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FOREWORD

This book, “Contemporary Concepts in Cardiology”, has been created
by a superb group of editors including Richard Gorlin and George Dangas
form New York, and Pavlos K. Toutouzas and M.M. Konstadoulakis from
Athens.

Aside from its scientific merit, the book will serve as tribute to Pro-
fessor Richard Gorlin, whose death occurred before the book reached the
bookselves of the readers. Gorlin taught us all the importance of learning
the pathophysiologic mechanisms that are responsible for clinical condi-
tions. Simply stated, he believed the art of medicine was improved if one
understood why things happened. The legendary Gene Stead wrote why he
and his associates perceived his teacher Soma Weiss as a great man. One
reason he gives was, “his forte was to elicit the symptoms and signs and to
relate them to pathophysiology.” (Essays bv E.A. Stead Jr. A way of think-
ing: a primer on the art of being a doctor. Edited by B.F. Haynes. Durham:
Carolina Academic Press 1995: 65).

This book deals with contemporary concepts, and it is not presented
as a complete treatise on cardiovascular problems. Rather it deals with
current issues in which considerable progress and new insights are being
developed. The book has been divided into seven sections: Coronary
Artery Disease, Hypertension, Cardiomyopathies, Cardiac Genetics,
Non-invasive Cardiology, Interventional Cardiology, and Electrophysiolo-
gy. Each of the chapters leads the reader into a deeper understanding of
the subject. Soma Weiss would, I believe, enjoy this book.

The editors and authors have done an excellent job in selecting and
discussing the subjects that are currently being investigated and in which a
conceptual understanding will improve the function and wisdom of the
physician who studies their words.

J. Willis Hurst, MD

Consultant to the Division of Cadiology
Professor and Chairman, Emeritus,
Department of Medicine

Emory University School of Medicine
Atlanta, Georgia, USA



PREFACE

In the era of instant global communication, medicine is an internatio-
nal discipline characterized by a wide range of patient referral systems,
world-wide discussion of clinical and research findings, and an explosion in
the medical literature. Perhaps no field has progressed more than cardiol-
ogy in the past few years.

The present text has been conceived as a supplement to the classic
cardiology textbooks for the use of practicing physicians, cardiologists-in-
training, medical students, and research investigators. We focus on asso-
ciations between refinements in the understanding of disease and clinical
applications. The material is presented in a way that limns the latest adva-
nces and focuses thinking towards future developments in cardiology.

We assembled a respected international panel of contributors so that
each chapter is authored by a well-known specialist in his or her field.
Every attempt was made to avoid the fragmentation which often characte-
rizes the digest approach. Because the constant flow of information makes
it nearly impossible to construct a timely book on advances in cardiology,
the included chapters that describe the current concepts in cardiology and
their underlying rationale, rather than attempting a comprehensive review
of the most recent papers in each discipline. As new work emerges, it sho-
uld fit into the overall blueprint.

This book would not have been possible without the help of many
people. First, we thank the editorial team of the University of Athens for
their collaboration. Next, we recognize the authors for their willingness to
participate in this task and for their concise contributions. Thanks are also
due to Karen Sadock, A.B., M.Div., for expert editorial review, and to L.
Tiernan and M. Healy from the New York team, as well as to V. Kalaitzi
and S. Tapa from the Athens team for their assistance. Finally, we ackn-
owledge Melissa Ramondetta and Margarita Papailiou on behalf of the
publishers.

George Dangas, Richard Gorlin

Mount Sinai School of Medicine, New York



PROLOGUE

We live in an era that Cardiology is punctuated by the rapid expansion
of its scientific base; new technology and an availability of diagnostic and
therapeutic modalities have never previously benn encountered.

In this book we attempt to describe the important changes of the car-
diology within the last couple of years. The advances made in cardiology
are reviewed by the pioneers of this field. Thorough analyses of the results
of national and international trials, on hypertension and hyperlipidemias
are analyzed and evaluated.

Normal cardiovascular function are affected profoundly by a large
number of processes at the molecular and genetic lever that are now being
understood. It is becoming clear that these abnormalities are the basis of
many cardiovascular diseases. Research in the genetics of many diseases
has been given added impetus by the increasing likelihood tha gene thera-
py will become a realistic therapeutic option. For this reason, in this book,
special emphasis is given on Molecular Cardiology and its potential appli-
cation on prevention, diagnosis and therapy.

We dedicate this book to every physician and we believe that it comes
to fill a gap in the current literature, emphasizing a possible victory of non-
invasive cardiology, which seems to be ready for the challenge of the year
2000.

Pavlos K. Toutouzas, M.M. Konstadoulakis
National University of Athens School of Medicine
Athens, Greece
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DISEASE



1 PATHOGENESIS OF
ATHEROSCLEROSIS

Antonio Fernandez-Ortiz, Juan J Badimon, Valentin Fuster

Atherosclerosis is the result of a complex interaction between blood elements, dis-
turbed flow, and vessel wall abnormality. In the prevalent view, atherosclerosis is
considered a specialized type of chronic, inflammatory, fibroproliferative response
of the arterial wall to various sources of injury.! Several pathologic processes are
involved in atherosclerotic plaque evolution: chronic endothelial injury, with in-
creased permeability, endothelial activation, and monocyte recruitment; cellular
growth, with smooth muscle cell migration, proliferation, and extracellular matrix
synthesis; degeneration, with lipid accumulation, necrosis, and calcification; inflam-
mation, with leukocyte activation and extracellular matrix degradation; and throm-
bosis, with platelet recruitment and fibrin formation. In addition, biologic processes
may be involved in lesion stabilization or even regression. This chapter will review
pivotal cellular and mollecular events in the processes of initiation, progression,
stabilization and regression of atherosclerotic lesions.

Atherosclerotic plaque initiation and progression

Endothelial Injury

The endothelium is intimatelly involved in the pathogenesis of atherosclerosis. Non-
adaptive changes in the functional properties of the vascular endothelium, pro-
voked by various pathologic stimuli, can result in localized alterations in the inter-
action of cellular and macromolecular components of circulating blood with the
arterial wall. These include: altered permeability to plasma lipoproteins, increased
cytokine and growth factor production, imbalances in procoagulant and fibrinolytic
activity, and hiperadhesiveness for blood leukocytes. These manifestations, collec-
tively termed “endothelial dysfunction”, play an important role in the initiation of
atherosclerosis.



4 Section A - Coronary artery disease

Among endothelial injury sources, hypercholesterolemia has been extensively
investigated. There is accumulating evidence to suggest a direct injurious effect of
elevated levels of LDL cholesterol, in particular its oxidative derivative, on the
endothelium.? Lysolecithin, a product formed as a consequence of lipid peroxida-
tion of LDL particles, has been related to abnormal endothelium-dependent vaso-
motion.? In addition, hypercholesterolemia by itself is a stimulus to augmented
generation of superoxide radicals by the endothelium which directly inactivates ni-
tric oxide and increases the subsequent oxidation of LDL particles.* More impor-
tantly, a recent randomized study has shown that coronary artery endothelial dys-
function in patients with hypercholesterolemia can be significantly improved by a
combination of LDL-lowering and antioxidant therapy.’ Others forms of endothe-
lial injury such as those that can be induced by advanced glycosilated end-products
in diabetes (particularly insulin dependent), chemical irritants in tobacco smoke,
circulating vasoactive amines, immunocomplexes, and certain viral infections may
potentiate chronic endothelial injury favoring further accumulation of lipids and
monocytes into the intima.

In addition to biochemical injury, biomechanical forces are involved in the
process of atherogenesis by determining the location where lesions form earlier and
more rapidly than elsewhere. Endothelial dysfunction appears to occur first at sites
of decreased shear, where there are back currents and eddy currents, such as at
branches and bifurcations in the arterial tree.® It has been shown that endothelial
cells undergo morphological alterations in response to change in the degree and
orientation of shear forces. Elongated endothelial cells are located in regions of
high shear stress, whereas poligonal endothelial cells are located in low shear stress
regions 7, and these alterations may contribute to change endothelial cell perme-
ability for atherogenic lipoprotein particles.

Lipid accumulation into the vessel wall

The peculiar properties of atherosclerotic intima that lead to accumulation of lipids
have not been identified. Most lipids deposited in atherosclerotic lesions are de-
rived from plasma LDL. The LDL receptor, discovered by Goldstein and Brown ¥,
tightly regulates the cholesterol content of cells. Under normal conditions, vascular
cells cannot increase their cholesterol content beyond a certain point even in the
presence of very high concentration of native LDL in the medium. However, it has
been shown that chemical acetylation of LDL modified it to a form that is taken up
rapidly by macrophages via a specific, saturable receptor -the acetyl LDL receptor
or scavenger receptor-.® Unlike the LDL receptor, this receptor did not down-reg-
ulate when the cholesterol content of the cell increased. Later, it was shown that
any of the major cell types characterizing an atherosclerotic lesion -endothelial
cells, smooth muscle cells, and monocyte/macrophages- could carry out LDL mod-
ification and, interestingly, this modification could be strongly inhibited by the ad-
dition of antioxidants to the medium.!” Altough, to this day, we cannot describe
with great detail the conditions in which LDL undergoes oxidative modification in
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Figure 1.1 Multifactorial theory on the origin of atherosclerosis

vivo, we are sure that oxidative modification of LDL particles play a major role in
the pathogenesis of lipid accumulation into atherosclerotic vessel wall. In addition,
recent observation have shown that lipids may also accumulate gradually in the
extracellular matrix of the deep intima as a result of direct binding between insudat-
ing LDL and specific glycosaminoglycans related to chondroitin sulfate ', collagen,
and/or fibrinogen.'?

Monocyte recruitment and macrophage formation

It is likely that the focal accumulation of monocytes/macrophages in atherogenesis
involves the local expression of specific adhesive glycoproteins on the endothelial
surface and the generation of chemotactic factors by altered endothelium, its adher-
ent leukocytes, and possibly underlying smooth muscle cells. Oxidized LDL may
have an initial role in monocyte recruitment by inducing the expresion of adhesive
cell-surface glycoproteins in the endothelium, the most important being E-Selectin,
VCAM-1 (athero-ELAM), ICAM-1 and a recently characterized leukocyte-binding
molecule."!314 Later on, several specific molecules may be relevant in attracting
monocytes to the subendothelial space, such as specific chemotacting protein syn-
thetized by vascular cells (monocyte chemotactic protein-1, MCP-1), colony stimu-
lating factors (CSFs) and transforming growth factor- B(TGF-f). In more advanced
stages, during which there is significant connective tissue production and tissue
necrosis, peptides fragments from fibrin, fibronectin, elastin, collagen degradation,
and thrombin may be the predominat monocyte chemoattractans elaborated. After
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entering the vessel wall, monocytes undergo a remarkable series of changes in their
biological properties to become tissue macrophages. Among various receptors ex-
pressed by cultured macrophages, the acetyl-LDL or scavenger receptor increases
dramatically being responsible for much of the uptake of lipoprotein that converts
the macrophage into a foam cell. Such lipid-laden cells constitute the hallmark
component of fatty streaks, the initiate visible phase of atherosclerotic lesions. It
has been shown that some of the lipid-laden cells in fatty streaks are derived from
smooth muscle cells, but the number of such cells is small compared to the number
of macrophages-derived foam cells. Certainly, smooth muscle cells play their major
role in the progression of atherosclerotic lesions by their replication and synthesis
of connective tissue matrix as we discuss below.

Smooth muscie cell proliferation

The only actual evidence that smooth muscle proliferation occurs in atherosclerot-
ic plaques depends on evidence that the lesions are monoclonal or oligoclonal.
Monoclonality implies that smooth muscle cell proliferation must occur during the
formation of the lesion and that the initial group of cells giving rise to the lesion
must be very small.’® It is uncertain if smooth muscle cell replication occurs at a very
low rate over several years or replication occurs at a high rate in an episodic fashion.
Moreover, plaque smooth muscle cells, at least in vitro, have a very high rate of
spontaneous cell death, and this high levels of apoptosis may account for the appar-
ent short replicative life span of these cells suggesting that plaque cells undergone
some as-yet-undefined injury in vivo.! The smooth muscle proliferative response
depens on a series of complex signals based upon cellular interaction in the local
microenvironment of the artery. Several growth-regulatory molecules may play crit-
ical roles in this process, including platelet-derived growth factor (PDGF), TGF-f,
fibroblast growth factor (FGF), tumor necrosis factor alfa (TNF-a), interleukines-
1 and -2 (IL-1. IL-2), oxidized LDL, and thrombin. Interestingly, recent lineage
studies of vascular smooth muscle origins in the avian and mammalian embryo have
shown that the tunica media of large elastic arteries is composed of cells arising
differently from the ectoderm and mesoderm embryonic lineages.” These two smooth
muscle cell populations may respond differently to local stimuli for growth and
morphogenesis, adaptive remodeling, repair of arterial injury and vascular disease
later in life. The finding that smooth muscle cells in different vessels (aorta, coro-
nary artery, femoral artery) are derived from different lineages in development may
suggest a basis for vessel type-specific differences in rates of primary atherosclerotic
lesion formation.!’

Extracellular matrix synthesis

“Modulation” from a contractile to a synthetic phenotype of smooth muscle cells
into the subendothelial space has been stablished as a key event in the evolution of
atherosclerosis. The term synthetic is used because cultured cells lose much of their
microfilaments and, as seen by transmission electron microscopy, acquire an exten-



Chapter 1 7

sive rough endoplasmic reticulum. The synthetic phenotype of smooth muscle cells
are capable of expressing genes for a number of growth-regulatory molecule and
cytokine receptors, and they can response to those mediators by proliferation and
synthesis of extracellular matrix.! Extracellular matrix is made up of collagen, elas-
tin, and proteglycans. Both chemical and mechanical factors stimulate smooth muscle
cells to make connective tissue. TGF-f is one of the most potent chemical factors
involved in matrix formation !¥, and chronic pulsatile distension in the arterial wall
also favors the synthesis of collagen by smooth muscle cells.!” Interestingly, acceler-
ated smooth muscle cell proliferation and matrix synthesis driven by superficial
inflamation, endothelial denudation, platelet adhesion/degranulation, thrombin
generation, and other blood-derived growth factors, has been related to episodic
atherosclerotic plaque growth.?

Lipid-rich core formation

If excess influx of lipids predominates over its efflux and over the proliferative
response, the atherosclerotic process progresses into the more clinically relevant
lipid-rich core formation. The atheromatous core within a plaque is devoid of sup-
porting collagen, avascular, hypocellular (except at the periphery of the core), rich
in extracellular lipids, and soft like gruel.?! The relative contribution of direct lipids
trapping versus foam cell necrosis in the formation of the atheromatous core and its
growth is unknown. Foam cell necrosis has been widely belived to be more impor-
tant, and the soft lipid-rich core within a plaque is also called a “necrotic core” and
“atheronecrosis”.?> However, recent observations suggest that the core does not
originate primarily from dead foam cells in the superficial intima (fatty streaks) but
rathers arises from lipids accumulating gradually in the extracellular matrix of the
deep intima as a result of complex binding between insudating LDL and glycosami-
noglycans, collagen, and/or fibrinogen.'>? Characteristically, initial deposits of ex-
tracellular cholesterol esters are water insoluble and form an oil-lipid crystalline
phase; however, as lesions progress, additional extracellular accumulation of free
cholesterol results in the formation of cholesterol crystals into the lipid core.?!24

Mature atherosclerotic plaque evolution

As the name atherosclerosis implies, mature plaques tipically consist of two main
componets: soft, lipid-rich atheromatous “gruel” and hard, collagen-rich sclerotic
tissue. The sclerotic component (fibrous tissue) usually is by far the more volumi-
nous component of the plaque, constituing >70% of an average stenotic coronary
plaque.® Sclerosis, however is relatively innocuous because fibrous tissue appears
to stabilize plaques, protecting them against disruption.? In contrast, the ususally
less voluminous atheromatous component is the more dangerous component, be-
cause the soft atheromatous gruel destabilizes plaques, making them vulnerable to
rupture, whereby the highly thrombogenic gruel is exposed to the flowing blood,
leading to thrombosis, a potentially life-threatening event.2420
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Dramatic differences in the incidence, composition, and severity of primary
atherosclerotic lesions are commonly found in different vessel of the same individ-
ual or in different segments of the same vessel. Atherogenic risk factors correlate
with the coronary plaque burden (extent of plaquing) found at autopsy?’, but apart
from an increase in calcification with age and possibly male sex % | a relation of
specific risk factors to segment-specific differences in lesion susceptibility within
the artery remains to be identified.

Unstable plaque evolution

Mature plaques containing a soft atheromatous core are unstable and may rupture;
i.e. the fibrous cap separating the core from the lumen may disintegrate, tear, or
break, whereby the highly thrombogenic gruel is suddenly exposed to the flowing
blood.?4262° The risk of plaque disruption is related to intrinsic properties of indi-
vidual plaques (their vulnerability) and extrinsic forces acting on plaques (rupture
triggers). The former predispose plaques to rupture, whereas the latter may precip-
itate disruption if vulnerable plaques are present.

Plaque vulinerability to rupture

Plaque vulnerability to rupture depens mainly on: size and consistency of the ather-
omatous core, thickness and collagen content of the fibrous cap, inflammation with-
in the fibrous cap, and cap “fatigue”.

Postmortem studies of infarct-related arteries have shown larger atheromatous
cores in segments with plaque disruption than in segments with intact surface®®, and
computer modeling analysis of tensile stress across the vessel wall has shown high
concentrations of stress at the ends of plaque caps overlaying an area of lipid pool,
particularly if lipid pool exceeds “45% of the vessel wall circumference?!. In addi-
tion, the consistency (composition) of the gruel may be also important for stability.
Cholesterol esters soften plaques whereas crystalline cholesterol has the opposite
effect.2 On the basis of animal experiments, lipid-lowering therapy in humans is
expected to deplete plaque lipid, with an overall reduction in cholesteryl esters
(liquid and mobile) and a relative increase in crystalline cholesterol (solid and in-
ert), theoretically resulting in a stiffer and more stable atheromatous core.32 Cap
thickness and collagen content are also important. Compared with intact caps, rup-
tured ones contain less collagen and their tensile stress is reduced 25 Furthermore,
the site of ruptured atherosclerotic plaques is usually heavily infiltrated by mac-
rophages and T cells, suggesting that a localized inflammatory process contributes
to instability and rupture 3. Macrophage-derived foam cells may release toxic prod-
ucts (free radicals and products of lipid oxidation) and proteolytic enzymes (metal-
loproteinases) leading to degradation of the connective tissue matrix and thinning
of the fibrous cap overlying the lipid core.3> Experiments showing an increase in
collagen breakdown when monocyte-derived macrophage are incubated with hu-
man atherosclerotic plaques, clearly indicate that macrophages could be responsi-



Chapter 1 9

ble for plaque disruption.® In addition, mast cells, a powerful neutral protease-
containing effector cell, have been also localized at the shoulder regions of the
atheromatous plaques suggesting that they may also play a part in triggering matrix
degradation and ensuing rupture of coronary plaques.”’ Finally, in the coronary
tree, marked oscillations in shear stress, acute change in coronary pressure or tone,
and bending and twisting of an artery during each heart contraction may fatigue and
weaken a fibrous cap that ultimately may rupture spontaneously, ie, unprovoked or
untriggered.’®

Triggers of plaque rupture

Coronary plaques are constantly stressed by a variety of mechanical and hemody-
namic forces that may precipitate or trigger disruption of vulnerable plaques.®®
According to Laplace’s law, the higher the blood pressure and the larger the luminal
diameter, the more tension (tensile stress) develops in the wall.* If components
within the wall (sof gruel, for example) are unable to bear the imposed load, the
stress is redistributed to adjacent structures (fibrous cap over gruel, for example),
where it may be concentrated at critical points.** The consistency of the gruel may
be important for this stress redistribution because the stiffer the gruel, the more
stress it can bear, and correspondingly less stress is redistributed to the adjacent
fibrous cap.*’ Theoretically, the tension created in fibrous caps of mildly or moder-
ately stenotic plaques may be greater than that created in caps of severily stenotic
plaques (smaller lumen) with the same cap thickness and exposed to the same blood
pressure. Consequently, mildly or moderately stenostic plaques are generally stressed
more than severily stenotic plaques and could therefore be more prone to rupture.
However, high grade stenoses may also be subjected to strong compressive forces
due to the accelerated velocities in the throat. The local Bernoulli’s static pressure
in the throat of the stenosis may become less than the external surrounding pressure
of the artery, causing a negative transmural pressure around the stenotic region.*!
Colapse of severe but compliant stenoses due to negative transmural pressures may
produce highly concentrated compressive stresses from buckling of the wall with
bending deformation, preferentially involving plaque edges, and theoretically, this
could contribute to plaque disruption.*! Finally, circumferential bending may also
contribute to plaque rupture. For normal compliant arteries, the cyclic diastolic-
systolic change in lumen diameter is about 10%, but it becomes smaller with age
and during atherogenesis because of the increased in stiffness.*? Eccentric plaques
typically bends at their edges , ie, at the junction between the stiff plaque and the
more compliant plaque-free vessel wall. Cyclic bending may, in the long-term, weaken
these points, leading to unprovoked “spontaneous” fatigue disruption, whereas a
sudden acentuated bending may trigger rupture of a weakened cap.

Thrombotic response

Probably, most ruptured plaques are resealed by a small mural thrombus which
becomes organized contributing to an episodic, clinically silent, growth of the le-
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sion.*> However, when thrombi are large, they can impair coronary blood flow lead-
ing to acute syndromes of myocardial ischemia.?®* It is likely that many variables
determine whether a ruptured plaque proceeds rapidly to an occlusive thrombus or
persists as a mural non-oclussive thrombus. Local factors such as quantity (fissure
size) and quality of thrombogenic substrate exposed after plaque rupture (plaque
composition), and rheology of blood flow at the site of rupture together with sys-
temic factors inducing hypercoagulable or thrombogenic states [chatecolamines,
lipoprotein(a), fibrinolytic system] may modulate thrombosis at the time of plaque
rupture.

Experimentally, the thrombotic response is influenced by the various compo-
nents of the atherosclerotic plaque exposed following rupture. Exposure of mac-
rophage-rich or collagen-rich matrix, which might be present in small plaque fis-
sures, is associated with less platelet deposition than that seen after exposure of the
lipid-rich core of the plaque.?® Consequently, atheromatous plaques containing lip-
id-rich “gruel” are not only the most vulnerable plaque to rupture, they are also the
most thrombogenic when their content is exposed to flowing blood after rupture.
The component(s) responsible for such high thrombogenicity found in the gruel is
unknown. Tissue factor protein (derived from disintegrated macrophages?) has been
identified immunohistochemically in a scattered pattern within the atheromatous
core of human carotid plaques.* The time course for the appearance of tissue fac-
tor in plaque is not known. Tissue factor mRNA expression and tissue factor activity
have been shown to be elevated after balloon injury in rats, implying that a proco-
agulant response is part of the proliferative response of the vessel wall to injury.*

Acute thrombotic response to plaque disruption depends also in part on the
degree of stenosis and sudden geometric changes following the rupture. High shear
rates at the site of a significant stenosis will predispose to increased platelet and
fibrin(ogen) deposition by forcing both to the periphery where they may be depos-
ited at the site of plaque rupture.*® A small geometric change with only mild steno-
sis may result in a small mural thrombus, whereas a larger geometric change with
severe stenosis may result in a transient or persistent thrombotic occlusion. Fur-
thermore, the disruption of a plaque at the apex of an stenosis may result in a
thrombus that is richer in platelets and, therefore, less amenable to fibrinolytic
agents than a thrombus formed in a zone distal to the apex.

Besides local factors, clinical and experimental evidence have suggested that
systemic factors inducing a primary hypercoagulable or thrombogenic state may be
responsible for formation of a large thrombus after plaque disruption. Platelet ac-
tivation and the generation of thrombin may be enhanced by high levels of sympa-
thetic activity, hypercholesterolemia, increased level of Lp(a), and other metabolic
abnormalities, such as diabetes mellitus.?>*> Hemostatic proteins, specifically fi-
brinogen and factor VII, have been also implicated as major thrombogenic risk
factors. Several prospective studies have shown a high plasma fibrinogen concentra-
tion to be highly significant independent risk factor for coronary artery disease,
specifically associated with myocardial infarction.*’” High levels of factor VII coag-
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Figure 1.2 Evolution of coronary atherosclerosis

ulant activity are also associated with an increased risk of coronary events.*’ Both
proteins are elevated in relation to age, obesity, hyperlipidemia, diabetes, smoking
and emotional stress *®, thus they may also explain partially the effect of other risk
factors associated with the disease.

Stable plaque evolution

Alternatively to plaque rupture and thrombus formation, if at early stages of ath-
erosclerotic plaque evolution, smooth muscle cell proliferation and extracellular
matrix synthesis predominates over lipid and macrophage accumulation into the
vessel wall, lesions may grow giving rise to an advanced sclerotic plaque.*’ Such
lesions consist entirely or almost entirely of scar collagen, and lipid may have re-
gressed or it may never have been in the lesion. Collagen formation is the major
contributor to the volume of atherosclerotic plaques, and collagen-rich lesions con-
stitute frequently the pathophysiologic basis for stable coronary syndromes. Inter-
estingly, human vessels can undergo massive accumulations of atherosclerotic mass
without lumen narrowing. The vessel compensates for the new mass by undergoing
a compensatory redistribution of vessel wall mass so that lumen size is maintained.>
This remodeling permits a normal level of blood flow until an adaptational limit is
exceeded. This limit appears to occur when approximately 40% or more of the area
bounded by the external elastic lamina is occupied by atherosclerotic mass.
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Clinical consequences of coronary plaque evolution

Clinical ischemic consequences of coronary lesions depend on many factors such as
the degree and acuteness of blood flow obstruction, the duration of decreased per-
fusion and the relative myocardial oxygen demand at the time of blood flow ob-
struction. Plaque disruption by itself is asymptomatic, and the associated rapid plaque
growth is usually clinically silent. Autopsy data indicate that 9% of “normal” healthy
persons have asymptomatic disrupted plaques in their coronary arteries, increasing
to 22% in persons with diabetes or hypertension.’! Ischemic syndromes may devel-
op if a lesion ruptures inducing significant intraluminal thrombus formation (unsta-
ble lesions) or if a lesion directly provokes a significant narrowing of the arterial
lumen (stable lesions).

Figure 1.3 The fate of the "vulnerable" plaque.
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Unstable coronary syndromes

In unstable angina, a relatively small fissuring or disruption of an atherosclerotic
plaque may lead to an acute change in plaque structure and a reduction in coronary
blood flow, resulting in exacerbation of angina. Transient episodes of thrombotic
vessel occlusion at the site of plaque rupture may occur, leading to angina at rest.
This thrombus is usually labile and results in temporary vascular occlusion, perhaps
lasting only 10-20 min. In addition, vasoconstriction may contribute to a reduction
in coronary flow. In non-Q wave infarction, more severe plaque damage would
result in more persistent thrombotic occlusion, perhaps lasting up to 1 hour. About
one fourth of patients with non-Q wave infarction may have an infarct-related ves-
sel occluded for more than one hour, but the distal myocardial territory is usually
supplied by collaterals. In Q wave infarction, larger plaque fissures may result in the
formation of a large, fixed and persistent thrombus. This leads to an abrupt cessa-
tion of myocardial perfusion for more than 1 hour resulting in transmural necrosis
of the involved myocardium. The coronary lesion responsible for the infarction is
frequently only mildly to moderately stenotic, wich supports that plaque rupture
with superimposed thrombus rather than the severity of the lesion is the primary
determinat of acute occlusion. For out-of-hospital cardiac arrest or sudden death,
the lesion responsible is often similar to that of unstable angina: a disrupted plaque
with superimposed nonocclusive thrombosis.

In summary, the natural history of acute coronary syndromes probably mirrors
that of the underlying plaque rupture and thrombus formation. Stabilization would
correspond to resealing of a rupture, accentuation of symptoms to development of
labile thrombosis, non-Q wave infarction to development of transient occlusion,
and transmural Q-wave infarction to establishment of a persistent occlusive throm-
bus. Furthermore, this natural history may be modified by vascular tone and pres-
ence of collateral circulation.

Stable coronary syndromes

In patients with stable angina, mature atherosclerotic lesions consisting either on
advanced fibrolipid plaques (60%) or predominantly pure fibrotic lesions (40%)
may lead to a significant coronary blood flow obstruction (usually more than 75%
cross-sectional area luminal narrowing equivalent to 50% diameter reduction). There
is usually no plaque ulceration or thrombosis, however, intraplaque hemorrhage
and rest from thrombus organization may be observed. Generally, the pattern of
angina does not correlate with the extent or severity of the atherosclerotic disease.
Mild or infrequent angina does not imply mild or insignificant disease. At the present
time it appears that prognosis in stable angina is most accurately predicted by the
number and severity of indivudual obstructions of the three major coronary arteries
and by left ventricular function.
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Atherosclerotic plaque stabilization and regression

In approaching the concept of reversibility or arrest of the coronary atherosclerotic
process, it is esential to keep in mind that atherosclerosis disease starts at a young
age and takes many years to progress into the symptomatic stage. By the time the
first symptoms of coronary atherosclerosis appear, the disease is usualy advanced to
two- or three-vessel involvement. Overall, the term “nonsignificant” when applied
to atherosclerotic lesions with less than 50% luminal stenosis at coronary angiogra-
phy may be often misleading and should be revisited. It is now quite evident that a
fissure may develope in an atherosclerotic plaque that occupies less than 50% of the
diameter of a coronary artery and such plaque may become a nidus for thombosis.
Although angiography is helpful as a determinant of the severity of coronary dis-
ease, and the number of diseased vessels are known markers of cardiac morbidity
and mortality, it cannot accurately predict the site of future coronary occlusion.
Overall, angiography may understimate the extent and severity of atherosclerotic
involvement of coronary arteries. It is of value to consider, however, that the more
severe the coronary disease is at angiography, the higher is the likelihood of the
presence of small plaques prone to disruption. This highlights the need for a prac-
tical method to identify vulnerable lesions before the first symptoms appear. In this
field, noninvasive imaging of plaques with a high content of lipids is emerging as an
important research tool, given the susceptibility of these plaques to rupture. In
addition to intravascular ultrasound and coronary angioscopy, it may soon be pos-
sible to detect fatty plaques within the vascular system by high-resolution biochem-
ical imaging techniques such as nuclear magnetic resonance.’>>* Once vulnerable
plaque is identified, approaches may be taken toward retardation in the progression
or even reversibility of plaque, reduction in the susceptibility of plaque rupture,
and/or prevention of thrombosis after plaque rupture.

Approaches that has been taken toward retardation or even reversibility of
atherosclerotic lesions include: better control of atherogenic risk factors, specially
by reducing plasma cholesterol levels; enhancement of lipid-removal pathways from
the vessel wall, particularly by increasing plasma HDL levels; and reduction of LDL
oxidation by using antioxidant agents. Each of these approaches, by acting on the
lipid-rich plaque more prone to rupture, might prevent progression and even induce
removal of fat and regression of atherosclerotic plaques. However, the clinical im-
provement seen with cholesterol lowering therapy seems to be disproportionate to
the small degree of anatomical regression of atherosclerotic stenoses that can be
achieved by these therapies.>*** It is likely that in plaques with large cholesterol
pools, the resortion of cholesterol may diminish the propensity of the plaque to
rupture, and an increase in the relative collagen content of the plaque may account
for increasing plaque stability without significant reduction in plaque size.

Other approaches, besides hypolipidemic therapy, that may possibly reduce
the incidence of plaque rupture include angiotensin-converting enzyme inhibitors
and beta-blockers. Recent evidence from three large placebo-controlled trials of
angiotensin-converting enzyme inhibitors in patients with ischemic heart disease
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and/or mild left ventricular dysfunction points to a reduction of 14% to 28% in the
incidence of myocardial infarction and other ischemic cardiac events.>*38 The mech-
anism of such reduction in infarction is uncertain. Experimentally, angiotensin-con-
verting enzyme inhibitors have shown to reduce intimal hyperplasia following en-
dothelial injury, however there is no convincing clinical evidence that the preven-
tion of infarction by these agents could be related to the prevention of preceding
atherogenesis. Alternatively, enhanced fibrinolysis by angiotensin-converting en-
zyme inhibitors *° , and microcirculatory vasodilating properties of these agents
may be the clue to the benefit of these agents in preventing myocardial infarction.
Meta-analysis of secondary prevention trials with B-blockers has shown a 20% re-
duction in cardiac mortality, an additional 25% reduction in the incidence of rein-
farction and a 30% reduction in the incidence of sudden death.®! f-blockers reduce
the circumferential plaque stress, and therefore the possibility of plaque rupture, by
reducing blood pressure and blunting hypertensive pressure surges, and may also,
by reducing heart rate, increase plaque tensile strength.

