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How can we explore atherosclerotic plaque
composition and regression?
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[t used to be axiomatic that ather-
osclerosts was continuous, cumu-
lative, and irreversibly associated
with aging. However, since 1989,
when the first evidence of treatment-
induced lesion regression was
obtained tn animals, it has become
increasingly apparent that the
ultimate challenge—reversal of
established atherosclerosis—is fea-
sible. Intervention studies depend
on accurate measurement not only
of plaque dynamics, but increas-
ingly of plaque composition and
metabolic activity. It is important
to be able to identify vulnerable
plaques. In addition to intravascu-
lar ultrasound and its derivatives,
merged modalities have been
developed to provide valuable
molecular and metabolic imaging,
eg, using fluorodeoxyglucose
positron emission tomography or
ultrasmall superparamagnetic iron
oxide nanoparticles and multi-
detector computed tomography.
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therosclerosis is a diffuse

pathological process char-

acterized by the deposition

of lipid and other blood-
borne material within the arterial
wall of almost all vascular territo-
ries. Ensuing wall thickening may
significantly compromise the lumen,
leading to distal ischemia. The dis-
ease progresses silently with focal
clinical manifestations due essen-
tially to thrombosis complicating
lesion rupture. The term athero-
thrombosis combines the two ma-
jor components (atherosclerosis +
thrombosis) in cardiovascular pa-
thogenesis.

Until recently, atherosclerosis was
seen as continuous, cumulative,
and irreversibly associated with
aging. However, new evidence in-
dicates that plaque progression is
not inevitable.! Plaques can be
slowed, stopped, or even reversed.2-6
The path toward effective plaque-
regressing intervention is paved
by a better understanding of the
mechanisms underlying atheroma
dynamics.

PLAQUE GENERATION

Endothelial dysfunction is the ini-
tial hallmark of atherothrombosis.
Triggered by pathologic conditions
(risk factors, mechanical injury, etc),
it is characterized by functional dis-
ruption of the protective endotheli-
um, unleashing not only the inter-
nalization of cholesterol, but also
the recruitment of inflammatory
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cells into the vessel wall, initiating
the atherosclerotic process. Endo-
thelial function switches from anti-
to proatherogenic mode.

The biological incompetence of the
endothelium has two consequences.
At systemic level, it facilitates the
activation, adhesion, and aggrega-
tion of platelets to the dysfunc-
tional area; the activated platelets
serve as inflammatory mediators,
expressing various receptors inter-
acting with leukocytes and the acti-
vated endothelium, perpetuating
the pathologic process. At vascular
level, endothelial dysfunction is
characterized by the synthesis and
exposure of adhesive proteins that
facilitate the homing and internal-
ization of circulating monocytes
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into the subendothelial space,
where they become macrophages.
Enhanced penetration of circulating
lipids also occurs into the intimal
layer.” Cholesterol accumulation
plays a central role in atherogene-
sis. Low-density lipoprotein (LDL)
cholesterol binds to the subendo-
thelial space, where it undergoes
oxidation. Being highly toxic, oxi-
dized cholesterol is phagocytosed
by the vessel wall macrophages (a
normal body defense mechanism).

The oxidized lipids then trigger a
series of proinflammatory reactions
via different mediators, perpetuat-
ing the activation and recruitment
of monocytes-macrophages and in-
flammatory cells. Macrophages en-
gulf the lipid material and become
foam cells. Secondary changes may

occur in the underlying media and
adventitia, particularly in advanced
disease stages. Lesions progress to
fibroatheroma by developing a cap
of smooth muscle cells and colla-
gen (Figure 1).

FEASIBILITY OF
PLAQUE REGRESSION

The “discovery” that intravascular
cholesterol deposition is not an ir-
reversible process led to the con-
cept of reverse cholesterol transport
(RCT), in which cholesterol is trans-
ported back to the liver from the
vessel wall (Figure 2).89 Although
it was once thought that high-den-
sity lipoprotein (HDL) cholesterol
was the principal player in RCT,
we now know that apolipoprotein
Al (apoAl) is responsible for the
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Figure 1. Different mechanisms involved in atherosclerotic plaque generation.

