Part 1. Anatomy, Etiology, Signs, and Symptoms of Peripheral Vascular Discase

CHAPTER 1

Anatomy, Physiology, and Response

to Vascular Injury

Anthony C. Delranco, Hongbao Ma, SriCharan C. Kantipudi, and George S. Abela

INTRODUCTION

Understanding the anatomy and physiology of the arterial
system is critical to understanding vascular disease processes
and the therapeutic interventions used to address the altered
functions. This chapter connects this basic knowledge to
the response to injury, the repair of the vascular system,
and the complex autocrine and paracrine dynamics that reg-
ulate the arterial circulation.

BASIC GROSS ANATOMY OF THE PERIPHERAL
ARTERIAL CIRCULATION

Blood vessels form a network of tubes that transport blood
from the heart to the tissues of the body and then return it to
the heart (1). This was first described by William Harvey in
1628 (2). Arteries are vessels that carry blood from the heart
to the tissues. Large, elastic arteries leave the heart and divide
into medium-size muscular arteries, which branch out into the
various regions of the body. Medium-size arteries then divide
into small arteries, which divide into smaller arteries and ar-

terioles. In the tissues, the arterioles branch into countless mi-
croscopic vessels called capillaries. Through the walls of the
capillaries, substances such as 0,/CO5 and nutrient/waste are
exchanged between the blood and body tissues. In the tissues,
some capillaries reunite to form small veins called venules.
The venules merge to form progressively larger veins. The
veins deliver blood from tissue back to the heart. Because
blood vessels also require O, and nutrients, they also have
blood vessels in their walls, called vaso vasora.

Human arterial circulatory routes are shown in Fig. 1.1.
The principal human veins are shown in Fig. 1.2.

Three arteries originate from the aortic arch: the brachio-
cephalic, which supplies part of the neck, head, brain, and
right arm; the left common carotid, which supplies part of
the neck, head, and brain; and the left subclavian, which
supplies the left arm. The brachiocephalic divides into the
right subclavian and the right common carotid arteries. The
right subclavian gives rise to the right vertebral artery, and
the left subclavian gives rise to the left vertebral artery. The
continuation of the subclavian into the axilla is called the
axillary artery, which continues into the arm as the brachial
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FIG. 1.1. Human arterial circulation including cerebral area, neck, torso, arms, and legs. (From Tortora
GJ, Anagnostakos NP. Principles of anatomy and physiology, 6th ed. New York: Harper & Row, 1990,

p. 498, with permission.)

artery, then divides into medial ulnar and lateral radial arter-
ies, which go to the arm and the fingers.

The right and left common carotid arteries pass upward into
the neck. These divide into the external and internal carotid
arteries. The external carotids supply blood to the thyroid
gland, tongue, face, throat, ear, scalp, and dura mater. The
internal carotids supply blood to the brain, eyes, forehead,
and nose.

The aorta continues after a downward turn (descend-
ing aorta) and enters the abdomen through the diaphragm.
The vessel becomes the abdominal aorta, which travels in

the retroperitoneal space, and at the mid-abdominal level it
forks into the right and left common iliac arteries. Before
it branches, it gives rise to the celiac, superior, and inferior
mesenteric arteries and the spinal artery.

Each of the two common iliac vessels further divides into
internal and external iliac arteries. The internal iliac arter-
ies provide blood to the pelvis, including parts of the rec-
tum, the sexual organs, and the buttocks. The external iliac
arteries provide blood to the legs. The external iliac turns
into the femoral artery, which further splits into superficial
and deep femoral arteries. The superficial femoral artery
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FIG. 1.2. Human venous circulation including cerebral, area neck, torso, arms, and legs. (From Tortora
GJ, Anagnostakos NP. Principles of anatomy and physiology, 6th ed. New York: Harper & Row, 1390,

p. 503, with permission.)

continues above the knee to form the popliteal artery. The
popliteal spans the knee joint. In the lower leg, the popliteal
becomes the tibioperoneal trunk, whose branches further sup-
ply the ankle and the foot via the posterior tibial and dorsalis
pedis arteries (3).

The venous structures generally parallel the arterial struc-
tures. Smaller vessels in the periphery begin the long trek
back to the heart and the lungs. The vessels of the head and
the upper part of the body empty into the superior vena cava;

the vessels of the lower half of the body empty into the infe-
rior vena cava. The inferior and superior vena cavae empty
into the right atrium, which completes the vascular circuit
back to the heart (4).

HISTOLOGY OF ARTERIES AND VEINS

Arteries have walls constructed of three coats or tunics and
a hollow core (lumen) through which blood flows (5). The



4 / 1 Axaromy, ETroLocy, SieNs, AND SymproMs oF PVD

Lumen of
vein

TUNICA INTERNA

Endothelium

Basement
membrane

Internal elastic
lamina

TUNICA MEDIA
External
elastic
lamina

Smooth
muscle

Basement
Endothelium membrane

D

Valve

Lumen of artery

FIG. 1.3. Basic structure of artery, vein, and capillary. A: Artery, demonstrating various layers. B: Vein,
demonstrating various layers. C: Capillary. D: Histologic cross section of artery (right) and vein (leff)
demonstrating differences in wall thickness between the two vessels. (From Tortora GJ, Anagnostakos,
NP. Principles of anatomy and physiology, 6th ed. New York: Harper & Row, 1990, p. 607, with permission
& courtesy of Andrew Kuntzman.)
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inner coat of an arterial wall (the tunica interna) is composed
of a lining of endothelium, which is in contact with the blood;
a basement membrane; and a layer of elastic tissue called the
internal elastic lamina. The middle coat (tunica media) is
usually the thickest layer and consists of smooth muscle as
well as collagenous and elastic fibers. The outer coat (tunica
externa) is composed principally of elastic and collagenous
fibers. An external elastic lamina may separate the tunica
externa from the tunica media (Fig. 1.3).

Arteries have two major properties: elasticity and contrac-
tility. When the ventricles contract and eject blood into the
large arteries, the arteries expand to accommodate the ex-
tra blood. Then, as the ventricles relax, the elastic recoil of
the arteries forces the blood onward. The contractility of the
artery comes from its smooth muscle cells.

The large arteries (elastic arteries) include the aorta and the
brachiocephalic, common carotid, subclavian, vertebral, and
common iliac arteries. The wall of elastic arteries is relatively
thin and its tunica media contains more elastic fibers and
fewer smooth muscle cells.

The medium-size arteries (muscular arteries) include the
axillary, brachial, radial, intercostal, splenic, mesenteric,
femoral, popliteal, and tibial arteries. Their tunica media con-
tains more smooth muscle than elastic fibers and they are
more important to the vasoconstriction and vasodilation in-
volved in adjusting the flow of blood.

Ananastomoses are junctions of two or more vessels sup-
plying the same body region. They give alternate routes for
the blood to flow to a body part.

The exchange of nutrients and wastes between the blood
and tissue cells occurs in capillary arteries. Capillary walls
are composed of a single layer of endothelium cells and a
basement membrane, which facilitate the exchange of sub-
stances.

Several capillaries unite to form small veins called venules.
Venules collect blood from capillaries and drain it into veins.
Veins are composed of essentially the same three types of
coats as the arteries. The vein tunica interna and media are
thinner and the tunica externa is thicker than those of accom-
panying arteries (6). ‘

PHYSIOLOGY
Endothelium

Normal endothelial function is important in maintaining
homeostasis. In addition to functioning as a physical and
physiological barrier to prevent thrombotic and vasoactive
substances from coming into contact with underlying smooth
muscle cells, the endothelium possesses two crucial func-
tions: as a secretory tissue and as an antithrombotic surface.

Endothelial Cell Function as a Secretory Tissue

Since Furchgott described the role of the endothelium in the
relaxation of the vessel wall in response to acetylcholine in

terms of a “substance” later called endothelial-derived re-
laxation factor, there have been important contributions by
other investigators that have led to further understanding of
the function of the endothelium (7,8).

In the secretory role, endothelial cells synthesize impor-
tant vasoactive substances including endothelial-derived re-
laxation factor (EDRF), endothelial-derived hyperpolarizing
factor (EDHF) (9), and prostacyclin, which act as vasodila-
tors; and endothelin and endothelial-derived contracting fac-
tor (EDCF), which act as vasoconstrictors. Biological and
chemical evidence supports the proposal that nitric oxide
(NO), a potent vasodilator is a form of EDRF (10). En-
dothelial cells also make substances involved in the coag-
ulation pathways, which include factor VIII antigen, von
Willebrand’s factor, and plasminogen activator. In addition,
they produce collagen, elastin, glycosaminoglycans, and fi-
bronectin, which are structural components of extracellular
matrix (11). The endothelium manufactures and secretes hep-
aran sulfates and growth factors, which regulate the smooth
muscle cells. It also modifies the extracellular matrix by pro-
duction of matrix metalloproteinases.

