaluating the effects of emer-
gent intracoronary infusion of bone marrow mononuclear cells on clinical out-
comes, Ge and colleagues randomized 20 subjects to cell therapy infusion down the 
infarct-related artery vs. controls within 24 h of presentation with acute ST eleva-
tion myocardial infarction. As measured by echocardiography and myocardial 
perfusion study, both ventricular systolic function and perfusion improved in the 
cell therapy group at 6 months.30 In contrast, early cell therapy (within 24 h of 
reperfusion after acute myocardial infarction) using intracoronary autologous bone 
marrow mononuclear cells was not associated with significant improvement in left 
ventricular function or perfusion relative to standard medical therapy in 67 subjects 
randomized by Janssens and co-workers.29

Most progenitor cell therapy trials have employed a broad population of mono-
nuclear cells, but more recent work has focused on whether a more narrowly 
defined population of progenitor cells might be isolated and used in therapy. Based 
on preliminary data suggesting that selected hematopoietic cell have a higher 
engraftment potential when compared with bone marrow-derived mononuclear cells, 
Bartunek and co-workers infused CD133-positive bone marrow mononuclear cells 
down the infarct-related artery of patients 11.6 ± 1.4 days after acute myocardial 
infarction.24 In comparison with controls, treated subjects evinced improvements in 
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left ventricular performance as measured by ventriculography and myocardial per-
fusion studies. Ongoing studies examine whether isolated CD34-positive mononu-
clear cells benefit patients with acute myocardial infarction as well as chronic 
ischemic cardiomyopathy.

While most studies have obtained mononuclear progenitor cells from bone marrow 
niches, several studies have mobilized mononuclear progenitor cells from the bone 
marrow into the peripheral circulation using granulocyte colony-stimulating factor 
(G-CSF). Kang and co-workers found improvement in left ventricular structure and 
function at 6 months among patients treated with intracoronary peripheral blood 
mononuclear cells infused 10–11 days after acute myocardial infarction.32 No effect 
was noted in subjects with old (>14 days) myocardial infarction or in control groups. 
Similarly, Li and colleagues observed improvements in left ventricular ejection 
fraction and remodeling in a cohort of 35 nonrandomized subjects treated with G-CSF-
mobilized autologous peripheral mononuclear cells infused down the infarct-related 
artery 7 days after presentation with acute myocardial infarction.33 Notably, there was 
a high incidence of complications with regard to mobilization, separation, and infusion. 
Ten other studies have employed G-CSF injections alone as a means of mobilizing 
bone marrow mononuclear cells in the setting of acute myocardial infarction with the 
aim of improving left ventricular function. According to a meta-analysis by Zohlnhofer 
and colleagues, among the 445 patients treated with this approach there was no 
significant improvement in left ventricular function over placebo.35

In 13 studies of progenitor cell therapy for acute myocardial infarction, doses of 
infused cells range from 10 million to 1 billion – in large part affected by available 
reservoir in the bone marrow and the degree of selection of progenitor cell sub-
populations. Whether these doses are inadequate for clinical effect – thereby 
accounting for the modest clinical results seen across studies – remains unan-
swered. Meluzin and co-workers addressed the effect of dose of bone marrow 
mononuclear cells on clinical response in randomizing 66 patients to intracoronary 
infusion of high dose (108 cells), low dose (107 cells), or control at 7 days after 
acute myocardial infarction.31 Regional myocardial function improved in a dose-
dependent manner as measured by tissue Doppler echocardiography and by gated 
myocardial perfusion imaging, thus suggesting that an adequate amount of deliv-
ered cells is important.

The potential role of progenitor cell therapy in chronic atherosclerotic coronary 
artery disease has been addressed in several studies (Table 8.2). Here, the route of 
delivery of cells varies from intracoronary infusion to direct intramyocardial injection. 
Strauer and co-workers found that intracoronary transplantation of autologous bone 
marrow mononuclear cells was associated with improvements in infarct size and 
global contractility (although in this cohort ejection fraction was relatively preserved).36 
Versus controls, treatment with bone marrow mononuclear cells was associated with 
improvement in maximum oxygen uptake and regional fluoro deoxyglucose uptake. 
Perin and co-workers reported a durable improvement in left ventricular perfusion 
defects and exercise capacity in subjects treated with endomyocardial injection of 
autologous bone marrow mononuclear cells for ischemic cardiomyopathy.37 Treatment 
of chronic ischemia with intracoronary peripheral mononuclear cells was associated 
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with improvement in hibernating myocardium and infarct size at 3 months vs. 
controls.38 A study of similar subjects with refractory angina found improved 
perfusion and left ventricular function with endomyocardial injection of autologous 
bone-marrow-derived mononuclear cells.19 Similar results were reported in an 
unblinded series of subjects with endomyocardial injection of autologous bone 
marrow mononuclear cells.20 Mocini and colleagues describe a series of subjects with 
chronic ischemic cardiomyopathy finding improvement in left ventricular ejection 
fraction by echocardiography with direct injection of autologous bone marrow 
mononuclear cells into infarct border zones at the time of coronary artery bypass 
grafting.39 Endomyocardial delivery of CD133-positive bone marrow derived 
mononuclear cells at the time of coronary artery bypass grafting proved safe with 
modest improvements in ventricular performance at 6 months.21 Katritsis and 
co-workers infused a combination of so-called progenitor cells and mesenchymal 
cells from bone marrow in the coronary arteries of subjects suffering with chronic 
ischemic cardiomyopathy, finding improvements in left ventricular function measured 
by echocardiography and myocardial perfusion studies.40

8.2.3  Limitations and Future Directions

As mentioned, variables affecting the success of trials of progenitor cell therapy 
include the type and dose of cell, the mode of harvest, as well as the method and 
timing of delivery. Other possible limitations with the use of autologous bone mar-
row mononuclear cells rise from potential dysfunction in those subjects’ EPCs. 
Bone marrow derived mononuclear cells from subjects with chronic ischemic car-
diomyopathy have less migratory and proliferative capacity in vitro, with reduced 
angiogenic capacity in vivo.41 While past studies have employed cellular admix-
tures obtained from bone marrow niches as reservoirs of cells with regenerative 
potential, ongoing studies have sought to refine the cell type by selecting for cell 
populations (such as CD34-positive cells) thought to be enriched for EPCs. Finally, 
the mechanism of potential benefit of progenitor cell therapy remains to be fully 
elucidated. Whether cells directly transdifferentiate into mature endothelial cells, 
fuse with existing vascular or muscle cells, or contribute angiogenic growth factors 
remains controversial.10

8.3  Mesenchymal Stem Cells – Autologous Skeletal Myoblasts

8.3.1  Background

The concept that skeletal myoblasts might serve as a source of myogenic cells was 
advanced by Taylor and coworkers in demonstrating that transplanted regenerative 
skeletal myoblasts incorporated into cardiac tissue and improve cardiac performance 
in a model of cryoinfarct in rabbits.42,43 Here, autologous skeletal myoblasts appeared 
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to regenerate viable striated tissue among immature cardiocytes and was associated 
with improvement in ventricular compliance and diastolic performance; systolic 
changes were less robust.44-47 Benefits appear to extend to models of nonischemic 
cardiomyopathy as well.48 Ex vivo measures of skeletal myoblasts co-cultured with 
cardiomyocytes demonstrated transdifferentiation with formation of direct cell-to-cell 
signaling.49 The histologic and functional changes are similar to transplantation of 
bone marrow-derived progenitor cells.50

Preclinical data from rat models of autologous skeletal myoblast transplant into 
infarcted myocardium suggests that culture technique measurably impacts ven-
tricular performance after transplant.51 Cryopreservation of harvested cells in a 
hamster model was not associated with decreased cell viability.52 Transplanted 
myoblasts, however, demonstrate formation of myofibers and markers of cell divi-
sion that suggest viability after transfer in rat models.53 In canine models, implanted 
skeletal myoblasts were associated with induction of cellular hypertrophy of host 
myocytes at infarct sites.54 In other measures of ventricular remodeling, improve-
ments in ventricular performance are additive to those observed with angiotensin 
converting enzyme inhibitor treatment.25 These effects remain durable for up to a 
year, with observed mechanisms of colonization of scar fibrosis by skeletal muscle 
cells thought to augment compliance.55 Other models of delivery include intracoro-
nary infusion, which in preclinical canine models demonstrated a phenotype of 
striated muscle in infarct zones.56

8.3.2  Clinical Studies

From this basis, clinical studies have examined the efficacy of this cell type in improv-
ing ventricular function in chronic cardiomyopathy. In contrast to progenitor cell stud-
ies, here the cell identity and mode of harvest is better defined. Moreover, issues of 
timing are less pertinent when exploring cell therapy of chronic heart failure rather 
than acute myocardial infarction. As in therapeutic progenitor cell studies, investiga-
tors have sought to address issues of therapeutic dose and of cell delivery in trials of 
autologous skeletal myoblast therapy. Clinical benefits have likewise been modest, but 
observed salutary effects of skeletal myoblast therapy have encouraged continued 
study (though mindful of safety concerns from tachyarrhythmias).

Early clinical experience has provided anecdotes of successful cell engraftment 
in several case series using direct intramyocardial injection at the time of cardiac 
surgery. One subject transplanted with skeletal myoblasts at the time of coronary 
artery bypass grafting evinced long-term viability (17.5 months) and an interesting 
phenotypic change in the grafted cells to slow-twitch fibers.57 Another series of five 
subjects with end-stage ischemic cardiomyopathy transplanted with autologous 
skeletal myoblasts at the time of left ventricular assist device (LVAD) implantation 
found myoblast cell survival (mean 124 days), with alignment of myofibers with 
host myocardial fibers.58

Yield from muscle biopsy averages around 870 million cells arising at 2–3 weeks 
after quadriceps muscle biopsy. Among these, more than 70% are CD56-positive 
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myoblasts with greater than 90% viability.59 Long-term survival, however, has been 
measured at less than 1% from a delivered dose of 300 × 106 cells.58

Larger studies have found improvements in left ventricular function associated 
with direct injection of autologous skeletal myoblasts. Menasche and co-workers 
implanted 10 subjects with advanced left ventricular dysfunction with 871 × 106 
skeletal myoblasts in myocardial scar at the time of coronary artery bypass grafting.60 
In this unblinded phase I study, investigators reported improvements in New York 
Heart Association functional class, improvement in global left ventricular ejection 
fraction, and improvement in regional ejection fraction in the majority of scar sites 
injected. Meanwhile, adverse events included sustained ventricular tachycardia in 
four subjects. A larger phase 2 study (MAGIC) randomized 97 subjects to autologous 
skeletal myoblast injection at the time of bypass surgery vs. placebo, finding no 
significant improvement in regional or global ventricular performance by 
echocardiography; however, left ventricular volumes improved relative to placebo 
therapy.61,62 A similar study of 10 subjects referred for coronary artery bypass 
grafting reported improvement in left ventricular ejection fraction at 4 months and 
1 year after implant.63 Notably, culture yields (and thus doses) ranged from 400,000 
to 50 million cells (65.4% myoblasts). Also, ventricular tachycardia was observed 
in five subjects.61 Dib and co-workers observed evidence of increase areas of 
myocardial viability by positron emission tomography scanning in 30 subjects 
treated with direct injection of autologous skeletal myoblasts at the time of coronary 
artery bypass surgery (n = 24) or LVAD implantation (n = 6).64,65

Alternative models of cell delivery include percutaneous endomyocardial injec-
tion with electromechanical mapping of the ventricle to identify areas of scar.66 A 
pilot study of five subjects with ischemic cardiomyopathy injected with a 296 ± 199 
million skeletal myoblasts found improvement in global left ventricular ejection 
fraction and in regional wall motion by magnetic resonance imaging. One subject 
had an implantable cardioverter defibrillator placed for non unsustained ventricular 
tachycardia. At 1 year, functional class, contractile reserve, and end-systolic vol-
umes improved.67 A subsequent case-controlled study of transcatheter transplant of 
autologous skeletal myoblasts demonstrated improvements in left ventricular ejec-
tion fraction, walking distance, and functional class.68 Cellular yield was 210 ± 150 
million cells, implanted over an average of 19 ± 10 injection sites. Finally, skeletal 
myoblasts have been implanted via injection across the coronary sinus in 10 sub-
jects with ischemic cardiomyopathy, resulting in up to 100 million cells injected 
and improvements in functional class.69

8.3.3  Limitations and Future Directions

In addition to modest improvements to date in blinded, placebo-controlled trials of 
autologous skeletal myoblasts for ischemic cardiomyopathy, the incidence of ven-
tricular tachycardia with this therapy has raised safety concerns. Mechanisms of 
ventricular tachycardia in this setting has been attributed to several factors. The 
absence of gap junctions on skeletal muscle cells is thought to promote spiral waves 
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conducive for reentrant ventricular tachycardia.70,71 Genetic modification of cells to 
increase expression of gap junction (i.e., connexion 43) has been a suggested 
method of decreasing arrhythmic risk.70,72-74 Presently, phase II/III multicenter stud-
ies are underway to evaluate the efficacy of skeletal myoblast therapy, with an 
implanted cardioverter-defibrillator as a prerequisite to study entry.

8.4  Mesenchymal Stem Cells – Allogeneic Mesenchymal  
Stem Cells

A population of nonhematopoietic pluripotent cells resident in the bone marrow 
that give rise to cardiomyocytes (as well as osteocytes, chondrocytes, and adipo-
cytes) are known as mesenchymal stem cells (MSC).75,76 Given its propensity to 
form cardiomyocytes, this cell line has been the focus of work targeting left 
ventricular dysfunction. Interestingly, though expressing human leukocyte antigen 
major histocompatibility complex class I molecules, MSCs do not express 
co-stimulatory molecules and thus escape recognition by alloreactive T cells.77 As a 
result, they enjoy a relatively immune-privileged state, which allows for allogenic 
cell transplant as a mode of therapy.

Preclinical work has supported the concept that these immune-privileged bone 
marrow derived allogeneic cells could contribute to regeneration.78 Rat models of 
cryoinjured myocardium exhibited improvement in left ventricular function after 
direct injection of bone marrow-derived MSCs.78 Allogeneic MSC injected into the 
scar of a model of infarction in rats demonstrated transient improvement in ven-
tricular performance, while expressing muscle-specific markers and long-term 
survival at 6 months.79 Another work in rat models has shown formation of clusters 
of cells on infarct border zones in addition to microvessel formation.80 Direct injec-
tion of infarcted myocardium in a swine model in the peri-infarct period with allo-
genic MSC resulted in persistent engraftment at 8 weeks, improvement in infarct 
size and tissue perfusion by magnetic resonance imaging, and improvements in 
hemodynamics.81-84 Short-term survival may improve in this model and cell type 
with adjunctive transmyocardial laser revascularization.85 The mechanism of these 
improvements, in addition to supposed direct differentiation into cardiomyocytes, 
contribution of paracrine signaling, and fusion with existing cardiac cells, has been 
supposed to include stimulation of stem cell niches resident in cardiac tissue.86 
A phase I study of allogeneic MSC therapy administered intravenously after acute 
myocardial infarction has been completed with results forthcoming.

8.5  Resident Cardiac Stem Cells

A population of undifferentiated cells has been isolated from subcultures of post-
natal atrial or ventricular human biopsy specimens and from mouse hearts, lending 
to the support of the existence of stem cells that reside within the adult heart.87-90 
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Growing in self-adherent clusters ex vivo, these “cardiospheres” are clonogenic, are 
capable of self-renewal, and can differentiate in vitro and in vivo into cells with 
myocardial and vascular phenotypes.

Preclinical work has uncovered that these cardiospheres in culture express 
endothelial markers (KDR or flk-1, CD31) and stem cell markers (CD34, c-kit, and 
Sca-1), as well as other proteins essential for contractile and electrical function.89 
Cardiomyocyte differentiation transcription factors are upregulated in these cell 
colonies.91 These cells appear to migrate in vitro in response to cytokines elaborated 
by circulating EPCs.92 Functionally, cells derived from cardiospheres demonstrate 
electrical coupling in vitro.89 Moreover, when transplanted in a mouse model of 
myocardial infarction, they appear to yield the phenotype of cardiomyocytes, 
endothelial cells, and smooth muscle cells with improvements in ventricular perfor-
mance and reduction in scar size.87,89 Notably, these effects were not observed with 
implanted fibroblasts, suggesting a possible role for these cells as an autologous 
source of regenerative tissue.

Presently, no human studies have been performed using resident cardiac stem 
cells in treating cardiovascular disease.

8.6  Human Embryonic Stem Cells

Ethical and practical concerns have limited the study of stem cells derived from 
human embryos in both preclinical and clinical settings.93 In vitro studies of 
human embryonic stem cells have demonstrated that cultivated aggregates termed 
embryoid bodies (EB) exhibit potential for developing into cardiomyocytes.73 
Spontaneously contracting regions of EBs stain for elements of cardiac tissue (car-
diac myosin heavy chain, alpha-actinin, desmin, troponin I, and atrial natriuretic 
peptide) show myofibrillar organization under electron microscopy, and electrical 
properties. Spontaneous contraction is reported in a percentage of EBs.73 Another 
model of cardiomyocyte differentiation from human embryonic stem cells involves 
co-culture with visceral-endoderm (VE)-like cells from mice, highlighting para-
crine interactions between the endoderm in the development of cardiac cells.94,95 
These cells in culture demonstrate coupling via gap junctions and functional cal-
cium ion channels.94

Xue and co-workers demonstrated a model of human embryonic stem cell-
derived cardiomyocytes that integrate into “recipient” cardiac tissue and demonstrate 
electrical and mechanical coupling in vitro and in vivo, supporting the possibility 
of cell-based pacemakers.96 Other investigators have shown in canine models the 
durability of human MSCs for cardiac pacing as long as 6 weeks after implantation, 
when dosed at >700,000 cells per injection.97 Laflamme and co-workers demonstrated 
that injection of differentiated cardiac-enriched human embryonic stem cells into 
athymic rats resulted in proliferation of cardiomyocytes with time, typified by 
angiogenesis and expression of cardiac markers.98 Understanding of the molecular 
mechanisms of differentiation of human embryonic stem cells remains rudimentary, 
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but work by Singh and colleagues suggests that the nuclear protein Chibby 
facilitates cardiac cell development.99 Notably, embryonic stem cell-derived 
cardiomyocytes implanted in infarcted cardiac tissue resulted in attenuation of scar 
thinning, improvements in left ventricular dilatation, wall motion score index, and 
left ventricular diastolic dimensions.100,101

In addition to ethical and logistical issues related to the use of human embryonic 
stem cells in studies or therapies of cardiovascular disease, further concerns about 
aberrant development have been raised when undifferentiated human embryonic 
stem cells and human EB injected into normal rat myocardium resulted in teratoma 
formation.100,101

8.7  Technical Considerations

As with pharmaceutical therapy for common cardiovascular conditions, the clinical 
outcome in cell therapy is in part informed by the dose, the potency, and the mecha-
nism of effect.2,102 Preparation of cell product can reduce the number and robustness 
of available cells. Several studies have sought to establish a dose–response relation-
ship to therapy, but the adequate dosing of cell-based therapies remains largely 
empiric. It is estimated that a typical myocardial infarction results in loss of a billion 
cardiomyocytes, while most trials have isolated and transplanted a dose on the 
order of 10 to 100 million cells. On delivery, cells are subjected to migration away 
from the target site, acute oxidative stress, ischemia, and inflammation.102 Moreover, 
determining an effect attributable to injected cells must be separated from improve-
ments due to the passive effects of injected biomaterials.103 Addressing the concern 
that the extracellular matrix may be perturbed and thus contribute to the pathophys-
iology of chronic ischemic cardiomyopathy, recent work has employed a cell-
seeded collagen matrix implanted in subjects undergoing coronary artery bypass 
surgery – finding increases in infarct scar and improvements in global ejection frac-
tion.104 Additionally, application of a fibrin glue has been shown to be beneficial 
with regard to cell transplant survival, infarct size reduction, and blood flow 
restoration.105

8.8  Conclusions

Advances in stem cell biology over the past decade have fuelled interest in 
new therapies for acute and chronic cardiovascular diseases. Preclinical work 
with a variety of cell types has suggested efficacy in improving ischemia 
and ventricular function, although mechanisms of effect remain to be fully 
explained. Human studies using certain cell types have shown modest clinical 
efficacy, while the safety of these experimental therapies supports continuing 
patient-oriented research.
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Abbreviations

EC Endothelial cells
EPC Endothelial progenitor cells
eNOS Endothelial nitric oxide synthase
ePTFE Expanded poly(tetrafluoroethylene)
HIF-1a Hypoxia inducible factor-1 alpha
htPA Human tissue-type plasminogen activator
NO Nitric oxide
PU Polyurethane
PVR Peripheral vascular resistance
SMC Smooth muscle cells
TEVS Tissue-engineered vascular substitutes
VS Vascular substitutes

9.1  Introduction

The first successful Vinyon-N-synthetic vascular grafts was developed by Voorhees 
in 1952. New materials quickly followed, and grafts started being made with 
expanded poly(tetrafluoroethylene) (ePTFE) and Dacron®. Those materials provided 
successful large diameter grafts but proved to be a clinical failure when applied to 
small diameter grafts.1 Since then, research has been spurred to investigate new 
materials, preimplantation modifications involving the use of therapeutic agents or 
living cells, new approaches such as tissue engineering and nanotechnology or any 
combination of the above to achieve a clinically reliable small-diameter vascular 

P. D’Orléans-Juste (), D. Lacroix, L. Germain, and F.A. Auger 
Department of Pharmacology, Université de Sherbrooke, 3001,12th Avenue North,  
Sherbrooke, QC J1H 5N4, Canada 
e-mail: pedro.dorleans-juste@usherbrooke.ca

Chapter 9
Tissue-Engineered Vascular Substitutes:  
New Models Toward Successful Small  
Diameter Grafts

Pedro D’Orléans-Juste, Dan Lacroix, Lucie Germain,  
and François A. Auger

D. Abraham et al. (eds.), Advances in Vascular Medicine, 
DOI 10.1007/978-1-84882-637-3_9, © Springer-Verlag London Limited 2010



154 P.D’Orléans-Juste et al.

substitute (VS). Although progress has been made, the ultimate goal has yet to be 
achieved. As experimental tissue-engineered vascular substitutes (TEVS) have 
evolved to become physiologically closer to native blood vessels, they have only 
started to be used as in vitro models for research in vascular physiology since 
approximately 2001. The advent of biologically relevant TEVS indeed, is fairly 
recent, necessitates specific expertise, and currently still involves lengthy procedures. 
For those reasons, most of the published research is still based on cell culture and 
animal experimentation. Nonetheless, the very few available reports on this topic 
have demonstrated that biological TEVS can provide interesting models to study 
normal and pathological vascular physiology and will probably gain in visibility 
and popularity in the coming years. It should be noted that to simplify the text, the 
expression TEVS used by the authors of this chapter covers a broad range of constructs 
with very different compositions and properties.

9.2  Vascular Substitutes Overview

9.2.1  Large vs. Small Diameter Vascular Prostheses

The first VS developed for grafts were based on synthetic materials made of a 
synthetic fluoropolymer, ePTFE (also known as Teflon® or Gore-Tex®) and a ther-
moplastic polymer resin of the polyester family called polyethylene terephthalate 
commonly abbreviated to PET or PETE and well known under the name of 
Dacron®. The microstructure of ePTFE is a composite of irregular-shaped solid 
membranes called nodes that are linked by a scaffold of fine fibrils stretched 
between them. The porosity of the material is defined by the internodal distance 
(IND) and, in vascular prostheses applications, it became customary to refer to 
ePTFE grafts with IND equal to or greater than 45 mm as “high-porosity ePTFE 
grafts” and those with IND equal or lower to 30 mM as “low-porosity ePTFE 
grafts.” Grafts made of ePTFE can also be made impenetrable with the addition of 
an external wrap. In contrast to the irregular structure of ePTFE, Dacron® basically 
comes as fibers of polyester and the major difference in VS made from this material 
is based on whether woven Dacron® or knitted Dacron® was used to fabricate the 
graft. Another category of materials that came to be used later in vascular grafts 
were those made of polyurethane (PU). Various methods of production can be used 
to generate VS with PU, leading to distinctions such as fibrillar or foamy PU grafts.

It is notable that such materials have provided very acceptable clinical results for 
almost half a century with large diameter vascular prostheses used in high blood 
flow and low resistance conditions, without the need for further modifications.1 
However, the use of similar materials for small diameter VS results in a high rate 
of failure due to surface thrombogenicity, poor healing, lack of compliance and 
anastomotic intimal hyperplasia that lead to occlusion of the graft.1 Because of this 
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important functional difference between large and small diameter VS, research 
mostly focused on this last application while commercial grafts for the first have 
continued to be manufactured with the same basic materials and methods for the 
last decades.1 For more details regarding vascular prosthetic materials currently 
used in commercially available prostheses for vascular surgery (ePTFE, Dacron®, 
PU), the readers are invited to consult the recent review by Kapadia et al2

9.2.2  Small Diameter Vascular Prostheses

Since the first synthetic VS started to be used successfully for large diameter grafts 
and then met with clinical failure when applied to small diameter ones, a tremen-
dous amount of research has been devoted to small diameter VS. In fact, so much 
has been published that it would be a daunting task to present an exhaustive list of 
all relevant publications. However, the authors felt that there was a need to provide 
the readers with some classification and for a systematic presentation of the rele-
vant categories of VS that have been developed over the years. Table 9.1 strives to 
provide such an overview. Although it does not follow, strictly speaking, a chrono-
logical order in presenting the various categories and examples of VS, there is a 
general top-to-bottom flow of going from the older to the more recent develop-
ments. The examples were classified in stages of development going from in vitro 
to animal experimentation and then to clinical data, whenever applicable.

9.2.3  Genetic Engineering and TEVS

Enhancement of the antithrombotic and antihyperplasic properties of endothelial 
cells (EC) by genetic modification was also investigated.3-5 Human EC overexpress-
ing endothelial nitric oxide synthase (eNOS), for example, reduce human platelet 
aggregation and bovine aorta smooth muscle cells (SMC) proliferation.3 Furthermore, 
adenoviral vectors infected human EC enhances the secretion of human tissue-type 
plasminogen activator (htPA) in those cells seeded in small diameter ePTFE grafts 
for in vitro studies.4 The same authors demonstrated that EC secreted higher levels 
of htPA after transduction and did not affect cell retention on the luminal surface of 
the graft even under perfusion. These results indicate that with proper screening of 
the genetically modified EC to provide safeguards against aberrant phenotypes, the 
success rate of endothelialized grafts could eventually be improved by such modi-
fications of the cells prior to seeding. However, although the approach shows promise, 
work remains to be done to develop viral vectors that show sufficient safety and 
efficacy to be clinically acceptable in that context. Also, the fact that optimal 
application of the technique would involve autologous EC means that genetic modi-
fication of those cells would impose a further burden of time to the approach.
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Table 9.1 Various materials and modifications investigated for small diameter vascular grafts

Composition Modifications
Developmental  
stages

Selected 
references

Bio 
materials

Nonre 
sorbable

ePTFEa None Animalb 63–69
– – Clinical 70
– Treatedc In vitro 71
– – Animalb 46,72–80
– – Clinical 81–84
– Seededd In vitro 85
– – Animalb 86–93
– – Clinical 21,94–97
Dacrone None Animalb 98–101
– – Clinical 102,103
– Treatedf In vitro 104
– – Canine 105
– – Clinical 82,83,106
– Seededd Animalb 20,23,24,88, 

107,108

Biode 
gradable

PUg,h None Animalb 109-112
– Treatedi In vitro 113,114
– – Animalb 115–117
– – Clinical 118

– Seededj In vitro 85,119
– – Animalb 28,119–121
Silk fibroin None In vitro 122,123
– – Animal  

(sheep)
124

PGA, PLA, etc. Seededj In vitro 32,125,126
– – Animalb 29,127-131
– – Clinical 132,133
Chitosan None In vitro 134
Hyaluronan Seeded with SMC In vitro 135

Gels

Collagen Seeded cells onlyk In vitro 136
– Mechanical In vitro 137,138
– Reinforcementl In vitro 13,139–143
– Animal  

(dogs)
144,145

Fibrin Seeded cells onlyk In vitro 137
– Fibrinolysis  

inhibitorsm

In vitro 146

– – Animal  
(sheep)

147

Biological 
mem 
branes

–

Peritoneal  
seeding

– Rodents and 
dogs

148,149

Decellularized 
scaffoldsn

– In vitro 150–152

– Animalo 153–159
Self-assemblyp – In vitro 36,37,45
– – Animalq 160
– – Clinical 161

(continued)
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New assembly technologies – In vitro 6,7,162

a Without distinction between sealed, low-porosity, or high-porosity expanded poly(tetrafluoroethylene) 
(ePTFE)
b Animal models vary. canine, porcine, ovine, caprine, simian, rats, and rabbits
c ePTFE treated with additional factors to improve endothelialization and/or reduce thrombogenic-
ity: fibronectin, plasmin-treated fibrin, heparin, VEGF, anti-CD34, rapamycin, PEG-hirudin/ilo-
prost, forskolin. Exception: one group used untreated prostheses, but animals were injected or not 
with G-CSF post-graft76

d Many experiments used autologous endothelial cells (EC), but some resorted to immortalized 
murine fibroblasts or human umbilical vein endothelial cells (HUVEC)85 bone marrow CD34+ 
cells induced into EC prior to use92 or undifferentiated mesenchymal stem cells (MSC)28

e Without distinction between Dacron membranes generated by knitting104 or weaving163

f Treaments cited were ionic polyurethane (PU), tissue factor pathway inhibitor, and 
heparin+collagen
g Without distinction between fibrillar PU generated by weaving, knitting, electrostatic spinning164 
or winding,165 or foamy PU109,166

h For more details, a recent review of various modifications and results has been published166

i Treatments included dipyridamole, NO-donor substances, collagen with hyaluronan, heparin, heparin 
and bFGF, heparin with VEGF and sirolimus, and PEG+diazeniumdiolate, and YIGDSR peptide
j Vascular smooth muscle cells (SMC), EC, human umbilical vein endothelial cells (HUVEC), 
bone marrow MSC differentiated into vascular cells. Other treatments such as fibronectin coatings 
have been used to improve EC attachment to the luminal surface. With nonresorbable materials, 
seeding usually aims at endothelialization to reduce thrombogenicity, but biodegradable porous or 
fibrillar materials can also be seeded with various cellular types to promote remodeling
k All vascular substitutes (VS) based on collagen or fibrin gels incorporate vascular cells imbedded 
during gel formation, regardless of any further treatment or reinforcement that may be applied. 
Cells embedded in the gels are usually SMC to generate a pseudo-media, but Weinberg and Bell13 
used an additional gel seeded with fibroblasts to add a pseudo-adventitia. Some gel-based VS 
experiments added a step of luminal seeding with either EC or EC progenitor cells
l Reinforcement approaches used either addition of a sheath (e.g., PU, Dacron, nylon, PTFE), 
incorporation of monomers such as elastin or silk fibroin, or treatment such as glycation
m Fibrinolysis inhibitors used were aprotinin147 or epsilon-aminocaproic acid (ACA)146

n Decellularized material originated from bovine or porcine small intestine submucosa (SIS), from 
canine or porcine vascular explants or from bovine ureter
oAnimal models were canine, porcine, or rabbits
pAlso called “sheet-based tissue engineering”
qAnimal models were dogs, nude rats, and nonhuman primates

Table 9.1 (continued)

Composition Modifications
Developmental  
stages

Selected 
references

9.2.4  New Assembly Technologies

New technologies are emerging that can be used to investigate ways to achieve a 
better control over the manipulation of various material molecules and cells in the 
production of VS. Examples of those new technologies have been published that 
made use of magnetic micro-beads and nanoparticles. One approach has been to 
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use magnetic forces to position thrombin-coated magnetic micro-beads in a defined 
spatial array to guide the self-assembly of fibrin fibrils through catalytic cleavage 
of soluble fibrinogen substrate.6 This led to nanoscale definition of the scaffold’s 
architecture along a geodesic pattern. Since it is becoming clear that cellular func-
tion is regulated in part by subtle environmental clues such as cell–cell and cell–
scaffold contacts, this work is an interesting proof-of-concept of a new way to 
manipulate the environmental cues that will be provided to cells in tissue-engi-
neered scaffolds. Another approach that has been described to impose an initial 
seeding pattern to cells in TEVS assembly was to label SMC with CD44 Dynabeads 
and subject them to radial magnetic force to drive the cells onto the luminal surface 
of a tubular scaffold and finally to immobilize them on the substrate’s surface.7,8 
Another technology that has been drawing attention covers a number of different 
approaches that could be categorized as “bioprinting.” Specific techniques vary 
from actually moving cells in “inkjet printing” fashion to directing where cells will 
adhere and grow by soft lithographic patterning of proteins and cells.9-12 Those 
approaches are still experimental but provide indications of future tools that could 
be used to produce the next generation of TEVS.

9.3  Use of Tissue-Engineered Substitutes in Vascular Research

As described in Sect. 9.2, the first VS developed for surgery were focused on the 
use of inert biocompatible materials such as ePTFE and Dacron®. It is thus under-
standable that most published experiments related to VS were aimed at small diam-
eter products and that one of the major goals remained the improvement of their 
antithrombotic properties. Those experiments often involved trials in animal mod-
els and yielded interesting data on the differences in vascular cell physiology 
between different species. One example of those data is that human EC show a very 
limited capacity for de novo endothelialization of surgically implanted VS. In 
patients who receive vascular prostheses, it is a well-documented fact that only the 
perianastomotic region will display transanastomotic endothelialization, leaving 
the internal section bare of EC.1 It can thus be seen that experiments aimed solely 
at improving the existing VS indirectly yielded cellular and physiological informa-
tion on human vascular cell types. However, very few publications can be found 
that have specifically used TEVS as models to investigate vascular pathogenesis.

9.3.1  Tissue Engineered Vascular Substitutes

Until very recently, most scientific research specifically aimed at normal and patho-
logical vascular physiology has been performed either with more conventional tools 
and models without resorting to the use of TEVS. Part of the reason for the relative 
scarcity of such publications based on the use of VS could be that in a notable 
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number of cases involving the use of tissue-engineered constructs, they were not 
used as vascular models per se, but as the main object of improved clinical applica-
tions in vascular surgery. They were thus used more as an end in itself than as the 
means for other research objectives. Another possible reason for the small number 
of such publications is that scientific efforts toward better understanding of vascular 
pathogenesis or normal vascular physiology naturally adopt well-known and 
proven models such as conventional cell culture and animal models. Chronologically 
speaking, the simpler VS that have been known since the 1970s might not be seen 
as valid models for the complexity of human blood vessels, while the more sophis-
ticated TEVS that are closer to physiological reality have only started to be the 
subject of scientific interests in the last decade. The earliest report of a method to 
generate TEVS that involved the use of living cells throughout the construct was 
probably the one by Weinberg and Bell in 1986.13 Since then, many approaches 
have been reported (see Table 9.1). Although they might be seen to be more experi-
mentally demanding to produce than simpler models, TEVS that offer models 
closer to physiological reality have many advantages that can be considered to 
make it worth their investment in time and resources. Examples of those advantages 
are the availability and uniformity of TEVS, compared with native human blood 
vessels, and the capacity to manipulate experimental features such as the use of 
specific vascular layers (Fig. 9.1). Moreover, such TEVS can be made of human 
cells that are kept in a more natural three-dimensional environment with pulse flow 
conditions that are much closer to the physiological reality of human blood vessels. 
The endothelium of TEVS generated with the self-assembly technique can be sub-
jected to pulse flow in vitro for many days and EC display a morphology similar to 
native human vessels, including alignment along the axis of the flow and expression 
of Vascular Endothelial Cadherin (Fig. 9.2). The merits of using experimental mod-
els that are relevant to human vascular physiology have been elaborately discussed 
in a recent review by Dr. Peter Zilla.1

9.3.2  In Vitro Cell Culture Approaches

In vitro cell culture models have been immensely useful to elucidate many of the 
cellular and molecular mysteries of the vascular cells and tissues. However, vascu-
lar cells cultured as monolayers in static conditions on plastic also have limitations. 
For example, it has been clearly demonstrated that EC behave in a completely dif-
ferent fashion in the absence of shear stress, which is a normal physiological condi-
tion in native blood vessels.14 Close contact with SMC of the media is another 
normal physiological condition that is absent from monolayer cultures of EC.14 
These observations explain why a growing number of scientific teams have used 
experimental models in which EC are subjected to shear stress. Some of those 
systems were based on simple laminar flow chambers made with glass plates or 
other planar materials.15-18 Other experimental systems involved more elaborate 
conditions such as one that used cocultures of EC and SMC separated by collagen 
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gels and supported by porous membranes.19 There are thus alternative models that 
are less complex to produce than TEVS that are quite valid to probe the effects of 
certain physiological conditions on vascular cells. However, especially when it 
comes to preclinical studies, there are questions that are better addressed with mod-
els that are closer to physiological reality than rigid laminar flow chambers. In the 
following sections, we will strive to provide examples that will demonstrate the use 
of VS in vascular research.

9.3.3  Use of TEVS in Vascular Physiology

The effort spent on improving antithrombotic properties of small diameter VS natu-
rally led to numerous publications on endothelialization.1,20-25 These publications 
clearly demonstrated the superiority of endothelialized grafts, prior to implantation, 
to achieve long-term patency in patients. They also spurred the search for a reliable 
source of cells for seeding, which led to experiments on the use of endothelial pro-
genitor cells (EPC) from peripheral blood26,27 or from bone marrow mesenchymal 
stem cells (MSC).28,29 Although experiments of seeding grafts with EPC yielded 
in vitro results that seemed promising, questions have been raised regarding clinically 

Fig. 9.2 Confocal immunofluorescence picture of the endothelium in a TEVS generated by the 
LOEX self-assembly technique, taken after 5 days under pulse flow conditions. Primary antibody 
was directed against VE-cadherin. Picture taken at 60× magnification
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relevant aspects such as graft patency.30 Another aspect of endothelialized grafts 
that has drawn attention is the tendency of EC to detach from the luminal surface 
when exposed to physiological conditions of shear stress or perturbed laminar flow. 
Consequently, with the general goal of improving EC attachment and functions in 
VS, more fundamental analyzes were also performed. One study investigated the 
effect of shear stress on EC–SMC interaction and showed that coculture with SMC 
under static condition induced EC gene expression of two growth-related factors 
that was abolished under shear stress conditions.14 Other groups examined the inter-
action between EC basal surface and components of the extracellular matrix.31 It 
was demonstrated, for example, that EC used different integrin complexes to attach 
to quiescent SMC, fibronectin adsorbed to plastic or polyacrylamide gels with simi-
lar elastic moduli as SMC and that changes in the type of adhesion resulted in 
modified focal adhesion formation and the rate of cell spreading.31 In the examples 
provided above, research was not always done with VS, but sometimes with sim-
pler models. It can be argued that experiments involving TEVS models will gain 
popularity once they become better known.

9.3.4  Use of TEVS in Vascular Pharmacology

Pharmacological reactivity in TEVS has been reported as early as 1999, in a publi-
cation where contraction was observed in response to prostaglandin F

2a.
32 Since then, 

there have been a number of publications in which TEVS were used in vitro to 
investigate vascular tone and vascular pharmacological responses.33-39 Two publications 
examined the capacity of TEVS generated with human SMC to respond to vasocon-
strictor agonists such as histamine, bradykinin, ATP, and UTP.38,39 These publica-
tions provided a proof-of-concept that such models can be of interest in 
pharmacological research to replace native human blood vessels, which are difficult 
to obtain and provide heterogeneous samples of varying quality. The same models 
that were also used to investigate the response of TEVS to endothelin demonstrated 
the presence of functional endothelin receptors and yielded data supporting the 
important concept that the adventitia plays a role in the control of vascular 
ton.33,36,37,40 Similar TEVS were also used to investigate the mechanisms and the 
signaling pathways through which polyphenols (provinols) modulate vascular con-
traction in human blood vessels.34,35

9.3.5  Vascular Pathology

We already mentioned in Sect. 9.3.2 that the effect of shear stress on the migration 
of SMC in a coculture system where SMC and EC, separated by a collagen layer, 
was explored with cells seeded on a membrane filter.19 This later study was aimed at 
a better understanding of the effect of shear stress conditions on SMC migration in 
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hyperplasia. Another study used a parallel-plate flow system to investigate whether 
vascular calcification affects plaque stability under various conditions of shear 
stress.41 Those two studies exemplify the importance attributed to dynamic flow 
conditions to investigate vascular phenomena under more physiological conditions.

Some experiments need in vitro models that are closer to native vascular physi-
ology. To that end, some studies have been performed with tissue explants in ex 
vivo experiments. In one example of such studies, porcine carotid arteries were 
cultured for 7 days in a simplified ex vivo artery organ culture system with pulse 
flow under hypertensive or normotensive pressure conditions.42 According to the 
authors, this system could maintain the arteries viable for 7 days. The aim of this 
study was to evaluate if early stage changes in hypertensive arteries could have an 
impact on long-term adaptation. Another study demonstrated that TEVS based on 
collagen gels can be kept for 6 days in a bioreactor.43 It is not clear if that represents 
a limit to the viability of the TEVS or merely an experimental choice made by the 
authors since another publication mentions TEVS that were maintained 7 weeks in 
a system that did not keep luminal flow but, rather, applied pulse radial distension.44 
It would be interesting to see if biological TEVS made with human cells could be 
kept viable and responsive for longer periods in bioreactors that maintain pulse 
flow under normotensive and hypertensive conditions. Incubation periods of at least 
a few weeks could be more suitable for the study of certain pathologies, such as 
atherosclerosis. The long-term mechanical stability of TEVS made by the self-
assembly method is discussed in the first publication that presented this model, in 
which the authors report that some tissue-engineered adventitias were matured for 
24 weeks without significant change in strength.45 This same publication also dem-
onstrated that such TEVS could maintain patency in vivo at least 7 days in a xeno-
grafts model (Fig. 9.3).

Considering the importance of neointimal hyperplasia in the clinical use of small 
diameter vascular grafts, it is not surprising to find that experiments targeted this 
adaptive mechanism. The aforementioned study on EC genetic modification to 
reduce thrombosis and hyperplasia is an example of such work.3 More conventional 
approaches were also used, such as experiments to investigate the use of time-
released rapamycin in a 6 mm ePTFE graft.46 In that study, experimental grafts were 
performed in a porcine model and the results showed a reduction in neointimal 
hyperplasia.46 However, as recently revisited, the problem of small diameter grafts 
has not yet been quite satisfactorily solved either by various therapeutic agents,47 
induced vascular atrophy,48 gene therapy,49 or modifications of prosthetic conduits.2 
One publication was based on work done with TEVS to investigate the underlying 
causes of stenosis.50 The results indicate that loss of mechanical loading in tissue-
engineered sheets of SMC can induce a dedifferentiation of the cells toward a 
proliferative phenotype, which raises the question of whether a similar phenome-
non could contribute to stenosis of vascular grafts with native vessels.

The term TEVS is often associated with large or small diameter vascular 
prostheses of macroscopic dimensions. However, the generation of microvascular 
networks in tissue engineering applications can also be considered a form of TEVS. 
As such, it is relevant to mention that the concept of artificially generating 
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microvascular networks has evoked much interest in angiogenic mechanisms. One 
study described in vivo experiments with TEVS to explore the role of nitric oxide 
(NO) on angiogenesis through mural cells recruitment and vascular morphogene-
sis.51 These in vivo experiments were performed in addition to in vitro experiments 
and provided additional data showing that EC-derived NO played an important role 
in the recruitment of mural cells and subsequent stabilization of angiogenic vessels.51 
Other publications have demonstrated the interest of the tissue engineering 
community for microvascular networks.52-55 Such technology could also have appli-
cations in the treatment of ischemic tissue.56-58 One study presents a biomaterials 
approach that provides an interesting structure based on polyhedral oligomeric 
silsesquioxane-PU nanocomposites to generate microvascular network.59

9.3.6  TEVS and Aging Processes

While aging is not pathological per se, it does have an impact on cellular character-
istics such as viability and proliferative capacity. Considering that vascular cells 
harvested for the production of autologous TEVS will come from patients of different 
age, including the elderly, a team of scientists chose to use porcine cells in a TEVS 
model to investigate the effects of vascular cell age on extracellular matrix deposi-
tion, cellular mitosis, and protein synthesis.44 Their results showed differences in 

Fig. 9.3 Angiogram of the lower limbs of a canine model 7 days after implantation of a TEVS made 
entirely of human cells for all three vascular layers: intima, media, and adventitia. From ref. 45
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the ECM of TEVS produced with SMC from infant rather than adult animals and 
demonstrated that such a model could be used to investigate various aspects of 
aging and vascular remodeling. This indicates that TEVS made with human cells 
from donors of different age could be useful tools to study fundamental cellular 
mechanisms in the effect of age on different vascular pathologies.

9.4  Future Perspectives

9.4.1  Bioengineering

The use of TEVS in the research on vascular physiology will become a question of 
selecting the appropriate tool for the aim of a specific research project. The use of 
human cells to produce tissue-engineered constructs with specific cell types being 
present or absent is one way to create models that are adapted for a given experimen-
tal objective. Bioreactors are another tool that will become more sophisticated and 
better adapted to vascular research. New bioreactors will be developed to allow fine 
control over pulse flow conditions to reliably mimic normal or pathological condi-
tions. They will also be designed to allow TEVS made of living cells to be kept 
viable and physiologically normal for periods extending as long as several weeks to 
provide better research tools into conditions that need more than a few days to 
develop detectable changes. Finally, there are the tools of genetic engineering that 
allow controlled upregulation or downregulation of specific genes, such as viral vec-
tors to provide efficient stable integration of inducible constructs in a specific cell 
type prior to their use in a TEVS and the use of RNA inhibition tools such as siRNA, 
shRNA, and morpholinos. Taken together, it will become possible to generate 
human vascular models in which many parameters can be experimentally controlled 
while keeping a cellular and tissular organization close to the physiological reality.

9.4.2  New Clinical Indications

Another yet to be completely perfected application is the use of bio-engineered 
prosthesis in hemodialysis. Indeed, in end-stage renal failure patients, arterio-
venous shunting is the preferred approach for hemodialysis, albeit vascular prosthe-
ses are also currently used. In a significant percentage of those patients, however, 
currently used prostheses promote a marked increased of peripheral vascular resis-
tance (PVR).60,61 The increased PVR is positively correlated with increased local 
vascular laminar flow disturbance, type of biomaterial used, as well as with an 
imbalanced production of vascular endothelial derived factors.62 For example, a 
recent report even suggests that ePTFE-containing vascular prostheses trigger the 
systemic release of inflammatory mediators such as Hypoxia Inducible Factor-1 
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alpha (HIF-1a)61 in a more marked fashion than in patients subjected to arterio-venous 
shunting. Developing more compliant and biocompatible vascular prostheses may 
therefore significantly reduce the complications associated with their use in dialysis. 
Finally, rather than implanting large vessels, the advent of a sieve-like network of 
small diameter vessels may ultimately lead to more compatible and compliant types 
of prostheses with additional extra-corporeal ionic exchange capacities for dialysis 
patients.

9.5  Conclusion

Recent progress in the research for a clinically successful tissue-engineered small 
diameter vascular graft gives us reason to be optimistic about reaching the stage of 
conclusive clinical trials within the next decade. The real challenge will be to 
develop cost-effective solutions that will allow such grafts to become readily 
available to all categories of patients. Meanwhile, various models of TEVS could 
provide physiologically relevant alternatives to human blood vessels and become 
increasingly used in fundamental and clinical vascular research.
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10.1  Introduction

The study of vascular tone regulation has been traditionally focused on layer-specific 
mechanisms and has changed through the years. Most early functional studies 
 characterized vasoconstrictor and vasodilator agents and their receptor types and 
subtypes. At the same time, a bulk of investigation focused on the neural regulation 
of medial function, characterized perivascular innervation in the adventitia and 
adventitial–medial border, and described both vasoconstrictor and vasodilator neu-
rotransmitters. The identification in the 1980s of nitric oxide (NO) as an 
 endothelium-derived relaxing factor (EDRF) reoriented vascular function studies 
of the next two decades. As a consequence, the endothelial layer is now considered 
a paracrine tissue, which produces and releases a variety of contractile and relaxant 
factors that directly and indirectly regulate medial function through modulation of 
neurotransmitter release. During this time, the adventitia was only regarded as a 
structural support for the media and its functional role was ignored. However, in 
recent years, there is increasing evidence of a direct modulation of the adventitia on 
blood vessel function in a variety of situations (for review see ref.).1-3

It has to be kept in mind that many blood vessels are surrounded by adipose tis-
sue. Similar to the adventitia, perivascular adipose tissue (PVAT) was considered 
only as a passive structural support for the blood vessel and was routinely removed 
for isolated blood vessel studies. Soltis and Cassis4 demonstrated for the first time 
that PVAT reduced contractions to noradrenaline in rat aorta. Since then, the inter-
est in analyzing the potential involvement of perivascular fat in the paracrine regu-
lation of vascular tone has been continuously increasing.

Adipose tissue is a source of substances, generically called adipokines. These 
include leptin, adiponectin, the unidentified adipose-derived relaxing factor 
(ADRF), as well as an increasing number of macrophage-derived factors (cytok-
ines). In addition, the complete renin–angiotensin system (RAS) is expressed in the 
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adipose tissue. These adipose-derived compounds allow the adipose tissue to estab-
lish a cross-talk with other organs and tissues by means of a true autocrine, para-
crine, and endocrine communication. Some of the substances secreted by adipocytes 
play a significant role in cardiovascular physiology, either by a direct modulation 
of vascular tone or by the stimulation of inflammation. Thus, there is increasing 
evidence suggesting that dysregulation of adipokines contributes to obesity-related 
cardiovascular diseases.5,6 The aim of this review is to focus on the adipokines 
synthesized and released by PVAT and their paracrine role in the direct regulation 
of vascular function.

10.2  Perivascular Adipose Tissue

Blood vessels are surrounded by adipose tissue, termed as periadventitial or PVAT. 
This includes large vessels (aorta, superior mesenteric artery, coronary arteries, etc.), 
as well as resistance vessels (small mesenteric arteries, intramuscular arteries, the 
stromal–vascular fraction of adipose tissue, etc.). The type of PVAT differs between 
vascular beds. Some studies have suggested that periaortic adipose tissue is brown 
(BAT), whereas mesenteric adipose tissue is white (WAT).7-9 This has been confirmed 
recently by the differential expression of the uncoupling protein 1 (UCP-1), a specific 
marker for BAT, in rat periaortic but not in rat mesenteric adipose tissue (MAT).10

According to the different types of adipose tissues, there are also some histologi-
cal differences between periaortic and mesenteric adipocytes from the rat 
(Fig. 10.1). Perivascular mesenteric adipocytes are bigger in size with a mean diam-
eter of approximately 40 µm when compared with periaortic adipocytes, which are 
four times smaller (mean diameter of approximately 9 µm).10

An important issue regarding PVAT is whether it can be considered as visceral 
adipose tissue. In its classical concept, visceral adipose tissue is intraperitoneal, and 
thus mainly composed of omental, mesenteric, and retroperitoneal fat masses.11 In 
view of this definition, adipose tissue surrounding mesenteric arteries can be con-
sidered visceral fat, whereas periaortic adipose tissue and fat surrounding other 
blood vessels outside the intraperitoneal cavity are not included in this definition. 
However, if visceral adipose tissue is considered as the fat deposited around inter-
nal organs, i.e. periorganic adipose tissue, then PVAT can also be included in the 
definition of visceral adipose tissue. This change in concept is crucial to include 
PVAT in all the ulterior implications of visceral adipose tissue for cardiovascular 
regulation and cardiovascular risk.

10.3  Vasoactive Factors Released by PVAT

During the last decade, an important number of adipocyte-derived peptides with 
vasoactive effects have been identified.
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10.3.1  Leptin

Leptin is a hormone mainly synthesized by adipocytes.12 It participates in the regu-
lation of vascular tone through two different mechanisms: (1) an indirect vasocon-
striction through stimulation of sympathetic activity at hypothalamic level,13,14 and 
(2) a direct vasodilatation that depends on an intact and functional endothelium 
through mechanisms that vary between different vascular beds. In vivo, experi-
ments have revealed that leptin infusion reduces arterial pressure by increasing NO 
release.15 In aorta, such an effect involves a mechanism linked to the activation of 
endothelial nitric oxide synthase (eNOS) in the endothelium.16,17 In mesenteric 
arteries, leptin induces the release of endothelium-derived hyperpolarizing factor.16 
Moreover, an endothelium-independent anticontractile effect of leptin on angio-
tensin II-induced contractions has recently been described.18

Leptin is produced by PVAT, both in the aorta and in mesenteric arteries at active 
concentrations.19 This leads to the suggestion of a paracrine role of leptin from 
PVAT in the regulation of vascular tone. Unfortunately, the lack until now of 

Fig. 10.1 (a) Adipocytes from rat perivascular adipose tissue (PVAT). Left panel shows mesen-
teric adipose tissue (MAT) and right panel shows pariaortic adipose tissue (PAT). (b) Expression 
of uncoupling protein-1 (UCP-1) in PAT but not in MAT, demonstrating that PAT is brown adipose 
tissue (BAT)
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 selective leptin antagonists does not allow to discriminate between the effects elic-
ited by either circulating or PVAT-derived leptin. Further studies will be necessary 
to address this question.

10.3.2  Adipocyte-Derived Relaxing Factor (ADRF)

In 2002, Löhn et al described the inhibitory action of PVAT on aortic contractions 
to a variety of vasoconstrictors. This anticontractile action is induced by a transfer-
able protein factor released by adipocytes, which the authors called ADRF, in anal-
ogy to EDRF.

The anticontractile effect of ADRF has been described in rat,20-24 mouse,25 and 
human arteries.26,27 It seems to be mediated by different mechanisms depending on the 
vascular bed. In rat aorta, both an endothelium-dependent22 and an endothelium-
independent relaxation22,23 have been reported. The endothelium-dependent relaxation 
is mediated through NO release and subsequent calcium-dependent K+ channel activa-
tion.22 The endothelium-independent effect is mediated either by H

2
O

2
 formation22 or 

by the activation of tyrosine kinase pathways and opening of ATP-dependent K+ (K
ATP

) 
channels.23 In rat mesenteric arteries, ADRF induces an endothelium-independent 
relaxation through the activation of voltage-dependent K+ channels (K

v
).21,24

ADRF has been also found in the human thoracic artery.26,27 In this vessel, the 
anticontractile effect of PVAT is also due to K+ channels opening26 and independent 
on the release of NO or prostacyclin.27 Since the human thoracic artery is the gold 
standard graft for coronary artery surgery, the finding of an anticontractile effect of 
PVAT has led to the suggestion that removal of PVAT, i.e. skeletonization of the 
vessel, might be deleterious for the graft patency.27-29

ADRF is released by perivascular adipocytes. The mechanism of ADRF release 
from rat aortic PVAT is dependent on calcium and cAMP.20 It does not involve Na+ 
channels, neuronal N-type Ca2+-channels, vanilloid/cannabinoid or calcitonin gene-
related peptide receptors excluding the participation of perivascular nerves in 
ADRF release.20

Interestingly, the anti-contractile effect in these vessels is directly dependent on 
the amount of periadventitial fat.21,24 The resting membrane potential of mesenteric 
vascular smooth muscle cells is more hyperpolarized in intact mesenteric rings sur-
rounded by fat than in rings without fat,24 suggesting that PVAT contributes to the 
maintenance of basal mesenteric artery tone.

An essential question that remains to be answered concerns the chemical struc-
ture of ADRF. The identity of ADRF with leptin has been discarded, since the lack 
of functional leptin receptors in the Zucker fa/fa rats did not modify the effect of 
perivascular fat.23 Moreover, the identity of ADRF with adiponectin (see below) has 
also been discarded, since the anticontractile effect of PVAT is still present in adi-
ponectin knock-out mice (APN−/−).25 Some candidates of different masses (74–
13.8 kDa) have been proposed,30 and further studies will be necessary to finally 
identify ADRF.
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10.3.3  Adiponectin

Adiponectin is an adipokine mainly synthesized by the adipose tissue. This hormone 
has been shown to induce vasodilatation in rat aorta and in mouse mesenteric arteries 
through an endothelium-independent mechanism involving the activation of K

v
 chan-

nels.25 Other authors have shown that adiponectin increases NO release from vascular 
endothelial cells in culture.31,32 Moreover, adiponectin seems to preserve endothelial 
function through inhibition of endothelial cell activation33 and synthesis of inflamma-
tory markers.34 To which degree circulating or PVAT-derived adiponectin contributes 
to regulation of vascular tone is a subject that deserves future research.

10.3.4  Reactive Oxygen Species: H
2
O

2
 and O

2
−

Hydrogen peroxide (H
2
O

2
), a nonradical form of reactive oxygen species, can be pro-

duced in perivascular adipocytes either by the membrane-bound NAD(P)H oxidase 
system22 and also by the activity of the superoxide dismutase (SOD). H

2
O

2
 has been 

shown to be a vasoactive substance that induces both contractile and relaxant responses 
on blood vessels by different mechanisms depending on vessels type, contractile sta-
tus, concentrations, and animal species.35 On the one hand, it seems that the contractile 
effect mediated by H

2
O

2
 is probably due to direct activation of cyclooxygenase 

(COX), and it has also been attributed to an increase in intracellular Ca2+.36,37 On the 
other hand, H

2
O

2
 can also induce relaxation and several mechanisms have been pro-

posed. The best known is endothelium-independent relaxation mediated by activation 
of smooth muscle K+ channels. H

2
O

2
 directly opens K+ channels by oxidation of their 

cystein residues. In addition, H
2
O

2
 is related to endothelium-dependent relaxation as a 

result of an increased NO production by NOS activation secondary to the activation of 
endothelial K+ channels.36 Moreover, it is well known that H

2
O

2
 might also induce 

relaxation by direct activation of smooth muscle soluble guanylate cyclase (sGC).22,38 
Whereas the contractile effects seem to occur at lower micromolar concentrations, 
relaxation appears at concentrations higher than 0.1 mM.36

On the other hand, superoxide anions can be also produced in PVAT by the 
NAD(P)H oxidase system.22 Recent studies39 demonstrated that superoxide anion 
potentiated vasoconstriction to norepinephrine in rat mesenteric arteries, but the 
mechanism for this effect has not been elucidated yet. Moreover, O

2
− indirectly 

promotes vasoconstriction through the inactivation of endothelial NO.40

10.3.5  The Renin–Angiotensin System (RAS) in PVAT

During the last decade, the existence of a local RAS in adipose tissue and its func-
tional importance has attracted closer attention.41-43 White adipose tissue is the most 
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abundant source of angiotensinogen, the substrate of the system, after the liver.44 
Angiotensinogen is cleaved by renin producing angiotensin I (Ang I), which is then 
converted to angiotensin II (Ang II) by either angiotensin-converting enzyme 
(ACE) and/or chymase. The decapeptide Ang I is also a substrate of ACE2, which 
catalyzes Ang 1–7 production. Ang II is considered to be the major effector peptide 
of the RAS by binding two different receptors, AT

1
 and AT

2
. AT

1
 receptors are 

widely distributed and mediate most of the biological responses that contribute to 
the known pressor, trophic, and proinflammatory effects of Ang II, whereas AT

2
 

receptors antagonize several of the AT
1
 receptor-mediated responses (for review see 

ref. 43).
Moreover, almost all components of the system have been described in both 

white and brown adipose tissue.43,45,46 However, while most of the studies investi-
gating the RAS in adipose tissue have focused on subcutaneous and visceral adi-
pose tissues, little attention has been paid to PVAT. In this context, our group has 
recently shown expression of all components of the RAS, except renin, in PVAT of 
the aorta and mesenteric arteries from Wistar Kyoto rats (WKR) (Fig. 10.2). An 
important new finding is the expression of the (pro)renin receptor, ACE2 and of 
three AT

1a
 receptor isoforms in PVAT.