Because thrombus formation appears to be an important factor in the progres-
sion of atherosclerotic lesions and in the conversion of chronic to acute events after
plaque rupture, a promising approach in the prevention of this process would be the
use of antithrombotic therapy. The most beneficial effect of antiplatelet and antico-
agulant agents has been observed in the prevention of acute coronary syndromes.
Aspirin has shown to be effective in unstable angina and acute myocardial infarction,
during and after coronary revascularization, in the secondary prevention of chronic
coronary and cerebrovascular disease, and in primary prevention particularly in high-
risk groups 2. Combination therapy with low doses of aspirin and anticoagualnt agents
may have additive effect. The rationale behind this combination is to block to some
extent both platelet activation and the generation of thrombin by the intrinsic and
extrinsinc coagulation systems. The hope is to achieve this objective without enhanc-
ing bleeding. Finally, newer antithrombotic approaches which act directly by blocking
the platelet membrane receptor glycoprotein IIb/I1la, or by direct inhibition of thrombin,
are under active clinical investigation. The monoclonal antibody 7E3 is currently the
most advanced antiglycoprotein IIb/IIIa agent in clinical development. It has been
preliminary tested in patients with unstable angina and postfibrinolysis in acute myo-
cardial infarction with very promising results.®>%* Specific thrombin inhibitors, such as
hirudin, a 65-residue polypeptide derived from the salivary gland of the medicinal
leech, and now available by recombinant laboratory synthesis, have some adventages
over heparin in patients with unstable angina and acute myocardial infarction. How-
ever, the increased risk of bleeding associated with these new antithrombotic strate-

gies remains a concern.®
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2 SYNDROMES OF ACCELERATED
ATHEROSCLEROSIS

Beat J. Meyer, Lina Badimon, James H. Chesebro

The development and progression of coronary artery disease depend on both incor-
poration of lipid and deposition of fibrin and platelets into the arterial wall, with
subsequent growth of fibroblasts and smooth muscle cells, as recently reviewed.! ?
Lipid incorporation contributes to luminal narrowing and appears to predispose the
vascular wall to vasoconstriction and injury and subsequent thrombus formation.
Variable degrees of vascular injury and mural thrombosis lead to repeated subclin-
ical and periodic acute events in the progression of atherosclerosis (Figure 2.1).
Most of the arterial changes are subclinical without symptoms, but others are clin-
ical and include the acute coronary syndromes of unstable angina, myocardial inf-
arction, and sudden death.

Vascular injury

In a recent review? , a pathophysiologic classification of vascular injury of three
different degrees has been proposed. Type I consists of functional alterations of
endothelial cells without substantial morphologic changes; Type II injury is charac-
terized by endothelial denudation; and Type III is characterized by endothelial
denudation with damage to both the intima and the media.

In spontaneous atherosclerosis, the tenet is that chronic minimal injury to the
arterial endothelium is caused mainly by a disturbance in the pattern of blood flow
in certain parts of the arterial tree, such as bending points and areas near branching
vessels.> * In experiments in animals, chronic mild endothelial injury may also be
potentiated by hypercholesterolemia, circulating vasoactive amines, immunocom-
plexes, infection, and chemical irritants in tobacco smoke.® Local variability in en-
dothelial susceptibility to these factors may be as important as flow disturbances
in the localization of minimal endothelial injury and atherosclerosis. Such Type I
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Figure 2.1 Major pathogenic modes of progression of coronary disease. Plaque disrup-
tion leads to formation of a fissure with flowing blood contacting intra-arterial structures
and forming an intrafissure thrombus. This may not progress or lead to symptoms (except
for possible sudden onset of coronary spasm or vasoconstriction associated with arterial
injury). The fissure may be small, medium, or large and may progress immediately to
various degrees of luminal obstruction (A1, B, or C1). Sudden progression with a large
fissure may be due to occlusive thrombus and acute myocardial infarction (MI), Al
Fibrotic organization of thrombus may occur (A2) or thrombolysis (exogenous or
endogenous) may occur and reopen the lumen to partial obstruction (B). A medium-
sized fissure may lead to immediate partial obstruction associated with unstable angina
or non-Q-wave (MI) (B); this may progress to total occlusion (A1), partial embolization
of thrombus (E), fibrotic organization of thrombus (D1), endogenous lysis to a small
thrombus (C1), or no intraluminal thrombus. Residual thrombus may undergo fibrotic or
fibromuscular organization (A2, C2, and D1). A severe residual stenosis (D1) may be
associated with good collateral circulation and no symptoms. Because of very low
antegrade flow and type II injury (endothelial denudation only) but no deep injury, this
may silently occlude with a fresh thrombus (D2). A small fissure may lead to a small
thrombus without symptoms (C1) and undergo fibrotic organization with progression of
disease in the absence of symptoms (C2). With permission from reference 6.

injury enhances the accumu'ation of lipids and macrophages, which is the initial
predominant feature at these sites.’ ¢

Progressive lipid incorporation into the arterial wall and the release of toxic
products by macrophages’ presumably leads to Type II damage, characterized by
the adhesion of platelets.’» > % & Macrophages and platelets, together with the endot-
helium, may release various growth factors that lead to the simultaneous migration
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and proliferation of smooth muscle cells, a process that may contribute to the for-
mation of a fibrotic layer (fibrous capsule) over the luminal side of the lipid core,
and ultimately leading to the macroscopic appearance of a fibroatheromatous le-
sion (Stary, V).58

Plaque disruption and thrombosis in rapid coronary disease
progression

The processes of lipid accumulation, cell proliferation and extracellular matrix syn-
thesis leading to the progression of coronary artery disease in humans is neither
linear nor predictable.>!® Angiographic studies show that new high-grade lesions
often appear in segments of artery that were normal at previous angiographic exam-
ination.!! Two thirds of the lesions presumably responsible for acute ischemic events
(unstable angina or myocardial infarction) have been previously only mildly to
moderately stenotic.!% ! This rapid and episodic progression can be explained by
the occurrence of plaque disruption with subsequent thrombosis and changes in
plaque geometry and local rheology leading to intermittent plaque growth.!?

A lipid lesion surrounded by a thin capsule can be easily disrupted, leading to
Type 111 damage with thrombus formation.? Plaque disruption occurs when the strain
within the fibrous cap exceeds the deformability of its component material.!* How-
ever, plaque disruption may not always occur at the regions of highest stress, sug-
gesting that local variations in plaque material properties such as thinning of the
fibrous capsule with dissolution of collagen to a delicate latticework also contribute
to plaque disruption.'* The plaque disrupts into the arterial lumen (Type 111 injury),
allowing flowing blood to contact deeper arterial structures. The thrombogenic sub-
strates within the intimal plaque and the arterial media are similar and include
collagen types I and III, release of tissue thromboplastin, loss of endothelium, de-
creased prostacyclin, and increased tissue factor, phospholipid from cell membranes
of smooth muscle cells and platelets for formation of activator complexes within the
coagulation cascade.” !> However, we have recently demonstrated that exposure of
the “lipid-rich” core of an atherosclerotic plaque is the most thrombogenic stimulus
compared to fibromuscular or other types of plaques.!®

Macroscopic, platelet-rich mural thrombus occurs with deep or type III arteri-
al injury and covers the region of deep injury.® 7

Platelet and fibrinogen deposition are thrombin dependent and occur within
minutes of deep arterial injury.!® ! Thrombin is adsorbed to fibrin within thrombus
by a binding site that is separate from its catalytic site. Thrombin bound to fibrin
becomes internalized in the lesion as the plaque grows; this may also contribute to
the thrombogenicity and proliferative activity of some ruptured atherosclerotic
plaques.’

When thrombi are small they can become organized and contribute to the

growth of the atherosclerotic plaque. When thrombi are large and occlusive, they
can contribute to acute coronary syndromes such as unstable angina, myocardial
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infarction, and sudden ischemic death.?® Ultimately, they become partly lysed or
become organized to contribute to chronic fibrotic occlusion, Figure 2.1.1

Further evidence supporting the role of thrombus incorporation in plaque pro-
gression is provided by old and recent studies that used antibodies specifically di-
rected to platelets, fibrin, fibrinogen, and their degradation products.?!"?® Thus,
advanced and fibrous plaques, products related to platelets and fibrin were detected
in the intima, the neointima, and even in the deeper medial layer, especially in areas
of loose connective tissue.

In addition to arterial substrate, the rheology of blood flow is the other major
contributor to mural thrombosis. Higher shear forces cause red cells to force plate-
lets to the periphery of the artery. High shear and type III injury that anchors thrombus
to the arterial wall increase platelet deposition. Platelet and fibrinogen deposition
is maximal within the minimal luminal diameter of the stenosis.?” ?® These factors
increase the risk of occlusion and restenosis in inadequately dilated arteries after
percutaneous transluminal coronary angioplasty and after thrombolysis when a high-
grade residual stenosis remains.'

Systemic factors such as lipids, catecholamines, and lipoproteina also modu-
late thrombosis but appear to be less potent than thrombogenic substrates and rhe-
ology.?

An accelerated version of this atherogenic process appears to account for pre-
mature coronary disease in patients undergoing heart transplantation, saphenous-
vein bypass grafting, or percutaneous transluminal coronary angioplasty. In contrast
to the spontaneous atherosclerosis, an acute or subacute Type II or III vascular
injury appears to the critical initiating event, followed by intense platelet adherence
and thrombus formation, leading to the proliferation of smooth muscle cells and
matrix formation. Thus, Type II injury may occur in a saphenous-vein graft in the
first postoperative years as a result of the surgical manipulation and the change in
intravascular pressure; it may also occur after heart transplantation as a result of
immune and other types of injuries of the coronary arteries.> Type III injury may
also follow coronary angioplasty, with mural thrombosis and subsequent prolifera-
tion of smooth muscle cells and fibrotic organization contributing to restenosis.

Restenosis following angioplasty

Percutaneous transluminal coronary angioplasty (PTCA) has become a successful
and widely used treatment for patients with coronary disease, since its first clinical
application by Gruentzig in 1978.% However, late angiographic restenosis, which
constitutes the most serious problem after successful angioplasty, occurs in 30-50%
of patients within 3 to 6 months after the procedure depending of the clinical con-
cept of restenosis.>® Advances in technique, equipment and technology have im-
proved the safety and acute success of endovascular therapeutic interventions but
regrettably there has been little if any impact on restenosis to date.
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The limited human data on the pathology of restenosis obtained at autopsy
and atherectomy has revealed that the restenotic tissue is composed predominantly
of smooth muscle cells and extracellular matrix with a high proportion of lesions
containing thrombus (if examined early after the procedure) *!, and variable and
generally limited components of lipid and cellular elements such as macrophages.’?
These findings are similar to the neointimal proliferation and matrix deposition ob-
served in experimental models in response to arterial injury and mural thrombosis.?

The role of platelets in the vascular myofibrotic response has been studied with
the use of balloon injury-induced thrombosis in the carotid arteries of pigs and rats
(rats do not develop acute thrombi with balloon injury). Three phases in the process
of myofibrosis have been distinguished (Figure 2.2).!7-3

Phase 1 is the deposition of platelet thrombi and fibrin formation, which occurs with-
in minutes of vascular injury and is complete within 24 hours. After approximately 24
hours, smooth muscle cells in the media begin to undergo hypertrophy and prolifer-
ate, as detected by increased DNA synthesis and reach peak proliferation at 48 hours.
From day 1 on there is a progressive decrease of the mural thrombotic component as
the myointimal proliferation increases. The early replication of medial smooth mus-
cle cells has been observed to result from direct mechanical trauma, probably by the
release of intracellular non-platelet-dependent basic fibroblast growth factor (b-FGF)
more than by the induction of a pathway of autocrine and self-stimulating non-plate-
let-dependent platelet-derived growth factor(PDGF).* %

Phase 2 begins on day 2 - 4 and is marked by the migration of smooth muscle cells
from the media into the intima. About half of migrating smooth muscle cells prolif-
erate. Cells continue to migrate and proliferate through day 14, when the popula-
tion approaches its maximum. Platelets may induce the migration of smooth muscle
cells by secreting PDGF which is known to have chemotactic as well as mitogenic
activity.3¢ As in the early proliferation of medial smooth muscle cells, intimal smooth
muscle cells may participate in a non-platelet-dependent autocrine pathway of a
PDGF-like substance and intimal proliferation.

During phase 3 (day 14 to 3 months), there appears to be an interaction between
circulating humoral (i.e. thrombin) and cellular i.e. platelets, monocytes) compo-
nents, and the deendothelialized surface; such interaction or the lack of regenerat-
ed endothelium may contribute to the progression of intimal thickening.> >33 This
may be due in part to the proliferation and hypertrophy of smooth muscle cells, the
attraction of macrophages into organizing thrombus, and the initial platelet secre-
tion of large amounts of transforming growth factor beta, all of which contribute to
the accumulation of extracellular matrix, the fibrotic organization of the thrombi,
and the composition of growing atherosclerotic plaques.’

The role of thrombin in restenosis

The role of thrombin in this three-phase fibrotic organization of the mural throm-
bus is also emerging. After vascular damage, the enzymatically active thrombin is
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produced during phase 1 of thrombosis and is absorbed and incorporated into the
thrombus and the extracellular matrix.!> 373 Subsequently it may be released grad-
ually in active form during spontaneous fibrinolysis or thrombus organization, or
may be active locally when bound to fibrin or arterial matrix. Surface-bound fibrin
in particular may act as a reservoir for enzymatically active thrombin.2 373840 Thys,
the existence of a reservoir of slowly released thrombin and possibly new generation
of thrombin may explain how, after substantial vascular damage (Type II or III),
platelets and ongoing thrombosis are involved in the relatively delayed process of
smooth-muscle-cell proliferation and migration (phase 2) and extracellular matrix
production (phase 3).40-42

In addition recent studies have shown that thrombin may be an important
mediator of restenosis not only by promoting and sustaining ongoing mural throm-
bosis 3, but also by direct mitogenic effects, or by stimulation the release of growth
factors at all stages of the lesion development. Thrombin has very potent effects on
both cultured fibroblasts and smooth muscle cells in vitro.*> 4 Thrombin may also
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Figure 2.2 Curves of the hypothetical relation of mural and intramural processes leading
to restenosis following angioplasty in a pig model. Phase 1 (within hours): Vascular
injury induces mural thrombosis and direct trauma to the media and the release is
mitogens for medial smooth muscle cell proliferation. Phase 2 (within 2 days to 2

weeks): As a result of mural thrombosis, thrombin generation, and release of PDGF, a
myofibrotic response (thrombus organization) may play a role in the restenotic process,
and extracellular matrix formation plays a role in the early phase of restenosis. Phase 3
(2 weeks to 3 months): Until re-endothelialization is complete, interaction between
circulating elements (humoral and cellular) and the de-endothelialized surface may play

a critical role in the continued progression of the myofibrotic response. Earlier release of

growth factors from platelets may promote synthesis of extracellular matrix.
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promote autocrine growth responses since it stimulates the synthesis of fibroblast
growth factor (FGF) %, and PDGF from smooth muscle cells and endothelial cells.
These actions of thrombin on smooth muscle cells are most likely mediated by the
cellular thrombin receptor. The role of thrombin as a mitogen for vascular cells is
supported by the detection of m-RNA for this receptor in human atherosclerotic
plaques.*® When thrombin is neutralized by complex formation with antithrombin
III thrombin-induced DNA synthesis and cell proliferation in human arterial smooth
muscle cells is completely inhibited.’ This hypothesis is further supported by stud-
ies with specific thrombin and anti-factor Xa inhibitors showing inhibition of arte-
rial thrombosis'® 1 and restenosis*"" ¢ after balloon angioplasty in animals. This
suggests a critical role for thrombin in this complex biologic process. Further stud-
ies are needed to determine delayed antithrombin effects on cell proliferation and
the progression of atherosclerotic lesions.

The development and progression of coronary artery disease depend on both incor-
poration of lipid and deposition of fibrin and platelets into the arterial wall leading
to atherosclerotic plaque formation over decades. Variable degrees of vascular in-
jury induce the formation of thrombin with subsequent platelet activation and mu-
ral thrombosis, which may lead to rapid progression of atherosclerosis with periodic
acute clinical events. Vascular injury may stimulate smooth muscle cell prolifera-
tion via multiple factors relating to thrombus. Thrombin may be an important me-
diator of rapid progression of atherosclerosis and restenosis not only by promoting
and sustaining ongoing mural thrombosis but also by direct or indirect mitogenic
effects at all stages of lesion development.
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3 LIPOPROTEINS AND
APOPROTEINS

Elena Citkowitz, Peter N. Herbert

This chapter describes interrelationship between lipids and vascular disease and is
not an extensive review of the literature. Instead, the reader will become familiar
with recent research that has led to changing views of the lipid-atherosclerosis
association. While a definitive understanding of the way in which dyslipidemias
cause atherosclerotic disease is still evolving, the latest research provides new
perspectives on lipid pathophysiology and its importance in atherogenesis.

Lipoprotein metabolism

An understanding of lipoproteins is fundamental to any discussion of lipids and
atherosclerosis. Cholesterol and triglycerides, the two major constituents of lipo-
proteins, have been widely emphasized but their absolute levels are less important
than the properties of the lipoproteins in which they are carried. For example, a
total cholesterol may be elevated because the cholesterol content is abnormally
high in one of several lipoproteins, each of which has different prognostic impli-
cations for risk of cardiovascular disease. Moreover, many lipoprotein disorders
can now be explained by genetic factors that make risk assessment more accurate.!

Lipoproteins can be classified by physical methods that separate them by size
and charge (electrophoretic mobility) or by density (ultracentrifugation) (Table
3.1). Centrifugation is the traditional method for separating lipoproteins and three
of the four major lipoprotein classes derive their names from this method of sep-
aration: chylomicrons, very low density lipoproteins (VLDL), low density lipopro-
teins (LDL), and high density lipoproteins (HDL).

In electrophoresis chylomicrons remain at the origin. LDL migrate slowly
with beta globulins and VLDL migrate just ahead with pre-beta globulins. HDL
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Table 3.1 LIPOPROTEIN WEIGHT, DENSITY,
AND ELECTROPHORETIC MOBILITY

Molecular Density Electrophoretic Mobility
Weight x 106 g/ml

Chylomicrons 0.93 Remains at origin 50-1000

VLDL 0.93-1.006 Pre-b-lipoproteins 10-80

IDL 1.006-1.019 Pre-b-lipoproteins 5-10

LDL 1.019-1.063 b-lipoproteins 2.30

HDL2 1.063-1.125 “a”-lipoproteins 0.360

HDL3 1.125-1.210 “a”-lipoproteins 0.175

Lp(a) 1.040-1.125 Pre-b-lipoproteins 2.6-3.1

Adapted from RJ Havel and JP Kane, Table 56-2 (Ref 4).

migrate significantly ahead of all the other lipoproteins with the alpha globulins.
Two minor lipoproteins, intermediate density lipoproteins (IDL) and lipoprotein
(a) (Lp(a)), migrate with major lipoproteins: IDL with LDL (beta) and Lp(a) with
VLDL (pre-beta). Because of these overlapping regions of electrophoretic migra-
tion, quantitation of the cholesterol carried in VLDL, IDL, LDL or Lp(a) can be
achieved only by a combination of ultracentrifugation followed by electrophoresis.
Because electrophoresis alone is inaccurate as well as expensive, it cannot be
recommended except in specialized laboratories that also perform ultracentrifu-
gation.

Lipoproteins are also distinguished by their unique blend of lipids and specific
proteins. The lipoprotein core is made up of cholesteryl ester and triglycerides. The
surface of lipoproteins contains cholesterol, phospholipids and proteins, called apo-
lipoproteins (Figure 3.1, Table 3.1). Although quantification of apolipoproteins is no
more useful than the standard lipid profiles?, familiarity with the apolipoproteins
aids in understanding the physiology and metabolism of the lipoproteins and their
constituents. Apolipoproteins act as ligands between lipoproteins and cell recep-
tors; they are cofactors for enzymes in lipid metabolism; and they are structural
components of the lipoproteins (Table 3.2). Some apolipoproteins remain bound to
the lipoprotein throughout metabolism: apo B-48 with chylomicrons, apo B-100
with LDL, and apo (a) with Lp(a). The non-B apolipoproteins, apolipoproteins A-
I, A-II, A-1V, C-1, C-II, C-11I, D and E, shuttle between lipoproteins.

Triglyceride-rich lipoproteins (TRL)

The triglyceride-rich lipoproteins (TRL) include chylomicrons and their remnants,
very low density lipoproteins (VLDL) and their remnants, and intermediate den-
sity lipoproteins (IDL). Chylomicrons and VLDL carry dietary lipids and hepatic
lipids, respectively, into the blood stream. During catabolism of chylomicrons and
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Figure 3.1 Major lipoproteins: composition and primary apolipoproteins.
HDL = high density lipoproteins;, LDL = low density lipoproteins;
VLDL = very low density lipoproteins.
CE = cholesteryl ester;, CHOL = cholesterol;
PL = phospholipid; PRO = protein; TRIG = triglycerides.

VLDL, triglycerides are broken down to free fatty acids for tissue uptake, particu-
larly by muscle and fat. Cholesterol is delivered to tissues and may be important to
the function of steroid-synthesizing organs, particularly the adrenal glands and liv-
er.34

Chylomicrons and chylomicron remnants

Chylomicrons are the largest lipoproteins and in the nonfasting state are the major
triglyceride-carrying lipoproteins (Figure 3.1). After a meal, triglycerides and cho-
lesterol are packaged into chylomicrons by the intestinal mucosal cell and carried
via the mesenteric lymphatics and thoracic duct into the blood stream. Chylomi-
crons possess a unique and defining apolipoprotein, apo B-48, that is present only
on chylomicrons and their remnants, and remains with the chylomicron throughout
its metabolism. Apo B-48 is identical to the amino-terminal half of apo B-100, the
apolipoprotein of low density lipoprotein (LDL) but ends at amino acid 2,152.5 Apo
B-48 is about one half the size of apo B-100 and, lacking the carboxy-terminal por-
tion of apo B-100, has no LDL receptor-binding site.

After mixing with plasma, chylomicrons interact extensively with high density
lipoprotein (HDL) and exchange their apo A’s for the C and E apolipoproteins in
HDL. When chylomicrons acquire apo C-II, which is a necessary cofactor for the
enzyme lipoprotein lipase (LPL)S, the triglycerides are rapidly hydrolyzed to free
fatty acids. As chylomicrons are progressively degraded, C apolipoproteins are
transferred back to HDL and no further hydrolysis of triglycerides occurs. Chylo-
micron remnants, which may be atherogenic’, are removed from the circulation by
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Table 3.2 MOLECULAR WEIGHT, ORIGIN, AND FUNCTION

OF APOLIPOPROTEINS
Apolipoprotein Mol. Sites of Synthesis  Postulated Functions
Weight

Apo A-1 28,000 intestine, liver LCAT cofactor, structural, ligand?

Apo A-II 17,000 intestine, liver hepatic lipase cofactor, structural,
ligand?

Apo A-IV 44,000 intestine, liver LPL cofactor, LCAT cofactor,
ligand?

Apo B-48 250,000 intestine structural

Apo B-100 550,000 liver LDL receptor, stuctural

Apo C-1 6,500 liver LCAT cofactor

Apo C-1I 9,000 liver LPL cofactor

Apo C-III 9,000 liver inhibitor of LPL ?

ApoD 22,000 ? ?

Apo E 34,000 liver ligand to LDL and LRP receptors

Apo(a) 400,000-800,000 liver structural (inhibits plasminogen?)

LCAT = lecithin cholesterol acyl transferase, LPL = lipoprotein lipase, LRP = LDL receptor-
related protein

cellular receptors specific for apo E. These receptors include the remnant receptor,
identified as LDL receptor-related protein 8, and possibly the classical LDL recep-
tor (also known as the B/E or B-100:E receptor) which binds apo E even more
avidly than apo B (Figure 3.2). Because chylomicron remnants do not accumulate in
patients with homozygous familial hypercholesterolemia who lack LDL-receptors,
the role of this receptor in chylomicron remnant clearance is unclear. The develop-
ment of the genetically engineered mouse in the 1990’s, which became a model
system for investigating human lipoprotein disorders and atherosclerosis®, has clar-
ified our uncertainty regarding chylomicron clearance. Mice deficient in apo E have
been the focus of several important papers!?, and a “knockout” mouse model with
homozygous disruptions of both the apo E and LDL-receptor genes has been par-
ticularly helpful in elucidating the clearance mechanisms of chylomicron remnants.
Goldstein, Brown and coworkers compared mice lacking apo E, mice lacking the
LDL receptor (LDL-R) and mice lacking both proteins.!! LDL-R-deficient mice
had elevations of LDL-C and a marked increase in apo B-100 with a modest in-
crease in apo B-48. Apo E-deficient mice had marked increases in the larger lipo-
proteins (corresponding to VLDL, chylomicrons and remnants) and increases in
apo B-48 but not in apo B-100. Adding the LDL receptor deficiency to the apo E
deficiency markedly increased both B-48 and B-100 but had no impact on the de-
gree of hypercholesterolemia of the apo E-deficient mouse.!! The authors suggest-
ed that the dramatic increase of apo B-48 in apo E deficiency compared to LDL-R
deficiency and the lack of further boosting of the cholesterol level when the LDL-
R deficiency was added to the apo E deficiency, supports the conclusion that the
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chylomicron remnant is cleared by a receptor other than the LDL-R (probably the
LDL-receptor related protein) and that the remnant is removed via the ligand activ-
ity of apo E.

Occasionally severe elevations of chylomicrons and their remnants are caused
by rare inherited disorders in which lipoprotein lipase (LPL) or its cofactor, apo-
lipoprotein C-II, is absent.® But most patients with chylomicronemia have more
common abnormalities of lipid metabolism such as uncontrolled diabetes mellitus,
alcoholism or oral estrogens which may cause overproduction of VLDL. Decreased
clearance of remnants may coexist with overproduction thereby contributing to
saturation of lipoprotein lipase which, in turn, causes massive accumulation of chy-
lomicrons.1? Overexpression or overactivity of apo C-III, a putative inhibitor of
lipoprotein lipase, is another potential mechanism causing accumulation of triglyc-
eride-rich lipoproteins (Table 3.2).13

VLDL and VLDL Remnants

In the fasting state, VLDL is usually the major triglyceride-carrying lipoprotein
(Figure 3.1). VLDL is synthesized in the liver; and newly secreted VLDL, contain-
ing apo B-100, take on apo E and apo C’s transferred from high density lipopro-

Figure 3.2 Normal metabolism of plasma lipoproteins.
Normal metabolism of plasma lipoproteins. See text for details.

B,E = Membrane receptor for lipoproteins containing apo B and apo E (synonymous
with LDL receptor); FFA = free fatty acids;
HDL = high density lipoproteins;
HSPG = heparan sulfate proteoglycan; LDL = low-density lipoproteins;
LRP = LDL-receptor-related protein; VLDL = very low density lipoproteins.
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teins. In a pathway analogous to chylomicron processing, lipoprotein lipase hydro-
lyzes much of the VLDL triglyceride, generating free fatty acids and VLDL rem-
nants. The rapidity of hydrolysis of VLDL triglycerides is significantly less than
that for chylomicrons, a consequence perhaps of the smaller size of VLDL which
cannot accommodate as many lipoprotein lipase molecules. Compared with LDL
clearance, however, VLDL clearance is quite rapid. Larger VLDL generate larger
remnants which, because they can accommodate more of the ligand apo E, are
cleared more rapidly by cell surface receptors.*

Normally approximately half of VLDL remnants are cleared from the circula-
tion by apo E-specific cell receptors on hepatic cells, primarily the LDL receptor-
related protein. The uptake of remnants is facilitated by removal of the C apolipo-
proteins which exposes the receptor-binding domain of apo E. VLDL remnants that
are not removed by receptors are further metabolized by a second enzyme, hepatic
lipase, yielding LDL. As metabolism of VLDL proceeds, the E apolipoproteins are
also lost (Figure 3.2).

Apo E plays a critical role in the regulation of plasma lipoprotein metabolism.
Apo E is present on all lipoproteins except LDL and serves as a ligand, binding both
chylomicron and VLDL remnants to their receptors. Moreover, unlike B apolipo-
proteins, a variable number of apo E’s are present on each lipoprotein; and, typical-
ly, the greater the number of active apo E, the greater the uptake of the lipoprotein
involved. Apo E is synthesized in several tissues including liver, brain, adrenals,
ovaries and kidney and may play a role in repair of tissue injury.! Like most apo-
lipoproteins, a single gene locus codes for the apo E protein; but unlike the other
apolipoproteins, the apo E gene is polymorphic and codes for three major isoforms:
apo E-2, E-3 and E-4. As a consequence six phenotypes are possible. Of the three
isoforms, apo E-3 is usually the most common and apo E-2 the least common.!5
Each isoform has a different impact on serum lipid levels; for example, E-2/E-2 is
correlated with lower cholesterol levels and E-4/E-4 with the highest. No correla-
tion has been found between the apo E phenotypes and HDL levels (reviewed in
15). It is postulated that E-3 and E-4 have particular affinity for both the LDL
receptor-related protein and for hepatic lipase. VLDL remnants containing E-3 or
E-4 are either efficiently cleared from the circulation or converted to LDL. VLDL
with E-2, however, either accumulate as remnants or are cleared by other mecha-
nisms but are not efficiently converted to LDL. Hence, the low cholesterol levels
seen in some E-2 homozygotes.

As discussed above, “knockout” mice lacking apo E have elevated serum cho-
lesterols (five to eight times that of controls) when fed a normal, low-fat diet; and
although LDL cholesterol is somewhat elevated, most of the cholesterol is located
in the IDL and VLDL. HDL and triglycerides are minimally affected. Within three
months of age, the apo E-deficient mice develop significant atherosclerotic lesions
of the coronary (and other) arteries.'6!7 With time, the lesions progress from fatty
streaks to mature atherosclerotic plaques made up of smooth muscle cells, foam
cells, necrotic debris and fibrous caps, progression that is remarkably similar to that
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of human atherosclerosis.!’®!1° When human apo A-I is transferred to “knockout”
mice lacking apo E, HDL increase two- to threefold and atherosclerosis is reduced
sixfold in spite of cholesterol levels that are similar to the control mice, 20

Intermediate density lipoproteins (IDL, 8-VLDL)

Patients with type 3 hyperlipoproteinemia (familial dysbetalipoproteinemia) are at
increased risk for peripheral vascular disease as well as CAD.?! Plasma levels of
both total cholesterol and triglycerides are increased (often with a low LDL-C), and
patients may have palmar xanthomas. The disorder is most confidently diagnosed
by demonstrating increased levels of intermediate density lipoprotein (IDL), also
known as beta VLDL (B-VLDL). IDL are VLDL remnants and consequently are
cholesterol-enriched compared to VLDL. Ultracentrifuge diagnosis of type 3 hy-
perlipoproteinemia is based on finding a plasma triglyceride:VLDL-cholesterol ra-
tio of 3:1 or less (or a ratio of 1.3:1 if SI units are used).

With very rare exception, the prerequisite for type 3 hyperlipoproteinemia is
two copies of apo E-2.2! But although approximately one percent of Caucasians
have E-2/E-2, few of them develop type 3 hyperlipoproteinemia. Typically patients
with type 3 hyperlipoproteinemia also have a second condition that causes over-
production or impaired clearance of VLDL such as diabetes, hypothyroidism or
obesity. A rare, dominant form of type 3 hyperlipoproteinemia has been identified
in which only a single allele of E-2 is necessary for expression of the lipid abnor-
mality and the presence of a secondary condition is not required (See 21 for
further discussion).

As already described, apo E-2 binds poorly to lipoprotein receptors, and per-
haps to hepatic lipase, thus reducing both direct removal of remants and the con-
version of VLDL and IDL to LDL. The accumulated remnants of both chylomi-
crons and VLDL are cleared by an alternative pathway, probably macrophages,
leading to the formation of foam cells and atherosclerotic lesions.??

Although not directly relevant to cardiology, brief mention should be made of
the recently identified association of apo E and Alzheimer’s disease. Apo E-4
appears in greater frequency in patients with Alzheimer’s disease and a dose-
effect has been documented.? Apo E-2, in contrast, is found in lower frequency.?*
Consensus statements have been issued, however, discouraging apo E evaluation to
predict risk of future Alzheimer’s disease.?526

Low Densily Lipoproteins (LDL)

LDL typically carry about 65% of the plasma cholesterol (Figure 3.7). In the catab-
olism of VLDL remnants to LDL, much of the triglyceride and essentially all
apolipoproteins except apo B-100 are removed (Figure 3.2). Apo B-100 is LDL’s
ligand to the LDL receptor (LDL-R) which is found on both hepatic and extrahe-
patic cells. Hepatic receptors account for clearance of about two-thirds of plasma
LDL. If apo B-100 cannot bind to the LDL-R, plasma LDL cholesterol accumu-
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lates. The role of the LDL-R in this process is illustrated by the inherited disorder
of familial (monogenic) hypercholesterolemia. Brown and Goldstein received the
Nobel Prize for showing that a single, autosomal dominant gene abnormality caus-
es reduced (heterozygote) or absent (homozygote) LDL-R function.?”-2 More than
150 different mutations of the LDL receptor have been identified, and they cause a
variety of receptor defects 8. Heterozygous expression, occurring in approximately
1 in 500 Caucasians and Japanese (and higher frequencies in certain other popula-
tions), causes a markedly elevated total cholesterol (TC) (350 to 550 mg/dl) and
LDL-cholesterol (LDL-C), a variety of physical findings such as tendon xanthomas,
and high risk of premature CAD. In patients homozygous for familial hypercholes-
terolemia, LDL-C is even higher (600 to 1000 mg/dl) and coronary disease is man-
ifested in childhood.