Endothelial cells regulate the metabolism of the plasma
lipids. They bind the lipoprotein lipase by the heparin sul-
fates, and play a role in the transport and metabolism of low-
density lipoprotein (LDL) and chylomicrons and release of
free fatty acids. They possess receptors for LDL and thereby
modify it (12). Normally the endothelial monolayer down-
regulates the LDL receptors. However, in a diseased state, the
endothelium can facilitate the uptake of the LDL, leading to
an increase in the cholesterol esters in the vessel wall. It clears
and alters adenine nucleotides, nucleosides, bradykinin, an-
giotensin I, catecholamines; and serotonin in the circulation.

Role of Endothelium in the Thrombotic and
Antithrombotic Balance

The negative charge on the surface of normal endothelial
cells contributes to the antithrombotic surface, which pre-
vents platelet adhesion and activation and resists coagulation.
However, the same cells, when stimulated, can manufacture
and secrete prothrombotic agents. Thus, the endothelium reg-
ulates a functional thrombosis/antithrombosis—thrombolytic
balance.

On one hand, the endothelium produces prostacyclin,
which inhibits platelet aggregation (13), and thrombomod-
ulin, which activates protein C. The activated protein C
inhibits plasminogen activator inhibitor-1 (PAI-1) and inter-
acts with protein S to inactivate the activated factors V and
VIII to limit thrombosis. Heparin-like molecules secreted
by the endothelium adhere to anti-thrombin III to clear the
thrombin. Another important function of the endothelium is
to elaborate the tissue plasminogen activator, which enhances
clot lysis. On the other hand, under inflammatory conditions,
the endothelium can become potently prothrombotic. This is
accomplished by an increase in expression of the tissue factor
(14) and leukocyte adhesion molecules on the surface and a
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decrease in expression of thrombomodulin. Tissue factor ac-
tivates the factors VII, IX, and X. Activated Xa assembles the
prothrombinase complex, releasing thrombin, which in turn
stimulates von Willebrand’s factor, which, along with throm-
bospondin and fibronectin, furthers the thrombotic process.

Vascular Smooth Muscle

The smooth muscle cells contract and relax the arterial wall
in response to hormonal stimulation and the endothelial cells.
The vasoconstriction is facilitated by second-messenger path-
ways, which include G proteins. Growth factors such as
platelet-derived growth factor (PDRF) activate similar sig-
naling pathways. The cell growth takes place in two forms.
Hypertrophy can occur in response to angiotensin IT and
thrombin and in large vessels due to hypertension. Hyper-
plasia can occur in response to growth factors like PDRF and
fibroblast growth factor (FGF) after vascular injury.

Interaction of Endothelium with Vascular Smooth Cells

Endothelial cells play a dual role in the regulation of vascular
tone.

Endothelial-Derived Relaxation Factor

In 1980, Furchgott first described the dilation of rabbit aortic
rings in response to acetylcholine in the presence of the intact
endothelium (7,8). The NO, which is believed to be the pre-
dominant form of EDREF, is synthesized from 1r-arginine by
the enzymatic action of NO synthase. NO is unstable and has
a mechanism of action different than that of prostaglandins,
and is inhibited by methylene blue and oxygen free radicals.
NO crosses the smooth muscle cell membrane and binds to
the guanylate cyclase and increases the formation of cyclic
GMP, which in turn reduces the intracellular calcium con-
centration, thereby causing dephosphorylation of the myosin
light chain and ultimately relaxation (15). Other factors that
can cause the release of EDRF by increasing the intracellular
calcium concentration are norepinephrine, thrombin, ATP,
bradykinin, vasopressin, ionophores, serotonin, histamine,
and fatty acids.

Adenosine

Adenosine activates cAMP to relax the smooth muscle by
binding to purinergic P1 receptors. Adenosine nucleotides
(ADP and ATP) bind to P2 receptors and have a dual role.
They stimulate the endothelial P2 receptors to release EDRF

and prostacyclin, and act on P2 receptors on vascular smooth

muscle to cause vasoconstriction. However, the endothelium
can regulate these functions by converting ADP or ATP into
adenosine through the ectonucleotidase enzymatic system.

Prostacyclin

Prostacyclin is produced by the endothelium and relaxes the
vascular smooth muscle by increasing the levels of intracel-

lular cAMP. It also works as a platelet suppressant and an-
tithrombotic agent. Other factors that stimulate the synthesis
of prostacyclin are PDGF, bradykinin, substance P, adenine
nucleotides, and epidermal growth factor.

Endothelin

Endothelins occur in three types, of which endothelin-1 is the
most potent vasoconstrictor. They work by the activation of
phosphoinositide/protein kinase signaling pathway and play
a role in nitroglycerin tolerance and as chemoattractants for
monocytes.

Angiotensin-Converting Enzyme

Angiotensin-converting enzyme (ACE) is a protein expressed
on the surface of endothelium, and converts angiotensin I to
the potent vasoconstrictor angiotensin II and also deactivates
bradykinin.

Regulation of Smooth Muscle Cell Growth

Even though the endothelium plays a dual role, its net effect
is growth inhibitory. Two possible mechanisms are hypoth-
esized on how the endothelium exerts a tonic inhibitory in-
fluence on smooth muscle cell growth. In one, it works as a
physical barrier preventing blood-borne growth factors from
coming into contact with underlying smooth muscle. The
second mechanism is by secretion of growth-inhibiting fac-
tors like EDRF, heparin, heparin sulfates, and transforming
growth factor-1. The growth factors eluted by endothelium
are platelet-derived growth factor, interleukin-1, fibroblast
growth factor, insulin-like growth factor-1, and endothelin.

Hemodynamic Influences on the Endothelium

Langille first showed that endothelium is essential for the
compensdtory arterial response to long-term changes in lu-
minal blood flow rates (16). Shear stress, stretch of the vessel
wall, and elevated pressure independently affect endothelial
function and morphology.

RESPONSE TO VASCULAR INJURY
Arterial Remodeling

Remodeling is defined as a change in vessel area (i.e., within
the external elastic membrane [EEM]) as atherosclerosis de-
velops. Positive remodeling occurs when the area within
the EEM area increases as atheroma develops. Glagov and
colleagues first described these phenomena in peripheral
specimens and then in coronary specimens in necropsy
studies (17); subsequent intravascular ultrasound (IVUS)
studies corroborated these observations in coronary (18-20)
and peripheral arteries (21) in vivo. In positively remod-
cled segments, Glagov hypothesized that vessel expansion is
“compensatory” because lumen size was relatively preserved
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FIG. 1.4. The concept of vascular remodeling in atherosclerotic arteries is demonstrated sequentially in
response to enlarging atherosclerotic plaques. In the early stages of plaque deposition, the lumen re-
mains normal or enlarges slightly (/eff). When intimal plaque enlarges to involve the entire circumference
of the vessel and produces more than 40% stenosis, the artery is no longer able to enlarge at a rate
sufficient to prevent narrowing of the lumen. This leads to encroachment of the lumen. (From Glagov S,
Weisenberg E, Zarms C, et al. Compensatory enlargement of human atherosclerotic coronary arteries.
N Engl J Med. 1987;316:1371-1375, with permission.)

despite considerable amounts of atheroma compared to more
normal segments in the same vessel. However, beyond a cer-
tain limit, in the range of 30% to 50% cross-sectional nar-
rowing, this “compensatory” mechanism fails and luminal
dimensions become progressively compromised, and hemo-
dynamically significant obstruction occurs (Figs. 1.4 and
1.5): '

Recently, histopathologic and IVUS studies have demon-
strated that in de novo coronary lesions, remodeling can be
negative as well as positive. At negatively remodeled sites, the
cross-sectional area (CSA) within the external elastic lamina
is significantly less than at an appropriate reference segment.
Thus, at some sites in the peripheral (22) and coronary (23)
circulations, stenoses are due to both atheroma accumulation
and a decrease in the total vessel area.

Although the biological mechanisms responsible for pos-
itive and negative remodeling are unknown, the remodeling
phenomenon has several critical implications. First, remod-
eling can conceal substantial atherosclerotic plague burden
evenin the presence of angiographically normal coronary and

peripheral vessels. Second, because of this, most contempo-
rary studies of regression or stabilization of atherosclerosis
use some modality that can accurately measure the effects of
the intervention on remodeled segments, such as intravascular
ultrasound or carotid B-mode ultrasound. Regression of dis-
ease, discussed later, may be a potential therapeutic strategy;
however, studies designed to test whether arterial remodeling
can be favorably affected are still in progress (24).