Abbreviations: CAMs, cell-adhesion molecules; CRP, C-reactive protein; ET-1, endothelin-1; FDP,
fibrin degradation products; M-CSF, macrophage colony stimulating factor; MCP-1, monocyte chemo-
atiractant protein-1; MMPs, mairix metalloproteinases; NO, nitric oxide; PAI-1, plasminogen activator

inhibitor-1; PGI2, prostacyclin; SMC, smooth muscle cell; TE, tissue factor; tPA, tissue plasminogen

activator; TxAy, thromboxane Ay; VEGE, vascular endothelial growth factor.
Modified from reference 7: Corti R, Badimon JJ. Biologic aspects of vulnerable plaque. Curr Opin
Cardiol. 2002;17:616-625. Copyright © 2002, Lippincott Williams & Wilkins

254

metabolic fate of HDL cholesterol.
ApoAl is the major player in the
process of removing cholesterol
from the macrophages/foam cells
in the vessel wall. Thus infusion
of a cloned naturally occurring mu-
tation of apoAl (apoAl Milano)
induces vast plaque regression in
under a week in animal models.10
This suggests that atherosclerotic
plaque regression is pharmaceuti-
cally feasible.

The ultimate challenge in treating
atherothrombosis is to reverse es-
tablished atherosclerosis. Our group
provided the first preclinical evi-
dence of feasibility in 1989 when we
showed that HDL cholesterol infu-
sion regressed preexisting lesions in
a rabbit model of atherosclerosis.!!
Other LDL-lowering or HDL-elevat-
ing interventions corroborated this
finding in different models,10.12.13
while several HDL-elevating inter-
ventions have reduced atheroma
volume in humans.14-16

Aggressive LDL cholesterol lower-
ing has two effects. On the one
hand, it regresses atherosclerotic
plaque: in low-risk patients, this
requires protracted therapy (1 to 2
years) despite a demonstrable ef-
fect on circulating LDL cholesterol
in just 6 weeks,? while in high-risk
patients, regression is seen after
only 6 months4; these results sup-
port the strategy of LDL cholesterol
lowering and HDL cholesterol ele-
vation with aggressive statin thera-
py.6 On the other hand, separate
studies using similar statin dose
regimens have shown an associa-
tion with a reduction in clinical
events.!” However, the evidence
that plaque regression actually re-
duces clinical events remains indi-
rect. Imaging parameters of plaque
dynamics are for this reason com-
ing increasingly to the fore as surro-
gate end points for new antiathero-
genic therapies.18.19
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Figure 2. Schematic view
of cholesterol metabolism and
reverse cholesterol transport.
See text for further details.

Abbreviations: ABCAI, adenosine
triphosphate binding cassette trans-
porter Al; Apo, apolipoprotein; CETP,
cholesteryl ester transfer protein;

GI, gastrointestinal; HDL, high-den-
sity lipoprotein; HL, hepatic

lipase; ILDL, intermediate-sized low-
density lipoprotein; LCAT, lecithin-
cholesterol acyltransferase; LDL,
low-density lipoprotein; LDLr, low-
density lipoprotein receptor; LPL,
lipoprotein lipase; LRP, low-density
lipoprotein receptor-related protein;
oxLDL, oxidized low-density lipopro-
tein; SRA, scavenger receptor type A;
SR-B1, scavenger receptor class B
type 1; TG, triglycerides; VLDL,
very-low-density lipoprotein.
Modified from reference 8:
Chot BG, Vilahur G, Yadegar D,
Viles-Gonzalez JF, Badimon JJ.

The role of high-density lipoprotein
cholesterol in the prevention and
possible treatment of cardiovascular
diseases. Curr Mol Med. 2006;6:
571-587. Copyright © 2006,
Bentham Science Publishers.