The mechanism by which many interventions lower LDL-C (low cholesterol
diet, low saturated fat diet, resins) is the up-regulation of the LDL-R. The hy-
droxymethylglutaryl coenzyme A (HMG CoA) reductase inhibitors or statins, which
inhibit hepatic cholesterol synthesis, also cause induction of LDL-R transcription.
Predictably then, statins are ineffective in patients with homozygous familial hy-
percholesterolemia in whom inhibition of cellular cholesterol production cannot
induce LDL-receptor formation.

Another dominant gene abnormality also impairs binding of LDL to its re-
ceptor; but in this condition, familial defective apo B-100 (FDB), the LDL-R is
normal and it is a defective apo B-100 that curbs LDL binding activity.” FDB is a
mutation affecting the binding region of apo B-100 %; it causes elevated LDL-C and
increased risk of CAD.?'3 Although other extremely rare mutations have been
described®%, the most common defect causing FDB results from a single amino
acid substitution of glutamine for the 3500th amino acid, arginine 3637 In popula-
tions of European descent the frequency of FDB may be as high as that for FH,
about 1 in 500; but elsewhere FDB appears to be rare. Although one patient with
homozygous FDB had only mild hypercholesterolemia®, many patients with the
heterozygous disorder are indistinguishable by physical examination and serum lip-
ids from patients with heterozygous FH* and may also have the same risk for
CAD.*3 Clearly, the full clinical consequences of the defect, including coronary
risk, have yet to be determined.

Although the LDL receptor is of primary importance in the genesis of hyper-
cholesterolemia and development of atherosclerosis, a different receptor, the scav-
enger (or scavenger cell) receptor, also binds LDL and causes cellular uptake of
cholesterol. The scavenger receptor is present on monocyte/macrophages and the
accumulation of cholesterol transforms them into foam cells 7. At least 3 classes
of scavenger receptor have been identified, and their primary roles may actually be
protective rather than damaging; that is, the scavenger receptor may facilitate mac-
rophage ingestion of abnormal or oxidized proteins “°. Two of the scavenger recep-
tors, type I and type 1, were recently isolated 4142,
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High density lipoproteins (HDL)

HDL are unique in several ways. a) They are the only lipoproteins considered to be
protective against atherosclerosis. b) They do not carry any form of apo B. ¢) They
are the most dense lipoproteins due to their high protein content (Figure 3.17). HDL
appear to be secreted from the liver as discoidal or nascent HDL carrying A apoli-
poproteins. Immature HDL avidly pick up free cholesterol from tissue or other
lipoproteins and may also acquire additional surface apo A-I and phospholipid during
chylomicron metabolism by lipoprotein lipase. The enzyme lecithin:cholesterol acyl-
transferase (LCAT), activated by apo A-l, converts free cholesterol to esterified
cholesterol which, being more hydrophobic, moves to the HDL core creating the
more spherical HDL3. As HDL3 acquire more free cholesterol, phospholipid and
apo A-l, they are gradually transformed into HDL2. HDL2 are acted upon by two
different processes. In one, cholesteryl ester transfer protein (CETP) exchanges the
cholesterol from HDL2 for triglyceride from VLDL and IDL. In the other pathway,
hepatic lipase hydrolyzes HDL core triglycerides and surface phospholipids while
apolipoproteins are removed and HDL2 converted back to HDL3 (see review 43).

HDL has been classified not only by its density (HDL2, HDL3), but has also
been characterized by whether it contains only A-I or both A-I and A-IL* The
transgenic mouse model has been used to study the impact of these apolipopro-
teins on HDL metabolism and atherogenesis*}; and some#5-47, though not all*3, sug-
gest that HDL containing high levels of apo A-I protect against atherogenesis.

A series of papers suggests that HDL containing high levels of apo A-I are
protective against the development of atherosclerosis: a) Overexpression of hu-
man apo A-I increased HDL levels and protected against the development of fatty
streaks in mice fed an atherogenic diet.*> b) Overexpresion of both human apo A-
I and A-II resulted in a 15-fold increase in atherosclerotic lesions compared to A-
I animals despite similar HDL-C levels.4¢ ¢) Overexpression of mouse apo A-1I
caused increased HDL-C levels but also increased atherosclerotic lesions.#” On the
other hand, in a strain of mice homozygous for an inactive apo A-I gene, total and
HDL cholesterol levels were both reduced 25% but the animals did not show in-
creased susceptibility to atherosclerosis.*® Nonetheless, the significance of this neg-
ative finding may be confounded by the abnormal levels of plasma apolipoproteins
and, more specifically, by the high apo E content of the HDL which normally con-
tain only trace amounts. Other transgenic mouse models are described by Breslow.%3

The putative role of HDL in reverse cholesterol transport from peripheral
cells to the liver should be apparent from the metabolic pathways described above
(Figure 3.2). An HDL receptor may play a part in this process, but this is still a
matter of controversy. A protein originally thought to be a scavenger receptor,
identified in Chinese hamster ovarian cells, may be an HDL receptor.*® This pro-
tein, SR-BI, displays several characteristics that would be expected of an HDL re-
ceptor: 1) It binds HDL. 2) Unlike the LDL receptor, it is not degraded in the
process of transferring lipid from the lipoprotein (HDL) into cells. 3) It is most
abundant in hepatic and steroid-synthesizing organs (adrenal gland and ovary), tis-
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sues that can either dispose or make use of incoming cholesterol. There is unpub-
lished evidence that in the A-I knockout mouse with intact apo A-II and Apo E,
cholesteryl ester stores in adrenals are strikingly depleted and steroidogenic re-
sponses are decreased.’? Steinberg suggests that the SR-BI protein, if it is an HDL
receptor, does not appear to remove excess cholesterol from peripheral cells be-
cause it is not expressed in these cells.’® But because of its location in hepatocytes,
SR-BI could well play a role in the reverse cholesterol transport pathway by facili-
tating HDL delivery of excess cholesterol to hepatocytes.

HDL may also antagonize the atherosclerotic process by preventing oxidation
and aggregation of LDL 32, conditions that are thought to promote uptake of LDL
by macrophages.> This and other mechanisms, such as impact on vasomotor tone
and endothelial proliferation, by which HDL may play a cardioprotective were re-
cently discussed.*

Lipids and cardiovascular disease

LDL cholesterol and coronary artery disease

The lipid-heart hypothesis holds that an elevated blood cholesterol level causes
coronary artery disease (CAD) and that lowering cholesterol levels will decrease
the risk of CAD. Confirmation has come from diverse sources. Animal models,
from rodent to primate, have shown that induced hypercholesterolemia can cause
atherosclerosis and that lowering the cholesterol level can induce atherosclerotic
plaque regression (e.g. 55). The human disorder familial (monogenic) hypercho-
lesterolemia, caused by reduced receptor-mediated clearance of LDL, clarified
the critical importance of LDL levels in atherosclerotic plaque formation. In this
disorder, cholesterol accumulates and is deposited in macrophages and smooth
muscle cells®®; and the incidence of premature CAD is extremely high. Internation-
al studies of human populations have shown a strong correlation between cholester-
ol levels and the incidence and prevalence of CAD.’”> Studies of populations mi-
grating from countries with low to countries with high rates of CAD show that the
increased prevalence of disease in those who emigrate is related to an increase in
their blood cholesterol concentration.® Such studies exclude different genetic pools
as an explanation of international differences in CAD prevalence.

Cohort studies have provided additional convincing evidence of the link be-
tween total and LDL cholesterol and risk for CAD. The Framingham Heart Study,
for example, showed that both a high total cholesterol and a low HDL cholesterol
are independent risk factors for CAD in men and women.®%* Many other studies
using multivariate analysis have confirmed this observation.®® In the Multiple Risk
Factor Intervention Trial (MRFIT), more than 300,000 subjects were followed for
six years. There was a continuous, graded and strong relationship between serum
cholesterol and CHD death rate that was independent of smoking or blood pressure
status.® This association was further confirmed in a follow-up through 12 years.57
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Interventional studies have provided the most conclusive evidence of all,68:¢
At least eight such trials, using diet or lipid-lowering medication, have shown
significant reductions in nonfatal, fatal, and total myocardial infarction in treated
groups compared to controls. Overall, it has been estimated that reducing serum
cholesterol levels by 1% will decrease CHD rates by 2-3%.7072 Earlier studies, how-
ever, were faulted because they generally failed to show an effect on all-cause mor-

tality or in some did not even show a mortality trend in favor of the treated groups.
73,74

Three recent trials have resolved much of the uncertainty about the efficacy of
aggressive treatment of lipid abnormalities and have provided the best support of
the lipid-heart hypothesis available to date. The first of these, the Scandinavian
Simvastatin Survival Study (4S) 7, involved more than 4,000 men and women (19%
of subjects) with CHD treated with either simvastatin or placebo for 5.4 years.
Simvastatin lowered the LDL cholesterol 35% (from 188 to 122 mg/dl). At study
termination there were 256 deaths in the placebo group (11.5 % of the total)
compared to 182 deaths in the treatment arm (8.2 %). Cardiac endpoints, includ-
ing acute myocardial infarction and revascularization, showed a similar 30 to 40%
relative risk reduction. Most importantly, for total mortality the absolute risk re-
duction was 3.3%; and no increase in morbidity or mortality from cancer or other
causes was noted. The number needed to treat (NNT) to save one life was only 30;
and at study termination, the difference between the treated and control groups
was continuing to increase.

In 1995 the West of Scotland Coronary Prevention Study (WOSCOPS) was
published.”® This was a primary intervention trial of more than 6,500 men, 45-64
years of age, randomized to receive either placebo or pravastatin (40 mg). The
average follow-up period was 4.9 years. Pravastatin reduced the LDL cholesterol
26% (from 192 to 142 mg/dl), with a relative risk reduction for definite coronary
events of 31%, 248 in the placebo group and 174 in the pravastatin group. The
absolute risk reduction was 2.4% and the NNT to prevent one coronary event was
42. Total mortality was 135 vs. 106, absolute risk reduction was 0.9%, and the
calculated NNT to save one life was 111. Importantly, no excess of deaths from
non-cardiovascular causes in the pravastatin group were noted.

Most recently, the results of another randomized, double-blind, prospective
study, the Cholesterol and Recurrent Events (CARE) trial, were published 7. Pa-
tients with a previous myocardial infarction and moderate cholesterol elevations
(mean LDL-C 139 mg/dl, range 115 to 174) and fasting triglycerides less than 350
(mean 155 mg/dl) were randomized to pravastatin or placebo. In a five year follow-
up of 3583 men and 576 women, LDL-C was reduced 28% compared to controls and
was accompanied by a 24% reduction in the primary end point, fatal coronary event
or nonfatal myocardial infarction. The number needed to treat (NNT) to prevent
one major coronary event was 33. The need for CABG was reduced by 26% and
PTCA by 23% in those on active treatment. This was the first trial to show the
dramatic efficacy of LDL-C lowering in men and women with only mild hypercho-
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lesterolemia, although in subsequent subgroup analysis of the 4S trial relative risk
reduction in patients in the lowest quartile of baseline LDL cholesterol (< 170 mg/
dl) was the same as that in the highest quartile (> 207 mg/dl).”® There were two
potentially important additional observations in CARE 7”: event rates were reduced
only in those with a baseline LDL-C > 125 mg/dl, and the reduction in coronary
events was greater among women than among men.

Outstanding questions remain on two important points. First, should the entire
adult population be screened for possible cholesterol abnormalities as recommended
by the National Cholesterol Education Program Guidelines™ or should screening
be performed only in subjects with multiple risk factors or established coronary
disease as recently recommended by the American College of Physicians?808! This
question will be easier to answer when we know more about the long-term toxicity
of agents such as the statins which are so effective in LDL reduction. The second
major question involves who should receive primary intervention and at what age.
The NCEP currently recommends that drug treatment be considered for young men
(<35 years) and premenopausal women without other risk factors only for an LDL
cholesterol in excess of 220 mg/dl. Aggressive drug treatment at lower LDL choles-
terol levels is reserved for those with established coronary heart disease (target
LDL-C of 100 mg/dl) or middle-aged and older patients with two or more well-
defined risk factors (target LDL-C of 130 mg/dl). Are we missing meaningful inter-
vention opportunities? This debate is likely to continue.

LDL cholesterol and angiographic trials

The results of angiographic (regression) trials present a second powerful argument
in support of the lipid hypothesis. Regression trials are randomized arteriographic
trials of the effect of lipid-lowering intervention on the progression, stabilization
and regression of coronary atherosclerotic disease. Lipid-lowering medications have
been used in the majority of studies, but lifestyle3>3* and surgical intervention 8
have also been undertaken. Because these studies require a minimum of two angio-
graphic interventions per patient, the number of patients randomized has usually
been less than 400, although two 338 enrolled more than 800.

Of 14 randomized, angiographic trials, 11 showed statistically significant arte-
riographic and clinical benefit.®’” Meta-analysis of the outcomes of all 14 (on a per
patient, not per lesion, basis) demonstrated that of control patients, 50% showed
disease progression, 41% no change, and 9% regression; compared with treated
patients 34% of whom showed disease progression, 48% no change, and 18% re-
gression. All differences were statistically significant and represent an absolute
decrease in rate of progression of 16% and an increase in rate of regression of 9%
in the treatment arm.®” Such large differences in absolute risk can be translated into
an exceptionally low value for the number needed to treat (NNT). To prevent pro-
gression of CAD in one patient, fewer than seven patients would have to be treated;
and to achieve regression in one patient, the NNT would be about 11 patients.
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As for clinical outcome, among the total of almost 4,000 patients enrolled in
the 14 studies, there were 24% cardiovascular events in the control groups com-
pared to 15% in the treatment groups. In a meta-analysis, Rossouw found a highly
significant (relative risk) reduction of 47% (odds ratio 0.53; CI 0.45-0.63).8” The
absolute risk reduction was 9% which translates, once again, to a NNT of 11.

The regression trials tell us, unequivocally, that aggressive lipid-lowering is
beneficial. The Interdisciplinary Council on Lipids and Cardiovascular Risk Inter-
vention recently reviewed many angiographic studies, as well as the older inter-
vention trials, and concluded that the regression that has been reported probably
does represent actual improvement in atherosclerotic disease; but, as the author
of the report suggests 38, the trials have not yet answered the question of “whether
there is an absolute level of LDL cholesterol below which predictable changes
occur or whether the magnitude of the change in LDL cholesterol level is impor-
tant.” This issue was addressed in a subgroup analysis 8 of the Familial Athero-
sclerosis Treatment Study (FATS), one of the few earlier angiographic trials to
show a statistically significant impact on clinical events in addition to arterio-
graphic improvement.?® Significant benefits from intensive lipid-lowering therapy
were seen in patients with LDL cholesterol levels < 152 mg/d1.# Reduction of pro-
gression was also documented in the subgroup with LDL-C levels between 85 and
147 in the Regression Growth Evaluation Statin Study (REGRESS).% A different
conclusion was reached in the Harvard Atherosclerosis Reversibility Project
(HARP)L. Patients with baseline LDL-C of 135 to 140 mg/dl showed no angio-
graphic benefit. Brown et al compared HARP with FATS to find an explanation for
the difference in outcome %2. They found that, first, there was a marginally statistically
significant trend in decreased progression in the treated HARP patients. Second,
they suggested that FATS, by using the inclusion criterion of an elevated apo B (*
25 mg/dl), selected for a dyslipidemic population of patients with a lower HDL-C
and higher lipoprotein (a) level than patients in the HARP study. On the other
hand, Sachs et al, analyzing 8 angiographic trials that used only cholesterol-lower-
ing as the single intervention, compared baseline LDL to angiographic improve-
ment %3, Their results suggest that the higher the baseline LDL, the greater the
angiographic improvement in treated compared to control groups (r = 0.83). Until
angiographic studies are completed that enroll patients with normal to low choles-
terol levels and documented CAD, this question will not be resolved.

One compelling issue that has not yet been addressed is the small increase in
lumen diameter, less than 0.3 mm or 10%, in the angiograms of treated patients com-
pared to controls. If lesion progression and regression is small, with a minimal, though
significant, difference following lipid-lowering intervention, concern is raised that an-
giographic trials may not, after all, provide much detailed information regarding the
process of atherosclerosis.?*

This point raises one of the most fascinating issues to evolve from the angio-
graphic trials. What is the meaning of the regression documented by quantitative
angiography?°%% While it is understood that lipid content is an important aspect of
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plaque composition and behavior®’, the measurable differences in lumen dimension
are not enough to explain the rapid decrease in rates of cardiovascular events. In
addition, improvement in perfusion abnormalities, determined by rest-dipyridimole
positron emission tomography, has been documented after only 90 days of choles-
terol-lowering treatment.”® In another study, significantly fewer cardiovascular events
were documented in the initial 26 weeks in primary prevention patients treated with
pravastatin compared to controls.”” Several mechanisms have been proposed to
explain how cholesterol lowering can so rapidly influence clinical events with so
little regression of stenotic lesions.!%%10! Plaque instability and disruption have re-
ceived much attention 92103 especially in the elegant work by Fuster and his col-
leagues.194105 Other productive avenues of investigation are platelet reactivity 16
and, particularly, endothelial dysfunction 107114

Some examples of studies on cholesterol-endothelium interaction are illustra-
tive. Hypercholesterolemia impaired exercise-induced coronary vasodilation in a
graded fashion in the normal vessels of patients with and without CAD but did not
affect vasomotor response in stenotic vessels.!% In subjects with and without CAD,
cholesterol reduction significantly improved coronary artery vasomotor response to
acetylcholine, while the response to nitrates was unchanged.!%.!10.112 The difference
in response to acetylcholine and nitrates is significant because the former is endot-
helium-dependent and the latter is endothelium-independent. Similar results were
obtained in an important double-blind study of cholesterol lowering with lovastatin
in patients with CAD.!!!

The most important mechanism by which hypercholesterolemia impairs endot-
helium-dependent vascular relaxation is probably a defect in the bioactivity of nitric
oxide (endothelium-derived relaxing factor).!’> In addition the statins, in particu-
lar, may have cardioprotective effects independent of changes in plasma LDL con-
centrations 1%, Other evidence suggests that antioxidants provide additional benefit
112101 Thus, these and many other studies provide strong evidence that hypercho-
lesterolemia can influence coronary vessel function and that lipid-lowering therapy
can modulate that influence; so much so that some have suggested that the defini-
tion of regression should include the concept of improvement in abnormal vasomo-
tor function.!!’?

A list of key references on reversal of CAD by lipid-lowering intervention was
published in 1994118

Femoral and Cerebrovascular Atherosclerosis. The topic of non-coronary athero-
sclerosis is somewhat removed from the subject of this text but will be briefly exam-
ined because of its importance in understanding the patient at risk for atheroscle-
rosis. In spite of the earlier inconclusive data on the correlation of cholesterol levels
with stroke incidence ', more recent regression trials support the conclusion that
lipid-lowering reduces peripheral and cerebrovascular disease. Cholesterol lower-
ing has proven effective in decreasing progression of disease in both carotid 120-124
and femoral arteries '» (although one study found no treatment effect on progres-
sion of femoral atherosclerosis)!?3. A recent overview of randomized clinical trials
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found no benefit of cholesterol lowering on risk of stroke;'?6 but a recent meta-
analysis of the effect of tIMG-CoA reductase inhibitors demonstrated a statistically
significant reduction in stroke risk compared to placebo.'262 Large-scale random-
ized trials will be required to delineate the effects of lowering cholesterol levels on
risk of stroke; but already the 4S 7 and CARE 77 trials, because of their large study
populations and efficient cholesterol reductions, have demonstrated decreases in
cerebrovascular events.

HDL cholesterol and coronary artery disease

Information from the Framingham Study provides some of the best evidence regard-
ing the strong inverse relationship between HDL-C and CHD incidence.!?%!28 In
Framingham, HDL-C had approximately twice the impact on the incidence of CAD
as did LDL-C.'?° A ten-year study of cardiovascular disease mortality in men with and
without preexisting disease also showed significant correlations between decreasing
HDL-C levels and increasing CHD mortality.> A similar effect was seen in the Hel-
sinki Heart Trial, a randomized, controlled clinical trial using gemfibrozil.'® The
seeming exception of societies with low HDL-C levels (25 to 35 mg/dl) but low rates
of CAD, is explained by the compensating low total and LDL cholesterol levels of
approximately 150 and 100, respectively.

Apo A-I levels are highly correlated to HDL cholesterol levels and apo A-I1
levels are not. While strong associations between CAD and HDL subfractions or
apo A levels have also been documented 131132 these measurements are no more
informative than HDL-C. In fact no apolipoprotein measurement or ratio appears
to be more accurate in multivariate analysis for prediction of a myocardial infarc-
tion than the total cholesterol/HDL cholesterol ratio.!33134

A variety of known or possible risk factors for CAD cause low levels of HDL-
C: cigarette smoking, type II diabetes mellitus, obesity, physical inactivity and
increased androgen levels. Most of these conditions also raise triglyceride levels.
Two interventions that may be cardioprotective and for which there is consider-
able, positive epidemiological data are moderate alcohol intake!?S and estrogen
replacement therapy in postmenopausal women.!3¢-141 Each intervention raises both
HDL-C and triglycerides.

The original!42 and revised”® NCEP guidelines both recognized that a low HDL-
C (< 35 mg/dl) is an independent risk factor for CAD, but only the revised guide-
lines recommend screening for HDL-C along with TC. Evidence from both angio-
graphic and clinical trials suggests that raising a low HDL-C contributes to an im-
provement in atherosclerosis that is independent of the impact on total or LDL-
C'3; and one of the most recent angiographic trials provided important new evi-
dence that raising the HDL-C and lowering triglycerides had as great an impact on
progression of coronary lesions as treatment with statins to lower LDL-C.1* The
American College of Physicians®®8! and the National Cholesterol Education Pro-
gram” both agree that intervention to raise HDL cholesterol is likely to lower CHD
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events, and trials are in progress to address this issue. Incontrovertible proof may be
hard to come by, however, because most interventions affecting HDL also affect
other lipoproteins or CHD risk factors.

Triglycerides and coronary artery disease

The importance of hypertriglyceridemia in the development of coronary artery dis-
ease continues to be debated. For most large prospective studies, univariate analysis
has shown a strong and statistically significant association between elevated triglyc-
erides and coronary mortality. But multivariate analysis including HDL-C diminish-
es or eliminates the cardiovascular risk attributable to increased levels of triglycer-
ide 145152 Some studies have shown that triglycerides continue to predict cardiovas-
cular events after multivariate analysis that includes HDL-C.!53154 One analysis of
data from a study of men after an eight-year follow-up showed that triglycerides
were an independent risk factor for a major coronary event!>, although the previ-
ous evaluation after six years could not demonstrate an effect.!50

A recent report may provoke further controversy in suggesting that familial chy-
lomicronemia caused by mutations in the lipoprotein lipase gene causes premature
atherosclerosis.'*® Because each of the four patients reported had one or more other
risk factors such as smoking, diabetes and family history of atherosclerosis and be-
cause so few patients were identified, the conclusion remains in some doubt.

Although triglycerides are not an independent risk in most multivariate mod-
els, recent analyses of data from large interventional and observational studies
have shown that for high-risk groups, defined as those individuals with an elevated
total cholesterol or LDL-C to HDL-C ratio, hypertriglyceridemia was a powerful
additional risk factor.!3%.}5%.158 The Helsinki Heart Study '8, an interventional study,
showed that the single most sensitive predictor of cardiac events was an LDL-C/
HDL-C >5. Subjects with a combination of this ratio and triglycerides >204 mg/
dl (2.3 mmol/l) profited most from gemfibrozil therapy with a 71% lower incidence
of coronary heart disease events. However, caution is recommended in the inter-
pretation and generalizability of these analyses, most of which involved post hoc,
subgroup analysis.!® Studies are needed to prospectively assess the impact of ele-
vated triglycerides on incidence of atherosclerosis and, most importantly, to deter-
mine if possible whether lowering triglycerides without altering accompanying risk
factors, including HDL-C, will diminish risk. As Gerald Reaven reminds us'®, pa-
tients with hypertriglyceridemia have a variety of abnormalities that may increase
the risk of CHD: hyperinsulinemia, glucose intolerance, decreased fibrinolytic ac-
tivity and small LDL particles. Also, most conditions that increase the risk of CAD
and cause elevated triglycerides also cause a low HDL-C level: type II diabetes
mellitis, obesity, sedentary lifestyle, smoking.
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Other lipoprotein abnormalities

Oxidized LDL

Although oxidized LDL is widely considered to be a critical factor in atherogene-
sis161-164 jts causative role has not yet been conclusively proven. Steinberg and Wit-
ztum have been prominent in investigating and describing the properties of oxidized
LDL and have proposed a hypothesis for fatty streak formation and atherogenesis
that stresses the role of oxidized LDL.162.165 This model distinguishes oxidized LDL
from native LDL by such features as its increased rate of uptake by macrophages via
a non-LDL “scavenger” receptor, cytoxicity, chemotactic activity for circulating
monocytes, inhibition of macrophage motility, and detrimental effects on coagula-
tion pathways and vasomotion - all mechanisms that can potentiate atherogenesis
166, Oxidation of LDL is presumed to occur in a sequestered environment, primarily
in the arterial intima 167168 and LDL-like particles with the properties of oxidized
LDL have been isolated from atherosclerotic lesions but not from normal intima.1¢?
Oxidized LDL in the subendothelial then attracts monocytes. Upregulation of mono-
cyte chemotactic protein 1 is found when modified LDL is added to tissue cultures
of smooth muscle cells and endothelial cells.'”® Monocytes differentiate into mac-
rophages promoting further LDL oxidation and increased uptake of LDL, with trans-
formation of macrophages into foam cells, the precursor for the fatty streak. Smooth
muscle cells may also be transformed into foam cells by uptake of oxidized LDL.

Can antioxidants prevent the oxidation of LDL and thereby inhibit or slow
atherogenesis?'7! Probucol, an LDL cholesterol-lowering agent that also lowers HDL-
C, has been shown to inhibit LDL oxidation!’? and has been employed in many
studies. In human cell cocultures, the induction of monocyte chemotactic protein 1
and the stimulation of monocyte transmigration was inhibited by pretreatment of
LDL with probucol, B-carotene, a-tocopherol (vitamin E), or HDLI7. Treating LDL
receptor-deficient rabbits (Watanabe heritable hyperlipidemic rabbits) with probu-
col significantly reduced atherosclerotic lesions of aorta compared with control an-
imals with the same plasma cholesterol levels;!”? and in two uncontrolled trials of
patients with homozygous or heterozygous familial hypercholesterolemia, probucol
appeared to reduced Achilles tendon xanthomas.!7#17> Probucol was ineffective,
however, in slowing the progression of femoral atherosclerosis in a recent large,
well-controlled study.!7 On the other hand in another study that looked at vascular
function using lovastatin to lower cholesterol in conjunction with either a resin or
probucol compared to diet only, the cholesterol-antioxidant (probucol) group showed
the greatest improvement in endothelium-dependent vasomotion.!!2

The effects of three major dietary antioxidants, vitamins E, C and beta caro-
tene have also been studied. Of these vitamins, the data from trials investigating
vitamin E’s impact on CAD are the strongest. In vitro oxidation of LDL is prevent-
ed by dietary supplementation with vitamin E, but not beta carotene '77'7%; and two
large observational studies published in 1993 added important support for the hy-
pothesis that oxidation of lipoproteins plays a role in atherosclerosis and that anti-
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oxidants may have a therapeutic effect.’80 These studies, with a combined enroll-
ment of more than 120,000, showed that use of vitamin E supplements correlated
with reductions in the relative risk of coronary disease in both women'®! and men.
182 Statistical significance was maintained after controlling for coronary risk factors
and use of other vitamin supplements, including other antioxidants. In both studies
181182 the benefit of vitamin E was demonstrated only after supplementation with at
least 100 international units/day for two or more years, findings that enhance the
credibility that a biological effect was the cause of the reduced events. In another
large, prospective study of more than 34,000 postmenopausal women, vitamin E
consumption was inversely associated with risk of fatal coronary heart disease, par-
ticularly in those subjects who did not take dietary supplements.'®> A nonrandom-
ized angiographic trial of patients taking at least 100 IU of vitamin E showed signif-
icantly less progression of coronary atherosclerotic lesions.'®* Appropriate criticism
has been raised regarding the strength of these and other epidemiologic observa-
tions, even those carried out prospectively.!®

A few randomized trials have been performed with conflicting results.'8 One
negative study, the Alpha-Tocopherol, Beta Carotene (ATBC) trial, received much
attention. This was a large, double-blind study that looked at the effect of low dose
vitamin E (50 mg/day), beta carotene (20 mg/day) or both on the incidence of
cancer in 29,000 Finnish middle-aged male smokers.'®” The vitamin E arm was cor-
related with a slight reduction in CAD. The dose of vitamin E was low, and the
preselected end points of the study did not include any cardiovascular events, only
cancer.!® Two subsequent randomized trials published in 1996 have shown positive
results. In a placebo-controlled study, vitamin E intake was associated with a reduc-
tion in the incidence of angina pectoris.!® The dose of vitamin E in this study was
also small (50 mg/d). Although of short duration, the most convincing study to date
is the prospective, placebo-controlled Cambridge Heart Antioxidant Study (CHA-
OS) that demonstrated a clinically significant reduction in cardiovascular events in
men with coronary disease treated with either 400 or 800 1U/d of vitamin E for a
median of 510 days, with benefit apparent after one year of treatment.!”*

The data for vitamin C and for beta carotene are considerably weaker. Caro-
tenoid intake or serum level has been inversely correlated with risk of coronary
events in prospective, cohort trials.'¥2191 And in the placebo-controlled Physicians’
Health Study of aspirin and beta carotene, preliminary subgroup analysis of men
with CAD before randomization appeared to show reduced coronary events in those
taking beta carotene '°%; but at study termination, the effect of beta carotene was no
longer evident.!”? Other randomized, double-blind trials of beta carotene supple-
mentation have also shown no cardiovascular benefit.!%1% In the beta carotene
arm of the ATBC trial discussed above, not only was no benefit detected but total
mortality actually increased slightly due to lung cancer and ischemic heart disease.!®’
These findings have been questioned on both statistical and biomedical grounds.!88.19%
As for vitamin C, most studies show no impact on coronary heart disease.'81"184 In
a study of antioxidants in Linxian, China, combined vitamin E, selenium and beta
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carotene were associated with reduced total mortality due mostly to lower cancer
rates; three other arms of the study, one including vitamin C, showed no significant
effects.!97 Other classes of antioxidants such as flavonoids (polyphenols), particu-
larly prevalent in tea, onions, apples and red wine, are also being studied.!%

Finally, several factors that are thought to be important in the promotion or
prevention of atherosclerosis have the expected effect of enhancing or inhibiting
LDL oxidation. Enhanced LDL oxidation is caused by elevated glucose!®®, smok-
ing?, and replacement of cholesteryl esters with triglyceride in the LDL core (small,
dense LDL).201.202 [nhibition of LDL oxidation is seen with high HDL levels’152170
and estrogen replacement therapy.20?

The interrelationships of LDL, antioxidants, vasomotion and atherosclerosis
are complex. In vitro studies have shown that oxidized LDL inhibits endothelium-
dependent vasomotor function?®, probably by inhibiting the release of nitric oxide
(endothelium-derived relaxing factor), which plays a key role in vasodilatation.!??
But one cannot assume that all effects of antioxidants on coronary heart disease
relate to oxidation of LDL. In normocholesterolemic chronic smokers 205 and pa-
tients with CAD 2% gcute administration of vitamin C improved endothelium-de-
pendent vasomotor function, suggesting an effect on endothelium rather than the
oxidative state of lipids. On the other hand, after prolonged exposure to antioxi-
dants that did reduce LDL oxidation in hypercholesterolemic patients, no impact
on endothelial dysfunction could be demonstrated.??” Adding to the complexity of
these investigations are the possibly adverse consequences of too much antioxidant.
A study using vessels harvested from hypercholesterolemic rabbits showed that high
dose alpha-tocopherol worsened endothelial-dependent vasodilation while a lower
dose improved it.208

Although the topic of antioxidant modulation of vasomotor dysfunction is of
considerable interest, further exploration is beyond the scope of this chapter.