VASOREACTIVITY OF THE PERIPHERAL
VASCULATURE

Vasoresponse of Normal Peripheral Endothelium

In the last decade, our understanding of the vascular biology
of the human arterial system has experienced a fundamental
paradigm shift in the concepts of arterial function and patho-
physiology (Table 1.1). Arteries are no longer considered to
be passive, fixed conduits that merely distribute blood to end
organs. Instead, it is now recognized that the arterial system is

FIG. 1.5. Example of arterial remodel-
ing illustrated by intravascular ultrasound
in the coronary circulation. The external
elastic membrane (EEM) cross-sectional
area of the angiographically normal ref-
erence site (A) is nearly 50% larger than
the EEM area of the distal site (B), yet
the lumen size is the same. Thus, there
has been “expansion” or “compensatory
remodeling” that has accommodated to
the atheroma mass.
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TABLE 1.1. Factors affecting blood supply and symptoms in
peripheral arterial disease

Flow-limiting lesions (“fixed” stenoses, long lesions,
tandem/multiple lesions, etc.)

Presence and extent of collateral circulation

Endothelial function/vasodilator reserve

Metabolic activity of the supplied territory

Impaired response to exogenous vasodilators

Enhanced vasoconstriction (serotonin, endothelin,
angiotensin Il, thromboxane)

Abnormal rheology
Reduced red blood cell distensibility
Increased leukocyte adhesion to the vessel wall
Increased platelet adhesion and aggregation
Increased fibrinogen levels

Acute vascular injury/plaque rupture

Thrombosis, embolization

a complex biomechanical system that responds dynamically
to metabolic, biochemical, and hemodynamic changes in its
local environment and that of the downstream tissues that
it perfuses. The arterial endothelium is the largest paracrine
organ in the body; it secretes many factors that regulate vascu-
lar tone, leukocyte and platelet interaction, thrombogenicity,
lipid metabolism, and cell growth. Cell membrane receptors
enable the endothelium to respond to an enormous number
of external and internal stimuli; by means of these receptors,
complex signal transduction mechanisms lead to the release
of substances that regulate arterial constriction and dilation,
thromboregulatory functions, and growth factors, which af-
fect the arterial smooth muscle cells. The current paradigm of
atherosclerosis considers that dysfunction of these processes
contributes to or is the cause of the development of hyper-
tension and atherosclerosis and exacerbates cardiac causes of
heart failure.

Human arteries respond to physical and chemical stimuli
to regulate arterial tone and adjust blood flow and distribution
according to changes in the local environment. An increase
in flow results in increased shear stress; shear results in an
increase in endothelial release of NO, which causes acute
vasodilation. This process is referred to as flow-mediated di-
lation (FMD). The exact mechanisms by which the endothe-
lium senses and responds to acute changes in shear stress
are the subject of intense investigation. The current working
hypothesis is that acute (millisecond) changes in shear stress
activate calcium-sensitive ionic channels in the endothelial
cell membrane. These channels open in response to shear,
hyperpolarize the cell membrane, augment the influx of cal-
cium, and activate endothelial NO synthase (eNOS) (25-27).
The result is an increase in the generation of NO and in FMD
(28,29). This working hypothesis is supported by the obser-
vation that administration of an NO synthase (NOS) inhibitor
or endothelial denudation abolishes FMD. Over longer time
frames (minutes), shear stress induces phosphorylation of
the eNOS enzyme, which results in an increase in its ac-
tivity, generating higher net production of NO. Over even
longer time periods, sustained or repeated shear stress (such

as with a regular exercise program of adequate intensity) may
induce increased eNOS gene transcription, which increases
the capability of the endothelium to generate NO. Thus,
over the long term, arteries also adapt to chronic changes
in local and regional hemodynamic stresses and to systemic
conditions in an attempt to preserve optimal cross-sectional
area, biomechanical characteristics, and optimal blood flow to
downstream tissues. This observation is already influencing
strategies to alleviate symptoms and reduce complications in
patients with peripheral arterial disease, as is discussed later.
In addition to NO, other mediators may also play a role in this
response, such as prostanoids (30) or the as-yet-unidentified
endothelium-derived hyperpolarizing factor.

Angiography has been the gold standard for the serial
assessment of peripheral arterial disease and it remains a
vital tool for clinical diagnosis and management; however,
there are two fundamental limitations that impair its ability
to accurately assess the relationship between disease sever-
ity and end-organ perfusion. First, although a flow-limiting
stenosis is often the most important determinant of insuffi-
cient blood supply, stenosis severity is a relatively insensi-
tive measure of the ability of the vessel to deliver blood to
distal tissues. Conventionally, a 50%-diameter stenosis or a
75%-area stenosis has been the cutoff for a “hemodynami-
cally significant” lesion, but this concept is now recognized
to be overly simplistic and physiologically inaccurate. The
impact of a particular lesion that extends into the arterial lu-
men depends on many factors, including the length of the
lesion, the size and metabolic activity of the downstream tis-
sues, the presence or absence of collateral flow and disease
in other vessels, and, most importantly for this discussion,
the endothelial function of the entire arterial territory. Even
by the 1970s several important deficiencies of angiography
were apparent. Studies documented high interobserver vari-
ability of angiogram interpretation (31). Major discrepancies
were observed between the apparent severities of lesions as
observed by angiograms and those observed histologically
at postmortem (32-34). Angiography cannot visualize struc-
tures less than 0.2 mm, even though clinically relevant calci-
fications or thrombi may be of this size.

Second, even though angiographically visible stenoses are
often the most important determinants of blood supply to
downstream tissues, functional abnormalities in vasoreac-
tivity may also adversely affect blood flow and transform
an asymptomatic patient into a symptomatic one. Patients
with peripheral arterial disease have impaired vasodilator re-
serve in both conduit and resistance vessels, as is discussed
later. The immediate (millisecond to millisecond), intermedi-
ate (minute to minute), and long-term changes in arterial tone
and thus lumen area are often below the level of sensitivity
for quantitative angiography to detect any change in arterial
caliber.

Direct measurements of coronary and peripheral arterial
flow are accurate and have provided important insights into
arterial physiology. The agent used most commonly to as-
sess endothelial function is acetylcholine (Ach) infused at
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FIG. 1.6. Brachial artery reactivity study in a patient. Example of an ultrasound image obtained in the
brachial fossa at baseline. (From Corretti MC, Anderson TJ, Benjamin EJ, et al. Guidelines for the
ultrasound assessment of endothelial-dependent flow-mediated vasodilation of the brachial artery: a
report of the International Brachial Artery Reactivity Task Force. J Am Coll Cardiol 2002;39(2):257—265,

with permission.)

doses of 107% to 107® mol per L. In normal arteries, Ach
causes the release of NO and results in vasodilation. How-
ever, in atherosclerotic vessels, Ach induces vasoconstric-
tion. Atherosclerosis is associated with reduced NO release
(35,36) (and perhaps increased NO degradation). The mech-
anism of this paradoxical vasoconstriction is thought to be
smooth muscle cell activation, because in the presence of
lower levels of NO, Ach exerts a greater net activation of
smooth muscles cells in the arterial media via muscarinic
receptors.

Early noninvasive studies of peripheral endothelial func-
tion (some of which are cited in what follows) utilized
plethysmography. In this technique, the technician places
pneumatic cuffs at the wrist and the upper arm and a strain
gauge around the forearm of the patient. The wrist cuff is
inflated to 200 mm Hg to prevent blood flow to the hand, the
upper arm cuff is inflated to 40 mm Hg, and the resulting ve-
nous occlusion and forearm engorgement are recorded on the
plethysmograph as a measure of resting blood flow. The upper
arm cuffis inflated above systolic pressure for 5 to 10 minutes,
and repeat measurements after deflation are used to estimate
hyperemic blood flow. As one might expect, this technique is
cumbersome and is now less commonly used than measure-
ment of brachial artery reactivity.

Brachial Artery Reactivity Testing

Although invasive studies continue to provide invaluable data
on arterial physiology, these tests are impractical for serial
studies. A noninvasive test, brachial artery reactivity (BAR),
has been developed as a surrogate. The advantages of this
methodology are that it is simple, noninvasive, and practi-
cal for serial studies. A two-dimensional ultrasound image
of the brachial artery is acquired in a longitudinal plane

above the antecubital fossa to allow accurate measurement
of arterial diameter (Fig. 1.6). Skill and experience are re-
quired to select an image with clear definition of the anterior
and posterior intimal interfaces of the lumen and the vessel
wall during two-dimensioanl gray-scale imaging. Perivascu-
lar landmarks, such as veins and other structures, are used
to maintain the same image location throughout the study.
Time-averaging of the pulsed Doppler velocity signal allows
estimation of basal blood flow. After baseline image acqui-
sition, a blood pressure cuff is inflated either on the forearm
or in the antecubital fossa to greater than 50 mm Hg above
resting systolic pressure to occlude flow, typically for 5 min-
utes. The resulting downstream ischemia results in dilation
of resistance vessels. When the cuff is deflated, this down-
stream vasodilation induces a high-flow state in the brachial
artery, termed reactive hyperemia, and the resulting increase
in shear stress causes brachial artery dilation. After cuff de-
flation, continuous two-dimensional longitudinal images are
recorded for I to 2 minutes along with pulsed Doppler time-
averaging of the mid-artery signal from the release of the
blood pressure cuff for 15 seconds. Endothelial function can
also be evaluated in the distribution of the femoral artery with
a similar technique.