PLAQUE IMAGING

Traditionally, atherosclerotic lesions
were described in terms of luminal
stenosis. However, this neglects
the real extent of atheroma, since
plaque growth in the early stages
follows an eccentric pattern, spar-
ing the vessel lumen. We now also
know that most cardiovascular
events occur in areas of nonsignifi-
cant stenosis.20 Thus, initial angio-
graphic studies with lipid-lowering
interventions associated the reduc-
tion in lipid levels with a reduction
in clinical events, but with “surpris-
ingly” little, if any, effect on the
degree of stenosis.2! This was often
attributed to “unknown mecha-
nisms.” Angiographic studies quan-
tified changes in luminal size, but
could not pick up changes in plaque
volume. Today, however, imaging
modalities are available for mea-
suring the impact of interventions
on plaque size.

Imaging techniques that evaluate
the entire vessel wall (and not sim-
ply the lumen, as in contrast angio-
graphy) are mandatory for accurately
monitoring the evolution of athero-
sclerotic lesions. More specifically,
if an imaging modality can profile
the composition and degree of
inflammation of a plaque, it will
identify those at high risk. Visuali-
zation of lesion composition has
thus become a focus of intensive
research, displacing simple mea-
surement of the stenosis itself.

Visualizing plaque
progression and regression

Tracking change in atheroma vol-
ume not only facilitates risk strati-
fication, but tests the efficacy of
antiatherosclerotic intervention.
Intravascular ultrasound (IVUS) is
an invasive imaging tool that accu-
rately measures not only luminal
size, but also the thickness (and
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even composition) of the entire ves-
sel wall. It may reveal plaques unde-
tected on contrast coronary angio-
graphy, including signs of recent
disruption.22 Serial IVUS in a pre-
specified arterial segment has been
used monitor response to various
therapies.6.16.18

Surface ultrasound measurement of
carotid and aortic wall thickness is
an accurate noninvasive technique
that permits correlation with clini-
cal events. Intima-media thicken-
ing (IMT) is a reliable parameter in
the serial measurement of carotid
plaque evolution, and is used a
marker of diffuse atherosclerotic
vascular disease.?3 Changes in IMT
have been used to monitor the re-
sponse of atheroma volume to an-
tiatherosclerotic therapy.19.24

Magnetic resonance imaging (MRI)
can portray detailed arterial anato-
my in almost all territories, although
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Figure 3. Magnetic resonance cross-sectional images at the same level of the aorta in a patient
treated with statins. Note that after 6 months of treatment the plaque volume is quite similar, reveal-
ing a haltering in plaque progression. At 18 months there is plaque volume shrinkage.

Reproduced from reference 3: Corti R, Fuster V, Fayad ZA, et al. Lipid lowering by simvastatin
induces regression of human atherosclerotic lesions: two years’ follow-up by high-resolution noninva-
sive magnetic resonance imaging. Circulation. 2002;106:2884-2887. Copyright © 2002, Lippincott

Williams & Wilkins.

it continues to be challenged by the
coronary tree. The combination of
multicontrast sequences has been
proposed as a technique for visual-
izing plaque anatomy and compo-
sition, based on differences in the
biophysical and biochemical proper-
ties of the plaque components.25 As
a noninvasive technique with high
spatial resolution, it has been used
to monitor plaque regression after
lipid-lowering treatment (Figure 3).2-4
The technique can also be merged
with positron emission tomography
(PET) to measure inflammation
within the vessel wall.26

Multidetector computed tomogra-
phy (MDCT) has recently attracted
much attention for measuring lu-
minal stenosis, coronary calcium,
and even noncalcified plaque vol-
ume.27-29 However, only its ability to
monitor changes in atheroma vol-

ume has been fully evaluated so far.
MDCT is being investigated for its
ability to determine plaque com-
position in terms of the differential
densities (measured in Hounsfield

units) of plaque and vessel wall
(Figure 4).30 1t can also be merged
with PET for metabolic studies of
vascular lesions.3!

