
Even though coronary, cerebral, and peripheral arterial disease represents the
most common features of atherosclerosis, it progresses in the absence of any
symptoms for most of its developmental course. Generally, the severity of a
coronary stenosis is of poor predictive value for cardiac events such as sudden
death, myocardial infarction, or unstable angina. For this reason, attention is
increasingly being focused on the biology of the atheroma rather than on the
severity of the stenosis.

The arterial wall is made up of three layers. The tunica intima is 150–200 μm
in diameter and consists of endothelial cells. The adjacent smooth muscle
cells, extracellular matrix, and internal elastic membrane separate it from the
tunica media, which is 100–350 μm in diameter and made up of smooth mus-
cle cells, elastin, and collagen. It is encircled by the external elastic mem-
brane. The outermost layer, the tunica adventitia, is 100–350 μm in diameter
and composed of fibrous tissue. It is surrounded by perivascular connective
tissue and epicardial fatty tissue.

The endothelium represents a defensive shield of the vascular wall, acting
as a modulator of cellular proliferation as well as inflammatory and thrombo -
tic processes. Its dysfunction plays a crucial role in the progression of athero-
sclerosis. A single layer of cells comprises the endothelium and serves as the
site of contact between the blood and the arterial wall.

The atherosclerotic process develops in the intimal layer, beginning with
lipidic striae and ultimately progressing to the fibrolipidic plaque, going
through several stages along the way. Initially, oxidized lipoprotein particles
accumulate in the intimal layer; subsequently, there is leukocyte infiltration
and the transformation of monocytes to macrophages begins. Macrophages
phagocytize oxidized LDL, thereby forming cholesterol-rich foam cells that
eventually undergo apoptosis. Secondly, smooth muscle cells migrate from
the tunica media to the intima, where they secrete extracellular matrix, which
provides the structural framework of the plaque. Attracted by cytokines, im-
munocompetent cells, such as lymphocytes, monocytes, and plasma cells, fur-
ther accumulate in the plaque. The final process is the formation of a lesion of
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variable dimensions, that is constituted by a central lipid nucleus (lipid core),
a fibroconnective tissue cap (fibrous cap), immunocompetent cell infiltrates,
and calcium nodules. Calcium that settles in the coronary arteries is strictly
associated with plaque development; its accumulation is an active process
that can be observed in all phases of atheroma formation. Histopathological
studies and intravascular ultrasound (IVUS) findings have confirmed the
close relationship between the atherosclerotic burden and the amount of coro-
nary calcium. The prevalence of calcifications is strongly linked to patient age
and consistently rises in men over age 50 and in women over age 60; howev-
er, coronary plaques and their calcifications are linked only weakly with
stenosis severity. Even though not all plaques show calcifications, typically,
the total amount of calcium accounts for about 20% of the entire area of the
atherosclerotic plaque. Recently, it has been shown that the calcification pat-
tern differs in patients with acute coronary syndrome (ACS) versus those with
stable angina. In patients with ACS and plaque rupture, superficial and deep
deposits of small calcium aggregates are seen more frequently; furthermore,
the total amount of calcium in the plaques of ACS patients is lower than in
those of patients with stable angina. In response to the atherosclerotic insult,
the coronary vessel tries to protect itself by preserving the vascular lumen
through a process referred to as positive remodeling. In atherosclerotic ves-
sels that have not undergone remodeling, the vascular lumen may be reduced
of at least 40% of the perimeter, delineated by the internal elastic membrane,
is involved. The degree of reduction affecting the vascular lumen by the
 atherosclerotic plaque is therefore modulated by the remodeling process,
which varies between individuals. Thus, plaque development starts towards
the external side of the artery, preserving the vascular lumen. However, while
chronic stable angina is associated with a slowly developing plaque, which
may affect > 50–70% of the arterial lumen, a quickly developed thrombotic
lesion will cause unstable angina or myocardial infarction. Indeed, the com-
plications of an atherosclerotic plaque are essentially rupture of the fibrous
cap or erosion of the superficial endothelial layer. These anatomic alterations
predispose to thrombus formation and an immediate reduction of the vascular
lumen. The atherosclerotic plaque with histopathological characteristics that
make it prone to the above-mentioned complications is referred to as a “vul-
nerable plaque.”

