
espite crucial advances in our knowledge of the
pathologic mechanism, and the availability of
effective diagnostic and treatment modalities,

atherosclerosis remains the leading cause of mortality and
morbidity. New findings have recently introduced exciting
concepts that could have a major impact on the treatment of
the atherosclerotic disease. Some of these concepts derive
from in vivo observations using new imaging technologies,
such as high-resolution magnetic resonance imaging
(MRI). We will discuss the mechanisms that lead to the
development of atherosclerosis and those responsible for
the acute coronary syndromes (ACS).

Definition of Atherosclerosis
Atherosclerosis defines a disease of the large arteries that

is characterized by the tendency to accumulate lipids,
inflammatory cells, smooth muscle cells (SMCs) and extra-
cellular matrix within the subendothelial space, and
progress in an unpredictable way to different stages. The
molecular and biological mechanisms involved in the initi-
ation and progression of atherosclerotic disease have been
extensively studied during the past decades, leading to the
introduction of new concepts that form the base for the
actual research efforts in the field of the vascular biology.1–3

Based on the pathological and clinical characteristics of
atherosclerotic plaques, the American Heart Association
Committee on Vascular Lesions4 introduced in the mid
1990s a standardized classification of distinct plaques,
which was simplified by Fuster5 (Fig1).

Initiation of Atherosclerotic Lesions
The initiation of atherosclerotic plaque has been corre-

lated with the presence of a number of cardiovascular risk
factors (ie, hyperlipidemia, diabetes mellitus, hypertension,
aging etc), leading to endothelial dysfunction. Endothelial
dysfunction is characterized by increased permeability,
reduced synthesis and release of nitric oxide (NO), and
over-expression of adhesion molecules (such as ICAM-1,
VCAM-1, selectins, etc) and chemoattractants (such as
MPC-1, M-CSF, IL-1/-6, INF-α/-γ, etc). These processes

Circulation Journal   Vol.66, September 2002

facilitate the recruitment and internalization of circulating
monocytes and low density lipoprotein (LDL).2,3,6 The lipid
material accumulated within the sub-endothelial space will
be oxidized and trigger an inflammatory response. Further-
more, activated monocytes will release different chemotac-
tic and proliferative growth factors that trigger SMCs to
activate, migrate and proliferate. The accumulation of
macrophages, SMCs, lipid and extracellular matrix results
in thickening of the arterial wall that may seriously com-
promise the arterial lumen and blood flow (Fig 2).

Interestingly, low high density lipoprotein (HDL)-choles-
terol has been recently recognized as a major cardiovas-
cular risk factor requiring appropriate treatment (NCEP III-
guidelines).7 In fact, low plasma concentrations of HDL have
been associated with elevated concentrations of soluble
cellular adhesion molecules ICAM-1 and E-selectin, which
were decreased by a pharmacologically induced increase in
HDL-cholesterol (by fenofibrate).8

The classical hypothesis of atherosclerosis initiation has
been challenged recently by Sata et al9 demonstrating in a
murine model that the majority of the SMCs present in the
subendothelial space of atherosclerotic lesions, as well as
in graft vasculopathy and restenosis following arterial
injury, derive from undifferentiated bone-marrow cells and
are not the expression of replication of SMCs present in the
media. This important information could explain why
antiproliferative agents have not completely succeeded in
controlling atherosclerotic disease and could lead to the
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Fig1. Schematic summary of the different stages that characterize
the progression of atherosclerotic plaque (modified from Fuster et al1).
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development of new therapeutic approaches.

Arterial Remodeling: Revival of An 
Old Concept That Highlights the 
Role of the Media and Adventitia

The concept of arterial remodeling, introduced by
Glagov et al in the late 1980s,10 has regained importance
because of recent in vivo observations using MRI. In this
context, Worthley et al reported features of arterial remod-
eling in the natural history of atherosclerosis progression in
the genetically modified rabbit lacking of LDL-receptors
and constitutively presenting high levels of circulating
LDL (Fig 3).11 Our group also reported features of remodel-
ing in ectatic coronary arteries using the same technique.12

Interestingly, crucial changes involving the media and the
adventitia layers of the vessel wall, historically considered
inactive structures and much less important than the endo-
thelium in the pathogenesis of atherosclerosis, appear to be
actively involved in this important step in the development
of atherosclerotic disease and may even be in part responsi-
ble for the triggering mechanism leading to ACS.