Inindividual with normal endothelial function, the brachial
artery begins to dilate immediately after cuff deflation due to
the increased velocity of blood flow and the increase in shear
stress. Several studies suggest that the maximal increase in
brachial artery diameter occurs 45 to 60 seconds after re-
lease (37-39). This response is dependent on endothelial
production of nitric oxide, because studies document that it
can be abolished after administration of NG-monomethyl-
L-arginine (L-NMMA), a potent inhibitor of nitric oxide
synthase (40,41). Flow-mediated vasodilation i§ usually re-
ported as a percentage change in the poststimulus diameter
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compared to baseline. Celermajer et al. reported a mean flow-
mediated dilation of approximately 10% in individuals be-
tween the ages of 8 and 57 years of age (42). The International
Brachial Artery Reactivity Task Force recommends that base-
line diameter and absolute change should also be reported
(43). In some studies, data on the degree of brachial artery
dilation are supplemented with additional endpoints, such
as the time and duration of vasodilator response (44,45). In
subjects with abnormal endothelial function, flow-mediated
dilation is impaired or absent, as discussed later.

Although simple in concept, there are many technical and
physiological aspects of the procedure that affect its accu-
racy and reproducibility. The International Brachial Artery
Reactivity Task Force has recently published a set of guide-
lines in an attempt to standardize the technical aspects of
the procedure (43). There are many variables that the opera-
tor must control. First, many variables affect flow-mediated
dilation. The patient must fast for at least 8 to 12 hours be-
fore study; caffeine, tobacco, high-fat foods, and some vita-
mins affect the results. Sympathetic stimuli can profoundly
affect the results; thus, patients must be studied in a quiet,
temperature-controlled room. The task force recommends
that vasoactive medications be withheld for a minimum of
four half-lives. Even the patient’s menstrual cycle can af-
fect the results (46). Second, the ultrasound equipment uti-
lized must be optimal; broad-band (7to 12 MHz) linear-array
transducers and a high-resolution scanner are optimal. Third,
measurements must be electrocardiogram-gated. Fourth, the
technician performing the procedure needs to have consid-
erable facility and experience with the procedure because
the time window for data acquisition after cuff deflation is
very brief. Although occlusion above the brachial fossa elicits
a greater reactive hyperemic response (enhanced dilation of
the brachial artery, perhaps by recruitment of a larger number
of resistance vessels downstream) and is the preferred tech-
nique, it is technically more challenging due to the resulting
distortion of the brachial artery and more difficult ultrasonic
imaging (38). If serial testing before and after challenge with
an exogenous agent is part of the study protocol, at least
10 minutes between the baseline and the postchallenge study
is required to reestablish baseline physiology. Despite these
and other technical challenges, in experienced laboratories
the accuracy, reproducibility, and safety of this technique
are well established (47). Recently developed commercially
available systems offer the promise of standardization and
greater ease of use.

Vasoresponse of Abnormal Endothelium
Endothelial Function in Preclinical Vascular Disease

Even in the earliest phases of atherosclerosis, there is often
endothelial dysfunction. Whether endothelial function is the
resultof atherosclerosis orits cause (or whether the two arein-
terdependent) is a subject of much research. Endothelial dys-
function associated with vascular injury has been proposed

as a precursor to atherosclerosis (48). Impaired endothelial
function can be demonstrated in asymptomatic children and
young adults who have risk factors for atherosclerosis, such as
hypercholesterolemia and smoking (42). Accordingly, tests
of endothelial function are in development to diagnose early
disease and to monitor response to interventions, such as risk
factor modification. Atherosclerotic vessels have abnormal
flow-mediated dilation, which is associated with atheroscle-
rotic risk factors and is thought to be a marker of preclinical
disease (42,49). The end result is that these arteries vaso-
constrict in response to stimuli that in normal arteries are
vasodilatory, and, conversely, may dilate at times when vaso-
constriction is the appropriate physiological response.

Recent necropsy and intravascular ultrasound studies doc-
ument that atherosclerosis is present in a substantial percent-
age of children and young adults. Autopsy data from Ko-
rean and Vietnam War victims documented that advanced
atherosclerotic lesions (greater than 50% stenosis) were
present in approximately 20% of soldiers who died at an av-
crage age of less than 25 years (50). Stary reported from
another necropsy series that 65% of children aged 12 to
14 years had the earliest signs of atherosclerosis (51). The
Bogalusa Heart Study examined a large number of subjects
who died of nonvascular causes at less than 40 years of age;
this study documented a high prevalence of atherosclero-
sis in these young and middle-aged individuals (52). In an
intravascular ultrasound study of transplanted hearts at the
Cleveland Clinic Foundation, Tuzcu and colleagues corrob-
orated these necropsy findings. Fifty-two percent of coro-
nary arteries from asymptomatic teenagers and young adults
(mean age 33.4 years) had atherosclerotic lesions (53). Thus,
there is overwhelming evidence that the earliest morpholog-
ical changes of atherosclerosis occur in young individuals.

Although there are few data correlating endothelial func-
tion in young individuals with documented vascular disease
(either by invasive or noninvasive methodologies, such as
electron beam tomography, carotid intima—media thickness,
or magnetic resonance angiography), the Bogalusa Heart
Study demonstrated a strong correlation between morpholog-
ical changes of atherosclerosis with conventional atheroscle-
rotic risk factors as assessed postmortem (52). Thus, it is not
surprising that in middle-aged individuals with atheroscle-
rotic risk factors or established vascular disease, endothe-
lial dysfunction as assessed by brachial artery reactivity is
common.

As a result of these observations, there is intense inter-
est in determining whether brachial artery reactivity testing
can be used as a screening tool to identify people with pre-
clinical coronary and peripheral atherosclerosis to target risk
factor intervention and reduce subsequent vascular events.
In patients with coronary disease, several studies suggest
that endothelial dysfunction is an independent predictor of
subsequent cardiovascular events (54,55). In a pilot study,
Schroeder and colleagues examined 122 consecutive par-
ticipants with suspected coronary artery disease (CAD) by
history followed by exercise stress testing and cardiac
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catheterization (56). One hundred and one patients had angio-
graphic abnormality confirming the presence of disease; flow-
mediated dilation was significantly higher in the group with-
out than in the group with angiographic disease (7.0 £3.5%
vs. 3.8 £4.1%, p < 0.001), for a sensitivity and specificity
of 71% and 81%, respectively. However, the magnitude of
the FMD abnormality did not discriminate the severity of
the angiographic disease, and because IVUS studies have
confirmed that some patients may have substantial atheroma
burden in the absence of any angiographic abnormality, and
coronary endothelial function was not assessed, some of the
patients with angina but normal angiograms might still have
had angina on the basis of endothelial dysfunction. Although
BAR holds promise as a screening technique for the iden-
tification of vascular disease patients in the earliest stages
of disease, this strategy requires more study before clinical
application is appropriate. Brachial artery reactivity has also
been suggested as a screening tool to identify the effect of
various interventions on endothelial function, on the assump-
tion that improvements might predict clinical improvement
or a reduction in vascular events when such agents are tested
in larger, subsequent trials powered for clinical endpoints
(57).

Effect of Vascular Risk Factors on Peripheral
Endothelial Function

Conventional atheroscleotic risk factors appear to increase
the incidence of endothelial dysfunction. All conventional
risk factors increase the oxidative stress on arterial endothe-
lium, and the resulting increase in reactive oxygen species
accelerates the degradation of nitric oxide. In a study of
500 individuals aged 5 to 73 years without known vascu-
lar disease, FMD was lower in the presence of hypercholes-
terolemia, smoking, hypertension, and a family history of
premature vascular disease (58). An association between es-
sential hypertension and endothelial dysfunction has been
documented (59,60), suggesting the possibility that some ab-
normality of endothelial function may be the cause, rather
than the result, of hypertension. Other studies have supported
the association of uncontrolled vascular risk factors and an
increased incidence of abnormal endothelial function using
FMD techniques in either the brachial or the femoral distri-
bution (61,62). Brachial artery reactivity and flow-mediated
dilation are reduced by cigarette smoking (63), hypertension
(64), hypercholesterolemia (65), and aging (62).