An intriguing and important question that deserves future investigation is the 
physiological role of the perivascular adipose RAS. Speculating, the most obvious 
implication of perivascular adipose RAS is to contribute to the regulation of vascu-
lar tone. Local adipose Ang II could induce direct contractile responses and modu-
late the response to other adipokines. Interestingly, the inhibitory effect of both 
ADRF23 and leptin47 on Ang II-induced contractions is more potent than their anti-
contractile effect on other vasoconstrictors. This suggests that there might be a 
balance between adipose tissue-derived vasodilator and vasoconstrictor factors 
essential for the maintenance of vascular resistance. Moreover, owing to the trophic 

Fig. 10.2 Components of the renin–angiotensin system (RAS) expressed in PVAT of normoten-
sive Wistar Kyoto rats (WKY). ACE > angiotensin-converting enzyme; ACE2 > angiotensin-converting 
enzyme 2; AT

1
 > angiotensin receptor type 1; AT

2
 > angiotensin receptor type 2. Levels of ACE, 

chymase, angiotensin II, AT
1
 (Exon 1+2+6bp+3), and AT

2
 receptors are higher in mesenteric 

PVAT when compared with periaortic PVAT10
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effects of Ang II, the local production of this peptide in PVAT would also have a 
substantial impact on vascular structure.

10.3.6  Inflammatory Cytokines

Adipose tissue produces a high variety of inflammatory cytokines such as interleu-
kins (IL-6, IL-1b), TNF-a, monocyte chemotactic protein (MCP-1), etc. These 
cytokines have been suggested to participate in inflammation of adipose tissue and 
to contribute to both obesity-associated insulin resistance and vascular dysfunction. 
Recently, several excellent reviews have been published specifically focused on 
this issue.48,49

10.4  Perivascular Adipose Tissue and Cardiovascular 
Pathophysiology

Visceral adipose tissue is recognized as an important indicator of high cardiovascu-
lar and metabolic risk. However, there are very few studies analyzing the role of 
PVAT on vascular function in a number of pathophysiological situations, particu-
larly in obesity and metabolic syndrome.

10.4.1  Hypertension

The relevance of PVAT to hypertension has been demonstrated in several recent 
publications. The spontaneously hypertensive rat (SHR) is a well-known and 
widely used model of hypertension. These animals are lean and exhibit lighter 
adipose pads when compared with normotensive WKY.21 The reduction in adipose 
tissue is due to the presence of smaller adipocytes in SHR when compared with 
WKY with no changes in the adipocyte number between strains. Reductions in 
PVAT mass correlate with a reduced anti-contractile effect of PVAT in mesenteric 
artery rings from SHR and with a lower release of vasodilatory adipocytokines, 
such as ADRF and leptin.21 Interestingly, these changes in periadventitial fat 
observed in SHR precede hypertension since alterations in PVAT mass and function 
are already present in 4-week-old SHR, which are prehypertensive.50

Leptin deficiency in PVAT is also related to hypertension. Plasma leptin concen-
tration is lower in SHR when compared with WKY (7.6 ± 1.0 ng/ml vs. 11.5 ± 2.2 ng/
ml; p < 0.05). This positively correlates with the less amount of PVAT observed in 
SHR (r > 0.84; p < 0.05) as well as with lower leptin levels in MAT. Moreover, SHR 
show an impairment of leptin-induced vasodilatation in SHR. These findings 
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 support the novel concept that a reduction in the amount of PVAT contributes to the 
increased vascular resistance observed in lean SHR.21

10.4.2  Obesity

In light of the findings reviewed above, there seems to be a contradiction between 
the anticontractile effect of PVAT depending on the amount of fat and obesity-
related hypertension. The volume of PVAT increases throughout the vasculature in 
obesity both in animal models51 and in humans.52 Thus, it would be conceivable to 
think that in these circumstances, the anticontractile effect of PVAT would be 
increased. However, there is evidence that in obese patients and animal models of 
obesity, the production of adipokines might be unbalanced in favor of vasoconstric-
tor and proinflammatory substances.

Gao et al26 demonstrated that the anticontractile effect of PVAT is lost in an 
animal model of obesity despite higher amounts of perivascular fat. Similarly, NZO 
mice, which have a severe metabolic syndrome associated with hypertension,53 
show a reduced anticontractile effect of PVAT.25 Furthermore, a pathophysiological 
relevance of Ang II production in PVAT for blood pressure regulation cannot be 
excluded.41,54 Thus, an increased local formation of angiotensinogen and Ang II in 
rat adipocytes due to overfeeding might represent a link between increased adipose 
tissue mass and hypertension in rodents.55,56 Similarly, local Ang II formation in 
adipose tissue is increased in obese hypertensive subjects.42,57

10.5  Regional Differences Between PVAT and Vascular Beds

According to the different types of PVAT, several findings suggest that there might 
be also regional differences in the paracrine effects of PVAT depending on the vas-
cular bed.

Regarding ADRF, the channels activated by PVAT in mesenteric arteries (K
v
) 

differ from the channels proposed to be activated in the aorta (K
ATP

), suggesting that 
there might be vascular regional differences in the effects of ADRF. Based on these 
findings, the existence of different ADRFs has been suggested.24

Moreover, there are also differences between normotensive and SHR (see above) 
correlating with differences in the amount of PVAT. We have shown that mesenteric 
PVAT has similar mRNA levels between the strains, but almost tenfold lower leptin 
protein content in SHR. This correlates with the lower amount of MAT found in the 
hypertensive strain. In contrast, periaortic adipose tissue amount is similar between 
strains, correlating with similar leptin protein content. Therefore, in SHR there is a 
reduction in perivascular leptin restricted to white PVAT and resistance arteries 
supporting, again, the concept that a reduction in the amount of PVAT contributes 
to the increased vascular resistance observed in lean SHR.
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The RAS in PVAT also shows regional differences between vascular beds. Gene 
expression levels of some RAS components are different between periaortic (brown 
adipose tissue) and perimesenteric fat (white adipose tissue). The finding that Ang 
II levels and both AT

1a
 and AT

2
 receptor expression levels are higher in mesenteric 

fat suggests that RAS-mediated effects might differ depending on the type of sur-
rounding adipose tissue and the type of vascular bed.10

10.6  Hypothesis of the Role of PVAT in Health and Disease

According to the data reviewed here, PVAT seems to have a dual function in health 
and disease (Fig. 10.3). Under physiological conditions, PVAT releases a number 
of adipokines (leptin, ADRF, adiponectin, H

2
O

2
) that are essential for the mainte-

nance of vascular resistance and elicit a beneficial effect on vascular function. 
Consequently, in situations of normal weight, the protective and beneficial role of 
perivascular adipokines increase parallel to the amount of PVAT. However, in situ-
ations of overweight and obesity, there seems to be a shift in the balance between 
adipose tissue-derived vasodilator and vasoconstrictor factors. This unbalance 
toward a predominance of vasoconstrictor factors in obesity could provide the link 
between obesity, cardiovascular functional and structural alterations, and cardiovas-
cular diseases.

Fig. 10.3 Hypothesis of the role of PVAT and PVAT-derived adipokines in health and disease 
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11.1  Introduction

Endothelial function refers to a multitude of physiological processes of the vascular 
endothelium that maintain healthy homeostasis of the vascular wall and may be 
used as a barometer of the injury/repair inflicted by multiple environmental and 
genetic factors.1-3

This chapter reviews the structure and function of the normal endothelium, the 
factors that lead to abnormal endothelial function, the methods for measuring vas-
cular dysfunction, and the prognostic value of these measures.

11.2  Endothelium – Structure and Function

The endothelium is a monolayer of cells covering the inner surface of blood vessels 
in arterial, venous, and capillary beds. Though initially seen as a simple barrier 
providing impermeability to blood vessels, demonstration of an endothelium-
derived relaxing factor by Furchgott and Zawadzki and later the description of 
nitric oxide (NO) and the l-arginine-NO-cyclic guanosine monophosphate (cGMP) 
pathway by Ignarro and Murad instigated an avalanche of interest in this.4

Current understanding indicates that the endothelium is a dynamic organ, 
regulating the circulation in response to physical and chemical signals by the 
production of a wide range of factors. In response to shear stress, temperature 
change, bradykinin, and acetylcholine, the endothelium modulates flow by 
controlling vasodilator tone. Effector molecules elaborated by the healthy 
endothelium include NO, prostacycline, endothelium-derived hyperpolarizing 
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factors (EDHF), carbon  monoxide (CO), and endothelin. These substances act 
in a paracrine fashion on the vascular smooth muscle and thus modulate vaso-
motor tone. In addition, the healthy endothelium promotes flow by its rheo-
logic effects on blood components that include inhibition of clotting factor 
activation, platelet aggregation, and adhesion of inflammatory cells. Finally, 
recent work suggests that damage or denudation of the endothelium is repaired 
and regenerated by the action of local and circulating endothelial progenitor 
cells (EPCs).

11.3  Endothelial Dysfunction – Features and Mechanisms

In response to damaging environmental exposures and possibly exacerbated by 
genetic factors, protective features of the healthy endothelium may be diminished 
– predisposing individuals to the development of overt atherosclerosis and its 
untoward consequences. If endothelial health is typified by appropriate vasodila-
tion, inhibition of platelet aggregation and clotting factors, maintenance of a barrier 
to inflammatory infiltrate, and by adequate measures of repair, then endothelial 
dysfunction is characterized by vasoconstriction, promotion of thrombosis, inflam-
mation and smooth muscle proliferation, and reduced number and function of 
endothelial progenitors.5

Traditional cardiovascular risk factors that precipitate atherosclerosis are also 
associated with endothelial dysfunction. These include sedentary lifestyle, obesity, 
hypercholesterolemia, hypertension, diabetes mellitus, insulin resistance, tobacco 
smoking, aging, and others3,6,7 (Table 11.1). The extent of endothelial dysfunction 
appears to correlate with the traditional risk factor “burden,” implying that com-
bined or repeated injury to the vascular endothelium results in greater dysfunction. 
However, there is considerable heterogeneity in the magnitude of dysfunction 
observed in individuals with similar risk factor profiles. Novel risk factors such as 
infections, hyperhomocysteinemia, genetic heterogeneity, and the variable duration 
of exposure to individual risk factors presumably account for some of this observed 
variability8-12 (Table 11.1).

These exposures promote oxidative processes in the vascular wall that 
result in the production of reactive oxygen species, which ultimately lead to 
activation of the vascular renin–angiotensin system, transcriptional factors, 
growth factors, proinflammatory cytokines, chemoattractant substances, and 
adhesion molecules.6,7 This complex cascade of events reduces the bioavail-
ability of NO and underlies the transition that occurs from normal endothelial 
function to endothelial dysfunction. In this way, endothelial dysfunction can 
be construed as a precursor or forme fruste of atherosclerosis, as these features 
precede lesion development.13 Thus, the severity and progression of athero-
sclerotic disease are critically determined by the functional integrity of the 
endothelium.14-26
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11.4  Nitric Oxide

NO is the predominant mediator of normal vascular function, and its reduced bio-
availability is associated with endothelial dysfunction, oxidative stress, and inflam-
mation.27,28 NO is a soluble gas synthesized by endothelial NO synthase (eNOS) 
from l-arginine, a process that requires the cofactor tetrahydrobiopterin for cata-
lytic activity29 (Fig. 11.1). Endothelial NOS is normally present as a dimer that acts 
in a “coupled” state to generate NO in the presence of adequate levels of tetrahyd-
robiopterin.30 In the initiating step of l-arginine oxidation, tetrahydrobiopterin 
donates an electron to the ferrous–dioxygen complex in the oxygenase domain, 
leading to separation of the dioxygen and formation of an iron–oxy species. On 
generation of NO, tetrahydrobiopterin is converted into 7,8-dihydrobiopterin and is 
recycled back to tetrahydrobiopterin in a two-step process. Lack of tetrahydrobiop-
terin impairs this process and leads to generation of superoxide from the ferrous–
dioxygen complex instead of NO.30 The superoxide anion is an unstable free radical 
that rapidly reacts with free NO to form peroxynitrite that can in turn react with 
other compounds to generate several reactive oxygen species. These reactive 
 oxygen species are intermediate products of the electron transport chain, are elec-
trochemically unstable, and lead to a state of increased oxidative stress. This phe-
nomenon, often precipitated by tetrahydrobiopterin deficiency, has been referred to 

Table 11.1 Risk factors associated with endothelial dysfunction in the absence of clinical 
atherosclerosis

Sedentary lifestyle
Hypertension
Hypercholesterolemia
Diabetes
Heart failure
Estrogen withdrawal
Age
Smoking
Multiple infections
Homocystinuria
Prinzmetal’s angina
Insulin resistance
Inflammation
Rheumatoid arthritis, systemic lupus erythemotosis
Chronic renal disease
Multiple infections
Periodontitis
Sleep apnea
Erectile dysfunction
Polycystic ovary syndrome
Nitrate tolerance
Alzheimer’s disease
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as eNOS “uncoupling,” and characterizes an abnormal state of eNOS function that 
underlies endothelial dysfunction, where there is diminution of NO and increased 
production of reactive oxygen species.

NO release can be stimulated by endogenous factors such as bradykinin, cate-
cholamines, and ischemia, and by physical or mechanical stimuli, including tem-
perature changes and increases in shear stress. Release of NO leads to smooth 
muscle vasodilation by a cGMP-dependent mechanism activating intracellular gua-
nylate cyclase, and hence is a major determinant of resting vasomotor tone.

Absent or reduced activity of NO predisposes the vessel wall not only to 
increased vasoconstrictor tone that could lead to spasm, hypertension, and exacer-
bation of ischemia, but also to a variety of long-term deleterious effects on the 
vasculature. Reduced NO bioavailability is responsible for nuclear factor kappa 
beta-(NF-kb-) dependent activation of selectins and other adhesion molecules that 
promote vascular inflammation and ultimate development of atherosclerosis. It 
increases thrombogenicity of platelets and coagulability of blood, increasing the 
likelihood of thrombosis.31 Finally, reduced NO bioavailability is associated with 
reduced counts and functional measures of EPCs – in part since the release of 
EPCs from the bone marrow is an NO-dependent process.32-34 Given the central 
role of NO in mediating endothelial dysfunction, impairment of vasodilation due 
to decreased NO availability has often been used as a measure of endothelial 
function.35-39
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11.5  Prostaglandins

Factors that stimulate endothelial release of NO also activate the cyclooxygenase 
pathway to generate vasoactive metabolites of arachidonic acid. Prostaglandin gen-
eration differs by species and circulatory beds; however, foremost among these 
active biological products are the vasodilator, prostacyclin, and vasoconstrictor, 
thromboxane A2. Prostacyclin elicits smooth muscle relaxation by activating spe-
cific cell surface receptors (IP) that are G-protein-coupled to adenylyl cyclase (AC), 
thereby elevating cyclic adenosine monophosphate levels (Fig. 11.2). It acts inde-
pendently of NO as another endothelium-derived vasodilator by desensitization of 
the smooth muscle contractility to calcium.40 Prostacyclin also possesses nonvaso-
active properties that include promotion of fibrinolysis and inhibition of platelet 
adhesion and aggregation.41

The contribution of prostacyclin to endothelium-dependent relaxation is often 
evident only after inhibition of eNOS, that is believed to be due to a tonic inhibitory 
effect of NO. NO may either enhance or inhibit cyclooxygenase activity and 
expression.42 Thromboxane also promotes platelet aggregation, and this balance 
between prostacyclin and thromboxane can vary critically in healthy and diseased 
states. In human blood vessels, it appears that NO and not prostacyclin, is the major 
mediator of vascular tone.

11.6  Endothelium-Derived Hyperpolarizing Factor (EDHF)

Even after complete inhibition of NO and prostaglandin synthesis, endothelium-
dependent vasodilation persists via hyperpolarization of vascular smooth muscle 
cells. This NO- and prostaglandin-independent component of vasodilator tone has 
been attributed to EDHF. EDHF can compensate for loss of NO-mediated vasodila-
tor tone, particularly in the microcirculation.43

Potential EDHFs differ by species and vascular bed. They act by increasing 
potassium conductance resulting in the subsequent propagation of depolarization 
of vascular smooth muscle cells and relaxation44-46 (Fig. 11.2). In the human vas-
culature, endothelium-dependent hyperpolarization is at least partly caused by 
the release of epoxyeicosatrienoic acids from the cytochrome P450-dependent 
metabolism of arachidonic acid. These products promote vasodilation by stimu-
lating small and large calcium-dependent potassium channels on endothelial cells 
and subsequent hyperpolarization47 (Fig. 11.2). The EDHF phenomena may be 
further explained by the transmission of endothelial cell hyperpolarization to the 
vascular smooth muscle via gap junctions.37,48,49 These couple endothelial cells to 
other endothelial cells and to smooth muscle cells, providing a low-resistance 
electrical pathway between the cell layers. Gap junctions are formed by the dock-
ing of two connexons present in adjacent cells that creates an aqueous pore per-
mitting the transfer of ions and electrical continuity that establishes a uniform 
membrane potential across cells.50,51 Their number increases with diminution in 
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the size of the artery, paralleling the importance of EDHF to vessel size with a 
greater influence in the resistance than in the conductance vessels. Various 
endothelial oxidases, including NO synthase, lipoxygenases, cytochrome P450 
epoxygenases, NAD(P)H oxidases, and xanthine oxidase generate superoxide 
anions that are degraded to hydrogen peroxide spontaneously or through super-
oxide dismutase – dependent dismutation.52 Hydrogen peroxide also has the abil-
ity to activate calcium-dependent potassium channels and remains a contender as 
an EDHF53 (Fig. 11.2).

The three main mediators of endothelial vasodilator function, NO, prostacyclin, 
and EDHF, appear not to be mutually exclusive and act synergistically in a complex 
manner to maintain the health of the vasculature (Fig. 11.2). These interactions 
have been demonstrated in the physiological maintenance of vascular tone where 
the contribution of each vasodilator is not equally distributed, and further, as a 
compensatory mechanism in response to the deficiency of an alternate mediator. In 
conduit arteries, NO is the predominant endothelium-derived vasodilator but has 
relatively less prominent contribution in the resistance vessels of the microcircula-
tion where EDHF appears to predominate.54 NO may tonically inhibit EDHF 
responses as some studies could only demonstrate EDHF responses once NO pro-
duction had been inhibited.55

Alteration of EDHF-mediated responses have been reported with aging, 
hypertension, atherosclerosis, hypercholesterolemia, heart failure, angioplasty, 
eclampsia, diabetes, and sepsis. Depending on the vascular bed, this may either 
contribute to endothelial dysfunction, or compensate for the loss of NO bio-
availability.56-58 In the human forearm of hypertensive subjects, endothelium-
dependent vasodilation is maintained despite decreased NO bioavailability 
because of the compensatory increased activity of EDHF.57,58 Hypercholesterolemia 
is generally associated with preserved EDHF responses where its enhanced 
activity may compensate for the decrease in NO-mediated relaxation.59-61 
Endothelium-dependent hyperpolarization appears to be inhibited in isolated 
gastroepiploic arteries from atherosclerotic patients, an effect that may be sec-
ondary to the duration of hypercholesterolemic injury.62 In contrast, EDHF-
mediated responses are depressed in some models of type I and type II diabetes 
with the exception of murine models.63 Thus, whether EDHF plays a causal or 
compensatory role in the endothelial dysfunction in the human circulation 
remains to be elucidated.

11.7  Carbon Monoxide

CO is a potent vasodilator in most vascular beds. It is an endogenously derived 
gas formed predominantly from the breakdown of heme by the enzyme heme 
oxygenase. This oxidative reaction serves as the first and rate-limiting step in 
heme catabolism by one of two distinct isoforms of heme oxygenase that are 
expressed in the vascular endothelium and smooth muscle.64 Mechanisms 



194 M.A. Ozkor et al.

underlying CO-induced vasodilation include the stimulation of soluble guany-
late cyclase, inhibition of cytochrome P450, or activation of potassium 
channels.64

Evidence suggests that the heme oxygenase-CO system plays a beneficial role 
against atherosclerosis progression with its expression in the endothelium and 
foam cells of atherosclerotic lesions.65 Oxidized low-density lipoprotein is a 
potent inducer of heme oxygenase in human vascular cells,66 and its deficiency is 
associated with early atherosclerotic changes, and a polymorphism in the pro-
moter region that is linked to reduced expression of heme oxygenase appears to 
be associated with susceptibility to coronary artery disease.67-70 Though it is a 
vasodilator, CO is also a tonic inhibitor of eNOS as a result of binding to its 
prosthetic heme.

11.8  Endothelin

Shortly after the identification of the endothelial-derived relaxing factor, an 
opposing and potent vasoconstrictor agent with a novel 21-amino acid peptide 
sequence, called endothelin-1, was discovered.71 Two additional endothelin-like 
peptides termed endothelin-2 and endothelin-3 were subsequently identified. 
Endothelin-1 is the predominant isoform that is produced and released primarily 
by endothelial cells and is found to a lesser extent in cardiomyocytes, 
 macrophages, leukocytes, and mesangial cells. By stimulating specific receptors, 
endothelin-1 manifests a profound vasoconstrictor effect, stimulates proliferation 
and hypertrophy of vascular smooth muscle cells, and promotes cell adhesion and 
thrombosis.71,72 It is synthesized by cleavage of a 203-amino acid, pre-pro-
endothelin by a family of metalloproteases located in the vascular endothelial and 
smooth muscle cells, in a protein kinase C-dependent manner. Endothelin-1 is 
released in response to physical and chemical stimuli such as stretch, shear stress, 
and pH, and is upregulated with exercise, hypoxia, elevated levels of oxidized 
low-density lipoprotein and glucose, estrogen deficiency, obesity, cocaine use, 
aging, and thrombin.

Circulating levels of endothelin-1 appear to be lower in adults when compared 
with children and differ by ethnicity. Elevated levels have been found in both tissue 
and plasma of those with coronary artery disease, myocardial infarction, heart 
 failure, pulmonary hypertension, renal failure, and after mechanical vascular injury 
from percutaneous coronary intervention. In experimental hypercholesterolemia, 
chronic endothelin receptor antagonism preserves coronary endothelial function 
and increases NO activity.73 Moreover, selective or nonselective endothelin recep-
tor blockade normalized NO-mediated endothelial dysfunction and reduces ather-
oma formation in models of atherosclerosis.74-76 Thus, vasomotor tone in vivo is 
modulated by a balance between endothelially derived vasoconstrictors and 
 vasodilators, with increased constrictor tone being mediated by endothelin-1 and 
vasoconstrictor prostanoids.77,78
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11.9  Measures of Endothelial Dysfunction

In humans, endothelial dysfunction can be assessed by measuring vasodilation in 
response to specific endothelium-dependent pharmacologic or physiologic stimuli 
either in vitro (isolated arteries), or in vivo in the forearm, coronary, or peripheral 
circulations.

11.9.1  Noninvasive Measures of Endothelium-Dependent 
Vasodilation

Flow-mediated dilation (FMD) involves the measurement of the change in diameter of 
the brachial or radial artery using high-resolution ultrasound where vasodilation is 
induced by increased shear stress, a stimulus for NO release by the normal  endothelium. 
Reactive hyperemia following a 5-min period of forearm ischemia causes arterial 
NO-dependent vasodilation and has been used extensively and reproducibly in clinical 
studies, but is highly operator-dependent.38,79,80 FMD is predominantly NO-mediated, 
it correlates with coronary endothelial function,39 and is depressed in subjects with 
atherosclerosis and those with cardiovascular risk factors.35,37 Vascular responses to the 
endothelium-independent dilator, nitroglycerine, is used to ensure that any depression 
in measured FMD is not secondary to smooth muscle dysfunction.

Alternative approaches for measurement of endothelial function have involved 
modification of arterial compliance tests. Systolic pulse contour analysis by radial 
artery tonometry provides an indirect assessment of central aortic waveforms, and 
the reduction in arterial stiffness with the b2 agonist salbutamol appears to be an 
NO-dependent effect.81 Changes in augmentation index in response to salbutamol 
can be measured from the peripheral arterial waveform and correlate with blood 
flow responses to acetylcholine, as a measure of NO bioavailability, which have 
been validated in adults and shown to change with exposure to risk factors and 
atherosclerotic disease.81-85

Pulsatile arterial tonometry has also been introduced as a reproducible technique 
for assessment of endothelial function.86 The ratio of the finger-tip hyperemic 
response to the basal flow appears to correlate with coronary endothelial function,87 
and with risk factors.38 This technique is now being extensively evaluated in large 
epidemiologic and interventional studies.

11.9.2  Invasive Measures of Endothelium-Dependent 
Vasodilation

Endothelial function in the microcirculation (resistance vessels) can be assessed by 
measurement of blood flow changes using strain gauge venous  plethysmography 
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of the forearm in response to pharmacologic stimulation.88-90 Intra-arterial infu-
sions of endothelium-dependent vasodilators such as acetylcholine, bradykinin, 
and substance P evaluates the capacity for release of endothelium-derived vaso-
dilators, and use of specific antagonists such as L-NG monomethyl arginine 
allows assessment of NO activity, and the change in response after vitamin C 
indicates the contribution of oxidative stress to the reduced endothelial func-
tion. Importantly, endothelial dysfunction detected as reduced microvascular 
vasodilator response to acetylcholine was associated with a worse long-term 
outcome.24

11.9.3  Coronary Endothelial Function

Endothelial vasomotion measured in the coronary circulation may be consid-
ered to be the “gold standard” method for assessment of endothelial function. 
It can be measured as the vasodilator response to intracoronary infusion of 
acetylcholine or other endothelium-dependent probes, by the use of quantitative 
coronary angiography for assessment of changes in conduit vessel diameter, 
and intracoronary Doppler for the direct calculation of changes in coronary 
blood flow and coronary vascular resistance.41,91 The normal endothelial 
response to acetylcholine is dilation of both epicardial vessels and microcircu-
lation, resulting in an increase in coronary blood flow. With endothelial dys-
function, the epicardial vasodilator responses become attenuated or paradoxical 
vasoconstriction occurs, and a less robust increase in blood flow will be seen 
indicating epicardial and microcirculatory endothelial dysfunction, respec-
tively. Endothelium-independent function can be assessed as the vasodilator 
response to sodium nitroprusside and flow reserve as the vasodilator response 
to adenosine.

11.10  Endothelial Dysfunction and Prognosis

Endothelial dysfunction, both in the coronary and peripheral vasculature, is a 
predictor of adverse long-term cardiovascular events in patients with coronary 
disease, hypertension, heart failure, or atherosclerosis.14,15,25,92-97 In patients with 
and without significant coronary disease undergoing coronary angiography, the 
presence of epicardial or microvascular endothelial dysfunction appears to be an 
independent predictor of cardiovascular events, including death, myocardial 
infarction, stroke, and hospitalization for unstable angina.14-16,92,98,99 Endothelial 
dysfunction is also a predictor of future development of hypertension, diabetes, 
progression of atherosclerosis, and of adverse cardiovascular events, independent 
of the risk factor burden.16,100
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11.11  Biomarkers of Vasodilator Capacity

Abnormalities of endothelial function may also be detected by the measurement of 
circulating biomarkers reflective of endothelial health. These include measures of 
NO biology, inflammatory cytokines, adhesion molecules, regulators of  thrombosis, 
as well as markers of endothelial damage and repair.101

Direct measurement of NO or its oxidized products, nitrites, and nitrates in 
circulating blood is fraught with difficulties because of the diet-related and non-
vascular sources of nitrates. Asymmetric dimethylarginine (ADMA) is an 
endogenously derived competitive antagonist of eNOS that may reflect the func-
tional status of endothelial health.102 Intra-arterial infusion of ADMA reduced 
forearm blood flow as measured by venous occlusion plethysmography in the 
initial investigations reporting its role as an endogenous inhibitor of NO.103,104 
The enzymatic breakdown of ADMA is sensitive to altered redox conditions 
associated with inflammation and cardiovascular risk factors.105 ADMA levels 
are elevated in cardiovascular risk states and with risk factor burden, including 
hypercholesterolemia,106 hypertension,107 diabetes,108,109 hyperhomocystinemia,110 
and in individuals with overt atherosclerotic disease.111,112 Levels are increased 
in heart failure,113-115 renal failure,116 and pulmonary hypertension.117 A fall in 
ADMA level occurs during normal pregnancy, but is increased in women with 
preeclampsia.118-120

Inflammatory cytokines and adhesion molecules may also provide an indication 
of endothelial function with levels increasing with endothelial cell activation. Such 
molecules include E-selectin, vascular cell adhesion molecule 1, intercellular adhe-
sion molecule 1, and P-selectin.38,121 Elevations of C-reactive protein122 levels have 
an inverse correlation with forearm blood flow responses to acetylcholine in 
patients with coronary artery disease.123 In the community-based Framingham 
Heart Study of 2,113 participants, FMD positively correlated with plasma 
N-terminal proatrial natriuretic peptide and renin after multivariable analyses 
(adjusting for known risk factors) but did not correlate with CRP.124

Novel markers of oxidative stress may be important in providing an indication 
of endothelial dysfunction. The quantification of oxidative stress in terms of the 
balance of the endogenous glutathione and cysteine antioxidant systems provides 
a measure of the balance of prooxidants and antioxidants.125 We have recently 
performed a cross-sectional study in 124 healthy nonsmokers, without risk factors 
or known cardiovascular disease, between 35 and 60 years of age.126 Several 
 markers of oxidative stress including the plasma thiols, reduced and oxidized glu-
tathione and glutathione redox, plasma cysteine and its oxidized form, cystine and 
cysteine redox and their mixed disulfide, CySSG, were measured. The lipid 
hydroperoxides were estimated using the “determination of reactive oxygen 
metabolites” or d-ROMs assay, allowing quantification of peroxide and alcohol-
like species in the plasma.126-128 Among the biomarkers of oxidative stress, signifi-
cant correlations between endothelial function and cystine, cysteine redox, the 
mixed disulfide, CySSG, and d-ROMS were observed, indicating that a higher 
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level of oxidative stress was associated with lower flow-mediated vasodilation, 
even after adjustment for high sensitivity C-reactive protein (hsCRP) and other 
risk factors. Thus, serum markers of oxidative stress appear to be predictors of 
endothelial function.129

11.12  Endothelial Repair and Regeneration

The classic paradigm attributes repeated endothelial cell injury, from cardiovas-
cular risk factors, as the stimulus for atherosclerotic plaque development.130 This 
repetitive or prolonged exposure to risk factors leads to dysfunction and 
 anatomical changes in the integrity of endothelial cells that may culminate in 
detachment of endothelial cells and their presence in the circulation. Recently, the 
concept of unchecked risk factor-mediated injury to the vascular wall has been 
revised in light of the discovery of a population of endogenous mononuclear cells 
that reside in the bone marrow, mobilize to areas of tissue injury, and repair 
injured vascular tissue. These have been termed EPCs. A second potential mecha-
nism for vascular repair after injury is the local replication of neighboring mature 
endothelial cells. Under normal circumstances, endothelial cells are quiescent 
and replicate at a very slow rate with a turnover time greater than hundreds of 
days. It has been suggested that this can accelerate to less than 5 days in acute 
stress or disease states, which results in endothelial damage.131,132 However, the 
capacity of endothelial cells to divide is limited and the protective role of this 
mechanism may not be sufficient in settings of increased risk factor burden.133 
Ultimately, the balance between injury and repair is believed to be the major 
determinant of vascular disease progression, with EPC mobilization and function 
a key factor in the process.134-137

The precise identity of EPCs remains elusive. As a result, they have been 
defined by their functions – originating largely in the bone marrow,137,138 circulating 
in peripheral blood, homing to sites of vascular injury, and participating in new 
blood vessel formation,139 in addition to having the capabilities of differentiating 
into endothelial cells both in vitro and in vivo.140 Ever since the notion was first 
entertained that blood vessels could be formed de novo from circulating blood 
components, work has sought to define the true identity of these EPCs, to under-
stand their role in vascular homeostasis and pathology, and to relate their functions 
to common clinical syndromes.

Asahara and colleagues in 1997 provided the strongest evidence that new blood 
vessel formation is partly attributable to a population of bone marrow-derived 
monocytes. CD34-positive mononuclear cells isolated from humans demonstrated 
an endothelial phenotype in vitro. Moreover, these cells participated in neo-angio-
genesis in a mouse hindlimb ischemia model.135 Thus, this work defined a cell 
population that exhibited the key features of an endothelial progenitor – a bone 
marrow heritage, an ability to mobilize and to home to sites of injury, and a role in 
the making of new blood vessels.
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11.12.1  Identifying Endothelial Progenitor Cells – Cell Surface 
Markers

Human hematopoietic stem cells have been isolated primarily through their expres-
sion of the marker CD34,141,142 and by the lack of lineage markers.143 EPCs (and thus 
endothelial cells) are believed to arise from the differentiation of this common 
precursor. While this marker is lost by hematopoietic cells as they differentiate into 
blood components, it is retained by a population of cells that have phenotypic char-
acteristics of an endothelial progenitor.144-146 As these EPCs differentiate into 
mature endothelial cells, the CD34 surface marker is lost. Thus, the CD34 marker 
serves to identify in the peripheral circulation a population of cells enriched for 
EPCs but not mature endothelial cells.

AC133 (CD133) is a more primitive hematopoietic stem cell marker that is 
expressed on the majority of CD34-positive cells. It is a 5-transmembrane antigen 
identifying a population of cells that demonstrate an EPC phenotype when cultured 
with vascular endothelial growth factor (VEGF) and stem cell growth factor.147,148 
Unlike CD34, though, the expression of AC133 is lost during maturation of EPCs 
and thus allows an earlier and perhaps more precise identification of EPCs. The 
ability of injected CD34-positive cells to localize and colonize an implanted 
Dacron aortic graft and the presence of AC133-positive cells in the neo-intima that 
lines implanted ventricular assist devices in heart failure patients provides evidence 
for the contribution of EPCs to re-endothelialization of tissues.136,149

Vascular endothelial growth factor receptor (VEGFR-2, kinase-domain receptor) 
is another endothelial-specific marker expressed on mature endothelial cells, as well 
as, on cell populations enriched for endothelial progenitors.149,150 The VEGFR-2 
marker defines peripheral mononuclear cells that contribute to neo-endothelialization, 
and its coexpression with AC133 has been used to identify a population enriched for 
endothelial progenitors.149,151 Of note, these double positive cells are quite rare, repre-
senting between 0.01 and 0.0001% of the circulating mononuclear population.152

However, difficulties in the precise characterization of EPCs arise from the presence 
of nonhematopoietic stem cells that have multipotent potential and the observation in 
peripheral blood of CD34-negative and AC133-negative cells capable of proliferating 
to express mature endothelial cell markers and forming endothelial colonies.153-155

11.12.2  Mechanisms: Mobilization, Homing, Pathogenesis

In the setting of tissue hypoxemia, EPCs are released into the blood stream from 
the bone marrow, circulate in the blood stream, and home to areas of cell injury and 
ischemia.137,156-158 Here, they contribute to new blood vessel formation during tissue 
repair, by a variety of paracrine and proliferative mechanisms, including the 
 production of proangiogenic growth factors,140 in a process that closely resembles 
embryonic vasculogenesis.140,158-161
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11.12.2.1  Mobilization

Quantitative measures of EPCs by flow cytometry and by culture demonstrates an 
ability of this cell population to mobilize in response to a variety of homeostatic 
and pathologic stimuli. This mobilization from the bone marrow to sites of vascular 
injury is thought to be mediated by matrix metalloproteinases in an NO-dependent 
process.162 Matrix metalloproteinases-2 and matrix metalloproteinases-9 are prote-
olytic enzymes that contribute to hematopoietic cell migration and tissue localiza-
tion in both health and in response to injury.

Circulating endogenous cytokines also contribute to EPC mobilization. VEGF 
activates specific tyrosine-kinase receptors resulting in EPC mobilization from the 
bone marrow. Increased levels of VEGF are associated with angiogenesis, and 
exogenously administered VEGF increases EPC counts in peripheral blood as well 
as postnatal angiogenesis in vivo.163 Further, after coronary bypass, an early sharp 
rise in circulating EPCs (up to 50-fold increase) coincided with a VEGF peak 
which returned to baseline after 48–72 h.164

Mobilization of EPCs is in part NO-dependent and as demonstrated by its impor-
tance in neovascularization in eNOS-deficient mice. VEGF-mediated mobilization 
of EPCs is reduced in these mice. Infusion of wild-type EPCs, but not bone marrow 
transplantation, rescues mice and suggests a defect in progenitor cell mobilization 
(mediated by matrix metalloproteinases-9) as the mechanism of impaired neovascu-
larization to hindlimb ischemia in this mouse model.165 Mobilization may also be 
impaired in patients with cardiovascular risk factors due to there effect on NO.

Erythropoetin when administered exogenously can also enhance EPC mobiliza-
tion from the bone marrow. Moreover, serum erythropoeitin and VEGF levels are 
associated with bone marrow derived progenitor cells as well as with the number 
and function of circulating EPCs.166 Other more potent mobilizing agents include 
granulocyte colony stimulating factor and granulocyte macrophage colony stimu-
lating factor.

11.12.2.2  Homing

Once mobilized from the bone marrow, circulating EPCs home to sites of vascular 
injury via binding of locally produced factors to cell surface receptors.167 At the site 
of injury, an endogenous integrin-linked kinase (ILK) responds to hypoxia in 
endothelial cells by upregulating intracellular adhesion molecules including 
stromal-derived factor-1 that is able to bind receptors expressed on circulating 
CD34-positive mononuclear cells such as CXCR4.168-171

11.12.2.3  Pathogenesis

Circulating levels of EPCs are depressed in subjects with atherosclerosis or cardiac 
risk factors.134,172 Preclinical work has identified several mechanisms by which EPC 
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function is impaired. Whether this represents a primary deficiency in vascular 
repair potential or a suppression of circulating reparative cells in response to expo-
sure to risk factors (i.e., tobacco smoke, diabetes, etc.) is still undetermined. 
C-reactive protein has been identified as a biomarker associated with increased 
cardiovascular risk.173 While hsCRP is associated with increased colony forming 
units within a healthy cohort, when isolated EPCs from peripheral blood were cul-
tured in the presence of CRP (>15 µg/mL), the number of colony forming units and 
expression of endothelial markers were reduced.174,175 Further, exposure to CRP was 
associated in a decrease in eNOS mRNA expression by EPCs.175 Additionally, 
plasma concentrations of ADMA in subjects with stable angina inversely correlates 
with the number of circulating CD34-positive/AC133-positive progenitor cells and 
EPC colony forming units. Ex vivo studies show that incubation with ADMA 
results in decreased EPC colony forming unit counts, decreased differentiation, and 
attenuated tubule formation. Endothelial NOS activity was decreased in EPCs incu-
bated in ADMA, suggesting a possible mechanism of effect. Notably, coincubation 
of EPCs with rosuvastatin abolished these deleterious effects of ADMA.176

11.13  EPCs, Risk Factors, and Cardiovascular Events

Recent studies including ours have shown a reduction in the number and migratory 
activity of EPCs in patients with cardiovascular disease, and a negative correlation 
between EPC function and cardiovascular risk factors or the Framingham risk fac-
tor score.33,134,172,177-181 Endothelial dysfunction in our studies and others correlated 
with these functional measures of EPCs.134,177 We have also found that vascular 
injury, mediated by coronary stenting, causes a robust increase in circulating levels 
of EPCs for at least a week. Moreover, this increase was attenuated in older sub-
jects, diabetics, and those with a history of stroke. It is intriguing that low EPC 
counts were an independent risk factor of poor outcome in two separate disease 
states characterized by endothelial injury, (a) in patients with CVD,182,183 and (b) in 
our study of patients with acute lung injury.184

Clinical translation of these observations reveals that circulating EPCs levels 
and their function are (1) modulated by age and risk factors for atherosclerosis, (2) 
stimulated by vascular and tissue injury and medical therapy such as statins, and (3) 
may predict cardiovascular outcome in patients with coronary artery 
disease.33,134,172,177-183

11.14  Endothelial Dysfunction – Potential Therapy

Current strategies associated with improving endothelial function to reduce 
 cardiovascular events in those at risk include life style changes such as weight loss 
and increased physical activity, as well as pharmacologic interventions with statins, 
angiotensin converting enzyme (ACE) inhibitors, angiotensin-1 receptor  antagonists, 
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or peroxisome proliferator-activated receptors – g agonists.34,172,185 Novel strategies 
to improve endothelial function may therefore have the potential to improve 
 prognosis in vascular disease.
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12.1  Introduction

Chronic thromboembolic pulmonary hypertension (CTEPH) results from obstruction 
of the pulmonary vascular bed by nonresolving thromboemboli. Concomitant small 
vessel arteriopathy is present at various degrees in patients with CTEPH1,2; it is 
thought to account for a large number of pulmonary hypertension diagnoses.3 In the 
absence of treatment, it has historically had a poor prognosis with 3-year survival 
as low as 10%, although in the majority of cases, it can now be treated effectively 
with surgery in the form of pulmonary endarterectomy (PEA).4

12.2  Epidemiology

The prevalence and incidence of CTEPH following acute pulmonary embolism 
(PE) are difficult to ascertain. However, recent follow-up studies in patients presenting 
with acute PE give an indication of the scale of the problem. Pengo et al5 showed a 
cumulative incidence of 3.8% at 2 years, while even more recent studies by 
Becattini et al and Miniati et al have described cumulative incidences of 4/320 
(1.3%) and 2/259 (0.8%), respectively.6,7 Given that acute PE is as common as 1 per 
1,000 of the population per year,8 it suggests that the annual incidence of CTEPH 
following acute venous thromboembolism is of the order of 8–51 cases per 1 million 
population. Moreover, given that CTEPH is classically described as presenting 
some time following an acute event,9 the results from these relatively short studies 
may represent an underestimate.

A further consideration is that up to 60% of patients with CTEPH do not have a 
previously documented VTE event.3 In these patients, it is presumed that clinically 
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“silent” emboli in the past have triggered the disease process. It has been estimated 
that there are 2,500 new cases of CTEPH each year in the United States.10

In the recent paper of Condliffe et al, 420 patients were diagnosed prospectively 
with CTEPH in the UK PH Centers, during the period between year 2001 and 
2005.11 Calculated incidence in 2005 was 1.75 cases/year/million. This is the first 
to report an incidence of CTEPH based on the number of diagnosed and treated 
cases within a whole population. The observed incidence increased by 75% over a 
period of 5 years, which is most likely to be due to increased awareness of the 
condition over that period. The figure of 1.75 cases/year/million is conservative, as 
it does not include patients who had been diagnosed but not referred to a PH center, 
or had been undiagnosed.

12.3 Current Pathogenetic Concepts and Genetics

This is discussed elsewhere (Prof. Morrell)

12.3.1  Associated Medical Conditions (AMC)

A history of deep venous thrombosis, PE, a known thrombophilia, a history 
VA-shunt, splenectomy, inflammatory bowel disease, or osteomyelitis as well as 
chronic central intravenous lines12,13 increases the likelihood of CTEPH in a patient 
presenting with symptoms suggestive of pulmonary hypertension. However, the 
absence of such history does not rule out CTEPH. Approximately 50% of CTEPH 
patients have no clear history of diagnosed acute PE.3 CTEPH may result from one 
embolic event or multiple recurrent events.

12.3.2  Predictors of Outcome in CTEPH

It has been demonstrated that the presence of AMCs predicts increased operative 
risk and worse long-term outcome in CTEPH.14 Patients with AMC represent a 
distinct subentity of CTEPH, potentially requiring more aggressive presurgical as 
well as perioperative and postsurgical vasodilator treatment.

Overall, there was no correlation between CTEPH type and the presence of 
AMC, and no decreased likelihood of patients with AMC to undergo PEA. 
However, despite technically successful surgery, patients with AMC had worse 
outcomes with higher perioperative mortality (24 vs. 9%) and an increased incidence 
of postoperative pulmonary hypertension.
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12.4  Diagnostic Assessments in CTEPH: Making a Diagnosis 
and Determining Candidacy for Surgery

The diagnosis of CTEPH involves process starting from clinical suspicion to defini-
tive testing. Once a diagnosis of CTEPH is made, determining whether a patient is 
a candidate for PEA involves additional analysis.

12.4.1 Physical Examination

The physical examination in a patient with CTEPH is similar to that of any patient 
with pulmonary hypertension, except for one distinctive physical examination find-
ing: pulmonary flow murmurs. These are soft “bruits” heard over the lung fields in 
areas corresponding to partially occluded pulmonary arteries. Pulmonary flow mur-
murs are best heard during a breath-hold at mid-inspiration.15 The presence of 
unilateral leg edema, suggestive of deep venous thrombosis, should also raise the 
suspicion for chronic thromboembolic disease.

12.4.2 Imaging

The chest radiograph in a patient with chronic thromboembolic disease is often 
unremarkable.

The V/Q scan is the examination of choice for ruling out CTEPH. However, the 
complete absence of perfusion to one lung should raise suspicion for other pro-
cesses, such as malignancy, mediastinal fibrosis, or vasculitis.

There are characteristic CT and MRA findings in CTEPH, but pulmonary 
angiography is still considered the “gold standard” diagnostic tool in the work-up 
of CTEPH.

The imaging of CTEPH is described in details in a separate chapter.

12.4.3 Hemodynamic Assessment

The right heart catheterization is mandatory for full hemodynamic assessment in 
the diagnosis and management of CTEPH. The presence of pulmonary hyperten-
sion is defined by either a resting mean pulmonary artery pressure (mPAP) of at 
least 25 mmHg or exercise PAP of at least 30 mmHg with wedge pressure less than 
15 mmHg (or normal left atrium on ECHO). In addition, assessment of the degree 
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of right-sided heart failure by measuring right atrial pressure, cardiac output, and 
mixed venous O

2
 saturation is important in determining the severity of the disease 

and in calculating pulmonary vascular resistance for assessment of risk from surgical 
intervention.

Routine coronary angiography is generally recommended for patients over age 
40–45 years considered for surgical treatment, as concomitant coronary artery 
bypass grafting is an option at the time of PEA.

12.4.4 Specialized Techniques

Pulmonary angioscopy – may help in assessment of surgically accessible disease.
Pulmonary artery occlusion pressure waveform analysis16 – can help “partition” 

the upstream resistance (proximal thromboemboli) from the downstream resistance 
(secondary arteriopathy).

Accepted criteria for surgical intervention and factors that increase surgical risk 
are discussed elsewhere (surgical treatment).

12.5 The Current Role of Medical Therapy

12.5.1 Anticoagulation

CTEPH patients should receive lifelong anticoagulation adjusted to a target inter-
national ratio between 2.0 and 3.0. This is to prevent from recurrent thromboembolic 
events. When the disease is fully established, one should not expect significant 
regression of pulmonary hypertension from anticoagulation.2

12.5.2 When is Medical Therapy for CTEPH Appropriate?

Data from clinical trials of medical therapy in CTEPH are currently limited.
There is one multicenter RCT in nonoperable CTEPH – BENEFiT,17 which 

showed improver PVR, CI, and pro-BNP, but no significant change in 6MWD after 
16 weeks treatment with Bosentan and one small single-center RCT showing similar 
results with sildenafil.18 The majority of findings are from small uncontrolled 
studies with prostacyclin,19-25 endothelin receptor antagonists,26-29 Phosphodiesterase-5 
inhibition.18,30-32

Pharmacotherapy may be beneficial: (1) where PEA is not suitable due to signifi-
cant distal disease; (2) when surgery is contraindicated due to significant co-morbidity 
that increases the risk of peri- and post-operative mortality; (3) in patients who are 
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“high-risk” due to extremely poor hemodynamics prior to PEA (i.e., bridging to 
surgery); (4) in patients with persistent or residual PH after PEA.33

12.5.3 Patients with Inoperable Disease

Elevation of PVR out of proportion to what is attributable to mechanical thrombus 
obstruction is frequently seen, and signals significant and, in many cases, inopera-
ble levels of arteriopathy. High PVR is indeed associated with bad outcome; how-
ever, these patients (if they survive) represent the persistent and residual PH after 
PEA. Management of these patients was in the past supportive. As the histopatho-
logical changes of pulmonary arterial hypertension are seen in patients with 
CTEPH, the disease-modifying therapies used in other forms of pulmonary arterial 
hypertension have been prescribed on a compassionate basis in the UK for patients 
with nonsurgical CTEPH. They have also been used as a bridge to surgery in 
selected patients with surgically accessible disease.11

12.5.4 Pre-PEA “Bridging” Therapy

The concept of introducing medical treatment as a “therapeutic bridge” between 
CTEPH diagnosis and PEA was initially proposed for continuous IV epopros-
tenol.19,20 There are two main scenarios where preoperative “bridging” with medical 
therapy may provide benefits. A significant proportion of CTEPH patients undergo-
ing PEA are hemodynamically unstable in the preoperative period to the point 
where risks from surgery in general are significantly raised. “High-risk” patients 
can be defined by various criteria: NYHA class IV disease; mPAP > 50 mm Hg; 
cardiac index (CI) < 2.0; PVR > 1,000 dynes. S. cm−5. It can be hypothesized that 
medical therapies demonstrating significant effects on pulmonary hemodynamics 
in patients with CTEPH may improve hemodynamic stability pre-surgery and post-
operative outcome by providing control of pre-operative PVR.

A second application of bridging therapy is in cases where the delay to surgery 
is hazardously prolonged. Treatment to control pulmonary hemodynamics during 
the waiting period may prove valuable by precluding hemodynamic deterioration.

12.5.5  Post-PEA Therapy

Approximately 10–15%34 of patients show persistent or residual PH after PEA 
surgery. Medical treatment for patients with persistent postoperative PH and conse-
quent hemodynamic instability requires the development of criteria and guidance 
on how and when medical therapy should be initiated, for how long it should be 
continued, and what stopping rules should be applied.



220 J. Pepke-Zaba

12.5.6  Safety Aspects

Disease co-morbidity (e.g., COPD, cardiac disease) is an important factor in the 
choice of appropriate management for patients with CTEPH because patients are 
generally older than those with PAH, and have a greater frequency and severity of 
co-morbidity. It is therefore important to identify any safety issues related to the use 
of targeted therapy in CTEPH, either alone or in conjunction with PEA.

12.5.7  Combination Therapy

Further studies are required to establish if the benefits of combination therapy seen 
in IPAH extend also to CTEPH.

12.6  Survival

Survival from before the modern treatment era with targeted therapies was poor 
with 3-year survival as low as 10% in patients with an mPAP of >30 mmHg.35

In a study of 26 patients who were not treated with surgery or disease-modifying 
therapies, 2-year survival was only 10% in those with an mPAP of over 50 mmHg.36 
Despite another study involving 48 Japanese patients who had a mean mPAP of 
50 mmHg reporting median survival of almost 6 years,37 it is generally recognized 
that most patients with CTEPH treated with anticoagulation alone have progressive 
disease.2 In the above studies, no clear distinction between the survival in surgical 
and nonsurgical was made.

In recently published paper by Condliffe et al, authors present the first study 
involving long-term objective follow-up of a national cohort of patients with 
CTEPH, showing improved survival for those with nonsurgical distribution, with 
1- and 3-year survival of 83 and 76% in the period 2003–2006, when treated with 
disease-modifying drugs (Fig. 12.1).11 The improved outcomes to those published 
by Suntharalingam et al with reported 1- and 3-year survival rates were 77% and 
53%38 on a group of 35 patients with distal CTEPH who were diagnosed between 
1994 and 2005. In contrast, the 1-year survival was 96% in a study of 47 patients 
with nonsurgical disease or persistent PH postsurgery who were all treated with 
bosentan.29

The survival in patients with persistent PH 3-months following PEA, who were 
treated in selected cases with disease-modifying therapy, was excellent.11

Survival of patients with CTEPH treated with PEA surgery is discussed else-
where (surgical treatment).
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12.7  Functional Status

In open-label studies,18,29,32 there was statistically significant improvement in functional 
status measured with 6 min walking test (6MWT) after 1 year of treatment with 
targeted therapies. This is in contrast to the findings of RCT BENEFiT, wherein 
there was no improvement in 6MWT after 4 months treatment with bosentan.17 The 
main finding of this study was a statistically significant improvement in PVR. As 
pulmonary hemodynamics are believed to be important prognostic factors,36,39 and 
the assessment of PVR is considered a prerequisite for optimal management of 
CTEPH, this finding carries clinical relevance. The reduction of PVR in the bosen-
tan-treated group of over 22% from baseline values is consistent with the findings 
from previous open-label studies of bosentan treatment in CTEPH.27-29 This was 
also paralleled by a reduction in NT-pro-BNP levels, which is of interest as NT-pro-
BNP concentrations have been shown to correspond with pulmonary hemodynamics 
and functional parameters in PAH patients40 and correlate with the severity of disease 
in CTEPH patients.41
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However, this hemodynamic improvement did not translate into a favorable 
effect on exercise capacity.17 The reasons for the discrepancy between the results 
observed on hemodynamic vs. exercise capacity remain unclear. One potential 
reason is that this particular patient population of CTEPH is older (mean age of 63) 
than typical IPAH patients. Consequently, in this population, other factors may be 
involved in the impairment of exercise capacity and could include skeletal muscle 
deconditioning. Another hypothesis is that the duration of the study was not long 
enough to demonstrate improvement in exercise capacity as measured by 6MWD.

Data for CTEPH relating to the correlation of exercise capacity with parameters 
reflecting clinical and hemodynamic severity of the disease are limited. Hemodynamic 
recovery is immediately obtained following PEA but recent long-term data suggest that 
the 6MWD increases gradually and significantly for up to 1 year after surgery.41-44

Condliffe et al11 shows that in nonsurgical disease, where the majority (85%) of 
patients received disease-modifying therapy, there was evidence of an increase in 
exercise capacity at 3 and 12 months after diagnosis. Although an average exercise 
capacity had returned to baseline by 24 months, this can still be seen as a favorable 
outcome in a condition where the outcome was historically so poor.

12.8  Conclusions

While PEA is accepted as the first choice of treatment for CTEPH, evidence is 
accumulating on the potential use of medical therapies alongside surgery. 
Pharmacotherapy may be particularly useful in treating patients with predominant 
small-vessel disease who are poor candidates for surgery, or as bridging therapy in 
those where there is significant preoperative risk. Postsurgery use in controlling 
persistent or recurrent PH also appears a distinct possibility.

During initial studies, the prostanoids, dual endothelin receptor antagonist, 
bosentan, and the phosphodiesterase-5 inhibitor, sildenafil, have all shown potential 
in the treatment of inoperable CTEPH. Evidence from only one (up to date) multicenter 
prospective, randomized, controlled clinical trial BENEFiT suggests significantly 
improved hemodynamics at week 16 of treatment with bosentan but 6MWD 
remained unchanged.

The improvements in outcome during the modern treatment era highlight the 
importance of identifying patients with this increasingly treatable condition. There 
is a further need for the prospective RCT to clarify the role of targeted therapies in 
treatment of CTEPH.
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13.1  Epidemiology of CTEPH

The prevalence and incidence of chronic thromboembolic pulmonary hypertension 
(CTEPH) following acute pulmonary embolism (PE) is difficult to ascertain. 
However, recent follow-up studies in patients presenting with acute PE give an 
indication of the scale of the problem. An early study followed an unselected series 
of PE patients and found evidence of CTEPH in four patients (5.1%).1 Pengo et al. 
subsequently showed a cumulative incidence of 3.8% at 2 years, while even more 
recent studies by Becattini et al. and Miniati et al. have described cumulative 
incidences of 4/320 (1.3%) and 2/259 (0.8%), respectively.2-4 Given that acute PE 
is as common as 1 per 1,000 of the population per year,5 suggesting the annual 
incidence of CTEPH following acute venous thromboembolism is of the order of 8 
to 51 cases per 1 million population. Moreover, given that CTEPH may be classi-
cally described as presenting some time following an acute event,6 the results from 
these relatively short studies may represent an underestimate. A further consider-
ation is that up to 60% of patients with CTEPH do not have a previously docu-
mented VTE event.7 In these patients, it is presumed that clinically “silent” emboli 
in the past have triggered the disease process.