Tronc et al demonstrated that increased metallopro-
teinases activity digesting the internal elastic lamina (IEL)
modulates the process of arterial remodeling.13 More re-
cently, Moreno et al introduced the new concept of disrup-
tion of the IEL as a trigger of plaque disruption leading to
the clinical manifestation of atherosclerosis in the form of
acute coronary syndromes.14 He reported a strong associa-
tion between the histological evidence of IEL disruption and
plaque disruption leading to thrombus formation (Fig4).
Concordantly, Burke et al demonstrated that marked
expansion of the IEL occurred in plaque hemorrhages with
or without rupture, whereas in erosions and total occlusions
there was shrinkage of the IEL.15 Interestingly, the plaque
components most strongly associated with remodeling
were macrophage infiltration and the percentages of fibrous
calcification and lipid core, confirming the concept of insta-
bility. The percentage of fibrous plaque area was strongly
negatively associated with remodeling, whereas calcified
lipid core and medial atrophy were less so.

Role of the Media and Adventitia
The role of media and adventitia has been recently high-

lighted by the discovery of their active involvement in the
process of arterial remodeling. Media expansion following
IEL disruption has been associated with outward plaque
growth, plaque hemorrhage, plaque instability and even the
development of arterial aneurysm. Silence et al showed,
using apolipoprotein E (Apo-E) knock out mice with or
without combined matrix metalloproteinase (MMP)-3 defi-
ciency, that in mice lacking both genes atherosclerotic
plaques were larger and contained more fibrillar collagen,
whereas in Apo-E mice without MMP-3 deficiency, a
significantly higher incidence of aortic aneurysms associ-
ated with IEL disruption was detected.16 That study con-
firmed the possible etiological role of atheroma in experi-
mental aneurysm formation and highlighted the involvement
of inflammatory cells as a source of proteinases, eliciting
the complex pathophysiological process within the arterial
wall. A further intriguing new concept in the pathogenesis
of atherosclerosis derives from experimental observations
of adventitial inflammation and increased plaque invasion
of vasa vasorum.17–19

Moreno et al recently associated the stage of atheroscle-
rotic plaque with the composition of the media and adventi-
tia, and found that disrupted plaques not only correlated
with IEL disruption, but also had more medial inflamma-
tion, fibrosis and atrophy as well as more adventitial
inflammation and vasa vasorum.14

Role of the Vasa Vasorum
Increased density of vasa vasorum in the atherosclerotic

coronary artery has been reported in the past in pathologi-
cal studies, and an increased amount of vasa vasorum has
been found in the adventitia and in the plaque itself.20–22

Proteolytic enzymes such as MMP are crucial for the inva-
sion of the vessel wall by the vasa vasorum, a process
mediated through inflammatory mechanisms.

More recently, using a novel ex vivo imaging technique
(high-resolution micro-CT), the vasa vasorum structure
was visualized in a volumetric (3 dimensional) fashion and
an assessment was made of the effects of several interven-
tions (such as lipid lowering and endothelin inhibition in a
hypercholesterolemic pig model of atherosclerosis) on
coronary vasa vasorum neovascularization.17,23,24 Hypercho-
lesterolemia was associated with an increase in the spatial
density of coronary vasa vasorum surrounding atheroscle-

Fig2. Progression from endothelial dysfunction to plaque
disruption. Expression of endothelial adhesion molecules is
induced by a variety of stimuli such as the classical cardio-
vascular risk factors (hyperilipidemia, diabetes, smoking
etc). These molecules allow the internalization (homing) of
inflammatory cells and bone marrow-derived vascular
progenitor cells in the subendothelial space. Monocyte
chemoattractant protein-1 is a potent chemokine, produced
by the endothelial and smooth muscle cells, which causes
the directed migration of leukocytes. Macrophage colony
stimulating factor is an activator that can cause the expres-
sion of scavenger receptors on macrophages and a co-
mitogen that led to the proliferation of macrophages into
the forming plaque. Erosion and/or disruption of the plaque
leading to thrombus formation are the major cause of acute
coronary syndromes (Modified from Corti et al36).
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rotic lesions in pigs,17,23 and notably, this neovasculariza-
tion process occurred very early in the atherosclerotic
process and before epicardial endothelial dysfunction.24