Endothelial Function in Established Vascular Disease

Given these abnormalities in endothelial function in patients
with vascular risk factors but without overt vascular disease,
it is not surprising that patients with established vascular dis-
ease also frequently demonstrate abnormal endothelial func-
tion, particularly if risk factors remain uncontrolled. Impaired
brachial FMD has been shown to correlate with the extent of
CAD and the maximum percentage diameter stenosis in any

of the major epicardial coronary arteries (66,67). Similarly,
impaired FMD has been reported in an older population with
symptomatic peripheral vascular disease (PVD) compared to
age-matched controls without apparent PVD (68).

Flow-mediated dilation can also be studied after the admin-
istration of exogenous nitroglycerin (NTG); this agent poten-
tiates the vasodilatory response. Several studies have demon-
strated that most patients with established vascular disease
still potentiate their FMD response. However, when conven-
tional risk factors persist in such patients, the vasodilatory re-
sponse to NTG is often impaired (69,70). Many conventional
risk factors increase the oxidative stress on the endothelium,
and the reactive oxygen species that result may lead to more
rapid inactivation of endogenous NO and exogenously ad-
ministered NTG (71).

Vasoresponse after Acute Oxidative Stress: Lipid
Challenge in Normal Subjects

Acute ingestion of a high-fat meal results in an acute ox-
idative stress on human endothelium (72,73); because di-
etary fat intake is known to be a risk factor for the devel-
opment of vascular disease, the possibility that acute and
chronic dietary habits might lead to endothelial dysfunction
and initiate or accelerate atherosclerosis is intriguing. In 1997
Vogel and colleagues reported provocative findings suggest-
ing that acute intake of fat results in acute impairment of en-
dothelial vasoreactivity (74). These investigators studied ten
healthy, normocholesterolemic volunteers before and hourly
for 6 hours after a single high- (50 g) or low-fat (0 g) meal with
brachial artery reactivity. Flow-dependent vasoreactivity de-
creased from 21 & 5% preprandially to 114-4%, 1146%, and
10+3% at 2, 3, and 4 hours after the high-fat meal, respec-
tively, whereas a low-fat meal did not produce any changes in
FMD (all ps<0.05 compared with the low-fat meal); thus, on
average, subjects demonstrated a 50% diminution of brachial
artery reactivity. Mean change in postprandial flow-mediated
vasoactivity at 2, 3, and 4 hours correlated with change in
2-hour serum triglycerides (r=—0.51, p=0.02), suggesting
that the fat content of the meal and the effect on postpran-
dial triglyceride levels might be causative. These results sug-
gest that a single high-fat meal transiently impairs endothe-
lial function and might be the link between a high-fat diet
and atherogenesis. In a slightly larger study of 20 patients,
these investigators replicated these findings and, in addition,
generated data to suggest that the detrimental effect of the
high-fat meal could be blocked with pretreatment with the
antioxidants vitamin C (1 g) and vitamin E (800 IU) (75)
(Fig. 1.7). Other investigators have replicated these findings
(76-89).

However, other studies have failed to demonstrate acute
declines in arterial vasoreactivity following an acute lipid
challenge (90-96), with some showing no change, a mixed
response, or even vasodilation after fat challenge. Raitakari
and colleagues studied 12 normal volunteers before, 3 hours
after, and 6 hours after a high-fat meal (61 g) rich in saturated
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FIG.1.7. Effect of lipid challenge in normal individuals. Three-
hour postprandial changes in triglycerides and flow-mediated
vasodilation (FMV) after specific meals. Changes are ex-
- pressed on the y axis as percentage changes versus base-
line (prechallenge) FMV. Pretreatment with vitamin E (800
U) and vitamin C (1 gm) restores FMV toward normal val-
ues despite fat ingestion. vits, vitamins; bkft, breakfast. (From
Vogel R. Brachial artery ultrasound: a noninvasive tool in
the assessment of triglyceride-rich lipoproteins. Clin Gardiol
1999;22[Suppl 11]:1134-1139, with permission.)

fatty acids, 10 of whom were restudied after a similar meal
rich in monounsaturated fatty acids (92). Brachial artery
basal diameter (assessed by BAR), resting forearm blood
flow, and postischemic hyperemia (assessed by plethysmog-
raphy) increased after high-fat meals, and FMD was un-
changed. Thus, in contrast to the previous studies, a high-
fat meal was not associated with impaired conduit artery
vasoreactivity.

The conflicting results may have several possible explana-
tions. First, there appear to be wide differences among indi-
viduals in the FMD response (o a high-fat meal, and many
other subject-related factors may influence the results, predis-
posing studies with small numbers of participants vulnerable
to Type 1 or Type 2 error. For example, baseline lipoprotein
status may affect the results (97). Anderson and colleagues
suggested that baseline high-density lipoprotein (HDL) is in-
versely related to post—high-fat-meal FMD changes (72). To-
gether these observations suggest that baseline lipid status or
other metabolic factors among the small numbers of partici-
pants in the preceding studies may have accounted for some
of the differences. Second, the overall diet of the participants
in the weeks before study may affect the response to fat chal-

lenge (98), as may consumption of folic acid (79) or a diet

rich in fruit and vegetable extracts (89). Third, the biochem-
ical form of the fat may affect the results [trans vs. non-trans
(99): the proportion of omega-3-fatty acids (100); whether
the fat has been heated to high temperature (101)]. Fourth,
there are significant individual differences in the generation

of different lipoprotein subfractions after a fat challenge; in-
dividuals who generate higher levels of these remnants have
been shown to have lower values for preprandial FMD and a
larger diminution in postprandial EMD (102). Fifth, because
BAR methodology is not yet standardized, methodological
differences among protocols are an important confounder
(38). Finally, and perhaps most importantly, all of these stud-
ies assume that their “normal control” individuals were truly
without occult vascular disease.

In summary, acute and chronic dietary composition may
play a role in the genesis of endothelial dysfunction, abnor-
mal brachial artery vasoreactivity, and the development of
atherosclerosis. Although it is tempting to speculate that this
may be a critical factor in the development of disease later
in life, the role of dietary-induced endothelial dysfunction,
individual genetic variabilities in resistance to such stresses,
and the optimal means of assessing it (whether by BAR or
some other means) require further study. Ideally, larger stud-
ies with long-term follow-up should be performed to prove
or disprove this hypothesis,

Vasoresponse after Risk Factor Modification
Hypercholesterolemia

Many studies have reported that risk factor modification
and pharmacologic intervention in particular improve en-
dothelial function. In the coronary circulation, serial study
of endothelium-mediated dilation (assessed with Ach infu-
sion and either quantitative angiography and/or intracoronary
Doppler probes) has been shown to improve after treatment
of atherosclerotic risk factors. For example, CAD patients
treated for 6 months with cholesterol-lowering 3-hydroxy-
methylglutamyl coenzyme A reductase (HMG-CoA reduc-
tase, or “statin”) therapy demonstrate improved or preserved
endothelial function compared to patients treated without
statins (105). Other trials of lipid lowering (106—108), estro-
genreplacement (109,110), and ACE inhibition (77) reported
serial improvement in flow-mediated dilation. Probuchol, a
potent antioxidant, may potentiate this improvement when
added to a standard lipid-lowering regimen (111). Using se-
rial positron emission tomography scanning, Gould and col-
leagues demonstrated significant improvements in myocar-
dial perfusion after only 3 months of therapy (112,113). These
observations have led to several large, multicenter clinical tri-
als that are investigating whether intensive risk factor mod-
ification rather than revascularization in patients with estab-
lished CAD can lead to improvements in ischemic episodes
compared to conventional treatment (114).

Given that intravascular and necropsy studies demonstrate
that substantial coronary atherosclerosis is uniformly present
(even if angiographically occult) in patients with clinical
PAD, it is somewhat surprising that there are relatively few
prospective studies on the effects of HMG-CoA reductase
inhibitors on outcomes in patients with peripheral arterial
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disease but without overt coronary disease. The recently
completed Anglo-Scandanavian Cardiac Outcomes Trial
lipid substudy enrolled 261 patients who were diagnosed
with PAD but did not have known CAD, and randomized
them to atorvastatin 10 mg (without titration to a specific
LDL goal) versus placebo (115). In this subgroup, total vas-
cular events were reduced by 20%, in accord with the results
of the overall study; however, the 95% confidence intervals
were wide (0.45 to 1.42) due to the small number of PVD pa-
tients (115). In the absence of additional data, most experts
agree that the indications and treatment goals for cholesterol
and other risk factors are the same for patients with PAD as
for those with CAD. Nevertheless, a recent study documents
that only a small fraction of PAD patients are at target levels
of cholesterol, blood pressure, and diabetes control (116).