13.2  Etiology of CTEPH

Although CTEPH was first described over 50 years ago,8 the etiology of this 
condition remains poorly understood. A number of studies have sought evidence 
for the same defects in the coagulation pathways that are frequently found in patients 
with acute VTE. Generally speaking, these studies have been unable to find similar 
associations in CTEPH.6,9,10 However, abnormalities within other prothrombotic pathways 
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have been described, including antiphospholipid antibodies (aPL),10 lipoprotein 
(a),11 and elevated factor VIII levels.12

The lack of the classical VTE genetic risk factors in CTEPH has led to the 
proposal that some cases of CTEPH, particularly distal disease, may represent in 
situ thrombosis as distinct from thromboembolism. Although the current favored 
opinion is that CTEPH does represent a primary thromboembolic disease compli-
cated by secondary arteriopathic changes, there remains some uncertainty.13 In a 
recent study from our center, we compared the demographics and genetics of 
proximal and distal CTEPH with idiopathic pulmonary arterial hypertension. This 
study demonstrated that proximal and distal CTEPH share a common presentation, 
demographic and genetic profile when compared with IPAH.14

13.3  Pathogenesis of CTEPH

CTEPH can be considered as a failure of the resolution of the clot burden following 
acute PE. Treatment of patients with heparin and warfarin effectively prevents the 
generation of further thrombus. The process of fibrinolysis is then achieved by 
endogenous pathways. In the initial “early” phase, thrombus resolution probably 
results from a combination of thrombus fragmentation and endogenous fibrinolysis. 
Imaging and hemodynamic studies suggest that this early phase takes place in the 
first 30–40 days following presentation, and may in some cases lead to complete 
disease resolution.15 However, a significant proportion of patients have continuing 
clot beyond this early phase. Further resolution beyond this point is likely to rely 
on a process of clot organization and neovascularization, during which the 
obstructed vessel becomes recanalized and vessel patency is restored (Fig. 13.1).16

13.3.1  Abnormalities of Coagulation and Fibrinolysis

Most studies have failed to show any significant association between hereditary 
thrombophilia and CTEPH,6,10 despite the prevalence of these in deep vein throm-
bosis (DVT) and VTE. The results of one large study comparing the prevalence of 
hereditary thrombophilias in DVT, CTEPH, and IPAH are shown in Table 13.1 10

Elevated Factor VIII levels have also been demonstrated in CTEPH, in a study 
involving 122 CTEPH, 88 PAH, and 82 healthy controls.12 In this study, levels were 
significantly greater in CTEPH patients than either of the two other groups. 
Furthermore, levels failed to normalize following successful PEA surgery. Factor 
VIII is a 2,332 amino acid polypeptide that circulates bound to von Willebrand 
factor (vWF). Following activation by either thrombin or factor Xa, factor VIIIa 
complexes with activated factor IXa, calcium, and phospholipids to precipitate 
activation of factor X. This leads to sustained thrombin generation and clot forma-
tion. Elevated factor VIII levels have been associated with both single and recurrent 
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Fig. 13.1 Summary of potential pathogenic mechanisms in chronic thromboembolic pulmonary 
hypertension (CTEPH)

Table 13.1 Frequencies of inherited thrombophilias in IPAH subjects, CTEPH subjects, and 
controls. Results presented as number of subjects affected/number of subjects in cohort, and 
as percentage affected. Taken from reference 10

Antithrombin 
III

Protein C 
deficiency

Protein S 
deficiency

Factor V 
mutation

Prothrombin 
mutation

IPAH 0/64 0/26 0/26 1/64 1/61
(0%) (0%) (0%) (1.5%) (1.6%)

CTEPH 0/46 1/46 0/46 3/46 1/40
(0%) (2%) (0%) (6.5%) (2.5%)

Controls 0/100 1/100 0/100 3/100 2/100
(0%) (1%) (0%) (3%) (2%)

venous thromboembolic events.17,18 The persistent elevation of Factor VIII following 
PEA surgery suggests that elevated factor VIII levels may play a causal role in the 
development of CTEPH and are not simply a nonspecific secondary response to 
abnormal pulmonary artery pressures.

During platelet activaton, factor V is released from platelet granules and is 
subsequently cleaved by thrombin to form activated factor Va. This in turn acts as 
a co-factor with factor Xa in the production of thrombin from prothrombin. 
Although a number of genetic variants of factor V exist, the most clinically rele-
vant is factor V Leiden. This mutation (G1691A), which results in a glutamine for 
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arginine substitution at position 506, prevents cleavage of factor Va by activated 
protein C.19 As a result, the normal regulation of thrombin production is impaired, 
and a prothrombotic tendency results. Many studies have demonstrated that 
possession of the factor V Leiden allele is strongly associated with an increased 
risk of VTE.20-22 However, studies examining CTEPH subjects, all of which have 
been limited by patient numbers, suggest that the mutation is not such a prominent 
feature in this disease.10,23

Both quantitative and qualitative defects in protein C and S activity have been 
described, and have been reported to increase the risk of VTE.24 However, only one 
study has examined the prevalence of these defects in CTEPH. This study demon-
strated a slightly higher, but nonsignificant, prevalence of protein C deficiency and 
no higher prevalence of protein S deficiency in patients with the condition.10

Antiphospholipid antibodies (aPLs) are present in a number of conditions where 
they represent autoantibodies directed against cell membrane constituents. In high titers, 
their occurrence is associated with an increased risk of both arterial and venous throm-
boses. A number of studies have reported an association between aPLs and CTEPH, 
with prevalence varying between 10 and 20%.10,12,25 Moreover, it has been shown that 
CTEPH patients are not only more likely to be positive for both aPLs and lupus antico-
agulant (LA) than IPAH patients, but also to demonstrate much higher titers.10

Fibrinogen plays a pivotal role in balancing hemostasis, by acting as a substrate 
for both the coagulation and fibrinolytic systems. A number of abnormalities of 
fibrinogen have been described, affecting not only fibrinogen levels but also fibrin-
ogen function. Clearly, prothrombotic abnormalities of fibrinogen are of interest in 
CTEPH, as this offers one potential mechanism by which thrombus may persist 
following an acute embolic event. A recent in vitro study highlighted this possibility 
by demonstrating that fibrin-derived from patients with CTEPH was more resistant 
to lysis when compared with controls.26 We recently reported an association of a 
polymorphism of the fibrinogen Aa (Thr312Ala) chain and CTEPH.27 The same 
polymorphism is more closely associated with PE, rather than DVT perhaps indi-
cating that this polymorphism alters the structure of fibrin and predisposes clot to 
fragmentation and embolism.28-30

Plasminogen activator inhibitor (PAI) is the principal inhibitor of tissue- and 
urokinase-plasminogen activator (tPA and uPA), and is therefore a key factor in the 
regulation of fibrinolysis. Early studies in CTEPH failed to show any systemic 
imbalances in PAI-1 levels or activity,31 but did report increased local expression of 
PAI-1 in the material removed at PEA surgery.32 As such, it is possible that abnor-
mal cellular PAI-1 expression may affect the handling of thrombus within the pul-
monary vasculature and predispose to CTEPH.

Lipoprotein (a) (Lp(a)) is a cholesterol-rich lipoprotein, which shares structural 
and immunological properties with plasminogen. As a result, Lp(a) provides a 
competitive substrate for plasminogen activation. Raised Lp(a) levels have previ-
ously been reported in patients with acute pulmonary embolic disease and have also 
been demonstrated in patients with CTEPH.11,33 Although unclear whether this 
represents a primary or secondary phenomenon, this could provide a mechanism by 
which endogenous fibrinolysis is impaired in this disease.
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13.3.2  Abnormalities of Thrombus Organization

Although CTEPH is characterized by persistent thrombus, the material obstructing 
the pulmonary arteries is highly organized and cellular.16 Organization is a natural 
part of wound healing and is pivotal to the “late” phase resolution of emboli that 
initially escape fragmentation and fibrinolysis. It is conceivable that this late phase 
may be disturbed and contribute to the vascular obstruction rather than assisting clear-
ance. For example, it is known that conditions such as inflammatory bowel disease 
are over-represented in patients with CTEPH.34 These conditions associated with 
systemic inflammation may predispose to further thrombus organization rather than 
resolution. One other possibility is that inappropriate organization is driven by “mis-
guided” neovascularization. Neovascularization is a key component of the organiza-
tional process and is vital for restoring vessel patency.35 However, endothelialized 
channels have also been noted within obstructed vessels in CTEPH.16,32,36 Although 
these channels may simply represent remnants of failed recanalization, they may also 
contribute to the maintenance of the organized material and prevent its resolution.

13.3.3  Secondary Arteriopathy

CTEPH patients often display severe pulmonary hypertension that cannot be fully 
explained purely by the degree of pulmonary vascular obstruction visible on con-
ventional imaging.37 In these cases, the increased pulmonary vascular resistance 
may be due to distal obstructive thrombotic lesions situated beyond the subsegmen-
tal level, but also due to arteriopathic changes at a precapillary level.38 These latter 
changes are histologically identical to those seen in IPAH, although their extent and 
distribution do differ.39 It was originally thought that distal arteriopathy occurred in 
the unobstructed vascular bed as a consequence of the increased pressure and flow. 
Subsequent studies, however, have shown that these changes can also develop in 
obstructed beds, possibly as a result of ischemia or retrograde blood flow from 
broncho-pulmonary anastamoses.38,39 These distal changes are responsible for the 
proportion of patients who have persisting pulmonary hypertension following PEA 
and may be amenable to targeted drug therapy.
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14.1  History of Surgery

We should distinguish carefully operations for acute pulmonary embolism – embolectomy 
from the true endarterectomy procedures for chronic thromboembolic pulmonary 
hypertension (CTEPH). Trendelenburg famously described a salvage operation for 
acute massive pulmonary embolus at the turn of the twentieth century, at this time 
without cardiopulmonary bypass or indeed anesthesia. Despite reporting no survivors, 
the operation still bears his name. It was only in the 1960s with the development of 
cardiopulmonary bypass that embolectomy became a more reliable and safe operation 
that can be accomplished by any cardiothoracic surgeon. Interestingly, with the 
advent of thrombolysis, it is performed less frequently today.

Although acute embolic occlusion of the pulmonary arteries was relatively easily 
understood, the concept of chronic occlusion after repeated embolism took some 
time to become established. By the 1930s, case reports had begun to describe the 
chronic form of the disease discovered at postmortem. One of the first reports of 
CTEPH in the UK was by Dr Petch senior, a single patient, the case record described 
in detail in the Lancet.1 By the end of the 1950s, a few cases of operative interven-
tion, usually by thoracotomy, for conditions that were subsequently found to be 
chronic pulmonary artery occlusion, had been reported. The first successful planned 
pulmonary endarterectomy was by Dr Hufnagel in 1962. The physician caring for 
the patient at that time was Dr Moser, who subsequently moved to University of 
California in San Diego (UCSD) and with Dr Braunwald reported the first case of 
successful pulmonary endarterectomy at UCSD.2 Cabrol and Dor reported successful 
operations in Europe, but by the mid-1980s, less than 100 procedures had been 
performed worldwide. When Dr Jamieson moved to UCSD in 1990, 189 endarterec-
tomies had already been performed.3 Since then, the operation has been refined with 
an improvement in outcome as experience has increased, and when I visited UCSD 
in November 2000, they had recently operated on their 2000th patient.
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In the UK, Papworth hospital commenced a formal pulmonary endarterectomy 
program in 1997, initially treating patients originally referred for consideration of 
heart lung transplantation. In 2000, a joint application was made by Freeman 
hospital in Newcastle and Papworth hospital to the National Specialist 
Commissioning Advisory Group (NSCAG) to fund a national pulmonary endart-
erectomy service. It was decided that expertise should be concentrated in one 
hospital, and Papworth was commissioned to provide the service for the UK. In 2001, 
NSCAG also designated five national pulmonary hypertension centers at Glasgow, 
London, Newcastle, Papworth, and Sheffield. Many of the current referrals for 
pulmonary endarterectomy arise through this network of specialist centers.

14.2  Pathophysiology

CTEPH is the result of intraluminal thrombus organization and fibrous stenosis 
and/or complete obliteration of the pulmonary artery lumen. It is very likely that 
acute pulmonary embolism, whether symptomatic or asymptomatic, serves as the 
initiating event. Following a pulmonary embolism, many patients recover as natural 
lysis of the occluding thrombus occurs. However, in a small percentage of patients, 
the thrombus does not clear and CTEPH develops due to progressive pulmonary 
vascular occlusion and the development of a generalized hypertensive pulmonary 
arteriopathy in the pulmonary arterial bed spared from thromboembolic occlusion. 
Moser and Braunwald first postulated this concept of a two-compartment pulmo-
nary vascular bed after the first patient underwent pulmonary endarterectomy at 
UCSD in 1970. This model explains why some CTEPH patients have severe 
pulmonary hypertension out of proportion to the degree of vascular obstruction 
visible in imaging investigations. It is not understood why some patients do not 
recanalize their vessels completely after surviving the acute embolic event nor why 
the remodeling occurs in the smaller nonobstructed arteries. The pathophysiology 
of CTEPH is thus far more complex than simple vascular obstruction. It is interesting 
to note that patients losing 50% of their pulmonary vascular bed acutely after a 
pneumonectomy do not develop PH.

14.3  Investigation and General Management

Patients with suspected CTEPH are discussed at a weekly multidisciplinary meeting 
with surgeons, pulmonary hypertension physicians, and radiologists. It is vital to 
distinguish CTEPH from other causes of pulmonary hypertension because patients 
are potentially curable by endarterectomy. Once the diagnosis is confirmed, the 
next decision is whether the patient would benefit from endarterectomy, taking into 
account symptomatic state and expected prognosis. Judging whether there is sufficient 
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surgically accessible (“clearable”) disease to recommend the procedure can be 
extremely difficult in some patients.

The initial phase of investigation includes transthoracic echocardiography, 
6-min walk test, full lung function tests, right heart catheterization, and at least two 
imaging modalities (CTPA, pulmonary angiography or magnetic resonance pulmo-
nary angiography). Radiology for CTEPH is discussed in more detail in a separate 
chapter. Once accepted for surgery, patients over 50 years of age also require coro-
nary angiography and carotid Doppler examination.

Patients with CTEPH should receive life-long anticoagulation with warfarin or 
in some cases low molecular weight heparin. It is accepted practice to insert an 
IVC filter in patients with CTEPH undergoing endarterectomy surgery although 
there has never been a randomized controlled trial. In the UK, an IVC filter is 
recommended for most patients and there have been no adverse consequences aris-
ing from this policy to date. Many patients require diuretics to control right heart 
failure. Increasingly, patients with NYHA class III symptoms receive targeted 
therapy with the endothelin receptor antagonist Bosentan or the phosphodiesterase 
five inhibitor Sildenafil. Patients with class IV symptoms benefit from prostacy-
cline analogs in addition. Most patients requiring pulmonary endarterectomy are 
already on targeted therapy for “bridging” prior to surgery. It is our current policy 
for patients with residual PH postoperation to remain on targeted therapies. 
Further details of the modern medical therapy for CTEPH are discussed in detail 
in a previous chapter.

14.4  Determinants of Operability in Patients with CTEPH

The prognosis without surgery is poor for many patients with CTEPH, especially 
when mean PA pressure is >50 mmHg,4 although we have recently found that sur-
vival may be improved a little with modern targeted therapy.5 Therefore, in most 
patients who are thought to have operable disease after careful evaluation, there are 
major symptomatic and prognostic benefits from endarterectomy. Indeed, the 
operation may be curative in a large number of patients who regain pulmonary 
artery pressures in the normal range at rest after surgery. However, decision-making 
may be difficult in some patients with high pulmonary vascular resistance (PVR)\
and relatively distal disease on imaging. Ultimately, the ease of dissection and true 
extent of clearable disease can only determined at operation. The disease has been 
classified into four subgroups based on the operative findings (see Table 14.1) with 
patients with types 1 and 2 disease deriving more benefit from endarterectomy at 
less perioperative risk.6 However, this is intraoperative classification scheme, and 
does not assist in the prospective selection of patients who would benefit most from 
surgery. Therefore, there is a need for a preoperative classification system and risk 
stratification score to aid in patient selection.
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14.4.1  Pulmonary Vascular Resistance (PVR)

It is well established in the literature and reflected in our own experience that 
absolute PVR is a risk factor for poor outcome after endarterectomy, especially 
when >1,000 dyne/s/cm−5. A number of reports from Europe and the USA have 
confirmed this finding. Mortality following endarterectomy was 20% in patients 
with a preoperative PVR >1,200 dyne/s/cm−5 7, and in the UCSD detailed review of 
a consecutive series of 500 patients operated on in the modern era, mortality was 
almost tenfold higher in those with a PVR >1,000 dyne/s/cm−5.8 The actual PA 
systolic pressure also influences outcome after endarterectomy, but supra systemic 
PH should not be a contraindication to operation. At UCSD, patients with a preop-
erative systolic PA pressure >100 mmHg gained the greatest reduction in PA 
pressure and PVR.9 As expected, this dramatic benefit was at the expense of a 
greater incidence of reperfusion injury and mortality that at 10% was double that 
observed in other patients.

Overall, the key determinant of operability is the correlation between the degree 
of visible disease in imaging studies and the hemodynamic dysfunction (absolute 
PA pressure, cardiac output, and the function of both – PVR). In particular, patients 
with a PVR disproportionately higher than the segmental obstruction visible by 
imaging have less benefit from endarterectomy and a much higher risk of postop-
erative mortality because they have a higher proportion of microvascular disease, 
contributing to PVR but not seen radiologically and not improved by endarterec-
tomy. Attempts have been made to make assessment of microvascular disease more 
objective by partitioning the PVR into upstream and downstream components with 
analysis of the decay of the occlusion pressure waveform at right heart catheterization.10 
The upstream component is thought to represent the disease in larger vessels (that 
may be clearable at endarterectomy) and the downstream component the resistance 
due to smaller vessels (including microvascular disease). Preliminary analysis suggests 

Table 14.1 Operative classification and outcome data from ref.6

Type of  
disease Type 1 Type 2 Type 3 Type 4

Thrombus 
in main/
lobar PA 
branches

Organized thrombus 
or thickened 
intima/webs 
proximal to 
segmental vessels

Intimal 
thickening 
confined 
to distal 
segmental 
vessels only

Distal arteriolar 
vasculopathy 
only, no 
intraluminal 
disease

No patients 76 81 38 7
Age 51 48 48 47
Fall in PA 

systolic 
pressure 
mmHg 
post-op

36 36 19 0

Mortality 1% 3% 13% 14%
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that the higher the percentage of upstream PVR, preoperation correlates with better 
hemodynamic outcome and survival after surgery. We are also using this method in 
high-risk patients, but we have not yet confirmed a cut-off level of upstream PVR. 
Decisions regarding operability in some patients can therefore be subjective and be 
very difficult and often depend on the combined clinical experience of the multidis-
ciplinary team, but will ultimately be made by the patient and surgeon. A minority 
of these patients with severe symptoms may be considered for lung transplantation 
instead of endarterectomy.

14.4.2  Other Risk Factors

Operative risk is almost totally dependent on CTEPH as discussed above, and 
concomitant procedures (CABG, valve replacement, etc.) can be performed as 
necessary during the rewarming phase of the operation without additional risk to 
the patient.11 We screen for ischemic heart disease and valve disease during patient 
evaluation and positive findings would make us more rather than less likely to offer 
surgery. The only comorbidity that may influence the decision to operate is severe 
parenchymal lung disease. There are no absolute criteria for lung function abnor-
malities that preclude endarterectomy, but it makes physiological sense that 
improving perfusion to areas damaged by emphysema or interstitial lung disease 
will have little benefit as ventilation to those areas is reduced, so V/Q mismatch will 
remain. Other conditions that are associated with increased risk at surgery include 
a previous ventriculo-atrial shunt to treat hydrocephalus and a splenectomy 
probably as a result of a higher component of microvascular disease and inflamma-
tory conditions such as osteomyelitis and inflammatory bowel disease.12

14.4.3  Current Policy

In our experience, most symptomatic patients with at least five segmental vessels 
diseased or occluded (25% of total) and a PVR of <1,000 dynes/s/cm−5 get a good 
result from surgery and are at relatively low risk of complications. Patients with 
higher PVR require more careful assessment, but may also benefit albeit at higher 
risk. The majority of patients in our experience and reported in most surgical series 
have NYHA class III or IV symptoms and a PVR of >300 dynes/s/cm−5, but we also 
offer the procedure to patients with class II symptoms and some with normal PA 
pressure at rest and evidence of exertional PH.

14.5  Surgical Technique

The fundamental aim of the surgery is to perform a full endarterectomy (not 
embolectomy or thrombectomy) of both pulmonary vascular trees. The modern 
operation is performed via a median sternotomy with hypothermic cardiopulmonary 
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bypass and right and left pulmonary arteriotomies within the pericardium. Adequate 
visualization for distal dissection necessitates reduction in bronchial arterial 
collateral return to the pulmonary arteries. Traditionally, this has been overcome by 
complete deep hypothermic circulatory arrest (DHCA) for periods of 20 min at 
20°C and this technique remains the standard teaching.13 More recently, a number 
of alternative techniques designed to avoid deep hypothermia and/or circulatory 
arrest have been advocated for performance of the endarterectomy.14 This has gen-
erated much debate in the literature with some advocating that DHCA is essential 
for effective endarterectomy. At Papworth, we have devised a method of selective 
antegrade cerebral perfusion (SACP) to avoid total circulatory arrest.15 My personal 
view is that dissection is technically easier with complete DHCA, but that it is not 
necessary in all patients and SACP appears to be technically feasible in the major-
ity of patients. The SACP technique may provide some distinct advantages, with 
reference to both potentially optimizing cerebral protection and allowing complete-
ness of endarterectomy. First, there is at least some theoretical advantage to main-
taining antegrade cerebral perfusion. Second, the maintenance of this perfusion may 
allow a greater period of continuous time to complete the endarterectomy, thus optimiz-
ing disease clearance. Third, when necessary, easy and rapid recourse to DHCA is 
possible. We are currently conducting a randomized controlled trial to compare the 
techniques with respect to neurological and pulmonary outcomes.

14.5.1  Papworth Technique

Our current protocol and technique is outlined below. General anesthesia is induced 
with placement of right radial and femoral arterial, central venous, and pulmonary 
artery catheters for hemodynamic monitoring. A transesophageal echocardiograph 
probe is inserted. Nasopharyngeal and bladder thermometer probes are used for 
peripheral and central temperature monitoring. Near-infrared spectroscopy is used 
to monitor cerebral oxygenation (INVOS Cerebral Oximeter).

The chest is opened with a standard median sternotomy. The ascending aorta, 
main pulmonary artery, superior vena cava (SVC), and aortic arch between the left 
common carotid and left subclavian arteries are then isolated with tapes. These 
tapes are used to facilitate the application of the cross-clamps and exposure of the 
pulmonary arteries for endarterectomy.

Systemic heparin is administered to achieve an activated clotting time (ACT) of 
greater than 400 s. Previously aprotonin was used as an anti-inflammatory and hemo-
static agent, but since publication of the BART trial, tranexamic acid has been substi-
tuted. Cardiopulmonary bypass is then established with venous drainage from two 
venous cannulae (one two-stage cannula inserted in the right atrial appendage and a 
straight superior vena caval cannula inserted through the body of the right atrium) and 
arterial return to the ascending aorta. Cooling is commenced to a core temperature of 
20°C using pH-stat management. Vents are placed in the right superior pulmonary 
vein and main pulmonary artery. A cardioplegia cannula is placed in the aortic root. 
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A cooling water jacket is positioned over the right ventricle for additional myocardial 
protection. The patient’s head is wrapped in a water cooled jacket and 1 g IV meth-
ylprednisolone administered.

Once a core temperature of 20°C is reached, the dissection can begin. The right 
pulmonary artery is exposed between the ascending aorta and SVC and opened with 
a longitudinal extended beneath the SVC laterally. Care is taken to avoid denuding 
the artery of adventitial tissue to facilitate secure hemostasis during closure.

The lumen of the right pulmonary arterial system is exposed and the endarterectomy 
plane raised using a scalpel and spatula. The dissection proceeds within the super-
ficial media of the vessel wall that is only 1–2 mm in thickness. By the use of a 
nerve hook, forceps and a sucker–dissector, the plane can be extended circumfer-
entially and then distally by careful traction as far as possible with the intention of 
tracing the endarterectomy into all the affected segmental or subsegmental vessels 
(see Fig. 14.1). A cast of the inner layer of the pulmonary arterial tree is then dis-
sected free moving toward the periphery.

While the initial dissection can be performed with full CPB, once visualization 
becomes compromised, by return of bronchial collateral blood flow, dissection can-
not proceed safely. At this stage, the circulation needs to be fully arrested using 
DHCA or partially arrested with continued SACP. When using the latter method, 
an angled clamp is placed between the left common carotid and left subclavian 
arteries and a cross-clamp is placed on the ascending aorta below the arterial inflow 

Fig. 14.1 Material removed from the right and left pulmonary arteries during pulmonary endarterectomy 
showing some proximal laminated thrombus indicating type 1 disease, and long fibrous segmental 
and subsegmental “tails”
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cannula (CPB flow is then confined to the brachiocephalic and left carotid arteries). 
Cold blood cardioplegia into the aortic root is used for myocardial protection. 
SACP can be maintained at approximately 1.0–1.5 L/min with a perfusion pressure 
of 40–50 mmHg in the right radial artery for up to 60 min at 20°C. During this time, 
femoral arterial pressure is usually between 10 and 15 mmHg. If at any stage during 
SACP, collateral flow remains excessive and interferes with safe surgical dissec-
tion, the strategy can be switched to DHCA. DHCA is instituted for periods of up 
to 20 min at a time. A recovery period of 10 min is used between arrest periods 
when more dissection time is required.

The arteriotomy is closed with a 5/0 vascular suture (Prolene). The left pulmo-
nary arteriotomy is extended from the vent insertion site in the main pulmonary 
artery into the main left pulmonary artery trending inferiorly. The left-sided endar-
terectomy can then be completed with the same surgical technique and perfusion 
strategy as for the right side.

After completion of the endarterectomies, the patient is rewarmed slowly on full 
CPB flow to a core temperature of at least 36.5°C. Any concomitant cardiothoracic 
surgical procedures can be completed during this phase of the operation. The 
patient is then weaned from CPB keeping right-sided filling pressures low, guided 
by invasive hemodynamic monitoring.

14.6  Postoperative Care

Following surgery, patients are transferred to the intensive care unit16 and remain 
sedated and ventilated over the first night. Many patients can be extubated by the 
first postoperative day. Most of the general principles of postoperative cardiac 
surgical care apply, and in addition, we aim to avoid any factors that may increase 
PVR. Increasing PVR can initiate a series of adverse events because pulmonary 
artery pressure rises causing worsening of lung injury, right ventricular function 
is impaired as afterload increases and with reduced filling of the left heart cardiac 
output falls.

14.6.1  Cardiac

The majority of patients are maintained on a low-dose dopamine infusion over the 
first 3 days (3–5 mcg/kg/min). PA pressure monitoring continues over the first 24 h 
and it is usual to see a gradual further fall in PA pressure and PVR during this time. 
If further hemodynamic support is required, our first line is to increase the dopamine, 
followed by the addition of adrenaline and an intra-aortic balloon pump to optimize 
coronary blood flow in patients with right ventricular hypertrophy. Patients with 
severe reperfusion injury and significant residual PH may benefit from extracorpo-
real membrane oxygenation (ECMO) support.
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14.6.2  Respiratory

A ventilation weaning strategy is employed to avoid episodes of hypoxia and resultant 
pulmonary vasoconstriction. Additionally, minimizing the mechanical impact of 
ventilation on PVR and on alveolar shear forces is important.

The general aims of ventilation are to maintain PaO2 value >12 kPa, with 
normocapnoea and normal acid–base balance and avoidance of peak airway pres-
sures >30 cmH2O. Uncomplicated patients are usually extubated by the first 
postoperative day, but patients with reperfusion lung injury may require pro-
longed ventilation. These patients may be severely ill with a degree of residual 
pulmonary hypertension, reduced cardiac output, and very poor gas exchange 
resulting in hypoxia and CO

2
 retention. Chest X-ray appearances are similar to 

those seen in acute lung injury. We have not found inhaled nitric oxide of any 
benefit in this patient group.

14.6.3  Renal/Fluid Balance

An aggressive diuresis is maintained in the first 24–48 h post-op. Many patients 
have edema pre–operation, and this is compounded by fluid retention after a long 
period of CPB. We use a combination of 40 mg IV furosemide and 12.5 g IV 
mannitol every 6 h for the first 36 h, followed by a reducing dose of IV or PO 
furosemide. If volume replacement is required, then human albumin solution or 
blood is used aiming for a hemoglobin concentration of 10 g/dl. Crystalloid solu-
tions are usually avoided. In practical terms, the average patient is generally rendered 
2.5–3.5 L negative on fluid balance in the first 48 h.

14.6.4 Anti-Coagulation

In the absence of postoperative bleeding, anticoagulation is usually commenced 
with low molecular weight heparin on the second evening post-op. Warfarin is 
started at the same time if the patient is extubated and absorbing with the thera-
peutic target range being 2.5–3.5. Selected patients with a specific procoagulant 
diathesis may benefit from a higher target INR range and the addition of anti-
platelet agents.

Most patients are well enough to leave the ICU by the second postoperative 
day. Drains are normally removed by the third day and early mobilization encour-
aged. Oxygen therapy is gradually reduced, but as most patients required long-
term oxygen therapy preoperation, this can be continued at home in the first few 
weeks. Many patients are well enough to be discharged directly to home within 
2 weeks of surgery.
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14.7  Surgical Outcome

14.7.1  Mortality

Many units have reported excellent early results after pulmonary endarterectomy in 
the last few years. As experience grows, operative mortality has fallen and there is 
increasing objective evidence that the early hemodynamic benefit is sustained and 
translates into both an improvement in reported symptoms and prognosis. The most 
comprehensive experience to date comes from UCSD with a review of lessons 
learnt after 1,500 operations.8 It is accepted that a learning curve exists with this 
procedure, but with experience the in-hospital mortality is gradually reduced. 
At UCSD, the mortality was 17% for the first 200 patients prior to 1990, falling to 
<10% in the 1990s, and to 5% today with well over 2,000 operations in the series 
to date. Numerous small series are now in press (over 20 up until 2006) from 
around the world with mortality ranging from 4 to 24%, but few centers have expe-
rience of >200 patients. The largest series reported from Europe included 275 
patients from Paris up to 2004, with an 11% hospital mortality.7 Our own experi-
ence is similar with an in-hospital mortality of 15% for the 150 patients in the 
earlier part of our reported series,15 with current mortality of only 4% for the latest 
100 patients, and a total experience of >500 operations to date. As with all series 
of surgical patients, outcome is often determined by case mix once a learning curve 
for the procedure has been overcome.

14.7.2  Morbidity and Complications

As well as the general complications occurring after any cardiothoracic surgery, 
there are problems specific to pulmonary endarterectomy patients. The most serious 
problem is residual PH (usually due to a higher proportion of microvascular disease 
than anticipated) and/or reperfusion lung injury. The latter is a form of acute lung 
injury that appears as interstitial edema on X-ray imaging, and is present to some 
extent in up to 20% of patients and also seen in a similar proportion of lung trans-
plant recipients. Often, a combination of both problems is present as residual PH 
exacerbates reperfusion damage, and the resulting hypoxia and hypercarbic acidosis 
further increases PVR so a vicious cycle develops. When severe, this accounts for 
the majority of the fatalities in the postoperative period. Technical operative prob-
lems should be rare in established programs, and in our own experience, there has 
only been one pulmonary artery perforation in the last 350 procedures.

There may be some benefit in supporting severely compromised patients in the 
early postoperative period with ECMO provided an adequate endarterectomy has 
been obtained. At UCSD, they have reserved ECMO support for a small subset of 
patients (1% of their series) with stable hemodynamics, but severe reperfusion lung 
injury and used peripheral veno-venous circuits.17 This technique has delivered an 
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in-hospital survival of 30%. The only other group to report ECMO use after pulmonary 
endarterectomy have, like us, relied on veno-arterial support and included patients with 
hemodynamic compromise as well.18 With this method, relatively more patients 
were supported (9% of their series), with a 3 of 8 being weaned to survival. We have 
also used veno-arterial ECMO in approximately 5% of our recent patients in the last 
2 years with 4 of 7 patients surviving to discharge from hospital.19

14.7.3  Hemodynamic Changes

Most reports detail early postoperative hemodynamic improvement with an imme-
diate fall in PA pressure, and reduction in PVR to approximately one-third of the 
preoperative level. Our own results for a recent cohort of 100 consecutive patients 
are included in Table 14.2. There is increasing evidence that a postoperative resid-
ual PVR of >500 dynes/s/cm−5 is associated with a significant increased risk of 
in-hospital mortality, with a stark difference in survival for the 500 patients exam-
ined in detail in the largest UCSD experience; 31% mortality above this value and 
1% below.8

14.7.4  Long-Term Follow-Up and Survival

Less data is available on longer-term follow-up. We have tried to correct this by 
routinely reviewing all survivors at 3 months and 1 year after endarterectomy and 
ensuring ongoing follow-up in their local PH unit. The unique nature of the dedi-
cated PH service and single center commissioned for pulmonary endarterectomy 
surgery in the UK has facilitated comprehensive patient follow-up. The 6-min walk 
distance has been used to compare exercise tolerance objectively and the NYHA 
status has been determined independently by the PH physicians. A right heart cath-
eter is also repeated at 3 months.

In a recent review of 230 patients surviving to 3-month follow–up,20 we demon-
strated a significant increase in 6-min walk distance when compared with preoperation 
(276.3 ± 17–375.8 ± 14 m, p < 0.001). At 12 months, there was a further increase in 

Table 14.2 Actual data for the last 100 patients undergoing surgery at Papworth Hospital. Preoperation 
data is in theater immediately prior to cardiopulmonary bypass, PVR calculated with an assumed 
wedge pressure of 10 mmHg. Day 1 postoperation data is from the PA catheter, again with an 
assumed wedge pressure of 10 mmHg to allow comparison with preoperation data. Both sets of 
measurements were taken during general anesthesia

Preoperation Day 1 postoperation

Mean PA mmHg mean  52  23
PVR dynes s cm−5 mean 744 217
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6-min walk distance (375.8 ± 14–394.7 ± 15 m, p > 0.004). At 3 months, 30.9% were 
in NYHA class I, 55.9% were in NYHA class II, 12.3% were in NYHA class III, 
and 0.5% were in NYHA class IV (p < 0.001 vs. pre-op). At 12 months, there was 
further improvement in NYHA class: 40.7% were in NYHA class I, 50.3% were in 
NYHA class II, 8.5% were in NYHA class III, and 0.5% were in NYHA class IV 
(p < 0.001 vs. 3 months) (see Fig. 14.2).

We have also been able to investigate longer-term survival in this same group of 
230 patients who survived to 3-month follow-up; there were only 14 late deaths. 
Causes of death included sepsis, stroke, intracerebral hemorrhage, ovarian cancer, 
metastatic carcinoma, and one patient died in the postpartum period. The cause of 
death could not be identified in 7 patients. Conditional survival was 94% at 3 years, 
92.5% at 5 years, and 88.3% at 10 years follow-up (see Fig. 14.3). This is the largest 
series to report outcome after discharge from hospital and the first to report extended 
follow-up of a complete national patient cohort. A previous report from Japan com-
prehensively followed up 102 patients and demonstrated an actual survival rate 
(including in-hospital deaths) of 84% at 5 years with a similar significant increase in 
6-min walk distance of >100 m, from 358 m preoperation to 490 m at 1 year.21

One of the most extensive and complete investigations of the outcome for patients 
with CTEPH, treated medically and by endarterectomy comes from the UK experi-
ence over the last 5 years.22 This comprehensive follow-up of a national case series 
demonstrated that with optimum medical treatment, the prognosis in nonsurgical 
(distal CTEPH) disease has improved when compared with the previous publica-
tions, with 3-year survival of 70%. Patients treated by endarterectomy had an addi-
tional further survival benefit, and a sustained improvement in functional and 
hemodynamic parameters. Some patients (35%) had residual PH postendarterec-
tomy (mean PA >30 mmHg at 3 months) and experienced less functional improve-
ment than those with normalized hemodynamics, but interestingly the long-term 
prognosis for these patients who had persistent pulmonary hypertension at 3 months 
following surgery was very good with a 5-year conditional survival of 95%.

Fig. 14.2 NYHA class pre operation and 3months and 1 year post endarterectomy
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14.8  Summary

In summary, there is now widespread acceptance that the mortality from surgery can 
be reduced to 5% in most experienced units reflecting improved perioperative care 
and better understanding of patient selection. Patients derive significant reduction in 
PA pressure and PVR immediately following complete endarterectomy. This early 
hemodynamic improvement is sustained at 3 months and translates into improved 
exercise capacity and reduced symptoms at 1 year following surgery. Longer-term 
survival (to 5 years at least) appears substantially better than that expected in patients 
with untreated CTEPH, and disease recurrence is very rare if anticoagulation is 
continued for life. The recently observed improvement in outcome during the mod-
ern treatment era reinforces the importance of early identification of patients with 
this treatable condition. Further information on CTEPH and pulmonary endarterec-
tomy surgery can be found in two comprehensive review papers. 23, 24
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15.1  Imaging a Patient with Suspected Acute  
Pulmonary Embolism

The spectrum of clinical manifestations with which a pulmonary embolus (PE) may 
present is wide. As a result, imaging is frequently used to exclude rather than to 
diagnose a PE. However, the consequence of missing a diagnosis of pulmonary 
embolism carries a significant mortality and as a result radiology departments find 
that an increasing part of their workload is dedicated to making or excluding this 
diagnosis. At the Royal Free Hospital, in 2006, 282 ventilation perfusion (V/Q) 
scintograms and 433 computed tomographic pulmonary angiograms (CTPA) were 
performed of which approximately 17% were positive for acute PE.

15.1.1  Chest Radiograph (CXR)

A Chest Radiograph (CXR) is a mandatory baseline investigation of any patient 
with suspected PE as it helps exclude other pathologies that may mimic the clinical 
presentation of PE. In the case of PE itself, the CXR is frequently unhelpful. The 
CXRs of patient with proven PE generally show nonspecific signs.1 The often 
quoted Westermark’s sign of increased transradiancy of the affected lung due to 
pulmonary oligemia is rarely, if ever, seen. It is much more likely to be due to tech-
nical factors in obtaining a CXR in the acute setting. The Hampton’s Hump 
describes an area of infarct seen as a wedge-shaped opacity adjacent to the visceral 
pleural surface with its convex apex directed toward the hilum. Although a rare 
finding, the Hampton’s Hump on a CXR indicating an infarct is a useful clue to the 
diagnosis. Importantly, a normal CXR does not exclude the diagnosis of PE, but 
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may influence the choice of next investigation. If the CXR is normal, the chances 
of obtaining a diagnostic V/Q scintogram increase2 and in many institutions will be 
the next investigation of choice.

15.1.2  Ventilation Perfusion Scintigraphy

Ventilation perfusion (V/Q) scintigraphy is a relatively low-radiation dose examination, 
with an average effective dose of 1.2–2.0 mSv.3 A diagnosis of PE is made by identifying 
a mismatch between the inhaled radioisotope (e.g., krypton-81m), representing the 
ventilation component of the examination and the injected radioisotope (technetium-
labeled, albumin macro-aggregates) representing the perfusion component of the 
examination (Fig. 15.1). Defects in perfusion are caused by a variety of lung patholo-
gies other than PE, such as infection, bullous emphysema, previous infarction and 
scarring, etc. In these cases, however, there will be a matched defect on the ventila-
tion scintogram. Unfortunately, a PE may result in a matched defect, particularly if 
the PE results in an area of infarction, and therefore the diagnosis of PE by ventila-
tion-perfusion imaging is not clear cut. Many institutions report V/Q studies accord-
ing to probability criteria set out by a prospective study that looked into the 
sensitivity and specificity of V/Q scintigraphy – the PIOPED I study (Prospective 
Investigation of Pulmonary Embolism Diagnosis). This compared V/Q scintigraphy 

Fig. 15.1 Ventilation/perfusion scintogram showing multiple defects on the perfusion images 
with near normal ventilation images. This represents a high probability examination for acute 
pulmonary embolus (PE)
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with pulmonary angiography. One thousand four hundred and ninety three patients 
were recruited into the multicenter study. Results indicate that a high-probability 
V/Q scintogram has a positive predictive value of 88%. The normal or near-normal 
scintogram carries a negative predictive value of 91%. The positive predictive value 
of a high probability scintogram rose when accompanied by high clinical probability, 
but was reduced in patients with a prior history of PE. Although a high probability 
and a normal/near normal scintogram carry high predicative values for the diagnosis 
or exclusion or PE, PIOPED showed that these results occurred in only a minority, 
with over 70% of studies returning an intermediate or low-probability result. The 
incidence of PE in patients with an intermediate or low-probability result was found 
to be 33 and 12%, respectively.4 To reduce the likelihood of an intermediate or low 
probability result, patients with abnormalities on their CXR should not be consid-
ered for a V/Q scintogram. These patients and any patient with an intermediate or 
low probability result should be further investigated. Until the early 1990s, further 
investigation meant a conventional pulmonary angiogram; however, this has now 
been superseded by CTPA as discussed below.

15.1.3  Conventional Pulmonary Angiography

Pulmonary angiography is an invasive technique performed by selective catheter-
ization of the pulmonary arteries. As with any fluoroscopic technique, radiation 
dose varies from examination to examination. Effective doses quoted vary from 3.2 
to 30.1 mSv.3 The femoral venous approach is used via a Seldinger technique. 
Angiographic diagnosis of an acute PE is made on the identification of an intralu-
minal filling defect or the trailing edge of a thrombus partially filling a vessel.1 In 
an acute embolus, the filling defect makes a concave margin with respect to the 
contrast material.5 The technique is not without its risks. In the PIOPED I study, 
there was a 0.5% mortality and a 6% morbidity rate.1

15.1.4  CT Pulmonary Angiography

During the 1990s, pulmonary angiography was steadily replaced by the less inva-
sive CT pulmonary angiography. The CTPA technique involves the patient lying 
supine. A bolus of between 120 and 150 ml of nonionic contrast medium is injected 
at a rate of 4–5 mls/min, preferably via an antecubital fossa vein. The CT images 
are acquired on suspended inspiration either after 12–15 s following injection or 
using a bolus tracking device. Precise image protocols vary from institution to 
institution; however, in general, images are acquired from the level of the aortic 
arch to 2 cm below the level of the inferior pulmonary veins. A CTPA examination 
does not routinely examine the whole thorax. It is therefore not a complete screen-
ing tool for chest diseases.
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In the early 1990s, with the slower single slice CT machines, the diagnosis was 
limited to central pulmonary arterial thrombus detection. The relatively slow image 
acquisition times resulted in poor-quality images in the dyspneic patient, and image 
reconstruction was limited to 5 mm. CT technology has advanced beyond recogni-
tion within the last decade, and the advent of multidetector or multislice CT 
(MDCT) has vastly improved image resolution as a result of faster acquisition times 
and very thin collimation down to 0.5–1 mm depending on the scanner used.

A meta-analysis using data from 1990 to 2000 found that the sensitivity and 
specificity of single slice CTPA in diagnosing PE was 74 and 90%, respectively.6 
With just a four-detector CT, the sensitivity and specificity improved to 100 and 
89%, respectively.7 It is now well recognized that with MDCT, emboli can be 
detected down to the subsegmental level.8-11

Results from the PIOPED II study have recently been published. The aim of 
PIOPED II was to formulate up-to-date recommendations for the investigation of 
suspected PE. As part of this study, the accuracy of CTPA alone and CTPA combined 
with venous phase imaging of the abdomen, pelvis, thighs, and calves to detect deep 
vein thrombosis was assessed. This combined study is referred to in the literature as 
either CTA-CTV (CT angiography-CT venography) or perhaps more precisely as 
CTVPA (CT venography and CT pulmonary angiography). The same bolus of 
contrast medium is used for the two phases, although clearly there is an increase in 
the radiation dose. The effective dose from a CTPA alone is 1.6–8.3 mSv; a CTV 
would add 5.7 mSv.3 The PIOPED II study found that by combining the two 
examinations, there was an increase in sensitivity for diagnosis of thromboembolic 
disease from 83% for CTPA alone, to 90% when combined with a venous survey.11 
Numerous studies have shown that CTV of the lower limbs is highly accurate in the 
diagnosis of thrombus12,13 and is diagnostically equivalent to compression sono 
graphy.14,15 However, there is a significant additional radiation burden to the patient 
with relatively little additional diagnostic yield and it is therefore not routinely 
recommended in women of childbearing age.

A large meta-analysis of 15 studies assessed the validity of a negative CTPA 
study. Altogether 3,500 patients investigated with suspected PE, but with nega-
tive CTPA studies, were followed up for a minimum of 3 months. The results 
found a negative predictive value of 99.1% for a negative CTPA. This is compa-
rable with a negative conventional pulmonary angiogram.16 As result of these 
findings, the Fleischner Society in a recent statement conclude that in the current 
era, MDCT can replace conventional pulmonary angiography as the reference 
standard for the diagnosis of acute PE.17 Some centers have abandoned the use 
of V/Q scintigraphy as a first-line investigation altogether, at the expense how-
ever of a greater radiation burden to those patients under investigation. At the 
Royal Free Hospital, over the past 6 years referral practice for acute pulmonary 
embolus (PE) diagnosis has changed with a decline in V/Q and an increase in 
CTPA referral (Fig. 15.2). It is well recognized now that MDCT provides an 
accurate diagnosis, is available out of hours (vs. limited availability of radiop-
harmaceuticals out of hours), and provides addition information over and above 
the pulmonary arterial circulation.
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Fig. 15.2 Changes in referral pattern for investigation of acute PE at The Royal Free Hospital 
from 2001 to 2006

a b

Fig. 15.3 A saddle embolus is demonstrated in (a), a reconstructed image from a computed 
tomographic pulmonary angiogram (CTPA) examination. Less conspicuous is a small central fill-
ing defect (white arrow) within a subsegmental artery (b) on an axial CTPA image

The signs of an acute PE on a CTPA include failure of contrast to fill the entire 
lumen of an artery due to a central filling defect (Fig. 15.3). This artery may be 
enlarged when compared with the accompanying arteries at the same level. The 
filling defect may be nonocclusive and only partial, allowing contrast medium to 
surround the filling defect akin to the conventional angiographic railway track or 
trailing edge sign (Fig. 15.4).5,18 In acute PE, the thrombus forms an acute angle 
with the vessel wall (Fig. 15.5).5

In addition to mapping the pulmonary arterial tree, the majority of the lung paren-
chyma, pleural spaces, and mediastinum are also imaged on a CTPA. Additional 
signs of a PE may include an infarct, usually seen as a peripheral wedge shaped area 
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Fig. 15.4 Axial CTPA image. A nonocclusive thrombus with contrast media seen to pass either 
side of the thrombus (white arrows); the CT equivalent of the angiographic railway track sign

Fig. 15.5 The white arrows in this recon-
structed image from a CTPA demonstrate the 
acute angle that the thrombus makes with the 
vessel wall
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of consolidation with or without an accompanying pleural effusion. The examination 
may show signs of right ventricular strain. Obstruction of more than 30% of the 
pulmonary circulation is sufficient to raise the pulmonary vascular resistance result-
ing in pulmonary hypertension seen on the CTPA as dilation of the right ventricle 
(RV), reflux of contrast medium down the IVC, and deviation of the interventricular 
septum to the left.18 If the CTPA is negative for PE, the examination may reveal other 
causes of the patient’s clinical presentation and improve patient care by minimizing 
diagnostic delay, that might have occurred had other investigations been used. One 
study of over a thousand patients undergoing a CTPA found an alternate significant 
diagnosis requiring immediate or specific treatment (e.g., aortic aneurysm or mass 
suggestive of malignancy) in approximately 10%.19

There are a number of pitfalls in the diagnosis of PE from a CTPA. Technically, 
the examination may be suboptimal with poor opacification of the arterial tree. This 
may be due to contrast delivery or to patient factors such as obesity. Breathing and 
cardiac motion artifact may result in volume averaging with surrounding air-filled 
lung resulting in an apparent intra-luminal defect. Vessels coursing in and out of the 
plane of the axially acquired images may result in partial volume averaging arti-
fact.18 These defects occur less with thin-collimation CT, given the ability to recon-
struct the data in the sagittal and coronal plane. High concentration of contrast 
medium in the SVC can result in streak artifacts in the adjacent right main pulmo-
nary artery, and increased pulmonary vascular resistance due to consolidation may 
lead to false-positives.20

Complications of a CTPA include contrast reactions, extravasation of contrast 
material into the antecubital fossa, and contrast-related renal impairment.11 Screening 
of those patients most at risk of a contrast reaction, accurate venous access for 
 contrast delivery and management of patients likely to suffer renal impairment 
reduces the incidence and severity of these complications. In patients with contrast 
medium allergy or with renal failure, contrast-enhanced MR angiography (MRA) 
can be performed.

15.1.5  MR Pulmonary Angiography

Advances in MR technology have resulted in shortened data acquisition times mak-
ing the images less susceptible to motion artifact and with improved spatial resolu-
tion. Contrast-enhanced MRA can be used for the detection of pulmonary emboli. 
A number of studies quote sensitivities and specificities in the range of 77–100% 
and 62–98%, but the study sizes were all small.21-25 Sensitivities are higher for cen-
tral and lobar vessels, with reduced sensitivities quoted for segmental and subseg-
mental emboli as a result of limitations in spatial resolution.

Contrast-enhanced MRA may have a role in the diagnosis of PE in patients who can-
not undergo CTPA due to renal impairment or contrast allergy. There is no radiation 
involved in MRA; however, its use in pregnancy is still controversial. This technique and 
its role in the investigation of PE is currently under evaluation in the PIOPED III study.
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15.1.6  Sonography of the Lower Limbs

Conventional venography has been replaced by compression and Doppler ultrasound 
(US). The sensitivity and specificity of US is reported as greater than 95% in 
symptomatic patients, using venography as a reference standard. The sensitivity 
and specificity of sonography is reduced in asymptomatic patients. US in asymp-
tomatic patients as a screening tool remains controversial.15 Doppler US only 
examines the deep venous system of the legs and is therefore only of diagnostic 
value, in the investigation of acute PE, if it is positive. A negative result is of no 
value at all.

15.1.7  Investigation of Acute PE in the Pregnant Patient

To avoid the relatively high radiation dose to metabolically active breast tissue and 
to the fetus during pregnancy, it is suggested that pregnant women suspected of 
having an acute PE undergo CXR to exclude other etiologies, D-dimer testing, 
bilateral leg sonography followed by perfusion only scintigraphy if no deep venous 
thrombosis found.3 In patients with indeterminate scintigraphy results, modified 
dose CTPA should be performed.26

15.1.8  An Algorithm for the Investigation of PE Based  
on Recommendations from PIOPED II Investigators

An algorithm for the investigation of acute pulmonary embolism in the current era 
is shown (Fig. 15.6). It must be emphasized, however, that the diagnosis is fre-
quently not clear cut. Discordances between clinical probability and imaging 
results will exist, necessitating re-assessment of the clinical probability and further 
or repeat imaging based on clinical judgment. The value of the pretest clinical prob-
ability and D-dimer assay has not been reviewed in this chapter; however, there is 
strong evidence for its routine use, particularly in excluding acute PE in patients 
with a low pretest clinical probability and negative D-dimer test.27

15.2  Imaging the Patient with Suspected Chronic 
Thromboembolic Disease

It is estimated that 1–3.8%28,29 of patients with an acute pulmonary embolic event 
will go on to develop chronic thromboembolic disease (CTED). It is postulated that 
acute PE may be one of several potential insults to the endothelium of the pulmonary  
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arteries that may result in remodeling, atherosclerosis, in situ thrombus, and consequential 
development of CTED.30 Only a third of patients with confirmed CTED have a 
previous history of an acute event.31 The clinical history is therefore an unreliable 
pointer to the diagnosis of CTED in patients with pulmonary hypertension (PH). 
Imaging is pivotal in the evaluation of these patients in both the diagnosis and 
assessment for potentially curable surgery. Unlike for acute pulmonary embolism, 
there have been no prospective studies to evaluate the most effective diagnostic 
approach to CTED.

15.2.1  The Chest Radiograph (CXR)

Patients with CTED may have normal CXRs, but frequently show signs of pulmo-
nary hypertension with enlarged main and hilar pulmonary vessels with “pruning” 
or tapering of the vessels peripherally (Fig. 15.7). There may be cardiomegaly, 
atelectasis, pleural effusion, and/or pleural thickening. These features are all non-
specific, and are found in many patients with pulmonary hypertension. The CXR is 
therefore not a helpful discriminator, but a necessary part of a patients’ work-up and 
provides a baseline for future management.32

Clinical pre-test
probability

Exclude PE

Low Measure D-dimer

Negative D-dimer test

High Further imaging

V/Q scintigraphy

If CXR normal

CTPA alone
or combined with
CTV

If CXR abnormal

If normal

Diagnose PE

If high probability

If low to intermediate
probability

Pulmonary MRA

Specific clinical circumstances
Eg. Renal impairment, allergy to contrast media

Lower limb Doppler USPregnancy

If positive and
supportive
clinical history

Perfusion
only if
Doppler US
negative

Positive D-dimer test

Fig. 15.6 An algorithm for the investigation of acute PE
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15.2.2  Echocardiography

Transthoracic echocardiography is the most widely used screening tool for patients 
with suspected pulmonary hypertension32 and is necessary in delineating cardiac 
anatomy and assessing right ventricular function.

15.2.3  Ventilation Perfusion Scintigraphy

Having confirmed pulmonary hypertension on echocardiography, the first diagnos-
tic test in the work-up of a patient with suspected CTED is V/Q scintigraphy. There 
is general agreement among experts that a normal V/Q scintogram excludes the 
diagnosis of CTED.33-35 In patients with CTED, the V/Q scintogram shows one or 
more mismatched, segmental, or larger defects.36,37 Matched defects may coexist, 
possibly reflecting previous infarcts (Fig. 15.8). V/Q scintigraphy has been shown 
to have a high sensitivity (96–97.4%) and specificity (90–95%) for CTED.38 It is, 
however, recognized that there are rare causes of multiple perfusional defects in this 
subgroup of patients presenting with pulmonary hypertension, such as pulmonary 

Fig. 15.7 Enlarged dilated main, right, and left pulmonary arteries on a CXR in a patient with 
pulmonary hypertension



25715 Imaging in Acute and Chronic Pulmonary Thromboembolic Disease

vasculitis,39 fibrosing mediastinitis,40 pulmonary artery sarcoma,41 pulmonary veno-
occlusive disease,42 and pulmonary capillary hemangiomatosis.43 While a helpful 
clue to the diagnosis of CTED, V/Q scintigraphy frequently underestimates the 
severity and overall clot burden.32

15.2.4  CT Pulmonary Angiography and High-Resolution  
CT Chest

A number of abnormalities have been described indicating CTED on a CTPA. 
Because treatment of CTED differs considerably from other causes of pulmonary 
hypertension, an accurate diagnosis is essential.

15.2.4.1  Cardiac Abnormalities

There are nonspecific signs that relate to the pulmonary hypertension itself such as 
enlarged RV with deviation of the interventricular septum (Fig. 15.9). With increas-
ing right ventricular pressures, dilation of the RV may result in tricuspid valve 
incompetence with reflux of contrast material into the hepatic veins (Fig. 15.10). 

Fig. 15.8 Ventilation/perfusion scintogram in a patient with chronic thromboembolic disease 
(CTED), demonstrating multiple mismatched defects, and also some matched defects possibly 
representing areas of infarct from previous embolic insult
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Fig. 15.9 Axial CTPA image. The right ventricle (RV) is dilated, and the interventricular septum 
is deviated toward the left (black arrows)

Fig. 15.10 Axial CTPA image. Contrast media refluxes into the hepatic IVC and veins in a 
patient with tricuspid regurgitation and pulmonary hypertension
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This may also be accompanied by right atrial enlargement and thrombus (Fig. 15.11) 
may develop within the right atrium, which may calcify.44

15.2.4.2  Vascular Abnormalities

Pulmonary Arteries

The main pulmonary artery and its branches dilate. The main pulmonary artery is 
frequently larger in diameter than the aorta (Fig. 15.12). An aortic/pulmonary 
diameter ratio of greater than 145 or a pulmonary artery diameter of greater than 
2.86 cm46 is considered abnormal and indicative or pulmonary hypertension. An 
increased diameter of the right and left pulmonary arteries greater than 1.6 cm 
measured in the scanning plane at the bifurcation of the main pulmonary artery is 
also considered enlarged47 and more peripherally, pulmonary arteries are consid-
ered enlarged if they are larger than their accompanying bronchus with a ratio 
greater than 1.0 (Fig. 15.13). Signs specific to the diagnosis of CTED include 
obstructive filling defects characterized by complete occlusion of a pulmonary ves-
sel with distal narrowing and stenosis, and nonobstructive filling defects as a result 
of organized thrombotic material. Such nonobstructive defects consist of mural 
thrombus (Fig. 15.14), pouch defects, irregularities of the intimal surface, calcified 
thrombus, webs, and bands. A band is a ribbon-like structure attached at both ends 

Fig. 15.11 Axial CTPA image. Black arrows indicate thrombus within the right atrial appendage
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Fig. 15.13 Axial CTPA image. The pulmonary vessels to the apico-posterior segment of the left 
upper lobe are larger than the equivalent vessels to apical segment of the right upper lobe. Their 
accompanying bronchus is too small to appreciate

Fig. 15.12 Axial CTPA image. The pulmonary trunk is dilated. The pulmonary artery to aortic 
diameter ratio exceeds 1
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to the vessel wall (Fig. 15.15). They range in size from 0.3 to 2 cm and from 0.1 to 
0.3 cm in diameter. They are usually orientated in the direction of blood flow along 
the long axis of the vessel.5 A web is defined as a network of bands. Variability in 
the size and distribution of pulmonary arteries is described in CTED33,48(Fig. 15.16) 
and is the result of chronic vascular obstruction with thromboembolic material, 
which becomes organized and fibrotic resulting in the decrease in size of some ves-
sels and the compensatory increase in size of others.44 Variation in vessel size has 
been found to be more specific in distinguishing CTED from other causes of pul-
monary hypertension and is seen more frequently than mosaic attenuation (see 
below), although there is a clear association between enlarged vessels and areas of 
increased attenuation.49

Bronchial and Nonbronchial systemic Arteries

Bronchial arteries do not normally participate in gaseous exchange, their role 
being one of nutritional support to the lungs. In the normal state, these arteries 

a b

c

Fig. 15.14 Axial CTPA images depict mural thrombus within a segmental vessel (white arrows) 
in (a), within a dilated lobar vessel (white arrow) in (b) and within the right main pulmonary 
artery in (c)
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Fig. 15.15 Axial CTPA image. A web is demonstrated (black arrow) within a right lower lobar 
pulmonary artery

Fig. 15.16 Axial CTPA image. This reconstructed high-resolution image shows variation in vessel 
size, vessels greater in diameter than their accompanying bronchus, and mosaic attenuation of the lung 
parenchyma. The dilated arteries are associated with areas of increased parenchymal attenuation
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have a maximum diameter of <1.5 mm and are not usually visible on CT. Bronchial 
arteries ³1.5 cm are considered dilated.50 In patients with CTED, there is increased 
flow through these arteries as a result of the development of systemic-to-pulmonary 
anastomoses. These vessels become visible on CT and may measure greater than 
4 mm in diameter47(Fig. 15.17). They are identified within the mediastinum and 
travel along the course of the bronchi. One study demonstrated that in 77% of 
patients with proven CTED, bronchial dilatation was present.50 Nonbronchial sys-
temic arteries may also contribute to systemic-pulmonary anastomoses. They do 
not parallel the course of the bronchi, but rather enter the parenchyma through the 
pulmonary ligament or through the pleura itself. These nonbronchial systemic 
arteries include the intercostal arteries, internal thoracic artery, and the inferior 
phrenic arteries. These are considered enlarged if their diameter exceeds 4 mm.47

15.2.4.3  Parenchymal Abnormalities

The lung parenchymal changes of CTED are best appreciated from either reconstructed 
data from the CTPA or from a separate dedicated high-resolution CT (HRCT).