Lipoprotein (a)

Lipoprotein (a) [Lp(a)], is a lipoprotein that was not fully characterized until the
1980’s (also see reviews 209-214,148). Lp(a) is an LDL particle with a singular
difference: its apolipoprotein is composed of apo B-100 (LDL’s sole apolipopro-
tein) covalently linked by a disulfide bond to a high molecular weight glycoprotein,
apolipoprotein (a). Lp(a) is between VLDL and LDL in size, and its density ranges
from 1.04 to 1.125 g/ml, a range that includes both LDL and HDL. At this density,
Lp(a) sinks and was initially labeled “sinking pre-beta lipoprotein” (Table 3.7). In
standard lipid analysis, the cholesterol of Lp(a) is included in the calculated LDL-
C. Because Lp(a) is such a complex and heterogeneous lipoprotein and because
there are no generally accepted reference standards, quantification can be highly
inaccurate. ELISA techniques appear to hold the most promise.2?? Also, long-term
storage of blood specimens before measurement of Lp(a) may confound results of
such studies; stability of the stored lipoprotein and accuracy in its subsequent mea-
surement reportedly require temperatures below -70° C.
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The large range in density of Lp(a) is due to the multiple isoforms of apo(a).
The mass ranges from 300 to 800 kDa (compared to apo B-100 with 512 kDa), and
there appears to be an inverse relationship between the mass of apo(a) isoforms
and plasma concentrations of Lp(a).?'? Apo(a) has extensive homology to plasmi-
nogen 2!%; and, like plasminogen, has domains of structures called kringles, ring-
like regions made up of three polypeptide chains linked by disulfide bridges. Plas-
minogen contains five different kringles (KI to KV); apo(a) contains one copy of
kringle KV but, unlike plasminogen, has multiple copies of KIV. It is the number
of KIV units that gives Lp(a) its tremendous heterogeneity. Human apo(a) also
contains the protease region of plasminogen but with a single amino acid substi-
tution that causes loss of fibrinolytic activity. In vitro studies show that Lp(a) or
apo(a) blocks plasminogen activation by interference with both nonphysiologic
(streptokinase) and physiologic (urokinase, tissue-type plasminogen activator)
enzymes (reviewed in 209). Moreover, Lp(a) binds to fibrin, t-PA, endothelial and
mononuclear cells, and platelets; all are actions that could contribute to the atten-
uation of plasminogen binding and activation.?!” While these characteristics suggest
that Lp(a) can augment atherogenic processes by disrupting clot dissolution, there
has also been speculation regarding a possible protective role for Lp(a). Brown and
Goldstein have suggested that Lp(a), by binding to fibrin, may assist in delivery of
cholesterol to sites requiring tissue repair.?'® In addition, in vitro studies have dem-
onstrated that Lp(a) has proteolytic and autocatalytic activity toward fibronectin
and apo B, respectively, which could further promote this process.?”

Like apo B to which it is eventually attached, apo(a) appears to be synthesized
in the liver although the site of assembly of Lp(a) is not known with certainty.
However, in transgenic mice expressing human apo(a), Lp(a) is formed in the plas-
ma after infusion of human LDL.2" The metabolic fate of Lp(a) is unknown but
does not appear to depend on the LDL receptor. When labeled Lp(a) is injected
into patients with homozygous familial hypercholesterolemia, the fractional cata-
bolic rate appears to be normal.?2® Moreover, Lp(a) levels are not reduced by either
statins or resins, both of which up-regulate LDL receptors. Niacin, which works by
different mechanisms, appears to be the only lipid-lowering medication that is ef-
fective in reducing the levels of Lp(a) 221233 although postmenopausal estrogen
replacement may also be of benefit. Lp(a) levels have been shown to be negatively
correlated with estrogen replacement therapy in nonrandomized studies 224-227; and
two randomized, double-blind, crossover trials showed small but statistically signif-
icant decreases in Lp(a) ?282% leading some investigators to suggest that the de-
creases in Lp(a) levels caused by estrogen may be one of the hormone’s cardiopro-
tective mechanisms.

An individual’s Lp(a) level is a highly heritable trait that is remarkably resis-
tant to lifestyle intervention with diet, weight loss and smoking cessation. Diabetes
mellitus, on the other hand, may be important in determining levels of Lp(a). Some
230-232 but not all 233, studies have shown that elevated Lp(a) levels in diabetic pa-
tients correlate with glycemic control. Likewise, higher Lp(a) levels are associated
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with microalbuminuria in diabetics in several 234235 but not all studies.?3? Interest-
ingly, patients with nephrotic syndrome, regardless of etiology, have substantial Lp(a)
elevations. With remission of the syndrome, Lp(a) decreases dramatically.236

Apo(a) has been localized in atherosclerotic plaque and elevations of Lp(a)
have been associated with increased risk of coronary, cerebrovascular and periph-
eral vascular disease - again, in most?%-215. 237-239 byt not all 240241 jnvestigations.
In one study, persistent elevations of Lp(a) were no longer a clinical risk after
LDL-C reduction with lovastatin.?*? In transgenic mice, expression of human apo(a)
causes an almost 20-fold increase in lipid-containing lesions of the aorta.?* The
causative role of Lp(a) in atherogenesis is by no means settled, however, and recom-
mendations for assessment and management of Lp(a) levels await prospective trials
demonstrating the efficacy of intervention.

Small, dense LDL

High plasma triglycerides are often accompanied by increases in small, dense LDL,
a potentially atherogenic lipoprotein. In the past LDL particles were thought to be
uniform in size and composition, but they are now understood to be heteroge-
neous and are categorized into subpopulations based on size, density and compo-
sition. Small, dense LDL are relatively depleted of cholesteryl ester and, hence,
more dense than larger LDL.

Austin et al, using gradient gel electrophoresis, have grouped the LDL sub-
populations into two major subclasses.?* Pattern A is defined as LDL with particle
diameters predominantly greater than 25.5 nm and pattern B (small, dense LDL),
as LDL with diameters primarily less than 25.5 nm. A third subclass, phenotype I
(intermediate), was subsequently added.

Of the general population examined to date, the majority are phenotype A and
approximately 30% are phenotype B. Austin et al 2 described a case-control anal-
ysis in which small, dense LDL (pattern B) was significantly associated with a three-
fold increased risk of myocardial infarction (95% ClI, 1.7-5.3). Multivariate logistic
regression analysis showed that the risk was independent of some cardiac risk fac-
tors: age, sex and body mass index, LDL-C and IDL. However, the addition of HDL
to the model reduced the risk to 2.2 (95% CI, 1.2-4.1) and addition of triglycerides
further reduced the risk to a non-significant 1.6. Angiographic studies assessing
significant stenoses of major coronary arteries, as well as further case-control stud-
ies of patients with CHD, continue to show an association between pattern B and
CAD, although not an independent one.148

Interestingly, a 3.5-year prospective, nested case-control study by Austin et
al?5 demonstrated that subjects with a predominance of phenotype B LDL had a
more than two-fold risk for developing non-insulin dependent, type II, diabetes
mellitus. The authors suggested that some of the excess risk of atherosclerosis in
type II diabetes that is not accounted for by conventional risk factors, may be
explained by the association with small, dense LDL. Reaven and colleagues exam-
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ined the relationship between LDL pattern and insulin resistance in 100 healthy,
nondiabetic adults.?*® When matched for age, BMI and gender, pattern B subjects
were shown to have higher glucose and insulin response to an oral glucose chal-
lenge and to be more insulin resistant compared with pattern A or intermediate
subjects. They also had higher blood pressures and triglycerides and lower HDL-
C. The authors concluded that small, dense LDL particles should be added to the
cluster of risk factors for CAD that Reaven originally designated syndrome X.2¥

Two recent prospective studies of small, dense LDL found an association with
incidence of CAD.2*815¢ In one, a nested case-control cohort from the Physicians’
Health Study, small, dense LDL was no longer an independent predictor for risk of a
myocardial infarction after adjustment for other lipids and coronary risk factors.!*
The other study, which included women as well as men, concluded that small, dense
LDL was a strong, graded and independent predictor of CAD risk after controlling
for physiological risk factors.2*® But LDL size was no longer statistically significant
after adjusting for the total cholesterol:HDL-C ratio which was the strongest inde-
pendent predictor. As the accompanying editorial elucidates **, “independence” can
signify either etiologic independence (physiologic autonomy) or statistical indepen-
dence (predictive autonomy). What is the best independent predictor of disease may
not be physiologically independent of other biological risk factors. Given the many
metabolic interactions that affect LDL size, the task of teasing out a possible causal
role for small, dense LDL will be a difficult one.

Lipids and restenosis after angioplasty

Although restenosis following coronary angioplasty may, to some degree, represent
elastic recoil of the dilated vessel, the primary mechanisms involved are believed to
be an endothelial response to injury causing thrombogenesis, release of growth fac-
tors, and smooth muscle proliferation.2® Whether lipids influence restenosis is an
unresolved issue.2’! Simvastatin and fluvastatin inhibit cell migration and smooth
muscle proliferation in vitro and intimal hyperplasia in vivo.?>? In humans, although
some studies have suggested that cholesterol lowering is beneficial?®3, more recent
studies have shown no association between cholesterol levels and restenosis. For
example, a large, prospective observational study of 2753 patients and 3336 lesions
showed no association between coronary restenosis and hypercholesterolemia, LDL,
HDL or their ratio®# nor did a much smaller study.?> More importantly, a ran-
domized, placebo-controlled trial of lovastatin failed to decrease restenosis at six
months.?%6 Whether there is a correlation with other lipoproteins such as Lp(a) or
HDL remains unsettled. 257-263

Fish oils, which lower triglycerides and modulate other factors believed impor-
tant in atherogenesis, were thought to prevent restenosis following angioplasty; but
one of the largest placebo-controlled trials of moderate doses of omega-3 (N-3)
fatty acids failed to decrease angiographically determined restenosis.2* Coronary
restenosis and antioxidants has been another focus of investigation.20> Treatment
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with probucol, an antioxidant that also lowers both LDL and HDL cholesterol, has
produced conflicting results. In a trial of probucol in 118 patients with average LDL
cholesterol levels (mean 130 mg/dl), three month restenosis rates were close to 20%
and 40% in the treated group and control groups, respectively.?%6 A somewhat larg-
er (239 patients), double-blind trial of combined lovastatin and probucol in patients
with LDL cholesterol levels of approximately 140 mg/dl failed to prevent restenosis
at six months.267 The impact of antioxidants on restenosis awaits further study, but
any documented benefit may occur via lipid-independent mechanisms, just as lipid-
lowering may improve cardiovascular outcome through direct endovascular effect
rather than simply decreasing cholesterol deposition.

Lipids and cardiac transplantation

There are several reasons to consider dyslipidemias in cardiac transplantation: 1)
Many patients have an underlying lipid disorder that contributed to the coronary
disease which necessitated cardiac transplantation and that may once again cause
severe disease. 2) Dyslipidemias are a common consequence of immunotherapy
and present difficult management decisions in this setting. 3) Lipid disorders may
play a role in the accelerated form of coronary vascular disease that affects the
majority of post-transplant patients.

Cardiac transplant vasculopathy

Although early mortality in cardiac transplant patients has dramatically improved,
coronary artery disease remains the major complication and leading cause of death
after the first year.268 The pathophysiology of the vascular disease encountered in
cardiac (and also liver, renal, and heart-lung) transplant patients is different from
that of classic CAD.2%” The disease in these patients is rapidly progressive, severe,
and diffuse. It involves coronary venules as well as arteries and is referred to vari-
ously as accelerated atherosclerosis or transplant or allograft vasculopathy to distin-
guish it from non-transplant atherosclerosis. The major, distinguishing angiograph-
ic features of allograft vasculopathy are lesions that are diffuse, concentric, distal
and obliterative; branch vessels are affected more than epicardial vessels.?70 It is
rarely reported before the first year after transplantation; but its incidence and
severity increase inexorably at a rate of approximately 10% per year.2’! Long-term
survivors also show focal, asymmetric lesions that are indistinguishable from natu-
rally occurring coronary atherosclerosis.2”2

The pathogenesis of allograft vasculopathy continues to be actively explored.
The fundamental mechanism is considered to be a response to endothelial injury??3,
the same mechanism believed to cause other forms of atherosclerosis, including the
“accelerated atherosclerosis” of restenosis secondary to coronary angioplasty or
saphenous vein bypass grafting.27% In allograft vasculopathy, the primary injury is
probably immune-mediated because of the selective involvement of vessels in the
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transplanted organ with sparing of the host vasculature. Advances in immunosup-
pressive therapy, however, have not had a major impact on the course of post-
transplant vascular disease; and a host of other factors have been advanced to ex-
plain the development of accelerated atherosclerosis such as donor and recipient
age, donor ischemic time, infection, hyperlipidemia and other classic risk factors for
CAD. Most authors conclude that the cause is multifactorial and recommend multi-
risk factor intervention. To date, however, the only definitive treatment remains

retransplantation.?™

Causes of dyslipidemia

Hyperlipidemia has been reported in 60% to 80% of patients treated with triple-
drug immunosuppression.?” Immunotherapy is the principal offender, although
preexisting lipid abnormalities, particularly in patients whose pre-transplantation
diagnosis was ischemic cardiomyopathy, contribute to the frequency of post-trans-
plant dyslipidemias. Studies of patients before and after cardiac transplantation
on standard, triple-drug immunosuppression have documented an increase in lip-
ids, primarily plasma total cholesterol and triglyceride levels?”>?7, but also LLDL
and HDL cholesterol levels.’%277 Lipoprotein (a) levels are decreased.?’

Both steroids and cyclosporine cause lipid abnormalities in transplant patients
(reviewed in 268,280). In nontransplant patients, corticosteroids commonly increase
serum triglycerides and cyclosporine increases LDL cholesterol and apo B levels.28!
But hypertriglyceridemia is also common in transplant patients treated with cy-
closporine.?® Reduced hepatic clearance of LDL?#2283 and/or cyclosporine-medi-
ated changes in lipoprotein lipase and hepatic lipase?® are mechanisms that have
been postulated to explain these lipid abnormalities. In spite of continued reports,
we have not yet advanced very far beyond stating the obvious: elevations in LDL
cholesterol and, to a lesser degree, triglycerides are to be expected in these patients.
Some of the reasons for the discrepancies between studies are discussed by Miller
and include the lack of control for common variables such as diet and weight gain 268
Also the usual side effects of corticosteroids, weight gain, insulin resistance and
glucose intolerance, invoke a dizzying number of mechanisms that alter lipids.

Is hyperlipidemia an important determinant of atherosclerosis only in long-
term survivors of cardiac transplantation or does hyperlipidemia also influence ac-
celerated atherosclerosis? Most pertinent studies and reviews do show a relation
between hyperlipidemia and post-transplant atherosclerosis®*>2%; and allograft vas-
culopathy undoubtedly accounts for much of the disease documented. But to prove
that hyperlipidemia causes accelerated atherosclerosis requires surveillance angiog-
raphy or intravascular ultrasonography?*®2%! to distinguish transplant vasculopathy
from classic atherosclerosis. The investigations that have included such definitive
descriptions have identified total and LDL cholesterol levels?™0-290292 and triglycer-
ides?70:2% a5 significant risk factors for transplant vasculopathy. Moreover, as fur-
ther advances in immune therapy are made and as additional studies of lipid-lower-
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ing therapy document reduced morbidity and mortality (see below), hyperlipidemia
in the transplant patient may prove to have an even more powerful impact on vas-
culopathy than previously thought.

Treatment of hyperlipidemia

Treatment of hyperlipidemia appears to improve the clinical outcome of cardiac
transplant patients and to reduce allograft vasculopathy. An important paper re-
cently described serial angiography (or autopsy findings) in an open-label trial of
97 patients randomly and consecutively assigned to receive treatment with pravas-
tatin or not following cardiac transplantation.?”® After one year the cholesterol was
193 + 36 mg/dl in the treated group and 248 + 49 in the controls. This intervention
significantly lowered the incidence of vasculopathy (6% vs 20%), hemodynamically
compromised cardiac rejection (6% vs 28%) and mortality, (6% vs 22%). Intimal
thickening, measured by intracoronary ultrasound was also reduced, as was natural-
killer-cell cytotoxicity. The difference in mortality was so great that the number
needed to treat for one year to save one life was only 17.

Treatment of LDL cholesterol elevation

The safety of bile acid sequestrants (resins) makes them an appealing choice, but
resins are problematic in patients on a multidose regimens because they interfere
with absorption of many other medications, including cyclosporine.2’” On the other
hand, if other medications are given at least one hour before or four hours after the
resin, no interaction should be anticipated. However, such a schedule would require
almost superhuman patient compliance; and, because LDL elevations are so often
severe, most clinicians turn to statins. Their use deserves special attention given
that concomitant treatment with cyclosporine significantly increases the incidence
of myositis and rhabdomyolysis leading to renal failure.2%4-2% These reports of se-
vere side effects were published soon after the first statin (lovastatin) was approved
and very high doses were used. Most patients were also taking medications that
compound the risk of myositis when given with lovastatin (gemfibrozil, niacin and
erythromycin). Since that time, studies of cardiac transplant patients on double- or
triple-drug immunosuppressive therapy, including cyclosporine, have documented
the safety and efficacy of lovastatin and other statins.?772972% Cyclosporine is now
understood to increase serum concentrations of the statins, and most authorities
advocate a maximal statin dose of 20 mg/day 3%, with close monitoring of transam-
inase and creatine kinase levels; acceptable elevations are 3 times and 10 times the
upper limit of normal, respectively.

Treatment of elevated triglycerides

Although cholesterol elevations are more common, hypertriglyceridemia is not rare,
particularly if high steroid doses are used. Therapy with gemfibrozil is safe and
efficacious in the cardiac transplant patient?”’, as is bezafibrate.2%:30! Both fibrates
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lower triglycerides and raise HDL cholesterol, but bezafibrate also has LDL- and
apo B-lowering effects.?*®30! The major precaution for gemfibrozil (and possibly
bezafibrate) is its administration with a statin as discussed above.

Niacin is a useful drug in patients with high triglycerides and has the advantage
of lowering LDL and raising HDL; but its side effects of hepatotoxicity, exacerba-
tion of peptic ulcer disease, glucose intolerance and uric acid elevations overlap
with the side effects of cyclosporine and glucocorticoids, making niacin a poor choice
for transplant patients. If statins are also prescribed caution is again necessary be-
cause of the increased incidence of myositis.

Treatment with omega-3 polyunsaturated fatty acids (fish oils) is a safe alter-
native and has no significant harmful side effects or medication interactions. In
cardiac transplant recipients they lower triglycerides as well as bezafibrate 3! at a
relatively modest dose of 10 g/day and one study showed inhibition of allograft
vasculopathy.3? Fish oils may also have immunosuppressive, antiinflammatory,
antihypertensive, antithrombotic and other antiatherosclerotic effects.?03-30%% Most
recently, n-3 fatty acids were documented to have antiarrhythmic effects, 309310

Lipids and cardiovascular disease in women and the elderly

Questions often arise regarding the risks attending hyperlipidemia in two large groups
of subjects: women and the elderly. While this subject deserves extensive review
(see 311), brief mention will be made of some recent findings.

Women lag approximately ten years behind men in their incidence of CAD,
unless they have diabetes which abolishes women’s gender advantage.312-314 The
Framingham data provide strong evidence that a woman’s risk of CAD rises both with
increasing age and hypercholesterolemia. In regression trials that have included wom-
en in sufficient numbers83.315316 cardiovascular events were significantly reduced in
women as well as men. Moreover, recent clinical trials with statins such as 4S and
CARE have now shown that statistically and clinically significant reductions in coro-
nary events can be achieved in women when cholesterol levels are reduced.” 77 Final-
ly, results from the CARE trial suggest that in patients with mildly elevated LDL
cholesterol levels, cholesterol lowering benefited women more than men.”’

Oral estrogens may be considered for treatment of hypercholesterolemia in
post menopausal women.” Estrogens lower LDL cholesterol, raise HDL cholester-
ol and triglycerides and, as discussed earlier, reduce Lp(a) and LDL oxidation.
Estrogen replacement in women at risk for CAD is particularly attractive given
the overwhelming number of epidemiological studies showing that women who
use estrogens are less likely to develop CAD than those who do not.!3714! The
addition of a progestin substantially reduces the lipid effects of estrogens!*® but
does not appear to attenuate cardioprotective effects.!33!7 Much of the vascular
benefit of estrogen is independent of the lipid effects.318-322

There is less agreement as to whether elderly subjects with elevated cholester-
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ol levels are at increased risk for CAD.32-329 [n some studies, though by no means
all, the advancing age of a population appears to weaken the impact of total and
LDL cholesterol levels on the risk of coronary events. One possible explanation is
confounding due to comorbid disease which lowers cholesterol levels at a late age.
A low HDL-C in a healthy older adult may prove to be the best marker of assessing
increased risk for CHD.330:331 Although the controversy will be more firmly settled
with the results of ongoing randomized clinical trials, it is already apparent from the
487 and CARE trials and the pooled analysis®!® that the benefit for those over 60
to 65 is comparable to that for younger subjects.
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4 LIPID LOWERING THERAPY

Donald A. Smith

Prevention of coronary heart disease is not only important from the public health
point of view. Efforts to prevent disease test our fundamental concepts of etiology.
Atherosclerotic coronary heart disease is a complex process of atherosclerotic plaque
accumulation and interaction with a thrombotic and fibrinolytic system, which may
or may not ultimately result in a clinical syndrome. Because of the slowness and
complexity of this lifelong process, preventive interventions may as well seem too
weak or too slow in their power to appreciably alter the course of clinical disease.
The societal burden of this disease, however, has become so great and its treatment
so technologically complex, that even small gains in its prevention applied to large
populations can be appreciable in terms of both reduction in human suffering and
reduction in health care expenditures.

The primary purpose of this chapter will be to explore the experimental data
that justify lipid lowering in preventing the clinical onset and progression of coro-
nary heart disease, i.e., lipid-lowering as a tool of both primary and secondary pre-
vention. Since the cardiologist will predominantly be seeing patients referred with
coronary heart disease already, as opposed to the general internist who will pre-
dominantly be seeing patients without coronary heart disease, the major focus of
this chapter will be on the newer studies on secondary prevention of coronary heart
disease. Since improvement in angiographic outcome seems predictive of improve-
ment in clinical outcome, angiographic studies will also be discussed as potential
correlates of clinical studies.

Primary prevention

Although there had been many animal and pathological studies suggesting the im-
portance of cholesterol in the development of coronary atherosclerotic plaques, it
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was the early international epidemiologic studies of Ansel Keys in the Seven Coun-
tries Study that demonstrated marked differences in coronary heart disease mortal-
ity among countries and related this to median national serum cholesterol levels
and intake of saturated fat as percent of calories that began to suggest that the
growing epidemic of coronary heart disease might have an important environmental
component.! The ten year incidence of fatal myocardial infarctions in men aged 40-
59 years in Eastern Finland where the group median plasma cholesterol was 265 mg/
dL was 14 times higher than that in four cities in Japan and Yugoslavia where the
group median cholesterol was 160 mg/dL.2 Emigration studies as well have suggest-
ed that increasing coronary heart disease incidence is related to environmental fac-
tors. The Ni-Hon-San study measured total cholesterol levels in Japanese men in
mainland Japan, Honolulu, and San Francisco and found the means to be 180, 218,
and 228 mg/dL.* Corresponding coronary heart disease death rates were 1.3, 2.2,
and 3.7 per thousand per year, a threefold increase as Japanese men emigrated
from Japan and acculturated to the United States.

The Framingham Study which was initiated in 1948 in Framingham, Massachu-
setts, and is still ongoing has been one of the most respected and productive studies
of the relationship of lipids to coronary heart disease. 5200 men and women in
Framingham were originally examined and then followed every two years to deter-
mine risk of baseline variables to the onset of cardiovascular disease. At ten years
of follow-up total cholesterol was linearly related to incidence of CHD.* At the
eighteen year followup, total cholesterol was linearly related to both coronary and
peripheral vascular disease, but not significantly to cerebrovascular disease.’ The
relationship was a strong one suggesting that for each 1% rise in total cholesterol,
the incidence of coronary heart disease increased 2 - 3%.5 After the age of fifty, in
women total cholesterol was no longer an important predictor of coronary heart
disease. Lipid subfractions began to be measured in Framingham in 1968.° Low
density lipoprotein (LDL) cholesterol was significantly related to coronary heart
disease incidence in both men and women and at ages older than 50 years.” More
importantly high density lipoprotein (HDL) cholesterol was found to be a very sig-
nificant protective risk factor,”® and low levels of it (36 md/dL or less in men or 46
mg/dL or less in women) even in persons with total cholesterol levels less than 200
was associated with a two fold increase (men) and (seven-fold increase in (women)
12 year incidence rates of myocardial infarction when compared to those with HDL-
C levels 20 mg/dL higher.?

The Multiple Risk Factor Intervention Trial screened 356,222 men age 35 - 57
years for serum cholesterol and followed for six years for CHD mortality. This study
showed that the lowest rates of CHD mortality were in the men in the lowest decile
of total cholesterol, (167 mg/dL or less) and that risk increased steadily throughout the
remaining nine deciles resulting in a 4.1 fold increase in relative risk for those in the
tenth decile (total cholesterol = 264 mg/dL and above) compared with those in the
first decile.!”

The importance of the lipid hypothesis to the clinical prevention of CHD gath-
ered momentum as randomized, placebo controlled studies were able to demon-
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strate the effectiveness of LDL-cholesterol lowering to the reduction in incidence
of CHD. One of the most important in terms of clinical impact was the Lipid Re-
search Clinics Coronary Primary Prevention Trial (CPPT) reported in 1984 in which
approximately 3800 men aged 35 to 59 with a total plasma cholesterol of 265 mg/dL
or greater and an LDL cholesterol level 190 mg/dL or greater were randomly as-
signed to receive 24 grams of cholestyramine or placebo in conjunction with a lipid
lowering diet.!!!2 Subjects were followed for an average of 7.4 years and monitored
for sudden cardiac death and non-fatal MI. LDL cholesterol levels decreased from
216 at baseline to 199 and 198 mg/dL at one and seven years in the placebo group and
from 216 at baseline to 159 and 175 mg/dL in the cholestyramine group, The cumu-
lative incidence of CHD death or non-fatal MI dropped from 8.6% in the placebo
group to 7.0% in the cholestyramine group, a significant (though not earth-shaking)
19% drop in these events. Greater decreases in total or LDL cholesterol resulted in
greater decreases in clinical events rate, such that those subjects who took all six
packets of cholestyramine per day with a 35% decrease in LDL cholesterol or a 25%
decrease in total cholesterol had a 50% decrease in clinical events rate.

The Helsinki Heart Study reported in 1987 !* was a second important primary
prevention trial that demonstrated reductions in CHD morbidity and mortality with
primary treatment of hyperlipidemia, this time with gemfibrozil, a fibric acid deriv-
ative. Approximately 4000 men, age 40 to 55, and with a non-HDL cholesterol (LDL
plus VLDL cholesterol) of 200 mg/dL or more, were randomized to gemfibrozil 600
mg bid or to placebo bid after dietary intervention. They were followed for five
years with the primary end point being incidence of CHD death or non-fatal MI.
Gemfibrozil treatment resulted in a 10% decrease in total cholesterol, an 11% de-
crease in LDL cholesterol, a 35% decrease in triglycerides, and an 11% increase in
HDL cholesterol. After two years in the trial, the treated group began having fewer
clinical events resulting at five years in a 34% reduction in primary events from 84
(4.1%) in the placebo group to 56 (2.7%) in the gemfibrozil group. There was a
decreased incidence of events in each of the three Frederickson lipid phenotype
patterns, but the largest effect was in those with a IIB phenotype, i.e., with baseline
elevations in both LDL cholesterol and triglyceride levels.'* Later subgroup analy-
sis,! showed that participants with triglyceride levels above 200 mg/dL in the pres-
ence of an LDL/HDL cholesterol ratio of greater than 5.0 had a 71% reduction in
the primary end points. This was one of the first studies demonstrating those per-
sons for whom triglyceride decreases may lower clinical coronary events.

Total mortality in both the CPPT and the Helsinki trials was not lowered sig-
nificantly because of increases in mortality in deaths from accidents, suicides, and
homicides. These data have inspired a surge in research on the behavior-altering
effects of cholesterol reduction. This author feels that the increases in these catego-
ries of death , although associated with, were not caused by the drugs used nor the
cholesterol reduction itself; the Helsinki authors speak to this issue in a letter to the
editor and a recent review article goes into an exploration of the issue in quite some
detail.!®!7 These data plus a recent meta -analysis looking at mortality outcome by
degree of baseline risk 18 do demonstrate, however, how difficult it 1s to lower total
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mortality in persons with a small risk of coronary heart disease, e.g., in men before
the age of 45 years and in premenopausal women, and thus lipid-lowering recom-
mendations have tended to become more conservative in the pharmacologic ap-
proach to primary prevention in these low risk groups. For example the current
recommendation of the Expert Panel of the National Cholesterol Education Pro-
gram Expert Panel on detection, evaluation, and treatment of high blood cholester-
ol in adults is not to use drugs for LDL cholesterol lowering even if the LDL cho-
lesterol remains in the 190-220 mg/dL range after dietary therapy for men under 35
and for premenopausal women.!?

Secondary prevention

On the other hand there have been many studies now of the secondary prevention
of CHD which show decreases in non-fatal and fatal events in persons with CHD as
well as decreases in total morality. At the arterial level, the major expected benefit
from LDL-C lowering has been stability or regression in degree of stenosis within
arteries already containing atherosclerotic plaques and a diminution in the rate of
new plaque formation and progression. Sequential coronary angiography using vi-
sual assessment by a panel of cardiologists or by computerized image analysis has
been the tool to evaluate sequential changes in percent stenosis (%S), comparing
the narrowest point in a vessel with what would appear to be a normal segment, a
measure of relative change between two segments in a coronary artery. More recent
studies have used minimal and mean lumen diameter changes in coronary artery
segments as a measure of atherosclerotic disease activity. These are absolute chang-
es (in mm) in diameters with time and require the presence of a measuring scale on
the tip of the catheter as an absolute point of reference. Such studies also measure
coronary heart disease morbidity and mortality so that angiographic and clinical
outcomes may be compared. There are now many such studies and these will be be
presented in brief narrative form with the details summarized in Tables 4.1-4.3.

Dietary angiographic trials (Table 4.1)

At least three dietary trials have shown that angiographic improvement can be ob-
tained without pharmacologic help. The Leiden Intervention Trial 2was an uncon-
trolled two-year trial in 39 subjects with at least one coronary vessel with greater
than a 50% stenosis who were placed on a vegetarian diet consisting of 6.6% satu-
rated fat, less than 30 mg per day of cholesterol, and with a polyunsaturated/saturat-
ed (P/S) fat ratio of 2.5. Ninety percent were male with an average age of 49 years.
Total cholesterol fell 10% from 267 to 240 mg/dL (6.9 to 6.2 mE/L). Both visual
imaging and computer-assisted imaging was used to assess angiograms. Fifty four
percent showed progression by both methods with 46 percent showing regression
(18%) or no change (28%). The important finding was that lesion growth was asso-
ciated with average baseline and two-year TC/HDL-C ratios (r=0.5, p< .001) and
that there was no progression in those with on trial TC/HDL-C ratios less than 6.9.
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Persistent angina was associated with progression and in 3.5 years of follow-up, 5
deaths occurred all of which were in persons with lesions that had progressed.

The recent Lifestyle Heart Trial conducted by Dr. Dean Ornish and coworkers
enrolled 48 subjects with coronary atherosclerosis on diagnostic angiography in at
least one coronary vessel and randomly placed half of them on a comprehensive
lifestyle-change program consisting of a vegetarian diet (7% fat, 12 mg cholesterol
per day), stress management exercises for one hour per day, excercise minimally 3
hours per week, and group support meetings twice weekly.2? Eighty nine percent
were male with an average age of 58 years, ninety percent of whom were experienc-
ing angina. LDL-cholesterol levels decreased from 152 to 95 mg/dL (3.92 to 2.46
mE/L) in the treatment group with no change in HDL cholesterol levels. Of the 41
subjects who had two comparable angiograms at one year, average stenosis regressed
2.2% in the experimental group and progressed 3.4% in the usual care control group
(p<.001). Eighteen percent of subjects in the treatment group had lesions that on
average tended to progress compared with 53% of subjects in the control group. It
is unclear which part of the intervention was most important or whether the total
program is necessary. Those who were most adherent to all part of the program
showed the greatest improvement. Angiographic changes were slightly better in
women than in men and in lesions where the percentage stenosis was greater than
50%. Only one death occurred in a man assigned to the intervention group who
exceeded exercise recommendations in an unsupervised gym. There was a marked
decrease in angina in the experimental group within one month of entering the
program.

The St. Thomas Athersclerosis Regression Study (STARS) % had one arm with
dietary intervention showing that more modest changes in diet than the previous
two can result in angiographic improvement. Sixty men evaluated angiographically
with CHD, average age 49 years, were randomly assigned to dietary therapy (27%
total fat, 8-10% saturated fat, cholesterol = 100 mg/1000 calories per day, high
soluble fiber) or to diet plus cholestyramine 16 grams per day. In the dietary arm,
the average LDL cholesterol decreased from 194 to 162 mg/dL (5.00 to 4.19 mE/L)
with no change in HDL cholesterol while cholestyramine therapy in addition to the
diet resulted in a decrease in average LDL cholesterol from 204 to 130 mg/dL (5.26
to 3.37 mE/L). After 39 months, the mean luminal diameter decreased .201 mm in
the control group but increased .003 mm in the dietary group and .103 mm in the
diet plus cholestyramine group (p = .012). On trial LDL/HDL-C ratio and mean
blood pressure best predicted the changes in luminal status. In addition although
there were 10 of 28 subjects (36%) in the control group who had either an M],
death, angioplasty, coronary artery bypass grafting, or stroke, there were only 11%
in the diet group, and 4% in the diet plus cholestyramine group who had such events
(p<.05,<.01) respectively.