The Vulnerable Plaque: Biology and Histology

Atherosclerosis is widely accepted as a chronic inflammatory disease initia -
ted by vascular and extravascular factors. As described above, plaque forma-
tion is a long-standing process; it begins with the formation of a fatty streak,
followed by increasing lipid and leukocyte infiltration. Initially, the dilation
produced by positive remodeling of the diseased artery accommodates the
growing plaque, so that the diameter of the vessel lumen is unchanged.
Eventually, however, the plaque grows into the vessel, reducing the lumen
diameter and, consequently, blood flow. Atherosclerotic plaques typically
consist of a lipid-rich core surrounded by an eccentrically thickened intima;
the lesion is covered on its luminal aspect by a fibrous cap. A large lipid-rich
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core, a thin fibrous cap, and an extensive inflammatory burden identify a
vulnerable plaque (Fig. 6.1).

According to recent studies, there is a close relationship between the size of
the lipid core and plaque vulnerability; indeed, a large lipid core correlates
with a higher probability of plaque rupture and thus of acute coronary throm-
bosis. It has been observed that plaques with a high lipid content but which are
not angiographically significant were more prone to rupture, whereas hemody-
namically significant plaques with a small lipid core but a high content of
smooth muscle cells and collagen are more stable. Thus, both the lipid core di-
mension and the composition of the plaque determine its likelihood of rupture.
According to some authors, atherosclerotic plaques made up of 40% lipid are
at higher risk. This is in line with the observation that cholesterol content af-
fects the plaque mechanical resistance; specifically, plaques rich in cholesterol
crystals seem to be stronger than those composed of liquid cholesterol. Among
the other factors affecting the probability of rupture is the thickness of the fi-
brous cap: the greater the thickness of the cap, the smaller the tendency of the
plaque to rupture. Generally, atherosclerotic lesions responsible for myocardial
infarction have a fibrous cap that is thinner than 60 μm and an underlying
well-developed lipid nucleus. At the shoulder region, i.e., at the junction be-
tween the plaque and healthy wall, where blood pressure exerts a greater cir-
cumferential stress, it is often possible to find fissures, which establish a con-
duit between the vascular lumen and the underlying lipid pool.

The central, lipid-rich core of the lesion contains many lipid-laden
macrophage foam cells derived from blood monocytes. The presence of these
cells is of crucial importance in the mechanisms leading to plaque activation
and rupture, as they are capable of degrading extracellular matrix by secreting
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Fig. 6.1. Histological features of the stable and the vulnerable plaque



proteolytic enzymes, such as plasminogen activators and matrix-metallopro-
teinases, that weaken the fibrous cap. Foam cells also produce large amounts
of tissue factor, a powerful procoagulant that stimulates thrombus formation
when in contact with the blood. Other cells that comprise the plaque are mast
cells, neutrophils, lymphocytes, and, especially, activated lymphocytes. The
latter are present in all stages of plaque development, implying their involve-
ment in the pathological process. The activation status corresponds in 65% of
cases to memory T cells in a state of chronic activation, suggesting that these
T cells are the result of preferential recruitment and/or retention of activated
peripheral cells or the local stimulation of resting T cells. It was recently
shown that these cells are oligoclonal, primed by specific antigens; however,
the specific role played by T lymphocytes is unclear and evidence for specific
antigens responsible for their activation is lacking.

Plaque neovascularization, usually secondary to inflammatory stimuli, is
relatively frequent in diabetic patients. It may contribute to plaque rupture
through the formation of small immature blood vessels within the plaque.
Hemorrhage of these vessels into the plaque leads to its destabilization, pre-
cipitating acute ischemic events.

More recently, it has been shown that unstable plaques harbor neutrophils
with reactivated telomerase activity. The presence of these cells may lead to
prolonged local inflammatory activity and the release of factors, such as elas-
tase and myeloperoxidase (MPO), that contribute to cap disruption. As this
type of neutrophil is not found in the peripheral circulation, the presence of
these cells is likely a local pro-inflammatory process. MPO oxidizes LDL
cholesterol, thereby propagating its uptake by macrophages as well as the for-
mation of foam cells. Moreover, MPO activates metalloproteinase, promotes
destabilization and rupture of the atherosclerotic plaque, and reduces nitric-
oxide bioavailability, impairing the vasodilatory and anti-inflammatory func-
tions of this compound.

In summary, the main characteristics of the vulnerable plaque are:
– Large central lipid pool
– Thin fibrous cap (< 65 μm)
– Abundant inflammatory infiltrate, present at the level of the fibrous cap

Interestingly, there is a peculiar geographic distribution of the high-risk
atherosclerotic plaque in that the vulnerable plaque is more likely to occur in
the proximal and middle regions of the main coronary arteries. Furthermore,
in the same patient there is frequently more than one vulnerable plaque. Thus,
the angiographic finding that 80% of ACS patients present with two or more
unstable plaques confirms the hypothesis of a widespread inflammatory
process involving not only the coronary vascular bed but also the entire vas-
cular system.