Fig. 15.17 Axial CTPA image. Within the mediastinum, dilated tortuous systemic bronchial arteries 
are shown (white arrow)
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Mosaic Attenuation

A mosaic pattern of attenuation, with sharply demarcated areas of ground glass, 
is described in CTED and has been shown to be a useful discriminator, differen-
tiating CTED from other nonembolic causes of pulmonary hypertension49 
(Fig. 15.18). Schwickert et al. found mosaic attenuation in 77% of patients with 
CTED.48 Investigators have shown that this is due to mosaic perfusion and cor-
relates well with perfusion scintigraphy.33,48 This differential pattern of attenua-
tion, as a result of regional variation in blood flow, must be distinguished from 
air-trapping, which also produces mosaic attenuation. However, air-trapping 
caused by small airways diseases such as extrinsic allergic alveolitis can be dis-
tinguished from mosaic perfusion by expiratory phase imaging, where the air-
trapping is emphasized.

Peripheral Densities

Previous pulmonary infarcts from an acute event may appear on CT as parenchymal 
bands, or as subpleural wedge-shaped densities, which may or may not cavitate44,48 
(Fig. 15.19). Parenchymal scarring has been shown to be associated with a restric-
tive lung defect in patients with CTED.51

Fig. 15.18 A high-resolution CT (HRCT) image. Mosaic attenuation is demonstrated with areas 
of increased attenuation, reflecting increased perfusion, sharply demarcated against areas of 
decreased attenuation
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15.2.5  MR Angiography 

As MR techniques evolve to allow single breath-hold data acquisition and therefore 
improved spatial resolution, pulmonary MRA is emerging as a useful tool in the 
investigation of CTED. This particularly applies to patients who cannot receive 
iodinated contrast medium due to allergy or renal impairment, or in patients where 
radiation burden is a significant consideration. MRA demonstrates thrombus, webs, 
stenoses, and vessel cut-off as for CTPA; however, owing to limitations in spatial 
resolution despite recent advances, it is only capable of demonstrating these fea-
tures to the segmental level.52

A significant advantage of MR imaging is that in addition to the information 
provided from MRA regarding thrombus, webs, stenoses, etc., further imaging 
sequences can provide functional assessment of disease, such as the effect on the 
right and left ventricles.52 A pulmonary MRA, however, does not provide any useful 
diagnostic information regarding the lung parenchyma.

15.2.6  Conventional Pulmonary Angiography

There are a number of abnormalities seen on a conventional pulmonary angiogram 
suggesting the diagnosis of CTED. Experience has shown that in CTED, these 
abnormalities are usually multiple and bilateral.53 On conventional pulmonary 
angiography, CTED may manifest as complete obstruction with complete vessel 

Fig. 15.19 Axial CTPA image. The reconstructed image displayed on lung windows demon-
strates a large cavitating pulmonary infarct within the right lower lobe
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cutoff having a convex margin with respect to the contrast material, described as a 
pouch defect.5 This differs from the concave margin seen with an acute PE. Arterial 
webs or bands are seen as lines of decreased opacification that cross the width of the 
vessel and may be associated with areas of narrowing and poststenotic dilatation. 
Irregularly organized mural thrombus manifests itself as intimal irregularity giving 
a scalloped appearance of the vessel wall on the angiogram53 (Fig. 15.20). Pulmonary 
angiography is still considered the standard diagnostic tool in CTED and remains the 
most sensitive method of detecting segmental and subsegmental thrombus. It may, 
however, like V/Q underestimate central disease. Pulmonary angiography is fre-
quently performed in conjunction with right heart catheterization. Right heart cath-
eterization will confirm the degree of pulmonary hypertension, exclude pulmonary 
venous hypertension, and assess the degree of hemodynamic dysfunction.

15.2.7  Differentiating CTED from Other Causes of Pulmonary 
Hypertension

Other causes of pulmonary hypertension, listed above (see Sect. 15.2.3), may give 
similar V/Q scintographic or conventional angiographic appearances to those seen 
in CTED; however, cross-sectional imaging with CT or MRI may help in their 

Fig. 15.20 A conventional pulmonary angiogram with catheterization of the right main pulmo-
nary artery. Several abnormalities are present. The white arrow points to a complete occlusion, 
while the arrowheads outline areas of intimal irregularity in keeping with mural thrombus
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 differentiation. Primary pulmonary hypertension, pulmonary hypertension associ-
ated with scleroderma/systemic sclerosis, and capillary hemangiomatosis may 
show a centrilobular nodular ground-glass pattern on HRCT.20,33,54 Primary pulmo-
nary artery sarcomas are rare but may mimic CTED. The tumor may be seen as a 
mass resembling clot within the pulmonary arterial trunk or its proximal branches. 
This tumor is often associated with thrombus formation and therefore other signs 
typical of CTED may coexist. These tumors enhance with gadopentetate dimeglu-
mine on T1-weighted MRI images and can be differentiated from thrombus.20 In 
pulmonary veno-occlusive disease, the most common finding is smooth interlobu-
lar septal thickening, multifocal nodular ground-glass opacification, and pleural 
effusions.55 Fibrosing mediastinitis characteristically causes narrowing of mediasti-
nal structures and an associated mediastinal mass illustrated well by CT.56 
Pulmonary vasculitis or Takayasu’s arteritis causes luminal narrowing, which may 
appear similar to CTED on conventional angiography; however, CT shows mural 
thickening and enhancement of the aorta, pulmonary artery, and their branches.57 
The presence of mediastinal lymphadenopathy is unusual in CTED and its presence 
suggests a different etiology such as primary pulmonary hypertension, capillary 
hemangiomatosis, or veno-occlusive disease.33

15.2.8 Assessment for Surgery

In addition to making the diagnosis of CTED and differentiating it from other 
causes of pulmonary hypertension, an important role of cross-sectional imaging 
is to determine the suitability for surgery and thrombo-endarterectomy. Because 
central thrombus becomes endothelialized, conventional angiography may under-
estimate central clot burden. CTPA and MRA are essential in this respect. Surgery 
is generally considered technically feasible if thrombus is detected centrally, at 
the level of the main or lobar arteries or at the origin of the segmental vessels to 
create a safe dissection plane. Central distribution of thrombus with little segmen-
tal involvement is a predictor of successful outcome.58 High pulmonary vascular 
resistance and the absence of substantial central disease suggests concomitant 
small-vessel disease, which increases the risk of persistent pulmonary  hyperten  sion 
postoperatively and is also associated with a higher short- and long-term 
 mortality.59 The presence of dilated systemic bronchial arteries has been shown to 
be a good predictor of surgical outcome.50 Age, hemodynamic function, and other 
coexisting morbidities are also taken into consideration during surgical work-up. 
Initial mortality rates were high at 17% between 1970 and 199060 however, as 
techniques have improved and selection criteria refined, a more recent mortality 
figure of 4.4% has been quoted.59 A successful thrombo-endarterectomy has been 
shown to restore hemodynamic function to near-normal and the procedure is 
considered curative. Functional MR and MRA studies have shown significant 
improvements in right ventricular ejection fractions, reduction in the size of the 
main pulmonary artery, and re-opened segmental vessels.52
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15.2.9  Diagnostic Pathway

As can be seen from Table 15.1, the accuracy of CT and MRI do not allow CTED to 
be made from single modality imaging. The investigation of a patient with suspected 
CTED requires multimodality input, particularly if surgery is to be considered. 
Previously invasive angiography was the reference imaging modality. Central throm-
bus may be underdiagnosed; however, angiography has the advantage of providing 
accurate segmental and subsegmental disease assessment and a surgical road-map for 
therapeutic planning. MDCT and pulmonary MRA are now playing a more dominant 
role in the diagnosis of this condition, not least because these are less invasive, less 
expensive, and generally more widely available than conventional angiography.

A suggested algorithm for the investigation of patients suspected of having 
CTED is provided in Fig. 15.21, which has been adapted from the Papworth algo-
rithm33 to include V/Q scintigraphy as an initial investigation and is in line with 
current recommendations from the American College of Chest Physicians.32 A normal 
scintogram effectively rules out the diagnosis of CTED, however, and has been 
found to be more sensitive than CTPA in the diagnosis of CTED.38 CTPA and MRA 
alone should not be used to exclude CTED. In the investigation of patients sus-
pected of having CTED, the clinical status of the patient and their suitability for 
intervention should influence how far they proceed down the diagnostic pathway.

15.3  Conclusion

The diagnosis of acute pulmonary embolism has been intensely studied and modified 
over the past two decades, resulting in a readily accessible and minimally invasive 
investigation pathway. As a result, referral practices have changed and radiation 

Table 15.1 The reported sensitivities and specificities of CTPA, MR angiog-
raphy (MRA), and V/Q scintigraphy in the diagnosis of CTED

– Sensitivity (%) Specificity (%)

CTPA central vessels 77–86 50–92
Bergin et al.61 77 100
Schwickert et al.48 70
Pitton et al.62

CTPA segmental vessels 81–85 53–64
Bergin et al. 64
Pitton et al.
MRA central vesselsWolff et al.63 82–8327–44 93–9654–77
Bergin et al.
MRA segmental vessels 68–76 93–95
Wolff et al. 59–60 54–64
Bergin et al.
V/Q scintigraphy 96–97.4 90–95
Tunariu et al.38
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burden to the patient must be kept in mind. However, there is no doubt that recent 
advances in imaging, particularly in MDCT, have improved the efficiency with 
which this diagnosis is made and excluded, with associated cost benefits. In the very 
small minority of patients who develop CTED and in those patients in whom the 
disease appears to develop de novo, accurate imaging plays an increasingly impor-
tant part in the management of a potentially curable cause of pulmonary hyperten-
sion, with MDCT and MRA developing as significant contributors to this diagnosis.
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16.1  Introduction

Pulmonary arterial hypertension (PAH) is characterized by vascular proliferation 
and remodeling ultimately leading to right ventricular failure and death. PAH has 
emerged in recent years as the leading cause of death and late disease morbidity in 
systemic sclerosis and is an important complication of other connective tissue dis-
orders. Pulmonary endothelial injury is associated with reduced production of 
vasodilating substances such as prostacyclin and nitric oxide and increased produc-
tion of  vasoconstrictive and proproliferative  endothelin. Short term controlled 
trials have suggested benefits of endothelin receptor antagonism including improved 
exercise capacity and hemodynamics and increased time to clinical worsening. 
Improved survival is suggested from long term open label observational cohorts. As 
therapeutic options increase, it is important to consider the validity of outcome 
measures and the relative merits of endothelin receptor selectivity.

The prognosis for patients with PAH associated with CTD (PAH-CTD) is worse 
than that for patients with idiopathic PAH (iPAH) or PAH associated with congenital 
heart disease (PAH-CHD).3,14 For example, the 3-year survival rate is 37% for 
patients with PAH-CTD when compared to 59% for patients with iPAH and 77% 
for patients with PAH-CHD (Fig. 16.1).15 Similarly, the prognosis for patients with 
PAH-CTD is significantly worse than that for CTD patients without this complica-
tion.7 The 1-year survival rates are >90% and <70% in patients with systemic 
sclerosis without PAH and with PAH, respectively, and the 5-year survival rates are 
~85% in the absence of PAH and only 10% in the presence of PAH.16

The high prevalence of PAH in systemic sclerosis and the lack of symptoms in the 
initial stage of PAH have led the American College of Chest Physicians to recommend 
in their guidelines that CTD patients at risk should be screened at regular intervals. 
Annual echocardiogram assessments (or sooner, if symptomatic) and the easy to adminis-
ter 6-min walk distance (6MWD) test can be scheduled with a concomitant consultation 
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by a cardiologist or pulmonologist. Awareness in rheumatologists of the need to proac-
tively screen patients with CTD should result in earlier diagnosis of patients with PAH. 
Early detection should permit implementation of a treatment strategy that is based on 
the condition’s cause and severity, ultimately improving clinical outcome.14,17

The treatment of PAH-CTD is more complex than that of iPAH.3,14 Therapeutic 
algorithms for PAH18,19 and, specifically, for the management of PAH in systemic scle-
rosis7,20 include a variety of clinically relevant endpoints, such as survival, exercise 
capacity, functional class, hemodynamic parameters, echocardiographic parameters, 
and quality-of-life measures.21 The approach to treating PAH-CTD includes both gen-
eral measures and targeted treatment of the underlying disease. General supportive care 
includes (1) oral anticoagulants, which are thought to reduce cellular proliferation by 
reducing thrombin levels in the pulmonary vasculature; (2) diuretics to treat edema and 
ascites; (3) oxygen for hypoxemia; and (4) digoxin for right ventricular failure.14,18,22

Three major pathways have been identified as playing critical roles in the abnor-
mal proliferation and vasoconstriction of pulmonary arteriolar smooth muscle cells 
in PAH: (1) the prostacyclin pathway, (2) the nitric oxide pathway, and (3) the 
endothelin pathway. An understanding of these pathways has led to the identifica-
tion of three targets that form the basis of current and emerging targeted therapies 
for PAH,1 namely prostacyclin, phosphodiesterase type 5, and endothelin 1 (ET-1). 
This chapter examines the use of endothelin receptor antagonists (ETRAs) in the 
treatment of PAH in patients with CTDs.

16.2  The Role of Endothelin-1 in the Pathogenesis of PAH 
Associated with CTD

ET-1 is involved in the physiologic processes of vascular tone and endothelial cell 
mitogenesis and has an obligatory role in normal cellular proliferation, repair, 
and tissue development.23,24 Under pathologic conditions, ET-1 leads to fibrosis, 

Fig. 16.1 Mean survival of patients with pulmonary arterial hypertension (PAH).19 CHD con-
genital heart disease; CTD connective tissue disease; HIV human immunodeficiency virus; IPAH 
idiopathic pulmonary arterial hypertension; portopulm; portopulmonary hypertension
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irreversible vascular remodeling of the lungs, smooth muscle cell hypertrophy, and 
inflammation.25 Expression of ET-1 is dependent on tissue and cell type, as well as 
on the underlying disease entity and its severity, and appears to play a major role 
in the vascular dysfunction seen in both PAH and CTDs.4,26,27 Elevated plasma and 
tissue levels have been demonstrated in iPAH, systemic sclerosis, and other CTDs. 
Immunohistochemical, autoradiographic, and molecular analyzes have shown 
increased ET-1 in the vasculature, pulmonary interstitium, and bronchial and alveo-
lar epithelium regions.28 The largest increase in ET-1 has been seen in areas of 
abnormal pulmonary vascular architecture.29 Expression of total ET-1 receptors in 
scleroderma lung tissue appears to be localized to the alveolar epithelium and the 
pulmonary interstitium, which is primarily composed of fibroblastic cells with 
macrophages and some microvessels.28 Circulating and pulmonary ET-1 levels 
have been correlated with hemodynamic parameters, disease severity, and disease 
outcome.4

The biologic effects of ET-1 are mediated by two membrane receptors, ET-1 
receptor A (ET

A
) and ET-1 receptor B (ET

B
), which belong to the G-protein-coupled 

serpentine family. Both receptors are expressed differentially by various cell types 
as well as in multiple disease entities.23,30 As shown in Fig. 16.2, activation of ET

A
 

receptors, found on smooth muscle cells and cardiac myocytes, results in vasocon-
striction, cell proliferation, and hypertrophy. In contrast, binding of ET-1 to ET

B
 

receptors, which are located on vascular endothelial cells, results in the release of 
nitric oxide and prostacyclin thereby causing vasodilation. Endothelial ET

B
 recep-

tors in the lung and kidney also have a role in clearing ET-1. Furthermore, activa-
tion of ET

B
 receptors results in inhibition of endothelin-converting enzyme-1 

(ECE-1), the enzyme responsible for the biosynthesis of ET-1 from the inactive 

Fig. 16.2 ET-1 receptor A (ET
A
) and ET-1 receptor B (ET

B
) mediate activities of endothelin 1 (ET-1)
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intermediate big ET-1.31 ET
B
 receptors are also found on smooth muscle cells, 

where they are believed to play a role in vasoconstriction, proliferation, and hyper-
trophy similar to the effects of ET

A
 receptors on smooth muscle cells.

16.3  Endothelin-Receptor Antagonists in the Treatment  
of PAH Associated with CTD

The central role of ET-1 in the pathogenesis of PAH has led to the development of 
antagonists that block functional ET-1 receptors. Currently, two types of ETRAs 
have been studied in patients with PAH-CTD: nonselective ET

A
/ET

B
 receptor 

antagonists and ET
A
-selective receptor antagonists. Clinical trials with both ET

A
-

selective and nonselective ETRAs indicate that not only can these agents enhance 
the physical function of the patient, as measured by a change in exercise capacity 
and an improvement in functional class, but they can also improve hemodynamic 
parameters. In addition, initial data suggest that ETRAs confer a survival benefit in 
patients with PAH-CTD.32-36

The advantages and disadvantages of ET receptor type selectivity with regard to 
clinical outcomes have not been exhaustively investigated; however, experimental 
data suggest that ET receptor selectivity may be relevant to the efficacy and safety 
of ETRA therapy.37 For example, blocking functional endothelial ET

B
 receptors 

with a nonselective ET
A
/ET

B
 antagonist would be anticipated to result in increased 

levels of circulating ET-1, through reduced clearance via ET
B
 receptors and activa-

tion of ECE-1.38,39 Increased levels of circulating ET-1 have been observed in 
patients with vascular disease after treatment with both nonselective and partially 
selective ETRAs.39-45 In contrast, treatment with highly selective ET

A
 antagonists 

has been documented to decrease circulating ET-1 levels.46 The pathophysiological 
or prognostic significance of increased ET-1 levels remains unknown; however, the 
observation that ET-1 levels are elevated in the disease state and correlate with 
aspects of the disease4 would suggest that such increases are not beneficial.

Examination of the effects of selective and nonselective ETRAs on blood vessels 
in the systemic circulation of healthy subjects and those with vascular disease shows 
the anticipated responses of vasodilation and increased blood flow with ET

A
 receptor 

blockade and of vasoconstriction and reduced blood flow with selective ET
B
 block-

ade.47-49 Interestingly, however, coadministration of selective ET
A
 and selective ET

B
 

receptor antagonists was observed to attenuate the vasodilator response relative to 
selective ET

A
 receptor blockade alone.47-49 These findings, however, should be inter-

preted with caution, as the effects of ETRAs on blood vessel tone in general may not 
necessarily reflect their actions in the pulmonary arterial circulation.

ETRA selectivity may also be an important consideration when evaluating the 
effects of these agents on vascular proliferation and remodeling. There is widespread 
evidence from animal models that both selective and nonselective ETRAs result in 
reduced expression of growth factors, reduced extracellular matrix deposition, and 
reduced matrix metalloproteinase activity.50-56 Interestingly, while both ET

A
-selective 
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antagonists and nonselective antagonists have been shown to be effective in attenuating 
fibrosis and collagen production in short-term studies, ET

A
-selective antagonism 

may provide greater benefits in terms of attenuating collagen secretion, cell prolif-
eration, and interstitial area in the longer term.53

ET
A
 selectivity may also influence the incidence of certain adverse events 

following treatment with ETRAs, in particular edema. ET-1 is believed to play an 
important role in regulating sodium excretion through activation of ET

B
 receptors,57 

and it has recently been shown that blockade of the ET
B
 receptor in the rat renal 

medulla causes antidiuresis and antinatriuresis.58

16.4  Clinical Experience with ETRAs

To date, two ETRAs – bosentan and ambrisentan – have been approved by the US 
Food and Drug Administration for the treatment of PAH. A third ETRA – sitaxentan 
– has been approved in the European Union, Australia, and Canada. These agents 
differ in their selectivity for the ET

A
 and ET

B
 receptors and also with regard to their 

pharmacokinetic properties.
Bosentan is a nonselective ET

A
/ET

B
 antagonist taken orally twice daily. It is 

currently indicated for the treatment of PAH (World Health Organization [WHO] 
Pulmonary Hypertension Classification Group I) in patients with WHO functional 
class III or IV symptoms to improve exercise capacity and decrease the rate of 
clinical worsening.59 Ambrisentan is a moderately selective oral, once-daily ET

A
 

receptor antagonist. It is indicated for PAH (WHO Pulmonary Hypertension 
Group I) in patients with WHO functional class II or III symptoms to improve 
exercise capacity and delay clinical worsening.60 In vitro selectivity values (ET

A
: 

ET
B
) for ambrisentan range from 29:1 for ET-1-mediated contraction in the rat 

aorta to 4000:1 in myocardial membranes.61,62 Increased ET-1 plasma levels have 
been observed following ingestion of ambrisentan, which suggests that the ET

B
 

receptors – important in ET-1 clearance – are at least partially blocked in vivo.63 
Sitaxentan is an oral, once-daily, ET

A
-selective ETRA. It is approved in the 

European Union and Australia for the treatment of primary PAH and PAH associ-
ated with collagen vascular diseases in patients with WHO functional class III 
PAH, and is awaiting approval in the USA for WHO functional class II, III, and 
IV iPAH and PAH-CTD. Sitaxentan has an ET

A
:ET

B
 selectivity of 6,500:164 

and should thus block the vasoconstrictive effects of ET-1 while maintaining the 
vasodilator and ET-1 clearance functions of ET

B
 receptors.65 Functional selectivity 

is confirmed by the observation that sitaxentan decreases circulating plasma ET-1 
in patients with congestive heart failure, indicating that the ET

B
 receptors remain 

operative.46

Sitaxentan inhibits cytochrome P450 2C9 enzyme, which is an important and 
manageable consideration for patients receiving concomitant warfarin. If sitaxentan 
and warfarin are coadministered, an 80% reduction in the warfarin dose is recom-
mended followed by careful monitoring.
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16.4.1  Clinical Findings with ETRAs in PAH

The safety and efficacy of bosentan, ambrisentan, and sitaxentan have been demonstrated 
in numerous controlled and open-label clinical trials involving patients with a range 
of PAH severities and including patients both with and without associated condi-
tions such as CTD.

Bosentan was initially evaluated in two randomized placebo-controlled trials of 
12 and 16 weeks’ duration in a total of 235 patients with severe (WHO functional 
class III–IV) iPAH or PAH-CTD.66,67 In these trials, bosentan was added to patients’ 
current therapy, which could have included a combination of digoxin, anticoagu-
lants, diuretics, and vasodilators. In both trials, twice-daily bosentan 250 mg and 
125 mg resulted in significant improvements in exercise capacity (measured by the 
6MWD), WHO functional class, and Borg Dyspnea Index rating, and significant 
reduction in time to clinical worsening. Long-term follow-up of patients included 
in the two studies and their open-label extensions also indicated improved survival 
with bosentan treatment.68,69 Bosentan was generally well tolerated, although dose-
related increases in aminotransferases to more than three times the upper limit of 
normal (ULN) were observed.67 Elevated liver enzyme levels have also been docu-
mented through postmarketing surveillance of bosentan.70 These were reported in 
~10% of patients who received bosentan, leading to discontinuation in ~3% of 
patients.70

Ambrisentan was initially evaluated in two randomized placebo-controlled 
12-week trials in a total of 393 patients with WHO functional class I–IV PAH, 
including iPAH, PAH-CTD, PAH with HIV or PAH associated with anorexigen 
use.60 Similar to the bosentan trials, ambrisentan was added to patients’ current 
therapy, which could have included a combination of anticoagulants, diuretics, 
calcium channel blockers, or digoxin. In these trials, ambrisentan 2.5, 5, and 
10 mg once daily significantly improved exercise capacity (6MWD) and delayed 
clinical worsening.60 The most significant adverse event reported in trials with 
ambrisentan was peripheral edema, occurring in 17% of ambrisentan-treated 
patients when compared with 11% of those receiving placebo.60 In contrast to 
bosentan, aminotransferase elevations to >3 × ULN were a rare occurrence with 
ambrisentan, being observed in only 0.8% of patients over the 12 weeks.60

Sitaxentan was initially evaluated in two randomized placebo-controlled trials of 
12 and 18 weeks’ duration involving a total of 425 patients with PAH (iPAH, PAH-
CTD, or PAH-CHD) of varying severities.38,71 Treatment with once-daily sitaxentan 
100 or 300 mg resulted in significant benefits for exercise capacity (6MWD), WHO 
functional class, and hemodynamic assessments. Increased liver enzyme levels 
were observed in 3% of patients who received sitaxentan 100 mg in one trial38 and 
0% in another.71 Subanalysis of WHO functional class III and IV patients with PAH 
included in the 12-week trial indicated that improvements in efficacy parameters 
were even greater in more severely affected patients than observed for the overall 
patient group.72
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16.4.2  ETRAs in PAH-CTD

The markedly poor prognosis for patients with PAH-CTD when compared with 
patients with iPAH or CTD without PAH makes it of paramount importance to 
identify the most appropriate interventions for this population. Although to date 
there are no published data from randomized controlled trials examining the effi-
cacy of ETRAs in this population alone, post hoc subgroup analyzes are available 
from trials that recruited mixed populations.32,73,74 In addition, limited open-label 
data are available for patients with PAH-CTD treated with some agents.35,75,76

16.4.2.1  Exercise Capacity

In general, available ETRAs provide varying degrees of efficacy with regard to exercise 
capacity in patients with PAH-CTD. In a subset of 66 patients with PAH-CTD (WHO 
functional class III–IV) included in clinical trials of the nonselective ET

A
/ET

B
 antago-

nist, bosentan, exercise capacity was stable at the end of the studies (Week 12 or 16) 
in 44 patients who received bosentan (+19.5 m, 95% CI –3.2 to 42.2 m) compared with 
a reduction of 2.6 m (95% CI –54.0 to 48.7 m) among patients who received placebo. 
The absolute difference between the groups was 22.1 m (95% CI –32 to 76 m; p > NS).32 
Similarly, treatment with ambrisentan (2.5, 5, or 10 mg) in patients with PAH-CTD 
from the two pivotal clinical trials (ARIES-1 and ARIES-2) resulted in a nonsignifi-
cant increase in 6MWD (+19 ± 14.8 m; p > 0.056)77. Further subanalysis, however, 
indicated that among patients receiving ambrisentan 5 or 10 mg, an improvement 
of 25 ± 14.2 m was observed (p > 0.020).77 In a subset of 42 patients with PAH-CTD 
from the sitaxentan STRIDE-1 clinical trial, exercise capacity had improved signifi-
cantly after 12 weeks treatment with sitaxentan (+20 m; p > 0.037) vs. a decrease of 
38 m for patients who received placebo.74 The absolute difference between the groups 
was 58 m (p > 0.027). These findings suggest that selectivity for the ET

A
 receptor 

could provide advantages over nonselective agents in this patient population, but in the 
absence of randomized head-to-head trials, such a conclusion would be inappropriate. 
Indeed, similar beneficial therapeutic responses were also seen in STRIDE-2, a 
prospective, multicentr, randomized, double-blind, placebo-controlled, open-label 
trial examining the effects of sitaxentan 50 mg or 100 qd and bosentan 125 mg bid in 
PAH over 18 weeks, where up to 30% of patients had CTD-PAH.38 In a 1-year open-
label extension trial, STRIDE-2X, comparing a standard dose of twice-daily bosentan 
125 mg (n > 25) with the once-daily dose of sitaxentan 100 mg (n > 27), although 
patients receiving sitaxentan showed a 2 m improvement in 6MWD and bosentan-
treated patients showed a deterioration of 51 m at 1 year, the difference between the 
two groups was not statistically significant.35 Furthermore, in a post hoc analysis of 
data from 39 patients with CTD-PAH functional class II–IV, from a combined analysis 
of STRIDE-1, -2, and -4, a placebo-corrected increase in 6MWD of 37.7 m was seen 
in patients treated with sitaxentan 100 mg (p > 0.042).78
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16.4.2.2  NYHA/WHO Functional Class

Data relating to decline in functional class in patients with PAH-CTD are difficult 
to compare between clinical trials due to differences in the way data are presented. 
Among patients with PAH-CTD treated with bosentan, functional class improved 
for 24%, remained stable for 69%, and worsened for 8% of patients after 16 weeks’ 
treatment.76 At Week 48, functional class improved in 27% of patients, remained 
stable in 57%, and worsened in 16%.76 Deterioration in functional class was similar 
at Week 12 for the iPAH and PAH-CTD subgroups receiving ambrisentan (3.6 and 
3.7%, respectively) and was less than that observed in the placebo group (16.5 and 
20.9%, respectively).77 At the end of an extension study (STRIDE-1X) with sitax-
entan (median treatment duration 26 weeks), 39% of patients had an improvement 
in functional class, and more patients were in functional class I–II than class III–IV 
when compared with the start of active therapy (p < 0.001).74 In the open-label sitax-
entan extension study STRIDE-2X, functional improvement was observed in 24 
and 13% of sitaxentan- and bosentan-treated patients, respectively (p > NS). Based 
on the available data, it is not possible to comment on whether any particular treat-
ment provides superior benefits for this endpoint.

16.4.2.3  Time to Clinical Worsening

In the subanalysis of patients with PAH-CTD included in the bosentan clinical tri-
als, time to clinical worsening was delayed in those who received bosentan vs. 
placebo: 95.4% for bosentan and 90.9% for placebo at 12 weeks and 90.3% for 
bosentan and 86.4% for placebo at 16 weeks.32 No data on time to clinical worsen-
ing were published in the subanalysis of the sitaxentan clinical trial; however, in the 
1-year open-label STRIDE-2X extension trial comparing bosentan 125 mg twice 
daily with sitaxentan 100 mg once daily, the time to prospectively defined clinical 
worsening was improved for sitaxentan (88% at 1 year) vs. bosentan (52% at 
1 year; p < 0.01; Fig. 16.3).35 No data on time to clinical worsening in patients with 
PAH-CTD have been published for ambrisentan to date.

16.4.2.4  Survival

In the long-term open extension phase of the bosentan trials, survival was 85.9% at 
1 year and 73.4% at 2 years.32 During the observational period, however, 16% of 
patients received epoprostenol as an add-on treatment, which may have influenced 
the survival findings.32 For ambrisentan, 52-week survival in patients with PAH-
CTD was 92% when compared with 73% as predicted by the National Institutes of 
Health registry formula.73 No data on survival with sitaxentan were included for the 
subanalysis of patients with PAH-CTD from the 12-week clinical trial; however, in 
the 1-year open-label study, STRIDE-2X, survival was 96% for the sitaxentan 
group and 79% for the bosentan group (p > 0.0125; Fig. 16.4).35 No add-on therapies 
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Fig. 16.3 Time to clinical worsening in an open-label extension trial comparing sitaxentan and 
bosentan in patients with PAH associated with CTD (PAH-CTD)35

Fig. 16.4 One-year survival in an open-label extension trial comparing sitaxentan and bosentan 
in patients with PAH-CTD35
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were required to achieve these effects with sitaxentan. These 1-year survival values 
are consistent with other reports.28,36

16.4.2.5  Safety

In the subanalysis of patients with PAH-CTD from the bosentan trials, the most 
frequent adverse events in the bosentan- vs. placebo-treated groups were dizziness 
(18.2% vs. 4.5%), lower limb edema (18.2% vs. 4.5%), headache (15.9% vs. 
22.7%), and fatigue (13.6% vs. 0%). Abnormal hepatic function occurred in 11.4% 
of patients treated with bosentan vs. 9.1% of patients treated with placebo. In an 
analysis of long-term bosentan therapy in patients with PAH-CTD, the most fre-
quently observed adverse events were peripheral edema (17%), liver enzyme eleva-
tions (17%), diarrhea (13%), exacerbated dyspnea (13%), and nausea (13%).76 
Interestingly, hepatic dysfunction with bosentan therapy appears to be greater 
(24%) among patients with PAH-CTD than among those with iPAH (11%) after 
3 months of therapy.79 Only limited data have been published for safety in patients 
with PAH-CTD treated with ambrisentan.77 In the subanalysis of primary trials with 
ambrisentan, no patients receiving ambrisentan had aminotransferase elevations 
>3 × ULN; however, the incidence of peripheral edema was greater among patients 
receiving ambrisentan than in those who received placebo.77 In the sitaxentan trials, 
the most frequent adverse events were peripheral edema, nasopharyngitis, head-
ache, and nasal congestion. No increases in aminotransferases were observed dur-
ing the 12-week trials, although two cases (5%) occurred during the extension 
phase.74 Although data from blinded head-to-head trials are not available, in the 
open-label comparison of sitaxentan and bosentan, abnormal liver function tests 
occurred in 18% of patients who received bosentan, compared with 3% of patients 
treated with sitaxentan.35

16.5  Summary and Implications for the Future Treatment  
of PAH-CTD

Patients with PAH associated with CTD have a relatively poor prognosis. 
Rheumatologists, working together with pulmonologists and cardiologists, can 
institute early screening and detection of PAH in at-risk patients before significant 
damage to the microvasculature has occurred. This can then be followed by early 
treatment interventions, which may benefit patients with PAH-CTD. ET-1 appears 
to play an important role in the development of both CTDs and PAH, and the avail-
ability of ETRAs has increased treatment options and improved the management of 
PAH-CTD. Based on this review of the published literature to date, it is clear that 
treatment with both nonselective and selective ETRAs can lead to significant 
improvements in exercise capacity, WHO functional class, hemodynamic parame-
ters, time to clinical worsening, and survival in patients with PAH-CTD. Despite a 
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wide body of experimental evidence that indicates advantages for ET
A
 selectivity, 

no clear differences between selective and nonselective ETRAs have been identi-
fied for the majority of clinical endpoints examined in patients with either iPAH or 
PAH-CTD. The only apparent differences observed in patients with PAH-CTD 
were for time to clinical worsening and overall survival, with the selective ET

A
 

receptor antagonist sitaxentan resulting in greater improvements in both parameters 
than bosentan; however, these observations were made in an open-label comparison 
involving only small numbers of patients. Further randomized controlled trials will 
be required to verify the findings. Another possible advantage of ET

A
-selective 

sitaxentan and moderately selective ambrisentan compared with ET
A
/ET

B
-

nonselective bosentan is the reduced occurrence of acute hepatotoxicity; however, 
again, further study and clinical experience are needed to verify this observation.
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17.1  Introduction

Systemic sclerosis associated pulmonary arterial hypertension (SSc-PAH) is an 
important cause of morbidity and mortality in patients with systemic sclerosis 
(SSc). Although studies based on echocardiography-derived pulmonary artery pres-
sures have resulted in estimates of the prevalence of pulmonary arterial hyperten-
sion (PAH) in patients with SSc as high as 35%, more recent studies, using 
catheter-based diagnoses, have produced estimates of between 7.8 and 12%.1-3 
Historically, SSc-PAH has had a poor outlook with rapid clinical deterioration and 
a 3-year survival of 30%.4 This was worse than in idiopathic pulmonary arterial 
hypertension (iPAH) wherein median survival prior to disease-modifying therapy 
was 2.8 years.5

The treatment of PAH has, however, changed significantly over recent years 
with three main groups of disease-modifying therapies becoming widely available 
in the “modern treatment era.” Although initial therapeutic studies tended to include 
only patients with iPAH, patients with associated causes including connective tissue 
disease (CTD), congenital heart disease, and HIV have also been recruited later. 
The first reported use of prostacyclin (epoprostenol) in iPAH was in a single patient 
in 1984, but it was not until 1996 that a randomized controlled trial (RCT) showed 
it to be effective in improving pulmonary hemodynamics, exercise tolerance, and 
survival.6,7 Subsequently, more stable prostacyclin analogs such as iloprost and 
treprostinil have also entered clinical practice. Endothelin-1 is a potent vasocon-
strictor and inducer of smooth muscle proliferation that is overexpressed in 
patients with pulmonary hypertension.8 RCTs have shown that the nonselective 
endothelin-1 receptor antagonist, bosentan, and the selective endothelin-1 receptor 
antagonist, sitaxsentan, are also effective in improving pulmonary hemodynamics 
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and exercise tolerance in patients with PAH of various etiologies.9,10 The third 
class of disease-modifying therapies to have gained widespread use is phosphodi-
esterase-5 inhibitors, which prevent the breakdown of cyclic GMP, the secondary 
messenger of the nitric oxide pathway. The efficacy of an oral phosphodiesterase-5 
inhibitor, sildenafil, was investigated in an RCT involving 278 patients with both 
idiopathic and associated PAH.11 Again, significant improvements in pulmonary 
hemodynamics and exercise tolerance were observed.

From both clinical experience and from the early observational studies looking 
at survival, it is clear that in the past SSc-PAH had an exceedingly poor outcome, 
worse even than in iPAH. Is this still the case in the modern treatment era and if so, 
why? This chapter explores this question by first reviewing data from the pivotal 
studies supporting the use of the disease-modifying therapies in PAH, and then 
examining whether there is evidence of a different short-term response to therapy 
in patients with SSc-PAH when compared to those with iPAH. Data on survival in 
the modern treatment era will then be reviewed to investigate whether a difference 
in outcome over the longer term is still observed. Finally, if SSc-PAH still has a 
more aggressive disease progression despite the available modern therapies, what 
are the possible reasons for this?

17.2  Short-Term Response to Treatment

With one exception, all RCTs in the field of pulmonary hypertension have, to date, 
not been adequately powered to demonstrate a survival benefit.7 Instead, studies 
have been designed to test surrogate end-points. These have included measures of 
exercise capacity (most commonly the 6 min walk test – 6MWT), clinical status 
(World Health Organization (WHO) functional class), and pulmonary hemodynamics. 
Does the available evidence using these surrogate markers support the notion that 
response to therapy is less marked in SSc-PAH when compared with iPAH? To help 
answer this, the pivotal trials involving a separate analysis of patients with these 
two conditions will be explored.

17.2.1  Endothelin-1 Receptor Antagonists

The unselective endothelin-1 receptor antagonist, bosentan, was studied in a dou-
ble-blind, placebo-controlled RCT involving 213 patients with PAH.9 After 
16 weeks of treatment, the 6 min walk distance (6MWD) in 150 patients with iPAH 
increased by 46 m, while it decreased by 5 m in the placebo group. A different 
picture was seen in patients with SSc-PAH; among the 14 patients in the placebo 
group, there was a decline of 40 m, while in the 33 patients in the bosentan group, 
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deterioration was prevented with an improvement of 3 m. This suggested that SSc-
PAH was less responsive to treatment with bosentan and that in this group of 
patients, disease stability could be viewed as a positive outcome. The efficacy of 
the selective endothelin-1 receptor antagonist, sitaxsentan, in connective tissue 
disease associated pulmonary arterial hypertension (CTD-PAH) has also been 
reported in abstract form.12 Forty-two patients with CTD-PAH who were treated 
with sitaxsentan during an 18-week RCT were followed for 1 year in an extension 
trial. At this point, the 6MWD had increased by 2 m. Unfortunately, no similar data 
for 6MWD in patients with iPAH treated with sitaxsentan is available for comparison. 
In an RCT of the effect of the addition of bosentan to intravenous epoprostenol, 
only nonsignificant improvements in pulmonary hemodynamics were seen in the 
22 patients in the treatment arm.13 It is noteworthy that in this study, 1 (9%) of the 
placebo/epoprostenol arm had SSc-PAH when compared with 4 (18%) in the 
bosentan/epoprostenol arm. One of the SSc-PAH patients in the treatment arm died 
and one was withdrawn due to worsening PAH. The authors postulated that this 
uneven mix of SSc-PAH may have reduced the treatment efficacy in the bosentan/
epoprostenol arm.

17.2.2  Prostacyclin and Prostacyclin Analogs

An unblinded RCT of intravenous epoprostenol involving 111 patients with moder-
ate to severe SSc-PAH was performed.14 A significant improvement in the 6MWD 
of 46 m after 12 weeks of treatment was observed in the active arm, while a 
decrease of 48 m in the placebo arm was seen. Improvements were also noted in 
pulmonary hemodynamics (mean pulmonary arterial pressure decreased by 
5.03 mmHg in the active group and increased by 0.94 mmHg in the placebo group, 
while cardiac index increased by 0.5 L/min/m2 in the active group and decreased by 
0.1 L/min/m2 in the placebo group) and functional status (functional class improved 
in 38% of the active and 0% of the placebo group). It would seem that, in the short 
term at least, significant improvements in SSc-PAH treated with intravenous epo-
prostenol are possible. It must be noted that, unlike in the pivotal RCT of epopros-
tenol in iPAH (where a survival benefit was observed over 12 weeks), no survival 
benefit was seen in the equivalent SSc-PAH study.7,14 A major drawback of epo-
prostenol therapy is the fact that because of its short half-life, it is administered 
through an indwelling central line. Patients with SSc are more prone to infections 
because of their underlying CTD and immunosuppressive therapy in selected cases. 
In the SSc-PAH study sepsis, cellulitis, hemorrhage, and pneumothorax occurred 
each in 4% of the epoprostenol group. A subsequent prospective study of 17 
patients with CTD-PAH treated with intravenous epoprostenol investigated the 
longer term outcome.15 Three (18%) patients died of sepsis due to skin infections, 
while the overall rate of catheter infection was 0.64/patient/year. The authors con-
cluded that although the majority of patients had shown short-term improvement 
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after 6 weeks of treatment, there were several cases of major complications. The 
long-term benefit of epoprostenol in patients with SSc-PAH was therefore not 
certain.

Beraprost is an oral prostacyclin analog, which showed promise on the basis of 
a 12-week RCT involving 130 patients with PAH.16 In this study, patients with 
iPAH increased their 6MWD by 45 m, while no significant change was seen in 
those with associated PAH, 19% of which was due to CTD-PAH. This drug is not 
currently licensed in the US and Europe because a subsequent 12-month RCT 
failed to show a sustained benefit.17

Treprostinil has a longer half-life than epoprostenol and so can be administered 
via a continuous subcutaneous infusion, removing the risk of line infection. Ninety 
patients with CTD-PAH (including 45 patients with SSc-PAH) from the original 
RCT (which also included 270 patients with iPAH and 109 patients with congenital 
heart disease) were analyzed separately.18,19 In the CTD-PAH group, the between 
treatment group difference in median 6MWD, unlike in the original study, did not 
reach statistical significance (+25 m, p > 0.06). In the original study, significant 
improvements were seen in the secondary end-points of Borg dyspnoea score, mean 
right atrial pressure, mean pulmonary artery pressure, cardiac index, pulmonary 
vascular resistance, and mixed venous oxygen saturation. Of these indices, signifi-
cant improvements in the CTD group were only seen for cardiac index and pulmo-
nary vascular resistance.

Iloprost is a prostacyclin analog, which was shown to be effective when admin-
istered via a nebulizer in an RCT involving 101 patients, of whom 13% had CTD-
PAH, in the active arm.20 After 12 weeks of treatment, the 6MWT increased by 
58.8 m in those with iPAH, and 12 m among those with associated PAH. A small 
prospective study of the use of nebulized iloprost in patients with CTD-PAH had 
previously been performed.20 In this study of only five patients, the overall change 
in 6MWD after 6 months of treatment was +85 m (p > 0.06). Because of the small 
numbers in this study, it is difficult to make any firm conclusions based on these 
data.

17.2.3  Phosphodiesterase-5 Inhibitors

A subgroup analysis of the 84 patients with CTD-PAH (including 50 patients with 
SSc, 19 with SLE, and 8 with mixed CTD) who were included in the SUPER-1 trial 
has been reported.21 In the original RCT of 278 patients, in which patients received 
20, 40, or 80 mg tds of sildenafil, the mean placebo-controlled treatment effects on 
the 6MWD were +45, +46, and +50 m after 12 weeks.9 Direct comparison of the 
subgroup analysis with the original study is difficult, as patients with SLE may well 
have a greater response to treatment. However, the treatment effect in the subgroup 
analysis tended to be smaller with the 6MWD increasing by +42, +36, and +15 m 
at the three different doses of sildenafil.
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Much of the data discussed so far has been based on changes in the 6MWD after 
treatment. Over recent years, problems with using the 6MWT as a primary endpoint 
in PAH have become apparent.22 Therefore, before we examine whether there is 
also a poorer long-term outcome in SSc-PAH compared with iPAH, evidence for 
the use of the 6MWT will be discussed.

17.3  Six Minute Walk Test

We have seen that, apart from the RCT of epoprostenol,14 improvements in the 
6MWD have been modest in drug studies in CTD-PAH when compared to the 
changes seen in iPAH. End-points used in trials involving patients with different 
complications of SSc were previously systematically reviewed using the OMERACT 
filter.23 Of the commonly used end-points in PAH, only pulmonary hemodynamics 
were found to be robust enough to be recommended for use in clinical trials. 
Subsequently, an expert panel on outcomes measure in PAH related to systemic 
sclerosis (EPOSS) has been convened to develop a consensus document on clinical 
end-points in SSc-PAH, using a Delphi exercise.24 In this anonymous consultation, 
exercise experts from a wide range of geographical and speciality backgrounds first 
answer a questionnaire regarding possible outcome measures in SSc-PAH and then 
are able to respond to the summarized results from the whole group. The results of 
this process have recently been reported and have concluded that in SSc-PAH, the 
6MWT is the only adequately validated measure.25

Miyamoto et al studied 43 patients with iPAH and found only a weak correlation 
between 6MWD and cardiac output (r > 0.48, p < 0.05) and total pulmonary resistance 
(r > −0.49, p < 0.05), and no correlation with mean pulmonary arterial pressure 
(r > −0.32, p>not significant; Fig. 17.1).26 The authors of this paper did, however, 
find that a baseline 6MWD of >332 m (the median distance walked by subjects) 
was predictive of better survival (Fig. 17.2).26 However, doubts regarding the 
ability of the 6MWT to detect improvements following drug treatment have been 
raised. Although the absolute value of the 6MWD in 178 patients with iPAH after 
3 months of epoprostenol (>380 m) was predictive of better outcome, the actual 
change in 6MWD was not (Fig. 17.3).27 Furthermore, several recent RCTs involv-
ing patients with various causes of pulmonary hypertension have demonstrated 
hemodynamic improvements, which have not been reflected in increases in the 
6MWD. For example, the EARLY study, which assessed the effect of treating 
patients with mild disease (WHO functional class II – 34 of whom had CTD-PAH) 
with bosentan demonstrated a reduction of almost a quarter in pulmonary vascular 
resistance (p < 0.0001) but no significant change in 6MWD.28

Patients with CTD-PAH often have musculoskeletal problems, which may also 
affect exercise capacity. Hence, the 6MWD may be even less reliable in this group 
of patients. Outside of pharmaceutical studies, there are no published studies exam-
ining the role of the 6MWT in patients with CTD-PAH. If we are to correctly 
interpret the available literature regarding the efficacy of therapies in CTD-PAH, it 
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Fig. 17.2 Baseline 6MWT predicts outcome in idiopathic pulmonary arterial hypertension 
(iPAH)26

Fig. 17.1 Poor correlation between mPAP and 6 min walk test (6MWT) in idiopathic pulmonary 
hypertension26

is important that this is rectified. Analysis of data from large cohorts of CTD-PAH 
patients, such as the United Kingdom national registry, may be helpful.29 As of now, 
unpublished analysis from this cohort of 429 patients with CTD-PAH suggests that, 
as in iPAH, both baseline and absolute 6MWD at follow-up are indeed predictive 
of outcome. Further analysis of the predictive strength of the change in 6MWD is 
underway.
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Fig. 17.3 Survival in iPAH patients treated with epoprostenol. (a) Absolute 6MWD after 
3 months predicts outcome, whereas (b) Change from baseline does not27
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17.4  Longer-Term Outcome

Is the poorer short-term response we have seen in SSc-PAH when compared with 
iPAH also reflected in a poorer longer-term outcome? As has already been dis-
cussed, SSc-PAH historically has had a poor long-term outcome with 1- and 3-year 
survival being as low as 45 and 30%.4 Several studies have subsequently reported 
improved rates of survival in patients with SSc-PAH in the modern treatment era. 
In a group of 47 patients, all of whom were treated with bosentan, Williams et al 
found 1- and 2-year survival rates of 81 and 71% (Fig. 17.4).30 Similar impressive 
results were seen in the open-label extension to the two pivotal bosentan studies in 
which comparable survival rates of 86 and 73% among the SSc-PAH group at 1 and 
2 years were noted.31 Both these studies, however, were relatively selective with 
patients excluded if they had significant underlying lung disease or severe pulmo-
nary hemodynamics (cardiac index <2.1 L/min/m2, right atrial pressure >11 mmHg, 
and mixed venous oxygen saturation <63% in the first study or a 6MWT of <150 m 
in the second study). Furthermore, prevalent cases were enrolled (i.e. patients were 
not newly diagnosed). This can bias survival statistics, as patients who have been 
stable enough to be included in a study are inherently more likely to have a better 
outcome than patients who are deteriorating rapidly at diagnosis. In an earlier study 
involving 89 incident (i.e. newly diagnosed) cases of SSc-PAH, approximately 50% 
of whom received treatment with a prostanoid, 81, 63, and 56% were alive at 1, 2, 
and 3 years following diagnosis.3 Initial survival data from the United Kingdom 
national registry has recently been reported in abstract form. Overall 1- and 3-year 

Fig. 17.4 Improved survival in systemic sclerosis (SSc) associated pulmonary arterial hyperten-
sion (SSc-PAH) in the endothelin receptor antagonist era30
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Fig. 17.5 Survival is worse in patients with SSc-PAH when compared with iPAH32

survival from diagnosis for both isolated SSc-PAH and respiratory disease associ-
ated SSc-PAH was 75% and 45%.29 Although these figures are slightly lower than 
in the more selected studies already discussed, we can see that, even allowing for 
different inclusion criteria, survival in SSc-PAH has improved in the modern treat-
ment era. In the past, 45% of patients were alive at 1 year, whereas in the modern 
treatment era, this rate is now, at worst, the 3-year survival.

How do these survival rates compare with those observed in iPAH? One study 
has examined this directly. Kawut et al prospectively followed 33 patients with 
iPAH and 22 with SSc-PAH (Fig. 17.5).32 There was no significant difference 
between the groups in terms of baseline hemodynamics (although a nonsignificant 
trend toward milder mean pulmonary arterial pressure, cardiac index, and pulmo-
nary vascular resistance was seen in the SSc-PAH group) or proportion receiving 
intravenous epoprostenol (around 70% in both groups). Despite this, 2-year sur-
vival was 70% in the idiopathic group when compared with 45% in the SSc-PAH 
group (p > 0.03). In an open-label extension study of patients recruited in the two 
initial RCTs of bosentan, survival over the first 2 years in the 169 patients with 
iPAH was 96 and 89%, while in the 50 patients with SSc-PAH the authors found 
survival to be lower at 82 and 67%.33 Two separate large studies have examined 
long-term outcome in iPAH patients treated with epoprostenol. In 178 patients, 
Sitbon et al found survival from commencement of therapy to be 85 and 63%, while 
in 162 patients, McLaughlin et al found 1- and 3-year survival to be 88 and 63%.27,34 
In the small long-term study of epoprostenol in SSc-PAH, only 10 (59%) patients 
were alive after an average of 1.5 years.15 Registry data involving incident cases of 
iPAH is rather lacking. The French national registry did, however, include 56 inci-
dent cases of iPAH of whom 89% were still alive 1 year after diagnosis.35
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17.5  Underlying Reasons for the Poorer Prognosis in SSc-PAH

From the data reviewed here, we can conclude that although the outlook has 
improved during the modern treatment era, SSc-PAH patients are less responsive 
to treatment than iPAH patients, and also have a poorer longer-term outcome. 
Why might this be? SSc is a multisystem disease affecting the musculoskeletal 
system, heart, and lung parenchyma in addition to the pulmonary vasculature. It 
is therefore possible that coexisting pulmonary or cardiac disease may explain the 
worse prognosis.

Studies involving patients with SSc-PAH have generally excluded patients with 
significant pulmonary fibrosis. Exclusion criteria of forced vital capacity (FVC) or 
total lung capacity of less than 60–70% predicted have been used. It is apparent that 
minor degrees of pulmonary fibrosis are exceedingly common in SSc, occurring in 
up to 80% of patients,36 and it is feasible that this may progress leading to a poorer 
outcome. However, several studies have demonstrated that patients at greatest risk 
of developing severe, end-stage, lung disease are those who develop significantly 
reduced FVC during the first few years after onset of SSc.37-39 Morgan et al found 
that an FVC < 80% predicted within the first 5 years after diagnosis of SSc was 
predictive of the subsequent development of significant pulmonary fibrosis.38 Steen 
et al found that 62% of those who ever developed severe fibrosis (FVC < 55%) did 
so in the first 5 years after diagnosis.39 This makes the development of severe pul-
monary fibrosis unlikely in patients who have SSc and who have adequate lung 
volumes when PAH is diagnosed. However, some SSc-PAH patients may still be at 
risk of severe fibrosis, especially if their FVC is <80% predicted or if they develop 
PAH within 5 years of diagnosis of SSc. Furthermore, even if severe pulmonary 
fibrosis does not develop, it is conceivable that a slower deterioration in parenchymal 
disease may negate some of the benefits of the PAH treatment. It does appear 
relatively unlikely that, in patients with adequate baseline lung function, parenchy-
mal disease is alone responsible for the poorer prognosis and response to treatment 
seen in PAH.

What, then, is the role of myocardial involvement? Scleroderma heart disease 
has historically been grouped into primary or secondary disease.40 Primary disease 
is due to myocardial, pericardial, or intramyocardial vessel involvement by SSc 
itself, while secondary disease occurs as a consequence of systemic hypertension 
or pulmonary vascular disease. Myocardial fibrosis unrelated to ischemia has been 
demonstrated in both ventricles in 70% of SSc patients at autopsy.41 Using the tech-
nique of videodensitometry, where the echo reflectiveness of the myocardium is 
assessed using the posterior pericardium as a reference, Di Bello et al detected a 
pattern consistent with myocardial fibrosis in 90%.42 It would therefore appear that 
myocardial fibrosis is common in SSc. What is the likely cause for this myocardial 
fibrosis and what functional impact does it have – could it be responsible for the 
poorer outcome we have observed?

Using tissue Doppler echocardiography (TDE) in 17 patients with SSc of less 
than 5 years duration, who had normal pulmonary arterial pressures and radionuclide 
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left ventricular ejection fractions, Meune et al found that left ventricular strain-rates 
(a measure of regional myocardial velocity gradients) were significantly reduced in 
11 patients during diastole and 10 during systole.43 An earlier study by the same 
group using radionuclide ventriculography had demonstrated evidence of right 
ventricular systolic dysfunction in 42 patients with SSc and normal pulmonary 
artery pressures when assessed by standard echocardiography.44 Of note, in both 
these studies, the authors did not find a relationship between strain-rate and pulmo-
nary arterial pressures or pulmonary involvement. The authors therefore suggest 
that the observed abnormalities in cardiac function were due to primary myocardial 
involvement. Other studies, however, have found correlations between diastolic 
dysfunction and pulmonary pressures. Using standard Doppler echocardiography, 
Giunta et al found a reduced tricuspid early to late filling (E/A) ratio in 40% of 77 
unselected SSc patients and 0% of 33 healthy controls.45 The E/A ratio was found 
to be independently correlated to pulmonary arterial pressure and mitral valve E/A 
ratio. In a more recent study using TDE, Lindqvist et al compared 21 SSc patients 
with 21 controls.46 Although left ventricular function, right ventricular systolic 
function, and pulmonary pressures were similar between the two groups, right ven-
tricular diastolic function was significantly reduced in the SSc patients. Interestingly, 
pulmonary acceleration time and right ventricular thickness, which are indirect 
markers of pulmonary pressures, were both higher in the SSc patients. The authors 
suggest that the observed diastolic dysfunction could therefore be related to inter-
mittent elevations in pulmonary pressures. A recent TDE study has explored the 
interaction between the pulmonary vasculature and diastolic dysfunction further.47 
There was no difference in mean systolic pulmonary arterial pressure when 
assessed by echocardiography between 25 SSc patients and 13 healthy controls. At 
rest, the tricuspid E/A ratio was reduced, pulmonary acceleration time increased, 
and right ventricular wall thickness increased in the SSc patients, when compared 
with the controls. There was no abnormality in the mitral E/A ratio or left ventricu-
lar systolic function, suggesting that left ventricular dysfunction was not present. 
On exercise, the majority of SSc patients developed an increase in dynamic pulmo-
nary vascular resistance. The authors concluded that isolated right ventricular dia-
stolic dysfunction is likely to be secondary to latent pulmonary hypertension.

From the above data, we can see that myocardial fibrosis and associated func-
tional abnormalities are common in SSc patients. Different studies have found both 
diastolic and systolic dysfunction occurring in both ventricles in the absence of 
overt pulmonary hypertension. If these pathological and functional abnormalities 
seen in a general SSc population were of a great clinical significance, then one 
would expect survival in an unselected SSc population, in the absence of PAH, to 
be affected. A retrospective Greek study of 254 patients with SSc found an exceed-
ingly high 4-year survival of 94%, suggesting that many of these abnormalities are 
not highly clinically relevant.48 Several groups, however, have suggested that iso-
lated right ventricular dysfunction is commonly seen and there is evidence that this 
may occur due to latent or exercise-induced pulmonary hypertension.45-47 If this is 
true, then it would suggest that the predominant reason for the poorer outcome we 
have observed in SSc-PAH is less likely to be intrinsic myocardial involvement, but 
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is more likely to be related to more aggressive progression of the underlying pul-
monary vascular disease. It is interesting to note that a different pattern of intimal 
thickening has been noted by some authors in patients with CTD-PAH.49 In these 
patients, circumferential, almost acellular intimal thickening, has been noted com-
pared with the pattern of localized, eccentric thickening seen in other forms of 
PAH. Although there may be a difference in the natural history of the pulmonary 
vasculopathy in patients with CTD-PAH, it is important that reversible causes of 
potential diastolic dysfunction in these patients, such as systemic hypertension or 
ischemia, should still be appropriately diagnosed and treated.

An important factor, which has not been discussed so far, is age. SSc-PAH tends 
to present later in life than iPAH. In the therapeutic trials discussed above, the age 
of patients in both the main studies and the CTD-PAH subgroups were available for 
several studies.7,9,14,18,19,31 Patients in the CTD-PAH subgroups were at least 10 years 
older than in the accompanying main study (range 53–58 years vs. 40–49 years), 
while in the previously discussed SSc-PAH registry, the mean age was 59.30 Is it 
possible that the older age of SSc-PAH patients may explain at least some of the 
differences in outcomes that have been observed? Kawut et al found that in univari-
ate analysis, age was a predictor of survival in patients with SSc-PAH, but not in 
patients with iPAH.32,50 The older the patient, the more likely they are to have other 
significant comorbidities, so given the relatively young age of iPAH patients (mean 
of 42 years in Kawut’s study50), it is perhaps not surprising that the effects of age 
are more pronounced in SSc-PAH patients. Having said that although SSc-PAH 
patients are on average older than iPAH patients, they are by no means extremely 
elderly. Shapiro et al found that mortality in patients with iPAH was increased in 
the elderly.51 However, they defined elderly as ³65 years in which case a significant 
number of SSc-PAH patients would still have been classed as being young. On bal-
ance, although it is possible that age may contribute to the poorer outcome that has 
been observed in SSc-PAH, it is very likely that other factors are involved. As has 
just been discussed, more aggressive pulmonary vascular disease progression in 
SSc-PAH is likely to be significant.