These three dietary studies , two using vegetarian diets and one using a more
standard type II American Heart Association type diet, demonstrate an ability to
improve angiographic results assessed at one to 3.3 years. Two of these studies show
that angiographic changes are associated with TC/HDL-C or LDL/HDL-C ratios in
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Table 4.1 STUDIES OF DIETARY THERAPY OF HYPERLIPIDEMIA

Study Participants Intervention Length Lipid changes
Treatment
of trial Group
n % angina % Mean % % (yrs) LDL-C [-%])
randomized/ % MI  male age ASASmoker mg/dl
angios (yrs) (mE/L)
compared
Leiden 53/39 100/69 90 49 - - Vegeterian diet: 2 TC267 [-10]
Interven P/S=2,5 (6.9 —240
Trial® —6.2)
Chol=30
mg/day

Sat fat=6,6%

Life style 48/41 90/~ 89 58 - ] Vegeterian diet: 1 15295 [-37]
Heart Trial?*# 7% fat (3.92
12 mg/day chol —2.46)

Stress management.
1 hr/d + exercise

3 hr/wk + group
supp 4 hrs. biw

St. Thomas 60/50 69/46 100 49 - 27 27% total fat 33 1945162  [-16]
Atherosclerosis 8-10% sat fat (5.00

Regression chol=100 mg/1000 —4.19)

Study Cal, hi sol fiber

STARS DIET®

spite of the fact that LDL-C levels attained were quite different — approximately
160 in the Leiden Trial and STARS and 95 mg/dl in the Lifestyle Heart Trial. STARS
showed a significant lowering of event rates during the 3.3 years of the study while
in the Leiden Study follow-up of 3.5 years, the five deaths occurred only in those
with progression on angiography at two years. Thus the dietary studies suggest find-
ings seen in the following studies using more powerful pharmacologic or surgical
interventions.

Pharmacologic, surgical angiographic trials

The National Heart, Lung, and Blood Institute (NHLBI) Type 11 Coronary Inter-
vention Study * recruited subjects in the upper 10th percentile of LDL-cholesterol
on dietary therapy who had presumed coronary artery disease; 23% had a previous
MI and 33 experienced angina (Table 4.2). One hundred and fourty three subjects
were randomized to diet plus 24 grams of cholestyramine daily or to diet and match-
ing placebo. The treatment group achieved a 26% drop in LDL-cholesterol to 178
mg/dL (4.60 mE/L) and an 8% increase in HDL-cholesterol to 41 mg/dL (1.06 mE/
L); LDL/HDL-cholesterol ratio decreased from 6.1 to 3.9. Angiography was per-
formed 5 years later and 116 subjects had angiograms which were comparable. Thirty
two percent of the treatment group had arteries which had progressed compared
with 49 percent of the diet only group , p = .03. Regression rates were the same.
Although clinical events tended to be less in the treatment group ( 8 versus 12), the
difference was not statistically significant. Best results were seen in lesions where
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Table 4.1 STUDIES OF DIETARY THERAPY OF HYPERLIPIDEMIA

A Angiographic Change by Patient Clinical Events Comments
AHDL  [A%] L/H MLD % % A% S
-C mg/di diameter Progression Regression
(mE/L) Rx con- P Rx con- P Rx con- P Rxcon- P Rx con- P

trol trol trol trol trol

39.1 [-3] (T/H) -.13 - 54 -~ 18 - +4.5 - - Lession growth assoc
—379 7.1-6.4 with avg TC/HDL-C
(.0 at 0 and 2yrs, r=0.5
—0.98) No progression if

trial TC/HDL-C <
6.9. 5 deaths in 3.5
yrs F/U occur in
progressors only.

39538 [-3] 4.2- 18 53 - 82 42 - 22 +34.001 1 0 - Angio changes bet-

(1.00 2.9 ter in women than
men, is better in %
S > 50. Those most
adherent to program
had most benefit.

441 0] 45 0.0030.201 0012 15 46 <0238 4 0211 +58 NS 3 10 <.05 Angio changes assoc.
—44.1 37 with LDL-C/HDL-C
(1.14 in trial and change
—1.14) in mean BP.

stenosis was greater than 50% and subjects in the highest tertile of HDL/T choles-
terol ratio during the study independent of treatment classification had 30 to 50%
less progression than those in the lowest tertile. In fact the effect of cholestyramine
on progression was eliminated when HDL/TC ratio was added to a multivariate
regression model confirming in-study lipid HDL-cholesterol and LDL-cholesterol
levels as the most important determinants in predicting angiographic progression.

The Cholesterol Lowering Atherosclerosis Study (CLAS) ?°, performed at the
University of California at Los Angeles under the direction or David Blankenhorn,
randomly assigned 188 non-smoking men who had had coronary artery bypass graft-
ing to dietary therapy as the placebo group or to colestipol 30 grams plus niacin 4
grams per day in the treatment group.. There was a major decrease in LDL choles-
terol (171 to 97 mg/dL [4.42 to 2.51 mE/L]) and a major increase in HDL cholester-
ol (45 to 61 mg/dL [1.16 to 1.58 mE/L]) such that the LDL/HDL cholesterol ratio
decreased from 4.0 to 1.7 . The percentage of subjects with progression on angio-
grams two years apart as measured by a visual global evaluation score was 61% in
the control group and only 39% in the treated group (p=.001) . Moreover the per-
centage of subjects with regression was 2% in the control group but was 16% in the
treatment group (p=.002). These differences persisted in a subgroup which contin-
ued another two years (75% versus 45% of patients progressing and 6% versus 18 %
of patients regressing repectively).?s This was the first study to clearly document
angiographic regression and caused quite a bit of excitement. Another exciting find-
ing was that subjects with baseline cholesterol values 240 mg/dL. or less did as well
as those with values 241 mg/dL and greater. Finally in the treatment group with low



76 Section A - Coronary artery disease

Table 4.2 STUDIES OF PHARMACOLOGIC OR SURGICAL
THERAPY OF HYPERLIPIDEMIA

Study Participants Intervention Length Lipid changes
Treatment
of trial Group
n % angina % Mean % % (yrs) LDL-C |A%]
randomized/ % MI  male age ASASmoker mg/dl
angios (yrs) (mE/L)
compared
NHLBI* 143/ 23/33 81 46 - 39  D+Csty24 gm 5 2425178 [-26]
Type II 116 (6.25
Coronary —4.60)

Intervention Study

Cholesterol Lowerin
Atherosclerosis Study

CLAS I® 188/ 100% 100 54 0 0  D+Colspol 2 171597 [-43]
162 CABG 30 gm+Nwaoivy 4 gm (4.42
—2.51)
CLAS 1% 188/ 100 54 75 <25 4 171101 [-40]
103 (4.432.62)
Familial

Atherosclerosis
Treatment Study

FATS 146/120  50/72 47 D +Colspol 190129 |-32)
(N+Cy»® 30 gm+Niac 4 gm (491

—3.33)
FATS 146/ 42/63 100 48 56 25 D+Colspol 2.5 196—107 1-45}
(L+C)" 120 30 gm+Lova 4 gm (5.06

—2.76)

LDL cholesterol levels, levels of triglyceride rich particles as measured by seemed
to predict angiographic progression whereas in the diet only group, non-HDL cho-
lesterol (that found in LDL and VLDL particles in general) predicted progression.
In spite of these impressive angiographic differences, there was no significant dif-
ference in event rates.

The same group performed a further angiographic study , the first to test mono-
therapy with an HMG CoA reductase inhibitor , using a larger subject population
called the Monitored Atherosclerosis Regression Study (MARS) which has been
recently reported.?” A total of 270 subjects with two stenotic lesions on coronary
angiograms, one being greater than 50%, were randomly assigned to either dietary
therapy or to lovastatin 80 mg daily. LDL-cholesterol fell in the treated group from
151 to 93 mg/dL (3.91 to 2.41 mE/L) and HDL cholesterol increased from 42.6 to
45.7 mg/dL (1.10 to 1.18 mE/L) resulting in a decrease in LDL/HDL cholesterol
ratio of approximately 3.5 to 2.0. After 2.2 years, there was no significant difference
in percent stenosis nor in average mean luminal diameter. In lesions with greater
than 50% stenosis, however, both of these parameters were significantly better in
the treated group. Using a visual global score, the treated group showed less pro-
gression and more regression than the dietary group over the 2.2 years. Clinical
coronary events were not different in the two groups although the lovastatin group
tended to have fewer.
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Table 4.2 STUDIES OF PHARMACOLOGIC OR SURGICAL
THERAPY OF HYPERLIPIDEMIA

A Angiographic Change by Patient Clinical Events Comments
AHDL  [A%] L/H MLD % % A% S
-C mg/dl Progression Regression
(mE/L) Rx con- P Rxcon-P Rx con- P Rx con- P

trol trol trol trol

3841 [+8] 6.1 32 49 03 7 7 NS 8 12 NS High HDL-C/TC best predictor
(0.98- -39 of less progression (30-50% less in
1.06) top tertile of increase). Best results

where % S > 50.

4561 [+37] 40 39 61 00! 16 2 .002 14 18 NS New lesion formation less in Rx
(1.16- -1.7 group. Same benefit if baseline
1.58) TC=185-240 or 241-350

44560  [+37] 3.9 45 75 00118 6 .04 4 7 NS Non-HDL cholesterol predicts
(1.14 -7 progression in PBO group, TG rich
—1.55) particles in RX group.

3955 [+41] 49 25 46 39 11 .005 -0.9 +2.1 005 2 11 .01 lapoB, {LDL, THDL, { Syst.
(1.0t —-23 BP predict angio benefit

—1.42)

3541 [+17] 5.6 22 46 32 1t 005 -0.7 +2.t 023 11 .01 Benefit found in all lesions but best
(0.90 —26 where % S > 50.

—1.06) Best results if baseline LDL-C< 160

The Familial Atherosclerosis Treatment Study (FATS) directed by Gregory
Brown at the Northwest Lipid Research Clinic in Seattle, Washington, used two
different pharmacologic interventions to lower LDL-C and raise HDL-C in men
less than 62 years of age with high levels of apolipoprotein B (>125 mg/dL), a
family history of coronary heart disease, and at least one coronary stenotic lesion
greater than 50 % or three greater than 30%.2® One hundred and fourty six men
were randomly assigned to dietary therapy or to colestipol 30 grams plus niacin 4
grams or to colestipol 30 grams plus lovastatin 40 mg per day for two and one half
years. LDL cholesterol levels dropped from 190 to 129 mg/dL(4.91 to 3.33 mE/L) in
the colestipol/niacin treatment group and moreso in the colestipol/lovastatin group
from 196 to 107 mg/dL (5.06 to 2.76 mE/L). There was a larger increase in the HDL-
cholesterol in the niacin group (39 to 55 mg/dL [1.01 to 1.42 mE/L]) than in the
lovastatin group (35 to 41 mg/dL [0.90 to 1.06]). In-study LDL/HDL cholesterol
ratios were approximately the same 2.3 and 2.6 respectively. The percentage of
patients with progression using quantitative computerized angiography was 22 -
25% in the treated groups compared with 46% in the diet only group whereas re-
gression was seen in 32 - 39 % in the treated group versus only 11% in the diet only
group. Most importantly from the clinical point of view was a 73% reduction in
cardiovascular death, nonfatal MI, and angina necessitating angioplasty or bypass.
Decreases in LDL cholesterol and systolic blood pressure, and increases in HDL
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Table 4.2 (cont) STUDIES OF PHARMACOLOGIC OR SURGICAL THERAPY

OF HYPERLIPIDEMIA
Study Participants Intervention Length Lipid changes
Treatment
of trial Group
n % angina % Mean % % (yrs) LDL-C [-%]
randomized/ % MI  male age ASASmoker mg/dl
angios (yrs) (mE/L)
compared
Program on the 838/ -/100 91 51 - 35  D+partial ileal 9.7 179->104 [-42]
Surgical Control 838 bypass (4.62
of Hyperlipidemia —2.68)
POSCH>!#
University of 97/72 3/0 43 42 7 17 D+Colstipol 2 283172 [-38)
California 30 gm+Niac 2 gm (7.32
San Francisco, +Lova 40 —4.45)
Arteriosclerosis
Specialized Center
of Research
Intervention Trial
SCOR™®
Monitoring
Atherosclerosis
Regression
Study
MARS? 270/ 41/60 91 58 90 80 D+Lova 40 22 15193 1-38]
247 3.91
—2.41)

cholesterol were the best predictors of angiographic benefit. Although benefit was
seen in all stenotic lesions, those greater than 50% did better than those less stenot-
ic. Surprisingly, subjects with baseline levels of LDL-C less than 160 improved more
than those with higher baseline levels.?

Partial distal ileal bypass was introduced as a technique to lower serum choles-
terol in 1963. This operation could lower serum LDL cholesterol by 40% by increas-
ing fecal neutral steroid excretion threefold and fecal bile acid excretion fivefold.3
The Program on the Surical Control of Hyperlipidemia (POSCH) 3! randomly as-
signed eight hundred and thirty eight subjects who had had an MI to dietary therapy
or to the surgical procedure. Coronary angiograms were performed every two years
as the patients were followed for an average of 9.7 years. LDL cholesterol levels fell
in the surgical group from 179 to 104 mg/dL while HDL cholesterol levels stayed
essentially the same. LDL/HDL cholesterol ratio decreased froom 4.3 to 2.3. A
visual global assessment scale was used to compare angiograms. Over the approxi-
mate 10 year period, 85% of the control group progressed, while only 55% of the
surgical groups did so. Regression rates were 4 and 6% and did not differ. Most
importantly the number of sudden coronary heart disease deaths and non-fatal MI’s
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Table 4.2 (cont) STUDIES OF PHARMACOLOGIC OR SURGICAL THERAPY

OF HYPERLIPIDEMIA
A Angiographic Change by Patient Clinical Events Comments
AHDL  [A%] L/H MLD % % A% S
-C mg/d! Progression Regression
(mE/L) Rx con- PRxcon-P Rx con- P Rx con- P Rx con- P
trol trol trol trol trol
39.9 [+5] 43— 55 85 <.001 64 38 - 82 125 <.001  Angio progression from
—41.8 23 Yr0to 3 predict 2x T
(1.03 risk all cause and CHD
—1.08) death and CHD death plus
non-fatal M1, Approx 60%
decrease
in CABG, PTCA
Men and women had
similar results
47559  [+28] 6.0 20 41 06 33 13 .06 -1.53 0.80 .04 0 1 NS Men and women had
(1.22 2.9* same results
—1.53)
426 [+85] 35— -.03 -06NS 29 41 07 23 12 04 16 22 NS 22 31 NS %S and A min lum diam
—45.7 2.0t signif better with Rx
(1.10 where % S > 50. Global
—1.18) score 0.9 in PBO, 0.4 in

Rx, p=.002, shows less
progression with Rx

decreased by 35% in the surgical group; survival analysis showed that the surgical
group demonstrated fewer events starting in the third year post surgery. Total death
rate decreased in that subgroup of patients who had an ejection fraction of 50% or
greater at baseline, one of the first studies showing an actual decrease in death rate
with lipid-lowering. There was an approximate 60% decrease in coronary artery
bypass grafting and angioplasties in the surgical group. Men and women had similar
results. Using an overall global angiographic assessment of change between base-
line and year 3, those subjects showing progression had a doubling of risk for sub-
sequent overall mortality, coronary heart disease mortality, and the latter plus non-
fatal M1, suggesting that angiographic results can indeed predict clinical events.3?

John Kane directed the University of California, San Francisco, Arteriosclerosis
Specialized Center of Research (SCOR) Intervention Trial,>* a major lipid lowering
trial using multiple drugs in 72 patients with heterozygous familial hypercholester-
olemia. This was a primary prevention angiographic trial and the subjects were ran-
domized to dietary therapy or to colestipol up to 30 grams, niacin up to 7.5 grams, and
lovastatin up to 60 grams. LDL cholesterol fell from 283 to 172 mg/dL (7.32 to 4.45
mE/L) and HDL cholesterol increased from 47 to 59 mg/dL (1.03 to 1.08 mE/L) in the
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Table 4.2 (cont) STUDIES OF PHARMACOLOGIC OR SURGICAL THERAPY

OF HYPERLIPIDEMIA
Study Participants Intervention Length Lipid changes
Treatment
of trial Group
n % angina % Mean % % (yrs) LDL-C [-%]
randomized/ % MI  male age ASASmoker mg/dl
angios (yrs) (mE/L)
compared
St Thomas 90/74 69/46 100 49 - 27 Diet 33 1945162 [-16]
Atherosclerosis (5.00
Study -4.19)
STARS D*
STARS D+R 90/74 54/79 100 50 - 21 D+Csty 16 gms 33 204130 [-36)
(5.26
=337
Canadian®* Coronary 331/ 66/54 81 53 100 27 D+Lova 20-80 nwa 2 1735122 {-29]
Atherosclerosis Inter- 299 to attain (4.47
vention Trial CCAIT LDL-C<130 =3.15)
Stanford® Coronary 300/ 73147 86 57 76 14 D+Exer.+D/C 4 159—120 [-24]
Risk Intervention 246 smok. +13 {4.13.1)
Project SCRI1P drugs to
attain LDL-
C<110, TG <100,
HDL-C>55
Multicentre™ 404/ 68/54 88 55 61 25 D+Simv 20 4 170—117 [-31]
Anti-Athcroma 381 (4.38
StydyMAAS —3.02)
Pravastain®" 408 - 76 57 - D+Prav 40 3 162117 [-28]
Limitation of 4.19
Athcerosclerosis —3.03
in Coronary Arterics
PLACI

drug treated group. LDL/HDL cholesterol ratio fell from 6.0 to 2.9. Over the two year
study there was a trend to more progression in the control versus the treated group
(41% versus 20%, p=.06) and to less regression (13 % versus 33%, p=.06). Mean
percentage stenosis increased 0.80% in the control group and decreased 1.53% in the
drug treated group. There was no difference in clinical events since only one event
occurred in the control group, none in the drug treated group. Fifty seven percent of
the subjects were women and they did as well or better than the men angiographically.
This study is important for the demonstration of salutory effects in coronary angio-
grams when absolute values of LDL cholesterol are only reduced on average to 172
mg/dL (4.45 mE/L) and suggest that the goal of and LDL cholesterol of 100 mg/dL or
less is not absolutely necessary for angiographic improvement.
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Table 4.2 (cont) STUDIES OF PHARMACOLOGIC OR SURGICAL THERAPY

OF HYPERLIPIDEMIA
A Angiographic Change by Patient Clinical Events Comments
AHDL  [A%]| L/H % % A% S
-C mg/dl Progression Regression
(mE/L) PRx con- P Rx con- P Rx con- P Rx con- P

trol trol trol trol

44.144.1 [0] 4.5~ -201 01 1S 46 002 38 4 002 -1 58 NS 3 10 <05 On trial LDL-C/
(1.14 3.7 HDL-C and A mean
—1.14) BP best predict A

% S.

Benefit in all lesions
but most striking
stenotic lesions

48.0046.1 [-4] 445 012 12 46 002 33 4 002 -19 S8 NS I 16 <01
(1.24 29
S1.19)

413932 [+7] 42—

09 01 3 50 02 10 7 NS +166 +289 04 14 18 NS

IDL-C assoc. with

(1.07 28 improvement,
—1.12) LDL-C with
worsening.
Fewer new lesions
in Rx vs PBO,

(16 vs 32%).
Angiogr improve
only in those with
LDL-C >176
{median), and in
% § <50,

Men and women
had similar results.

46.1551.5[+12] 34— - -18 .02 50 S0 NS 20 10 07 25 44 08 Dift in events signif
(119 23 lower in yrs 3,4 in
—1.33 Rx group.
42.6545.7 {+9] 42> -08 00623 32 .02 19 12 02 10 3.6 40 51 NS Bencetit found in all
1.10> 2.7 lesions but best
1.18) where % § > 50.
4144 [+8] 7 18 Ul Fewer new lesions
(1.06 and tot occlusions
—1.14) in Rx group.

The Canadian Coronary Atherosclerosis Intervention Trial (CCAIT) directed
by David Waters % randomized 331 subjects to diet or to diet plus lovastatin up to
80 mg daily to achieve an LDL-cholesterol less than 130 mg/dL. Two thirds of sub-
jects had at least one stenosis greater than 50% on angiography and approximately
one half had had a MI. LDL cholesterol levels fell from 173 to 122 mg/dL (4.47 to
3.15 mE/L) with a minimal increase in HDL cholesterol from 41.3 to 43.2 mg/dL
(1.07 to 1.12 mE/L). LDL/HDL cholesterol ratio decreased from 4.2 to 2.8. Drug
treated patients over two years showed less progression (33% versus 50%), less
diminution in minimal mean luminal diameter (.05 versus .09 mm) and less of an
increase in percent stenosis ( 1.66% versus 2.89%) than diet treated subjects. There
was no difference in angiographic regression nor in clinical event rates. On trial
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higher LDL cholesterol levels were associated with worsening angiograms and high-
er HDL cholesterol levels with improvement. Fewer new lesions were seen in the
drug treated group and men and women did equally well. Unlike previous trials,
angiographic improvements were seen only in those with a baseline LDL cholester-
ol greater than the median of 176 mg/dL, and only in lesions less than 50% stenotic.
Since the goal of therapy was an LDL-C of 130 mg/dL, those with lower baseline
cholesterol levels had less drug therapy and less of a percentage fall in LDL choles-
terol which may have accounted for a lack of beneficial effect of drug treatment in
them.

The Multicenter Anti-Atheroma Study (MAAS) **directed by M. S. Oliver was
very similar to the previous study but used simvastatin 20 mg to reduce LDL choles-
terol levels from 170 to 117 mmg/dL (4.38 to 3.02 mE/L) in a random one half of 404
subjects with coronary artery disease similar to that in the above study CCAIT.
HDL cholesterol levels increased from 42.6 to 45.7 mg/dL (1.10 to 1.18 mE/L) and
LDL/HDL cholesterol ratio decreased from 4.2 to 2.7. After 4 years, simvastatin
treated subjects showed less progression (23 versus 32 % of subjects progressed),
more regression (19 versus 12%), and less narrowing of mean luminal diameter (.02
versus .08 mm decrease) than subjects given diet only. Benefit was more marked in
lesions where stenosis was greater than 50%. There were fewer new lesions and
total occlusions in the drug treated group. Disappointingly clinical event rates were
not significantly different over the four year period.

The Stanford Coronary Risk Intervention Project (SCRIP) 3 directed by Wil-
liam L. Haskell was a randomized trial of lifestyle changes (diet with less than 20%
fat, less than 6% saturated fat, and less than 75 mg of cholesterol daily, exercise, and
smoking cessation) plus lipid lowering medication to reduce LDL cholesterol to less
than 110 mg/dL (2.4 mE/L), triglycerides to less than 100 mg/dL (1.13 mE/L), and
to increase HDL cholesterol to greater than 55 mg/dL (1.42 mE/L). 300 subjects
referred for coronary angiography who had at least one coronary stenosis with nar-
rowing between 5 and 69% were randomized to the life style intervention or to
usual care. Sixty percent of intervention subjects took a bile-acid binding resin , one
third took niacin , one third took an HMG CoA reductase inhibitor, and 20% took
a fibric acid at some point in the four years of the trial to achieve these lipid results.
Average LDL cholesterol dropped from 159 to 120 mg/dL (4.1 to 3.1 mE/L), HDL
cholesterol increased from 46.1 to 51.5 mg/dL (1.19 to 1.33 mE/L) with average
LDL/HDL cholesterol ratio dropping from 3.4 to 2.3. Average triglyceride level
decreased from 157 to 126 mg/dl (1.77 to 1.42 mE/L). After the four years, the
intervention group was 4 kilograms lighter on average with decreased mean fasting
glucose and insulin levels and systolic blood pressure was 4 mm Hg less than the
usual care group. Minimum lumen diameter decreased less over the four years in
the risk reduction group (-.096 versus -.180 mm) than in the usual care group. When
each patient was categorized into an exclusive group of progression, regression, no
change, or mixed response, the two groups differed significantly (p=.07) with more
in the regression category in the risk reduction group (20 versus 10%) and more in
the mixed category in the usual care group ( 21 versus 12 %) with progression and
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no change groups being identical. There was a thirty nine percent decrease in car-
diac events (sudden unexplained death, non-fatal MI, CABG, PTCA) in the risk
reduction group (p = .05), which occurred after two years in the study.

Clinical event rates have been reported recently in the Pravastatin to Limit
Atherosclerosis in the Coronary Arteries Study (PLAC I). %37 This was an coronary
angiographic trial assessing progression in 10 coronary segments in 408 subjects
(76% male, mean age 57 years) with a history of angina, MI, or PTCA who as well
had at least one coronary stenotic lesion 50% or greater. To qualify, subjects had to
have LDL-cholesterol levels of 130 to 189 mg/dL (3.36 to 4.90 mE/L) and triglycer-
ide levels of 350 mg/dL or less (3.95 mE/L or less) on a American Heart Association
Phase I diet (total fat less than 30%, daily cholesterol less than 300 mg, saturated fat
less than 10%). The treatment group received 40 mg pravastatin at night on a ran-
domized, double-blind basis. Follow up was for three years.

In the treatment group LDL-cholesterol dropped from 162 to 117 mg/dL (4.19
to 3.03 mE/L) and HDL cholesterol increased from 41 to 44 mg/dL (1.06 to 1.14
mE/L). Although coronary angiographic changes have not been published, the sec-
ondary endpoints of the study, clinical events, have been.’” Myocardial infarctions
were S in the pravastatin group and 17 in the diet-only placebo group, a 71% reduc-
tion (p = .005). There were 7 myocardial infarctions or CHD deaths in the pravas-
tatin group and 18 in the placebo group, a 61% reduction (p = .014). The angio-
graphic results of this trial are eagerly awaited. Meanwhile another pharmacologic
agent has been added to the list of those producing important cardioprotective
effects.

Clinical ultrasonographic studies

Two studies have recently been reported examining intimal medial thickness (IMT)in
the internal and common carotid arteries and the carotid bifurcation while on lipid-
lowering therapy (Table 4.3). The Asymptomatic Carotid Artery Progression Study
(ACAPS)®, a primary prevention Study, screened thousands of people with no his-
tory of cardiovascular disease to find subjects with at least one of 12 measurements
of IMT of 1.5 mm or more with all measurements less than 3.5 mm (average IMT in
middle-age people = 0.6mm).** 919 subjects were found with LDL-cholesterol lev-
els on phase 1 AHA diet of 160 - 189 mg/dL (4.34 -5.13 mE/L) with zero or one
coronary risk factor or 130 - 159 mg/dL (3.53 - 4.33 mE/L) with two or more risk
factors. Subjects were randomly assigned to lovastatin 10 mg >, lovastatin 20 mg
(44%) or lovastatin 40 mg (50%) daily to reduce LDL cholesterol to 90 - 110 mg/dL
(2.44 - 2.84 mE/L) and were followed on a double-blinded protocol for three years
with ultrasonographic readings taken each 6 months.

Average LDL cholesterol fell from 156 to 117 mg/dL (4.0 to 3.0 mE/L) and
HDL cholesterol increased from 52 to 54 mg/dL (1.34 to 1.40 mE/L) in subjects on
lovastatin. After 12 months, IMT thickening was decreasing at an average of .009
mm per year in the lovastatin group versus increasing an average of 0.006 mm per
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year in the placebo group (p = .001). The same effect was seen in men and women
and in those less than and over 60 years of age. Clinically there were 5 cardiovascu-
lar events (myocardial infarctions, strokes, or CHD deaths) in the lovastatin-treated
group versus 14 in the placebo group, a 61% decrease (p = .04). There was one
death in the lovastatin group and 8 deaths in the placebo group (p = .02). All six
cardiovascular deaths were in the placebo group.

Amazingly similar results were obtained in the smaller Pravastatin, Lipids and
Atherosclerosis in the Carotid Arteries (PLAC II) study.**#!151 participants (85%
male, mean age 63 years) were found with a history of myocardial infarction (63%)
or >50% stenosis in one or more coronary arteries, with one or more carotid plaques
with IMT 1.3 mm or greater. Subjects had to have an LDL cholesterol on phase I
AHA diet of 160 - 190 mg/dL (4.34 - 5.13 mE/L) with triglycerides 350 mg/dL (3.95
mE/L) or less. Pravachol was randomly assigned in doses of 10mg (4%), 20 mg(24%),
or 40mg (72%) to decrease LDL cholesterol to 90 - 110 mg/dL (2.44 - 2.84 mE/L).
Follow-up was for 3 years in a double-blinded protocol and ultrasound measure-
ments of the carotid artery segments were done each six months.

Average LDL cholesterol decreased from 167 to 120 mg/dL (4.3 to 3.1 mE/L)
with no change in HDL cholesterol in the pravastatin treated group. The annual
rate of change in mean maximal intimal-medial thickness was no lower in the prav-
astatin versus placebo group (0.059 versus 0.0675 mm per year, p = .44) using all
carotid artery segments. In the common carotid artery, however, the annual rate of
thickening of intimal-medial thickness was less in the pravastatin-treated group (0.029
versus 0.046 mm per year , p = 0.03). The decrease in progression rate was corre-
lated with treatment level of LDL cholesterol and results were slightly better in
women than men (p= .08).

There were 4 cardiac events (MI plus CHD deaths) in the pravastatin group
versus 10 in the placebo group (p = .09). There were 5 MI’s plus all deaths in the
pravastatin group versus 13 in the placebo group (p= .04) This 60% reduction in
cardiac events was identical to that seen in ACAPS described above.

Summary of clinical trials

These lipid-lowering angiographic and ultrasonographic trials present several im-

portant general findings.

1. Lipid alterations - specifically LDL-C lowering and HDL-C increases are asso-
ciated with coronary angiographic benefits to those treated most aggressively,
i.e., less progression, more stability, and in some cases more regression in ath-
erosclerotic lesions.

2. These angiographic benefits can occur in all degrees of stenoses but are gener-
ally more detectable in lesions where stenoses are greater than 50%.

Men and women react similarly to such lipid alterations.
Subjects with lower cholesterol levels (TC < 240 mg/dl) react similarly to those
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with greater cholesterol levels (TC > 240 mg/dI).

5. The association of improved angiographic findings and lipid improvements are
found in several different interventions for lowering lipid levels, i.e., pure di-
etary, surgical, and pharmacologic.

6.  Although on-trial LDL/HDL or TC/HDL ratios or degree of change in LDL or
HDL-cholesterol changes from baseline were associated with angiographic or
ultrasound findings, no specific target goal for LDL-cholesterol or percentage
lowering can be discerned as being absolutely necessary for stabilization of
coronary angiograms (Table 4.4).

Average achieved levels of LDL-cholesterol ranged from 93 mg/dl (2.41 mE/L)
(MARS) %7 to 178 mg/dl (4.60 mE/L)(NHLBI II). 2* Percentage lowering in
baseline LDL cholesterol ranged from 16% (STARS-diet)® to 45% (FATS-
colestipol plus lovastatin)® and average absolute lowering of mean LDL-cho-
lesterol levels ranged from 32 mg/dl (.82 mE/L) (STARS-diet)® to 111 mg/dl
(2.86 mE/L) (SCOR).33 In SCOR, the LDL-cholesterol during the study was
plotted against mean change in percent area stenosis with a small r value =
0.282, p=.018. At LDL-C levels as low as 100 mg/dl (2.58 mE/L) and as high as
300 mg/dl (7.75 mE/L), one could find subjects with progression and other
subjects with regression. This same scatter of points around the regression line
of on trial LDL-C and L/H ratio and change in mean absolute width of coro-
nary segment was seen in STARS with r= 4, suggesting that on trial LDL cho-
lesterol only explains 16% of the variance in change in mean absolute width in
segments. Similarly one can not discern a target LDL-cholesterol or L/H cho-
lesterol ratio which would guarantee a decrease in events rate; a similar range
of achieved values is seen in those with and those without a decrease in event
rates. (Table 4.4) The studies are very different in their power, study popula-
tions with different levels of risk, and follow-up periods and thus are difficult
to compare. Yet it is hard to support the current NCEP guideline that an LDL-
C goal of < 100 mg/dl (<2.58 mE/L) is necessary to stabilize angiograms and
to prevent further clinical events. One might reasonably say from these studies
that minimally one needs a drop in LDL-cholesterol of greater than 30 mg/d!
(.78 mE/L) or greater than a 25% drop from baseline after routine dietary
therapy. A reasonable target range for LDL-cholesterol from all the trials might
be 90-120 mg/dl (2.3-3.1 mE/L). This will not universally guarantee either a
prevention of progression of angiographic disease or a decrease in clinical events
rates but will do so measurably in a portion of the population.