The Vulnerable Plaque: Local and Systemic Factors Contributing 
to Plaque Rupture

Despite several improvements in the treatment and prevention of atheroscle-
rotic coronaropathy, ACS and its complications remain one of the most im-
portant causes of morbidity and mortality in industrialized countries. The
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clinical presentation of ACS is variable: at one extreme are patients who
 present with an infarction that has occurred without any previous symptom or
 evidence of coronary disease, followed by complete stability for years and
decades. In these cases, ACS is most likely due to a local mechanical stress
that has ruptured a plaque with a thin cap. At the other extreme are patients
with a history of primary unstable angina of several weeks duration followed
by infarction and then post-infarction angina or by a new infarction within a
few weeks or months. These patients often have angiographic evidence of
rapid developing or progressing new lesions in previously normal vessels, ac-
companied by an elevation of inflammatory markers. This persisting recurrent
instability is suggestive of a waxing and waning systemic inflammatory
process, which may cause multiple plaque fissures and multi-focal plaque in-
stability, with or without rupture. Therefore, identification of the local and
systemic mechanisms of plaque rupture is important for understanding ACS
and for choosing the appropriate treatment strategy. It is likely that a substan-
tial number of ACS cases are explained by a systemic inflammatory condi-
tion, in association with an enhanced coagulation state, activating local hemo-
dynamic, mechanical, and immune reactions.

To date, a growing body of evidence has confirmed the role of inflamma-
tion in plaque instability and rupture, and its correlation with both atherogen-
esis and systemic markers of inflammation. A consistent finding in ACS and a
convincing indication that plaque rupture is mediated by systemic inflamma-
tion is the presence of elevated levels of inflammatory markers in the periphe -
ral blood of these patients. C-reactive protein (CRP) has been shown to be a
stronger predictor of cardiovascular events than other inflammatory markers.
A novel finding is the presence of CRP within the plaque, associated with the
presence of smooth muscle cells, macrophages, complement activation, and
unstable disease. This observation raises the possibility of a direct role for
CRP in plaque rupture through the local activation of complement. Moreover,
in vivo data support the concept that CRP is able to bind lipids, opsonize na-
tive LDL for macrophages present in the atherosclerotic plaque, and directly
quench the production of endothelial nitric-oxide synthase, resulting in dimi -
nished nitric-oxide bioavailability and thus impaired endothelial function.
This finding might explain why the systemic inflammatory response is linked
to impaired endothelial function and why systemic endothelial vasoreactivity
is blunted in patients with elevated CRP.

Because of the multifocal nature of the plaque, the systemic inflammatory
involvement, and the multiple pathways and interrelationships of inflamma-
tory mechanisms, the search for a more coronary-specific marker has intensi-
fied. Thus, many markers of inflammation have been investigated in at-
tempts to predict future cardiovascular events and identify patients at risk.
These markers include interleukin (IL)-18, tumor necrosis factor (TNF)-al-
pha, adhesion molecules, matrix metalloproteases, IL-10, IL-6, and, inter -
estingly, heat-shock proteins. The latter are a family of protein chaperones
with high immunogenic potential; they have been found in the atherosclerot-
ic plaque and are associated with plaque instability. The enzyme pregnancy-
associated plasma protein A (PAPP-A) has also been associated with plaque
activity and morphology in patients with ACS. The protein is abundantly ex-
pressed in the ruptured and eroded unstable plaque, but absent from or mini-
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mally expressed in stable plaques. In plaques with a large lipid core and cap
rupture, PAPP-A staining revealed that the enzyme occurred mostly in the in-
flammatory shoulder region. Placental growth factor-1 (PlGF) has been re-
ported as a specific marker of vascular damage and of coronary events in pa-
tients with ACS. It acts as a primary inflammatory instigator of plaque insta-
bility.