17.6  Conclusion

In patients with SSc-PAH, short-term response to disease-modifying therapy, as 
measured most commonly by the 6MWD, is less marked than in iPAH. As is the 
case in other forms of PAH, there are concerns regarding the robustness of the 
6MWD as an end-point in patients with CTD-PAH and this requires further inves-
tigation. When the longer-term outcome in patients with SSc-PAH is examined, it 
is apparent that although survival has improved in the modern treatment, it is still 
probably worse than in patients with iPAH. Although coexisting direct pulmonary 
or myocardial involvement by SSc may be associated with some of this poorer 
outcome in SSc-PAH, there is no clear evidence that this is the case. Instead, more 
aggressive pulmonary vascular disease in SSc-PAH may be the culprit. If this is the 
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case, then patients with SSc-PAH would be ideal candidates for early and aggres-
sive introduction of combination disease-modifying therapies.
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18.1  Introduction

Is connective tissue disease (CTD) associated pulmonary arterial hypertension 
(CTPAH) a distinct entity or group of conditions, or merely a form of idiopathic 
pulmonary arterial hypertension (iPAH) perhaps triggered by the immunological 
perturbations seen in these conditions? In arguing for causality as is recognized for 
HIV-associated pulmonary arterial hypertension (PAH), fulfilling Hill’s criteria 
for causation is quite complex,1 especially because failure to meet any of the 
criteria does not preclude a cause–effect relationship.

What is clear is that the prevalence of PAH in patients with CTD is vastly higher 
than what could occur by chance: the CTD almost invariably precedes the develop-
ment of PAH, the response to therapy is less favorable, the genetics are different, 
vasodilator reserve is less common and does not appear to predict prognosis and 
occasionally when there is a significant inflammatory component, and treatment of 
the CTD improves the PAH.

Hill’s evidence for causation

 1. Strength of association: Strong associations are more likely to be causal.
 2. Consistency of association: Similar results emerge from several studies in different 

populations.
 3. Specificity of the association: A single cause produces a single effect
 4. Temporality: The cause must precede the effect.
 5. Biological gradient: Increasing dose should lead to increasing disease frequency.
 6. Plausibility: There should be some accepted reason for the cause to produce 

the effect.
 7. Coherence: The association should not conflict with current knowledge about 

the disease.
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 8. Experimental evidence: Introduction or removal of an agent should lead to a 
change in the effect.

 9. Analogy: If a condition is already known to produce an effect, it is more likely 
that similar conditions produce the same effect.

18.2  Hill’s First and Second Criteria

The incidence and prevalence of PAH in various forms of CTD are as yet 
incompletely resolved. Estimates of the prevalence of SScPAH vary from 2.6 to 
60%,2,3 and even in the last couple of years, estimates of clinical prevalence vary 
from 8 to 30%.4,5 Rheumatoid arthritis (RA) is one of the commonest CTD 
populations affecting 5% of patients over 65 years of age. The prevalence of PAH 
in this population is less well-studied; the only sizable study (N = 146)6 suggests 
that the prevalence is very low (0.7% based on estimated PASP of 40 mmHg); 
however, significantly higher prevalences are suggested based on less certain 
criteria. Thus, in the same study,6 Dawson et al suggested a prevalence of 20% 
using 30 mmHg as the diagnostic criterion, while Marasini et al also find a 
prevalence of 20% in 25 patients using an estimated PAP of 35, which relies on 
adding various possible right atrial pressures (5–15 mmHg) to the observed 
tricuspid gradient.7 The only large-scale study to include dermatomyositis/
polymyositis showed a prevalence of 0.56%.2

An overview of the epidemiological Studies of PAH in CTDs (Tables 18.1–18.3) 
shows that for CTDs associated with frequent organ-based complications, the 
prevalence is 0.5% or above in all studies in all populations. The prevalence in 
some conditions (systemic sclerosis (SSc) and mixed connective tissue disease 
(MCTD)) is much higher, but in any event, the prevalence is a minimum of 100-fold 
more common than in the normal population.

Autopsy evidence suggests an even higher presence of PAH than detected 
clinically.8 Thus, neither all pulmonary vasculopathy leads to clinical disease nor is 

Table 18.1 Systemic sclerosis (SSc)

Author Year Population size Diagnostic criteria Prevalence (%)

Mukerjee et al9 2003   722 Cardiac catheter 12
Yoshida2 2001 3,778 Echo or catheter 

findings
 2.64

Wigley6 2004   586  
(prospective cohort)

eRVSP > 40 mmHg 13
eRSVP > 30 mmHg 42

Humbert5 2004   617 Cardiac catheter 10
Vlachoyiannopoulos14 2000   201 Catheter or echo  2.5
Battle3 1996   17 Catheter  

(PVR-based)
65

Marasini7 2005   51 ePASP > 35 mmHg 20
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there a prolonged phase of progressive vascular damage, which would eventually 
lead to PAH if patients with SSc lived long enough.

It is therefore easy to show that these first two criteria are met for SSc and 
MCTD, and with reasonable certainty that this is also true for systemic lupus 
erythematosus (SLE) and Dermatomyositis in so far as a strong association has 
been shown in several populations by different researchers.

18.3  Hill’s Third Criterion

In scleroderma, we see different forms of pulmonary hypertension, including 
fibrosis-associated pulmonary hypertension and post-capillary pulmonary 
hypertension as well as PAH.9 The fact that different conditions can have the same 
cause does not negate the argument, as we see with smoking-associated lung 
cancer, emphysema, and obstructive airways disease.

Where tissue is available, medial hypertrophy, “onion bulb” lesions, and plexiform 
lesions are consistently demonstrated in the pulmonary vessels of patients with 
SScPAH8,10; thus, the pathological changes are specific and similar to those seen in 
iPAH. Further, perivascular inflammatory infiltrates are noted in involved vessels only11 
as with iPAH.12 These findings confirm that SScPAH is a specific histological entity, 
similar, though not necessarily identical, to iPAH. Extension of this argument to other 
forms of CTD presently can only be managed by analogy (Hills’ ninth criterion).

Table 18.3 Mixed connective tissue disease (MCTD)

Author Year Population size Diagnostic criteria Prevalence (%)

Yoshida2 2001 1,651 Echo or catheter  5
Michels63 1997   224 Various  1
Alpert64 1983   17 Catheter (PVR only) 64
Marasini7 2005    4 ePASP > 35 mmHg 75
Wigley6 2004   89  

(prospective cohort)
ePASP > 40 mmHg  7

Table 18.2 Systemic lupus erythematosus (SLE)

Author Year Population size Diagnostic criteria Prevalence (%)

Tanaka61 2002 194 ePASP 6
Pan62 2000 786 ePASP 4.3
Winslow34 1995 28 ePAP > 30 mmHg 43
Li24 1999 419 ePASP > 30 mmHg 4
Yoshida2 2001 9,015 Echo or catheter findings 0.9
Marasini7 2005 33 ePASP > 35 mmHg 6.1
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18.4  Hill’s Fourth Criterion

PAH in limited scleroderma typically presents later in the course of SSc (Avg 
6–14 years after diagnosis), when other symptoms such as Raynaud’s phenomenon, 
are well established.9,13

While there are little data on the natural history of PAH associated with other 
CTDs, there are no reports of the development of CTD in patients previously clas-
sified as iPAH, though the underlying CTD is occasionally recognized after PAH 
has been diagnosed.

The criterion of temporality is therefore met, certainly by SSc and probably by 
other forms of CTD PAH.

18.5  Hill’s Fifth Criterion

The dose–response criterion is not regarded as pivotal, and would indeed be difficult 
to demonstrate, until the precise aspect of disease activity that causes PAH is known. 
It can be argued that since PAH tends to present later in the course of the SSc, there is 
a dose–response in terms of duration of stimulus exposure and PAH development. One 
may also infer that the higher prevalence seen in the sickest patients (those cared for 
in tertiary centers5,9) when compared to population studies2,14 supports this concept.

Another consistent observation has been the greater rate of progression of 
SScPAH when compared to iPAH. The higher mortality associated with this 
condition15-17 has been underpinned by observations from the pivotal trials18-23 and 
registry data24 that patients with SScPAH in placebo/historical arms show a higher 
rate of rise of pulmonary pressures and a greater rate of clinical deterioration than 
what is observed in iPAH. This may suggest that drivers for pulmonary vasculopathy 
are present to a greater degree in patients with SScPAH.

Specific immunological perturbations associated with SScPAH (anticentromere 
antibody, and anti-U3-RNP antibodies) are believed not to have a pathogenic role.25 
However, antibodies seen in several autoimmune conditions and iPAH (anti-
endothelial antibodies, which may include ACA) have been reported to be toxic to 
endothelial cells,26 and it is conceivable that further work may show a dose–
response relationship. However, it is equally possible that no single immunological 
perturbation is responsible for the development of PAH in a proportion of patients 
with CTD and that until the environmental triggers or genetic predispositions that 
are pivotal to the development of PAH in individuals with CTD are understood, the 
demonstration of a dose–response will remain elusive.

18.6  Hill’s Sixth Criterion

In terms of PAH, several mechanisms have been proposed that could plausibly lead 
to the changes in the pulmonary vasculature observed in CTD PAH.
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18.6.1  Immune Dysregulation and Pulmonary Arterial 
Hypertension

Dorfmuller et al and Nicholls et al have recently reviewed the evidence supporting 
this contention.27,28 The increased prevalence of PAH in other conditions associated 
with immune dysfunction such as HIV,29 and POEMS30 supports this concept. In 
addition, patients with iPAH have been shown to have an increased prevalence of 
autoimmune thyroid disease,31 antinuclear antibodies,32 and increased levels of IL-1 
and IL-6.33 Finally, substantial reductions of pulmonary pressures in patients with 
SLE, MCTD, and POEMS syndrome have been observed in a proportion of patients 
treated with immune modulating therapy.34-37

The precise role of the immune system in the pathobiology of PAH remains 
unclear. It appears from the monocrotaline model of pulmonary hypertension that 
in extreme circumstances intense inflammatory stimuli can lead to proliferative 
vasculopathy.38 However, no single antibody or inflammatory mediator appears to 
be sufficient to cause pulmonary hypertension, though clear associations have been 
identified.39-45 It has been proposed that defective immune regulation due to CD4 
deficiency, or a relative imbalance of CD4/CD8 or CD4+/CD25+ lead to autoim-
mune phenomena (as seen in HIV, HHV-8, and CTDs) and in the presence of other 
triggers leading to pulmonary endothelial cell damage triggers an autoimmune 
reaction against these cells and thus to the development of pulmonary 
hypertension.28

The active drivers appear to be somewhat different in SScPAH when compared 
to SLE and other CTD-associated PAH. It is particularly noteworthy that SSc, a 
primarily vascular disorder, associated with an overexuberant tissue injury response, 
does not exhibit a response to immunosuppressive therapy when administered for 
PAH37 – suggesting that the response to damage may be of equal significance to the 
initiator, in determining who ultimately develops PAH and who does not.

18.6.2  Transforming Growth Factor Beta Superfamily  
in Pathogenesis

The absence of an association between BMPR II mutations and SScPAH is 
intriguing,46 if CTDs simply reflected conditions in which a normal tendency to 
develop PAH was facilitated, one would anticipate a stronger correlation between 
the presence of the BMPR2 mutations and CTD PAH than is present in the normal 
population. However, dysfunction of the TGFb superfamily pathways (which 
includes BMPR2) is probably pivotal in the pathogenesis of SSc47 and possibly the 
associated PAH. To date, evidence of dysregulation of this pathway has been sought 
in fibroblasts and endothelial cells. There is substantial evidence that TGFbeta 
signaling is perturbed in SSc, but data about the precise nature of the abnormalities 
are conflicting. Studies have demonstrated upregulation of TGFb1 and TGFb2 
mRNA and protein in SSc skin and lung, and skin and lung fibroblast genetic 
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analysis supports a role for TGFbeta.47 Upregulation of TGFbeta receptors and 
altered expression of downstream Smad signaling proteins is described. The 
inhibitory effects of Smad7 may be reduced in SSc fibroblasts48 leading to increased 
collagen type 1 production,49 and these effects can be inhibited by increasing 
available Smad7 or endoglin.48,50 The precise nature of the abnormalities remains 
unclear as others have reported elevated levels of Smad7 in fibroblasts cultured from 
active SSc skin lesions.51 The recent discovery that similar pathways are critical to 
BMPR2-mediated pulmonary hypertension, certainly increases the plausibility of 
the argument that TGFb1 contributes to the causation of pulmonary hypertension in 
patient with SSc.

18.6.3  Endothelin Overproduction

RANTES have been shown to be increased in the lungs of patients with iPAH, and 
have been shown to increase endothelin production.52 In PAH, endothelin may be a 
key pathogenic mediator, influencing vasoconstriction, fibrosis, vascular hypertro-
phy, and inflammation.53 Abnormalities of endothelin homeostasis are widespread 
in CTD, and thus provide a potential further link between CTD-PAH and the patho-
genesis of PAH.54

Endothelial cell activation in some collagen vascular diseases, causing dysfunc-
tional endothelin activity is now recognized as an important contributor to this 
disease area.54,55 Both clinical and preclinical investigations have reported elevated 
endothelin levels in primary and secondary Raynaud’s phenomenon, SLE, and 
other collagen vascular diseases.54

Abnormalities of circulating endothelin levels have been demonstrated in SSc.55 
Endothelin has been implicated in vasoconstrictor and profibrotic activity and the 
increased extracellular matrix substances seen in the dermis and internal organs of 
scleroderma patients.54,56,57 Endothelial cell damage leading to increased endothelin 
production may play an important role in the early-stage disease, underpinning 
such manifestations as Raynaud’s phenomenon, and chronic elevation of endothelin 
levels may play an important role in later-stage organ fibrosis. Endothelin levels are 
elevated in lung tissue of scleroderma patients with pulmonary disease, including 
PAH, and the correlation between endothelin levels and the severity and prognosis 
of PAH support the evidence surrounding endothelin dysfunction.54,57,58

At least in the context of SSc , it is reasonable to propose that the biological 
plausibility criterion is met.

18.7  Hill’s Seventh Criterion

In terms of coherence, the same arguments for causation that are put forward for iPAH, 
especially in terms of endothelin overproduction and the intracellular mechanisms 
influenced by BMPR2 mutations apply equally to SSc associated PAH.
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18.8  Hill’s Eight Criterion

Arguments for causation are considered considerably strengthened if backed by 
experimental evidence. As yet, no specific antibody, serum factor, or perturbation 
of T-cell regulation has been shown to induce PAH in experimental animals. 
Further, no animal model of CTD PAH has been produced. Some tantalizing evi-
dence has been produced. Antiendothelial cell antibodies as stated above can 
induce endothelial cell apoptosis; anti-U1-RNP and antidsDNA induce upregula-
tion of adhesion molecules on human pulmonary endothelial cells.59 IgG antien-
dothelial cell antibodies from patients with iPAH and SScPAH bind endothelial cell 
extracts, while those from normal patients and SSc without PAH do so to a much 
lesser extent,60 The fact that different endothelial cell extracts were bound in iPAH 
and SScPAH simply underlines the point, that as seen with differences in BMPRII, 
the initiating events are probably different in iPAH and CTD PAH, but that the 
vascular response to chronic injury is the same – a proliferative vasculopathy.

To date, mouse models of SSc have not been specifically studied to see if there 
are vascular changes suggestive of PAH present. We are currently evaluating a 
dominant-negative TGFb1 mutation mouse model of SSc, and increased medial 
thickness has been observed in the pulmonary vasculature.

18.9  Hill’s Ninth Criterion

Analogy per se is a relatively weak criterion; however, as discussed earlier, there 
are many analogies between the factors deranged in SScPAH and iPAH. For other 
CTDs, the evidence base is much weaker, and here one would have to rely heavily 
on analogy to SSc to regard these as causing PAH. One might argue that some of 
the reluctance to accept SSc as causative of PAH is due to the obvious necessity of 
having to accept other autoimmune conditions as causative once the first is 
accepted. As I have pointed out earlier, there are several plausible mechanisms by 
which SSc might cause PAH, not all of which are equally applicable to other auto-
immune conditions.

18.10  Conclusion

As long as we have no definitive animal model of CTD PAH or extract from patients 
with CTD PAH that produces a similar clinical syndrome, only circumstantial 
inferences can be drawn. It is apparent that most of Hill’s criteria are met for SSc-
associated PAH. It is probable that proliferative PAH is not a homogeneous 
condition, but rather an injury response pattern common to a number of mechanisms 
of endothelial cell injury. It is reasonable to propose that CTDs are among these 
“causes” whether as initiators of or drivers in response to an initiating event is as yet 
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unresolved. The obvious differences between SScPAH and iPAH in terms of natural 
history and genetics merely strengthen the argument for a causative role. Resolution 
of the precise drivers will ultimately permit us to identify patients with CTD at the 
highest risk of developing PAH and may help direct research toward preventative 
therapy.
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19.1  Background

Scleroderma is a severe systemic disorder affecting 240 per million of population, 
characterized by fibrosis of the skin and internal organs, by autoimmune phenomena, 
and by vascular injury (for review, see1). Scleroderma patients form a heteroge-
neous group with a very wide spectrum of disease severity. In the most mildly 
affected individuals, Raynaud’s phenomenon and barely noticeable skin thickening 
may be the only manifestations of the disease. At the opposite end of the disease 
spectrum are patients with total skin encasement and life-threatening pulmonary, 
cardiac, or renal complications.2

The American College of Rheumatology proposed a set of criteria for the diagnosis 
of scleroderma.3 The diagnosis depends on the presence of one major criterion, the 
presence of skin thickening proximal to the metacarpophalangeal joints with at 
least two of the following minor criteria: sclerodactyly, pitting scars, loss of finger 
pad substance, and bibasal pulmonary fibrosis. A pragmatic system of classification 
was proposed by a committee of workers in the field of scleroderma.4 The subsets 
of the condition were defined by the pattern of skin involvement. Those with skin 
sclerosis distal to the elbow flexures and knees and facial involvement were defined 
as limited scleroderma, and those with more extensive skin sclerosis, involving skin 
proximal to the elbow and knee flexures or with the involvement of the trunk, were 
defined as diffuse scleroderma. This classification system is simple to apply and 
has important implications for prognosis, risk of internal organ involvement, and 
enrollment in clinical studies.

Internal organ involvement due to fibrosis or vascular disease accounts for the 
increased mortality associated with scleroderma.5 Pulmonary involvement in the form 
of fibrosis or pulmonary vascular disease is now the leading cause of mortality in the 
disease. Gut involvement is also common in scleroderma, manifesting as esophageal 
dysmotility or malabsorbtion syndrome due to small bowel involvement.
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A wealth of data support autoimmunity in scleroderma. Most notably, hallmark 
autoantibodies against nuclear antigens are found to be specific to scleroderma and 
predictive of the clinical course of the disease.6 Anticentromere antibody is associ-
ated with limited cutaneous involvement,7-9 whereas the antiScl 70 (anti-topoi-
somerase I) antibody correlates with diffuse skin involvement and a high risk of 
lung fibrosis.7,10 Antibodies to RNA polymerase I and III appear specific for scle-
roderma and are associated with high prevalence of scleroderma renal crisis 
(SRC).11-14 Clinically, apparent vascular disease is present in the great majority of 
the patients with scleroderma.15

19.2  Microvascular Changes

Abundant evidence indicates abnormalities of microvascular endothelial cell function 
in scleroderma.16 Microvascular abnormalities can be observed in the nailfolds of 
scleroderma patients showing dilation, disruption of normal architecture, and areas 
where the nailfold capillaries appear deficient (Fig. 19.1).

The nailfold capillaries appear dilated, broken, reduced in density, or may form 
enlarged loops. These changes are seen in early disease and may precede the devel-
opment of skin fibrosis. Such changes are not seen in healthy individuals and are 
unusual outside the context of scleroderma, but can be seen in patients with der-
matomyositis or systemic lupus erythematosus, both conditions associated with 
immune-mediated vascular injury. Patients with the primary form of Raynaud’s 
phenomenon may have mild abnormalities of nailfold capillaries, but changes are 
usually limited to moderate dilation, and the extreme changes associated with scle-
roderma are not seen. These observations provide evidence of endothelial cell 
damage in scleroderma and suggest that the endothelium may be abnormal before 
the development of skin changes or internal organ involvement.

Fig. 19.1 Nailfold skin viewed under microscopy showing normal nailfold capillaries in healthy 
individual (left) and severe microvascular injury in scleroderma (right). Note the abnormal dila-
tion, loss of uniformity, and areas of vascular depletion in the scleroderma nailfold
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Electron microscopy studies of lung biopsy material from recent onset scleroderma 
patients have confirmed endothelial cell injury, revealing endothelial cell apoptosis 
in areas not affected by fibrotic changes.17 In a study of scleroderma skin fibrosis, 
TUNEL stain was used to detect cells undergoing apoptosis in skin biopsy material 
from scleroderma patients, from keloid scars, and from the UCD-200/206 chicken, 
an animal model of systemic fibrosis.18 Apoptotic endothelial cells were detected in 
the skin biopsy material from all the scleroderma patients with early disease (less 
than 20 months disease duration), but in none of the patients with late stage disease. 
Keloid scars did not stain positive for apoptotic endothelial cells, suggesting that 
endothelial cell apoptosis is not general to the fibrotic response. In the UCD 
200/206 model of fibrosis, endothelial cell apoptosis was seen as an early event and 
was associated with positive staining for IgG. These observations demonstrate that 
endothelial cell damage occurs early in scleroderma and precedes fibrotic changes, 
and confirm that endothelial cells are undergoing apoptosis in early disease.

However, the nature of the insult to endothelial cells in scleroderma is not fully 
understood.

Measurement of circulating proteins released by damaged endothelial cells has 
been used to indirectly study the role of endothelial damage in scleroderma. Von 
Willebrand factor is a procoagulant glycoprotein made by endothelial cells. Plasma 
levels of Von Willebrand factor are seen to increase in conditions where there is 
damage to the vascular endothelium, such as glomerulonephritis,19 toxemia of preg-
nancy,20 and vasculitis.21 A number of studies have found raised plasma Von 
Willebrand factor in the sera of patients with scleroderma.22-25 Data regarding Von 
Willebrand factor levels in the subsets of the disease are conflicting, with one study 
showing higher levels in diffuse scleroderma,25 while another study demonstrating 
equally raised levels in diffuse and limited subsets, with the highest levels in 
patients with the major vascular complications of scleroderma, SRC, and pulmo-
nary hypertension (PHT).26 These studies support the notion that endothelial cell 
injury is occurring in scleroderma, and also suggest that there is a pro-coagulation 
phenotype with increased production of pro-coagulant factors.

Further indirect evidence of the endothelial cell injury in scleroderma comes 
from the measurement of soluble adhesion molecules shed from the surface of 
activated endothelial cells. In vitro unstimulated endothelial cells express the adhe-
sion molecule ICAM-1, and at low levels, VCAM-1. When endothelial cells are 
activated by IL-1 or TNFa, the expression of ICAM-1 and VCAM-1 is enhanced 
and E-selectin appears on the cell surface.27 Endothelial cells activated in this way 
have been shown in vitro to shed soluble forms of these molecules from the cell 
surface,28 and raised serum concentration of these soluble forms are seen in condi-
tions where there is activation of endothelium.29 Among the adhesins studied, 
E-selectin has the greatest specificity for cytokine-activated endothelial cells.30 
A number of studies on adhesion molecule expression in scleroderma have been 
performed.31-39 Skin biopsies taken from the affected skin in patients during the first 
twelve months of diffuse scleroderma show evidence of activation of the vascular 
endothelium, with the expression of the adhesion molecule E-selectin in 5 of the 8 
lesional skin biopsies, when compared with none out of the 4 control biopsies from 
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healthy individuals.38 Endothelial expression of ICAM-1, VCAM-1, and E-selectin 
is increased in skin biopsy specimens from patients with early progressive sclero-
derma, in contrast to biopsies from stable sclerotic skin, where endothelial adhesion 
molecule expression is limited to moderate ICAM-1 expression.33 Another study 
that included lesional skin biopsies from diffuse scleroderma patients showed 
enhanced expression of E-selectin, ICAM-1, and VCAM-1 by endothelial cells, 
and enhanced ICAM-1 expression by fibroblasts.35 Fibroblasts from scleroderma 
patients showed enhanced expression and shedding of ICAM-1 in vitro when com-
pared with the control fibroblasts.37 ICAM-1 was overexpressed by fibroblasts in 
the early progressive scleroderma lesions, but not in chronic stable scleroderma 
lesions, or by fibroblasts in healthy control tissue.34 The ICAM-1 positive fibro-
blasts were located in the perivascular areas at sites of infiltration by T helper 
lymphocytes expressing mRNA for IFNg and TNFa. Endothelial cells in the same 
areas showed increased expression of ICAM-1.

sE-selectin, sICAM-1, and sVCAM-1 levels were found to be raised in the sera 
from patients with early progressive scleroderma, when compared with patients 
with stable fibrotic skin involvement.33 The serum levels appear to correlate well 
with the expression of these molecules by vascular endothelium in lesional skin.33 
In this study, the endothelial adhesion molecules were found in areas of perivas-
cular lymphocyte accumulation. VCAM-1 and E-selectin were not found at other 
sites in the dermis, but confirming other studies, dermal fibroblasts from early 
lesional skin expressed ICAM-1. The implication here is that the activated 
endothelial cells contribute to the recruitment and migration of lymphocytes that 
migrate into the dermis and might be involved in the induction of the fibrotic 
response. A more recent study confirmed the elevation of sE-selectin in early 
severe scleroderma.40 Interestingly, the levels were found to decrease to the normal 
range following 12 months of immunosuppression with cyclophosphamide and 
prednisolone therapy, possibly supporting a role for autoimmunity in endothelial 
cell activation in the disease.

Taken as a whole, these studies show that expression and shedding of E-selectin 
is increased in the vascular endothelial cells in early scleroderma. Therefore, the 
mechanism by which the endothelial cells are being activated in early disease 
needs to account for increased E-selectin and increased shedding of the molecule. 
Resting endothelial cells do not produce E-selectin, but after exposure to inflam-
matory mediators such as IL1, TNFa, or endotoxin, E-selectin is produced and 
expressed 30,41. E-selectin production is transient, reaching a peak at 4 h and disap-
pearing by 24 h, and mediates the adhesion of neutrophils,30 monocytes,42 and 
resting memory T-helper cells.43,44 Following a period of stimulation, a soluble 
form of E-selectin (sE-selectin) appears in the supernatant of the cultured 
endothelial cells.28 Analysis of sE-selectin shows a molecular weight of slightly 
less than the total extracellular portion of the molecule, and it appears to be pro-
duced by the cleavage of the intact molecule at a site adjacent to the plasma 
membrane. The mechanism of shedding is not known, but one polymorphism in 
E-selectin has been associated with reduced shedding and lower levels of circulat-
ing sE-selectin. The single nucleotide polymorphism (SNP) Ser128Arg in the 
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E-selectin gene is overrepresented in certain patient groups with atherosclerosis 
or re-stenosis.45,46 Low levels of sE-selectin are found in serum taken from healthy 
individuals. Raised levels of sE-selectin have been observed in the serum of 
patients with vasculitides including those with Wegener’s granulomatosis, polyar-
teritis nodosa, and systemic lupus.29,47 In these conditions, the vascular walls are 
infiltrated with inflammatory cells, whereas in scleroderma, the vessels, although 
abnormal, show no inflammatory infiltrate. One possibility, therefore, is that in 
scleroderma, the endothelial cell activation resembles the phenotype seen follow-
ing the stimulation of endothelial cells with inflammatory cytokines such as IL-1 
and TNFa.

Thrombomodulin is an anticoagulant glycoprotein expressed by the endothelial 
cells, which binds thrombin and alters its substrate specificity, so that thrombin 
subsequently activates protein C.48 A soluble form of the molecule appears to be 
shedding from the endothelial cells and can be measured in the plasma and urine.49 
Thrombomodulin expression is of interest in scleroderma-associated PHT for a 
number of reasons. Thrombosis of pulmonary arteries is an important factor in the 
development of severe PHT.50,51 Outside the context of scleroderma, plasma soluble 
thrombomodulin levels are decreased in patients with PHT, suggesting that defi-
cient expression of the molecule by endothelial cells contributes to thrombus for-
mation within the pulmonary arteries.52,53 Therefore, we measured the 
thrombomodulin concentration in the circulation of scleroderma PHT patients and 
found it to be increased above the normal range.54 This effect was most marked in 
patients with early PHT and the levels decreased with time. The elevation of throm-
bomodulin in scleroderma has been confirmed by a more recent study showing 
increased thrombomodulin in the recent onset of the diffuse disease.40 Circulating 
thrombomodulin increases in conditions favoring endothelial cell death, including 
exposure to bacterial cell-wall lypopolysaccharide and direct toxicity from expo-
sure to hydrogen peroxide.55 Thrombomodulin expression is decreased by shear 
stress and hypoxic environments.56-58 The elevation of thrombomodulin in early 
scleroderma is found to be consistent with severe endothelial cell injury or cell 
death in early disease.

Collectively, these studies confirm endothelial cell injury in early scleroderma 
and suggest that endothelial cells are taking on an activated phenotype, and that 
endothelial cells undergo apoptosis in early disease.

A number of mechanisms have been proposed to account for the endothelial 
cell injury in scleroderma. Early studies showed that scleroderma sera have a 
direct cytotoxic effect on the endothelial cells in vitro.16 This effect appeared to 
be due to functional deficiency of a plasma protease inhibitor. In another early 
study, the sera from around 40% of the patients with scleroderma were found to 
be cytotoxic in vitro, and this effect appeared to be mediated by a trypsin sensitive 
molecule of 67 kDa.59 Cytotoxicity was not restricted to human umbilical vein 
endothelial cells (HUVEC), but was also seen with pulmonary arterial endothelial 
cells, fibroblasts, and neurofibroma cells. It was subsequently found that the cyto-
toxicity of scleroderma sera develops after storage and is associated with an 
increase in lipid peroxidation.60 Increased oxidized lipoprotein, as measured by 
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thiobarbituric acid reactive substances, is found in scleroderma sera and in sera 
from patients with primary Raynaud’s.61 A low molecular weight (<5 kD) fraction 
of scleroderma sera had in vitro cytotoxicity for endothelial cells and when given 
to rabbits, produced raised Von Willebrand factor and caused arterial endothelial 
cell proliferation.22

19.3  Anti-Endothelial Cell Antibodies in Scleroderma

It is widely believed that autoimmune mechanisms contribute to the development 
of scleroderma, and a number of groups have studied the antibody-mediated vascular 
injury in that condition. Since their first description,62 anti-endothelial cell antibod-
ies (AECA) have been described in a wide range of autoimmune and alloimmune 
conditions.63-65 AECA are found in the sera of 30–50% of scleroderma patients.66-69 
In one study using a HUVE-based enzyme-linked immunosorbent assay,69 it was 
shown that AECA binding was Fab mediated and that AECA appear to be distinct 
from the classical autoantibodies associated with scleroderma. In general, AECA 
have not been found to be directly cytotoxic to endothelial cells (except in Kawasaki 
disease) and not to mediate complement-mediated cell damage.

In keeping with this, the AECA found in the scleroderma sera do not appear to 
be directly cytotoxic to human endothelial cells, but peripheral blood mononuclear 
cells are found to kill the cultured endothelial cells in the presence of serum from 
a proportion of scleroderma patients, and this effect is dependent on the antibody 
fraction of serum.67-69 Pretreatment of HUVEC with AECA-positive sera from scle-
roderma patients enhanced the binding of a human monocyte cell line.70 These 
authors showed the in vitro increased adhesion of U937 monocytic cells to AECA-
pretreated HUVEC. This effect was associated with the increased expression of 
E-selectin, VCAM-1, and ICAM-1, and with the enhanced production of IL-1 by 
endothelial cells. The sera alone were not cytotoxic to umbilical vein or microvas-
cular endothelial cells, suggesting that the mechanism of cytotoxicity of AECA positive 
scleroderma sera was by antibody-dependent cellular cytotoxicity. AECA may thus 
promote adhesion of leukocytes to endothelium via stimulation of IL-1 production 
by endothelial cells.

In a more recent study, the human dermal microvascular endothelial cells 
(HDMEC) or HUVEC were cultured with the sera from scleroderma patients or 
controls with or without interleukin-2-activated natural killer (NK) cells or 
peripheral blood mononuclear cells.71 Sera alone had no effect, but apoptosis 
induction was observed on HDMEC, but not on HUVEC, in the presence of 
AECA-positive scleroderma sera and activated NK cells. The apoptosis could be 
inhibited by anti-Fas ligand antibody. Sections of the scleroderma skin biopsy 
material revealed Fas expression by endothelial cells, supporting the tissue culture 
findings. Overall, these findings suggest that in scleroderma, AECA induce 
microvascular endothelial cell apoptosis by antibody-dependent cell-mediated 
cytotoxicity acting via Fas.
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One limitation of the studies of AECA in scleroderma pathogenesis is that a 
large proportion of scleroderma patients test negative for AECA. Also, the target 
antigen(s) for AECA have proved difficult to define. AECA from patients with 
SLE have been shown to bind to a variety of molecules with molecular weights 
ranging from 15 to 200 kDa.72 In a similar study, it was shown that AECA from 
patients with Wegener’s granulomatosis displayed a consistent immunoprecipita-
tion pattern of five endothelial surface proteins (180, 155, 125, 68, and 25 kDa), 
whereas AECA from SLE patients were found to bind to a wider range of proteins 
ranging from 25 to 200 kDa.64,65 Another potential confounding factor with the 
assays for AECA is that the endothelial cells used as target antigen may express 
different HLA and blood group antigens from the patients whose sera are being 
tested raising the possibility of antibody recognition of alloantigens as the expla-
nation for positive binding.

19.4  Macrovascular Changes

Further evidence of vascular involvement in scleroderma comes from the development 
of complications due to adverse remodeling of arteries and arterioles, resulting in 
clinically important macrovascular disease. Raynaud’s phenomenon affects the 
majority of scleroderma sufferers, and can be extremely severe resulting in critical 
ischemia and loss of digits73 (Fig. 19.2). In the limited form of the disease, 

Fig. 19.2 Raynaud’s phenomenon in a patient with limited scleroderma
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Raynaud’s phenomenon may precede the development of skin disease by years or 
decades, whereas in diffuse disease, the development of Raynaud’s and skin thick-
ening are often synchronous.2 Attacks of Raynaud’s can be unusually severe and 
frequent, particularly in the limited form of the disease. Critical digital ischemia is 
frequently seen in limited scleroderma patients, but only rarely seen in patients with 
the primary form of Raynaud’s phenomenon. Critical digital ischemia may be the 
dominant feature of the disease in patients with limited scleroderma.74

Pulmonary artery remodeling resulting in PHT is a leading cause of mortality in 
scleroderma. In a post mortem study, abnormalities of the pulmonary arteries were 
found in 17/58 scleroderma patients when compared with 1/58 controls.75 The 
majority of the scleroderma patients included in the study had no clinical evidence 
of PHT in life. Specifically, medial hypertrophy and concentric intimal prolifera-
tion with narrowing of the lumen appeared in scleroderma patients, but not in 
controls. These changes were not correlated with the presence of interstitial pulmo-
nary fibrosis and therefore did not appear to be secondary to hypoxemia, destruc-
tion of lung architecture, or secondary activation of the vascular endothelium by 
soluble factors produced in the interstitium. The histological changes seen in the 
pulmonary arteries closely resembled those seen in the renal arteries of patients 
who died from SRC (see below). Scleroderma patients with severe renal artery 
involvement and those with severe pulmonary artery involvement formed distinct 
subgroups. The histological changes in the pulmonary arteries were confirmed by 
a later study,76 in which the pulmonary artery abnormalities were found in 17/30 
scleroderma autopsies. The histologic abnormalities were combined intimal and 
medial hyperplasia. None of the plexiform endothelial cell lesions were classically 
seen in the idiopathic form of primary PHT,77 and the pulmonary vascular lesions 
appeared independent of the fibrosing alveolitis. At about the same time, it was 
recognized that a subset of patients with limited scleroderma developed an illness 
with signs of rapidly progressive PHT culminating in the right ventricular failure 
and death.78,79 Patients included in these series had intimal and medial hyperplasia 
of the pulmonary arteries at postmortem. A more detailed morphometric study 
showed increased cross-sectional area of the intima, media, and increased percent 
luminal occlusion of the pulmonary arteries of the scleroderma patients when com-
pared with the controls.80 The changes that affected the pulmonary arteries were 
classified as small (<200 mm diameter), medium (200–350 mm), or large (>350 mm). 
The changes were more pronounced in limited scleroderma patients when com-
pared with diffuse scleroderma patients. Particularly, the pulmonary artery mea-
surements of 21 patients with diffuse scleroderma and SRC did not differ from the 
control samples. Clinically, overt PHT appears to affect 5–10% of patients with 
limited scleroderma and less commonly complicates diffuse scleroderma.78,79 By 
using Doppler echocardiography, a noninvasive technique for measuring the mean 
pulmonary artery pressure, it has been shown that around 40% of the limited scle-
roderma patients with no clinical evidence of PHT have raised mean pulmonary 
artery pressure (Battle et al 1996). This figure correlates well with the observed 
frequency of pulmonary artery changes at postmortem in the scleroderma patients. 
In this study of subclinical PHT, the estimated mean pulmonary artery pressure 
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was in the range of 30–50 mmHg for all but one patient. In clinically overt idio-
pathic primary PHT patients, the mean pulmonary artery pressure was 61 ± 2 mmHg 
in one study.81 In another study of clinically overt disease, the mean pulmonary 
artery pressure was 58 mmHg and only 3/17 patients had mean pulmonary artery 
pressure of less than 45 mmHg, and 9/17 had a mean pulmonary artery pressure 
of greater than 60 mmHg (Rich et al 1992). It appears that PHT is usually clini-
cally silent when the mean pulmonary artery pressure is less than 45 mmHg, and 
usually clinically overt as the mean pressure rises above 50 mmHg. Once clinical 
evidence of PHT develops, the condition appears to progress rapidly and carries a 
high mortality.

SRC is characterized by an abrupt rise in the arterial blood pressure and a 
rapid deterioration in the renal function. There may be hypertensive retinopathy, 
encephalopathy, microangiopathic hemolytic anemia, or heart failure 82,83. The 
most striking histological changes are seen in the renal cortical arterioles  
with intimal proliferation, obliteration of the lumen, and fibrinoid necrosis75-84 
(Fig. 19.3).

Detailed morphometry of the renal arteries of SRC patients, diffuse scleroderma 
controls, limited scleroderma patients, and healthy controls, showed intimal prolif-
eration and narrowing of the lumen in all the groups.85 The most severe changes were 
seen in the small renal arteries (<200 mm diameter) of the SRC patients. Renal arter-
ies of limited scleroderma patients were less severely affected than diffuse sclero-
derma patients. A previous study found SRC in 8% of the scleroderma patients seen 

Fig. 19.3 Renal biopsy specimen from scleroderma patient showing scleroderma vascular disease 
affecting the renal arteriole. The lumen of the arteriole has been replaced by thickening of the 
intimal cell layer. There is no inflammatory cell infiltrate
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over a 25-year period.86 Before the introduction of angiotensin converting enzyme 
(ACE) inhibitors, the outcome was universally poor, with all patients progressing to 
end-stage renal failure.87 A retrospective study showed the use of ACE inhibitors to 
have improved survival at 1 year from 15 to 76%, and ACE inhibitors are now the 
treatment of choice for blood pressure control during renal crisis.88 Even then, 44% 
of those treated with ACE inhibitors went on to require dialysis. Symptoms may 
occur late in SRC, so that patients continue to present with hypertensive encephal-
opathy or with advanced renal failure. Clear identification of the risk factors for SRC 
would aid early diagnosis of the condition.

There is a strong association between the development of SRC and the presence 
of circulating antibodies against RNA polymerase I and III, so that surveillance for 
the condition can be focused on this group of patients.13 ACE inhibitors may 
prevent further deterioration of renal function in patients with chronic renal impair-
ment due to scleroderma,89 but they have not been shown to protect against the 
development of SRC. A clearly defined subset of scleroderma patients at risk from 
SRC could form a cohort for a prospective placebo-controlled trial of ACE inhibitor 
as prophylaxis against SRC.

In healthy individuals, endothelial cells release endogenous vasodilators, nitric 
oxide (NO)90 and prostacyclin (PGI

2
),91 and also release the endogenous vasoconstrictor, 

polypeptide endothelin-1 (ET-1).92 Endothelial cell injury in scleroderma might 
therefore explain abnormal vascular tone seen in the disease, because injury to 
endothelial cells might alter the production of these endogenous factors controlling 
the vascular tone. However, it is still controversial whether the levels of serum NO, 
a strong vasodilator, are increased or decreased in SRC patients when compared 
with healthy donors.

In one study, NO metabolites were measured in the sera of the scleroderma 
patients and were found to be greatly elevated when compared with the controls, 
but further analysis revealed that these findings could be explained by increased 
NO production by scleroderma fibroblast due to expression of NO synthase (NOS) 
in scleroderma but not in normal fibroblasts.93 Furthermore, in another study, fibro-
blasts, inflammatory cells, and endothelial cells were all found to overexpress 
inducible NO synthase (iNOS) in the disease.94

In order to eliminate the confounding effects of NO production by other tissues, 
one research group isolated the dermal endothelial cells from patients and controls, 
and measured the NO production and eNOS expression.95 Expression of eNOS 
mRNA and protein was reduced in the dermal microvascular endothelial cells 
cultured from the scleroderma patients when compared with the controls, and the 
NO levels in the media of scleroderma cells were also reduced. These findings 
indicate that the injured microvascular cells in the scleroderma skin have reduced 
eNOS and NO, and this might explain the vasoconstriction/failure of vasodilation 
in the disease. Results from another group showed that as the disease progresses, 
microvascular cells switch from eNOS to iNOS, and speculated that iNOS induc-
tion leads to elevated NO that combines with reactive oxygen species released by 
inflammatory cells to form peroxynitrate.96 Peroxynitrate combines with and oxidizes 
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lipids, nucleic acids, and carbohydrates, resulting in degeneration of the tissues, 
and might contribute to chronic organ dysfunction in scleroderma.

Decreased endothelial PGI
2
 synthesis might also account for vasoconstriction/

increased vascular resistance in scleroderma. Early studies showed elevation of 
metabolites of PGI

2
 in the scleroderma sera.97 In our own studies, we found that 

scleroderma fibroblasts greatly overproduced PGI
2
 when compared with the con-

trols98 and therefore the finding of elevated PGI
2
 in scleroderma patients might 

reflect this overproduction by fibroblasts rather than the endothelial cells. In one 
study, which included patients with scleroderma, the pulmonary vessels were studied 
for PGI

2
 synthase activity in PHT.99 They hypothesized that a decrease in the expres-

sion of the critical enzyme, PGI
2
 synthase, in the lung may represent an important 

manifestation of the pulmonary endothelial dysfunction in severe PHT. They found 
evidence of decreased PGI

2
 production in the primary PHT and HIV-associated 

PHT, but the results were variable in the scleroderma patients. It remains unresolved 
whether endothelial-cell PGI

2
 is deficient in scleroderma; however, PGI

2
 is used 

clinically for the treatment of scleroderma vascular disease (see below).

19.5  Impaired Neuronal Control of Peripheral Vascular Tone

As patients with scleroderma report neuropathic symptoms such as parasthesia 
and dysasthesia, the peripheral nerve function has been formally studied using 
quantitative sensory testing to reveal increased vibration and cold detection thresh-
olds, and reduced sensory action potentials in the disease. In addition, the auto-
nomic function assessed by the tests of cardiovascular reflexes has also been found 
to be abnormal in scleroderma, showing evidence of both sympathetic and para-
sympathetic neuropathy.100

These findings are important, because nerves supplying blood vessels produce a 
number of vasodilatory substances. Calcitonin gene-related peptide (CGRP), an 
endogenous neuropeptide vasodilator, released from the sensory afferents, has been 
the most studied, and has been found to be depleted in the sensory nerve terminals 
in scleroderma skin biopsy material.101 We previously used CGRP infusions to treat 
Raynaud’s in scleroderma with some apparent benefit, but the agent has been with-
drawn from clinical use because of the production costs and limited demand.

In addition, autonomic nervous system exerts regulation of peripheral vascular 
tone via catecholamine stimulated vasoconstriction. The a

2
-adrenoceptor which 

mediates these effects gets altered upon persistent cold exposure, and the protein 
migrates to the plasma membrane of the vascular smooth muscle cells.102 In sclero-
derma, the a

2
-adrenoceptor levels are elevated in the dermal smooth muscle cells, 

and scleroderma arterioles exhibit increased constriction when exposed to a
2
-

adrenoceptor agonists when compared with the controls.103

Taken collectively, these data show that in scleroderma, arteries undergo a pro-
cess of adverse remodeling, characterized by thickening of the intima and  narrowing 
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of the lumen, and culminate in stenosis and reduced perfusion of the affected organ. 
The vascular bed involved varies among the patient groups, so that the overall 
majority of the patients have digital artery involvement; patients with pulmonary 
artery involvement are mainly from the limited scleroderma subgroup, and those 
with renal artery involvement are mainly from diffuse scleroderma with positive 
antibodies against RNA polymerase I and III.

19.6  Endothelin 1 in Scleroderma

One interesting problem is how to link the immune-mediated endothelial cell injury 
with the remodeling pathology of the arteries. One possibility is that soluble factors 
released by the damaged endothelial cells within the lumen of the arteries and within 
the vasa vasorum, contribute to the adverse remodeling seen. One potential candi-
date factor for this process is endothelin 1 (ET-1), because ET-1 is released by 
injured endothelial cells and is a mitogen for vascular smooth muscle cells, as well 
as is a potent vasoconstrictor.96 Therefore, ET-1 has been extensively studied in 
scleroderma. ET-1 levels are elevated in the scleroderma sera25,26,104 and the levels 
increase following cooling of the extremities.105 Immunostaining of the sections of 
skin biopsy material revealed the presence of ET-1 in the endothelial cells in the 
upper dermis as well as the expression in the dermal fibroblasts in scleroderma skin 
biopsy material, but not in the control biopsies.106 In scleroderma fibroblasts, auto-
crine stimulation by ET-1was found to maintain the pro-fibrotic phenotype.107 Use 
of the ET

A
 and ET

B
 receptor antagonist, bosentan, in scleroderma has been associ-

ated with clinical improvement in Raynaud’s phenomenon,108 healing of digital 
ulcers,109 and improvement in hemodynamics and exercise tolerance in scleroderma 
PHT.110,111 Therefore, ET-1 is considered as an important factor in scleroderma vas-
cular pathology and in persistent fibroblast activation in the disease.

19.7  Treatment of Scleroderma Vascular Disease

The treatment of scleroderma vascular disease has become a priority for clinicians 
treating scleroderma patients, because of the severe morbidity and mortality associ-
ated with these complications. At the moment, lack of clear understanding regarding 
the pathogenesis of the vascular complications hinders specific therapies. Initially, 
calcium channel-blocking drugs that antagonize the peripheral vasoconstriction 
were studied in the scleroderma-associated Raynaud’s and found to confer moderate 
benefit.112 Following these studies, PGI

2
 and the more stable synthetic PGI

2
 deriva-

tive, Iloprost, became available and have been widely used in the treatment of scle-
roderma vascular disease. PGI

2
 and its derivatives improve Raynaud’s in scleroderma, 

improve exercise tolerance and hemodynamics in scleroderma-associated PHT, and 
improve renal plasma flow and reduce blood pressure in SRC.13,113,114 Disadvantages 
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of these therapies include high cost, need for intravenous use, and intrusive side 
effects such as nausea and headache during infusion. Despite the short plasma half 
life of Iloprost, improvement in digital perfusion lasts for up to 12 weeks following 
a 3-day course of intravenous therapy with the drug.115 These findings imply that the 
drug has some slowly evoked beneficial effect on vascular remodeling. In our own 
studies, we showed that Iloprost at very low levels blocks the induction of CTGF and 
type-I collagen in human cells, and hence, one possibility is that the drug improves 
the vascular remodeling in scleroderma via suppression of these factors in the vessel 
wall.100 In addition, PGI

2
 agonists inhibit the vascular smooth muscle cell prolifera-

tion possibly acting via PPARd signaling.116-118

Sildenafil is a specific inhibitor of phosphodiesterase-5 that elevates the cGMP 
in vascular smooth muscle cells, and has been studied as a therapy for scleroderma 
vascular disease.119 Sildenafil, in case reports, was found to improve the hemody-
namics in scleroderma PHT120 and Raynaud’s and digital ulcers in the disease.121 In 
a placebo-controlled trial, sildenafil at a dose of 20 mg tds was found to improve 
hemodynamics, exercise tolerance, and functional class in patients with PHT sec-
ondary to connective tissue disorders including scleroderma.122 Sildenafil also has 
antiproliferative effects, inhibiting vascular smooth muscle cell proliferation, in 
addition to its vasodilator properties.123

In the UK, the National Institute for Clinical Excellence (NICE) has recently 
reviewed treatments for PHT. By assessing the efficacy and cost, they compared 
five agents: intravenous epoprostinol, inhaled iloprost, oral bosentan, the ET

A
 

antagonist sitaxentan, and the phosphodiesterase inhibitor sildenafil. All the agents 
have some evidence base for their use in PHT. NICE issued preliminary guidelines 
(March 1, 2008), suggesting that sildenafil should be the first line treatment and that 
bosentan or sitaxsentan should be used in patients intolerant or unresponsive to 
sildenafil. One strong factor influencing this choice is the relative cost with sildena-
fil costing around £4,000 per annum when compared with around £18,000 for the 
ET receptor antagonists.

Additional treatments in scleroderma-associated Raynaud’s with critical ischemia 
include anti-platelet agents that are used empirically, because platelet activation has 
been shown to occur in scleroderma.124 In addition, antioxidants have been studied in 
scleroderma vascular disease, because of the potential contribution of oxidation by 
free radicals to vascular injury in the disease. The synthetic antioxidant, probucol, 
was shown to improve Raynaud’s phenomenon in scleroderma patients.125

19.8  Summary

Endothelial cell function is disturbed in scleroderma and in major vascular com-
plications of the condition. The overall picture that emerges from the abovemen-
tioned studies is of the microvascular injury in early scleroderma, where the 
endothelial cells are in a highly activated state, expressing and shedding E-selectin, 
and showing evidence of Fas-dependent apoptosis. These effects may be partly due to 
the activation of the endothelial cells by autoantibodies and by antibody-dependent 
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cellular cytotoxicity. These changes are accompanied by chronic adverse vascular 
remodeling, intimal hyperplasia, and stenosis of the arteries and arterioles leading to 
end-organ ischemia. Treatments for scleroderma vascular disease confer moderate 
benefits, and have common vasodilator properties combined with antiproliferative 
effects on vascular smooth muscle cells (Fig 19.4). Possible future therapeutic strate-
gies include small molecule inhibitors of the signaling pathways activated in the 
endothelial cells in the disease, antibody-depleting strategies, detection of adverse 
vascular remodeling at the earliest stage before the onset of hemodynamic compro-
mise, and more specific therapies against vascular cell hyperplasia (Fig 19.4).
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Coronary heart disease (CHD) is the leading cause of morbidity and mortality 
among women in most developed nations. In the United States alone, almost 
250,000 women die annually from CHD.1 Contrary to popular view, a woman is >5 
times more likely to die from CHD than from breast cancer. However, CHD has 
historically been considered a male disease. Only recently have the research 
community and the public begun to appreciate the large health burden that heart 
disease poses to women. In this chapter, we review the two most common clinical 
manifestations of CHD in women, angina pectoris and acute coronary syndromes, and 
discuss sex differences, treatment issues, and diagnostic modalities of CHD in women.

20.1  Angina Pectoris in Women

Women constitute more than half of the 8.9 million patients in the United States with 
chronic stable angina. However, gender differences are prominent, in that women 
are more likely to have atypical angina when compared with the male model, and 
are more likely to have a more complex symptom presentation. Women with angina 
report greater functional disability than do their male counterparts. It remains uncertain 
as to what extent the anatomic and pathophysiologic differences in the coronary 
vasculature contribute to these gender differences in presentation.

Angina is the predominant initial and subsequent presentation of CHD in 
women, in contrast to myocardial infarction (MI) and sudden cardiac death as the 
preeminent presentations among men. Among patients who present with an initial 
episode of MI, women are far more likely to have had antecedent stable angina. 
This challenges us to assess whether evaluation and risk stratification of women 
during this stable phase of their CHD and/or more intensive preventive and symptom-
atic therapies offer the potential to intervene and to avert the occurrence of MI.
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Women who present to their physician with angina,2 compared with their male 
peers, tend to be older and are more likely to have hypertension, diabetes, and heart 
failure, with the latter characterized by intact ventricular systolic function. As sug-
gested previously, women are less likely previously to have incurred MI or to have 
undergone a myocardial revascularization procedure. Nonetheless, in population-
based studies in the United States, the prevalence of chronic stable angina is com-
parable in women and in men.

The prominence of angina as a symptom for women was documented in the 
early reports of the Framingham Heart Study describing the clinical manifestations 
of CHD by gender.3 In the Framingham cohort, MI occurred in 43% of men vs. 
29% of women, sudden death in 10% of men vs. 7% of women, uncomplicated 
angina in 26% of men vs. 47% of women, angina in association with MI in 13% of 
men vs. 18% of women, and unstable angina in 8 and 9% of the two populations, 
respectively.

20.1.1  Recent Data Characterizing Stable Angina  
Pectoris in Women

A recent systematic review and meta analysis revealed that women have a similar 
or slightly higher prevalence of angina than men across countries with widely differing 
mortality rates of MI.4

A 2006 study from Finland5 involved the prospective evaluation of an ambulatory 
cohort for the years 1996–2001, encompassing patients 45 to 89 years of age. The fact 
that Finland and the U.S. have a comparable prevalence of chronic stable angina is 
of relevance. However, the Finnish medical record systems permit compilation and 
correlation of symptoms, medication use, test use, and disease event and mortality 
rates, as demonstrated in this report. The age-standardized annual incidence of 
angina was 1.89 for women and 2.03 for men. For the purposes of this study, angina 
was characterized as “nitrate prescription angina,” i.e., indicating that the treating 
physician diagnosed the patient as having angina pectoris and prescribed a nitrate drug; 
alternatively, the angina was characterized as “test-positive angina,” i.e., evidence that 
the treating physician ordered a diagnostic stress test, which had positive (abnor-
mal) results. Nitrate prescription angina imparted a similar increase in coronary 
mortality for both genders, but the strong and graded relationship between the 
amount of nitrate used and event rates was striking. This defines the patients with 
frequent episodes of myocardial ischemia, clinically manifest by angina pectoris, 
as a high-risk population, worthy of consideration for further evaluation and 
intervention. Women younger than 75 years of age with test-positive angina had a 
coronary standardized mortality ratio greater than that for men, indicating the 
increased likelihood of an adverse outcome with test-positive angina in women. 
That diabetes particularly disadvantages women with CHD is evident by the age-
standardized coronary event rates with both test-positive angina and diabetes of 9.9 
per 100 per year for women, when compared with 9.3 per hundred per year for men. 
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The adverse impact of both nitrate prescription angina and test-positive angina for 
both genders was most prominent in the younger age groups, 45–54 and 
55–64 years, with test-positive angina more predictive of coronary mortality than 
nitrate prescription angina.

Another European study of stable angina pectoris, the Euro Heart Survey,6 
encompassed 3,779 patients, 42% of them women, who were initially diagnosed by 
a cardiologist as having stable angina, with data collected for the subsequent year. 
Compared with men, women had less exercise electrocardiography (ECG) testing, 
73% vs. 78%; less coronary angiography, 31% vs. 49%, despite a higher angina 
class; and had less application of statin and antiplatelet therapy, both initially and 
at 1 year. Not surprising, given the lesser coronary angiography, women also had 
prominently less coronary revascularization, 13% vs. 29% for men. The adjusted 
odds ratio for investigation by gender showed women less likely to have angiography 
(0.59) and an exercise ECG test (0.81), but more likely to have stress imaging 
(1.08). At 18-month follow-up, women had a doubled occurrence of death and 
nonfatal MI even when adjusted for age, the presence of diabetes, left ventricular 
function, and coronary disease severity. This gender difference persisted with 
adjustment for pharmacotherapy and revascularization, suggesting that the women 
were more likely initially encountered at a more severe and advanced stage of their 
disease, or that another nonmeasured variable was operative. The women whose 
CHD was confirmed at angiography were more likely than men to have angina at 
follow-up, 57% vs. 47%.

20.1.2  The Women’s Ischemia Syndrome Evaluation  
(WISE) Study

The National Heart, Lung, and Blood Institute Women’s Ischemia Syndrome 
Evaluation (WISE) Study7,8 enrolled women presenting with chest pain and who 
had myocardial ischemia documented at noninvasive testing. At subsequent coronary 
angiography, about half of these women had no flow-limiting coronary obstructive 
disease. In clinical practice, this scenario would have likely been dismissed as a 
false-positive noninvasive test, but during clinical follow-up in the research protocol 
the WISE women were documented to have both persisting symptoms and a sub-
sequent significant occurrence of coronary events. At 4 years of follow-up, the 330 
women with significant (>50%) coronary disease had a 13.6% occurrence of death 
or MI; those with minimal obstructive disease (20–49%), 216 women, had a 6.9% 
occurrence of death or MI, whereas those without obstructive disease (lesions 
<20%), 317 women, had a 2.5% occurrence of death or MI. This computes to a 
dramatic 9.4% rate of death or MI for women with either no or minimal obstructive 
coronary disease at angiography.

Angina in the WISE cohort was also inversely related to quality of life.9 The 
greater duration of symptoms, the increased intensity of symptoms, and the higher 
number of symptoms powerfully predicted a lesser quality of life.
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These data support the concept of a specific vasculopathy in women with chest 
pain and documented myocardial ischemia, in the absence of obstructive disease of 
the epicardial coronary arteries.7 In the subset studies, a substantial atherosclerotic 
burden was shown in these women by intravascular ultrasound (IVUS) examination 
that documented intramural atherosclerotic lesions with little or no protrusion into the 
coronary lumen. Another substudy identified a decrease in coronary flow reserve at 
cardiac catheterization, with the extent of impairment of coronary flow reserve inde-
pendently predicting coronary events. A further substudy using magnetic resonance 
imaging (CMR) documented subendocardial ischemia. The likely culprit is coronary 
endothelial dysfunction of the microvasculature, but the roles of hormonal influences, 
of inflammatory markers, of oxidative stress, and other variables remain intriguing. 
Challenging is the clustering of risk factors, as seen in the metabolic syndrome, which 
was common in these women, with conventional coronary risk factor clustering also 
associated with oxidative stress. Other forms or mechanisms for microvascular dys-
function remain to be ascertained.

Nonetheless, in the interim, targets for intervention must be identified. It appears 
prudent to address symptoms of myocardial ischemia with conventional and novel 
antianginal therapies; and to implement precise control of coronary risk factors, 
given the potential of this approach to curtail endothelial dysfunction.