7. Reductions in clinical events do not occur immediately and simultaneously
with lipid reduction. Decreases in total mortality occurred by 18-24 months in
ACAPS but decreased in POSCH only in the group with ejection fraction > 50
% after 10 years. Decreases in clinical event rates started appearing after 1
year in SCRIP, ACAPS, PLAC 11, and FATS, and 3 years in POSCH. Such
data suggests a need for rapid initiation of lipid-lowering efforts in the person
with coronary disease in order to secure the clinical benefits within one to two
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Table 4.3 ULTRASOUND STUDIES OF ATHEROSCLEROSIS REGRESSION

Study Inclusi Particip Intervetion Length
criteria
n % % Mean % of trial
randomized/ angina male age ASA smo- (yrs)
angions  %MI (yrs)
compared

Asymptomatic® a. No 919 0/0 52 62 100% 12 Lova to dicrease 3
Carotid Artery cardiovascular (40- LDL-C to
Progression Study  disease 79) ASA 90-110
(ACAPS) b. 1 of 12 IMT’s2 81 mg (2,44-2,84)

1,5 mm Lova 10: 5%

ali< 3,5 mm Lova 20: 44%

c. HLDL-C Lova 40: 50%

on diet:

160-189 0-1 RF’s

(4,34-5,13)

130-15922RF’s

(3,53-4,33)
Prevastatin®o4! a. Hx of 151 -/63 85 63 - 13 Prava to decrease 3
Lipids and MI (63%) or LDL-to
Atherosclerosis in 1 > 50% 90-110
the Carotid Arteries stenosis in 2 1 (2,44-2,84)
(PLACII) coronary Prava 10: 4%

b. 21 carotid Prava 20: 24%

artery Prava 40: 2%

plaque with

IMT21,3 mm

¢. LDL on diet
160-190 (4,34-5,13)
TG<350 (3,95)

years. Any mechanisms for explaining these decreases in clinical events must
take into account this delay in protection from clinical events.

Angiographic progression of coronary stenoses increases the risk of subsequent
clinical events two to threefold. POSCH was able to demonstrate a relation-
ship between progression rates over 3 years and subsequent clinical events.
Any subjects - whether in the surgical or control group - who had a global score
suggesting progression over the first three years had a doubling of risk for
subsequent cardiovascular death and non fatal ML.3? Tiny increases in global
scores often represent a large increase in one stenosis averaged over nine ar-
terial segments, eight of which have remained the same. Usually progression
measured by such scores reflects a significant measurable increase in one or
two stenoses most probably from changes in the plaque, inducing thrombosis,
and then incorporating this thrombosis into a larger stenotic lesion. One might
hypothesize then that increasing global scores for progression represent a
measure of increased plaque instability, which would predictably increase clin-
ical events. This notion that measurable single plaque progression represents
plaque instability potentially leading to increased clinical events was confirmed
in a previous study performed by CCAIT investigatiors who found a relative
risk of 7.3 for cardiac death and of 2.3 for cardiac death or non fatal MI in
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Table 4.3 ULTRASOUND STUDIES OF ATHEROSCLEROSIS REGRESSION

Lipid Changes-Treatment Ultrasound Change by Patient  Clinical Events Comment
Group
ALDL |A%] AHDL Mean Maximal
mg/dl mg/dl |A%] Intime-Medial
Thickness
Rx control P Rx control P
{%decrease)
156117 [-25] 5254 [+5]  -0.009 +0.006 001 MI&CHD death Same effect men & women,
(4.0-3.0) (1.34—1.40) +Stroke > 60 vs < 60 yrs.
5 14 04 6-12 mo to slow progression
(60%)
167120 [-28] 4241 NS 059 .0675 0.44  MI&CHD death Decrease in progression
(4.33.1) (1.09-1.06) 4 10 .09 correlated with treatement
(60%) LDL-C. Women more

effective than men.

(common carotid only)
029 046 0.03  Ml+all death
5 13 .04
(61%)

persons who had >15% progression in any coronary lession on subsequent
angiogram 2 years after the first.*?

Clinical event rates are most likely determined by what happens to the 95% of
lesions which are less than 70% stenotic. Most angiographic studies indicate
that the greatest improvement in coronary segmental stenoses are in lesions
with stenoses greater than 50%. The decrease in event rates, however, most
likely has to do with changes associated with the mild (10-39%) or moderate
(40-69%) lesons. Thirteen patients in FATS “* with baseline and follow-up
angiograms, had coronary events, 4 in the 74 subjects on niacin/colestipol or
cholestipol/lovastatin and 9 in the 46 patients on non-pharmacologic therapy.
(Figure 4.1) The rate of progression to clinical event from the baseline severe
lesions (70+ % stenosis) was the same in each group - 83/1000 lesions in the
drug treated group and 62/1000 in the non-pharmacologically treated group
(N.S.). The drug treated group progressed to a clinical event from a mild to
moderate lesion at a rate of 1.5/1000, a major reduction from 19.3/1000 in the
non-pharmacologic group (p < 0.004). Thus although lesions (> 50%) seem to
improve angiographically more than those of a lesser degree, it would seem
that some effect, e.g. “stabilization,” of plaques less than 70% produce the
greatest decrease in subsequent clinical events. This data also suggests that
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Figure 4.1 Lesion changes associated with 13 coronary events familiar atherosclerosis
Study (FATS)

stenoses > 70% probably have a greater risk of producing a clinical event than
a lesion <70%, 62.5 verses 19.3/1000, but that since severe lesions account for
only 4-5% of total lesions on angiography, the great bulk of clinical disease is
secondary to progression of lesions with less than 70% stenosis.

Clinical nonangiographic secondary prevention trials

The association of angiographic progression with increased clincal events and the
association of lipid-lowering with decreased progression suggests that secondary
prevention lipid-lowering trials given sufficient time and power should significantly
lower clinical events including total mortality.
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The Scandinavian Simvastatin Survival Study has accomplished just that.* 4444
subjects (81% male, 19% female), age 35-70 years, with a history of coronary heart
disease (80% M1, 20% angina) and with total cholesterols on diet between 220 and
320 mg/dl (5.5 - 8.0 mE/L) were randomized to a daily dose of simvastatin 20mg
(63%) or 40mg (37%) that would achieve a total cholesterol less than 200 mg/dI (5.2
mE/L). In the group on simvastatin average LDL-C decreased 35% from 187 to 122
mg/dl (4.86 to 3.15 mE/L) and HDL-C levels increased 8% from 46 to 50 mg/dl (1.2
to 1.3 mE/L). At a median of 5.4 years of follow-up total mortality decreased 30%
in the simvastatin group compared with the placebo group (p = .003), all accounted
for by decreases in coronary-heart-disease associated deaths with no increase in
deaths from any other cause (cancer, trauma, suicide, etc). Definite or probable
non-fatal acute MI rates decreased 37%, CABG and angioplasty procedures de-
creased by 37%, and cerebrovascular events decreased 30%. These differences were
evident at one to one and one half years after randomization. No evidence of tox-
icity for the drug could be found. Decreases in major coronary events (death and
non-fatal MI) were significant for women (35%}) and for men (34%), for persons >
60 yrs (29%) and those < 60 years (39%), and for those in all quartiles of baseline
LDL-cholesterol and HDL-cholesterol. This study confirms the previously described
decreased clinical events in the angiographic studies and suggests that cholesterol-
lowering over a 6 year period not only significantly decreases morbidity and mortal-
ity but also is harmless. There were no increases in traumatic, accidental, suicidal
deaths or in incidence of any forms of cancer and thus cholesterol-lowering per se
seems to be harmless, an important consideration for primary as well as secondary
prevention.

The Pravastatin Multinational Study * for patients with high risk for coronary
heart disease selected 1062 men and women with total cholesterol levels after four
weeks on dietary therapy of 5.2 to 7.8 mE/L (200 - 300 mg/dL) plus two additional
risk factors for coronary heart disease (including angina, previous myocardial inf-
arction, male gender, hypertension, cigarette smoking, or family history of coronary
heart disease.). One-half were randomly assigned to either 20 or 40 milligrams of
pravastatin, the larger dose utilized in subjects who on the lower dose had not de-
creased total cholesterol levels by 15% from baseline or who had not achieved levels
less than 5.2mE/L (200 mg/dL). Mean age of the subjects was 55 years, with 76%
being male, 48% having hypertension, 29% smoking, 43% having a positive family
history of coronary artery disease, 34% having had a previous myocardial infarction
and 40% having angina — certainly a high risk group of subjects. Average LDL
cholesterol decreased from 4.69 to 3.47 mE/L (181 to 134 mg/dL) in the pravastatin
treated group (a 26% decrease) with no change in the placebo group. HDL choles-
terol increased from 1.14 to 1.23 mE/L (44 to 48 mg/dL) in the pravastatin group (an
8% increase with only a 3% increase in the placebo group). Over a 26 week period
there were 13 serious cardiovascular events (MI, unstable angina, CHF, sudden
cardiac death) in the placebo group and only 1 in the treated group (p < .001). The
Kaplan-Meier life table analysis of these events diverges within two to three week of
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the beginning of the randomization suggesting a very statistically improbable event
or a major therapeutic effect with onset much earlier than other comparable trials.

All of the primary and secondary prevention studies presented above should be
comprehensive enough to convince even the most skeptical of the beneficial effects
of lowering LDL cholesterol on clinical and angiographic coronary disease. Future
studies will need to focus on some of the details. Although LDL-lowering preven-
tive effects are demonstrable in persons into their mid seventies, do these same
effects continue to occur into the mid eighties and nineties? Will they occur at these
ages in both those with and without coronary heart disease? Will the benefits of
LDL-lowering extend to persons with HDL cholesterol levels below 30 mg/dL whose
LDL cholesterol levels are only minimally elevated in the 100 - 130 range but who
have experienced coronary heart disease? If so, how low must LDL levels be target-
ed in these persons with hypoalphalipoproteinemia and coronary heart disease?
Will intravascular ultrasound be able to sort coronary lesions and arteries into those
that are the most and the least responsive to LDL-lowering?

Hypertriglyceridemia and coronary disease

There is enough evidence at this point that hypertriglyceridemia may be atherogen-
ic that one must be concerned with triglyceride levels for both primary and second-
ary prevention of CHD. The Framingham Study demonstrated increased risk for
coronary heart disease from triglyceride levels greater than 140 mg/dl in the pres-
ence of an HDL-C less than 40 mg/dl in both men and women.“® The Prospective
study in Gotenburg, Sweden, has demonstrated over a 20 year follow-up that the
highest quartile of triglycerides as a univariate variable are very predictive of subse-
quent total and coronary heart disease mortality in 1450 females whereas total cho-
lesterol is not such a predictor.*’ The Prospective Atherosclerosis Trial in Muen-
ster, Germany, found an increased incidence of coronary heart disease in persons
with triglyceride levels over 200 mg/dl in the presence of an HDL-C less than 35 and
a total cholesterol to HDL cholesterol (TC/HDL-C) ratio greater than 5.0.3% The
Helsinki Heart Study placebo group demonstrated a relative risk of 5.0. in those
with triglycerides greater than 200 mg/dl in the presence of an LDL-C/HDL-C ratio
greater than 5.0.15 Over the five year study, there was an overall 34% decrease in
coronary heart disease in the total gemfibrozil-treated cohort, but a 71% decrease
in this subgroup with elevated triglycerides and LDL-C/HDL-C suggesting that in-
tervention with this type of fibric acid drug may be very helpful in primary preven-
tion in persons with this lipid profile."

The positive association of hypertriglyceridemia and risk for coronary heart
disease, however is not as clear-cut as the association of high LDL-cholesterol or
low HDL-cholesterol. The Lipid Research Clinic Follow-up Study ** showed a rela-
tionship between the natural logarithm of baseline triglyceride level and 12 year
coronary heart disease mortality in 4129 men and 3376 women with a relative risk
of 1.5 to 1.9 per natural log unit of triglycerides. This relative risk decreased to 1.3
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and 1.2 respectively (N.S.) for both sexes when adjusted for HDL and LDL choles-
terol, smoking status, systolic blood pressure, BMI, and postmenopausal estrogen
use in women. The relative risk further declined to 1.1 and 1.0 (N.S.) when fasting
plasma glucose was added to the analysis.

This study points out the predicament of the hypertriglyceridemic phenotype:
is it the hypertriglyceridemia or the associated physiologic findings that cause the
increased risk. The insulin resistance syndrome is one that combines a variety of risk
factors for coronary heart disease, all of which are associated with each other: insu-
lin resistance to glucose disposal with hyperinsulinemia and impaired glucose toler-
ance or frank hyperglycemia and diabetes, hypertriglyceridemia, low HDL choles-
terol, increased waist to hip ratio, hypertension, and hyperuricemia.***° Although
hypertriglyceridemia has a univariate relationship with increased risk for coronary
heart disease, when its associated physiologic abnormalities are corrected for in
multivariate analysis, hypertriglyceridemia often loses its predictive risk.”’*? In these
analyses, the risk factors are correlated and multivariate analysis may significantly
underestimate the risk of hypertriglyceridemia. Another type of analysis based on
logistic regression analysis, called the projected-slope analysis 33, attempts to con-
trol for redundant information in multivariate analysis of correlated risk factors.
When applied to the Framingham data on triglycerides, triglycerides become more
significant when HDL-cholesterol is considered whereas in the multivariate analy-
sis, triglycerides lose their significance.*s

Two angiographic trials have implicated triglyceride-rich particles in the pro-
gression of coronary atheroslerosis. CLAS pointed toward triglycerides particles in
both placebo and drug-treated groups as predictors of progression.** Apolipopro-
tein C-11I, an inhibitor of lipoprotein lipase which retards hepatic uptake of triglyc-
eride-rich lipoproteins and their remnants, is transferred from triglyceride-rich apo-
lipoprotein B containing particles (chylomicrons and VLDL) to HDL particles as
the former undergo lipolysis. Hence levels of apo C-III associated with HDL my be
used as a measure of triglyceride-rich particle catabolism. In CLAS higher levels of
apo C-III associated with HDL (and thus presumably better catabolism of triglycer-
ide-rich particles) was shown to decrease the risk of progression in the drug-treated
group. In the placebo group, the risk of progression was best associated in multivari-
ate analysis with non-HDL cholesterol which is a measure of cholesterol in both
LDL and triglyceride-rich VLDL particles.

MARS % was the first to show that LDL/HDL cholesterol ratios best predict
progression in stenoses >50% in the treated group with LDL-C < 100 mg/dL, whereas
apolipoprotein C-III in the apo-B fraction (LDL plus VLDL) best predicted pro-
gression in lesions with <50% stenosis, again implying the potential importance of
triglyceride-rich particles in progression, especially when LDL-C levels are low.

It is clinically very clear that some persons with hypertriglyceridemias may have
increased risk for coronary heart disease. This happens in Type III dysbetalipopro-
teinemia in which individuals have an abnormal apoprotein E and hence are unable
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to clear VLDL particles by the liver.> This results in intermediate density lipopro-
teins with a different electrophoretic mobility which are directly atherogenic.

Goldstein and colleagues described familial combined hyperlipidemia in fam-
ilies of MI survivors in ther early 1970’s.% Such families have variable lipid pheno-
types, varying between Types IIA, IIB, and IV. An individual family member’s phe-
notype may change with time, and different generations in the same family have
different lipid phenotypes. Such hypertriglyceridemic families contrast with other
families in which only one lipid phenotype, Type 1V, is present. These families with
what is called familial hypertriglyceridemia, do not characteristically appear to have
an increased risk for coronary heart disease. In familial combined hyperlipidemia,
several unique features exist which are not present in families with familial hyper-
triglyceridemia.’” They have small VLDL particles but increased levels of apopro-
tein B which suggests an excess of such particles as compared with the large, appar-
ently benign VLDL particles with normal levels of apoprotein B in those with famil-
1al hypertriglyceridemia.

Subclasses of LDL particles may be identified by gradient gel electrophoresis
which separates particles by size and charge. Pattern B is characterized by small
dense LDL particles and this pattern has been associated with increased risk for
myocardial infarction.®® Pattern B is also associated with with decreased levels of
plasma HDL-cholesterol and apolipoprotein Al and increases in triglyceride and
apolipoprotein B levels.’® There is a greatly increased frequency of LDL pattern B
in persons with triglyceride levels greater than 141 mg/dL, the level in Framingham
above which one sees increasing risk for CHD in the presence of HDL cholesterol
levels less than 40 mg/dL.* An early community genetic study demonstrated that
the frequency of the pattern B allele is .25 in the general population and that the
gene segregates in a Mendelian dominant fashion with penetrance mainly seen in
males over the age of 20 and females over the age of 50 in the postmenopausal
period.”® More recent data suggest that up to three genes may be involved in expres-
sion of LDL subclass patterns.®

This LDL pattern B has also been found in families with familial combined
hyperlipidemia with a slightly higher gene frequency of 0.3.°! Family members with
this type B pattern have significantly higher levels of triglycerides (184 mg/dL) com-
pared with family members with type A pattern (94 mg/dL) or with spouse controls
(90 mg/dL). Hence the gene for LDL pattern may be interactive with another gene
for increased apolipoprotein B levels to produce the unique lipid features of per-
sons with combined familial hyperlipidemia which contribute to increased CHD
risk. Triglyceride-lowering with gemfibrozil therapy has not been associated with a
switch of the type B LDL subclass pattern to type A, but has been associated with
some increase in buoyant LDL particles.®?

Several studies have demonstrated an association of hypertriglyceridemia with
a hypercoagulable state. Eighteen patients with a fasting triglyceride level greater
than 310 mg/dL (3.5 mM/L) were found to have increased concentrations of factor
X and fibrinogen and a lower fibrinolytic activity (100 / clot lysis time in hours).®3
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Triglyceride levels were decreased from 602 to 275 mg/dL (6.8 to 3.1 mM/L) over six
months with either dietary means or clofibrate therapy. Over the same time course
Factor X and factor VII concentrations were significantly reduced and mean fibrin-
olytic activity was significantly increased. There was no effect on fibrinogen or fac-
tor VIII levels.

High plasma levels of tissue plasminogen activator (t-PA) inhibitor were found
in seventy patients three years after a myocardial infarction compared with a healthy
control group.* Levels of this t-PA inhibitor were associated with triglyceride levels
(r= 0.6, p<.001). These two studies suggest that it may be the association of high
triglyceride levels with hypercoaguable states rather than the lipoprotein particles
themselves that increase CHD risk with hypertriglyceridemia.

Although much epidemiologic evidence points to high triglyceride levels as a
CHD risk factor in some persons and some lipid phenotypes, clinical evidence that
lowering triglycerides prevents CHD has been scarce. Both niacin and clofibrate
were used to lower lipids in the Coronary Drug Project %, a secondary prevention
trial in male survivors of myocardial infarction. Fifty percent of subjects had base-
line triglyceride levels greater than 450 mg/dL (SmE/L) and total cholesterol levels
greater than 250 mg/dL (6.5 mE/L). Triglyceride levels were lowered 15.6 and 19.4
% by one year in the clofibrate and niacin groups respectively and cholesterol levels
by 6.2 and 9.6% respectively. There was no decrease in cardiovascular mortality at
5 years or at 15 years in the clofibrate-treated group. In the niacin group there was
a decrease in non-fatal MI at 5 years and a decrease in cardiovascular mortality at
15 years.® The group with the greatest protective effects was that with the greatest
drop in total cholesterol between baseline and year 1, not in the group showing the
greatest drop in triglyceride levels. Such results do not suggest triglyceride-lowering
as a major goal of lipid-altering therapy.

On the other hand, there was a great preventive effect of another fibric acid
derivative, gemfibozil, in the Helsinki Heart Study primary prevention trial in men
with LDL/HDL cholesterol ratio’s greater than 5.0 and triglycerides levels greater
than 200 mg/dL (2.3 mE/L); MI’s and fatal CHD were reduced 70% over a 5 year
period.!S In addition in the Stockholm Ischaemic Heart Disease Secondary Preven-
tion Study the combination of clofibrate (one gram BID) and niacin (one gram
TID) reduced total mortality 26% and CHD mortality 36% over a five year period
in 555 subjects, men (80%) and women (20%), who were discharged having survived
an MI. Treatment effects became apparent at two years and reduction in CHD
mortality was greatest (>60%) in those with greater than 30% reduction in triglyc-
erides. Since HDL cholesterol levels were not measured, one can not sort out the
contributions of triglyceride reductions and increases in HDL cholesterol. None-
theless the empiric findings of this little-cited study are very clear in persons with
elevations of triglycerides greater than 140 mg/dL just after a myocardial infarction,
i.e., use of niacin and clofibrate which cause triglyceride reductions (>30%) may
have major preventive effects on morbidity and mortality. The authors of this study
suggest that the quicker preventive effects in this study compared with the niacin-
produced effects in the Coronary Drug Project was that the Stockholm Study in-
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cluded people who enrolled within four months of discharge from an MI whereas
the Coronary Drug Project had long term survivors after an MI (69% > 1year,35%
> 3 years). Consequently subjects in the Coronary Drug Project may have been
long-term MI survivors with a decreased mortality rate thus requiring a longer time
to show further a decrease in mortality.

The Food and Drug Administration has not allowed gemfibozil to be marketed
as an effective agent for secondary prevention. For persons excluded from the pri-
mary prevention arm of the Helsinki Heart Study because of a history of angina,
myocardial infarction, or unexplained ECG changes, there was a request for a sec-
ondary prevention trial. 628 middle-aged males, only 15% of whom met the strict
original criteria for verifiable CHD, were randomized to gemfibrozil (600 mg BID)
or placebo therapy for a period of 5 years which paralleled the primary prevention
trial.(Lopid package insert) Using intent to treat analysis, there were 24 cardiac
events (fatal or nonfatal MI's or sudden cardiac death) in the placebo group and 35
in the gemfibrozil group (p=.14, NS). 12 of the 35 patients in the gemfibrozil group
and 8 of 24 in the placebo group had discontinued the study before the event. If
coronary bypass grafting is added to the above cardiac events, and analyzed while in
the study or within one year of withdrawal, 28 events occurred in the placebo group
and 29 in the gemfibrozil group (N.S.).(Data on file with Parke-Davis) This mixed
primary/secondary prevention study thus shows no beneficial effect of gemfibrozil
nor does it discount one because of its small size and insufficient power.

In summary, elevated triglyceride levels especially when associated with low
HDL cholesterol levels are associated with an increased risk for coronary heart
disease. The use of gemfibrozil in primary prevention would seem to provide a
major protective effect. Niacin alone and niacin plus clofibrate have shown signif-
icant decreases in morbidity and mortality in persons with CHD, the latter but not
the former being associated with decreases in triglyceride levels. A small secondary
prevention study using gemfibrozil, although showing no beneficial effect, did not
have the power to discount one.

This author when seeing a patient with coronary heart disease and lipid pat-
terns IIb or IV does not simply focus on LDL-cholesterol-lowering. Triglycerides
are first lowered to less than 200 mg/dl with hopes of a simultaneous increase in
HDL-cholesterol. After triglycerides are lowered, the focus shifts to LDL-choles-
terol to make sure it is in the 90-120 mg/dl (2.3-3.1 mE/L) range. Niacin has been
shown to most consistently reduce further coronary events and improve survival in
this situation. There is a suggestion from a primary prevention trial that gemfibrozil
may have secondary preventive benefits at least in those with an LDL/HDL choles-
terol ratio greater than 5.0, but a large secondary prevention trial will be necessary
to document this.
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Possible mechanisms of LDL-cholesterol-lowering
and prevention of coronary disease

Regression studies in non-human primates such as cynomologous monkeys ¢’%or

rhesus monkeys % demonstrate that atherosclerotic lesions formed after 18 months
on a high cholesterol or high fat diet, have a sequential decrease in lesional choles-
terol ester and then in free cholesterol after the animals are placed on regular chow
diets depleted of cholesterol and low in fat. In rhesus monkeys this regression pro-
cess plateaued at approximately 20 months with not much further lesional decrease
in either form of cholesterol over the ensuing 20 months. In cynomologous monkeys
progression occurs with increasing foam cells filled with cholesterol ester. At 30
months there is much cellular necrosis with the appearance of large amounts of free
cholesterol crystals located extracellularly and foam cells located at the periphery
of the lesions. With six months of regression, there is a decrease in foam cells and
cholesterol esters, but an increase in free cholesterol crystals which themselves are
reduced significantly by 12 months.

One might hypothesize that the same thing happens in humans with significant
lowering of LDL cholesterol. Both the STARS dietary arm, the Leiden trial, and the
Life Style Intervention Trial of Ornish show that with dietary fat restriction, one
may obtain angiographic improvements in coronary arteries.

Earlier epidemiologic pathologic studies by Vartiainen and Kanerva in Fin-
land suggested that raised atheromatous aortic plaques found at autopsy between
1940 and 1945 in Finland were 20 to 40 percent diminished from those found in 1933
to 1938 prior to the war.” Simultaneously Strom and Jensen in Norway found a
decline from cardiovascular mortality beginning in 1940 with the lowest rates in
1943-45 and increasing in the post-war period.”" All cardiovascular mortality was
decreased 10 to 20 percent but atherosclerotic mortality was decreased 30 to 40
percent. Per capita consumption of fat during 1940 to 1945 declined in Oslo by 50%,
protein by 20%, and calories by 20%.”" The similarities in these ecologic epidemi-
ologic findings with those of the experimental nonhuman primate dietary trials are
striking.

The unfortunate point of the angiographic trials, however, is that angiograph-
ic regression is not seen in most of the studies, rather a lack of progression which
correlates well with decreased clinical event rates. Thus a decrease in percent steno-
sis which might be hypothesized to reduce plaque fragility by reducing turbulent
flow may not be the predominant mechanism of event reduction.

It has been demonstrated the the coronary lesions most likely to fissure and
thrombose are those with the most extracellular lipid in the central core.”>” In an
in vitro perfusion chamber it has also been shown that the most thrombogenic sub-
stance in arterial plaques is the atheromatous core with abundant cholesterol crys-
tals as compared to foam-cell- rich matrix or collagen-rich matrix. * Since the an-
imal experimental data is that cholesterol ester and then cholesterol monohydrate
decrease in regression in animals, it is possible that there are significant decreases
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in lipid plaque core in the most vulnerable plaques which has not been detected by
looking at changes in average stenosis of many coronary segments during the angio-
graphic trials. Certainly this issue will be explored as ultrasound and other imaging
techniques are used to classify components of plaques within the arterial system.

Lowering serum cholesterol levels has important functional as well as morpho-
logic effects on the vascular wall. It has been shown that hypercholesterolemia and
atherosclerosis both impair endothelium-mediated vasodilation in both humans and
animals.” Recently Treasure et al.” have demonstrated that a 26% reduction in
LDL cholesterol (mean LDL cholesterol 148 to 110 mg/dL [3.8 to 2.8 mE/L]) using
lovastatin 40 mg bid versus placebo in a randomized, double-blind study of 23 pa-
tients who had coronary heart disease resulted in significantly improved endotheli-
um-mediated vasodilation within five and one-half months of beginning medica-
tion. This improvement did not occur at 12 days after starting medication although
LDL reduction had occurred by that time. At five and one-half months improved,
but not fully normal, function had been restored, suggesting that more time may be
necessary for normalization of function. Gould et al.”s have shown improved dypir-
idamole perfusion defects in 12 persons with coronary heart disease after reducing
LDL cholesterol levels by 29% (213 to 151 mg/dL [5.5 to 3.9 mE/L] over a three
month period. Perfusion defects reverted to the original pattern within 60 days of
returning to a baseline LDL cholesterol level.

Although these improvements in endothelial vasodilation measured directly or
indirectly with PET scanning occur at 3 to 6 months after LDL lowering, and hence
don’t have the exact same longer time course for reductions in clinical events (usu-
ally occuring after one year), nonetheless it is very possible that such improvement
in vascular function may partially explain the beneficial effects of LDL-lowering on
clinical events.

Finally it may be that LDL-lowering decreases the thrombogenic potential or
increases the fibrinolytic potential involved in the interaction of blood and a frac-
tured plaque which produces the thrombus associated with coronary clinical events.
Unfortunately very few studies have examined LDL-lowering and changes in fibrin-
ogen, Factor VII, PAI-I, and other potential thrombogenic or antifibrinolylic fac-
tors. It is clear from many studies that Lp(a) is not associated with LDL-lowering.”’
Badimon et al. have shown that feeding rats a high cholesterol diet for 60 days
results in increased platelet deposition in an in vitro perfusion chamber under high
shear rates.”® Another report ” has recently shown that 40 mg of pravastatin for two
to three months inducing a drop in LDL cholesterol from 190 to 135 mg/dL (4.9 to
3.5 mE/L) in 18 patients with coronary heart disease decreases platelet deposition
in the same in vitro chamber under high and low shear rates, whether taking aspirin
or not. These fascinating preliminary studies must be followed by further work to
explore the relationship of LDL-cholesterol lowering and thrombogenesis as a
mechanism from improved clinical effects.

The data from Figure 4.1 suggest that lesions less than 70% have less likelihood
of rapidly progressing to give an acute syndrome. This might occur if the strength of



98 Section A - Coronary artery disease

the fibrous cap were maintained or at least were not undermined. A recent report
8 has shown that in an in vitro system, macrophages grown in tissue culture from
peripheral blood monocytes and exposed to fibrous caps dissected from human
aortic plaques for 48 hours expressed collagenase type I activity during culture re-
sulting in increased hydroxyproline levels suggesting for the first time that macroph-
ages can induce fibrous plaque breakdown. By lowering plasma LDL cholesterol,
one might postulate a decrease LDL penetration into the subendothelial space re-
sulting in less EDL oxidation and thus less stimulus for both endothelium-produced
chemoattractants for macrophages such as macrophage chemoattractant protein 1
(MCP 1) and less stimulus for endothelium-produced macrophage colony stimulat-
ing factor (MCSF) which activates macrophages. With fewer activated macrophag-
es, one could then postulate less macrophage secretion of metallo-proteases and
hence less breakdown of the collagen and elastin within the fibrous cap.

Whatever the mechanism(s) for decreases in LDL-cholesterol-lowering to reduce
coronary event rates, the fact that it does so is no longer a matter of speculation.
Data are now very suggestive as well that LDL-cholesterol-lowering decreases cere-
brovascular events, peripheral vascular disease, and coronary and all-cause mortality.
All physicians interested in managing atherosclerotic arterial disease are now under the
obligation to aggressively treat lipids and significantly reduce further events.
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5 SILENT MYOCARDIAL ISCHEMIA

Brian P. Schafer, Thomas C. Andrews, Peter H. Stone

Until recently, our understanding of coronary artery disease has been dominated by
the misconception that myocardial ischemia is an inherently painful phenomenon.
In 1772, William Heberden described angina pectoris as a “strangling ... most dis-
agreeable sensation in the breast,”! and later in the 18th century C.H. Parry associ-
ated angina with narrowing of the coronary arteries.? It was not until 1950 that silent
ischemia was first described when Paul Wood reported 25% of patients with exer-
tional angina who developed asymptomatic repolarization abnormalities of ischemia
during exercise electrocardiography.’ Subsequently, data from the Framingham study
has demonstrated that 25 % of myocardial infarctions are clinically silent.* Stem
and Tzivoni in 1974 were the first to demonstrate silent ischemia using ambulatory
monitoring in coronary patients during normal daily activities.> Over the past de-
cade silent ischemia has emerged as an important manifestation of ischemic heart
disease, and in this chapter we review the current understanding of the pathophys-
iology, detection, prognostic significance and treatment of this disorder.

Factors affecting the perception of angina

When myocardium becomes ischemic, a cascade of changes take place including
metabolic abnormalities, diastolic and systolic ventricular dysfunction, and electro-
cardiographic abnormalities.® The temporal position of angina in this cascade is
highly variable and often absent. Some coronary disease patients demonstrate both
symptomatic and asymptomatic episodes of ischemia, and others silent ischemia
alone. What determines which cpisodes of ischemia result in angina is incompletely
understood.