Coronary vasa vasorum neovascularization was prevented
by treatment with simvastatin25 or selective endothelin-A
receptor antagonist.26

Progression of the Atherosclerotic 
Lesion and the Vulnerable Plaque

A major finding in the past 2 decades has been the recog-
nition that plaque composition, rather than severity of
stenosis, may determine the risk of thrombotic complica-
tion associated with ACS.1,27 It is now well established that
atherosclerotic lesion disruption and superimposed throm-
bus formation play a key role in approximately 70% of the
patients dying from ACS.28,29

Plaque disruption seems to depend on both a passive and
an active phenomenon. Related to physical forces, passive
plaque disruption occurs most frequently when the fibrous
cap is thinnest and most heavily infiltrated by foam cells,
and therefore very weak. The process of plaque disruption
is, however, not purely mechanical. Inflammation has been
clearly associated with all steps of the development of
atherosclerotic plaques, beginning with plaque initiation
and ending in plaque disruption leading to thrombus forma-
tion.30,31 Consequently, the definition of plaque vulnerabil-
ity is bound to morphological characteristics such as a large
lipid content covered by a thin fibrous cap, and a high
number of inflammatory cells. Activated inflammatory
cells produce proteolytic enzymes (such as the metallopro-
teinases) able to digest the extracellular matrix and further
weaken the fibrous cap. Upon disruption, the highly throm-
bogenic plaque content is exposed to circulating blood,

which triggers thrombus formation. Changes in the geome-
try of the disrupted plaque, as well as organization of the
mural thrombus by connective tissue, can lead to rapid
plaque progression leading to more occlusive and fibrotic
lesions characteristic of phase 5 type Vb or Vc lesions
(Fig1).

Thrombosis With Non-Disrupted Plaque
In one-third of ACS, particularly in acute sudden coro-

nary death, there is no disruption of the lipid-rich high-risk
(vulnerable) plaque, only a superficial erosion of a markedly
stenotic and fibrotic plaque.29 Thrombosis resulting from
disruption is usually seen in plaques with a lesser degree of
initial stenosis, which may not be visible, on coronary
angiography. Thrombosis from endothelial erosion is usu-
ally seen at sites of pre-existing high-grade stenosis and has
been reported to be more common in women and at a
younger age and in men with some pro-thrombotic risk
factors (smoking, diabetes, hypercholesterolemia).32 Thus,
thrombus formation in these cases in which plaque disrup-
tion is absent, may depend on a hyperthrombogenic state
triggered by systemic factors, such as elevated LDL, ciga-
rette smoking, hyperglycemia, hemostasis and others that
have been associated with increased blood thrombogenic-
ity. Diabetes mellitus, for instance is associated with
platelet hyperaggregability, increased plasminogen activa-
tor inhibitor-1 (PAI-1), fibrinogen and von Willebrand’s
Facto, and decreased antithrombin III activity.33 In addition,
improvement of the glycemic control is associated with a
reduction in blood thrombogenicity.34 There is significant
evidence of a link between hyperlipidemia and a hyperco-
agulable and prothrombotic state;35,36 this association has
been substantiated by the normalization of the hypercoagu-
lability by treatment of the hypercholesterolemic state.36

Recently, the cardiovascular risk factors have been associ-
ated with increased activity of blood tissue factor (TF) in
humans.37

Fig3. Arterial remodeling demonstrated in vivo using noninvasive
MRI of the natural progression of atherosclerotic lesions in Watanabe
heritable hyperlipidemic rabbits.11 MR images and corresponding
histopathology of atherosclerotic aortas at baseline (ie, 3 months of
age) (A–C) and 6 months after balloon injury (ie, 9 months of age)
(D–F). Magnified MR images of aortas in (A) and (D) clearly show
the very thin aortic wall at baseline (B, arrow) and more thickened
wall 6 months later (E, arrow). Furthermore, it can be appreciated that
there has been no luminal loss and that the increase in vessel wall area
has been outward. Corresponding histopathology sections from (A, B)
and (D,E) (C and F, respectively) confirm the MR findings. It can be
appreciated that there is a greater atherosclerotic burden 6 months after
balloon injury; however, lumen is preserved (From Worthley et al11).