20.1.3  Clinical Coronary Outcomes by Gender

Women with clinical evidence of CHD, and in particular younger women,10 have 
more adverse outcomes than men.11 Women with angina have a doubled morbidity 
and mortality; once MI occurs, there is a 1.5 excess one-year mortality for women. 
Further, women have a doubled morbidity and mortality when they undergo coro-
nary artery bypass graft surgery (CABG), and they incur a doubled incidence of 
heart failure. This occurs despite the documentation of less obstructive coronary 
disease in women when compared with men among patients undergoing elective 
diagnostic angiography for angina. In the National Cardiovascular Data Registry of 
the American College of Cardiology, at all ages, more women than men were likely 
to have <50% obstructive disease, with the gender difference lessening with 
advancing age.12

Based on the ACC/AHA 2002 Guidelines for the Management of Chronic Stable 
Angina,13 the objectives of the treatment of angina pectoris are to reduce ischemia 
and relieve anginal symptoms, thereby improving the quality of life; and to prevent 
MI and death, thereby improving the quantity of life.

It is crucial to appreciate that the symptom of angina occurs at the end of the 
ischemic cascade.14 In the initial seconds of ischemia, there is impairment of myo-
cardial relaxation, i.e., diastolic dysfunction, followed by systolic dysfunction and 
a decrease in ventricular filling. Only then, among the abnormalities evolving during 
ischemia, is there evidence of ST segment depression on the electrocardiogram, 
followed by the occurrence of angina pectoris. Thus, many episodes of ischemia 
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may never evoke pain, and about half of all patients with angina also experience 
episodes of asymptomatic myocardial ischemia.

The issues predominating in women involve accumulating evidence that implicate 
a microcirculatory dysfunction in the model of ischemia in women15; these issues 
have been inadequately investigated in men. Among these variables are a large 
disconnect between the severity of the luminal stenosis of the epicardial coronary 
arteries and the extent of impairment of coronary flow reserve, a wide variability in 
exercise tolerance over time, and a reduced flow response to stress in regions perfused 
by nonstenotic epicardial coronary arteries. Additionally, there is substantial variability 
in outcomes after successful revascularization interventions, with a sizeable popu-
lation of women experiencing residual angina. Added to this is that about 25% of 
women with biomarker-positive acute coronary syndromes (ACS) have no flow-
limiting stenoses demonstrated at subsequent coronary angiography. Added con-
tributors include the prominent predictive value of an elevated brain naturetic 
peptide (BNP) and elevated high-sensitivity C-reactive protein (hsCRP) for adverse 
outcomes in women with ACSs. Challenge has been articulated as to whether 
women are more likely to have plaque erosion (vs. rupture of a vulnerable plaque), 
with microvascular embolization a consequence of this plaque erosion; the prominence 
of plaque erosion has been documented at autopsy among women who die suddenly.

A newer variable has been offered as explanatory for some of the ischemic symptoms 
in women.16 In the presence of myocardial ischemia, there is an increase in the late 
inward sodium current, with resultant increased sodium entry into the cardiac cell. 
This causes sodium overload, and the sodium efflux in recovery is accomplished by the 
sodium/calcium exchange mechanism, which results in increased intracellular calcium 
and eventual calcium overload. Calcium overload is associated with an increase in 
diastolic wall tension (myocardial stiffness), with consequent increase in myocardial 
oxygen demand and a concomitant decrease in myocardial oxygen supply related to 
compression of the intramural small vessels; these worsen the myocardial ischemia and 
result in a vicious circle.17

20.1.4  Medical and Invasive Treatment Options  
for Chronic Stable Angina

The efficacy of traditional antiischemic therapies for chronic stable angina – beta 
blocking drugs, calcium channel blocking drugs, and nitrate drugs – relates to their 
favorable hemodynamic effects. Beta blockers do not alter myocardial oxygen 
supply, in that they lack effect on coronary blood flow; rather, they decrease 
myocardial oxygen demand via decreases in heart rate, arterial pressure, and 
myocardial contractility. The dihydropyridine calcium channel blockers increase 
oxygen supply by increasing coronary blood flow and concomitantly lessen 
myocardial oxygen demand by decreasing arterial pressure and myocardial 
contractility; save for amlodipine, these drugs increase heart rate and thus may 
increase myocardial oxygen demand. The nondihydropyridine calcium channel 
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blockers also improve myocardial oxygen supply by increasing coronary blood 
flow and lessen myocardial oxygen demand by decreasing heart rate, arterial 
pressure, and myocardial contractility. Long-acting nitrates increase myocardial 
oxygen supply by increasing coronary blood flow and decrease myocardial oxygen 
demand by decreasing arterial pressure and venous return, but exert variable effects 
on heart rate and resultant myocardial oxygen demand, largely dependent on the 
adequacy of circulating blood volume.13 The guidelines for pharmacotherapy for 
chronic stable angina include Class IA recommendations for beta blockers in 
patients with prior MI, and Class IB for patients without prior infarction.13 No gender 
differences are present in these Guideline recommendations.

However, despite the use of traditional antianginal agents, many patients with 
chronic stable angina have a median of 2 anginal attacks per week, most likely 
owing to the significant percentage of patients who have relative intolerance to full 
doses of beta blockers, calcium channel blockers, and nitrate drugs, or who have 
clinical conditions that may limit their use.

Additional medical treatment options for patients with chronic angina can be 
characterized as vasculoprotective therapies and include aspirin, statin drugs, and 
ACE inhibitors. The ACC/AHA guidelines for pharmacotherapy in chronic stable 
angina cite a Class IA recommendation for aspirin, and a Class IA recommendation 
for lipid-lowering therapy in patients with suspected CHD and an LDL-C >130 mg/
dl, with a target LDL-C <100 mg/dl; an optional LDL-C goal of <70 mg/dl is 
reasonable for patients at very high risk.9 There is a Class IA recommendation for 
ACE inhibitors in all patients with coronary disease who have diabetes and/or left 
ventricular systolic dysfunction.

In patients for whom antianginal therapy is unsuccessful or where the coronary 
anatomy appears appropriate, myocardial revascularization with percutaneous coro-
nary intervention (PCI) or CABG is an option. Data from the Arterial Revascularization 
Therapy Study document persistent angina despite optimal revascularization.18 At 
1 year, 78.9% of patients in the stenting group were free of angina, 21.1% were free 
of antianginal medication, and 19.1% were free of both angina and antianginal 
medication. In the surgery group, 89.5% were free of angina, 41.5% were free of 
antianginal medication, and 38.4% were free of both angina and antianginal medication. 
Nonetheless, in this optimally revascularized population, 60–80% were taking anti-
anginal medication and 10–20% had angina at 1 year.

When patients experience recurrent ischemia and recurrent angina, management 
options include the titration of antianginal drug therapy or repeat revascularization. 
When these prove ineffective, additional therapeutic options13 include transmyo-
cardial revascularization, enhanced external counterpulsation, or spinal cord 
stimulation.

Cell therapy and gene therapy remain investigational approaches, and a new 
antianginal drug with a novel mechanism of action, ranolazine, will be discussed 
subsequently. Importantly, myocardial ischemia and attendant angina diminish the 
quality of life. In a follow-up study of almost 1,000 patients subsequent to percuta-
neous intervention and/or coronary bypass graft surgery,19 excellent or very good 
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health status at 1 year was reported by 40% of patients who were free of angina, 
but about 15% of patients with angina. In both groups, assessment of general health 
status declined over a span of 10 years, with almost 30% of those free of angina 
reporting excellent or good health status, when compared with about 5% of those 
with angina. Also relevant, a small study examining patient expectations about 
elective percutaneous intervention for stable angina20 identified that 75% believed 
the procedure would prevent MI, and 71% thought it would prolong survival; gender-
specific data are not available.

20.1.5  What Have We Learned from the COURAGE Trial?

COURAGE (Clinical Outcomes Utilizing Revascularization and AGgressive drug 
Evaluation) was designed to determine whether percutaneous intervention plus 
optimal medical therapy would improve the long-term prognosis of patients with 
stable coronary disease by reducing the risk of death or nonfatal MI compared 
with optimal medical therapy alone.21 Two thousand two hundred and eighty seven 
patients were randomized and followed for a median of 4.6 years; the primary 
outcome was all-cause mortality and nonfatal MI. The angiographic criteria for 
entry were a stenosis of at least 70% in at least one proximal epicardial coronary 
artery and objective evidence of myocardial ischemia; or one coronary stenosis of 
at least 80% with classic angina without provocative testing. Nuclear imaging 
studies showed similar rates of single and multiple reversible perfusion defects at 
baseline in both arms of the study. The lifestyle interventions included smoking 
cessation, exercise, nutrition counseling, and weight control. The goal for coro-
nary risk factors were an LDL-C of 60–85 mg/dl, an HDL-C ³ 40 mg/dl, triglycer-
ides <150 mg/dl, blood pressure <130/85 mmHg or <130/80 if diabetes or renal 
disease was present, and a hemoglobin A1C of <7.0. Pharmacologic therapy 
included antiplatelet therapy (aspirin and clopidogrel in accordance with estab-
lished practice standards), simvastatin ± ezetimibe, extended release niacin or 
fibrates; angiotensin converting enzyme inhibitors, angiotensin receptor blockers, 
or diuretics; beta blockers, calcium channel blockers, and nitrates. At study end, 
there was no evidence that percutaneous intervention added to optimal medical 
therapy reduced the primary endpoint of death and nonfatal MI, compared with 
optimal medical therapy alone. Angina prevalence was substantially reduced during 
follow-up in both treatment groups. Reduction was greater in the percutaneous 
intervention group at years 1 and 3, although by 5 years there was no significant 
difference between groups in freedom from angina. The quality of life was slightly 
advantageous for percutaneous intervention to year 3, with similar results thereafter. 
The challenge to these data is the substantial (40%) crossover to percutaneous 
intervention during the course of the study, with greater crossover related to 
increased reversible perfusion defects at baseline. Reporting of gender-specific 
data is planned, but not yet accomplished.



344 N.K. Wenger et al.

20.1.6  Ranolazine: A Novel Antianginal (Antiischemic) Drug

Ranolazine is the first new antianginal (antiischemic) drug licensed for clinical use 
in decades. Previously discussed is the increase in late sodium entry into the cardiac 
myocyte in association with myocardial ischemia, which via the sodium/calcium 
exchange results in calcium overload and subsequent electrical and mechanical 
dysfunction, with potential worsening of myocardial ischemia. Ranolazine reduces 
the late inward sodium current.16,17

Major data for ranolazine derive from the MARISA, CARISA, and ERICA 
sentinel clinical trials.22-24 Ranolazine improved exercise performance and symptoms 
in the absence of clinically significant hemodynamic effects. Gender comparisons25 
showed that exercise duration improved in both genders, with women showing less 
improvement than men. In the ERICA study, angina improved comparably in 
women and men.

The MERLIN-TIMI 36 study was designed to compare i.v./oral ranolazine with 
placebo in patients with non-ST segment elevation ACSs treated with standard 
medical and interventional therapies. The primary efficacy outcome was deter-
mined by a combined endpoint of cardiovascular death, MI, and recurrent ischemia. 
Ranolazine had no effect on this primary endpoint, with a hazard ratio of 0.92 
(p = 0.11); thus, the addition of ranolazine to standard treatments for ACSs was not 
effective in reducing major cardiovascular events. Nonetheless, there was differ-
ence in the components of the primary endpoint. Whereas there was no ranolazine 
effect on cardiovascular death or MI (HR 0.99, p = 0.87), there was a significant 
benefit for recurrent ischemia, with an HR of 0.87 (p = 0.03) favoring ranolazine. 
Importantly, ranolazine also reduced ventricular tachycardia, supraventricular 
events, and bradycardia events, based on 7-day Holter recordings, with no safety 
issues raised during the trial.

Specifically for women, although not a prespecified analysis, a presentation of 
MERLIN-TIMI 36 results by gender at the 2007 American Heart Association 
meeting26 showed that, among the 2,291 women enrolled, there was a significant 
improvement in the primary endpoint for women with ranolazine when compared 
with placebo (relative risk reduction 17%, p = 0.03) and in recurrent ischemia 
(relative risk reduction 29%, p = 0.002), without significant effect on cardiovascular 
death or MI. As in prior studies, the women in MERLIN were older and more likely 
to have diabetes, hypertension, heart failure, prior angina, ECG ST-segment 
depression, and elevated BNP. However, they had lower rates of >50% obstructive 
epicardial coronary stenosis, and lower rates of elevated troponin. Whether these 
selectively beneficial effects for women with ranolazine therapy will translate into 
improved antianginal (antiischemic) outcomes for women with chronic stable 
angina remains conjectural, but promising. Nonetheless, ranolazine is an effective 
antianginal agent for women and men with chronic stable angina and should be 
added to the therapeutic armamentarium.
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20.1.7  Angina in Women: Summary

Women and men differ in their initial manifestations of CHD, with women more 
likely to present with angina pectoris. Twice as many older women as men with 
CHD report chest pain.

Patients with angina, both women and men, commonly curtail their activities to 
avoid anginal episodes, hence recorded activity levels become important in correlating 
angina and antianginal therapy. Effective antianginal therapy may enable higher 
levels of activity, but accomplishing these increased levels of activity may then 
continue to evoke ischemia and angina, hence the compelling need for correlation 
between activity intensity and symptoms. Whether the increase in activity levels 
with ranolazine therapy translates into the lowered hemoglobin A1C levels with 
ranolazine use remains to be ascertained. Importantly, women with CHD, particu-
larly symptomatic women, report worse quality of life outcomes than do men.

The comprehensive management of symptomatic myocardial ischemia (angina 
pectoris), therefore, includes symptom management, lifestyle modification, anti-
platelet therapy, and aggressive coronary risk factor reduction, applied comparably 
for women and for men.

20.2  Acute Coronary Syndromes in Women

While uncomplicated angina is the most common initial manifestation of coronary 
artery disease in women, about one-third of women with CHD initially present with 
an ACS. As for stable angina, the clinical profile of women with ACS is different 
from men. Women hospitalized with ACS are more critically ill than men. They 
more often present with congestive heart failure and cardiogenic shock, have more 
cardiovascular risk factors, and are more likely to sustain major clinical events 
during the hospitalization, such as cardiac rupture, reinfarction, major bleeding, 
pulmonary edema, stroke, and death. Notably, more unfavorable outcomes occur 
among women with ACS than men despite less extensive coronary narrowing and 
smaller infarcts when compared with men.

The type of ACS, i.e., ST-segment elevation MI (STEMI), non-ST segment 
elevation MI, or unstable angina, plays a large role in sex-related outcome differ-
ences. Compared with men, women are less likely to present with an acute MI, 
particularly STEMI, as their initial ACS and more likely to present with unstable 
angina. Outcome differences track in the opposite direction: women fare worse than 
men after STEMI, have similar outcome after NSTEMI, and tend to have a better 
outcome after unstable angina.27,28

The age of the patient is important when evaluating outcome differences between 
women and men with ACS. Although acute MI is infrequent in younger women, 
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younger women are the group with excess mortality when compared with men of 
similar age. Specifically, women less than 60–65 years old hospitalized with MI 
have higher mortality rates when compared with men of similar age, between 50% 
to two-times higher.10,29,30 In contrast, no mortality differences, or even a better sur-
vival, are typically seen comparing older women with MI with older men. Older 
women admitted to the hospital with unstable angina, in particular, have a long-term 
survival advantage over older men, which mirrors the survival advantage of women 
in the general population.28

Among US women, African American women have higher mortality rates for 
cardiovascular diseases than white women31 and account for a large share of the 
excess mortality of younger women with MI when compared with men. Because 
CHD develops earlier in African Americans than whites, there are proportionally 
more African Americans among younger than older MI patients. When race is 
considered as an additional stratification factor, the group that shows the highest 
mortality rate, compared with white males, is the younger African American 
women.32

20.2.1  Role of Comorbidity and Risk Factors

Because CHD onset is typically delayed in women when compared with men, 
women with ACS are on average older and have more comorbidity and risk factors 
such as diabetes, hypertension, renal insufficiency, and congestive heart failure. 
However, the higher prevalence of risk factors in women is not only due to their 
older age, but is seen virtually in every age interval. The difference with men is 
more marked among younger patients, the same group that shows the highest 
excess mortality in women when compared with men. One possible reason for this 
is that a higher “load” of risk factors may be needed to overcome the protective 
effect of female sex, since women, particularly if they are young, are normally 
“protected” against atherosclerotic cardiovascular disease, compared with their 
male counterparts. Another possible explanation is a different threshold for hospital 
admission, or for referral, in women than in men with myocardial ischemia. This 
may occur if more severely affected female patients are admitted or evaluated 
relative to men, while milder cases among women are delayed, deferred, or entirely 
missed. Indeed, missed diagnoses of acute cardiac ischemia in the emergency 
department are more frequent in women, particularly women younger than 
55 years.33

It is also possible that men with high risk acute coronary events are more likely 
than women to die out of the hospital. This may create a cohort of survivors who 
eventually are admitted to the hospital among whom women have a higher risk 
status than men because the corresponding men have already died in the prehospital 
phase. Some large population-based MI registries support this hypothesis,34 but data 
are not consistent, possibly due to variations and difficulties in ascertainment of 
prehospital causes of death.
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20.2.2  Symptom Recognition, Diagnosis, and Referral

On average, women experience a longer time interval between onset of symptoms 
for acute coronary events and receipt of emergency care or hospitalization.35 Many 
factors may contribute to this longer delay of women, such as lack of symptom 
recognition, lack of awareness about individual risk, provider misdiagnosis, or 
reluctance to call emergency care services. Among these, lack of recognizing 
symptoms has been suspected to play a major role, as lay people may not recognize 
heart disease as an important health issue for women. In community surveys, 
women often describe a heart attack as a male problem and more often attribute 
symptoms of ischemia to other chronic noncardiac conditions.36 Although aware-
ness of CHD risk in women has increased in recent years, a significant gap between 
perceived and actual risk remains.37

Differences in presentation of acute ischemia in women compared with men 
have long been implicated in the lower awareness of CHD symptoms among 
women and their delay in seeking emergency care for acute CHD. They are also 
thought to play a role in the inability of some providers to recognize an ACS in 
women, leading to an incorrect diagnosis and delays in the initiation of appropriate 
care. Indeed young age, female sex, and the absence of chest discomfort are among 
the most important predictors of a missed diagnosis of MI and inappropriate 
discharge from the emergency department.33,38

Historically, the description of symptoms associated with ACS has been based 
on the symptom presentation of men, which is put forward as the “classical” pre-
sentation. Women’s presentation is instead often described as “atypical” and as 
being characterized by a constellation of associated and prodromal symptoms other 
than chest discomfort.39,40 It is important to recognize, however, that the most 
common presentation of an ACS is chest pain in both women and men. A recent 
review of 69 studies of ACS showed that although more women (about 37%) 
presented without chest pain or discomfort than men (about 27%), chest pain or 
discomfort was the most common presenting symptom in both sexes.41 Yet these 
data bring about another important consideration: the so-called “classical” chest 
pain presentation is not quite classical for either sex, since about one-third of 
patients overall present without it.

20.2.3  ACS Management

Sex differences in cardiac care have been described for at least 20 years, with 
women with symptomatic CHD being treated less aggressively than men. 
Recommended therapies for ACS, such as aspirin, beta blockers, fibrinolytic drugs, 
angiotensin-converting enzyme inhibitors, and primary angioplasty, have roughly a 
comparable benefit in women and men. Therefore, there is no empiric evidence 
supporting differences in treatment based on sex. Fortunately, sex-related variations 
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in the use of evidence-based therapies tend to be small, while larger differences 
apply to more discretionary interventions with less proven benefit, such as revascu-
larization procedures.42,43

An important consideration is that even though sex-related management differ-
ences are observed, they do not necessarily help explain outcome differences between 
women and men. A large study of MI patients found that cardiac care in the year 
following the MI became progressively less aggressive among older women relative 
to men, while survival tracked in the opposite direction, with older women clearly 
favoured.29 Another study estimated that lower use of procedures after MI in women 
relative to men explained less than half a percentage point of the sex differences in 
mortality rate.44 Based on these findings, differences in clinical care should not play 
a major role in explaining sex-related outcome differences after ACS. Differences in 
referral or intrinsic biological or psychosocial factors may be more important.

Fibrinolytic Therapy. Fibrinolytic therapy has significantly decreased the early 
mortality of STEMI in both women and men,45 but the mortality risk reduction is 
somewhat lower in women, despite similar rates of successful coronary reperfusion 
after fibrinolysis. Hemorrhagic stroke and other major bleeding complications are 
more common in women, particularly elderly women. The risk of reinfarction after 
fibrinolysis is also greater in women. Unadjusted mortality rates were strikingly 
higher in women than in men in all fibrinolytic therapy trials, but the difference was 
partially accounted for by women’s less favorable baseline characteristics. Because 
of these higher complication rates, women should be monitored closely after 
thrombolytic therapy. However, this lifesaving treatment should not be withheld or 
delayed in women when it is indicated.

Coronary Artery Bypass Graft Surgery (CABG). Whether female sex is a risk 
factor for adverse outcomes after CABG has been controversial for many years. 
Even recent studies have continued to report disparate results, showing either an 
increased risk of death in women, no mortality differences by sex, or even a better 
long-term survival in women. The bulk of the data, however, points to higher short-
term mortality and complication rates after CABG in women when compared with 
men, and lower functional benefits. Again, when examining sex differences, younger 
women show the largest excess mortality when compared with men of similar age.46 
The issue is difficult to resolve because we can only rely on observational data, and 
women undergoing CABG are substantially different from men: they have more 
comorbidity, smaller coronary artery size, and more peri-procedural risk factors such 
as renal insufficiency, hemodilutional anemia, and hyperglycemia. In addition to 
comorbidity, it is likely that procedural factors play a role. For example, the use of 
internal thoracic artery graft and of off-pump CABG procedures may be especially 
beneficial in women. Unfortunately, although women account for about one-third of 
all CABG procedures, there are virtually no clinical trial data to help decide their 
risks and benefits for undergoing CABG because randomized trials have included 
almost exclusively men. Since CABG has become part of the standard of care, it is 
unlikely that new randomized trials in women will be feasible.
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Since women live an average of 5 years longer than men, if they survive the 
operative period they should be expected to live at least as long, if not longer, than 
men after CABG. This has not been a consistent finding. However, an encour-
aging fact is that operative mortality has declined substantially in recent years in 
both sexes, but more so in women, resulting in narrowing of the sex-related mor-
tality gap.47

Since CABG yields only a small absolute survival benefit relative to medical 
therapy, symptom relief and long-term improvement in function and quality of life 
are the most common indications for CABG. On average, women obtain less symp-
tom relief and lower functional gains after CABG than men do.48 Therefore, also 
for functional outcomes women fare less well than men. A way to help with women’s 
recovery is to maximize their postoperative care and tailor it to women’s needs, as 
well as encourage cardiac rehabilitation, for which women show much lower 
attendance than men.49

Percutaneous Coronary Interventions (PCI). More than one million PCI proce-
dures are performed in the United States annually, of which about 33% are per-
formed in women. As for CABG, the procedural outcomes in women tend to be less 
favorable than for men, with higher rates of short- and long-term mortality, cardiac 
events, and emergency CABG. The smaller body habitus of women has tradition-
ally being implicated, because it is associated with smaller vessel diameter that, in 
turn, is a risk factor for periprocedural vascular complications.

While women’s outcomes have improved in recent years and the sex gap in 
mortality has decreased, some recent series continue to report substantially higher 
short-term mortality in women than men.50 Current hospital mortality after elective 
PCI, however, is quite low, less than 1%, in both women and men. Procedural com-
plications are similarly rare, but they also tend to be more common in women, 
including contrast-induced nephropathy, bleeding, stroke, urgent CABG, and vas-
cular complications. Again, younger women are at especially higher risk for PCI 
complications than men of similar age.

Glycoprotein IIb/IIIa inhibitors reduce major adverse outcomes equally in 
women and men undergoing PCI. These agents are underused in women, but they 
are also associated with an increased bleeding risk in women, which is partially 
related to excessive dosing. Women have almost a four-fold risk of receiving excess 
dosage of glycoprotein IIb/IIIa inhibitors than men.51 Thus, some of the excess 
mortality and bleeding complications of women undergoing PCI could potentially 
be reduced by appropriate use and dosing of glycoprotein IIb/IIIa inhibitors.

Cardiac Rehabilitation. A key component of the management of patients recov-
ering from ACSs is cardiac rehabilitation, which has documented benefits in pro-
moting coronary risk reduction and improving functional status in both women and 
men. As for other management strategies, there is a differential use by sex, with 
fewer women than men being referred to cardiac rehabilitation programs. Referral 
of women to cardiac rehabilitation offers yet another opportunity for improving the 
clinical outcomes of women after ACSs.49
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20.2.4  Psychosocial Factors

Women with ACS have a higher psychosocial burden than men, in particular 
depression, which is related to CHD prognosis either by influencing lifestyle and 
health behaviours, or through stress-related pathways implicated in myocardial 
ischemia, atherosclerosis, and arrhythmogenesis.52 Depression is found in up to 
40% of young women with MI.53 The higher prevalence of depression in women 
compared with men contributes to women’s higher rates of adverse outcomes, par-
ticularly rehospitalization and angina. Thus, it is important to screen for depressive 
symptoms at the time of hospitalization for ACS. However, intervention studies are 
needed to establish whether improved recognition and treatment of depression 
decrease sex differences in outcome of CHD.

20.2.5  ACS in Women: Summary

There are important differences in presentation, clinical profile, and outcome 
of women and men with ACS. An acute MI abolishes the survival advantage of 
women over men even though women have less extensive coronary atherosclerosis 
as assessed by angiography. There are also important sex-related differences in 
response to treatments, with women often showing greater propensity for complica-
tions. The substantial burden of comorbidity and psychosocial risk factors in 
women with acute coronary ischemia call for management strategies that are tailored 
to the unique needs of women.

20.3  Diagnostic Testing for Assessment of Cardiac  
Symptoms in Women

We have, in the prior sections, discussed the presentation and treatment of  
myocardial ischemia in women. Within the current section, we highlight the evidence 
for the role of noninvasive testing in the evaluation of suspected myocardial 
ischemia. Early evidence reported a consistently lower diagnostic accuracy for 
women undergoing many stress testing modalities including ECG, myocardial 
perfusion SPECT (MPS), and echocardiography.54,55 The rationale for this dimin-
ished accuracy is varied but may be summarized as related to hormonal influences, 
a lower prevalence of CAD, diminished functional capacity, and differences in body 
habitus. More recent advances in cardiac imaging have improved many of these 
artifact challenges and will be discussed in more detail under related modality 
sections. However, at the core of comprehending test accuracy is a discussion of the 
principles of Bayesian theory. Bayesian theory dictates that the accuracy of a test is 
defined by a patient’s pretest likelihood of CAD, such that the accuracy of stress 
testing in low risk male or female patients is diminished when compared with 
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intermediate-high CAD likelihood patients. Thus, a first step in the test decision-making 
process is to define the likelihood of CHD for any female or male patient. As stated 
above, the prevalence of CAD is less in women when compared with men56 and, as 
such, women are, in general, at lower risk. However, calculation of pretest risk is 
important to aid in test selection and there remain a sizeable proportion of at-risk 
women who are largely undertested.55

Women with chest pain symptoms are generally low risk prior to menopause 
(~age 50 years); with exception, diabetics or those with significant comorbidity, 
multiple risk factors, or those with noncardiac atherosclerosis. Current guidelines 
from the American Heart Association (AHA) and American College of Cardiology 
(ACC) do not recommend stress testing in patients due to the increased frequency 
of false-positive findings.55,57,58 However, queries about a low-risk woman’s pro-
vocative stressors for pain as well as her functional capabilities during activities of 
daily living can provide insight into her lifestyle accommodation and impairment 
due to symptoms.

Women who are at intermediate-high pretest CAD likelihood form the core of 
referrals to noninvasive stress testing. It is important to note that high-risk women 
with unstable symptom presentation should generally be evaluated with coronary 
angiography. The ACC guidelines for exercise testing have devised a table for iden-
tifying intermediate-high CAD likelihood women (Table 20.1).57 Women capable of 
achieving at least 5 metabolic equivalents (METs) or higher of physical work 
should undergo exercise testing. The protocol that should be utilized in women 
should start at ~3 METs of work and increase linearly in stages or increments of 
1–2 METs. This type of protocol is defined as a linear protocol and diminishes the 
problem of premature fatigue that is observed in most aggressive protocols such as 
the Bruce (stage 1 = 4.7 METs with per stage increases of 2–3 METs).

If a woman has a normal rest ECG and good exercise abilities, an exercise elec-
trocardiogram is currently indicated based on the ACC/AHA guidelines.57 If resting 
ST-T wave abnormalities exist on the 12 lead resting ECG, interpretation of peak 
exertional changes is difficult. In the latter case, referral to an imaging modality 
such as stress echocardiography or MPS is supported by current clinical practice 
guidelines.55 Importantly, women evaluated with cardiac symptoms who are not 
capable of 5 METs of work, those with submaximal, premature fatigue on an exer-
cise ECG, or those who have difficulties during the household chores should be 
referred to a pharmacologic stress test.

We recommend that a Duke Activity Status Index (DASI) questionnaire be used 
for women referred for a pharmacologic stress test or for those with suspected 
functional disability (due to limitations in everyday activities).59 The DASI is a 
simple 12-item questionnaire that provides an estimate of METs.59 Questions 
within the DASI include those involving her performance capabilities for house-
hold chores and recreation. Women who score <5 METs on the DASI should be 
referred to pharmacologic stress. When pharmacologic stress imaging is performed, 
the addition of a DASI estimate of METs may aid in discerning a patient’s symptom 
burden and its impact on daily living. Data from the NIH-NHLBI-sponsored WISE 
trial reveals that 5-year cardiovascular death or MI-free survival ranges from 83 to 
95% for MET levels ranging from £4.7 to >9.9 METs.59 This publication evaluated 
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DASI subsets corresponding to stages of the Bruce protocol so that clinicians may 
interpret the questionnaire’s result and project a patient’s performance during the 
exercise treadmill test.

20.3.1  Exercise ECG

The exercise ECG is performed in approximately 12 million US patients each year 
with nearly half being women.55 It is essential that physicians performing treadmill 
testing in their office acquire training in exercise physiology and ECG interpretation 
as it applies to women. This is often a difficult challenge for the busy clinician but 
the resulting knowledge base can aid dramatically in crafting accurate diagnostic 
pathways for women and men alike.

Given the increasing prevalence of obesity and related declines in functional 
capabilities, the potential candidate pool for exercise testing has gradually dimin-
ished over the last decade. An important consideration for the large proportion of 
obese patients is that orthopedic limitations and functional disability are common. 
Thus, in the obese patient, it is more difficult to achieve maximal levels of exercise 
and premature fatigue often precludes provocation of myocardial ischemia. 
Additionally, many treadmills have weight limits that constrain the evaluation of 
morbidly obese patients. In these cases, referral to pharmacologic stress imaging 
should be considered.

An exercise test includes performance of incremental stages of increasing speed 
and slope of the treadmill. Test stages usually last 1–3 min. As noted previously, a 
linear protocol with 1 MET increases in exercise is preferable for women. Testing is 
continued until maximal heart rate or volitional fatigue occurs. With little exception, 
the occurrence of marked ST segment depression, chronotropic incompetence, impaired 
systolic blood pressure response to increasing physical work, and ventricular tachy-
cardia/fibrillation are high-risk findings and reason for immediate termination of 
testing. It should be noted that an impaired heart rate or dampened blood pressure 
response during testing is associated with an increased risk of CHD events.60 For 
example, failure to increase heart rates (in patients not taking beta blockers) during 
exercise to more than 110–120 beats/min is associated with left ventricular dysfunction. 
As well, a minimal increase or drop in systolic blood pressure is associated with a 
greater frequency of multivessel CAD and a depressed ejection fraction.60

Should significant ST segment depression occur during exercise testing, this is 
defined as demand or work-related ischemia that generally occurs in the setting of 
a flow-limiting coronary stenosis. A primary aim of the treadmill test is to achieve 
adequate levels of exercise such that ischemia may be provoked. It is this premise 
of provoking ischemia that underlies the importance of choosing a more gentle 
protocol for women. Examples of female “friendly” protocols include the Balke or 
Asymptomatic Cardiac Ischemia Pilot (ACIP).59

Of the exercise test risk markers, the occurrence of exertional chest pain 
symptoms has a low diagnostic and prognostic accuracy in women.61 Additionally, 
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ST segment changes (in general) are associated with diminished accuracy in 
women when compared with men; with approximately 10% lower sensitivity and 
specificity values. Meta-analysis reveal a modest diagnostic sensitivity (61%) 
and specificity (70%) for ST segment changes in women.55 In particular, women 
have a higher rate of false-positive ECG results that may be due to hormonal 
influences, lower QRS voltage, or a lower CAD prevalence. With regard to the 
latter, using Bayesian principles, testing should exclude low-risk women where 
minimal shifts in post-test risk are possible and high false-positive test results likely.

Importantly, should testing be performed in premenopausal women, interpreta-
tion of ECG changes should be performed cautiously because of the low prevalence 
of CAD and the resulting high false-positive rate.55 It has been postulated that 
endogenous estrogen may exert a digoxin-like effect on the ECG resulting in ST 
segment depression for the premenopausal women that is unrelated to underlying 
obstructive CAD. For premenopausal women, angina has been noted to vary with 
the menstrual cycle and to occur more often mid-cycle where estrogen levels are 
lowest. Physicians should take care to interview premenopausal women as to their 
anginal patterns with regard to their menstrual cycle as well as to schedule testing 
during mid-cycle. Moreover, for the postmenopausal women, poor performance on 
the treadmill with a failure to achieve maximal levels of physical work may also 
lead to false-negative findings.

There are scenarios where ST segment depression is an accurate marker of 
underlying obstructive CAD in women, particularly severe ST segment depression 
at lower workloads. Horizontal or downsloping ST segment depression ³1.0 mm at 
an early workload (i.e., <5 METs) is a very sensitive and accurate marker of 
obstructive CAD in women and men alike. A similarly accurate marker of CAD for 
both women and men is the persistence of ST segment changes beyond 5 min of 
recovery. These high-risk markers occur less often in women but are harbingers for 
significant CAD. The slope of the ST segment that may provide important clues as 
to the accuracy of ECG changes in women. As heart rate increases, rapidly upsloping 
j point depression may occur and should only be considered abnormal if ³1.5 mm 
of ST segment depression occurs (at 60–80 ms after the j point).

The Duke treadmill score (DTS) is a common index used to define risk during 
treadmill testing that is available on most ECG treadmill systems. It is calculated as 
exercise time – [5 * ST deviation] – [4 * chest pain index (0 = none, 1 = nonlimiting, 
2 = limiting)] where low-risk scores are 5 or higher and high-risk scores <−10.62,63 
The DTS has female-specific prognostic data in a large cohort of 976 women.61 
From this report, 5-year CHD death rates range from 5 to >10% for women with 
low to high DTS results. In 2,249 men, the CHD mortality rates ranged from <9 to 
>25% for low to high-risk DTS.

Although women are generally more functionally impaired and experience a 
greater age-related decline in physical capabilities than their male counterparts, 
exercise duration remains the strongest prognostic factor from the treadmill test.64-66 
Several recent publications have highlighted the prognostic accuracy of exercise 
METs. From the Lipid Research Clinics, a total of 2,994 women were enrolled and 
followed for more than 20 years.64 Women achieving 9.3 METs or higher had the 
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lowest mortality rates (<0.4%/year) while high-risk females included those unable 
to walk for >5.4 METs.64 A second report from the St. James Women Take Heart 
Project (n = 5,721) revealed similar findings.65 This same investigative group 
devised normative age-specific standards for exercise METs in a cohort of nearly 
10,192 asymptomatic and symptomatic women66 (Fig. 20.1). These results can help 
define expected performance on a treadmill test for women of all ages. As seen in 
Fig. 20.1, physical work capacity declines with age; with this latter statement being 
true for women and men alike. But, importantly, reviewing the data for elderly 
women, many will be incapable of 5 METs of exercise and, therefore, the lion’s 
share of this patient subset will be referred for pharmacologic stress imaging. The 
DASI, as noted previously, may aid in this decision point as to who are appropriate 
candidates for pharmacologic stress testing.

Heart rate recovery is another strong prognosticator that is measured by examining 
the time course of restoration of vagal tone during recovery. At the onset of exercise, 
there is a withdrawal of vagal tone and the sympathetic nervous system is activated 
to increase heart rate, allowing for performance of higher levels of physical work. 
During recovery, restoration of vagal tone and ensuing decline of heart rate should 
occur promptly within 1–2 min. However, a failure of heart rate to decline was 
associated with insulin resistance and an elevated mortality risk in large cohorts of 
women and men.55

Given the abundant evidence regarding exercise capacity, heart rate changes, as 
well as integrated scores (e.g., DTS), these measures should be integrated into a 
woman’s exercise test interpretation. Moreover, these risk markers should be 
reported for the exercise portion of a stress imaging modality.

20.3.2  Stress Cardiovascular Imaging

The next portion of this chapter highlights the evidence base for the role of an array 
of stress imaging modalities and their accuracy in women. As a preamble to this 
discussion, it is important to understand the types of available risk markers and the 

Fig. 20.1 Pretest coronary artery disease likelihood estimates based on age, gender, quality of 
chest pain symptoms
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underlying pathophysiology associated with test abnormalities. As such, a discussion 
of the ischemic cascade is warranted as it relates to our understanding of accuracy 
and risk detection in women. Figure 20.2 provides details of the ischemic cascade 
including identifying the place and importance of imaging risk markers. Within this 
cascade, myocardial perfusion abnormalities occur early and can be associated with 
intermediate-severe coronary stenosis. As such, MPS will be able to detect women 
with less extensive CHD. Several modalities (i.e., SPECT, positron emission 
tomography [PET], and CMR) can also provide a measurement of myocardial 
perfusion reserve, a measure of endothelial function. Endothelial dysfunction occurs 
early in the atherosclerotic disease process and may be a helpful measure in women 
who are likely to have less extensive or mild CHD. However, caution should be 
applied to the use of nuclear imaging techniques with a substantive radiation burden 
in lower risk women. For this latter group, use of brachial artery reactivity testing 
or peripheral arterial tonometry may be more appropriate. More recent develop-
ments in the field of imaging now allow for discerning perfusion in the subendo-
cardial region of the heart (i.e., PET, MR). Subendocardial ischemia is an early 
manifestation and may prove to be a useful method to assess risk in women.

A wall motion abnormality occurs later in the ischemic cascade and is generally 
associated with more severe coronary stenosis. Thus, for echocardiographic, 
magnetic resonance, or SPECT wall motional abnormalities, there is a greater like-
lihood of severe stenosis when stress-induced hypokinesis is noted. This likelihood 
is further accentuated in the setting of stress-induced akinetic or dyskinetic wall 
motion abnormalities. Thus, care should be taken when referring lower risk women 

Fig. 20.2 Prognostic value of exercise capacity in womens: nomogram for female populations
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to a test providing only a measurement of stress-induced wall motion abnormalities 
(e.g., echocardiography). However, tests such as echocardiography are generally 
low cost and provide an excellent test for women owing to its high negative 
predictive accuracy.

20.3.3  Stress Echocardiography

Stress echocardiography is a widely used tool for the assessment of ventricular 
function and wall motion abnormalities. The test has advantages over other imaging 
modalities, such as MPS, PET, or computed tomography (CT), in that it does not 
expose the patient to ionizing radiation and the procedural time is sizably shorter. 
This procedure “adds on” to an exercise ECG by providing an ultrasound visualiza-
tion of rest and inducible wall motion abnormalities and left ventricular ejection 
fraction. Female patients who are obese or those with chronic lung disease may 
have suboptimal visualization of the left ventricle, in particular the endocardial 
border for determination of wall motion. More recent advances in the field have 
allowed for an intravenous contrast agent (e.g., Definity or Optison) that provides 
enhanced left ventricular opacification.55 Contrast agents are encapsulated gas-
filled microbubbles that allow for enhanced visualization of regional left ventricular 
function prior to exercise and in the poststress evaluation. However, following 
recent safety concerns, the FDA has added caution to the use of perflutren-containing 
ultrasound contrast agents in patients with ACSs, acute MI, and worsening or 
clinically unstable heart failure.67 This label change, however, does not reflect the 
reported clinical utility of these agents for the assessment of stable chest pain.

Fig. 20.3 Ischemic Cascade and associated noninvasive tests applied as well as associated obstruc-
tive coronary artery disease (CAD) states
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Candidates for stress echocardiography include women presenting for evaluation 
of cardiac symptoms who have limited functional capabilities or have resting ST-T 
wave changes. Also included in this candidate pool are women with known CHD. For 
women with known CHD and resting wall motion abnormalities, discerning inducible 
changes provides a difficult challenge. For those with resting segmental wall motion 
abnormalities, ischemia is defined as deterioration from hypokinesis to akinesis or 
dyskinesis. Additionally, an abnormal or ischemic response is also defined as a bipha-
sic response (i.e., initial improvement in wall motion followed by deterioration).

Data are available not only for exercise but also for pharmacologic stress 
echocardiography. In the US, the most common pharmacologic stress agent is intra-
venous dobutamine, with incremental doses given to achieve predicted maximal 
heart rate levels (similar to exercise testing). In most of Europe, the pharmacologic 
stress agent is intravenous dipyridamole, a vasodilating agent that in presence of 
impaired vascular function and significant obstructive CHD will elicit wall motion 
abnormalities. Vasodilating agents, such as dipyridamole and adenosine, are also 
commonly used for PET and SPECT techniques, as discussed later in this chapter.

There is a large body of evidence on the role of stress echocardiography in 
women including several meta-analyses on its diagnostic and prognostic accuracy.68-77 
Importantly, recent data support that stress echocardiography is a cost-effective 
choice for stable chest pain patients when compared with exercise ECG.69,71 There 
is only a minimal added cost for the addition of echocardiography to an exercise 
ECG, with a decidedly improved diagnostic accuracy.68,69,72-74 From one meta-
analysis, the diagnostic sensitivity and specificity of exercise ECG was 61 and 
70%. By comparison, there are three published meta-analysis on stress echocar-
diography reporting higher accuracy statistics (sensitivity range = 81–86%, specificity 
range = 73–79%).

There is also a robust body of evidence as to the prognostic accuracy of inducible 
wall motion abnormalities during stress echocardiography.70,75,76 The results report 
a consistently low rate of CHD events following a negative stress echocardio-
gram.70 From a recent systematic review,70 the observed negative predictive value 
for stress echocardiography was 98.4% (97.9–98.9%). This included observations 
in 3,021 patients followed for an average of 33 months with a 1.56% (1.14–2.07%) 
summary rate of CHD death or nonfatal MI.70 From this meta-analysis, the annual-
ized event rate with a negative exercise echocardiogram was low: 0.75% for 
women and 1.24% for men. The CHD event rate increases with the number of 
territories with new or worsening wall motion abnormalities. As reported in a large 
series of 4,234 women undergoing stress echocardiography for evaluation of chest 
pain symptoms, CHD mortality rates were 3- (for dobutamine stress) to 10- (for 
exercise stress) fold higher for women with multiple vascular territories with wors-
ening wall motion abnormalities.76 In fact, annual CHD mortality was 0.1% for a 
negative exercise echocardiogram but increased to 1.0% per year for women with 
ischemia in multiple vascular territories (p < 0.0001). Women referred to dobutamine 
stress are at higher clinical risk with more comorbidity with resultantly elevated 
CHD event rates. Annual CHD mortality rates ranged from 1% for women with no 
wall motion abnormalities to 3% for those with multivessel ischemia during dobutamine 
echocardiography (p < 0.0001).
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Thus, stress echocardiography remains a valuable test for the assessment of 
suspected myocardial ischemia with a robust body of evidence as to its utility in 
women and men. Although supported by clinical practice guidelines, the applica-
tion of this modality is generally limited to lower risk patients with more atypical 
symptom presentation. In this manner, a negative exercise echocardiogram has a 
very high negative predictive accuracy and is evidence of a low CHD risk. Although 
stress echocardiography is certainly a specific diagnostic test, other modalities 
(e.g., MPS) if negative are associated with event rates that are decidedly lower than 
for negative echocardiography. For in women, a negative exercise echocardiogram 
is associated with an annual CHD death or MI rate of 0.75% when compared with 
a rate of 0.33% for women undergoing exercise MPS.70 Of course, local expertise 
will ultimately guide test decision-making, but it appears from the literature that 
echocardiography may be optimally applied in lower risk women while stress MPS 
is preferred for higher risk women. There are several reasons for this, including 
limiting radiation exposure to those who clearly benefit from its application. 
Moreover, echocardiography, given its minimally added cost, may be viewed as an 
effective “add-on” to the exercise ECG. Data are available as to the incremental 
cost-effectiveness of echocardiography vs. MPS.77 Marginal cost-effectiveness 
ratios were ~$20,000 per life year saved for echocardiography when compared with 
MPS when the annual death or MI rate was <2%. These results would favor the use 
of stress echocardiography for patients with suspected CHD capable of performing 
maximal exercise. By comparison, these results also favor stress MPS for higher 
risk patients including those with limited functional capacity, diabetics, or those 
with known CHD.

20.3.4  Stress Gated MPS and Positron Emission Tomography 
(PET)

MPS is the most commonly performed procedure, with more than 8 million scans 
done each year in the US. Of these, nearly 40% are for women. Stress MPS is a 
nuclear-based technique and its use should be limited to postmenopausal women or 
for selected high-risk premenopausal females. The first radioisotope commonly 
used over the past few decades was Thallium-201 (Tl-201). A higher rate of breast 
tissue artifact (i.e., false-positives) is reported with Tl-201 for women and obese 
men when compared with the newer technetium-99m (Tc-99m) agents.55 Thus, 
Tc-99m results in an improved diagnostic specificity and is the recommended agent 
of choice for the evaluation of chest pain in women.55 Breast tissue artifact is 
reduced when using the Tc-99m agents, but it remains the number one reason for a 
false-positive exam in women and obese men. For women, high diagnostic specificity 
measures can be achieved if image processing includes attenuation correction algo-
rithms or prone imaging.78,79 The use of a rest Tl-201 combined with stress Tc-99m 
MPS is associated with decidedly higher radiation exposure and should not be used 
in women.
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Contemporary rest/stress MPS with Tc-99m now includes the possibility of gating 
images to acquire quantitative left ventricular volumes and ejection fraction and semi-
quantitative measurements of wall motion during the rest and stress scans. Although 
diagnostic sensitivity has always been excellent with stress MPS (~85%), the addition 
of wall motion and global/regional ventricular function results in an improved diag-
nostic specificity (within the range of 85–90%).55 The integration of multiple risk 
markers allows for a better detection of risk, especially for women. That is, in the 
setting of borderline myocardial perfusion abnormality, should wall motion, function, 
and thickness be normal, this scan should very likely be called normal.

Several meta-analyses are available as to the accuracy of stress MPS for risk 
stratification purposes.70,76,80 Multiple large multicenter and single site registries 
reporting gender-specific data on prognostication have also been published.81-83 
Stress MPS has been shown to be a cost-efficient strategy for women when com-
pared with invasive angiographic approaches.84 The prognostic data also show a 
low rate of CHD events in patients with normal stress perfusion with annual death 
or MI rates of 0.33% for women.70 In fact, in one large series including more than 
3,402 women, the 3-year survival with normal stress perfusion findings was 98.5% 
for both male and female patients.81 By comparison, moderate-severely abnormal 
stress MPS is associated with a 10-fold increase in CHD events.76 In several series, 
the extent and severity of stress perfusion abnormalities was associated with 
increasing risk; however, MPS has been shown to be gender-neutral in terms of its 
interpretation.76,81 That would mean that the interpretation of MPS abnormalities 
and their ensuing CHD risk is generally similar by gender. With one exception: 
several reports noted a substantially higher CHD mortality and event risk for female 
than male diabetics.55,82-84 The AHA guidelines estimate that the overall CHD risk 
for ischemic abnormalities is approximately 50% higher for female diabetics when 
compared with women without diabetes and men.55 In one recent report, women 
requiring insulin to manage their diabetes had a twofold higher CHD mortality risk 
when their MPS study was abnormal.83

Higher CHD death or MI rates can be observed in women with high-risk 
findings including perfusion abnormalities encompassing ³10% of the myocar-
dium, multiple vascular territories with stress defects, transient ischemic dilation, 
or poststress left ventricular ejection fraction measurements of 45% or lower.55 
Anterior defects encumbering a larger proportion of the myocardium can also 
accelerate risk in women and men.

Much of the evidence presented with regard to MPS also applies to perfusion 
imaging with PET. There is minimal prognostic literature with PET, but the data 
that are available reveal similar abilities to risk stratify based on the extent and 
severity of perfusion abnormalities.85 However, several differences are notable with 
PET imaging; in particular, as they relate to female patients. First, image quality is 
generally superior with PET. This may be particularly helpful for women who are 
obese. It is unclear what percentage of obese patients referred to MPS have an 
indeterminate study but if followed by a second study using PET imaging, a large 
number of these studies elicit normal findings. Second, the overall radiation exposure 
is less with PET. Third, PET is able to provide estimation of absolute myocardial 



360 N.K. Wenger et al.

blood flow or an estimate of myocardial perfusion reserve. This may prove helpful 
for women whose cardiac symptoms are the result of endothelial dysfunction. 
An additional measure available with PET is that of contractile reserve.

Finally, most PET scanners sold today include hybrid CT. This is generally used 
for attenuation correction purposes and is helpful to improve diagnostic specificity. 
However, the addition of a CT scan now allows us to “add on” coronary artery 
calcium (CAC) or angiographic measurements. As we will discuss in more detail, 
CT angiography is associated with excessive radiation when combined with PET 
imaging (at this time), but the addition of a CAC scan can be very helpful to provide 
anatomic detail as to the underlying calcified plaque burden as it relates to a 
patient’s ischemic burden or vascular function. The addition of a CAC scan is asso-
ciated with an approximately 1 mSv of radiation and, for the right patient, the added 
benefit of this information may well be worth it. A CT scan can also be coupled 
with SPECT for hybrid imaging; although this application has not gained as much 
enthusiasm as the potential for PET-CT. Let us illustrate a case where combined 
imaging may be helpful for women. Given the high rate of false-positive findings, 
should a perfusion defect be observed, documentation of underlying CAC may aid 
in improving the precision of interpretation. Moreover, for higher risk diabetics, 
normal findings in the setting of significant CAC should foster more intensive man-
agement, despite the low-risk findings.

20.3.5  CT CAC and Angiography

As discussed above, a relatively new diagnostic modality is CT imaging. There are 
two applications that may be of value to the diagnostic and prognostic assessment 
of women, including defining the extent of CAC as well as utilizing a noninvasive 
assessment of angiographic disease burden. Several guidelines on this subject as 
well as a number of systematic reviews will be highlighted in this section.86-88

Most of the literature on CAC scanning is derived from asymptomatic, appar-
ently healthy individuals revealing an exceptional ability to risk stratify women and 
men as to risk of CHD death or nonfatal MI.89 A recent meta-analysis revealed that 
the extent of CAC conveys a similar prognosis in women and men.88 In 6,481 
women, annual rates of CHD death or MI ranged from 0.3 to 1.3% for low- to high-
risk findings (p < 0.0001). In this case, a low-risk CAC score is defined as <10 and 
a high-risk score is ³400 using the Agatston score.90,91

The Agatston score is calculated by multiplying the calcified plaque area by a 
plaque density factor measured in Hounsfield units (scores up to 4). If a woman and 
man have the same CAC score, it will encumber a larger arterial surface in a female 
and potentially accelerate risk in this patient subset. As such, this score fails to 
consider arterial size and provides clues as to some intriguing recent gender-specific 
prognostic findings.88,92 In an initial report by Raggi et al,92 women with a given 
burden of CAC had a higher mortality risk when compared with their male coun-
terparts. Interestingly, if we adjusted the CAC score by the average difference 
in epicardial coronary artery size, these mortality differences were attenuated. 
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In a related report, Bellasi and colleagues88 noted that this higher CAC risk in women 
was apparent only for women with three or more risk factors. Thus, in those with a 
heavy risk factor burden, including women with the metabolic syndrome, a signifi-
cant burden of CAC may be the key to defining at-risk asymptomatic women. 
Although few reports highlight the value of CAC testing in symptomatic women, a 
synthesis of evidence reveals that measureable CAC is a very sensitive marker for 
underlying atherosclerosis.86

CT is also capable of providing a noninvasive assessment of the extent and 
severity of obstructive CAD. Currently, the radiation exposure for CT angiography 
is roughly twice that of invasive angiography and limits its appeal for large segments 
of symptomatic patients. However, active research is ongoing and in the future, 
newer CT systems or protocols will provide an examination at around 3–4 mSv, 
equivalent to yearly background radiation. The 3 mSv is a goal for ongoing research 
providing an acceptable standard for this scan and is well below that of invasive 
coronary angiography. Given its current exposure, many hospitals limit the applica-
tion of CT angiography to women of nonchildbearing age and, thus, it should be 
used cautiously in premenopausal women.

Several meta-analyses and systematic reviews on the diagnostic accuracy of CT 
angiography have been published,93-97 the most recent of which reflected the 
updated information with 64-slice CT angiography.96 Diagnostic sensitivity and 
specificity for the five published reports using 64-slice CT averaged 96 and 90%, 
establishing it as the most accurate of the diagnostic tests performed today. There 
is only one report in 52 women, which notes a diagnostic sensitivity of 95% and 
specificity of 93%.98 There are also limited data on the prognostic accuracy of CT 
angiography including only five reports in 2,403 patients.99-103 The pooled data 
reveal that a low-risk CT angiogram or no to mild CAD is associated with a 1 year 
CHD event rate of 0.6%. By comparison, obstructive CAD on CT angiography has 
a 1 year CHD event rate of 14.5%. No prognostic data are available for women, but 
it will be critical to evaluate the role of nonobstructive CAD, in particular for 
females with a greater prevalence of insignificant disease.56

20.3.6  CMR

The final stress imaging modality is CMR perfusion imaging, also advantageous 
due to a lack of ionizing radiation. CMR, as well as other modalities (e.g., echocar-
diography, PET), are capable of delineating epicardial from subendocardial perfusion. 
As initial manifestations of ischemia are first visualized within the subendocardium, 
it is likely that a failure to discriminate or identify ischemia in this region may 
underestimate risk, in particular for females. In a small yet intriguing report from 
the Royal Brompton Hospital,104 women with normal coronary arteries and typical 
angina commonly had evidence of subendocardial ischemia. As such, it may be 
stated that these women may have “true” ischemia in the absence of obstructive 
CAD. For the nearly 60% of women undergoing coronary angiography with insig-
nificant CAD, symptom etiology may be clarified and ensuing therapeutic options 
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may be effectively targeted, should subendocardial ischemia be documented. 
Although this report has yet to be validated and no data are available on the prognostic 
relationship between subendocardial ischemia and outcomes, it provides hope for 
more gender-specific diagnostic testing patterns.

20.3.7  Optimal Patient Selection and Test Choice

In this section of the chapter, we have highlighted the current evidence base as to 
the role of a variety of diagnostic testing modalities for the evaluation of cardiac 
symptoms in women (Fig. 20.4). The guidelines provide information as to appropriate 
patient selection with testing limited to intermediate-high CAD likelihood women. 
Specifically, women with adequate exercise tolerance (e.g., DASI MET estimate of 
5 or higher) and a normal rest ECG should be referred to a treadmill ECG test. 
There is a low likelihood of obstructive CAD and a low CHD event risk for women 
with a negative ECG and a good exercise workload (i.e., stage III of the Bruce 
protocol or >9 METs of exercise). Women with an abnormal resting ECG should 
be referred to a stress imaging modality. Should the woman have few risk factors, 
perhaps a more atypical symptom presentation, and be within the low-intermediate 
pretest risk range, then referral to stress echocardiography may be helpful. The 
addition of an echocardiographic evaluation provides minimal added cost to the 

Fig. 20.4 Comparative annual CV event rates for varying diagnostic testing modalities in 
women. The CT CAC data are in asymptomatic women
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work-up while providing information on ventricular function at rest and following 
stress testing. For intermediate-high risk women, the decision is to refer a woman 
to MPS or PET vs. angiography. A CT CAC scan may serve as an inexpensive 
method to discern the extent of underlying atherosclerosis and may soon provide 
an excellent complement to the physiologic data from PET or SPECT. In many 
cases, the extent and severity of perfusion ischemia will drive therapeutic decision-
making for the women with angiographic CAD; as such, it may prove useful to 
have the patient undergo this procedure prior to an invasive procedure. However, 
should there be instability in her symptoms, including rest angina, or an accelerat-
ing pattern of angina, direct angiography is warranted. In the future, CT angiogra-
phy may provide a viable noninvasive assessment of the extent and severity of 
CAD. But, as yet, the radiation exposure precludes its widespread utility. In the 
absence of obstructive CAD, an additional evaluation of vascular function or sub-
endocardial ischemia may prove useful in discerning the etiology of symptoms.

We have provided a synthesis of the available evidence on the diagnostic evalua-
tion of is ischemic symptoms in women. The utility of this information is con-
strained by the availability of advanced imaging techniques and local expertise. 
However, a key to optimal patient selection and test choice is to define the relation-
ship between the atherosclerotic disease process and test markers, in particular as 
they relate to women. Given our unfolding knowledge on gender base differences, 
the marriage between physiologic and anatomic assessments provide the key to 
identifying at risk women.

Fig. 20.5 Modified diagnostic testing algorithm for evaluation of women at intermediate-high 
CAD likelihood women with atypical or typical chest pain symptoms
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21.1  Introduction

The patency rate of the saphenous vein (SV) used as a graft in patients undergoing 
coronary artery bypass surgery (CABG) is poor, with 15–25% grafts occluding 
within 1 year and over 50% patients requiring further (redo) surgery within 10 years.1 
In order to investigate the strategies to reduce vein graft failure in patients undergo-
ing CABG, the underlying pathology of the disease must first be established. The 
high prevalence of coronary heart disease in Western society has prompted surgeons 
to develop procedures to improve myocardial blood flow, and subsequently relieve 
the symptoms of angina pectoris along with other myocardial crises.2 One of the 
most significant advances in vascular surgery was the finding that venous conduits 
could be used as replacements for atherosclerotic arteries. Following the work of 
Alexis Carrel at the turn of the century, a venous graft was first used in 1906 to 
replace a popliteal aneurysm.2 Promising experimental results encouraged surgeons 
to apply this method to the coronary vessels. By the 1950s, at the Cleveland Clinic, 
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Favaloro et al. had treated numerous cases of peripheral and renal artery reconstruc-
tion with venous conduits and employed this procedure in coronary vessels.3 
Research efforts by Favaloro4 led to the development of CABG, a technique which 
has been used for almost four decades. The great SV of the leg is the conduit of 
choice for three main reasons. First, it is expendable as deeper vessels maintain 
blood flow to superficial tissues after its removal. Second, the extensive length of 
this vein allows for multiple grafts, and finally, its superficial position renders it eas-
ily accessible. A 10-year follow-up recatheterization of Favarolo’s first operation 
showed that both the graft and the bypassed right coronary artery remained patent.3 
Such promising results reshaped the history of cardiac surgery and led to the rise of 
surgical revascularization in the treatment of ischemic heart disease.