The perception of ischemia is believed to originate from intramyocardial re-
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ceptors responding to local chemical mediators released during ischemia. These
messages are transmitted via afferent pathways to synapses with dorsal hom neu-
rons which act as gating stations, receiving input both from other visceral and so-
matic receptors as well as inhibitory messages from brainstem, thalamic and cortical
centers. From the dorsal horn the processed stimuli ascend the spino-thalamic tract
for processing in higher cortical centers.” Several explanations for variability in the
perception of ischemic pain arise from this model. First, neuropathic processes may
decrease the amount of noxious stimuli arriving at the dorsal horn by damaging the
receptors or afferent pathways. The association between silent ischemia and neu-
rologic dysfunction has been well established.”!! For example, although an increased
incidence of silent ischemia in diabetics has been an inconsistent finding,®!* those
studies that have focused on patients with diabetic peripheral neuropathy have found
a consistent association.® ° Second, afferent input from other visceral or somatic
sites into the dorsal horn may lead to filtering out of the pain of myocardial is-
chemia. Third, higher cortical or thalamic centers may minimize or obscure the
perception of ischemia via serotonin, endorphins or other neurotransmitters. Some
investigators have suggested that endogenous opioids are elevated in patients with
silent ischemia,'™ 16 although this has been an inconsistent finding.® 7 In addition,
certain patients with silent ischemia have generalized high pain thresholds and oth-
er personality traits which may indicate an exaggerated influence of cortically me-
diated pain inhibition pathways.'®? Finally, some studies have suggested that com-
pared with symptomatic ischemia, silent ischemia may simply represent less severe
ischemia as measured by the degree of ST depression or hemodynamic changes, the
duration of ischemia, or the extent of perfusion defect on thallium.?!-2*

Detection of silent ischemia

Silent myocardial ischemia is defined as objective evidence of ischemia in the ab-
sence of clinical symptoms, and such ischemia can be documented by a variety of
methods. An occasional patient will demonstrate reversible ST segment depression
on serial resting electrocardiograms, but exercise electrocardiography much more
frequently documents asymptomatic ST segment depression in patients with coro-
nary artery disease. For example, in the Coronary Artery Surgery Study registry
30% of patients displayed silent ischemia on standard exercise tests.” The addition
of thallium scintigraphy may increase the sensitivity of exercise testing in diagnosing
ischemia, both symptomatic and silent.26 Mental stress can be used to provoke silent
ischemia as shown by Selwyn, Deanfield and colleagues using PET scanning®’ and
Rozanski and co-workers using radioventriculography.? Ambulatory monitoring of
the ECG is the modality most frequently used in the detection and quantification of
silent ischemia, and many investigators have shown that approximately 80 to 90% of
episodes of ischemia during daily life are asymptomatic.® 2> 7. 230

Ambulatory monitoring is performed by utilizing a two or three channel ECG
recorder, usually with a lateral and inferior lead configuration. Continuous
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ECG recording is performed for at least 24 hours while the patient is performing
routine daily activities with the information stored either on a magnetic tape or
digitally and transferred at a later date to a computer workstation for analysis of ST-
segment changes. Ischemia is usually reported as number of episodes of ischemia
and total duration of ischemia per 24 hours of recording. Twenty-five to 45 percent
of patients with coronary artery disease demonstrate ST-segment abnormalities of
ischemia on ambulatory ECG monitoring, and the majority of episodes are clinical-
ly silent.> 22272530 Hence, the terms “ambulatory ischemia,” “daily life ischemia,”
and “silent ischemia” are often used interchangeably, although it is recognized that
not all ambulatory or daily life ischemia is clinically silent. For ease of communica-
tion, we will discuss two types of silent ischemia in this review — asymptomatic ST
segment depression on exercise testing (by definition 100% of which is silent) and
ischemia on ambulatory ECG monitoring (approximately 90% of episodes silent).

Pathophysiology of silent ischemia

In the past decade, much attention has been given to understanding the relative
contributions of changes in myocardial oxygen supply and demand in the pathogen-
esis of silent ischemia. Investigators frequently utilize changes in heart rate prior to
onset of ischemia on ambulatory ECG monitoring as a surrogate for changes in
myocardial oxygen demand. Many have shown that myocardial ischemia occurs at
lower heart rates on ambulatory monitoring compared with ischemia induced by
exercise testing, implicating transient coronary vasoconstriction as a significant
pathophysiologic contributor to ambulatory ischemia.3!3? Significant controversy
persists regarding the relative contribution of vasoconstriction, with some investi-
gators claiming that the majority of episodes of ischemia are due to vasoconstric-
tion,31:32 34 others claiming most episodes are due to increases in myocardial oxygen
demand 3%

Our group analyzed 933 episodes of ambulatory ischemia from 50 patients
treated with propranolol, diltiazem, nifedipine or placebo in a randomized, double-
blind, cross-over trial to determine the heart rate patterns preceding the onset of
ischemia.®® 3° Examining the mean heart rate activity during the hour preceding
each episode of ischemia, 81% of episodes were preceded by a heart rate increase
of at least 5 beats per minute, while 19 % were unassociated with preceding heart
rate increases and presumably were caused primarily by coronary vasoconstriction.
Underscoring the importance of increases in myocardial oxygen demand in the patho-
genesis of ambulatory ischemia, we found that the likelihood of developing an ep-
isode of ischemia was directly related to the baseline heart rate, the magnitude of
the increase in heart rate, and the duration of time the heart rate remained elevat-
ed. For example, there was a 4 % likelihood of developing ischemia after a heart
rate increase of less than 10 beats per minute lasting less than 10 minutes, compared
with a 60% likelihood of developing ischemia after a heart rate increase of greater
than 20 beats per minute lasting more than 40 minutes. The heart rate-related
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episodes were most effectively suppressed by propranolol, while non-heart rate-
related episodes (presumably caused by coronary vasoconstriction) were more ef-
fectively suppressed by nifedipine. We concluded that most episodes of ischemia
occurring in patients with chronic stable angina during daily life are associated with
increases in a number of heart rate variables, explaining why therapies that reduce
the magnitude and duration of heart rate increases and reduce baseline heart rate
(such as beta-adrenergic blocldng agents) effectively reduce ischemia.

Ambulatory ischemia displays a circadian pattern of occurrence, with a prima-
ry peak in morning hours as well as a secondary peak in the evening.***? Similar
patterns have been observed in myocardial infarction,® stroke,* sudden cardiac
death,® platelet aggregability,*s cortisol levels,” catecholamine levels,*” and heart
rate.? There is controversy whether the morning peak in ambulatory ischemia is
due to heightened coronary tone, increased physical activity, or both. The observa-
tion of circadian changes in ischemic thresholds on exercise testing in patients with
stable coronary artery disease provides additional indirect evidence for circadian
changes in coronary artery tone.*® Panza and colleagues described the circadian
rhythm of forearm vascular tone mediated by changes in alpha-sympathetic activity
and postulated that this phenomenon may explain the increased morning incidence
of cardiovascular events.*’ Fujita and Franklin described similar circadian changes
in coronary tone in conscious dogs.”® As yet, there have been no direct measure-
ments of circadian changes in human coronary artery tone.

Parker and coworkers studied the effects of physical activity pattems on the
morning increase in ambulatory ischemia in 20 patients with stable coronary dis-
ease.”’ Ambulatory monitoring was performed on two consecutive days. On day 1
patients adhered to a “regular activity” pattern (awake and assume normal activities
at 8:00AM). On day 2, patients assumed a “delayed activity” pattern (awake at
8:00AM, arise at 10:00AM, begin normal activity at noon). During the regular
activity day, the usual morning increase in heart rate an ischemic episodes was
observed, and this circadian pattem was “phase-shifted” four hours later on the
delayed activity day. The majority of episodes of ischemia were associated with
preceding increases in heart rate. The investigators concluded that the morning
increase in ambulatory ischemia is due to physical activity patterns, not to changes
in coronary tone.

Prognosis

In most subgroups of coronary disease patients, the finding of silent ischemia on
ambulatory monitoring or exercise testing has been shown to portend a worse progno-
sis when compared with similar patients who do not demonstrate such ischemia. In
this section, we discuss the relationship between silent ischemia and prognosis in four
subgroups of coronary disease patients: asymptomatic patients, patients with stable
coronary disease, patients recovering from an episode of unstable angina or myocar-
dial infarction, and patients undergoing surgery for peripheral vascular disease.
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Asymptomatic Patients

The presence of ischemia on exercise testing in asymptomatic patients has been
shown to predict adverse cardiovascular events. In a prospective case-control study,
Giagnoni and colleagues performed bicycle ergometry on 10,723 subjects without
symptoms of coronary artery disease to find 135 patients with Imm or greater ST-
segment depression. These patients were then matched with control subjects with
a negative ergometry test, but with similar cardiovascular risk factors. After a mean
follow-up of 6 years, the event rate for the cases was 10. 4 % compared with 0. 8 %
in the controls.’ Similar data from asymptomatic patients enrolled in the Lipid
Coronary Primary Prevention Trial demonstrated a cardiovascular mortality rate of
6.7% in patients with a positive treadmill test after 7.4 year mean follow-up com-
pared with 1.3 % in those with a negative test.>> Other trials have corroborated
these results and further demonstrate the prognostic significance of silent ischemia
in the asymptomatic population. Limited data is available for the use of ambulatory
monitoring and screening of asymptomatic populations.’*>” Hedblad et al. performed
ambulatory monitoring of 394 men born in 1914. There were 341 subjects without
known coronary artery disease and of those 79 demonstrated ST segment changes
on ambulatory monitoring. Although event rates and predictive values were low,
those with silent ischemia on ambulatory monitoring had a significantly increased
risk of cardiac events (relative risk= 4.4, p =.005).>® However, ambulatory monitor-
ing is not recommended as a screening test for silent ischemia due to concerns
about false positive tests in a population with low prevalence of true disease.

Stable coronary artery disease

The presence of ischemia on exercise treadmill testing in stable patients with known
coronary artery disease has well established prognostic implications.’*®! Data from
the Coronary Artery Surgery Study registry demonstrate that patients with silent
ischemia during treadmill testing have a similar prognosis as those with symptomat-
ic ischemia.?>>® The presence of ischemia on ambulatory monitoring also provides
prognostic information in this patient population. Rocco and coworkers performed
ambulatory monitoring on 86 patients with coronary artery disease and ischemia on
exercise treadmill testing. Fifty-seven percent experienced ambulatory ischemia,
the vast majority of episodes being silent. On mean follow-up of 12.5 months,
death, non-fatal myocardial infarction, and/or unstable angina occurred in 41% of
patients with ischemia on ambulatory monitoring compared with 3% in the group
without ischemia.5? Late follow-up of this cohort demonstrated an adverse progno-
sis of ambulatory ischemia at five years as well.®* In a similar study, Deedwania and
Carbajal described 107 veterans, 43 % demonstrating ischemia on ambulatory mon-
itoring (87 % silent). After 23 month mean follow-up, cardiac death occurred in 24
% of the group with ischemia versus 8% of those without ischemia.%* Similar results
have been reported by Tzivoni’s group.5 In contrast, two studies in low risk patients
failed to demonstrate a negative prognosis for patients with ischemia on ambulatory
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monitoring: Quyyumi and colleagues studied 116 patients at low risk for cardiac
events based on angiographic markers, 39% of whom demonstrated ischemia on
ambulatory monitoring, % and Gandhi and coworkers studied a low risk group of
patients presenting with new-onset exertional angina.®’ In conclusion, in patients
with stable coronary disease, ischemia on exercise testing provides prognostic infor-
mation independent of symptoms, and ischemia on ambulatory monitoring por-
tends a relatively poor prognosis, except perhaps in low risk subgroups.

Unstable angina and myocardial infarction

Similar to the prognostic signficance of silent ischemia in stable patients, the pres-
ence of ischemia on exercise testing in patients recovering from an episode of unsta-
ble angina or from myocardial infarction identifies a group of patients at high risk
for cardiac events, regardless of the occurrence of symptoms.®® Ischemia on ambu-
latory monitoring provides prognostic information for this group of patients as well.
Gottlieb and coworkers performed ambulatory monitoring in 70 patients during the
initial 48 hours after presentation for unstable angina. Despite similar angiographic
severity of coronary disease, the group demonstrating ischemia displayed a 16%
rate of myocardial infarction during the subsequent month, compared with a 3%
infarction rate in those without ischemia. After two year follow-up, 57% of the
patients with ischemia on initial presentation suffered a major cardiac event includ-
ing death, myocardial infarction, or coronary revascularization.®® ” Langer and
colleagues demonstrated that the presence of ischemia on ambulatory monitoring
in the first 24 hours of presentation for unstable angina predicted higher rate of in-
hospital death, myocardial infarction or coronary revascularization.”’ Other inves-
tigators have confirmed the findings of these two groups, i.e., that the presence of
ischemia, regardless of the presence or absence of associated symptoms, portends a
poor prognosis in patients recovering from an episode of unstable angina.’? 73

In post-myocardial infarction patients, Gottlieb’s group recorded ambulatory
monitoring on 103 high risk patients with left ventricular ejection fraction less than
40% and frequent ectopy. At one year follow-up 30% of patients with ambulatory
ischemia experienced cardiac death compared with 11% in those without ischemia.”
Tzivoni and colleagues studied 224 patients after myocardial infarction a mean of
24 months after the index event and 74 patients demonstrated ambulatory ischemia.
On mean follow-up of 28 months, those with ischemia had a significantly higher
cardiac event rate than those without ischemia.”> In a small trial Solimene and
coworkers also demonstrated the prognostic value of ambulatory ischemia two years
after uncomplicated myocardial infarction.”® In contrast to these previous studies,
Goldberg evaluated 103 patients with ambulatory monitoring within the first week
of the MI and was unable to find a relationship between silent ischemia and subse-
quent cardiac events over a 10 month period.”” Moss and colleagues performed
ambulatory monitoring on stable low-risk post-infarction patients 1 to 6 months
after the index event and was unable to predict coronary events based on the pres-
ence or absence of ambulatory ischemia.”®
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Peripheral vascular disease

Several groups have reported the prognostic value of ambulatory monitoring in
patients undergoing surgery for peripheral vascular disease. Raby and colleagues
first reported 176 such patients and found that the presence of ischemia on preop-
erative monitoring was highly predictive of postoperative cardiac events,” and these
findings have been confirmed by other investigators.®® 8! In longer term follow-up,
Raby’s group found that preoperative ischemia remains a negative prognostic mark-
er up to two years postoperatively (risk ratio 5.4),82 and Mangano’s group has con-
firmed these findings as well.®3 Raby also showed that adverse cardiac events in the
postoperative period are invariably preceded by silent ischemia, and he has hypoth-
esized that identification and treatment of silent postoperative ischemia may pre-
vent subsequent events.?

Treatment of silent ischemia

While much evidence exists that the presence of silent ischemia portends a poor
prognosis in a variety of clinical settings, it is unclear whether silent ischemia should
be specifically treated. Every class of medication used to treat symptomatic is-
chemia has been proven to be effective in the suppression of silent ischemia as
well.38 8587 Coronary revascularization has also been shown to be an effective ther-
apy for silent ischemia.®® A consistent finding in trials of silent ischemia treatment
is that medications that lower heart rate, such as f-adrenergic blocking agents, are
most effective. For example, in the Angina and Silent Ischemia Study (ASIS), Stone
and colleagues showed that propranolol was more effective than either diltiazem or
nifedipine in the suppression of silent ischemia when these agents were used at
maximum dosages as single agents.® As discussed previously, subsequent analyses
showed that propranolo! was particularly effective in suppressing the 81 % of epi-
sodes of ischemia preceded by increases in heart rate (demand related episodes),
while nifedipine was more effective in suppressing the 19% of episodes caused by
coronary vasoconstriction.>* Many have postulated that the most effective regimen
for suppression of all ischemia would be a combination of a beta-adrenergic block-
ing agent and a vasodilator.®®

Three major trials have recently been completed which were designed to deter-
mine the effect of treatment of silent ischemia on the occurrence of adverse cardiac
events in patients with stable coronary disease. The final results of the Total Is-
chaemic Burden European Trial (TIBET) have not yet been published. The Atenolol
Silent Ischemia Study (ASIST) enrolled 306 patients with mild or no angina, is-
chemia on exercise stress testing and on ambulatory monitoring®® Patients were
randomized to atenolol (100 mg daily) or placebo. Atenolol therapy effectively
reduced the number and average duration of ischemic episodes compared with pla-
cebo, and there was a nonsignificant trend for fewer serious events (death, resusci-
tation from ventricular tachycardia or fibrillation, myocardial infarction or hospi-
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talization for unstable angina) at one year. Only when the endpoints “aggravation
of angina” or “need for revascularization” were added to the composite endpoint
was statistical signficance reached for a positive treatment effect of atenolol.

The Asymptomatic Cardiac Ischemia Pilot (ACIP) study enrolled 618 patients
from 11 clinical sites in the United States and Canada.®® ! The primary endpoint
was the suppression of ischemia by three different treatment strategies including: 1)
medical therapy titrated to suppress symptomatic ischemia only (angina-guided strat-
egy), 2) medical therapy titrated to suppress both symptomatic ischemia and is-
chemia on serial ambulatory monitoring (ischemia-guided strategy), and 3) revascu-
larization with angioplasty or bypass surgery. The medical regimens included either
diltiazem plus isosorbide dinitrate or atenolol plus nifedipine. After twelve weeks
of therapy, ambulatory ischemia was abolished in 39% of patients assigned to the
angina-guided strategy, 41 % of patients assigned to the ischemia-guided strategy,
and 55 % of patients assigned to revascularization strategy. For most patients in the
two medical strategies, angina was controlled with relatively small doses of medica-
tion. At one year follow-up, 14 patients (7%) in the angina-guided strategy had
died or suffered a myocardial infarction, compared with 12 (6%) in the ischemia-
guided strategy and 4 (2%) in the revascularization group (p=0.04). Although the
number of events were small and the duration of follow-up short, these results
suggest a benefit for revascularization 38

There is some evidence that treatment of silent ischemia in patients undergoing
surgery for peripheral vascular disease may improve short term prognosis. Using
ambulatory monitoring, Andrews and co-workers studied 145 patients undergoing
peripheral vascular surgery at a single institution and identified 36 patients with
preoperative ischemia. These patients were treated with aggressive medical therapy
for ischemia in the postoperative period and suffered significantly fewer postopera-
tive cardiac events compared with similar historical controls.”? As yet, there have been
no randomized trials to examine the role of medical therapy or revascularization in
reducing postoperative ischemia and/or cardiac events in this patient population.

Future directions

Most investigators agree that the presence of ischemia on exercise testing or ambu-
latory monitoring identifies a group of patients at high risk for cardiac events re-
gardless of whether symptoms are also present. Ambulatory ischemia during daily
life (most of which is silent) is usually caused by changes in myocardial oxygen
demand, although some degree of transient coronary vasoconstriction may also
contribute to the pathogenesis. Beta-adrenergic blocking agents are the mainstay
of medical therapy, although revascularization is also highly effective. Additional
study is necessary to determine whether medical therapy or revascularization to
specifically treat the asymptomatic manifestations of ischemia provides benefits on
cardiac morbidity or mortality beyond those benefits associated with treatment of
more conventional symptomatic ischemia.
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6 VASOSPASTIC ANGINA

Attilio Maseri, Gaetano A. Lanza

In 1959 Prinzmetal et al! described a variant form of angina, which, in contrast with
the more common effort angina, occurs exclusively or predominantly at rest, often
without apparent cause, and is characterized by elevation, rather than depression,
of the ST-segment on the electrocardiogram (ECG). The authors hypothesized that
this form of angina was caused by an increase in “tonus” at the site of a subcritical
coronary stenosis.! Indeed, no increase in the hemodynamic determinants of myo-
cardial oxygen consumption can be detected by continuous hemodynamic monitor-
ing before the appearance of ischemia.??

In the mid-1970s coronary angiography, performed during spontaneous or pro-
voked anginal episodes, demonstrated convincingly that variant angina is due to a
transmural reduction in myocardial blood flow caused by an occlusive or subocclu-
sive vasospasm of an epicardial coronary artery.>* Angiography also showed that
occlusive coronary artery epicardial spasm may occur not only at the site of subcrit-
ical stenoses, but also in angiographically normal coronary arteries® and at the site
of severe stenoses.’

Pathogenetic mechanisms of coronary artery spasm

In 1976 we proposed that coronary artery spasm results from the interaction of two
components: 1) an abnormality in a localized segment of an epicardial coronary
artery, which makes it hyperreactive to vasoconstrictor stimuli, and 2) various vas-
oconstrictor stimuli, acting on different receptors, which are able to trigger the
spasm in the same segment.” This hypothesis was subsequently confirmed by several
studies.
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Enhanced segmental vasoconstrictor reactivity

The segmental nature of the vascular alteration was suggested because ST-segment
elevation always occurs in the same ECG leads in any given patient, and was clearly
confirmed by the angiographic demonstration that spasm usually occurs in a local-
ized and well indentifiable segment of an epicardial coronary artery. However, spasm
can sometimes involve two segments of the same branch or different arterial vessels,
or it may involve diffusely multiple branches. Multifocal spasm,® as an increased
basal tone,’ appears to be more common in Japanese than in Caucasian patients.!?

The most fundamental advance in our understanding of the pathophysiology
of epicardial coronary artery spasm was the demonstration that it can be induced by
a variety of pharmacologic agents,!! acting by different mechanisms and involving
different receptorial systems.'>!7 This indicates that multiple triggers of spasm can
exist, but that they can only cause spasm at the site of hyperreactive segments.
Therefore, the therapeutic failure of specific receptor blocking agents'®% in pa-
tients with variant angina is not surprising, as the blockade of a single receptor/
agonist interaction leaves other receptors unopposed and capable of eliciting spasm.

Endothelial damage has been proposed as a possible cause of susceptibility to
spasm, as it could preclude the vasodilatory response to endothelium-dependent
coronary dilator stimuli, thus favouring spasm in response to vasoconstrictor stim-
uli.?! However, endothelial damage or dysfunction is common, while coronary spasm
is very rare, in patients with coronary stenoses.

It has also been suggested that passive mechanical forces may have a role in the
pathogenesis of coronary artery spasm. The concept was that in the presence of
eccentric stenoses, lesion geometry, smooth muscle tone and perfusion pressure
could interact in such a way to be conducive to spasm.?> Coronary spasm, however,
does not develop in most eccentric stenoses, whereas it occurs often in patients with
normal coronary arteries.

Based on the presence of local vascular fibromuscular hyperplasia reported in
some cases,” an abnormal production of growth factors (by smooth muscle, plate-
lets, etc.) has also been proposed, but coronary angiography in these patients may
remain unchanged for several years.

A post-receptorial alteration in vascular smooth muscle cells, for example at
the level of the G-protein transduction system, therefore, appears a more likely
cause of the local vascular hyperreactivity.?*

The various triggering stimuli

There are several stimuli capable of inducing occlusive coronary artery spasm, but
only when they act at the site of hyperreactive coronary vascular segments.

A heightened nervous adrenergic activity has received a great deal of attention
as a possible major trigger of spasm. Indeed, coronary artery spasm may be induced
by alpha-agonist drugs!*'? and by stimuli (e.g., exercise and cold pressor test)?>26
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which increase the sympathetic outflow to coronary arteries, and it can be prevent-
ed by alpha-blockers.2® Furthermore, the duration of ischemic episodes was found
to increase following therapy with beta-blockers, and this was attributed to facilita-
tion of vasoconstriction by alpha stimulation.?? Nevertheless, alpha-blockade has
been unsuccessful in other studies'® and levels of coronary catecholamines have
been found to increase late during spontaneous ischemic episodes,® suggesting an
increase that is secondary to ischemia, and questioning the importance of sympa-
thetic activation as a major trigger of spasm.

Conversely, it has also been suggested that an increase in vagal activity can
induce spasm,'* and this hypothesis is supported by the higher incidence of anginal
attacks during sleep in most patients,*! and by the possibility that coronary spasm
can be induced with cholinergic drugs.!* However, the intracoronary administration
of vagomimetic substances in order to provoke spasm may lead to high nonphysio-
logic concentrations at the cellular level, thus determining a condition which may
not occur in the clinical setting. Furthermore, the frequent occurrence of ischemic
episodes during the night does not mean necessarily that an increase in vagal acti-
vation is the trigger. Finally, recent data, analyzing autonomic changes associated
with spontaneous ST-segment elevation using heart rate variability, suggest that a
vagal withdrawal, rather than activation, may precede the appearance of ischemia.

It has also been hypothesized that an abnormal platelet aggregation, secondary
to endothelial damage, with release of vasoconstrictor substances such as TXA23 and
serotonin, may be a major trigger of coronary spasm. However, in orne study levels of
coronary sinus TXA2 metabolites increased late in the course of spontaneous anginal
episodes, thus suggesting that they were secondary to the spasm.>* Furthermore, the
administration of PGI2% and the inhibition of TXA2! synthesis failed to achieve
consistent clinical benefits. Similarly, anti-serotoninergic drugs have also failed to
show consistent results in the control of angina.20 However, platelet activation can
perpetuate spasm and also facilitate plug formation, as suggested by the increased
levels of fibrinopeptide A during ischemic episodes in patients with variant angina.

Finally, an increased production of endothelin-1 by endothelial cells has re-
cently been proposed as possibly implicated in the mechanisms of spasm,3 but this
substance has a profound vasoconstrictor effect on distal, but not on proximal, cor-
onary vessels.*

Clinical features

The incidence of vasospastic angina is low compared with that of chronic stable
angina, but it can vary considerably, depending on the frequency provocative tests
are performed in patients with an unclear diagnosis.®

Patients with variant angina commonly present with recurrent episodes of an-
gina, typically occurring exclusively or predominantly at rest. These episodes are
usually of short duration, occur usually in the early morning hours or in the night,
and respond promptly to sublingual nitrates.
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In most cases variant angina is characterized by ‘hot’ and ‘cold’ symptomatic
phases, with waxing and waning of symptoms over a period of weeks or months.
Symptoms may, however, occasionally persist for years whenever therapy is with-
drawn. During ‘hot phases’, anginal attacks may recur in clusters of two to four
episodes within 20-30 minutes and may show a typical circadian distribution, with a
peak during the night or early morning hours,*! although in some cases they may be
prevalent in the late evening.

Although exercise capacity is usually preserved, exercise may sometimes pro-
voke anginal episodes.” Emotional distress, exposure to cold,?® eating, alcohol*’
and some medications,**? may all induce spasm, but in most cases there is no
apparent triggering cause of angina.

In patients with variant angina risk factors for coronary artery disease include
smoking and hypercholesterolemia,*»* but, in many patients, no known risk factors
can be recognized. In rare cases, variant angina has been associated with systemic
vasomotor disorders such as migraine and Raynaud’s phenomenon.®

Although variant angina usually occurs in the absence of other symptoms, some
patients may present with lipothymia or syncope. In such cases variant angina is
likely to be associated with severe bradyarrhythmias or ventricular tachyarrhyth-
mias, which can lead to sudden death.*647

Diagnostic assessment

Variant angina should be suspected on the basis of a history of recurrent episodes
of spontaneous angina at rest, particularly in patients with preserved effort toler-
ance, and is confirmed by documentation of transient ST-segment elevation on the
ECG during a spontaneous anginal episode. ST-segment elevation can range from
1-2 mm to 20-30 mm and may be associated with QRS widening, and ST-segment
and/or T-wave alternance.*® Transient Q-waves may also develop occasionally dis-
appearing at the end of the episode.*’ After an ischemic episode T-waves may be
persistently negative for periods of several minutes or hours. In these cases a sud-
den transient return to normal (pseudonormalization) during pain is also indicative
of acute myocardial ischemia.

When it is either difficult or impossible to perform an ECG during an attack
of chest pain, the diagnosis of variant angina can be reached by performing Holter
monitoring for 24 or 48 h in patients with relatively frequent attacks.>’ The obser-
vation of transient ST-segment elevation or pseudonormalization of inverted T-
waves, coincident with symptoms, confirms the diagnosis. The detection of asymp-
tomatic episodes of transient ischemic ST-segment elevation are clearly diagnostic
and also confirm the diagnosis of variant angina.

Provocative tests of spasm

When anginal attacks are rare Holter monitoring is likely to be negative. In such
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cases, provocative tests may be required in order to confirm the clinical diagnosis.
They are also necessary when the clinical presentation and ECG findings are non-
diagnostic. Provocative tests of spasm are contraindicated in patients with frequent
and prolonged ischemic episodes, particularly those not responding promptly to
nitrates, because induced spasm may be difficult to resolve.*

Although spasm may be induced by exercise stress testing® and by the cold
pressor test? in some patients, the most widely used provocative tests are ergono-
vine'3 and hyperventilation.>!

Both these tests can be performed either noninvasively in the coronary care
unit or in the exercise stress testing laboratory, or invasively in the catheterization
laboratory during coronary angiography. During coronary angiography spasm and
its location and extension can be visualized and intracoronary nitrates and calcium
antagonists can be administered when it is not relieved promptly by intravenous
drugs. However, in patients with a negative exercise stress test, performing the tests
noninvasively under careful ECG monitoring is more practical and has no adjunc-
tive risks when high-risk patients are excluded and when the correct procedures are
followed.

The sensitivity of the ergonovine test is influenced by the phase of the disease
at the time the test is performed, and the dose that induces spasm shows some
inverse correlation with the number of anginal episodes. Thus, in patients with a
typical history of variant angina, but no symptoms during the last few weeks, er-
gonovine testing is often negative. The test is usually performed by injecting intra-
venously incremental doses of ergonovine maleate (25, 50, 100 and 300 pg) at 5
minute intervals. The test should be interrupted as soon as diagnostic ischemic changes
appear on the ECG or when the patient complains of pain or other important symp-
toms such as malaise, nausea or headache, or when other undesirable side effects
such as hypertension or arrhythmias are observed.

Hyperventilation is another valid spasmogenic stimulus and, in theory, it is
safer than the ergonovine test because the stimulus wanes as soon as the intracellu-
lar pH returns to normal. Compared to ergonovine testing, however, hyperventila-
tion requires the full co-operation of the patients and has a lower sensitivity. The
test is performed with the patient breathing as deeply as possible 30 times a minute
for 5 min so that the arterial pH increases to about 7.60-7.70. The efficacy of
hyperventilation can be increased by infusing alkaline solutions.*

The negativity of the results of provocative testing does not exclude definitive-
ly the diagnosis of variant angina, as occasionally the vasoconstrictor stimuli may
not induce spasm, particularly during ‘cold’ phases of the disease.

Coronary spasm and small vessel disease

In about 20% of patients, with episodes of chest pain typical and severe enough to
warrant cardiac catheterization, no significant coronary stenoses can be found.*?
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Some patients report exclusively or prevalently effort-induced angina and develop
ischemic ST-segment depression during exercise testing, a clinical condition that
has been termed “syndrome X”.** In most patients, however, chest pain often oc-
curs at rest, with no apparent triggering cause and ECG exercise stress testing may
be negative, also during pain.

Although these patients, whose chest pain can be due to different causes, are
likely to constitute a heterogeneous population, several studies have shown that a
dysfunction of the small coronary arteries not visible at coronary angiography, dem-
onstrated by a reduced coronary blood flow response to a variety of vasodilator
stimuli,*’ is present in at least some of them. Therefore, myocardial ischemia due
to a dysfunction of small coronary vessels (a condition appropriately defined as
“microvascular angina”)°® has been proposed as a major cause of angina. In partic-
ular, it has been suggested that a primary prearteriolar vasoconstriction constitutes
the most likely microvascular abnormality responsible for susceptibility to myocar-
dial ischemia.>**® This abnormality may limit the increase in subendocardial blood
supply necessary to match the increase in oxygen demand during exercise, but it
may also cause myocardial ischemia at rest, because of a critical primary reduction
in coronary flow following an exaggerated microvascular constriction.

This exaggerated microvascular constriction is suggested, 1) by the possibility
of inducing anginal pain, in association with an impairment in coronary blood flow,
by means of vasoconstrictor stimuli;**>° 2) by the occurrence of spontaneous is-
chemic ECG changes in the absence of a significant increase in heart rate in at least
some episodes of ST-segment depression during Holter monitoring;**¢! 3) by the
presence, in some patients, of an increased reactivity to vasoconstrictor stimuli,
expressed by an increased noncritical reduction in lumen diameter, also in epicar-
dial coronary vessels.?263 It is not clear, however, whether a true spontaneous spasm
(i.e. a localized, intense and paroxysmal vasoconstriction), may occur at the coro-
nary microvascular level in man.

Clinically, patients with syndrome X must be distinguished from those with
variant angina, as they pose very different diagnostic and therapeutic problems.
Usually there are no major difficulties in the differential diagnosis. Indeed, in syn-
drome X, anginal attacks are often effort- or emotion-related, are long-lasting (10-
30 min), are never associated with arrhythmias, occur predominantly during the
daytime and often do not respond promptly to sublingual nitrates.* The absence of
ST-segment elevation during pain allows the correct diagnosis to be made.

Prognostic assessment

A high incidence of severe complications, i.e. myocardial infarction (20-30%) and
sudden death (about 10%), was reported in the first studies on vasospastic angi-
na.5% The majority of these events occurred during the acute phase of the disease
or during the first months after hospitalization, while the complete remission of
symptoms was frequent in the follow-up period.5>% However, since the use of high
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doses of calcium antagonists and nitrates has become widespread as a means of
relieving and preventing coronary artery spasm®”® both the short- and long-term
prognosis of variant angina have improved considerably. A number of patients,
however, remain at risk of developing myocardial infarction or sudden death.

Two main findings influence the prognosis of variant angina: the presence of
coronary artery stenoses and the development of serious brady- or tachyarrhythmias
associated with ischemic episodes. Patients with severe and extensive coronary artery
disease have a greater chance of developing myocardial infarction and sudden death
and have higher mortality rates. Both myocardial infarction and sudden death can,
however, also occur in patients with angiographically normal coronary arteries.5%7
Indeed, thrombosis, as mentioned above, can be initiated by occlusive spasm due to
activation of the hemostatic system.3¢ Similarly, life-threatening tachy- or brady-ar-
rhythmias may also occur in patients with normal coronary arteries.*¢47

The reasons why some patients tend to develop arrhythmias are not known, but
they are related strictly neither to the frequency, severity and duration of ischemic
episodes, nor to the presence or absence of pain, both in different patients and even
in the same patient*®476566 Ventricular tachyarrhythmias may occur either during
ST-segment elevation or after its resolution during the reperfusion phase. Com-
plete atrioventricular block and/or sinus arrest are observed less frequently, usually
during inferior ischemia. Patients with severe arrhythmias associated with ischemic
episodes have a significantly higher risk of sudden death than those not developing
such arrhythmias.556

Therapeutic approach

Attacks of variant angina usually respond promptly to the sublingual administration
of short-acting nitrates. In rare cases resistant to this therapy, intravenous nijtrates
or calcium antagonists are usually effective.