Fig 4. Increased incidence of internal elastic lamina rupture and
intimal changes in complex atherosclerotic lesions. High-power histo-
logical detail of a disrupted class VI human atherosclerotic plaque
showing the interface area with rupture of the internal elastic lamina
(arrow). Disrupted atherosclerotic plaques, which are characterized
by eccentric expansion, have larger plaque areas and higher incidence
of disruption of the internal elastic lamina, suggesting an active role
of the internal elastic lamina in the pathophysiology of vascular
remodeling in complex atherosclerotic lesions (Courtesy of Dr P.
Moreno).
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Role of Tissue Factor
Our group has shown that the thrombogenicity of

disrupted atherosclerotic plaques is modulated by their TF
content and, furthermore, specific inhibition of the TF
pathway significantly reduces the thrombogenicity.38 Inhi-
bition of TF reduces thrombus formation and intimal
hyperplasia after porcine coronary angioplasty.39 Upon
disruption, the atheromatous gruel, abundant in macro-
phages and TF, is the most thrombogenic component of the
atherosclerotic plaque40,41 and TF, the most potent trigger
of the coagulation cascade, forms a high affinity complex
with coagulation factors VII/VIIa leading to activation of
factors IX and X, and therefore triggers both the intrinsic
and extrinsic blood coagulation cascade.42–44 Activation of
the clotting cascade by TF results in the generation of
thrombin, platelet activation and fibrin deposition.

The importance of TF in thrombosis has been signifi-
cantly enhanced by a recent report of a blood-borne pool of
TF that may play a critical role in the propagation of throm-
bosis.44 Moreover, it has been reported that polymorphonu-
clear leukocytes might be involved in the transport of
circulating TF to platelets by a CD15-dependent mecha-
nism.45 Higher plasma concentrations of TF antigen have
been reported in ACS patients compared with those with
stable angina or without coronary artery disease.46 Further-
more, circulating TF-positive microparticles with procoag-
ulant activity have been described in patients with ACS.47–49

Because of the key role of TF as the initiator of the
extrinsic coagulation pathway leading to clot formation
after injury, specific inhibitors of its pathway have a theo-
retical advantage over therapies that target more ‘down-
stream’ components of the coagulation cascade.50

What is New About the 
Pathogenesis of ACS?

Apoptosis
One of the major questions is related to the source of the

circulating pool of TF. Recently apoptotic phenomena have
been linked to atherothrombosis and to the production of
TF.49 Early in the development of the fibrous cap, SMCs are
present in significant numbers, but as the lesion progresses
there is a steady decline. SMCs could vanish as a result of
programmed cell death or apoptosis,51 significantly reduc-
ing the stiffness of the fibrous cap. More recently, apopto-
sis of plaque macrophages has been shown to co-localize
with TF expression, suggesting a potential pathogenic
mechanism leading to increased plaque thrombogenicity.52

Apoptotic death of macrophages within lesions leads to the
shedding of membrane microparticles that exposes phos-
phatidylserine on the cell surface, conferring a potent pro-

coagulant activity. The shed particles account for almost all
the TF activity present in plaque extract and may be a
major contributor in the initiation of the coagulation cascade
following plaque disruption.49

Reverse Cholesterol Transport
HDL plays an important role in the reverse cholesterol

transport within the vessel wall because it is responsible for
the removal of free cholesterol from the blood.53,54 Low
plasma concentration of HDL has been associated with
increased cardiovascular risk, but only recently has been
recognized as a major risk factor requiring adequate treat-
ment.7

Several experimental studies have demonstrated the
potential antiatherogenic properties of HDL: it is able to
prevent plaque formation and even induce plaque regres-
sion.55 The potential mechanisms of action of HDL have
been the subject of extensive research and are summarized
in Table 1. Recently, Spieker et al demonstrated that HDL
administration in hypercholesterolemic patients restores
normal endothelial function by increasing NO bioavaila-
bility.56