21.2  Pathological Conditions Promoting Early Graft  
Failure in Saphenous Vein Grafts

Following the popular use of venous conduits for CABG in the 1970s, high graft 
failure rates became apparent, initiating studies into the postoperative events occurring 
in vein grafts and the pathophysiology of graft failure (Fig. 21.1). Studies on the 

Fig. 21.1 Stages of vein graft failure. Diagrammatic representation of the stages of vascular 
remodeling after vein graft surgery. At time zero, the ungrafted/normal vein media (MED) lies 
between the internal elastic lamina (IEL) and external elastic lamina (EEL). The lining endothe-
lium (Endo) is continuous and the lumen is open. Up to 1 week following graft implantation, the 
surgical preparation during harvesting results in endothelial injury and denudation. Subsequent 
thrombus formation, caused by platelet (Plat) aggregation occurs at regions where the intima is 
exposed. Adhesion of leukocytes (Leu) and monocytes (Mon) leads to the release of a range of 
factors stimulating vascular smooth muscle cell (VSMC) migration and proliferation. Between 
1 week and 1 month, the medial thickening occurs as a result of VSMC proliferation. VSMCs also 
migrate through the IEL and this leads to neointimal hyperplasia (NIH) and possible appearance 
of macrophages (Mac) within this region. Between 1 month and 3 years, typical atheromatous 
lesions may appear which are rich in foam cells (FC). Beyond 3 years, progressive intimal thickening 
occurs with the formation of superimposed atheromatous plaques (ATH) resulting in narrowing of 
the graft lumen. Plaque rupture may occur leading to thrombotic occlusion
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causes of graft failure led to the realization that many of the pathological factors 
contributing to vein graft failure stemmed from the denudation of endothelial cells in 
response to surgical trauma during harvesting.3 Moreover, additional endothelial 
damage occurs in veins in response to the altered hemodynamics once placed into the 
arterial circulation. In response to vascular injury, vein grafts undergo a self-healing 
process in an attempt to recover from surgical trauma and exposure to arterial hemody-
namics. This process, however, is poorly regulated and may be responsible for the 
high vein graft failure rate.5 The two main causes of endothelial denudation are surgical 
trauma and the differences between arterial and venous hemodynamics.

21.2.1  Surgical Trauma

The conventional technique of harvesting the SV involves making a long, superficial 
leg incision from the calf to the groin, depending on the number of grafts required. 
Subsequently, the connective and adipose tissue surrounding the vein is removed, 
while all side branches of the vein are ligated to minimize bleeding and damage to 
the lower limb. The removal of such protective tissue results in sections of the vein 
going into spasm. This venospasm is typically overcome by high pressure saline 
distension (up to 560 mmHg) of the vein that results in further endothelial damage.6 
Although pharmacological relaxing agents such as the nitrovasodilators have been 
employed to overcome venospasm, high pressure distension with saline is still most 
often used. Furthermore, removal of, or damage to, the adventitia disrupts the vasa 
vasorum, the microvascular network supplying the vessel with oxygen and nutrients. 
The resultant ischemia coupled with endothelial denudation is suggested to contribute 
to high graft failure rates. In addition, the structural and functional differences between 
arteries and veins must also be considered as important factors in graft failure.

21.2.2  Difference Between Arteries and Veins

The basic structure of both arteries and veins shares a common arrangement, con-
sisting of three distinct layers, the intima, the media, and the adventitia (Fig. 21.2). 
The innermost layer, the intima, consists of a single layer of endothelial cells with an 
underlying layer of connective tissue, the internal elastic lamina (IEL) that is com-
posed of type IV collagen, laminin, and heparin sulfate proteoglycans, all of which 
are fundamental to its function of support. Positioned adjacent to this is the tunica 
media, mainly comprising vascular smooth muscle cells (VSMC) and extracellular 
matrix (ECM). Additional support is provided by the external elastic lamina (EEL) 
adjoining the outermost layer of the vessel, the adventitia. This layer consists of col-
lagen fibers, ECM, perivascular fat, and nerves which together provide a stabilizing 
cushion of the surrounding tissue.7 Although these features are common to arteries and 
veins, subtle differences that are believed to play a role in graft failure are apparent.

First, the tunica media of arteries is generally thicker than that of veins of similar 
size.8 Being densely packed with VSMC and elastic fibers, this layer resists the 
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pressure of the arterial system. The increased muscular and elastic components in 
the walls of arteries provide the capability of influencing vascular tone, enabling 
them to alter the vessel diameter in response to the locally-released factors or neuronal 
control mechanisms, offering the ability to control blood pressure. Moreover, the 
thicker nature of the arterial walls enables them to retain a stable structure even 
under increased pressure, unlike veins which, when subjected to high internal pressure 
are more likely to over distend and risk rupture.9

The different hemodynamics experienced by a vein once placed into the arterial 
system can account for many of the problems associated with vein grafts. Prior to 
grafting, a typical vein will be subjected to low pressures (~5–8 mmHg), nonpulsatile 
flow, and a shear stress of ~ 0.2 dyne/cm². Subsequent to grafting into the arterial 
system, however, the vein will be subjected to high pressures (~60–140 mmHg), 
pulsatile flow, and a shear stress of  ~ 3–6 dyne/cm².10 Furthermore, the intrinsic 
antithrombotic properties of veins are relatively weak when compared with those 
of the arteries. In arteries, the IEL is well developed and contains high levels of the 
proteoglycan heparin sulfate which mediates the actions of antithrombin III.11 This 

Fig. 21.2 Examples of conduits used as grafts in patients undergoing CABG. Representative trans-
verse elastin van Gieson-stained sections. (a) Left panel. No-touch SV where the intima (I) is thrown 
into folds as such vessels have not been distended. Right panel. Conventionally-prepared vein with 
collapsed lumen (L) caused by high-pressure distension. Note how the intima and media (M) of the 
conventional vein are thinner than the no-touch vein due to distension/surgical trauma. Also, the 
adventitia (A) that is intact on the no-touch vein has been removed during conventional harvesting. (b) 
Transverse sections of SV (left), radial artery (RA) (middle) and internal mammary artery (right) 
comparing typical graft sizes. Scale bar = 200 µm for top panels and 500 µm for lower panels
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feature is less well-established in the walls of the veins which may have a poorly 
developed IEL, lower proteoglycans levels, and reduced antithrombotic activity. It 
must be kept in mind, however, that this feature would only become apparent when 
the endothelium has been removed or damaged during surgery, as under basal con-
ditions, the IEL would not be exposed to the blood. Morphological examination of 
the venous grafts from repeat operations or autopsy has contributed toward the 
understanding of the pathogenesis of occlusion and the regulation of cellular pro-
cesses leading to the development of therapeutic interventions.12 Three distinct 
phases of occlusion have been suggested: initial thrombosis, intimal hyperplasia, 
and accelerated atherosclerosis (Fig. 21.1).

21.2.3  Thrombosis

Within the first month following CABG, 3–12% of grafts exhibit early occlusion 
primarily caused by thrombus formation. In vein grafts, damage of the vessel wall 
during harvesting coupled with changes in the blood flow, upon grafting into the 
arterial circulation, initiates the blood coagulation cascade resulting in thrombus 
formation via trauma-induced stimulation of the extrinsic pathway of the blood 
coagulation cascade. This cascade involves the conversion of many inactive precur-
sors present in the blood, to their active states.13 Vascular trauma caused during 
surgery induces the expression of Tissue Factors involved in the conversion of 
prothrombin (II) to thrombin (IIa), the main effector protease of the cascade.14

21.2.4  Intimal Hyperplasia

It is now recognized that intimal hyperplasia is the leading cause of graft failure in the 
midterm postoperative period (2–24 months), and is responsible for between 10 and 
30% of restenosis in CABG.10 Intimal hyperplasia represents an increase in the number 
of VSMCs that subsequently migrate from the media to the intima resulting in luminal 
narrowing. In venous grafts, this is accompanied by an increase in ECM deposition, 
and the combination of these two factors results in intimal thickening.15 Although 
intimal hyperplasia is rarely the main cause for repeat operations in vein graft patients, 
it lays the foundations for progressive disease states such as atheroma and atheroscle-
rosis; therefore, its development must be carefully considered.11 The wall of the vein 
consists of three layers: the tunica intima, the tunica media, and the tunica adventitia. 
It is believed that 80% of the intimal hyperplasia results from the deposition of ECM 
and the remaining 20% from migration of VSMCs from the media to the intimal layer 
of the vessel.10 Following surgery, the SV is exposed to both increased blood flow and 
pressures of the coronary arterial system. The resulting changes in wall shear stress 
also play an important role in the development of intimal hyperplasia, along with the 
mechanical stress experienced during vein preparation.16 The development of intimal 
hyperplasia is considered to have two distinct steps, the first being the VSMC 
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 proliferation in the media. It produces a diffused atherosclerotic-prone region, repre-
senting “soil for atheroma”17 and subsequent formation of the atherosclerotic plaque, 
the final stage of the occlusion process.11

21.2.5  Atherosclerosis

Atherosclerotic symptoms of ischemia are not usually noted until around 3 years 
postoperatively. Atherosclerotic plaques in the venous grafts have been identified 
as early as 1 year after surgery. Even though some similarities exist between surgery-
induced atherosclerotic plaques and those occurring naturally, there are fundamental 
differences between these two disease states. The principle difference is the greatly 
enhanced rate of atherosclerosis formation in vein grafts when compared with the 
native vessels, where atherosclerosis develops over a period of 50–60 years; in vein 
grafts, it develops over a much shorter period of 5–10 years. One of the fundamen-
tal causes of this accelerated disease state is the endothelial cell injury and dysfunc-
tion caused during surgery. Additionally, atherosclerotic plaques formed in the vein 
grafts contain higher levels of foam cells (FC) and inflammatory cells, as well as 
many different morphological features. Thus, it is evident that in vein grafts, the 
risk factors associated with atherosclerotic plaques are amplified by the loss of the 
anatomic and functional integrity of the endothelium.11 Despite efforts to reduce 
intimal hyperplasia and its clinical sequelae in response to vein grafting, “the impact 
of intimal hyperplasia on all fields of vascular interventions remains high.”10

21.3  Current Strategies to Reduce Vein Graft Hyperplasia

21.3.1  Harvesting

The SV is the most commonly used conduit for CABG, since its introduction by 
Favarolo in 1969.3 It has been acknowledged for many years that the high pressure 
distension applied during harvesting of veins for grafting to surmount venospasm, 
is central to endothelial loss and medial damage. This resulting damage is a prin-
ciple factor leading to a series of pathological events, namely initial thrombosis, 
intimal hyperplasia, and accelerated atherosclerosis. The combination of these 
pathological conditions results in the poor patency rates in SVs used in CABG. 
Attempts to improve the patency rate of vein grafts include the use of various harvesting 
techniques, immersion media, and intraluminal distension.

21.3.2  Harvesting Technique

An early technique of SV harvesting was described 30 years ago by Gottlob18 
(Fig. 21.3). This technique was developed using vein segments obtained from 
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CABG patients or cadavers and canine femoral veins. The aim of this preparation of 
“dissection without touching” was to preserve the vein’s endothelium using a 
method where “The venous graft is fixed by holding sutures to a bent rod of rubber.”18 
Although the endothelium is protected using this method, other regions of the vein 
are damaged as the instructions continue, “For dissection only the connective tissue 
surrounding the vessel was grasped by forceps and sharply severed away from the 
vein.” Gottlob’s method of preparing the SV as a bypass graft is often cited, including 
its use in patients undergoing CABG.19 The practicalities of doing so in an operation 
theater/sterile environment are intriguing. Although this technique may preserve the 
endothelium, it is clear from many illustrations of those purporting to use Gottlob’s 
method that the outer vessel regions are often damaged.

When comparing the 10-year patency rate of SV grafts versus left internal mammary 
arteries (LIMA [also known as left internal thoracic artery, LITA]), the latter presents 

Fig. 21.3 Gottlob’s method of “dissection without touching.” (a) The SV is kept under tension by 
“holding sutures” that are attached to a piece of bent rubber before isolation of the segment to be 
grafted. (b) The severed ends of the vein remain under tension while suturing the anastomosis 
during insertion into the artery. Modified from Gottlob18
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a markedly lower occlusion rate (50% and 10%, respectively).20 One possible expla-
nation for this discrepancy could be the differences in harvesting techniques used for 
the two vessels. Primarily, LIMAs are generally prepared in situ completely, with the 
surrounding tissue (pedicle) intact and are subjected to minimal handling throughout 
both preparation and grafting. In contrast, using conventional harvesting methods, 
SVs are stripped of their cushion of the surrounding tissue (Fig. 21.4). Furthermore, 
venous conduits are distended at high pressures to overcome venospasm experienced 
during conventional harvesting and pressures causing additional endothelial dam-
age. Souza et al21 described a randomized angiographic study comparing the early 
patency rates of three harvesting techniques of the SV: the conventional “intermedi-
ate,” and “no touch” techniques. Here, preservation of the perivascular tissue, spe-
cifically the adventitia, using a “no touch” technique, significantly (p< 0.025) 
improved vein graft patency. In a recent long-term follow-up study, this group 
described the patency rates of 90% for “no-touch”-harvested SVs at 8.5 years, and 
the results were comparable with the LIMA and significantly higher than those 
obtained using the conventional method of preparing the SV (p = 0.01).21 The “no-
touch” technique avoids venospasm, thus obviating the need for distension.21 
However, the exact mechanisms underlying the superior results obtained by this 
technique remain unclear. One possibility presented by Tsui et al.22 is that the 
pedicle of surrounding tissue provides the vein with an external “biological” stent 
providing support against pulsatile coronary arterial pressure. In addition, the sur-
rounding tissue is rich in collagen and connective tissue that protects the vein from 
any damage caused by direct handling with surgical instruments during CABG.20

Moreover, it has been demonstrated that endothelial integrity of veins harvested 
by the “no-touch” technique is improved when compared with the conventional 

Fig. 21.4 “No-touch” and conventionally harvested saphenous vein (SV). Examples of SV 
segments at surgery harvested for coronary artery bypass surgery (CABG). Left panel shows 
a typical “no-touch” SV harvested with surrounding cushion of tissue (handled by surgical 
instruments). Right panel shows a conventionally-harvested segment of SV that has been stripped 
of surrounding tissue. This has caused the vein to go into spasm (between arrows) and this is 
overcome using high-pressure intraluminal saline distension
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technique.22 The preservation of endothelial nitric oxide (NO) synthesis, thus, 
represents an additional mechanism for the improved patency rates of these grafts 
when compared with the conventional harvesting, as venospasm and thrombosis is 
reduced. In addition to the role of the preserved endothelium, it has been suggested 
that the intact vasa vasorum plays an important role in the improved patency of 
“no-touch”-harvested SV grafts. The preservation of the vasa vasorum is thought to 
provide a restoration of blood flow to the vessel wall on implantation into the coro-
nary arterial system, thus reducing ischemic injury. The vasa vasorum, a microves-
sel network surrounding the vein, penetrates deep into the media with evidence that 
terminations appear in the vein lumen.23 Although vasa vasorum exist in all vessels, 
their principle role is in veins where luminal oxygen levels are low. As oxygenated 
blood passes through the lumen of the arteries, the endothelium and VSMCs 
receive sufficient oxygen and nutrients by diffusion; thus, the role of the vasa vaso-
rum is less significant. Retrograde filling of the vasa vasorum upon implantation 
into the arterial circulation has been demonstrated, and this, coupled with the main-
tenance of endothelial integrity, has been suggested to contribute to the improved 
patency rate of “no-touch” venous grafts.21

21.3.3  Immersion Media

Although the factors outlined earlier are important in the preservation of the 
endothelial layer, there are other variables that could account for endothelial damage 
other than physical trauma. Principally, the immersion (or storage) media used 
between harvesting and implantation may also affect the vein’s endothelial lining. 
Gundry et al24 revealed that SVs immersed in warm saline (28°C) displayed exten-
sive endothelial damage, including endothelial cell separation, cell loss, exposure of 
basement membrane, and luminal stenosis. Vein segments immersed in warm blood 
(28°C) and cold saline (4°C) exhibited only slight endothelial damage. In addition, 
SV segments immersed in cold blood (4°C) also displayed only light endothelial cell 
separation, and cell loss was comparable with the control veins. More recently, 
Souza et al. described storing the vein in heparinized blood at room temperature, 
extracted from the patient before extracorporeal circulation.20 With an abundance of 
storage solutions available including heparinized blood, simple saline solution 
(0.9% NaCl), University of Wisconsin solution, Perfadex, Euro-Collins, and 
Papworth and Bretschneider’s solution, much research is aimed at identifying the 
optimum conditions for the preservation of the vein wall prior to implantation.25

21.3.4  Distension Pressures

High-pressure intraluminal distension is routinely used to overcome the spasm that 
occurs in a high proportion of SVs during harvesting. Distension has a deleterious 
effect on the vein, as placement of the SV grafts into high pressure conditions 
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induces expression of genes stimulating VSMC proliferation.26 Furthermore, 
short-term distension, as used during routine SV harvesting in CABG, induces p38-
MAPK, a factor involved in graft occlusion.27 Apart from inducing cell prolifera-
tion, pressure distension stimulates the expression of endothelial adhesion 
molecules in the human SV, a process involved in early graft failure.28 There is 
evidence that pharmacological relaxation of vein grafts is beneficial when com-
pared with veins exposed to pressure distension, as pharmacological preparation 
of grafts using various vasodilators results in increased NO production after 
implantation.29 In addition, in porcine jugular vein, pressure distension irreversibly 
overstretches the vessel and increases the matrix metalloproteinases (MMP-2 and 
-9). Neointimal formation, once grafted, is more pronounced in distended grafts 
than those pharmacologically treated.30

Finally, the application of vasodilators, both topically and intraluminally, during 
harvesting may be considered to prevent venospasm and the need for high pressure 
distension.6 The alternative to the use of the SV is the use of arterial conduits for 
grafting. Arteries are commonly used in conjunction with SVG in multiple bypass 
operations. However, in certain cases, complete arterial revascularization has been 
employed in an attempt to improve the success rate of CABG.

21.3.5  Arterial Grafting

Arterial conduits have been considered an alternative to the SV graft for many 
years. Their mechanical characteristics are beneficial due to their ability to with-
stand high pressures and pulsatile stretch. It is also believed that the extensive 
elastic laminae in the vascular wall of the arteries contribute to improved arterial 
graft patency by preventing the invasion of smooth muscle cells and subsequent 
atherosclerotic alterations. Furthermore, the arterial endothelium can produce large 
amounts of NO aiding the regulation of vascular tone via its dilator effects. Vascular 
tone alters in response to blood flow demand, leading to the phenomenon known as 
arterial remodeling which is “considered one of the great advantages of a living 
arterial conduit.”31 Arterial conduits, in particular, the LIMA, have high patency 
rates of  ~ 90% at 10 years when compared with the 50–60% patency rates of SV 
grafts over the same period.32

21.3.6  Left Internal Mammary (Thoracic) Artery (LIMA/LITA)

The long-term patency of the LIMA grafts is superior to the SV.1,33 A number of 
different arterial conduits have been studied over the years, ranging from the LIMA 
and gastroepiploic artery to the more recent development of the radial artery (RA). 
Having produced patency rates of 95–98% at 10 years postoperatively, the LIMA 
is recognized as the “gold standard.”
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There are a number of drawbacks that may be associated with the LIMA. 
Primarily, there is an increased risk of sternal wound infection, a problem which 
is especially prominent in diabetic patients. Additionally, the length of the LIMA 
is often insufficient to graft to the “healthy” (nonatherosclerotic) part of the 
coronary artery, a problem not encountered with the free SV graft. However, skel-
etonization of the internal thoracic artery (ITA) has been suggested as a means of 
lengthening the graft. Here, the ITA is dissected away from the chest wall pre-
serving the collateral sternal and internal venous blood flow. In this way, the 
length of the ITA is increased allowing a longer segment to be used, and main-
taining sufficient sternal blood flow that reduces further complications especially 
those seen in diabetics.

Despite the complications discussed earlier, the LIMA is still the conduit of 
choice among most surgeons who generally believe that every CABG patient 
should receive LIMA grafts unless there are any of the following contraindications: 
(1) The patient has had radiotherapy to the chest wall due to previous cancer, (2) 
Subclavian stenosis is present resulting in inadequate blood flow to the ITA, and (3) 
Injury to the LIMA occurs during harvesting. If any of these exist, the use of an 
alternative arterial conduit may be considered, namely the RA.

21.3.7  Radial Artery (RA)

The RA was first introduced for use in CABG in the 1970s, but its success at this 
time was short-lived. Early studies showed spastic properties with a high propen-
sity for accelerated intimal hyperplasia.31 The popularity of the RA increased in the 
early 1990s, when 20-year follow-up studies of patients with RA grafts revealed 
low rates of progressive disease.31 Subsequently, harvesting techniques were altered 
to prevent previous problems associated with endothelial damage. Also, pharmaco-
logical vasodilatation using papaverine and diltiazem, phenoxybenzamine, GTN, 
or calcium blockers was applied. Subsequently, many researchers reported the ben-
eficial short- and medium-term results for the use of the RA.31 In some cases, the 
RA is the second conduit of choice, relegating the SVG to the third choice as a 
bypass conduit. The RA has several potential disadvantages, the most significant of 
which is its hyper-responsiveness to vasoactive agents when compared with other 
arteries, such as the LIMA. Furthermore, the RA is highly susceptible to spasm, 
particularly, those frequently noted in postoperative angiography.31 The RA has a 
thicker wall than the LIMA and the medial VSMCs play a major role in the 
increased severity of spasm in this vessel, particularly, when handled during 
CABG. Thus, many patients receiving an RA graft present with “hypoperfusion 
syndrome” where the artery goes into spasm resulting in myocardial ischemia and 
subsequent infarction. It must also be noted that it is not simply the choice of con-
duit that will determine the success rates; secondary prevention is of equal impor-
tance to the surgery itself. Postoperative use of statins or aspirin following CABG 
will play an important role in the potential outcome of the graft following CABG.
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21.3.8  Complete Arterial Revascularization

As excellent results have been reported using the LIMA, it has been hypothesized 
that complete arterial revascularization without the use of SV grafts would result in 
improved long-term results following CABG. Direct comparison of SV grafting 
with complete arterial revascularization, however, has proved to be a difficult task, 
the main limitation being variations in patient characteristics during selection of the 
two different techniques for CABG. However, after carefully matching the patient 
variables, Legare et al34 conducted a study to compare the safety and patency rates 
of composite arterial grafts with conventional SV grafting. An increased combined 
outcome of death including myocardial infarction, stroke, and prolonged ventila-
tion was found in the complete arterial revascularization group when compared 
with the LIMA plus SV group (p = 0.007), thus rendering complete arterial revas-
cularization to be a high-risk alternative. Although the results of this study would 
appear to counter the use of complete arterial revascularization, it must be remem-
bered that conclusions drawn from a retrospectively designed study must be taken 
as tentative until otherwise demonstrated. Thus, with careful consideration of the 
current data, it appears that a large-scale randomized control trial comparing com-
plete arterial revascularization with conventional CABG (a combination of LIMA 
with SV) is required to fully validate the safety and efficacy of arterial grafting. One 
alternative to arterial grafting is the use of artificial stents.

21.3.9  Stenting

The application of luminal stents has become increasingly common of late, as car-
diologists attempt not only to provide the best care for the patients, but also reduce 
the recovery time, hospital stay, and thus, cost.35 The use of bare metal stents 
(BMS) revolutionized the treatment of cardiac disease; however, the emergence of 
in-stent restenosis has lead to the more recent development of drug-eluting stents 
(DES) aimed at preventing stenosis (Fig. 21.5).

21.3.10  Drug-Eluting Stents (DES)

Randomized control trials conducted in the first few years highlighted the therapeu-
tic advantage associated with the use of the DES. Although short- and mid-term 
results have demonstrated results comparable with BMS, recent concerns have been 
raised regarding the long-term safety and efficacy of DES.

The main two pharmacological agents approved for clinical use with DES are 
Paclitaxel and Sirolimus. Such stents not only provide additional support to the 
graft against arterial pressures, but also slowly release the drugs, preventing cell 
proliferation. Paclitaxel inhibits cell replication by binding to the microtubules during 
cell division, whereas Sirolimus also prevents progression through the cell cycle by 
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altering regulatory genes controlling the progression of VSMCs from the quiescent 
to the proliferative stage.36

21.3.11  DES Safety Issues

Concern regarding the occurrence of late thrombosis with DES was initially raised 
in 2003. This usually occurs before re-endothelialization has been completed; in 
this scenario, Paclitaxel or Sirolimus released from the stent inhibits proliferation 

Fig. 21.5 Comparison of bare metal and drug-eluting stents (DES). Graphs comparing target-lesion 
revascularization in the 4 year postoperative period with Sirolimus (a) and Paclitaxel (b) with bare 
metal stents (BMS). A marked decrease in the percent revascularizations required can be seen with 
the use of DES in comparison with BMS (p< 0.001) (adapted from Stone et al77)
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of both VSMCs and endothelial cells. However, the prolonged exposure of the 
metal stent to the vessel lumen and circulating blood initiates the coagulation 
cascade resulting in potentially fatal thrombosis. A possible solution to these 
problems could be the development of a compound which, when released from the 
stent, would target only VSMCs without affecting the endothelial cells. In this way, 
promoting re-endothelialization would prevent thrombosis, and inhibition of 
VSMC proliferation would prevent intimal hyperplasia.

21.3.12  External Stents

Experimentally, external stents, both synthetic and biodegradable, have been shown 
to reduce neointima formation in a porcine SV-carotid artery interposition model, 
although, to date, there is no clinical evidence that this strategy is effective in 
CABG patients. For example, Mehta et al,37 using an external Dacron ™ sleeve 
surrounding the vein, showed that external stenting reduces long-term medial and 
neointimal thickening and platelet derived growth factor expression in a pig model 
of arteriovenous bypass grafting.37 More recently, this group have described the 
long-term reduction of medial and intimal thickening in porcine SV grafts using a 
polyglactin biodegradable external sheath.38,39 Interestingly, it has been shown that 
perivenous polytetrafluroethylene (PTFE) support reduces endothelial damage and 
other early changes in the human blood perfused vein grafts.40 In addition, this 
group demonstrated that perfusing human SVs under conditions mimicking arterial 
hemodynamics causes circumferential stretch of VSMCs and increased responsive-
ness to constrictors, effects that are prevented by external application of fibrin 
glue.41 Using the porcine vein graft model, distension has been shown to reduce 
short-term patency by promoting platelet and leukocyte adhesion.42 Furthermore, 
this model has been used to reveal the time-course of medial and intimal thickening 
and their relationship to endothelial injury and cholesterol accumulation.43

21.3.13  Pharmacological Agents

New strategies are under development based on recent advances in the understanding of 
the pathobiology of vein graft failure. Adjuvant pharmacological interventions have 
been introduced in an attempt to improve graft patency. Agents that are in clinical use 
include platelet inhibitors, anticoagulants, and prostanoids, although in some cases, as 
outlined in the following paragraphs, data from ongoing clinical trials are inconclusive.

Post-CABG, lipid-lowering agents, and antiplatelet agents are the established 
strategies for reducing vein graft occlusion. A recent trial demonstrated that aggres-
sive reduction of low-density lipoprotein cholesterol with lovastatin significantly 
reduces the rate of vein graft occlusion assessed by angiographic follow-up, thus 
reducing the need for repeat revascularization.44 Aspirin has been found to increase 
vein graft patency at 60 days and 1 year after CABG, when compared with the 
placebo, although the benefits of aspirin are only seen when treatment is started no 
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later than the first postoperative day. However, after the first year post-CABG, 
aspirin no longer has any beneficial effect on graft patency, suggesting that its pre-
dominant action is on the reduction of early thrombosis.45 Consistent beneficial 
effects of other antithrombotic agents are yet to be established.46,47 The benefits of 
aspirin on graft patency in infrainguinal bypass surgery have been extensively 
studied. While there is conflicting evidence from various trials, it is generally 
accepted that aspirin confers a significant benefit on graft patency, especially when 
prosthetic grafts are used. In addition, aspirin reduces cardiovascular mortality in 
patients who have had infrainguinal bypasses. Of the other platelet inhibitors, ticlo-
pidine has been observed to improve vein graft patency,47 whilst no benefits from 
sulphinpyrazone, dipyridamole, and indobufen have been shown.48 Evidence for 
the use of oral anticoagulants, most commonly warfarin, is also inconclusive. 
However, its use in high-risk vein graft patients is generally accepted. Other agents 
requiring further investigation include low molecular weight heparin and dextrans. 
Benefits of prostaglandin E

1
 and iloprost appear to be short-lived, with no long-

term effect on graft patency demonstrated so far.49

There is evidence that NO synthesis is impaired at areas of vascular injury and 
that the NO system is involved in graft failure. In particular, early vasospasm and 
thrombotic occlusion may be due to reduced endothelial NO activity in vein grafts. 
NO is an endothelium-derived factor synthesized by the enzyme, nitric oxide syn-
thase (NOS), from l-arginine. It is a potent vasodilator with other vasoprotective 
properties. NO prevents platelet and leukocyte adhesion, inhibits VSMC prolifera-
tion and migration, and demonstrates antioxidant activity. NO donors, such as 
S-nitrosoglutathione, have been investigated in vein grafts and found to cause vaso-
dilatation50 and inhibit platelet deposition.51

Compounds that reduce neointimal hyperplasia (NIH) are also being investi-
gated as potential pharmacological approaches for preventing vein graft occlusion. 
Thapsigargin is a compound that increases cytosolic Ca2+ by its action as an irre-
versible inhibitor of Ca2+-ATPase. Intracellular calcium pools are important in regu-
lating VSMC migration, a prerequisite for neointimal hyperplasia. Pre-treatment 
with thapsigargin ex vivo, has been found to reduce neointima formation in cultured 
human SV,52 although the effects of exposing SV to thapsigargin before implanta-
tion have not been studied in vivo. Oral and intramuscular administration of 
rapamycin, a macrolide antibiotic with antimitotic properties, has also been found 
to reduce neointimal formation after balloon-induced vascular injury in porcine 
models.53,54 While these approaches have been shown to reduce neointima forma-
tion in experimental models, their clinical potential is yet to be demonstrated.

21.3.14  Endothelin

The endogenous peptide, endothelin-1 (ET-1), is known to have both vasoconstrictor 
and mitogenic properties. Veins possess a greater density of ET-1 receptors when 
compared with the arteries, predisposing them to both ET-1-mediated spasm and 
vessel wall thickening.55 A proliferative role for ET-1 has been demonstrated, and 
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evidences demonstrate that ET-1 is involved in the graft occlusion process, thus 
presenting a potential target for pharmacological intervention.53 As part of the 
adaptive response to grafting into the arterial system, both the expression and secre-
tion of ET peptides are found to increase. Additionally, adherent platelets and leuko-
cytes generate an increased amount of ET-1.56 This is supported by the fact that 
ET-1-like immunoreactivity has been detected and localized in the endothelium and 
proliferating VSMCs of surgically removed failed SV grafts.57 Additionally, an up-
regulation of functional ET converting enzymes (ECEs), required for the synthesis 
of ET-1, has been demonstrated in atherosclerotic coronary arteries, which bear great 
similarities to the diseased SV grafts. Moreover, the use of receptor-subtype selec-
tive radioligands has shown that the expression of ET-1 receptors becomes altered 
in SV grafts and resembles the pattern of receptor expression in atherosclerotic 
SVs.57 In vitro studies have shown that ET-1 stimulates DNA synthesis in cultured 
humans SV VSMCs, an action primarily stimulated by ET-1 binding to the ET

A
 

receptor. As ET-1 appears to play a role in the development and progression of vein 
graft disease, including hyperplasia, ET receptor antagonists have been investigated 
as compounds with therapeutic potential to reduce vein graft hyperplasia. In 2004, 
Wan et al.58 described the effect of the ET

A
 receptor antagonist, BSF 302146, on SV 

graft thickening in a porcine model, and concluded that oral administration of this 
compound inhibited neointima formation. However, there are limitations with this 
model and clinical trials are required before the therapeutic potential of ET

A
 antago-

nists in improving vein graft patency in CABG patients can be established.

21.3.15  The Role of Matrix Metalloproteinases (MMPs)

A major feature in the formation of intimal thickening involves the migration of 
VSMCs from the media to the intimal layer of the vessel. The prerequisite for this 
step is the degradation of the basement membrane, involving the action of MMPs 
and, in particular, the gelatinases MMP-2 and MMP-9, both of which are up-regulated 
in the venous grafts subjected to arterial conditions.16 It has been suggested that the 
principle factors behind vascular remodeling such as altered hemodynamics, injury, 
and inflammation regulate MMP expression and activity.59 MMPs degrade the 
ECM to form a pathway for the VSMCs to migrate to the intima,60 and under basal 
conditions, the actions of MMPs are closely regulated by the tissue inhibitors of 
matrix metalloproteinases (TIMPs). A study on the differential expression of both 
TIMPs and MMPs in the normal veins and grafted veins revealed a significant 
increase in MMP-9 mRNA expression after implantation into the arterial circulation, 
although there was no statistical difference in the expression of MMP-2 or TIMPs. 
Based on these results, MMP-9 inhibitors seem to be the most likely candidates for 
improving vein graft patency. Furthermore, additional evidence showed that when 
comparing the intact cultured endothelium and denuded human SVs, neointimal 
formation was associated with increased MMP-9. Doxycyclin, a potent MMP 
inhibitor, reduced neointimal hyperplasia, suggesting a therapeutic potential of 
compounds affecting MMPs in reducing hyperplastic lesions.61
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21.3.16  Gene Therapy

With poor clinical outcomes for re-intervention cases, it is clear that novel strate-
gies are required which can be used at the time of grafting to reduce the incidence 
of graft failure. The rapid advances in molecular biology over the recent years have 
led to exciting novel techniques involving gene therapy in the quest to identify 
potential methods of reducing vein graft hyperplasia. Since the late 1990s, many 
prospective gene targets have been identified and considered, for example, E2F 
decoy, p53, TIMPs, and NOS.62 Failure of pharmacological interventions targeting 
MMPs led the research into developing gene delivery vectors for MMP inhibition 
via TIMP and NOS manipulation (Fig. 21.6).

21.3.17  Gene Delivery Vectors

The initial phase in the development of gene delivery to cells in vein grafts requires 
the presence of a powerful vector system. In macaque monkeys, systemic applica-
tion of gene therapy has demonstrated an uneven distribution in the body, resulting 
in 90% of recombinant genes accumulating in the liver.63 Thus, a small window 

Fig. 21.6 Stages of vein graft failure and targets for gene therapy. Schematic diagram illustrating 
the stages involved in vein graft failure and potential targets for gene therapy aimed at reducing 
vein graft hyperplasia. The biological processes involved in vein graft failure are thrombosis 
(early phase), intimal thickening (VSMC proliferation/migration and extracellular matrix (ECM) 
deposition (mid stage) and inflammation/atherosclerosis (late stage). Potential strategies/targets 
range from antithrombotic factors (e.g. thrombomodulin) to tissue inhibitors of the matrix metal-
loproteases (TIMPs, 1, 2 and 3) and nitric oxide synthases (NOS) (adapted from George et al64)
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(30–60 min) exists, during which time, the vein can be genetically manipulated 
preceding implantation.62 To date, many vectors have been explored for use in vein 
graft gene delivery systems, including adenoviruses (Ad), adeno-associated viruses 
(AAV), and lentiviruses, of which Ad has been demonstrated to be the most effec-
tive. The rationale behind this finding is that Ad provokes significant transduction 
of both endothelial and VSMCs within a short exposure time of the tissue to the 
virus (30 min). Moreover, Ad vectors have demonstrated a highly beneficial safety 
advantage over the alternative vector systems. Clinical trials on the use of gene 
therapy are warranted for “potential routine clinical practice to improve patency 
rates of bypass graft procedures involving SV.”62

The three main processes involved in the development of graft failure, initial 
thrombosis, intimal hyperplasia, and accelerated atherosclerosis, all represent 
potential strategies, whereby vein graft hyperplasia may be reduced via agents pos-
sessing antithrombotic, antiproliferative, antimigratory, pro-apoptopic, and anti-
inflammatory properties.64

21.3.18  Nitric Oxide Gene Therapy

NO possesses both vasodilator activity and an antiproliferative role, which prevents 
intimal hyperplasia via the inhibition of SMC proliferation, leukocyte adhesion, 
platelet adhesion, and aggregation. Previous studies have demonstrated a decrease 
in NO and NOS activity early after CABG.65 The time of vessel harvesting provides 
an ideal opportunity for local application of vectors. The NOS isoenzymes convert 
l-arginine to NO and the potential of recombinant NOS gene therapy has been 
investigated. It has been suggested that increased recombinant NOS expression 
may provide a constant vascular supply of NO, inhibiting leukocyte and platelet 
adhesion, aggregation, and VSMC migration, resulting in increased blood flow and 
re-endothelialization of the graft material. Studies in which the local NO levels 
were raised by increasing the dietary arginine, the use of NO donors, or NOS 
gene transfer, demonstrated reduced intimal hyperplasia in vein grafts. All the three 
NOS isoforms, neuronal NOS (nNOS), endothelial NOS (eNOS), and inducible NOS 
(iNOS) have been investigated for improving vein graft performance.

21.3.19  NOS Transfer

A study using a rabbit jugular-carotid interposition bypass model has reported the 
effect of nNOS transfer on graft remodeling and the long-term effects of nNOS 
treatment on vein graft VSMC phenotype. Here, intimal hyperplasia was signifi-
cantly reduced in vein segments treated with adenovirus neuronal NOS (Ad.nNOS). 
However, nNOS was no longer detected 28 days after surgery, indicating that the 
effects were on early graft remodeling rather than on the direct effects of long-term 
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nNOS activity.66 A beneficial effect of eNOS has also been suggested, as 
Ad-mediated gene transfer of eNOS causes increased NO production and reduces 
early graft failure.67 Animal models of eNOS over-expression have also produced 
promising results in the regulation of pathological vascular remodeling. For exam-
ple, in balloon-injured rat carotid arteries, eNOS transgene over-expression resulted 
in 70% reduction in neointima formation. Transgenic animals lacking eNOS have 
been described, where the luminal area is reduced and vessel wall thickness 
doubled due to VSMC proliferation, demonstrating the role of NO in the regulation 
of vascular remodeling.68 In addition, it has been revealed that eNOS over-expression 
in cultured human SV segments increased NO production and NO-mediated 
relaxation, and inhibited intimal hyperplasia.65 Furthermore, it has been demon-
strated that adventitial eNOS gene delivery is more effective than intraluminal 
delivery at reducing neointimal thickening in experimental vein grafts.69 iNOS gene 
expression increased in the human vein grafts, and the authors concluded that 
“manipulation of iNOS expression may lead to therapies to alleviate neointimal 
formation in graft failure.”70

Although concerns were initially raised regarding the potential cytotoxicity of 
exogenous recombinant iNOS genes, presently-available data indicate that there are 
no differences in terms of safety and effectiveness between all the three isoforms.68 
Before the clinical application of NOS gene therapy can be seriously considered, 
additional issues need to be addressed, and the most effective isoform identified. 
Additionally, the most desirable duration of transgene expression needs to be con-
sidered; a transgene with a short duration of expression may be acceptable for the 
inhibition of thrombosis and intimal hyperplasia; however, for the prevention of 
atherosclerosis, a form of the transgene with more prolonged expression would be 
more desirable. Furthermore, the development of gene therapy in the prevention 
and treatment of thrombosis, intimal hyperplasia, and atherosclerosis in vein grafts 
following CABG represents a strategy with a potential for improving the treatment 
of vascular disease. Also, recombinant gene therapy allows local application of 
NOS to isolated graft material and reduces the potential side effects often associated 
with systemic administration related to NO donors.68 Although promising results 
have been established in experimental models using gene therapy, further clinical 
trials are needed before this technique can be applied to patients. An additional area 
in which the role of NO has been implicated is in the improved patency rates of SV 
harvested atraumatically, preserving the cushion of the surrounding tissue, in par-
ticular the perivascular fat.

21.3.20  Perivascular Fat

The development of the “no-touch” technique, in which the vein is harvested 
completely with the surrounding pedicle of the tissue, has produced excellent long-
term results comparable with those of the “gold standard,” the LIMA (90% patency 
rates at 8.5 years).21 Recently, a novel fat-derived compound, adipocyte-derived 
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relaxing factor (ADRF), has been identified71 and a study on the potential role of 
the perivascular fat and its components on improved patency rates observed with 
the “no-touch” method of harvesting has been reported. In particular, whether 
perivascular fat is a potential source of NO, contributing to the improved patency 
rates reported in SVs harvested with surrounding tissue intact has been investigated.

Human SV segments obtained from patients undergoing CABG were harvested 
by the “no-touch” technique, and perivascular fat was removed to study the eNOS 
distribution and activity (Fig. 21.7).

The data indicate that perivascular fat-derived eNOS may play an important 
role in the improved patency rates observed in veins harvested atraumatically.72 
Stripping of the perivascular fat, as performed in conventional harvesting methods, 
is found to decrease the eNOS levels substantially, contributing to the inferior 
patency rates generally associated with the SV. These results suggest that the 
surrounding cushion of tissue, including the perivascular fat, in veins harvested 
by the “no-touch” technique, provides not only structural support and minimizes 

Fig. 21.7 Potential role of periadventitial fat in improved vein graft patency. Left panel. Part of a 
transverse section of “no-touch”-harvested human SV. The vein wall (adventitia and media) have 
been stained with eosin (red/pink) and surrounding cushion of tissue with osmium tetroxide using 
the Marchi technique (adipose tissue stains black). Right panel. Top perivascular fat shown at 
higher magnification (black staining) exhibits positive endothelial NOS (eNOS) immunostaining 
(lower panel, red staining). Extracts of SV perivascular fat show both eNOS mRNA and protein 
as well as NOS activity (adapted from Dashwood et al72)
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surgical damage, but also plays a role in modulating the vascular tone and reducing 
neointimal thickening.72 Of particular relevance to this suggestion is an earlier 
study by Gao et al.73 who reported that perivascular adipose tissue has the poten-
tial to play an important role in the improved patency rates of the LIMA when 
compared with SV grafts. These authors concluded that adipose tissue of arteries 
releases a relaxant factor which may explain the superior results obtained with 
the LIMA.

21.3.21  Prosthetic Grafts

To date, prosthetic grafts are rarely used in CABG and only considered as an alternative 
if no other conduit is available,74 mainly, in patients requiring repeat operations (redo 
patients) in which both the LIMA and SVs have already been used. Prosthetic grafts 
may also be considered in patients whose remaining vessels are of poor quality, for 
example, elderly patients who are prone to varicose veins and atherosclerotic arteries.75 
Ideal prosthetic grafts for CABG must exhibit the same characteristics as the native 
vessel, such as durability, good handling characteristics, flexibility, ease of suturing, 
and similar viscoelastic and nonthrombogenic properties. Additionally, the biostability 
of the graft is vital as any degradation of the graft would result in irreversible altered 
graft characteristics, increasing the risk of aneurism formation.74 The selection of the 
polymer for grafting is therefore essential. The most popular polymers used in car-
diovascular surgery are Dacron™ and PTFE. Studies on the use of prosthetic grafts 
in CABG redo patients have proved to be disappointing primarily due to their throm-
bogenicity and subsequent intimal hyperplasia, particularly at regions of anastomosis. 
Patency rates using PTFE in CABG patients were only 14% at 45 months.75 The 
formation of intimal hyperplasia is believed to be a result of compliance mismatch 
at the anastomoses between the viscoelastic blood vessel and the comparatively 
nonelastic grafts. These disappointing results have prompted the development of 
superior grafts made with polymers such as polyurethanes (PU), which are said to 
be more compliant and reseal after use. These materials are still under clinical trial 
so far, with no long-term in vivo data available in patients.

21.3.22  Seeding

Prosthetic grafts do not spontaneously endothelialize, except at the anastomotic 
regions, suggesting that the endothelial cell deficiency throughout the graft provides 
the basis for thrombus formation and graft failure.75 A cellular engineering technique, 
“seeding,” has been developed in an attempt to surmount thrombus formation. The 
superior method of seeding, the “two-stage” technique, extracts endothelial cells, 
usually from a patient’s vein, that are then cultured in a laboratory before seeding. 
This technique ensures full endothelial coverage of the synthetic graft. Initial 
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results from animal models are encouraging with patency rates of 100% observed 
in conjunction with antiplatelet therapy, and studies producing patency rates of 
90.5% at 52 weeks.75 The main limitation of this method of seeding is the long 
culture period required, leading to the investigation of an alternative “single-stage” 
seeding method, in which the endothelial cells are harvested and immediately trans-
ferred onto the graft material. The advantages of this technique are a decreased risk 
of infection and the ability of seeding to be performed in one surgical procedure. 
Disappointingly, results from studies using this method of seeding are poor with 
patency rates of only 60% at 4 years.75

21.3.23  Tissue Engineering

This approach involves the development of “fully engineered grafts made from a 
scaffold and mixtures of VSMCs/collagen and endothelial cells.”75 This technique 
takes several weeks to prepare a potential graft, and therefore, cannot be applied 
within a time frame suitable for emergency procedures. This method has not yet 
undergone clinical trial, and the long-term effectiveness and patency rates are not 
yet known. However, it has been suggested that this method of vascular tissue 
engineering will not be accepted until the results superior to autologous grafts have 
been demonstrated in clinical trials. At present, a combination of prosthetic grafts 
with two-stage seeding appears to produce optimal results. The development of a 
more rapid endothelial cell lining for the graft is needed before these grafts are a 
realistic option in emergency cases. The use of recombinant eNOS gene therapy has 
the potential to be combined with the “seeding” of the prosthetic grafts. Here, the 
resultant combination of prosthetic grafts for CABG coupled with the antiprolifera-
tive and relaxant role of NO promises greater patency rates. To date, only one such 
study has investigated this potential. The effect of vascular prosthesis seeded with 
lacZ gene-transduced mesenchymal stem cells (MSC) expressing eNOS was used, 
as these cells possess the ability to differentiate into vascular endothelial cells exerting 
their paracrine function when transduced into PTFE grafts. The results from this 
study demonstrated an increased eNOS activity with time. Furthermore, the addition 
of the NOS inhibitor, l-NAME, completely abolished this response, demonstrating 
that NOS activity had successfully been induced by eNOS gene transduction of MSCs.76

These results highlight the potential development of vascular prostheses for 
CABG. However, several issues still remain to be addressed. The graft must withstand 
in vivo blood flow for the endothelial cells to maintain their function at high pressures 
and changes in shear stress. Additionally, VMSCs have the ability to differentiate 
into bone, cartilage, fat, and muscle. It must therefore be established that over-
expression of eNOS does not affect progenitor differentiation.76 Also, these results 
only showed increased eNOS activity over short time periods and conclusions 
regarding the long-term effects of eNOS gene transduction of MSCs and graft 
patency require further investigation.
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21.4  Conclusions

The introduction of the SV as a bypass conduit in CABG patients represents a major 
advance in cardiac surgery. However, Favarolo’s suggestion that “Care must be taken 
to dissect only the vein, avoiding as much as possible the adventitia that surrounds 
it”4 may have been a fundamental error, as recent evidence shows that the patency 
rate of the SV is dramatically improved if the vessel is removed with minimal 
trauma. Paradoxically, many attempts at improving vein graft performance, both in 
patients and in experimental models, may be seen as attempts to repair the effects of 
surgical damage or examining ways of replacing, restoring, or inhibiting factors 
released by vascular trauma during harvesting. Such strategies range from adventitial 
delivery of drugs and gene transfer to pharmacological interventions and methods of 
providing mechanical support. There is a need to reduce vascular damage during 
harvesting and the benefits of the “no-touch” technique have been recognized in a 
recent review.32 By harvesting the SV with an intact cushion of the surrounding 
tissue, high patency rates, equivalent to those reported for the LIMA can be obtained. 
While the “no-touch” technique is gaining popularity in many cardiac centers, some 
surgeons seem to be resistant to the change. However, for this technique to become 
a routine method of harvesting, the organization of a multicenter trial is essential.
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22.1  General Considerations

Arterial structure and function provide important and accurate representation of 
overall cardiovascular (CV) performance. Accumulating data suggest that arterial 
stiffness, central (aortic) hemodynamics, and arterial wall thickness are associated 
with the presence and extent of CV disease, and importantly, they are independent 
predictors of outcomes in several populations.1-7 Recent studies suggest that these 
arterial characteristics may also be useful in stratifying risk and monitoring efficacy 
of treatment.8 The 2007 European Society of Hypertension/European Society of 
Cardiology guidelines for the management of arterial hypertension suggest that 
carotid intima-media thickness (IMT) and aortic pulse wave velocity (PWV) can 
serve as tools to detect vascular damage in hypertensive patients.9 The expectation 
is that characteristics of arterial function and structure will ultimately serve as valu-
able adjunct tools for clinical decision-making. Herein, we present an overview of 
the principal techniques used in the evaluation of arterial elastic properties and 
thickness, and their clinical correlates.

22.2  Arterial Elastic Properties

22.2.1  Pathophysiological Considerations

Several biophysical models of the human circulation have been developed to con-
ceptualize the elastic properties of the arterial system. The current concept models 
the arterial system as a single distensible tube into which the heart ejects blood in 
systole. The more elastic proximal part of the tube consists of the aorta, and the 
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distal part is made up of the relatively inelastic resistance arteries (small arteries 
and arterioles). The arterial network combines two principal functions: a cushioning 
function, which is mainly mediated by the proximal large elastic arteries and a 
conductance function. Both are combined throughout the arterial system; however, 
elasticity (cushioning function) decreases and conduit function increases in a stepwise 
manner as one moves from the aorta to the periphery.2-5,10,11

The ejection of blood by the heart in systole generates rhythmic pressure waves, 
which propagate to the peripheral vasculature. These waves are reflected from sev-
eral sites of the arterial tree, such as the major branches of the abdominal aorta and 
especially from the small resistance arteries that comprise the major reflecting sites 
in the periphery. Accordingly, the pressure waveform recorded at any site of the 
arterial system arises from the merging of an incident, forward-traveling wave 
generated by the heart with a backward-traveling wave that has been reflected from 
the periphery.2-5,10,11 The contribution of the reflected wave to the final recorded 
wave depends on the amplitude and the timing of the reflected wave. The amplitude 
is primarily determined by the peripheral arterial tone, whereas the timing is mostly 
dependent on arterial stiffness. In subjects with normal arterial stiffness (compliant 
and elastic arteries), the PWV is low so the two waves (incident and reflected) are 
merged during the diastole in the aorta (Fig. 22.1). This increases the diastolic 
blood pressure (BP) of the aorta and thus facilitates coronary perfusion. On the 
other hand, increased arterial stiffness (noncompliant, inelastic arteries) leads to a 
higher PWV and faster propagation of both the incident and the reflected waves. At 
the aortic level, the reflected wave merges with the incident one earlier (in systole), 
increases the aortic systolic BP, and thus augments the afterload of the heart and 
impairs coronary perfusion and relaxation the left ventricle2-5,10,11 (Fig. 22.1).

The amplitude of the pressure wave, the systolic BP, and the pulse pressure 
increase as one moves to the periphery. In contrast, diastolic and mean BP do not 

Fig. 22.1 The merged aortic pressure wave (P
mer

) and its constituents. The incident, forward-
traveling wave (P

inc
) is produced by the ejection of the left ventricle during systole. The reflected, 

backward-traveling wave (P
ref

) is produced by the reflection of the incident waveform from periph-
eral reflecting sites. With an elastic aorta and normal peripheral tone, the P

inc
 and P

ref
 merge during 

or after the closure of the aortic valve, in diastole (a). In the presence of a stiff aorta or peripheral 
vasoconstriction (b), the magnitude of the P

ref
 increases. Both P

inc
 and P

ref
 travel faster and merge 

earlier during the cardiac cycle (in late systole) resulting in augmentation of the central systolic 
pressure. Adapted from AtCor Medical Inc
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change significantly along the arterial tree. This amplification of the pulse pressure 
is due to (1) the heterogeneity of arterial stiffness (progressive increase of stiffness 
– and PWV – in the periphery) and (2) the proximity of the peripheral arteries to 
the reflecting sites.3-5 Consequently, the pressures obtained in the brachial artery are 
only crude estimates of the central hemodynamics, as they tend to be higher than 
the pressures in the aorta. Pressures in the central circulation are physiologically 
more important than the respective peripheral (brachial) pressures. Central systolic 
BP is a better index of the cardiac afterload, and central diastolic BP is a more 
accurate marker of coronary perfusion pressure than the respective brachial pres-
sures. Similarly, carotid pressures are more relevant to brain perfusion.3-5

In large arteries, stiffness is primarily determined by the components and 
the turnover rate of the extracellular matrix. Elastin fibers are more abundant 
in the aorta and its large branches and account for elasticity of these vessels. 
The absolute quantity of elastin fibers and the elastin-to-collagen ratio decreases 
toward the periphery, so stiffness increases. On the other hand, hypertrophy 
and tone of the smooth muscle is a more important determinant of smaller arte-
rial stiffness, such as the muscular type conduit and resistance arteries.3,10 
Furthermore, functional characteristics may influence arterial stiffness. For 
example, stiffness of large arteries increases in parallel with BP, as a higher 
distending pressure leads to recruitment of more inelastic collagen fibers. 
Endothelial function and the availability of nitric oxide also regulate large 
artery stiffness.12 Finally, elastic properties are dependent in part on the 
expression of several genes that interfere with arterial homeostasis.13

22.2.2  Methods for Evaluation of Arterial Elastic Properties

Currently, there are many techniques that evaluate several aspects of arterial elasticity. 
Here, we describe the most widely applied techniques for clinical assessment of 
arterial stiffness.

22.2.2.1  Measurement of Local Arterial Stiffness

The pulse pressure is a simple and crude index of large artery stiffness, but it also 
depends on ventricular stroke volume and other physiological factors. The pulse 
pressure of the brachial artery is an easily obtained index, which has been used in 
large population studies. Nowadays, the pulse pressure of central arteries (aorta, 
carotid artery) can be estimated with noninvasive techniques (see Sect. 2.2.3). 
Although strictly speaking, central pulse pressure is an index of local stiffness, it is 
also dependent on the arterial elastic properties of the peripheral arterial system 
because there is a contribution of the reflected wave to this pressure.2-5,8

More sophisticated indices that express stiffness at a particular site of the arterial 
tree (distensibility, compliance, etc.) are listed in Table 22.1. All calculations 
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require measurement of the change of diameter or cross-sectional area of the artery 
of interest during the cardiac cycle, and most of them also require estimation of the 
pressure difference that drives that change. For practical purposes, geometric 
changes from end diastole to peak systole and pulse pressure are used. The advan-
tage of these methods is that stiffness is determined directly, and there are no 
assumptions made. However, they are technically demanding and require a higher 
degree of expertise than measurement of PWV.

A few studies have estimated local stiffness with invasive methods, which allow 
direct measurement of diameter and pressure changes at the same arterial site.14,15 
These methods are highly reproducible but cannot be applied widely because of their 
invasive nature. On the other hand, local stiffness can be evaluated noninvasively with 
ultrasound-based techniques (traditional ultrasonography or echo-tracking sys-
tems).16,17 A drawback of the noninvasive methods for local stiffness is that most of 
them employ determination of changes in arterial dimensions at one site (i.e., the 
carotid artery or the aorta), and measurement of BP at a different site (usually the 
brachial artery).17 This certainly introduces a systemic error, given that pressure is 
amplified across the arterial tree. To overcome this, several “hybrid” methods have been 
developed where vascular dimensions are measured in the carotid artery or the aorta 
and pressures at those sites are calculated noninvasively with applanation tonometry. 

Table 22.1 Definition and calculation of indices of local arterial stiffness

Pulse pressure (PP) Change of BP during systole
PP = SBP−DBP

Strain or systodiastolic 
diameter change (S)

Relative increase in arterial diameter during systole.
S = [(D

s
−D

d
)/D

d
] × 100

Distensibility (Dist) Relative increase in cross-sectional area of the artery for a given 
increase in BP

Dist = (A
s
−A

d
)/(A

d
 × PP)

Compliance (C) Absolute increase in arterial diameter for a given increase in BP
C = (A

s
−A

d
)/PP

b-stiffness index (b) Natural logarithm of the ratio of systolic to diastolic BP divided by 
the relative increase of arterial diameter during systole

b = ln (SBP/DBP)/[(D
s
−D

d
)/D

d
]

Peterson’s elastic  
modulus (PEM)

The pressure change required for a given change in relative cross-
sectional area of the artery. Conceptually, this is the inverse of 
distensibility

PEM = PP × A
d
/(A

s
−A

d
)

Incremental (Young’s) 
elastic modulus 
(YEM)

The pressure per unit area required to produce a relative increase 
in arterial diameter. It expresses the ratio of stress to strain and 
represents the mechanical characteristics of the arterial wall proper

YEM = (D
d
/IMT) × {PP/[(D

s
−D

d
)/D

d
]}

BP blood pressure; SBP systolic BP; DBP diastolic BP; D
s
 arterial diameter in systole; D

d
 arterial 

diameter in diastole; A
s
 arterial cross-sectional area in systole; A

d
 arterial cross-sectional area in 

diastole; IMT arterial wall intima-media thickness
Cross sectional area A is calculated as: A = π x (D/2)2
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The aortic pressure waveform is reconstructed after tonometry of the radial artery by 
using a transfer function, whereas the carotid waveform can be directly recorded over 
the common carotid artery (CCA). Aortic and carotid pressures can be derived after 
calibrating the respective waveforms with the diastolic and mean pressures.18-20

Local stiffness of superficial and deep arteries can be also measured accurately 
by tissue Doppler imaging and magnetic resonance imaging (MRI) technology.21-23 
Furthermore, arterial compliance of the thigh and calf can be estimated by auto-
mated computer-controlled air plethysmograph (Vasogram, Vasocor).24

Pulse wave intensity analysis is a recently developed method that studies vascular 
hemodynamics in terms of traveling energy waves at several points in the circulation. 
Pressure waveforms are recorded with applanation tonometry (Millar Instrument) 
at several arterial sites and then flow velocity data at these arteries are acquired 
through Doppler probes. Then, the acquired pressure and flow-velocity data are 
ensemble-averaged with specialized software, giving rise to simultaneous pressure-flow 
velocity waveforms, which allow calculations of the intensity of the wave (power 
per unit cross-sectional area) and the absolute energy carried by a wave at an 
arterial site.25

22.2.2.2  Measurement of Regional Arterial Stiffness

PWV is a direct index of arterial stiffness that can be measured noninvasively using 
reproducible techniques. The principle for measuring PWV between two sites of 
the arterial tree is simple. PWV is calculated as the distance between the two sites 
divided by the travel time of the pulse (transit time) from the proximal to the distal 
site.1-4,11 PWV can be calculated in several arterial segments. Carotid-femoral PWV 
represents the stiffness of the aorta and is the method most frequently employed in 
clinical studies that has also been shown to correlate more strongly with clinical 
variables and outcomes.