In the absence of large prospective studies, the correla-
tion between coronary and peripheral reactivity in normal
individuals and in individuals with risk factors or established
vascular disease has led investigators to use peripheral va-
soreactivity as a marker for treatment response. A striking
finding from many of these studies is the short time period
in which a favorable response can be demonstrated. For ex-
ample, in patients with familial hypercholesterolemia a sin-
gle LDL apheresis session can improve endothelial function
in both the coronary and the peripheral circulation (117).
In a small, single-center study of hypercholesterolemic pa-
tients, statin therapy improved forearm vasodilator response
to acetylcholine infusion in only 4 wecks (118). In pa-
tients with acute myocardial infarction or unstable angina,
and hypercholesterolemia, statin therapy resulted in a 42%
relative improvement in brachial FMD in statin-treated ver-
sus placebo, treated patients in 6 weeks (119). Multicenter
trials on this issue are nearing completion. The Reversal of
Atherosclerosis with Lipitor trial is comparing the ability of
a “conventional” (target LDL less than or equal to 100 mg
per dL) versus an “aggressive” lipid-lowering strategy (an-
ticipated LDL less than 70 mg per dL} to reduce coronary
atheroma volume as measured by IVUS over an 18-month
period. A brachial artery reactivity substudy of 220 patients
who underwent serial study at 3-month intervals is nearing
completion (120).

Angiotensin-Converting Enzyme Inhibition

Endothelial NO production is in part regulated by the renin—
angiotensin system, although the details of mechanisms re-
main to be fully elucidated. In 129 normotensive patients with
one- or two-vessel angiographic coronary disease, the Trial
on Reversing ENdothelial Dysfunction investigators reported
that the angiotensin-converting enzyme inhibitor (ACE-I)
quinapril resulted in improved coronary endothelial func-
tion compared to placebo as assessed by brachial artery reac-
tivity (121). Anderson and colleagues compared the effects
on BAR of quinapril, enalapril, amlodipine, and losartan in
80 patients who had at least one epicardial coronary stenosis

of greater than 50% in a crossover design (122). The mean
baseline FMD was 7.3 4= 0.6%; quinapril resulted in an ab-
solute increase in FMD of 1.8 +£1.0% (p < 0.02), whereas
the other agents did not result in any significant improve-
ment (122). This observation, along with data from clini-
cal endpoint studies such as the Heart Qutcomes Prevention
Evaluation (HOPE) Trial (123), has led some investigators
to conclude that high tissue-ACE inhibition may be neces-
sary to generate improvements in endothelial function and re-
duce clinical events (enalapril is a weaker inhibitor of tissue-
specific ACE than is quinapril). In the HOPE Trial, 44% of
the 9,297 patients had evidence of PAD as determined by an
ankle-brachial index (ABI) of 0.9; ramipril reduced cardio-
vascular events to a similar degree as in patients with normal
ABIs. However, the issues of tissue specificity and of whether
angiotensin receptor blockers (ARBs) can also produce fa-
vorable effects on peripheral vasoreactivity require further
study; some smaller studies have suggested that non—tissue-
specific ACE and ARBs may improve flow-mediated dilation
in diabetics (124-126).

Detrimental Response to Coronary Vasodilators

The ability of available coronary vasodilators to relieve symp-
toms in either intermittent claudication or critical limb is-
chemia is disappointing, with the vast majority of studies
reporting no benefit. In fact, direct vasodilators theoretically
may worsen ischemia in PAD. In coronary disecase, these
agents exert much of their favorable effect by dilating the
systemic vasculature generally, thereby reducing afterload
and myocardial oxygen consumption. However, in PAD, va-
sodilators have no such effect on reducing downstream oxy-
gen consumption. In addition, exercise induces resistance
vessels to dilate, whereas resistance vessels in nonexercis-
ing tissues remain in a more constricted state. Systemically
administered vasodilators might preferentially dilate these
territories, creating a “steal” phenomenon. Third, given that
peripheral territories (unlike cardiac muscle) receive the ma-
jority of blood flow in systole, reduction of systolic pressure
may reduce the driving force across peripheral stenoses, par-
ticularly long or sequentially diseased segments. Although it
is not known whether effective control of hypertension pre-
vents or slows the progression of PAD, attaining current blood
pressure targets in hypertensive patients has such a profound
effect on reducing overall cardiovascular mortality that these
agents should not be withheld due to theoretical concerns of
peripheral perfusion, and blood pressure targets should be
routinely reached.

Beta-Blockers

Beta-blockers have the potential to perturb the balance of
beta- and alpha-receptor activity, which theoretically can re-
sult in vasoconstriction. A recent meta-analysis of 11 trials
concluded that beta-blockers do not worsen symptoms of
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intermittent claudication; because many patients with PAD
suffer from known CAD as well, and because these drugs pro-
duce a reduction in cardiac death rates in CAD patients, they
should not be withheld solely due to the presence of PAD.
Nevertheless, clinicians encounter occasional patients whose
symptoms are markedly worse when given beta-blockers
(127).

Exercise

Exercise is clearly beneficial in patients with intermittent
claudication and is discussed in greater detail in Chapter 12,
Although the mechanism by which exercise improves symp-
toms has long been assumed to be the result of increased col-
lateral development, it is also possible that improved periph-
eral vasoreactivity plays a role. Exercise training improves
endothelium-dependent vasodilation in the coronary arteries
in CAD patients (128) and in the peripheral circulation in
patients with congestive heart failure (129,130). However,
other mechanisms, such as favorable alterations in skele-
tal muscle metabolism, may also be operative (131,132).
The relative contribution of each of these mechanisms is
unknown.

L-Arginine

The essential amino acid L-arginine is the metabolic
precursor to nitric oxide, and its administration can signif-
icantly improve vasoreactivity. After L-arginine administra-
tion, improvements in flow-mediated dilation can be demon-
strated in hypercholesterolemic subjects and in cigarette
smokers (104). Interestingly, preliminary studies suggest that
L-arginine improves claudication distance in patients with
PAD. These and other studies (104,133,134) taken together
suggest that in addition to the effects of “fixed” stenoses,
endothelial-dependent vasodilation is abnormal in PAD pa-
tients and pharmacologic therapies may improve perfusion
and symptom status.

Manipulation of Other Endogenous
Vasoactive Substances

In addition to nitric oxide, a variety of other vasoactive
substances, some derived from the endothelium and others
originating in local or distant tissues, influence endothelial
function and vasomotor tone. Examples of such substances
include prostacyclin, adenosine, prostanoids, serotonin,
thrombin, thromboxane, endothelin, and catecholamines. Ac-
cordingly, many other pharmacologic agents are in the early
stages of development to treat symptomatic peripheral arte-
rial disease, and many such agents are targeted at vasoreactive
pathways. Examples of such drugs include novel calcium-
channel-blocking agents, angiogenic growth factors, and va-
sodilator prostaglandins. A serotonin antagonist, naftidro-
furyl, has improved claudication symptoms in two studies
and is available for clinical use in Europe (135). A multi-

center, randomized trial suggests that a cofactor of fatty acid
metabolism, proprionyl L-carnitine, can improve intermittent
claudication symptoms (136).

Effect of Multiple-Risk-Factor Interventions

Finally, preliminary data suggest that by targeting multiple-
risk-factor pathways, one may improve endothelial function
further than by treating individual risk factors alone. Naz-
zaro and colleagues demonstrated that when ACE inhibition
was combined with HMG-CoA-reductase inhibition in hy-
percholesterolemic and hypertensive patients without known
vascular disease, flow-mediated dilation was improved to a
greater degree than with either agent alone (137). This study
supports the concept of global risk and the importance of
treating multiple risk factors to obtain the largest improve-
ment in endothelial function and, perhaps, in symptom re-
lief. Prospective studies with a larger number of patients are
underway.

Atherosclerosis Regression, Disease Stabilization,
and Vasoreactivity

Most vascular events are initiated by atheroma rupture or
erosion (138), and some researchers have hypothesized that
improvement in endothelial function after aggressive risk fac-
tor modification may be the mechanism by which rupture/
erosion episodes and clinical events are reduced. Because the
endothelium also regulates other functions, such as thrombo-
sis, platelet and leukocyte interactions with the vessel wall,
and growth factors that regulate smooth muscle cell prolifer-
ation and migration, the mechanisms by which an improve-
ment in endothelial function and a reduction in events remain
speculative.