Peroxisomal Proliferator-Activated Receptors (PPARs)
PPARs are steroid hormone nuclear receptors that act 

as ligand-activated transcription factors controlling the
expression of specific target genes, which in turn regulate a
variety of cellular functions (Fig 5). Considering their
pivotal role in atherogenesis, PPARs are considered the
nuclear transcriptional regulators of atherosclerosis. Three
subfamilies have been described with different tissue dis-
tribution and effects: PPAR-α, PPAR-δand PPAR-γ. The
subfamily member PPARγplays a central role in adipoge-
nesis and lipid metabolism, and is highly expressed in
endothelial cells, SMCs, lymphocytes and macrophages.57

PPARγ-activators may reduce plaque inflammation, inhibit
expression of adhesion molecules and cytokines, and
reduce production of MMPs.58–60 Evidence indicates that
PPARγ-activators can decrease thrombogenicity by reduc-
ing PAI-1 and fibrinogen concentrations, and so improve
fibrinolysis.61 In addition, PPARγ-agonist may reduce

Table 1 Potential Mechanisms of Action of High Density Lipoprotein 
in Atherosclerosis

Reverse cholesterol transport
Normalization of endothelial dysfunction leading to
    Inhibition of monocyte adherence/infiltration
    Limitation of vasoconstriction
    Modulation of antithrombotic and profibrinolytic properties
Antiinflammatory effects (decreased cytokines and adhesion molecules)
Antioxidant effects (paraoxonases, PAF-AH)
Antiapoptotic effects
Antiproliferative effects

Fig 5. Potential pleiotropic effects of PPARγ-agonist that may
potentially induce plaque stabilization and regression (from Corti et
al64).
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endothelin-1 production,62 a potent vasoconstrictor and
important atherogenic stimulus. Crucially, PPARγ-agonist
may reduce lipid plaque content by enhancing reverse
cholesterol transport, by up-regulating the genes responsi-
ble for scavenger receptor class B type I human homologue
(CLA-1),63 for adenosine triphosphate-binding cassette
transporter-1 (ABC-1) and for apolipoprotein A1 (ApoA1),
therefore facilitating efflux of free cholesterol from the
plaque and its transport to the liver. We recently reported
plaque regression and features of plaque stabilization using
a new selective PPARγ-agonist in the atherosclerotic
rabbit model.64

Role of MRI in the Detection 
of Atherosclerosis

High-resolution magnetic resonance (MR) has emerged
as a leading in vivo imaging modality for atherosclerotic
plaque characterization. It is a noninvasive technique with
excellent soft-tissue contrast that differentiates plaque
components on the basis of biophysical and biochemical
parameters such as chemical composition and concentra-
tion, water content, physical state, molecular motion, or
diffusion. MR provides imaging without ionizing radiation
and, thus, can be repeated sequentially over time for serial
studies. Our group has validated the use of MR for the
detection and characterization of atherosclerotic plaques in
vivo in different animal models and in several districts of
the arterial circulation.11,12,65–72 MR imaging permits highly
accurate in vivo measurement of artery wall dimensions in
human atherosclerotic carotid,73 aortic70 and coronary12

lesions.
Recently we used noninvasive, high-resolution MR

imaging to monitor the effects of lipid lowering by statin in
asymptomatic hypercholesterolemic patients.74 Atheroscle-
rotic plaques were assessed with MR at different time
points after initiation of lipid lowering therapy and signifi-
cant regression of atherosclerotic lesions was observed.
Importantly, despite the early and expected hypolipidemic
effect of the statins, a minimum of 12 months was needed
to observe changes in the vessel wall. There was a decrease
in the vessel wall area in both carotid and aortic plaques,
but no change in the lumen area at 12 months, in agreement
with previous experimental studies.11,75 The significant
reduction in lesion size without affecting the lumen seems
to be mediated by reduction in the plaque’s lipid content,

which suggests structural changes favoring stabilization.
Considering that the propensity of plaque to disrupt is a

major determinant of future ischemic events and that this
propensity is increased in plaque with a high lipid content,
covered by a thin fibrous cap and highly infiltrated by
inflammatory cells, the ability to identify such plaques may
have a major impact in the prevention of ACS by more
effectively risk-stratifying the disease. MR imaging, by
virtue of its ability to detect such characteristics in a nonin-
vasive fashion, has merit because the ‘Holy Grai’ in coro-
nary plaque imaging is a reliable in vivo method that can
discriminate between vulnerable and stable plaque.76