There are several ways of calculating PWV noninvasively. The pulse transit time 
between the carotid and the femoral artery can be measured with mechanotransducers 
and subsequent online recording of the pressure wave (Complior, Artech Medical). 
Two different pulse waves are obtained simultaneously at the base of the neck for the 
CCA and over the right femoral artery with two transducers. The transit time is 
measured from the point where the steep rise of each of the recorded waveform starts 
(foot-to-foot method, left panel in Fig. 22.2).1-4,11 Applanation tonometry (SphygmoCor, 
AtCor Medical) is another popular method for measuring carotid-femoral PWV, 
which involves sequential (nonsimultaneous) detection and subsequent recording of 
pressure waveforms from the two arterial sites using sensitive tonometers (Millar 
instruments). An electrocardiogram is recorded simultaneously with the measure-
ments, and the pulse transit time is calculated as the difference of the foot of the distal 
(femoral) waveform from the R wave minus the difference of the foot of the proximal 
(carotid) waveform from the R wave (right panel in Fig. 22.2). Owing to the non-
simultaneous recording of the waveforms, abrupt changes in heart rate or the 
contractility of the heart may theoretically decrease the accuracy of the method. 
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Fig. 22.2 Measurement of pulse transit time t for calculation of carotid-femoral pulse wave 
velocity. For simultaneous recordings of the pressure waveform, t is measured directly with the 
foot-to-foot method. For sequential recordings, the time from the R wave to the foot of the carotid 
(t

1
) and the femoral site (t

2
) is measured, and t is calculated as t

2
–t

1

However, this issue is of rather minor importance, given that both arterial sites are 
examined during a single session only few minutes apart.3,4,11

The measurement of distance between the two arterial sites for calculating 
carotid-femoral PWV is an intriguing issue. Some investigators use the whole dis-
tance between the carotid and femoral sites, whereas others subtract the sternal-
carotid distance from the sternal-femoral distance. Currently, there is no consensus 
on the best way to measure distance. However, given that the pulse propagates from 
the aorta to both the carotid and femoral arteries and does not travel from the 
carotid artery downward to the femoral artery, it seems that, from a physiological 
point of view, using the difference of the two distances would introduce a smaller 
error in the calculations.

Echotracking systems use a specialized software and high-resolution image 
analysis and detect changes of arterial diameter over the cardiac cycle. Distension 
waveforms in the arterial wall are recorded sequentially and the time from the peak 
of the R wave to the time point when a 10% increase of arterial diameter occurs 
(10% increase time) is measured at each arterial site. The pulse transit time is cal-
culated as the difference of the 10% increase times between the two sites.16

Aortic PWV can also be measured with Doppler ultrasonography. With this 
technique, the pulse transit time is calculated with the “foot-to-foot” method by 
recording the flow waveforms in the proximal aorta and the distal aorta or the 
common femoral artery. These flow waves may be obtained simultaneously26 or 
sequentially.27 Recently, some studies have used echocardiography to evaluate the 
stiffness of the proximal aorta by calculating the PWV between the ascending and the 
proximal descending aorta.28,29
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PWV in small or larger segments of the aorta can also be measured with MRI. This 
method involves acquisition of flow velocity signals along the ascending and the 
descending aorta, measurement of the pulse transit time and distance between sites, 
and subsequent calculation of PWV.21,22 This modality allows calculation of PWV 
with high accuracy, but its use is limited because of low availability and high cost.

Measurement of the QKD interval is another option for evaluating regional arte-
rial stiffness.30 A special apparatus for ambulatory BP measurement (Diasys Integra, 
Novacor) employs the auscultatory method for measuring BP and determines the 
time between the QRS wave on the electrocardiogram and detection of the last 
Korotkoff sound (QKD interval) during deflation of a cuff placed on the arm. This 
time is equal to the sum of the pre-ejection time and the time of pulse transmission 
from the aorta to the brachial artery, so it evaluates the stiffness of the ascending 
aorta, aortic arch, left subclavian, and brachial artery.30

22.2.2.3  Measurement of Systemic Arterial Stiffness

Several methods attempt to estimate the overall “elastic behaviour” of the arterial 
network. These techniques do not measure stiffness in a direct manner but require 
the adoption of models for the circulation.

The ratio of stroke volume to pulse pressure has been used as a gross index of 
systemic compliance,31 but its use is limited owing to the lack of accurate noninva-
sive methods for measurement of stroke volume.

Total systemic arterial compliance can be calculated using the “area method.”32 
According to this technique, total peripheral resistance R is calculated by measuring 
total blood flow in the aorta using a Doppler probe placed at the suprasternal notch. The 
carotid pressure waveform is recorded with a sensitive tonometer (Millar instrument). 
The central carotid end-systolic and end-diastolic pressures (P

es
, DP) are obtained after 

calibration of the carotid waveform with oscillometric diastolic and mean pressures 
measured in the brachial artery, as mean and DP barely change along the arterial tree. 
After calculating the area under the diastolic part of the carotid waveform A

d
, systemic 

compliance is calculated using the formula A
d
/[R (P

es
 – DP)] (Fig. 22.3).32

Systemic compliance can also be measured using the HDI/PulseWave CR-2000 
System (Hypertension Diagnostics Inc.). According to this technique, the arterial 
pressure waveform is recorded in the radial artery and analysis of the diastolic 
decaying sinusoidal wave follows.33 The method is based on a modified Windkessel 
model, which assumes that two basic compliance components are present in parallel: 
the systemic large artery (capacitive) compliance C

1
, which is BP-dependent, and 

the small artery (oscillatory) compliance C
2
, which is mainly dependent on the 

function of small resistance arteries.33

Analysis of the pulse waveform of central arteries (aorta, CCA) may provide 
information on systemic stiffness.2-5,8 The central pulse waveform is influenced not 
only by local (central) stiffness, but also by the elastic properties of the whole 
arterial network. The aortic waveform can be estimated noninvasively with the 
SphygmoCor system (AtCor Medical), which employs the principle of applanation 
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tonometry of the radial artery with sensitive tonometers (Millar Instruments). 
The radial waveform is calibrated with the brachial systolic and diastolic BP, as 
there is negligible pressure amplification between the brachial and radial arteries, 
and the mean BP is computed automatically by numerically averaging the area 
under the radial pressure waveform. Then, the aortic waveform is reconstructed 
automatically with the use of a generalized transfer function.2-5,8,34 The transfer 
function may not apply to all clinical circumstances, and there is concern as to 
whether it accurately estimates the central waveform.35 However, although the 
transfer function is an approximation, it may be useful clinically as transfer function-
derived parameters have been shown to predict outcomes in a recent large epide-
miological study and a randomized trial.8,36 In contrast, the carotid waveform can 
be recorded with a tonometer placed directly over the CCA, and no transfer function 
is needed.19,20,34 The central pressure waveforms are calibrated with the mean and 
diastolic BP from the peripheral arteries, as these pressures remain almost constant 
throughout the whole arterial tree, and the central (aortic or carotid) pressures 
are calculated. The point where the incident wave merges with the reflected wave 
(reflection point) is recognized in the central waveform, and augmentation pressure 
(AP), which represents the pressure added to the incident wave by the returning 
reflected one is computed (Fig. 22.3). Augmentation index (AIx) is then calculated 
as AP divided by central pulse pressure. Although AIx is not an index of stiffness 
in a strict sense, it comprises a composite measure of the magnitude of wave reflec-
tions (that mainly depends on the tone of the resistance arteries) and PWV (arterial 
stiffness), which affects the timing of wave reflections. AIx also depends on other 
variables such as heart rate, left ventricular contractility, and somatometric charac-
teristics. For similar heart rate and effective length of the arterial system, larger 
values of AIx indicate increased wave reflections from the periphery and/or earlier 
return of the reflected wave as a result of increased PWV (owing to increased arterial 
stiffness), and vice versa.2-5,8,34 The arrival time (Dt) of reflected waves at aorta is the 
time from the foot of the pressure wave to the reflection point and represents the time 
needed for pressure waves to travel from the aorta to peripheral arterial sites and 
return back to the aorta owing to wave reflections (Fig. 22.3). A lower Dt indicates 
a shorter travel time of the pressure waves and a higher arterial stiffness.3,4

Ambulatory arterial stiffness index is a new measure of arterial elasticity that is 
derived from ambulatory BP monitoring.37 The diastolic BP is plotted against systolic 
BP, and the regression slope is then calculated. Ambulatory arterial stiffness index is 
defined as one minus this regression slope. The stiffer the arterial tree, the closer the 
regression slope to zero and the ambulatory arterial stiffness index is to one.

22.2.3  Determinants and Predictive Value of Arterial Elasticity

Large epidemiological studies including the Anglo-Cardiff Collaborative Trial and the 
Framingham Heart Study have shown that age is the single most important determinant 
of arterial elasticity.38,39 However, other factors such as gender and race also play a role. 
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Data from the large bi-racial atherosclerosis risk in communities (ARIC) Study and 
Bogalusa Heart Study showed that large artery stiffening may be more accelerated in 
African Americans than their white counterparts.40,41 Arterial elastic properties are 
also influenced by hemodynamic parameters (i.e., distending arterial pressure), anthro-
pomorphics, and presence of traditional CV risk factors.1-3 Table  22.2 lists the main 
demographic, lifestyle, and clinical characteristics that influence arterial stiffness.

Several longitudinal studies have shown that arterial elastic properties may inde-
pendently predict CV morbidity and mortality. The Framingham Study has shown 
that even crude indices of arterial stiffness such as the brachial artery pulse pressure 
is a predictor of the risk of coronary artery disease in the general population.42 
Recent studies have shown that more sophisticated indices of arterial stiffness may 
independently predict outcomes. For example, in the Strong Heart Study of 
American Indians, central (aortic) pulse pressure, an indirect index of central artery 
stiffness, predicted left ventricular hypertrophy, prevalent carotid atherosclerosis, 
and future CV events, independently of brachial pulse pressure.36 PWV has been 

Fig. 22.3 The central (aortic or carotid) pressure waveform is recorded either indirectly by 
applanation tonometry of the radial artery and reconstruction of the aortic waveform with the use 
of transfer functions, or directly by tonometry of the common carotid artery (CCA). After calibrating 
the central waveforms with the mean and diastolic pressure from the peripheral arteries, central 
systolic pressure (Ps), diastolic pressure (DP), and pulse pressure (PP) is calculated. Augmentation 
pressure (AP) is calculated as the pressure difference from the reflection point (P

r
) to the late 

systolic peak (SP). Augmentation index (AIx) is the ratio of AP to central PP. The arrival time (Dt) 
is the time from the foot of the waveform to the reflection point and represents an index of stiff-
ness. Systemic compliance is calculated from the area under the diastolic curve A

d
, end-systolic 

pressure (P
es
), and end-diastolic pressure (DP) of the carotid waveform
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also related to outcomes in several populations. This was initially shown in high-risk 
patient groups (end-stage renal disease),43-47 but later studies demonstrated that stiff-
ness may predict outcomes in subjects with risk factors (hypertensives, diabetics)30,48-52 
and even in the general population.53-59 Indeed, the Rotterdam Study of elderly 
subjects57 and another large study in the general population58 showed that aortic 
PWV is a predictor of future development of CV disease. Table  22.3 summarizes 
the reports relating arterial stiffness indices (except pulse pressure) to outcomes 
according to population, variable measured, and site of measurement.

Table 22.2 Determinants and clinical correlations of arterial elastic properties

1. Age
2. Gender
3. Cardiovascular (CV) risk factors
 hypertension
 dyslipidemia (hypercholesterolemia, hypertriglyceridemia)
 diabetes mellitus/impaired glucose tolerance
 smoking
 obesity
4. Cardiovascular diseases
 coronary artery disease
 peripheral artery disease
 heart failure
 cardiac syndrome X
5. Endocrinology and metabolic diseases
 metabolic syndrome
 hyperhomocysteinemia
 hypothyroidism
6. Nutrition and lifestyle
 coffee, caffeine
 chronic alcohol consumption
 sedentary lifestyle
 resistance training
7. Genetic factors
 family history of atherosclerotic disease
 polymorphisms of the renin–angiotensin system genes
 polymorphisms of the extracellular matrix proteins genes
8. Gynecological disorders
 menopause
 pre-eclampsia
 polycystic ovaries syndrome
9. Other disorders
 inflammation
  acute inflammation (i.e., acute infections)
  chronic inflammatory diseases (i.e., rheumatoid arthritis)
  subclinical, low-grade inflammation
 end-stage renal disease
 sleep apnea
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From a therapeutic standpoint, recent studies with antihypertensive medications 
support the role of arterial elastic properties as a worthwhile treatment target. In 
patients with end-stage renal disease, the administration of antihypertensive treat-
ment was clinically beneficial only in subjects who experienced a decrease of aortic 
PWV, and this effect was independent of the pressure changes.46 Furthermore, in the 
recent Conduit Artery Function Evaluation (CAFÉ) Study, a substudy of the Anglo-
Scandinavian Cardiac Outcomes Trial (ASCOT), a higher treatment-related decrease 
of central pulse pressure, that was not evident in brachial pressure measurements, 
was independently associated with clinical benefit and reduced CV events in hyper-
tensive patients.8 There is no doubt that in hypertensives, the peripheral (brachial) 
BP and its changes comprise a major independent determinant of CV prognosis and 
antihypertensive treatment-related clinical benefit.60 However, as we discussed pre-
viously, the BP readings we obtain in the brachial artery do not reliably reflect the 
central BP, because of the pressure amplification. Therefore, the above-mentioned 
studies8,46 suggest that the evaluation of central hemodynamics is clinically useful 
and may add to decision-making.

22.3  Carotid Intima-Media Thickness (IMT)

Although atherosclerosis is a diffuse process, certain arteries have a predilection for 
development of atherosclerotic lesions. The carotid arteries and especially the 
carotid bifurcations (BIF) are affected early by the atherosclerotic process.61 An 
increase in the thickness of the carotid wall intima-media complex is considered a 
marker of generalized subclinical atherosclerosis and reflects the overall athero-
sclerotic burden. Carotid wall thickening tends to progress proximally along the 
CCA and distally to the proximal portion of the internal carotid artery (ICA).62

22.3.1  Methods for Evaluation of Carotid IMT

Carotid IMT is measured noninvasively using two-dimensional ultrasonic B-mode 
imaging that visualizes a double-line pattern on both walls of the carotid artery on 
the longitudinal image. This double-line pattern is formed by two parallel lines that 
represent the leading edges of the lumen–intima and media–adventitia interfaces.63 
Atherosclerotic plaque is defined as a focal structure encroaching into the arterial 
lumen that measures at least 0.5 mm in thickness, or 50% of the surrounding IMT 
value, or demonstrates a thickness of 1.5 mm in total when measured from the 
media–adventitia interface to the lumen–intima interface (Fig. 22.4).64

Clinical trials utilizing carotid IMT measurements have used a variety of imaging 
protocols. These protocols differ in (1) the number and location of carotid artery segments 
imaged; (2) whether far wall or near wall or both are imaged; (3) the number of imaging 
angles; (4) capture of video images (loops or electrocardiogram-gated still images); 
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(5) manual or automated measurement; and (6) which measurements are finally 
reported (maximum or mean).65 Implementation of standardized protocols and strict 
quality control can make ultrasonic measurements of carotid IMT highly reliable in 
large multinational clinical trials.66 Herein follows a description of the widely used 
protocols for measuring carotid IMT.

22.3.1.1  Measurement in Multiple Carotid Sites

This approach consists of measuring IMT in the near and far walls of the three main 
segments of the carotid artery – the CCA, the BIF, and the ICA.67 In each segment, 
the IMT is measured in multiple directions for both the near and far walls, and the 
maximal IMT recorded. The final IMT is then calculated from the average of the 
maximal IMTs obtained in the near and far walls of 12 sites (near and far walls of 
CCA, BIF, and ICA bilaterally), 6 sites (far wall of the CCA, BIF, and ICA), or 
even 4 sites (near and far walls of CCA or far wall of CCA and BIF bilaterally).68 
The IMT is measured manually or semi-automatically by placing the cursor on the 
lumen–intima and media–adventitia interfaces of the digitized ultrasonic image.67 
The multiple carotid sites approach tends to provide a comprehensive assessment 
of the carotid vasculature and aims to incorporate plaque thickness into the IMT 
value, which is a better marker for early carotid atherosclerosis.69

Fig. 22.4 Schematic diagram representing the carotid arterial tree to define carotid plaque. Plaque 
is defined as a focal structure by either of three criteria: (a): Thickness > 1.5 mm; (b): Thickness 
>50% of surrounding IMT value, and (c): Encroachment into the lumen by >0.5 mm
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22.3.1.2  Measurement in the Far Wall of the Common Carotid Artery

This approach consists of restricting the measurement of carotid IMT to just the far 
wall of the CCA, which is a straight segment of the vessel that is easy to visualize. 
The ultrasonic video image is frozen in end-diastole by electrocardiogram trigger-
ing to avoid the confounding effect of pulsatile deformation of the arterial wall and 
hence alteration in arterial wall thickness. Computerized edge-detection software is 
used for accurate delineation of the lumen–intima and media–adventitia interfaces. 
IMT is automatically measured at nearly 100 points over 1 cm of a longitudinal 
length of the vessel, giving an averaged final IMT value with reduced variability, 
higher precision, and reproducibility.70 Because IMT measurement is limited to the 
CCA, which often develops plaque at a later stage when compared with the BIF, 
the IMT value obtained by this method serves as a marker for early arterial wall 
change rather than early carotid atherosclerosis.69

22.3.2  Determinants and Predictive Value of Carotid IMT

Age is an important determinant of carotid IMT.71-73 IMT increases by almost 0.03 mm/
year.74 IMT is also influenced by gender, CV risk factors (smoking, hypertension, 
diabetes), and the genetic background.71-76 Body mass index, abdominal adiposity, and 
physical inactivity are also associated with increased carotid IMT.71,72,77

Recent data support that IMT is also related to ethnicity and lifestyle character-
istics. Data from large studies indicate that IMT in blacks exceeds IMT in whites 
in both genders.78,79 Furthermore, it has been shown that Japanese Americans have 
a higher IMT than native Japanese of similar characteristics, presumably due to 
adoption of western lifestyle and a higher prevalence of metabolic disorders.80 
Interestingly, the ARIC study showed that even the socioeconomic status may 
affect the rate of IMT progression.78

Low-grade inflammatory activation also plays a role to the progression of sub-
clinical atherosclerosis. Levels of inflammatory markers such as high-sensitivity 
C-reactive protein and ICAM-1 have been found to predict IMT in several studies,81-83 
although this is not a consistent finding in all studies.84 Other factors such as oxidant 
stress85,86 and depletion of endothelial progenitor cells87 may also play a role.

Increased carotid IMT can also be used as a surrogate marker for the presence 
of atherosclerosis in other arterial beds. For example, IMT has been associated with 
the presence and extent of coronary artery disease as assessed by angiography.88 In 
patients presenting with cardiomyopathy of unknown origin, those with increased 
IMT are more likely to suffer from severe coronary artery disease, whereas a nor-
mal IMT is almost diagnostic of a nonischemic etiology.89 The MultiEthnic Study 
of Atherosclerosis showed that even in populations without overt CV disease, an 
increased IMT is related to impaired systolic and diastolic myocardial function.90

Finally, a number of longitudinal studies have examined the relationship between 
carotid IMT and future clinical CV events, including coronary and cerebrovascular 
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events, and found that IMT predicts future CV risk (Table  22.4). In the ARIC Study 
that followed a large cohort of subjects without CV disease, the mean IMT was an 
independent predictor of the future incidence of myocardial infarction and stroke.6,91 
IMT was also predictive of myocardial infarction and stroke in the elderly popula-
tion of the Rotterdam Study92 and in other large longitudinal studies.73,75,93 A recent 
meta-analysis showed that IMT has a slightly better predictive value for stroke than 
for myocardial infarction.94 Finally, the Carotid And FEmoral ultrasound morphol-
ogy Screening and CArdioVascular Events (CAFES-CAVE) Study showed that 
IMT also predicts CV mortality in low-risk asymptomatic subjects.95 Although it is 
often assumed that the relationship between carotid IMT and CV risk is linear, a 
recent meta-analysis demonstrated that it is in fact nonlinear in most populations, 
especially for myocardial infarction.94 The risk associated with a specific increase 
in IMT is age-dependent, the risk being higher in younger individuals (<50 years) 
with increased IMT.93

IMT has been also used as an end-point in intervention studies. Although treat-
ments that reduce IMT usually benefit prognosis, this clinical benefit most possibly 
is not accounted for by the decrease in IMT per se. Rather, it is derived from favorable 
effects on other factors, such as blood pressure, lipids, and glucose metabolism.

22.4  Epilogue

Arterial elastic properties and carotid wall thickness are important determinants of 
global CV performance. There is mounting evidence that these arterial characteris-
tics are also important and independent predictors of CV risk in several populations, 
and may even be used to monitor the clinical benefit of treatment strategies. Recent 
guidelines underscore the value of both arterial stiffness and wall thickness as tools 
for stratification of risk in hypertensive patients.9 Recently, attempts to define the 
normal values for arterial characteristics39,96 and to standardize the available techniques4,64 
have been forthcoming. These efforts will facilitate the implementation of the 
concept of “vascular age” in everyday clinical practice. However, there continues to 
be a need to further refine available methods for measuring arterial elastic properties 
and wall thickness and standardization of the techniques before assessment of these 
characteristics is introduced into everyday clinical practice.
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23.1  Introduction

Metabolic syndrome (MetS) is a clustering of risk factors, mostly of metabolic ori-
gin that taken together enhance the predictive ability of diseases, specifically cardiovas-
cular disease (CVD) and type 2 diabetes mellitus (T2DM). The risk factors comprising 
MetS are abdominal obesity, dyslipidemia, hypertension, and hyperglycemia or 
insulin resistance. Of these, abdominal obesity and insulin resistance are central to 
the pathogenesis and development of MetS, while genetic and environmental factors 
also play a role. Additionally, MetS is closely associated with both a proinflammatory 
and prothrombotic state, which at least partially mediates insulin resistance and the 
associated increased risk of CVD. There remains some debate regarding whether 
MetS is an entity in its own right and if it has greater predictive ability of CVD risk 
and T2DM than its individual components. New data suggest that it does improve 
predictive ability; this combined with the mounting body of evidence to support a 
distinct pathophysiological process is beginning to earn MetS a place of its own. 
MetS has been, and continues to be, an area of great interest and robust research and 
is generally accepted as a paradigm identifying patients at risk for CVD and T2DM, 
allowing for aggressive risk factor modification at an early stage of disease.

23.2  Definition

In 1988, Gerald Reaven proposed insulin resistance as the root cause of MetS.1 Since 
that time, the definition of MetS has evolved, currently including anthropometric, 
pathophysiological, and clinical criteria. All definitions consist of similar compo-
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nents; however, they vary in their detail. The three most widely accepted and utilized 
definitions are those put forth by the World Health Organization (WHO),2 the 2001 
National Cholesterol Education Program (Adult Treatment Panel III) (NCEP:ATP3), 
updated in 2005,3 and the International Diabetes Federation (IDF).4 Other definitions 
include those proposed by the American Association of Clinical Endocrinologists 
(AACE),5 and The Group for the Study of Insulin Resistance (EGIR).6 Variations 
between these definitions are listed in Table 23.1. The WHO definition requires for-
mal testing to establish glucose intolerance or insulin resistance. It is widely used in 
Europe, and is felt to be somewhat better suited for research purposes than the 
NCEP:ATP3 definition. The NCEP:ATP3 definition is the simplest definition, and the 
most widely used in the United States, and more clinically applicable. The IDF defi-
nition is a compromise between the WHO and NCEP:ATP3 definitions including 
ethnicity-specific values for central obesity. These ethnicity-specific values are 
included to address the observed increased risk of T2DM associated with smaller 
degrees of visceral obesity in certain patient populations, particularly Asians.

When these definitions are applied to large study populations such as the Diabetes 
Epidemiology: Collaborative Analysis of Diagnostic Criteria in Europe (DECODE)7 
and The National Health and Nutrition Examination Survey III  (NHANES IIII)8 in 
the United States, one identifies a similar percentage of individuals with MetS; 
however, the definitions do not provide for concordant selection of the same 

Table 23.1 Comparison of metabolic syndrome (MetS) definitions 102
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individuals.9,10 Even though different individuals are identified with different defini-
tions, all appear to confer similar predictive values for the development of CVD and 
T2DM.11,12 The IDF definition will most likely become the consensus definition 
given that it incorporates, what most consider, the most useful aspects of the WHO 
and NCEP:ATP3 definitions. This will serve to have globally applicable criteria 
enabling uniform inclusion criteria for clinical and epidemiological research.

23.3  Epidemiology

The prevalence of MetS is increasing worldwide paralleling the observed obesity epi-
demic. MetS is no longer solely an adult disease state as a large percentage of obese 
adolescents currently meet the criteria for MetS.13 The increased prevalence of MetS is 
attributed to excessive macronutrient intake in the setting of physical inactivity and if 
not intervened on will have profound negative effects worldwide. When applied to the 
NHANES III data, the WHO and NCEP:ATPIII definitions, respectively, identify 25.1 
and 23.9% of individuals as meeting MetS criteria.14 A similar percentage of individuals 
(24%) are identified in the Framingham Offspring Study.9 Perhaps, most striking is the 
positive association between age and prevalence with only 6.7% of affected individuals 
being 20–29 years of age. This figure increases to 44% of individuals aged 60–69 years.14 
Additional variability is seen between males and females and different ethnicities. As 
stated above, the overall prevalence for MetS in the US population is 24%; this figure 
is the same for nonHispanic whites (24%); however, the prevalence is lower in African 
Americans (22%) and is higher in Mexican Americans (32%), which is in accordance 
with the higher prevalence of obesity in the Mexican American population.15 The lower 
prevalence of MetS in African Americans is interesting given the well-accepted 
increased risk of hypertension and T2DM in this population.16 Globally, South Asian 
populations exhibit an increased prevalence of MetS, however not approaching the 
exceedingly high prevalence observed in the United States. Another commonly 
observed phenomenon is the increased prevalence of MetS among those residing in the 
urban setting when compared with more rural populations. While the reasons for the 
above variations in prevalence are not well understood, they can likely be discovered 
through a more detailed understanding of the pathophysiology involved in MetS, which 
is further discussed.

23.4  Pathophysiology

23.4.1  Inflammation and Obesity

MetS is most commonly associated with visceral obesity, a surrogate marker for 
insulin resistance. The association of visceral obesity with impaired glucose 
homeostasis is well accepted, with current evidence linking insulin resistance to the 
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chronic inflammatory state observed in obese subjects. In this paradigm, visceral 
adipose tissue functions as an endocrine organ mediating both systemic and local 
effects through bioactive proteins such as pro-inflammatory cytokines, chemokines, 
and adipocyte-derived hormones collectively known as adipokines.17 The most 
prominent of these being adiponectin, tumor necrosis factor-alpha (TNF-a), and 
interleukin-6 (IL-6), all of which are involved in the development of insulin resis-
tance and thus are paramount to the pathophysiology of hypertension, dyslipidemia, 
and the hypercoagulability associated with MetS. Other important bioactive 
proteins increased in the obese state include angiotensinogen, monocyte chemoat-
tractant protein-1 (MCP-1), and plasminogen activator factor-1 (PAI-1). It is 
unclear if the majority of these bioactive proteins originate from macrophages that 
have infiltrated visceral adipose tissue or from adipocytes themselves. The infiltra-
tion of visceral adipose tissue with macrophages has been shown experimentally; 
however, the importance of macrophages in the inflammatory cascade of MetS is 
just beginning to be understood.18 Some evidence suggests an important role for 
preadipocytes since they exhibit macrophage-like properties in the proliferative 
phase of development.19 Macrophages also increase the expression of adhesion 
molecules in adipose tissue and endothelial cells by activated T cells through anti-
gen presentation.20 The exact importance of these mechanisms in regard to the 
pathophysiology of MetS has not been determined, but promises to be an active 
area of investigation in the future to further discern the origins of obesity-induced 
inflammation.

Current literature suggests that the initiation of obesity-induced inflammation 
begins with excessive intake of macronutrients leading to increased adipocyte size 
and volume causing increased activation and recruitment of macrophages ulti-
mately leading to increased systemic inflammation. Clearly, macronutrient intake 
is a regulator of oxidative stress and comprehensive systemic inflammation. This 
has been shown experimentally with increased levels of inflammatory transcription 
factors and reactive oxygen species (ROS) found in the setting of macronutrient 
challenge.21 Furthermore, the levels of inflammatory mediators and ROS are 
decreased with a reduction of macronutrient intake in obese individuals.22 However, 
increased macronutrient intake alone cannot explain the observed chronic inflam-
matory state seen with visceral obesity. As previously mentioned, activated macrophages 
appear central to this process, and multiple theories have been proposed to explain 
the initiating events. One of these is that free fatty acids (FFA) induce endoplasmic 
reticular stress directly stimulating nuclear factor kappa B (NFkB), inhibitor of 
nuclear factor kappa B kinase beta subunit (IKKB), and C-Jun nuclear kinase 
(JNK) leading to increased levels of inflammatory cytokines. It is also plausible 
that FFAs directly activate toll-like receptors triggering the observed inflammatory 
cascade.23 These processes appear to have a positive relationship with the degree of 
visceral obesity and hence increased adipocyte size. Activated macrophages 
increase levels of TNF-a and IL-6 leading to initiation of pro-inflammatory down-
stream signaling involving NFkB and JNK.18 NFkB, JNK, along with TNF-a and 
IL-6 impair insulin signaling causing insulin resistance. They also participate in 
positive feedforward signaling loops causing further increases in inflammatory 
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biomarkers. This vicious cycle of systemic inflammation forms the pathophysiological 
foundation of MetS (Fig. 23.1). 

In addition to a role for macrophages, recent evidence points to T cells as contrib-
uting to the inflammation associated with obesity. When T cells are activated by 
antigenic challenge, they express homing markers that target them to tissues, includ-
ing the chemokine receptor 5 (CCR5), the hyaluronan receptor (CD44), and recep-
tors for selectins such as CD62L. These activated T cells then enter tissues that 
harbor docking molecules for such homing signals. The ligand for CCR5, known as 
regulated on activation and normally T cell expressed and secreted (RANTES), is 
one such marker that is highly expressed by visceral fat cells and its expression cor-
relates with the degree of obesity.24 As body mass index (BMI) increases, the accu-
mulation of activated T cells (expressing CCR5) in visceral  adipose tissues increases. 
It has also been recently shown that newly activated effector T cells enter visceral 
adipose tissue in high numbers.25 On resolution of the antigenic challenge, these 
“rested” T cells disappear from peripheral stores and can only be found in lymphoid 
tissues. On repeat antigenic challenge, newly activated effector T cells emerge from 
lymphoid tissues and reappear in peripheral tissues such as visceral fat. Recently, it 
has been recognized that the visceral adipose tissue surrounding vessels, so-called 

Fig. 23.1 Inflammation and obesity. Above is a schematic representation of the interplay between 
preadipocytes, weight gain, FFA, macrophages, and cytokines in the pathogenesis of obesity and 
inflammation.18 Adipocytes and inflammation. FFA free fatty acid; IL interleukin; JNK jun 
N-terminal kinase; MCP monocyte chemotactic protein; NF nuclear factor; TNF tumor necrosis 
factor; VEGF vascular endothelial growth factor
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perivascular fat, is particularly prone to express such homing molecules and to serve 
as a site of inflammation.26,27 In the perivascular fat, T cells release cytokines, such 
as the T

H1
 cytokine TNF-a, which have myriad roles including activation of the 

NADPH oxidase in the adjacent vessel, causing endothelial dysfunction and promot-
ing lesion development and hypertension.26 Of note, T

H1
 cytokines have been impli-

cated in decreasing skeletal muscle utilization of  glucose by decreasing glucose 
receptors, altering hepatocyte lipid synthesis, and damaging pancreatic beta cells. In 
this fashion, the entry of T cells into visceral adipose tissue and in particular perivas-
cular fat might play an important role in the genesis of the MetS.

These considerations regarding T cell activation might also explain the common 
co-existence of chronic low-grade infections or inflammation with components of 
the MetS that have been poorly understood. For example, there is a correlation 
between the severity of chronic peridontitis and hypertension.28 Up to 70% of 
patients with rheumatoid arthritis (a T cell mediated disease) have hypertension29 
and there is a relationship between the severity of psoriasis (another T cell mediated 
disease) and blood pressure elevation.30 It is conceivable that these chronic inflam-
matory diseases lead to a condition where recently activated effector T cells are 
constantly entering perivascular fat and promoting the injurious responses mentioned 
above.

23.4.2  Insulin Resistance

Insulin is a pleiotropic hormone that has multiple effects on various metabolic pro-
cesses and numerous organs throughout the body. The principal actions of insulin 
are to suppress hepatic gluconeogenesis and production of very low-density lipo-
protein (VLDL), facilitate glucose uptake into skeletal muscle and adipose tissues, 
and to suppress the release of FFAs from adipose tissue. The pathophysiology of 
insulin  resistance is complex, and is at least partially mediated through the pro-
inflammatory state associated with visceral obesity.31

Insulin resistance is generally defined as a state in which normal concentrations 
of insulin do not achieve the expected biological and metabolic effects in target 
tissues. This results in a hyperinsulinemic state that downregulates insulin receptors 
in adipose, muscle, and hepatic tissues causing further increases in insulin secretion 
and perpetuation of insulin resistance.32 The initiating events leading to insulin 
resistance are thought to be related to elevated levels of FFAs, a pro-inflammatory 
state, and in some individuals a strong genetic predisposition. Elevated FFAs result 
in activation of protein kinase C causing phosphorylation of serine and threonine 
sites on insulin receptor substrate-1 (IRS-1), thus impairing insulin signaling.33 
Increased levels of FFAs have also been correlated with elevated levels of cer-
amides, which induce many inflammatory pathways involving NFkB and JNK, 
also leading to abnormal phosphorylation of IRS-1.34 Recent research has shown 
that in addition to FFAs, many pro-inflammatory cytokines are directly involved 
with the development of insulin resistance.
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Hotamisligil and colleagues were the first to describe a molecular pathway linking 
inflammation to insulin resistance, specifically focusing on the pro-inflammatory 
cytokine TNF-a.35 Since that time, many other bioactive substances have been 
found to play a role in the inflammation associated with insulin resistance, including 
IL-6, interleukin-1 beta (IL-1b), MCP-1, resistin, leptin, and adiponectin among many 
others. Of these, adiponectin is the only substance whose levels are decreased with 
higher levels of obesity, which is most likely mediated through increased levels of 
TNF-a and IL-6.36 Adiponectin is the predominant adipokine, with many of its 
beneficial effects being lost in the setting of MetS since levels are inversely 
 proportional to BMI. In healthy nonobese individuals, adiponectin dominates over 
the  pro-inflammatory cytokines and functions to maintain metabolic harmony and 
contributes to healthy vascular endothelial function. This is accomplished through 
stimulation of nitric oxide production in vascular endothelial cells, induction  
of  peroxisome proliferator-activated receptor-alpha (PPAR-a) leading to modula-
tion of FFA oxidation in muscle tissue, activation of adenosine monophosphate  
(AMP) kinase, and thus decreased hepatic gluconeogenesis and promotion of 
glucose transporter-4 (GLUT4) -mediated glucose uptake in muscle tissue.37,38 To the 
contrary, resistin and leptin, two other adipokines, are increased in subjects with 
MetS and are pro-inflammatory. Leptin increases macrophage activation and 
release of TNF-a and IL-6, while resistin conveys resistance to insulin and also 
induces inflammation via activation of NFkB.39,40

At increased levels, pro-inflammatory cytokines and chemokines increase local 
and systemic oxidative stress, increase levels of FFAs, induce apoptosis of pancre-
atic b-cells, and mediate insulin resistance.41 Experimentally, IL-6 and TNF-a 
induce insulin resistance through interference with tyrosine phosphorylation of 
IRS-1, thus preventing the translocation of GLUT4 to the plasma membrane.21 
Macrophages in adipose tissue play a key role in the production of the pro- 
inflammatory mediators found in MetS through their increased binding of NFkB, 
a key pro-inflammatory transcription factor, which is inhibited by adiponectin.42 
The combination of increased macrophage activation and recruitment, elevated 
levels of TNF-a and IL-6, increased activity of pro-inflammatory transcription 
factors, and elevation in serum FFA concentrations accompanied by a hyperinsu-
linemic state all serve to drive the insulin resistance, forming what many feel is the 
foundation of MetS.

23.4.3  Dyslipidemia

The dyslipidemia in MetS has been termed “atherogenic” dyslipidemia because of 
decreased levels of high-density lipoprotein cholesterol (HDL-C), increased levels 
of small dense low-density lipoprotein cholesterol (LDL-C), and an increase in 
serum triglycerides, the combination of which is associated with increased athero-
genesis.43 The mechanism of dyslipidemia in MetS is largely the result of impaired 
insulin signaling having many deleterious downstream effects. These include (1) 
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decreased activity of insulin-dependent lipase in adipocytes leading to increased 
lipolysis and release of FFAs, (2) increased activity of hepatic lipase leading to 
abnormal metabolism of HDL-C and LDL-C, and (3) impaired degradation of apo-
liporotein B (apo B) leading to increased levels of VLDL and triglycerides44 
(Fig. 23.2). In MetS, FFAs are elevated and synthesized to triglycerides before 
being packaged into apo B proteins and ultimately released into the circulation as 
VLDL particles. Normally, apo B is degraded in the liver via an insulin-dependent 
pathway involving phosphoinositide-3 kinase (PI3K). This pathway is inhibited in 
the insulin-resistant state, further increasing serum levels of VLDL.45 Additionally, 
the peripheral clearance of triglyceride-rich VLDL is impaired given the decreased 
levels of lipoprotein lipase in the insulin-resistant state, which also contributes to 
the elevation of serum triglycerides. Once circulating, VLDL particles transfer 
triglycerides to HDL-C particles via the action of cholestryl ester transfer protein 
(CETP) resulting in triglyceride-rich HDL-C particles. Triglyceride-rich HDL-C 
particles are the preferred substrate of hepatic lipase, the activity of which is 
increased in insulin resistance. Increased hepatic lipase activity causes increased 
hydrolyzation of triglycerides from HDL-C particles resulting in decreased HDL-C 
diameter. This is problematic because renal clearance of HDL-C is inversely 
proportional to HDL-C size, thus more HDL-C particles are removed from the 
circulation and low serum levels ensue. Additionally, the morphology of LDL-C 
particles is altered resulting in small dense particles that are more atherogenic than 
their larger more buoyant counterparts.46 Another cardioprotective lipid, ApoA-I, is 
also decreased in the insulin-resistant and pro-inflammatory state. Its gene expres-
sion appears to be directly downregulated by TNF-a and other inflammatory cytok-
ines. It is possible that pro-inflammatory cytokines also have direct effects on 
HDL-C and LDL-C; however, these effects have not been well described.

23.4.4  Endothelial Dysfunction and Hypercoagulability

The vascular endothelium is a dynamic structure, the dysfunction of which is 
mediated through pro-inflammatory and prothrombotic proteins. Many of these 
proteins  are increased in MetS and the insulin-resistant state potentially increasing 
the risk of atherothrombosis. Elevated levels of TNF-a, IL-6, PAI-1, C-reactive 
protein (CRP), and tissue factor (TF) are integral in this process.47 TNF-a, through 
its upregulation of NFkB, leads to increased levels of vascular adhesion molecules 
and decreases the activity of endothelial nitric oxide synthase (NOS3), thus leading 
to decreased levels of nitric oxide (NO) and impaired endothelial relaxation. 
Decreased NO levels also promote platelet adhesion and aggregation in vessel 
walls favoring a state of thrombosis.48,49 Insulin itself has many beneficial proper-
ties beyond its integral role in glucose metabolism. Insulin decreases levels of PAI-
1, TF, matrix metalloproteinases, suppresses activity of NFkB, directly increases 
NOS3 expression and NO release from vascular endothelial cells, and suppresses 
production of ROS through inhibition of NADPH oxidases, all of which improve 
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endothelial function or mitigate thrombosis 21,50. In the insulin-resistant state, all of 
these beneficial functions are lost leading to endothelial dysfunction and a pro-
thrombotic environment. Insulin also causes the release of endothelin-1, a potent 
vasoconstrictor, which in the insulin-resistant state is favored over the production 
of NO leading to increased vasoconstriction.51 The combination of increased ROS, 
a hypercoagulable state, decreased NO availability, and increased vascoconstriction 
serves to alter normal hemostasis and endothelial function, most likely contributing 
to the increased risk of CVD and stroke in subjects with MetS.

23.4.5  Hypertension

Insulin resistance, obesity, a Western lifestyle and diet, and a pro-inflammatory state, 
all contribute to the pathophysiology of hypertension in MetS. Insulin resistance and 
abdominal obesity are associated with increased adrenergic tone, activation of the 
renin–angiotensin system (RAS), and microvascular dysfunction.51,52 Activation of 
the RAS is directly mediated through adipocytes and increased systemic sympathetic 
activity. Increased expression of genes encoding for vasoactive proteins involved in 
the RAS is observed in adipocytes of abdominally obese subjects resulting in secre-
tion of angiotensinogen.52,53 Elevated levels of endothelin-1, the major effector pep-
tide of the endothelin family, are found in insulin-resistant subjects causing increased 
vasoconstriction in resistance vessels, thus contributing to the development of hyper-
tension through microvascular dysfunction.51,54 In addition to vasoactive substances, 
many pro-inflammatory cytokines, particularly TNF-a, have also been associated 
with insulin resistance and hypertension. TNF-a impairs the vasodilatory effects of 
insulin through activation of JNK, in addition to directly decreasing skin capillary 
recruitment. Additionally, FFAs, also elevated in MetS, can directly lead to vasocon-
striction partially explaining why hypertension has long been associated with the 
typical Western diet.55,56 Hypertension in the obese insulin-resistant individual is 
complex and multifactorial with vasoactive substances, pro-inflammatory cytokines, 
and FFAs all playing a role. Given the heritability of essential hypertension, one 
might expect to find a strong genetic component to hypertension in subjects with 
MetS; however, hypertension is not one of the MetS traits that has strong evidence to 
support its inheritance as is further discussed below.

23.5  Genetics

The increased prevalence in obesity-related MetS is undoubtly a result of environ-
mental factors such as physical inactivity, overeating, and consumption of the tradi-
tional Western diet; however, there is evidence for a genetic predisposition to MetS. 
In 1962, James Neel proposed the thrifty gene hypothesis suggesting that in primitive 
humans natural selection favored energy-conserving genotypes given the frequency 
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of malnutrition and the scarcity of food supply. In times of nutritional abundance, 
these genes become unfavorable and quite likely predispose to conditions such as 
MetS and T2DM.57 Neel’s hypothesis helped to fuel the movement to identify a 
genetic basis for the development of T2DM that has now carried over to MetS. The 
first step to establish a genetic basis for these disease states is through a heritability 
assessment utilizing concordance statistics comparing monozygotic to dizygotic 
twins or through family studies. No such studies have been performed for MetS 
specifically; however, all the individual traits comprising the MetS do appear to have 
some genetic basis with glucose intolerance, obesity, and low HDL-C having the 
strongest evidence for genetic influence.58,59 This is well described in the Pima 
Indian population who on migrating to the United States and adopting a Western 
lifestyle manifest a high prevalence of obesity (85%) and T2DM (50%) by the age 
of 35 years. In contrast, Pima Indians of the same lineage living in Mexico with a 
traditional lifestyle have a much lower prevalence of these conditions.60 With the 
completion of the human genome project, the ability to search for candidate genes 
predisposing to MetS and T2DM has now become possible. Some candidate genes 
have been identified and are discussed below.

Firm evidence exists for linkages between chromosomes 2, 3, and 16, specifically 
bands 3q27, 16p13-pter, and 2 at 240-cm, with the development of MetS. 
Additionally, suggestive linkages have been observed with chromosomes 7, 12, 14, 
and 15.59 Identification of a proline to alanine (Pro12Ala) mutation in the PPAR-g, a 
commonly targeted receptor in the treatment of T2DM, at 3p25 has been associated 
with many traits of MetS. Two other mutations involving the PPAR-g gene, 
Val290Met and Pro467leu, have been identified in patients who developed insulin 
resistance, T2DM, and hypertension at an early age.

Another candidate gene is the beta-3 adrenergic receptor that is expressed in 
visceral fat. Reportedly, a missense mutation at Trp64Arg confers increased abdomi-
nal obesity, insulin resistance, and high blood pressure in individuals who are carri-
ers for this genetic variant when compared with individuals who are homozygous 
for the wild-type Trp64Trp.61 However, this observation has not been reproduced by 
other investigators.62 In T2DM, there is increased frequency of genetic polymor-
phisms in the IRS-1 when compared with controls. This finding increases the likeli-
hood that mutations leading to changes in the insulin receptor substrates may confer 
a genetic predisposition to MetS. Thus, there appears to be some evidence to support 
a genetic predisposition to MetS; however, this data is in its  infancy and more 
research is needed to further clarify a genetic cause-and-effect relationship.

23.6  Cardiovascular Risk

It is well accepted that each component of MetS confers increased CVD risk on its 
own. Thus, it makes sense that MetS is positively associated with CVD risk, CVD-
related death, and overall mortality. The more appropriate question is whether or not 
MetS confers greater CVD risk than would be expected by the sum of its compo-
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nents alone. Some recent evidence suggests that it does63 however, other studies have 
shown that it does not,64,65 and this continues to be a topic of great debate.66 Multiple 
studies have shown an increased risk of CVD in subjects with MetS after adjusting 
for age, smoking status, LDL-C, and race. Additionally, MetS confers an increased 
risk of CVD mortality and death in those with known coronary atherosclerotic dis-
ease and prior myocardial infarction.67 Interestingly, the risk of CVD conferred by 
MetS appears to be slightly higher for women than men.68,69 The reason for this is 
not well understood, but thought to be related to deficiencies in sex hormones in the 
postmenopausal state contributing to endothelial dysfunction and atherogenesis.

In European cohorts, the relative risk (RR) of CVD mortality in men with MetS are 
2.09, 1.72, and 1.51 based on WHO, NCEP:ATP3, and IDF definitions, respectively.70 
These results are relatively consistent with other studies assessing CVD risk and MetS.12 
When compared with the Framingham Risk Score, the MetS category is inferior for the 
prediction of CVD risk at 10 and 20 years; however, the predictive power of MetS is 
increased at 20 years compared with 10 years. This is quite likely because MetS does not 
take into account factors such as age, gender, total cholesterol, and smoking history.71 
MetS is also an independent predictor for the development of heart failure after adjusting 
for the presence of established etiologies.72 This is thought to reflect the chronic inflam-
matory state of MetS and possibly the presence of sleep-disordered breathing, which is 
more commonly found in obese individuals. The risk of stroke is also increased in MetS; 
however, as with CVD, the Framingham Risk Score is a superior predictor. Using the 
diagnosis of MetS as a clinical tool to identify patients at high risk for CVD may be 
easier than calculating the Framingham Risk Score and potentially more clinically appli-
cable. However, MetS is not a robust predictor of short-term CVD risk, thus recognition 
of MetS should prompt the physician to aggressively risk stratify individuals with proven 
CVD risk prediction models and then treat them appropriately.

23.7  Risk of Type 2 Diabetes

It is not surprising that MetS is a strong predictor for future development of T2DM given 
the inclusion of insulin resistance and abdominal obesity in its definition, both of which 
have been independently associated with an increased risk of T2DM.73,74 Applying the 
NCEP:ATP3 definition to the Framingham Offspring Study showed a 6.9-fold increased 
risk for the development of T2DM over an 8-year period. This increased RR was similar 
among men and women.12 When compared with the Framingham risk score, MetS was 
superior in predicting future development of T2DM; this is not surprising given that the 
Framingham risk score does not incorporate either abdominal obesity or insulin resis-
tance in its calculation. When taken together, the risk of developing either CVD or 
T2DM rises as the number of MetS components affecting an individual increases. In 
using MetS as a clinical tool, it has the added benefit of providing a quantifiable risk 
without requiring more labor-intensive laboratory testing to identify individuals with 
glucose intolerance and insulin resistance. The incorporation of abdominal obesity into 
the definition of MetS is a surrogate for insulin resistance, thus making MetS a very 
powerful tool for identifying individuals who are at high risk of developing T2DM.
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23.8  Treatment

23.8.1  Lifestyle Modification

The clinical care of individuals with MetS should focus on decreasing risk of CVD 
and the risk of developing T2DM. Lifestyle interventions, i.e. smoking cessation, 
weight loss, increased physical activity, and diet modifications are the cornerstones 
of therapy for individuals with MetS and have been shown to lower blood pressure, 
increase insulin sensitivity, improve lipid profiles, and decrease systemic inflam-
mation.75 Additionally, weight loss and physical activity are independently associated 
with decreased CVD risk and risk of developing T2DM.76,77 Weight loss can be 
accomplished through increased physical activity, diet modifications, surgical 
therapy, drug therapy, or a combination of these interventions. Physical activity is 
the preferred method of weight loss given its additional beneficial effects and 
inverse association with cardiovascular risk and progression from insulin resistance 
to T2DM. Currently, the American Heart Association recommends 30 min or more 
of moderate intensity physical activity at least five times per week.78 The Diabetes 
Prevention Program “lifestyle exercise” has shown promise with multiple short 
bouts of exercise showing similar benefits to a single day exercise session.79 For 
some, this should increase compliance. Adopting a Mediterranean diet high in 
fruits, vegetables, fiber, and monounsaturated fats reduces the prevalence of MetS 
by up to 25%, improves endothelial function, and reduces serum levels of inflam-
matory markers.80,81 Taken together, physical activity, weight loss, and diet modifi-
cation can drastically reduce the prevalence of MetS in affected individuals.

23.8.2  Pharmacologic  and Surgical Interventions

In addition to lifestyle modification, other weight loss therapies, such as pharmaco-
logic and surgical interventions, show promise in the treatment of MetS. Clinical 
trials assessing the efficacy of gastric bypass surgery show drastic reductions in 
MetS up to 2 years out from surgery.82 In these trials, the average amount of weight 
lost was 55–75% of their presurgical weight. This weight loss correlated with 
85–95% of subjects showing resolution of MetS at 2-year follow-up. This data is 
promising; however, longer follow-up periods are needed before firm conclusions 
can be  made. The same benefit is not reproduced with subcutaneous surgical fat 
removal correlating with the hypothesis that the accumulation of visceral adipose 
tissue is responsible for the development of MetS.

Additional research has shown promise with the selective cannabinoid-1 recep-
tor blocker, rimonabant, showing modest sustained weight and waist circumference 
reductions with favorable effects on cardiometabolic risk factors and statistically 
significant reductions in the prevalence of MetS among treated individuals.83 
Rimonabant appears to have an advantage over other pharmacologic weight loss 
options, orlistat: a lipase inhibitor, and sibutramine: a norepinephrine, serotonin, 
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and dopamine re-uptake inhibitor that acts as an appetite suppressant, given its 
improved tolerability and increased quantity of weight loss.84 Orlistat and 
sibutramine are currently approved for the treatment of morbid obesity in the 
United States; however, rimonabant is currently only approved for use in Europe.

23.8.3  Insulin Resistance

The treatment of Insulin resistance, also known as prediabetes or glucose intolerance 
in MetS, is of utmost importance given its key role in the pathogenesis of this syn-
drome. The Diabetes Prevention Program compared physical activity and weight loss 
to oral metformin therapy and placebo for the prevention of progression to T2DM in 
patients with glucose intolerance. Over a 2.8-year follow-up, lifestyle modifications 
yielding a 7% weight loss was the most efficacious therapy with the development of 
4.8 cases of T2DM per 100 person-years, the metformin group had 7.8 cases per 100 
person-years, while the placebo group had 11 cases per 100 person-years.85 A study in 
Finland showed similar results.86 The same interventions were shown to decrease the 
incidence of MetS defined by NCEP:ATP3 criteria by 41 and 17% in the lifestyle 
modification and metformin groups, respectively.87 Additionally, metformin is the only 
oral hypoglycemic drug that has been shown to decrease the incidence of macrovas-
cular complications associated withT2DM, which is a beneficial effect of this agent.

Therapy with thiazolidinediones (TZD) has also been assessed in prediabetic 
populations. Recently, TZDs have shown a decrease in the progression of prediabe-
tes to T2DM in glucose-intolerant individuals, with 25% of the placebo group and 
only 10.6% of the study group receiving rosiglitazone 8 mg daily, progressing to 
T2DM.88 TZD’s also decrease blood pressure and have more recently been pro-
posed to be a first-line therapy for individuals with MetS because of the previously 
described beneficial effects.86 Caution must be taken in utilizing this class of drugs 
because of their association with an increased incidence of congestive heart failure.88 
There are no official recommendations for pharmacological treatment of insulin 
resistance; however, this may change in the near future.

23.8.4  Hypertension

Current recommendations for the treatment of elevated blood pressure for individu-
als with MetS remain in concert with those proposed by the seventh Report of the 
Joint National Commission.89 These along with other treatment  recommendations 
are shown in Table 23.2. Dietary modifications, specifically the Dietary Approaches 
to Stop Hypertension (DASH) trial diet reduce blood pressure and improve the meta-
bolic risk profile of individuals with MetS.90 Additionally, aggressive weight reduc-
tion is associated with a decrease of 5–20 mmHg in systolic blood pressure for every 
10 kg of weight loss.89 Regular aerobic exercise also reduces blood pressure yielding 
a 4–6 mmHg decrease in systolic blood pressure.91 In addition to dietary and lifestyle 
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modifications, multiple pharmacologic options exist for the treatment of hyperten-
sion. Angiotensin-converting enzyme inhibitors (ACE-I) and angiotensin receptor 
blockers have favorable effects on glucose profiles and thus should be considered 
early in the treatment of hypertensive individuals with MetS.92

23.8.5  Dyslipidemia

Atherogenic dyslipidemia is intimately associated with insulin resistance. As previ-
ously discussed, increased triglycerides, increased number of small dense LDL-C 
particles, and decreased levels of HDL-C are the manifestations of the atherogenic 
lipid profile in MetS. Importantly, the quantitative increase in smaller LDL-C particles 
seen in insulin-resistant and diabetic individuals may not be accurately depicted by 
conventional lipid profile assays. Recent clinical trials comparing lipid measurements 
taken by nuclear magnetic resonance spectroscopy and conventional lipid profile 
show an increase in small LDL-C particle number that is not well represented in the 
conventional lipid profile.93 The implications of this are not yet well established. 
Currently, the  goals of treatment of patients with MetS are the same as for any 
other patient population and are based on the NCEP:ATP3 guidelines78 (see 
Table 23.2). Many pharmacological options are currently available including 
3-hydroxy-3-methylglutaryl (HMG) coenzyme A reductase inhibitors (statins), 
fibric acid derivatives, and niacin.

Statins have proven efficacy in both the primary and secondary prevention of 
CVD in patients both with and without the MetS.94,95 Some data suggests a potentially 
greater benefit for secondary prevention of coronary heart disease (CHD) in those 
with the atherogenic lipid profile associated with MetS.94 Another study looking at 
secondary prevention of CVD-related events in patients with MetS showed improved 
risk reduction with high-dose vs. low-dose statin therapy; this data was strongest for 
individuals with three or more components of MetS.96 This data supports the current 
recommendation of an optional, but reasonable LDL-C target of <70 mg/dL set forth 
by the American Heart Association and the American College of Cardiology.97 In 
addition to reducing LDL-C levels, statins also have beneficial effects on HDL-C and 
triglycerides, which are of particular importance in individuals with MetS.

Fibric acid derivatives have long been an option for the treatment of dyslipi-
demia and have recently been evaluated in those with MetS showing beneficial 
results. Fibrates have beneficial effects on serum LDL-C, HDL-C, and triglycerides. 
European studies show significant reductions in CHD events and sudden death.98 
This data is best shown through subgroup analyzes when individuals with MetS are 
looked at specifically. It appears that of all patient populations, those with MetS 
benefit the most from fibric acid therapy. These benefits are most likely the result 
of increased HDL-C levels, a shift from smaller dense to larger and softer LDL-C 
particles, and decreased triglycerides all translating to decreased atherogenesis. 
Trials are currently underway to assess the benefits of combination therapy with 
fibrates, statins, and niacin in individuals with MetS.
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Niacin, also known as nicotinic acid or vitamin B3, has been shown in multiple 
clinical trials to increase serum HDL-C levels, decrease LDL-C levels, increase 
LDL-C particle size, and decrease triglycerides. Immediate release niacin appears 
to be slightly more effective in modifying the lipid profile than its intermediate-
release counterpart; however, only the latter is realistically tolerated in the clinical 
setting.99 Recent data suggests that niacin in combination with statins actually 
causes regression of carotid intima media thickness in contrast to statin therapy 
alone.100 Importantly, niacin does cause a slight increase in fasting blood glucose 
levels; however, this can be adequately controlled by hypoglycemic therapy. Uric 
acid levels can also be increased with niacin therapy; therefore, caution should be 
taken in individuals with gout. Unfortunately, niacin is poorly tolerated given its 
cutaneous side effects, especially a flushing sensation. To improve tolerability, a 
325 mg aspirin can be taken 30 min prior to niacin dosing to reduce frequency and 
intensity of these reactions.101 Additionally, it is reasonable to implement daily anti-
platelet therapy in patients with MetS given the increased risk of CVD. Given the 
beneficial effects of niacin on the atherogenic lipid profile, decrease in CVD events 
and regression of atherosclerosis when  combined with statin therapy, niacin is a 
valuable pharmacological agent for the treatment of dyslipidemia in MetS.

23.9  Summary

MetS has emerged as a unique entity conferring risk for development of CVD and 
T2DM. Prevalence of MetS is reaching epidemic proportions and will undoubtedly 
have a profound impact on the development of CVD and T2DM for generations to 
come. The origins of MetS appear to be multifactorial with visceral obesity and 
insulin resistance central to its pathogenesis. Environmental and lifestyle factors 
are also paramount in this disease process with genetic predisposition most likely 
contributing to a lesser degree. The increased risk of CVD and T2DM is well docu-
mented in those with MetS and is the reason for the early identification and 
aggressive treatment of these individuals. Standard therapeutic lifestyle modifica-
tions are the first-line treatment for MetS. Currently, pharmacological therapy is 
directed by current guidelines for the treatment of each individual component of 
MetS. It remains to be seen if any of these recommendations are specifically curtailed 
toward the treatment of individuals with MetS in the future.
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