Since plaque rupture may not lead to dramatic consequences if other, pre-
cipitating factors are not simultaneously present, it is reasonable to stress the
potential role played by platelets and clotting factors in the transition from 
a stable to an unstable plaque. The hypothesis of a hypercoagulable state in
ACS has been supported by data showing that the levels of coagulation 
system markers, such as prothrombin factor F1+2, thrombin-antithrombin
complex, plasminogen activator inhibitor-1, and D-dimers, are elevated in
the blood of ACS patients and may be elevated for months. As mentioned
above, the vulnerable plaque is relatively rich in tissue factor; thus, exposure
of the pro-thrombotic material contained in the plaque to hypercoagulable
blood may lead to the catastrophic event of sudden coronary occlusion. 
A key molecule in the interplay between inflammation and coagulation is
CD40 and its counterpart CD40L (CD145) ligand. CD40 and CD40L are
 expressed by B lymphocytes but also by endothelial cells, macrophages,
monocytes, and platelets. Plaque rupture induces platelet activation through
the liberation of collagen, thrombin, and ADP, resulting in an increased
 surface expression of CD40 ligand, which is subsequently cleaved from the
membrane surface. Released soluble CD40 ligand activates CD40 expressed
on endothelial cells, thereby inducing a pro-inflammatory cascade in the ves-
sel wall. Moreover, soluble CD40 ligand also activates CD40 expressed on
inflammatory cells such as monocytes and T cells. The subsequent activation
of these cells and their invasion into the ruptured or eroded plaque results in
further inflammatory perturbation of the vessel wall. Moreover, CD40L, by
binding to endothelial and smooth muscle cells, also has been implicated in
the activation of matrix metalloproteases, possibly inducing apoptosis of
core macrophages and the expression of tissue factor. CD40 ligand not only
identifies patients who are at highest risk for cardiovascular events but also
provides important information on which patients will derive major benefits
from anti-platelet treatment with abciximab, a glycoprotein IIb/IIIa receptor
antagonist that suppresses monocyte tissue factor through a reduction of
monocyte-platelet cross-talk.

Conclusion

Many of the mechanisms in plaque formation are simply physiologic adapta-
tions, which are largely responsible for the remodeling process that accom-
modates the plaque during its growth. Nonetheless, our ability to identify lo-
cal and systemic mechanisms of plaque rupture is important in understanding
atherogenesis and in choosing the appropriate treatment strategy for patients
with ACS. It is likely that a systemic inflammatory condition, in association
with an enhanced coagulation state, activates local hemodynamic, mechani-
cal, and immune reactions, which may be more prevalent or more “mature” in
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one plaque than in another. This hypothesis explains a substantial number of
ACS cases and answers the key question: Why is there usually a “culprit
plaque” even when there is evidence of multiple “unstable plaques”?

The report of multiple inflammed coronary plaques at post-mortem in pa-
tients who died of ACS and the widespread coronary and myocardial inflam-
mation in patients with severe unstable angina or infarction suggest that in-
flammation is responsible for the simultaneous development of multi-focal
coronary instability, with or without plaque rupture. In line with this observa-
tion, the concept of “the vulnerable patient” has been introduced. This distinc-
tion is aimed at identifying patients who are at higher risk of ischemic cardio-
vascular events.

The difficulty in identifying, among asymptomatic individuals, those who
are at risk of suffering an acute coronary event underlines the limits of cur-
rent screening methods. It is well known that angiographic evidence of sig-
nificant atherosclerotic plaques involving epicardial coronary arteries reli-
ably identifies only a small number of ACS cases. More frequently, the cul-
prit mechanism behind acute coronary thrombosis is represented by the thin
fibrous cap rupture (80% of men, 50% of women) or superficial erosion of
the intima, with subsequent exposure of thrombogenic substrates and acute
thrombosis of the vessel wall (20% in men, around 50% in women). These
observations support the concept of the vulnerable or at-risk plaque, which is
prone to destabilize, contains a large number of inflammatory cells, and is
rich in metalloproteases. This definition of the vulnerable plaque reflects a
clinical approach that is more biological than angiographic and is aimed at
identifying patients who are at an increased risk of developing thrombosis
and rapid stenotic progression. Related to this definition is the inflamed thin-
cap fibroatheroma (TCFA), which also refers to a vulnerable plaque.

If all the acute coronary events are linked to the presence of a vulnerable
plaque, not all vulnerable plaques cause coronary events, since not all such
plaques undergo rupture or erosion and, if they do, the outcome is not neces-
sarily a coronary event. Usually, coronary events happen when a thrombus is
formed, obstructing vascular flow, which, in turn, irritates a critical myocar-
dial area where there is insufficient collateral flow. Ventricular fibrillation
may ensue, due to the electrical instability of the affected myocardial tissue.
Thus, the benefits of understanding the plaque’s in vivo characteristics – in-
dependent of determining the degree of stenosis – in choosing the proper
therapy are clear. Accordingly, the diagnosis of high-risk plaques in vivo
could provide a clear indication of the optimal diagnostic and therapeutic
pathway, with the goal of stabilizing the plaque through the administration of
pharmacologic agents. This should decrease the incidence of sudden death
and non-fatal myocardial infarction. In the last few years, several innovative
intra-coronary imaging techniques have allowed better histological charac-
terization of the atherosclerotic plaque. Among these, IVUS represents a new
approach, one that complements angiographic evaluation of the coronary
tree. IVUS provides high-resolution tomographic images – and thus a full-
thickness study of the atherosclerotic plaque – that properly define its com-
position and distribution either in the radial or longitudinal direction.
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