Nevertheless, preliminary studies suggest that atheroma
volume regression, as assessed either in the coronary cir-
culation with IVUS or in the peripheral circulation with B-
mode ultrasound, can occur in humans, and several studies
that have coupled morphological and functional assessment
indicate that both can improve. In the coronary circulation,
lipid lowering is associated with reductions in plaque vol-
ume and improvements in lumen area as well as increased
IVUS echogenicity (139), which is considered to be a mea-
sure of decreased lipid content and lower vulnerability to
rupture. Favorable alterations in structure may be associated
with improvements in vasoreactivity. Hamasaki et al. studied
101 patients with normal or only mildly diseased (less than
30% angiographic narrowing) left anterior descending coro-
nary artery segments with intravascular ultrasound and as-
sessed endothelial function with intracoronary acetylcholine
(140). Patients with a history of total cholesterol greater than
240 mg per dL. who had lowered their total cholesterol be-
low this value with medical therapy and those whose initial
values were below this level (not on treatment at the time of
study) had both larger mean EEM CSA and a greater increase
in acetylcholine-induced vasodilation than did patients with
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total cholesterol values greater than 240 mg per dL. In this
study, mean plaque areas were similar in patients who did
and did not have enhanced remodeling and improved en-
dothelial function. Thus, coronary regression may involve
favorable remodeling of the EEM CSA along with improved
endothelial function, even without measurable differences in
plaque volume. The extent to which these favorable, albeit
preliminary, changes will be observed in the peripheral cir-
culation is uncertain. In the Antioxidant Supplementation in
Atherosclerosis Prevention Study, “aggressive” LDL lower-
ing in patients with familial hypercholesterolemia resulted in
regression of carotid intimal-medial thickness as assessed by
B-mode ultrasound compared to “less aggressive” LDL low-
ering (141). Whether individuals with lower starting levels
of cholesterol will experience slower disease progression,
fewer plaque rupture events, and, perhaps, disease regres-
sion is unknown. Large-scale trials of coronary atheroscle-
rosis regression are underway and are discussed in a later
section.

Summary: Is Peripheral Arterial Vasoreactivity a New
Vascular Risk Factor?

Can peripheral arterial endothelial function, as assessed by
brachial artery reactivity, serve as a barometer for the health of
the endothelium as a whole? Many studies have documented
substantial reductions in major vascular events in both the
coronary and the peripheral circulation with adequate control
of conventional atherosclerotic risk factors. Endothelial dys-
function precedes the development of overt vascular disease
by many years, and abnormal vasoreactivity can frequently
be demonstrated in patients without overt clinical atheroscle-
rosis. Risk factor modification (and perhaps treatment with
ACE-I or other agents even in normotensive subjects) is as-
sociated with improvement in peripheral FMD. Preliminary
evidence suggests that this improvement in peripheral FMD
is often associated with an improvement in clinical status
(111).

Taken together, these observations suggest that assessment
of peripheral arterial vasoreactivity with BAR may be use-
ful as a screening tool to detect individuals at higher risk
for the development of overt vascular disease. Several stud-
ies suggest that peripheral vasoreactivity strongly correlates
with clinical outcome. Schachinger and colleagues studied
147 patients at baseline with intracoronary Ach and NTG;
during a median follow-up of 7.7 years, patients with ab-
normal responses had a significantly higher rate of vascu-
lar events (cardiovascular death, unstable angina, myocar-
dial infarction, revascularization, or ischemic stroke) (55).
Suwaidi and colleagues studied 157 patients with mild an-
giographic CAD (no lesion with greater than 40% narrow-
ing). During a mean of 28 months follow-up, there were no
events in the 32 patients with normal or only mildly abnor-
mal coronary endothelial function, compared to a 14% event
rate in the 83 patients with severely impaired coronary re-
sponse to Ach (percentage change in flow less than 0%) (54).

Gokee and colleagues measured BAR in 199 patients prior
to elective surgery for peripheral vascular disease; during a
mean follow-up of 1.2 years, 18% had a major vascular event
(death, myocardial infarction unstable angina, or stroke). Ab-
normal FMD was an independent predictor of events and con-
ferred a ninefold higher risk (142). Taken together, these data
suggest that noninvasive evaluation of peripheral vasoreac-
tivity may become an inexpensive screening tool for iden-
tifying individuals at higher risk before the development of
overt disease, so that risk factor modification or prophylactic
prescription of therapeutic agents could be targeted to these
individuals, Nevertheless, most of these studies have been
performed in patients with a known disease, multiple un-
controlled risk factors, or a higher-than-average probability
of significant occult vascular disease. Two central issues—
whether screening for endothelial dysfunction in lower-risk
populations will have incremental value to conventional risk
factor assessment, and whether intervention (beyond current
risk factor goals) will reduce subsequent events or slow dis-
ease progression—remain to be resolved. Until adequately
designed studies with sufficient numbers of patients prove
these relationships, and until the technical and reporting as-
pects of BAR are further refined, the technique will not be
ready for use as a screening or monitoring tool in clinical
practice.

Vasoresponse to Injury: Pathophysiologic Mechanisms
Developmental Biology of the Human Vasculature

Although a detailed discussion of arterial embryology is be-
yond the scope of this chapter, several concepts are vital to a
discussion of the arterial response to injury. Human arteries
in different beds are heterogeneous, with distinct morphol-
ogy, physiology, and ability to respond to various pharma-
cologic agents. During human embryogenesis, all vascular
endothelial cells and blood cells are thought to arise from
the “blood islands” located at the periphery of the young
embryo. However, in different regions of the body, differ-
ent cell signal mechanisms from surrounding tissues induce
considerable heterogeneity in endothelial cell surface recep-
tors (143) and in other cellular functions. For example, the
gene that codes for nitric oxide synthase in the coronary ar-
teries has bed-specific regulation (144). Thus, despite their
common origin, there is considerable variation in the phe-
notype of the mature endothelial cells. In contrast to en-
dothelial cells, arterial smooth muscle cells arise from sev-
eral different locations in the embryo; for example, in the
upper part of the body, smooth muscle cells derive from neu-
roectoderm, whereas in the lower part of the body, a com-
pletely different germ layer, the mesoderm, is the source
of smooth muscle cells (145). As with endothelial cells,
smooth muscle cells demonstrate considerable phenotypic
heterogeneity.

The clinical implications of this arterial heterogeneity
may profoundly affect the propensity for atherosclerosis to
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develop in particular locations and may affect the response of
different arterial beds to injury. Atheromatous lesions affect
certain key locations preferentially and tend to form at flow
dividers and branch points while sparing other characteristic
locations (such as the internal thoracic artery) (146-148).
The Pathobiologic Determinants of Atherosclerosis in Youth
Study collected necropsy specimens from individuals un-
der the age of 35 years who died of noncardiac causes.
Fatty streaks and raised arterial lesions initially localize in
the dorsal portion of the abdominal aorta, followed by le-
sion formation in the thoracic aorta (149,150). Right coro-
nary fatty streaks usually follow the development of aortic
lesions.

Spontaneous Arterial Injury: Plague Rupture

The cause of most myocardial infarctions, nonhemorrhagic
strokes, and episodes of acute limb ischemia is atherothrom-
bosis. The role of spontaneous plaque rupture as the cause of
most acute coronary syndromes is well established (138,151),
whereas the frequency with which plaque rupture is respon-
sible for acute events in the peripheral circulation is less well
established. There are many reasons why the response to any
injury may be different in different arterial beds, including
the diverse embryogenesis, the size of the vessels, flow rates,
the presence of stenotic regions, and the fact that coronary
arteries receive most of their perfusion during diastole, in
contrast to peripheral vessels. In addition, peripheral vessels
are subject to different hemodynamic stresses. Larger arter-
ies are subjected to larger degrees of circumferential stress,
according to the law of Laplace. Accordingly, the large radius
of the aorta may make it particularly prone to plaque rupture,
and evidence from necropsy and magnetic resonance studies
suggests that aortic plaque rupture is a very common occur-
rence. Even though aortic plaque ruptures are infrequently
associated with complete thrombotic occlusion (presumably
due to the large residual area even in moderately diseased
aortas and the high flow rate), aortic thrombi are a clinically
important source of many embolic episodes of acute limb
ischemia and stroke. Recent data also suggest that plaque
rupture is a common cause of a symptomatic carotid dis-
case. Endarterectomy specimens demonstrate plaque rupture
in 74% of symptomatic patients versus only 32% of asymp-
tomatic patients, despite similar degrees of stenosis (152).
As with plaque rupture sites in the coronaries, plaque rupture
sites in the carotids demonstrate “vulnerable” features, such
as thinning of the fibrous cap, lipid-rich or necrotic areas,
and infiltration of activated inflammatory cells. Interestingly,
the proportion of activated inflammatory cells (as assessed
by HLA-DR expression) is higher in ruptured plaque than
in specimens from asymptomatic patients (153). Although
acute plaque rupture is thought to be an important mecha-
nism for acute syndromes generally in the peripheral circula-
tion, the exact incidence of this phenomenon is unknown (see
Chapter 2).