Since the actual causes of coronary artery hyperreactivity to constrictor stimuli
remain unknown, treatment of vasospastic angina is based on the use of nonspecific
vasodilator drugs (i.e. calcium-antagonists and nitrates).”%8 Treatment should be
aimed not only at the control of anginal episodes, but also at the suppression of all
episodes of silent ischemic episodes detected by Holter monitoring and the preven-
tion of ergonovine-induced spasm. This is crucial, particularly in patients with ob-
structive coronary artery disease at angiography and/or those who develop poten-
tially fatal arrhythmias during ischemia. However, while positive tests indicate clearly
that treatment is inadequate, negative tests do not offer absolute guarantees that
treatment will be completely effective in preventing completely ischemic attacks.

Chronic therapy of variant angina is based on the administration of calcium-
antagonists. Indeed, several controlled studies have demonstrated that they signif-
icantly improve prognosis.® Commercially available calcium-antagonists are likely
to be equally as effective, although experience is wider with the more traditional
drugs verapamil, nifedipine and diltiazem.”*7? The choice among these depends on



Chapter 6 121

their efficacy and side-effects, as assessed by follow-up in individual patients. A
complete or substantial suppression of ischemic episodes can be obtained in more
than 80% of patients with the administration of the appropriate dosage (i.e., diltiaz-
em and verapamil 360-480 mg/day and nifedipine 60-80 mg/day).

In some patients who continue to develop ischemic episodes in spite of the
usual maximal doses of calcium-antagonists, the addition of long-acting nitrates
(i.e. isosorbide dinitrate or mononitrate) may improve the efficacy of treatment.”?
Chronic administration of nitrates should be scheduled to cover the period with the
highest number of ischemic episodes, leaving a drug-free interval of 10-14 hours in
order to prevent tolerance.

While the use of nonspecific vasodilator drugs has been consistenly effective,
all attempts to block specific individual stimuli have been therapeutically unsatis-
factory. This may be either because the blockers used were inappropriate or insuf-
ficient or, more likely, because other constrictor stimuli were left unopposed. Thus,
alpha-adrenergic and serotoninergic blockers failed to reduce substantially the num-
ber of anginal attacks, although they may be effective in some patients.?”?® Concep-
tually, B-blockers are not indicated and are usually avoided in patients with vasos-
pastic angina, based on the assumption that f-blockade may facilitate a-adrenergic
stimulation and favour coronary artery spasm,” although data on this point are
controversial.*® Other types of treatment which have had inconsistent results in-
clude aspirin'® and intravenous infusion of prostacycline.®

In rare cases, coronary artery spasm may be refractory to the usual medical treat-
ment. In the past, some of these patients have been treated with cardiac denervation,
but uncertain results have been obtained.”” However, in our experience, very high
doses of calcium-antagonists (i.e. diltiazem 960 mg/day, or verapamil 800 mg/day, each
associated with nifedipine 100 mg and ISDN 80 mg) may be effective in most patients.”®
In the very rare cases in which these doses are insufficient, the addition of appropriate
doses of either guanethidine or clonidine may improve symptoms.”’

Finally, revascularization procedures (i.e. coronary angioplasty or by-pass sur-
gery)’®7° should be considered for patients with spasm at the site of a flow-limiting
coronary stenosis in patients with a positive exercise test at a low workload or with
the persistence of inducible spasm despite full medical therapy.
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7 THE ROLE OF NITRIC OXIDE
IN CORONARY DISEASE
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Peter Ganz, Andrew P. Selwyn

The vascular endothelium is capable of modulating many biological responses
through the release of locally derived vasoactive factors.” One of the most important
is nitric oxide, the endothelium-derived relaxing factor (EDRF).? Nitric oxide is
synthesized by endothelial cells from the essential amino acid I-arginine by nitric
oxide synthase (NOS). Three forms of nitric oxide synthase have been sequenced: a
constitutive form from vascular endothelium; a constitutive form from the central
nervous system; and an inducible enzyme derived from macrophages in response to
cytokines.’ Together, these enzymes, through the release of nitric oxide, control a
great variety of processes, in both health and disease. Nitric oxide is important as an
inhibitor of platelet aggregation, smooth muscle cell proliferation and endothelial-
leukocyte interaction.®”® However, one of the most important actions of nitric ox-
ide is in the regulation of both basal and stimulated arterial tone.>!? In response to
a number of pharmacological and physiological stimuli, the activation of constitu-
tive nitric oxide synthase releases nitric oxide, leading to vasodilation. However, in
patients with atherosclerosis or cardiac risk factors, vasodilation is attenuated and
this may be important in the pathogenesis disturbances in regional and coronary
blood flow leading to coronary ischemia.!! Although many other locally produced
vasoactive substances including prostacyclin, endothelium-derived hyperpolarizing
factor, endothelin, and thromboxane, are important in controlling vascular tone,
nitric oxide plays a key role (Figure 7.1). This chapter will thus focus, on the role of
endothelium-derived nitric oxide in the control of coronary conduit vessel vasomo-
tion and coronary blood flow and the abnormalities in this system which are seen
with atherosclerosis and related conditions.
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Figure 7.1 Factors acting on vascular smooth muscle cells causing contraction or
relaxation. TxA,=thromboxane A, EDCF=endothelium derived contraction factor,
EDRF=endothelium-derived relaxing factor, EDHF =endothelium-derived hyperpolar-
ization factor.

Nature of endothelium-derived relaxing factor

In 1980, Furchgott and Zawadski, discovered that acetylcholine-induced relaxation of
rabbit aortic strips required an intact endothelium.2 They concluded that acetylcholine
stimulated muscarinic receptors on the endothelium, leading to the release of a non-
prostanoid relaxing factor, which they named endothelium-derived relaxing factor.

A diffusible substance with a half-life of several seconds,!? endothelium-de-
rived relaxing factor can be inhibited by heme-containing proteins'® and destroyed
by oxygen free radicals.!* It activates soluble guanylate cyclase and increases the
concentration of cyclic guanosine monophosphate.!® Collectively, these characteris-
tics led to the simultaneous observation by Ignarro and Furchgott that endotheli-
um-derived relaxing factor was strikingly similar to nitric oxide.!%!7

The first proof that nitric oxide was at least one of the relaxing factors resulted
from studies by Palmer and colleagues.* Using a chemiluminescence assay, they
demonstrated that cultured endothelial cells release nitric oxide when exposed to
bradykinin. In this assay, nitric oxide is specifically detected by its reaction with
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ozone. Results of these studies provided strong evidence that endothelium-derived
relaxing factor is nitric oxide or a chemically related compound. Recent findings
suggest that endothelium-derived relaxing factor may also be similar to a labile
nitroso compound (S-nitroso-L-cysteine).'8

Mechanism of action of endothelium-derived relaxing factor

Palmer et al. have demonstrated that nitric oxide is synthesized from the guanidino
nitrogen of the amino acid, L-arginine.* In response to shear stress or receptor acti-
vation of the endothelium there is a resulting influx of calcium. Receptor activation
often occurs in conjunction with signal transduction proteins (the G protein family). '
Serotonin receptors, for example, interact with the pertussis-sensitive Gi (inhibitory)
protein to modulate an increase in intracellular calcium. The increase in calcium
results in stimulation of constitutive nitric oxide synthase and the production of nitric
oxide. This enzymatic process can be effectively inhibited by an arginine analogue,
NG- monomethyl-L-arginine, which is an important tool to investigate the impor-
tance of nitric oxide in biological events.> Following release from the endothelium,
endothelium-derived relaxing factor diffuses across the extracellular space into the
smooth muscle cell, and stimulates guanylate cyclase leading to an increase in the
intracellular concentration of cyclic guanosine monophosphate.?® (Figure 7.2).

Cyclic Guanosine 3’-, 5’-Monophosphate System:
Intracellular Second Messenger

Cyclic guanosine monophosphate is formed from guanosine 5’-triphosphate by the
activation of soluble guanylate cyclase. This process is calcium-independent. Puri-
fied soluble guanylate cyclase has been shown to contain heme, which is now thought
to be the receptor site for nitric oxide.?! Local thiol groups are necessary to reduce
the heme iron atom to the ferrous state, thus facilitating the nitric oxide-heme
interaction.

The net result of the activation of soluble guanylate cyclase is the formation of
cyclic guanosine monophosphate, which then activates a serine/threonine protein ki-
nase (cG-Pk).??Several proteins may be phosphorylated by cG-Pk, resulting in smooth
muscle relaxation. Cyclic guanosine monophosphate also stimulates calcium efflux
and calcium uptake by intracellular stores. It may also inhibit calcium influx across the
plasma membrane by decreasing production of diacyl glycerol (DAG) and inositol
1,4,5-triphosphate (IP,) which result in a decrease in protein kinase C activity.

Role of nitric oxide in maintaining vasomotor tone

Experimental evidence

Conduit vessels: Nitric oxide can be released in response to a variety of stimuli
(Table 7.1).2* A substantial body of basic research has established the importance of
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Figure 7.2 The metabolic pathway of aginine; No leads to smooth muscle cell relaxation

nitric oxide release in both basal and stimulated control of vascular tone in large
conduit vessels. Studies have demonstrated that basal cyclic GMP levels are higher
in aortic strips when the endothelium is intact than when it has been denuded and
bioassay techniques have also demonstrated the basal release of NO from large
conduit vessels.> When the nitric oxide synthase inhibitor, L-NMMA is applied to
preconstricted arterial tissue, there is a prompt increase in tension, as a result of
inhibition of endothelium-derived nitric oxide.” Despite tissue and species differ-
ences, endothelium-dependent agonists such as acetylcholine predominantly cause
vascular relaxation. The role of nitric oxide as the mediator is supported by exper-
iments that used endothelium-dependent agonists in the presence of inhibitors of
nitric oxide. Martin et al. demonstrated in vascular rings from rabbit aortas that
hemoglobin and methylene blue abolished the endothelium-dependent relaxation
induced by acetylcholine and the calcium ionophore A23187." They believed this
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Table 7.1 ENDOTHELIUM-DERIVED VASODILATORS

Acetylcholine Catecholamines

Histammine Substance P

Serotonin Peptide of calcium related gene
ADP, ATP Platelet activations factor
Bradykinin Tonophoretic Ca [A23187]
Thrombin Increased flow, shear stress

was caused by a direct inhibitory effect on guanylate cyclase, as cyclic GMP levels
did not rise in the presence of acetylcholine and A23187. The same results have
been obtained with L-NMMA as the inhibitor of nitric oxide.” Increasing flow and
subsequently shear stress are also important mediators of endothelium-dependent
vasodilation. It has been shown in the canine femoral and coronary artery, that
removal of the endothelium by balloon injury prevents the flow-mediated increase
in diameter, demonstrating that the response is endothelium dependent 29?7

The vasodilation seen in arterial strips exposed to endothelium-dependent
agonists is markedly attenuated in the presence of atherosclerosis.?® In a study by
Heistad et al., an augmented response to vasoconstrictor stimuli was observed in
atherosclerotic primates.” Similar results have been observed in rabbit models of
atherosclerosis.3’ Cholesterol feeding for as little as two weeks resulted in abnormal
arterial relaxation to acetylcholine.’! Recent studies have shown an impairment of
endothelium-dependent relaxation with incubation of arterial strips with LDL or
particularly oxidized LDL.3? These studies have shown that abnormalities occur
without the need for structural atherosclerosis.

Resistance vessels. In vitro studies have used microscopy, to demonstrate dilation
of resistance vessels in an response to acetylcholine from rabbit ear, rat cremaster
muscle,* and canine coronary resistance vessels.3S In vivo studies employing rabbit
hind limbs, isolated buffer- perfused rabbit heart, and primates employing nitric
oxide inhibitors have confirmed that nitric oxide mediates vasodilation in the mi-
crocirculation.’®37 Studies have also shown that resistance vessels are able to dilate
in response to increases in flow and shear stress by endothelium-dependent mech-
anisms.® Studies that employed systemic doses of NG-monomethyl-L-arginine have
shown an increase in blood pressure and reflex bradycardia in the rabbit 39 the
rat,*? and the guinea pig,*' suggesting that the basal release of endothelium-derived
relaxing factor is important at the resistance vessel level in regulating systemic blood
pressure. However, studies in canine coronary arteries have suggested that other
mediators besides NO may be important in the control of basal and stimulated
coronary blood flow.*?

As in the conduit vessels, both lipoproteins and cholesterol-induced athero-
sclerosis impair resistance vessel vasorelaxation compared to controls. This has been
demonstrated in both primate and rabbit models.3!"¥
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Human studies

Conduit vessels. In vitro studies using human coronary arteries have shown endot-
helium-dependent relaxation in response to acetylcholine in normal arteries and
impaired relaxation in atherosclerotic coronary arteries.*’ In vivo studies of conduit
vessel vasomotion have focused on the coronary circulation.* Ludmer and col-
leagues first demonstrated coronary vasodilation in response to acetylcholine in
patients with normal coronary arteries and no risk factors for atherosclerosis. It has
recently been shown that acetylcholine induced coronary conduit vessel dilation can
be inhibited by free reduced hemoglobin and L-NMMA, strongly suggesting that
the response is mediated by nitric oxide.*>*¢ L-NMMA also causes a small (5%)
decrease in coronary diameter suggesting some role of nitric oxide in maintaining
basal tone. A number of subsequent studies also showed that other agonists, includ-
ing substance P, serotonin, and histamine, can increase the coronary artery diame-
ter in normal subjects. Flow mediated vasodilation has also been demonstrated in
human coronary arteries.’ Physiological stimuli that lead to an increase in coronary
blood flow, by bicycle exercise, *® cold pressor testing, * atrial pacing,’’ and mental
arithmetic, 3! have all been shown to increase coronary artery diameter in patients
without atherosclerosis or risk factors. The parallel response of coronary arteries to
the physiological stimuli and to acetylcholine led investigators to the conclusion
that these stimuli were endothelium-dependent. However, studies employing nitric
oxide inhibitors have not been done to confirm the role of nitric oxide in flow-
mediated vasodilation, in the coronary circulation.

Important differences in the coronary response to endothelium-dependent stim-
uli have been observed between patients with smooth arteries and those with ath-
erosclerosis. In the original study by Ludmer et al., it was shown that irregular
coronary arteries and those with stenoses constricted in response to acetylcholine.®3
The in vivo vasomotor response to acetylcholine is a balance between the direct
vasoconstricting effects on the smooth muscle mediated via muscarinic receptors,
and the vasodilating effects of nitric oxide released by the endothelium. In patients
with atherosclerosis, there is an impairment of the release or action of nitric oxide,
and the observed effect is vasoconstriction. Subsequent to this, Wems et al., showed
abnormal vasodilator responses in smooth coronary arteries in patients with athero-
sclerosis in other vessels.’> Abnormal endothelium -dependent dilation to acetyl-
choline in the conduit vessels has also been shown in patients with smooth coronary
arteries and documented ischemia (Syndrome X).** Attenuation of normal flow-
mediated vasodilation has also been demonstrated in response to exercise, pacing,
cold pressor testing and mental stress. In fact, in patients provoked with mental
stress, constriction at sites of stenoses can be demonstrated.”!

More recent data has shown, that even in the presence of risk factors for ath-
erosclerosis, endothelial dysfunction may occur. In patients with smooth coronary
arteries, there is a good relationship between serum cholesterol, and total number
of risk factors, and the endothelium-dependent vasomotor response to acetylcho-
line.’* The conduit vessel response to bicycle exercise is also related to serum cho-
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lesterol levels in patients with normal coronary arteries.> This relationship is more
complex in patients with established atherosclerosis, where other parameters of
lipid abnormalites such as the size and density of LDL particles and its susceptibility
to oxidation may be more important.’® Recent studies using intravascular ultra-
sound, also demonstrate that endothelial dysfunction is present before there is any
evidence of intimal thickening. This confirms the in vitro findings that the physical
presence of atherosclerosis is not a prerequisite for a dysfunctional endothelium. In
addition, impairment in endothelium-dependent vasodilator responses to acetyl-
choline have also been demonstrated in patients with hypertension, and dilated
cardiomyopathy.

Resistance vessels. Vasodilatation in resistance vessels is assessed by measuring
blood flow. For a constant pressure and cardiac output, changes in flow represent
changes in resistance vessel vasomotor tone. Importantly, any stimulus that relaxes
resistance vessels and increases flow, will result in a mild increase in conduit vessel
diameter as a consequence of flow-mediated vasodilation. Resistance vessel dila-
tion therefore effects changes in conduit vessels through flow-mediated dilation.

In the coronary circulation, Zeiher et al. measured blood flow in response to
acetylcholine and papaverine in patients with various degrees of atherosclerosis.’’
Patients with early atherosclerosis showed an impaired blood flow response to ace-
tylcholine, compared with normal controls. A recent study by Ryan et al. also showed
that patients with atherosclerosis had impaired blood flow response to substance P
and not to adenosine.”® These studies suggest that endothelium-dependent vasodi-
lator function is impaired in the microvasculature of patients with nonobstructive
coronary artery disease. In addition, studies have also demonstrated an impairment
of resistance vessel dilation in patients with coronary risk factors such as hypercho-
lesterolemia, hypertension and increasing age.’*®® Lefroy et al. used coronary sinus
oxygen saturation as a measure of coronary blood flow to demonstrate that L-NMMA
inhibited the dilation of coronary conduit vessels in response to acetylcholine, but
it did not abolish the blood flow (resistance vessel dilation) increase in response to
acetylcholine.* They suggested that EDRF may not be the only mediator of acetyl-
choline-induced increase in blood flow in the coronary microvasculature. Other
mediators, such as EDHF may be involved, or the contribution of nitric oxide is
small, and was not detected. Dysfunction of endothelium-dependent vasomotion in
resistance vessels has been demonstrated in patients with hypertension, %2 and
also in patients with chest pain and normal coronary angiograms (syndrome X).%

The role of abnormal vasomotion in coronary heart disease

There is abundant evidence to suggest that proximal coronary lesions play an active
role in causing ischemia by intermittently interfering with coronary blood flow.546
Selwyn et al.,, used rubidium-82 positron emission tomography to study changes in
regional myocardial perfusion in patients with stable coronary artery disease.® The
data from these studies provided evidence that regional coronary blood flow de-



132 Section A - Coronary artery disease

creased at the onset and during clinical ischemia. More recently and in support of
these studies, positron emission tomography also demonstrated absolute decreases
in regional myocardial perfusion during exercise, cold pressor stimulation and men-
tal arithmetic in patients with coronary heart disease. The decreases in perfusion
occurred in the distribution of stenosed epicardial coronary arteries implying vaso-
constriction at the stenotic site.5’

In the studies of endothelial function in large epicardial coronary arteries,
employing physiological stimuli, we have shown that there are important differenc-
es in the behavior of angiographically smooth arteries and those containing athero-
sclerosis. Smooth arteries without angiographic evidence of atherosclerosis gener-
ally dilate in response to these provocative tests while irregular and/or stenosed
arteries usually constrict.*”3! Gage et al. demonstrated that stenoses constricted in
response to exercise, and Yeung demonstrated similar findings in patients with a
mental stress protocol. 5% It is very likely that this abnormality in endothelium-
dependent vasomotion in the setting of moderate to severe stenoses is an important
cause of ischemia.

Endothelial dysfunction: possible mechanisms

Endothelial vasodilator dysfunction has been demonstrated in vitro and in vivo in
animal and human studies in a wide range of conditions (Table 7.2). A detailed
discussion is beyond the scope of this chapter, but several reviews are available.’
The mechanism of this vasodilator dysfunction is unclear, and since the actions of
endothelium-derived relaxing factor are complex, abnormalities could occur at many
sites of actions: i) impairment of endothelial membrane receptors which interact
with agonists or physiological stimuli to release nitric oxide; ii) diminished levels or
impaired utilization of I-arginine, the substrate for NO synthesis; iii) reductions in
nitric oxide synthase, the enzyme responsible for the conversion of I-arginine to
nitric oxide iv) impaired release of nitric oxide from the endothelium in its most
active form (ie. nitrosothiols); v) enhanced degradation of nitric oxide by oxygen
free radicals; vi) impaired transport from endothelium to smooth muscle cell (func-
tional barrier); vii) impaired interaction of nitric oxide with guanylate cyclase and
subsequent increase in cyclic guanosine monophosphate and viii) decrease in gen-
eralized smooth muscle cell sensitivity to vasodilators.

The best studied conditions associated with endothelial dysfunction are hyper-
cholesterolemia and atherosclerosis. Hypercholesterolemia inhibits endothelium-
dependent relaxation evoked by receptor-dependent stimuli, but this generally does
not inhibit the direct relaxing effect of nitroglycerin. Studies in hypercholesterolem-
ic porcine coronary arteries have demonstrated that the activity of the pertussis
toxin-sensitive Gi protein-dependent receptor pathway is reduced in hypercholes-
terolemic endothelial cells.* This may be one of the mechanisms of endothelial
dysfunction in the early stages of the atherosclerotic process.” Hypercholesterolemic
rabbits have also been demonstrated to produce excessive quantities of superoxide
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Table 7.2 CONDITIONS RELATED TO ENDOTHELIAL DYSFUNCTION

Atherosclerosis Syndrome X
Hypercholesterolemia Variant angina
Hypertension Dilated cardiomyopathy
Diabetes Mellitus Cocaine use

Smoking Chagas disease

Saphenous vein graft atherosclerosis

anion, by an endothelium-dependent process.”! As will be discussed below, this is a
second mechanism by which hypercholesterolemia could impair endothelium-de-
pendent vasodilation.

The synthesis of nitric oxide involves the oxidation of a guanidino nitrogen on
l-arginine by means of specific nitric oxide synthases. Several groups have suggested
that a depletion of l-arginine is responsible for this endothelial dysfunction in hy-
percholesterolemia. It was shown in rabbit hind limbs that L-arginine administra-
tion potentiated the acetylcholine-induced increase in hind limb flow in rabbits with
dietary hypercholesterolemia.”” Two studies have addressed this issue in human
coronary arteries. Drexler et al. were able to demonstrate an improvement in the
flow response (resistance vessel function) to acetylcholine after l-arginine infusion
but did not demonstrate any effect on large vessel vasomotion.” In contrast, Dubois
Rande showed an improvement in the large vessel response to acetylcholine follow-
ing l-arginine infusion.” Therefore, in certain situations, depletion or impaired uti-
lization of l-arginine may contribute to the dysfunction seen in hypercholesterolemia,
however, a deficiency of the substrate has not been proven by measurements of
intracellular concentrations.

Rubanyi et al. have shown that superoxide anions can inactivate endothelium-
derived relaxing factor.!* In hypercholesterolemic rabbits, an excess amount of su-
peroxide anions are generated from the endothelial cells. In states in which exces-
sive free radicals are generated, an increase in oxidation of low density lipoproteins
(LDL) would also result. Oxidized LDL itself has been shown to be a potent inhib-
itor of endothelium-dependent relaxations through mechanisms that are transduc-
tion dependent.”

Other potential mechanisms of endothelial dysfunction include intimal thick-
ening, which acts as a barrier to the diffusion of endothelium-derived relaxing fac-
tor, and the increased production of vasoconstrictor substances that offset the bal-
ance toward vasoconstriction. Endothelin may be one such factor. However, the
role of these vasoconstrictors has not been well-defined. Thus, even though the
normal physiology of endothelium-derived relaxing factor has been extensively stud-
ied, the mechanisms involved in its failure are incompletely understood at this time.
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Treatment of endothelial dysfunction

The treatment of endothelial dysfunction would be a desireable end-point. A healthy
endothelium, not only maintains vasodilation but has important anti-coagulant and
anti-proliferative properties. Before overt atherosclerosis develops, treatment of
endothelial dysfunction might prevent or delay its onset. Once atherosclerosis is
present, a healthier endothelium could potentially slow atherosclerosis progression,
or lessen the risk of unstable coronary syndromes. Based on our understanding of
the pathogenesis of endothelial dysfunction, a variety of potential strategies have
been advocated for its long-term treatment (Table 7.3).

Cholesterol lowering therapy

Harrison et al. were among the first to demonstrate that reversal of the impairment
in endothelium-dependent vasodilation was possible.” In primates who were ren-
dered atherosclerotic by cholesterol feeding, the institution of a normal cholesterol
diet allowed a return to baseline in the dilator responses of isolated arterial strips to
acetylcholine. This occurred despite the continued presence of intimal thickening,
suggesting that complete regression was not necessary for improvement in function.
Osbome and colleagues also demonstrated after 2 weeks of cholesterol feeding in
rabbits, that abnormalities in vasodilator responses were observed. Importantly, this
could be prevented by supplementation with lovastatin.3! Williams et al., were able
to demonstrate an improvement in coronary endothelium-dependent vasodilation
to acetylcholine in vivo. In atherosclerotic primates who were then fed a low choles-
terol diet, a significant attenuation of the initial vasoconstriction to acetylcholine
was seen after cholesterol lowering diet therapy.”’

The first human study to suggest that lipid modification might be useful in im-
proving endothelial dysfunction employed omega-3 fatty acids. In a small group of
patients (n=8), treated for 6 months with large doses of fish oils, an improvement in the
coronary conduit vessel vasomotor response to acetylcholine was demonstrated.”® More
recently, Leung and colleagues have shown that the coronary vasodilator response to
acetycholine could be improved after 6 months of cholesterol lowering therapy in
patients with no evidence of atherosclerosis.” Patients in this study (n=25) had hy-
percholesterolemia, but no angiographic evidence of atherosclerosis. At baseline there
was a 25% constriction to acetylcholine which improved to 5% dilation after therapy,

Table 7.3 STRATEGIES FOR POTENTIAL TREATMENT
OF ENDOTHELIAL DYSFUNCTION

Cholesterol lowering
Antioxidant therapy
Administration of L-arginine
Omega-3 fatty acids
N-acetylcysteine

Estrogen replacement therapy
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with only 6 months of therapy. There was no control group employed, and regression
to the mean might explain part of the improvement in vasodilator function.

Preliminary data has been recently presented on the effect of cholesterol low-
ering on endothelial function in patients with established coronary atherosclerosis.
Treasure and his colleagues randomized 19 patients to 6 months of therapy with
lovastatin or placebo and measured the coronary conduit vessel vasomotor response
to acetylcholine.®® By measuring up to 5 coronary segments per patients they were
able to demonstrate an improvement in response only in the most constricting seg-
ment. Although the most constricting segment may contain the most interesting
biology and have important implications for the patient, this study suggested that
the effect of lovastatin therapy was not that strong in patients with atherosclerosis
treated for 6 months. Initial data was also presented from our laboratory from a
randomized study employing a control group, an LDL cholesterol lowering group
(lovastatin and cholestyramine) and an LDL+ oxidized LDL lowering group (lov-
astatin and probucol).’! Patients with atherosclerosis were treated for one year.
Preliminary analysis demonstrated that patients treated with drug therapy had a
significant attenuation of acetylcholine induced vasoconstriction compared to pa-
tients in the diet group. The relative magnitude of improvement in the two treat-
ment groups awaits final analysis. The weight of data suggests that endothelial dys-
function may be improved with strategies aimed at lowering cholesterol.

Recent angiographic regression studies have demonstrated decreased progres-
ston and more regression in patients treated with cholesterol lowering regimes.
However, the difference in the % diameter stenosis between treatment and control
groups is only 3-5%. Despite this, the majority of these studies have shown a marked
reduction in clinical events.? This has led to the speculation that cholesterol lower-
ing results in a decrease in the cholesterol content of plaques resulting in stabiliza-
tion and a decreased tendency for plaque rupture. However, the above data, sug-
gests that an improvement in endothelial function might be another mechanism for
the clinical benefits observed with cholesterol lowering studies.

Anti-oxidant therapy

The oxidation of LDL cholesterol is now thought to play a primary role in the
pathogenesis of atherosclerosis developement.®® Antioxidants might improve en-
dothelium-dependent dilation by two distinct mechanisms. Oxygen free radicals
themselves are potent inactivators of nitric oxide, and oxidized LDL markedly at-
tenuated endothelium-dependent vasodilation. Ohara et al., have shown that rab-
bits fed high cholesterol diets produce an excessive amount of superoxide anions
from the endothelium, and that these arterial strips demonstrate impaired relax-
ation.”’ Subsequent to this they demonstrated that treating these rabbits with a low
cholesterol diet could decrease the production of free radicals and improve dilator
responses. A recent study by Keaney and colleagues has nicely demonstrated that
cholesterol fed rabbits demonstrated impaired endothelium-dependent relaxation
to acetylcholine and A231.%7 However, if the rabbits were supplemented with a-
tocopherol, this dysfunction was markedly decreased.?* Probucol, is a cholesterol
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lowering agent with a potent antioxidant effect. It has been shown to protect LDL
particles against oxidation, and may have important effects at the level of the endot-
helial cell.® A recent study has demonstrated that probucol is able to improve va-
sodilator responses in arterial strips from cholesterol fed atherosclerotic rabbits.5

Little is known about the role of free radical scavengers or anti-oxidants in
treating endothelial dysfunction in patients. A study from our laboratory addressed
the role of short term infusion of superoxide dismutase, an oxygen free radical
scavenger on endothelium-dependent vasomotion in coronary arteries. This study
demonstrated that superoxide dismutase could attenuate the vasoconstriction seen
with acetylcholine in patients with atherosclerosis.8” One explanation of these re-
sults, is that oxygen free radical inactivation of nitric oxide, is an important mech-
anism of the impairment of endothelium-dependent vasodilation seen in athero-
sclerosis. Although there is no current data which addresses the long-term efficacy
of anti-oxidant therapy of endothelial function, results will be available soon from
our randomized study employing the anti-oxidant probucol.8!

Estrogen replacement therapy

There is extensive evidence suggesting that estrogen replacement in post-meno-
pausal women reduces cardiac mortality by about 50%%® While part of this benefit
might simply be related to a favorable change in the cholesterol profile, other fac-
tors are likely involved. Favorable in vitro effects on both endothelium-dependent
and independent processes have been shown.®’ In cholesterol fed primates, Will-
iams has shown that long-term estrogen replacement improves coronary vasodilator
responses to acetylcholine.’® More recently, they have shown that a short term infu-
sion of estrogen (20 minutes) results in a blunting of acetylcholine induced vasocon-
striction, through unknown mechanisms.’! These studies have been repeated by
several groups in post-menopausal women in cardiac catheterization laboratories,
including our own laboratory. All have shown that a 10-15 minute infusion of either
estradiol or premarin result in an improvement in the conduit and resistance vessel
dilator response to acetylcholine.’> Long-term studies of estrogen replacement have
not been done as yet. Keaney and colleagues have presented preliminary data which
demonstrates that 178-estradiol improves dilator responses to acetylcholine in ath-
erosclerotic swine, with an associated decrease in the susceptibility of LDL oxida-
tion in estradiol treated pigs.”> This provides some evidence that an anti-oxidant
effect of estrogen may play a role in endothelium-dependent processes. Other mech-
anisms such as a calcium-channel blocking effect may also be operating.**

Future directions

During the past decade, studies have focused on the development of catheterization
techniques to study endothelium-dependent dilation in humans. The range of re-
sponses in health and disease have been characterized and we have begun to look at
mechanisms of endothelial dysfunction and approaches to the treatment of this
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problem. The focus has been mainly on epicardial conduit vessels, however more
recent technical improvements have allowed a more accurate measurement of cor-
onary blood flow. Future studies will be better able to assess both large and small
vessel responses.

Much needs to be learned about the relationship between cardiac risk factors,
endothelial dysfunction and atherosclerosis. The evidence to date suggests that
endothelial dysfunction precedes and may be important in the pathogenesis of ath-
erosclerosis. However, longitudinal studies are needed to establish this link. Newer
methods are also required to identify those patients at risk before atherosclerosis
has developed. A new ultrasound technique which assesses flow-mediated brachial
artery vasodilation holds promise for studying patients’ endothelial function non-
invasively.”> We have shown a good relationship between coronary responses to
acetylcholine and brachial artery responses, suggesting that this technique can be
used as a surrogate for coronary endothelial function testing.”® However, the repro-
ducibility of this ultrasound technique must be established, and the long-term sig-
nificance of endothelial dysfunction in patients with no evidence of atherosclerosis
needs to be determined.

With respect to treatment of impaired vasodilator responses, the optimal ap-
proach and duration of therapy is not known at this time. And perhaps most impor-
tantly it will be necessary to determine if an improvement in coronary endothelial
function can result in an attenuation of cardiac ischemic events or a slowing of the
progression of atherosclerosis, which will have a lasting benefit for the patient.

Methods of assessing other aspects of nitric oxide’s beneficial effects would
also be desireable. To date, we cannot properly assess the important anti-platelet
effects of nitric oxide in human studies. This is likely an important mechanism for
the beneficial effects of preserved endothelial function, and ways to assess this are
required.

Conclusion

The l-arginine-nitric oxide pathway plays an important role in mediating vasodila-
tion of both coronary conduit and resistance vessels. Important abnormalities are
present in this pathway in patients with cardiac risk factors and established athero-
sclerosis, and this endothelial dysfunction may play an important role in the ischem-
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