Taking advantage of the molecular processes involved in
atherothrombosis and of the rapidly evolving technology,
new molecular imaging modalities have been developed
and are presently actively under investigation by several
research groups. It has recently been shown that it is possi-
ble to target molecules with antibodies coupled to a contrast
molecule, which can be detected with MR. These molecu-
lar enhancers can potentially boost the ability of noninva-
sive MR imaging to detect high-risk vulnerable plaque and
enhance patients’ risk stratification.77,78

Thrombus Detection
Patients with unstable angina who suffer an event

frequently suffer a second event within the following 6
weeks because the thrombus that caused the original event
has not yet been organized into connective tissue and is still
active, allowing propagation of the thrombus and formation
of a secondary clot. Because MR is able to discriminate
and characterize the plaque components on the basis of
biophysical and biochemical parameters we use MRI to
visualize and characterize arterial thrombi in vivo.79

Recently, in a porcine model of obstructive carotid throm-
bosis we showed that MR can reliably and non-invasively
detect thrombotic material in the arterial circulation and
that the characteristic visual appearance of the thrombus
signal intensity allows accurately definition of thrombus
age (Fig6).80

Therefore, MRI not only provides a method of noninva-

Fig6. Arterial thrombus detection by MRI (from Corti et al80).

Fig7. Nonvinvasive coronary imaging by multislice CT-angiogra-
phy (A), EBCT (B), MR-angiography (C) and black blood coronary
plaque imaging (D) (modified from, respectively, Achenbach et al,98

Schmermund et al,99 Worthley et al,97 and Fayad and Fuster100).
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sively visualizing plaque and discriminating its components,
but also of accurately assessing the effects of treatments,
such as lipid-lowering therapy, and of timing the activity of
clots and determining when they become inactive.

Coronary Imaging
Several invasive imaging techniques such as X-ray

angiography, intravascular ultrasound (IVUS),81 angio-
scopy,82 infra-red light and optical coherence tomography
(OCT),83 as well as non-invasive techniques such as ultra
fast computed tomography (CT) and electron beam CT,84–87

MR and nuclear imaging techniques,88 such as scintigraphy
and positron emission tomography (PET),89 are available to
assess coronary heart disease. Most can powerfully identify
the morphological features of the disease such as luminal
diameter and stenosis or wall thickness, and some tech-
niques provide an assessment of the relative risk associated
with the atherosclerotic disease. However, most of these
imaging techniques are incapable of characterizing the
composition of the atherosclerotic plaque and therefore are
unable to identify vulnerable plaques.90

CT and MR angiography are the most promising for the
non-invasive visualization of coronary stenosis (Fig 7).91–93

Both imaging techniques have shown promising results for
the proximal portion of the vessel trees but lack of sensitiv-
ity and specificity in the mid and distal vessels presently
limit their clinical applicability. In addition these angio-
graphic techniques (as with X-ray angiography) do not
provide information on the composition of the vessel wall.
Therefore, high-resolution tomographic techniques allow-
ing detailed visualization of coronary plaques have been
developed,12,67,94 although there are technical difficulties in
relation to motion (both cardiac and respiratory) and the
small size of the coronary arteries and their tortuous, non-
linear course.95 In addition, high-resolution plaque imaging
is a relatively time-consuming technique, limiting its
applicability as screening method for the entire coronary
tree. The combination of different techniques could in the
future partially solve this problem. It is for instance possi-
ble that angiographic approaches may be used for mapping
purposes and high-resolution images only applied selec-
tively for the characterization of the lesion.96

Application to the coronary arteries suggests that MR
may supply information about coronary angiography, flow
velocity in addition to the characterization of the athero-
sclerotic lesions themselves within the coronary artery
wall. Although we are still along way from this ‘one-stop
shop’ of cardiac imaging, MR it will surely play a signifi-
cant role in cardiovascular imaging in the future.97
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