Implications for Long-Term Success of
Revascularization of Peripheral Vessels

Therapeutic Arterial Injury (Angioplasty): Outcome in
Different Peripheral Territories

Although percutaneous and surgical interventions are dis-
cussed in other chapters, the relationships among peripheral
arterial morphology and anatomy, vasoreactivity, and phar-
macology have a profound impact on strategies for effective
percutaneous revascularization. A summary of the literature
is complicated by the variety of endpoints utilized; some stud-
ies use only angiographic patency rates, whereas others use
surrogates of vessel patency or percentage stenosis by du-
plex ultrasound, ankle-brachial index, or simply the relief
of symptoms. Nevertheless, three broad generalizations are
warranted by the data. First, the efficacy of percutaneous in-
terventions is better in vessels with good as opposed to poor
runoff, that is, when distal vessels are widely patent. Sec-
ond, the treatment of focal severe stenoses is more successful
than the treatment of occlusions (154-156). Third, differ-
ences in the acute and long-term success rates of percuta-
neous interventions in different peripheral arterial territories
are striking. For example, iliac artery balloon angioplasty re-
sults in a 4- to 5-year patency rate of 60% to 80% (157,158);
stent placement improves these numbers to the range of 75%
to 95% (159-161). In contrast, the efficacy of balloon an-
gioplasty alone in the femoral and popliteal arteries is less
satisfactory. Several registry series have documented 1-, 3-,
and 5-year patency rates in the range of 60%, 50%, and 40%,
respectively (162,163). Stent placement in the femoral circu-
lation improves these outcomes. Similarly, stent placement
in the subclavian and innominate is successful in greater
than 85% of cases at | year in patients with suitable lesions
(164-166).

Unfortunately, with more distal and smaller peripheral ves-
sels, the response to therapeutic injury of angioplasty is far
less satisfactory. Balloon angioplasty alone in the peroneal
and tibtal results in short-term patency rates of less than 50%
(155,167-170). Although the results in the infrapopliteal ar-
teries may be skewed by a higher proportion of high-risk pa-
tients with unfavorable anatomy and critical limb ischemia,
taken together, these studies suggest that vessel size is in-
versely related to long-term procedural success, especially
with balloon angioplasty. Whether the different embryologic
origins of these vessels affect the response to therapeutic in-
jury is unknown.

Studies using pre- and postprocedural intravascular ul-
trasound studies provide insight into the inverse relation-
ship between vessel size and long-term success. Follow-
ing balloon angioplasty of peripheral vessels, plaque frac-
ture is the most common mechanism of lumen enlargement,
followed by atheroma compression/redistribution and, to a
lesser degree, vessel “stretch” (171,172). As noted previ-
ously, in at least 30% to 40% of advanced femoral arterial
stenoses, the EEM area is [ess than that at the reference site
(22); in these lesions with “vessel shrinkage,” the relative
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contribution of stretching may be considerably more impor-
tant (173). In coronary artery lesions treated with non-stent
interventions, Mintz and colleagues used serial intravascular
ultrasound in patients with restenosis to document that ap-
proximately three-fourths of late lumen loss was due to vessel
contraction or shrinkage, whereas only approximately one-
fourth was due to neointimal hyperplasia (174,175). Only
small serial studies have been done on the peripheral circu-
lation, but these support the notion that vessel constriction
after non-stent peripheral interventions is also an important
factor in restenosis (176). This observation supports the cur-
rent widespread use of primary stent deployment because
stents minimize or eliminate vessel contraction.

Intravascular Ulirasound Assessment of Peripheral
Arterial Stenting

Despite the relatively high long-term patency rates in lesions
treated with percutaneous peripheral interventions, a substan-
tial minority of patients experience restenosis or complete oc-
clusion and recurrent symptoms. Whether stent underdeploy-
ment, edge dissections, or other suboptimal results (which
are frequently angiographically occult, but can be readily
diagnosed by IVUS) contribute to the portion of peripheral
interventions that fail is unknown. Whether routine or selec-
tive intravascular ultrasound utilization could improve clin-
ical outcomes is also unknown. Data suggest that stent un-
derdeployment is common (30% to 40%) and that IVUS can
guide more aggressive deployment strategies and result in
larger final stent cross-sectional areas (177). Single-center,
nonrandomized series suggest that IVUS use in iliac lesions
is associated with larger final stent dimensions and higher
long-term patency rates (178). Importantly, different periph-
eral territories may undergo different mechanisms of resteno-
sis after stenting. Using serial intravascular ultrasound, Leer-
touwer and colleagues demonstrated that renal artery stents
suffered substantially less lumen loss from neointimal hy-
perplasia than did femoropopliteal stents (17% vs. 62%,
p < 0.001) (178a). In current practice in the United States,
IVUS is used in less than 10% of iliac and femoropopliteal
interventions, yet the possibility that more liberal utilization
would further improve outcomes is untested. Nevertheless,
given the inherent limitations of angiography alone, several
high-volume peripheral intervention centers report that selec-
tive IVUS utilization is invaluable for difficult or challenging
cases or when measurements of arterial dimensions are un-
certain (179-183). N

In the carotid circulation, balloon angioplasty alone was
rarely performed due to the potential catastrophic conse-
quences of embolic or thrombotic events. However, carotid
stenting in combination with distal protection against athero-
matous emboli has recently been shown to be superior to con-
ventional endarterectomy in a multicenter, randomized trial,
due to a 50% reduction in acute neurological complications
(184). Although many clinicians already consider stenting
to be the preferred treatment for most patients with symp-

tomatic carotid disease or critical stenoses, additional studies
and appropriate reimbursement will be required before the
strategy is universally adopted.

Implications for Restenosis Prevention and Treatment

In large and medium-size peripheral vessels (iliac, innomi-
nate, subclavian, femoral, and politeal vessels, carotids, and
renals), most interventionalists in the United States treat
focal stenoses with stents at the time of initial procedure
to minimize the probability of restenosis. This is despite a
Dutch study that suggested that provisional rather than rou-
tine stent placement is potentially more cost-effective in the
iliacs (185), and a small, preliminary study that suggested
that brachytherapy after balloon angioplasty of the femoral
artery results in excellent 6-month patency and enhanced re-
modeling compared to use of balloon alone (186). An excep-
tion to routine stenting of noncoronary lesions is renal artery
fibromuscular dysplasia, which often responds favorably to
balloon angioplasty alone (187). In contrast to balloon an-
gioplasty, stent restenosis is almost always due to neointimal
hyperplasia [with the occasional exception of stent crush due
to trauma in stents that are close to a vulnerable area (188)].
In the coronaries, stents covered with a polymer that con-
tains and secretes one of several cell-cycle inhibitors (all are
rapamycin derivatives) in the months after placement have
reduced angiographic restenosis rates from the 20% to 40%
range to the 0% to 5% range by virtue of their ability to
inhibit neointimal hyperplasia, and are in widespread clin-
ical use (189-191). Drug-eluting stents are in development
for the periphery, but the larger deployed size of these stents
(often greater than 5 to 8 mm) makes polymer adhesion to
the struts technologically more challenging than with small
(Iess than 3.5 mm) coronary stents. Furthermore, with clini-
cal restenosis rates already less than 10% in many large pe-
ripheral vessels, cost-effectiveness would be unlikely unless
the per-unit cost were substantially less than the $3,200 cost
per stent in the coronaries. Carotid lesions might become an
important exception: Even though restenosis occurs in less
than 5% of stented targets, it is often difficult to treat by re-
peat percutaneous intervention and difficult or impossible to
treat surgically (except by carotid bypass) due to the presence
of the stent. For this situation, and for restenosis of bare-
metal peripheral stents, radiation therapy is in development
(192,193).

Vasoreactivity and the Treatment of Peripheral Arterial
Disease in the Future

Although revascularization (either surgical or percutaneous)
is the predominant strategy for treating severe peripheral ar-
terial disease, the pharmacologic approach is yet to be fully
exploited. Compared to the coronary vasculature, the pharma-
cologic treatment of peripheral disease is in its earliest stages.
Angiogenic growth factors to induce next-generation phar-
macologic neovascularization agents are in development. In



18 7/ 1

addition, agents that enhance endothelial function offer an-
other and potentially vital approach to treating these increas-
ingly common diseases. In the coronary circulation, Gould,
Lehrman, and others have demonstrated that tissue-level per-
fusion can be enhanced significantly solely with this approach
(112,113,194). It is likely that such agents targeted toward the
peripheral circulation will be developed to enhance peripheral
perfusion by restoring or enhancing the ability of resistance
vessels to regulate flow and deliver blood to downstream tis-
sues, and, perhaps, decrease the incidence of plaque rupture
and progression to occlusion. As the prevalence of periph-
cral arterial disease increases with the aging population, new
approaches (such as brachytherapy or drug-eluting stents)
will improve the success rates in smaller vessels and total
occlusions and will improve long-term success of stenting
even further. In the future, revascularization and pharmaco-
logic therapy will be increasingly employed as combined
rather than competitive strategies for improving peripheral
perfusion, reducing symptoms, and reducing the burden of
peripheral arterial disease in these patients.
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