Future trends:
molecular imaging

Despite sharing a hypothetically
identical origin, not all atheroscle-
rotic lesions are equal. For example,
those more prone to rupture—"vul-
nerable” plaques—are generally
eccentric, mildly stenotic, macro-
phage-rich, and covered by a thin
fibrotic cap separating their necrot-
ic lipid core from the bloodstream.
It is widely accepted that plaque
composition, rather than volume
or luminal stenosis, is the major
determinant of atherothrombotic
events. Hence the intense research
interest in the in vivo techniques
available for characterizing plaque
composition:

e [VUS, an invasive tool that differ-
entiates calcium-containing plaque
from soft lipid-rich plaques and fi-
brotic lesions, has long been consid-
ered the gold standard for studying
not only vessel wall anatomy, but
also lesion composition.32

e Palpography, an IVUS-derived tech-
nique, provides information addi-

A

Figure 4. Plaque characterization images: A, multidetector computed tomography, showing 62
Hounsfield units (HU) attenuation of cross-sectional image; B, combined Masson’s elastin-stained
histopathologic section; C, a-actin stained histopathologic section. Arrows: lipid.

Reproduced from reference 30: Viles-Gonzalez JF, Poon M, Sanz J, et al. In vivo 16-slice, mulii-
detector-row computed tomography for the assessment of experimental atherosclerosis: comparison with
magnetic resonance imaging and histo-pathology. Circulation. 2004;110: 1467-1472. Copyright ©

2004, Lippincott Williams & Wilkins.
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tional to conventional IVUS; by dif-
ferentiating between deformable
and nondeformable tissue, it can
detect vulnerable plaques with a
positive predictive value.

e Thermography uses temperature
heterogeneity as a marker of intra-
plaque metabolism, suggesting an
association between temperature
elevation and vulnerable plaque.

e Optical coherence tomography is
a new, catheter-based, high-resolu-
tion technology that produces im-
ages from backscattered echoes
similar to IVUS, but using a high-
bandwidth infrared light source in-
stead of an ultrasound-emitting
crystal. The resulting high resolu-
tion (P15 mm vs P150 mm with
IVUS) provides optimal plaque iden-
tification.

e Virtual histology is the spectral
analysis of the radiofrequency
ultrasound backscatter signals.33
Virtual histology IVUS has P90% in-
vitro accuracy in identifying differ-
ent types of atherosclerotic lesions,
making it a very promising tool for
plaque characterization.

Noninvasive modalities are headed
by MRI and MDCT, with their excel-
lent ability to identify lipid-rich tis-
sue. They have been used to charac-
terize potentially vulnerable plaques,
primarily in fixed structures such as
the carotid arteries. Although they
have been able to discriminate be-
tween different plaque compositions
in preclinical studies,30.34 their clin-
ical utility remains unproven. Their
noninvasive nature and high spa-
tial resolution have led them to be
merged with novel techniques for
visualizing plaque anatomy, activity,
and composition. The result—mo-
lecular imaging—can be considered
an in vivo equivalent of immuno-
histochemistry. The aim is to iden-
tify different molecules and/or cells
using radiolabeled markers that
enhance the signal wherever they
are deposited. The contrast agent

should identify the target not only
with high specificity, but also with
a signal intense enough to be de-
tected and differentiated from un-
labeled zones (Figure 5).35.36 Best
results are obtained with nano-
particles combining high binding
affinity for the target zone with the
ability to transport sufficient para-
magnetic contrast agent. Those
most widely employed are lipo-
somes and fluorocarbon-based
lipid emulsions. Preclinical models
have shown that ultrasmall super-
paramagnetic iron oxide (USPIO)

promising for the noninvasive
evaluation of plaque components.
Imaging derived from the detection
of positron emission by certain ra-
dionuclides such as '1C and 18F
gives PET great potential for visu-
alizing atherosclerotic plaques.
Deoxyglucose “competes” with glu-
cose as an energy substrate for
metabolically active cells, accumu-
lating incrementally with the level
of metabolic activity. Combination
with 18F to form fluorodeoxyglu-
cose (FDG) permits “visualization”
of cellular metabolic activity.31.40

Figure 5. The principle
behind molecular imag-
ing: the molecule of inter-
est (receptor, integrin,
adhesion molecule (1) is
recognized by a ligand (2),
usually a monoclonal an-
tibody, that has previously
been bound in vitro to
signal-transmitting sub-
stances (4) via a vehicle (3)
that binds specifically

to both.

Reproduced from
reference 36: [banez B,
Pinero A, Orejasb M,
Badimon JJ. Novel imag-
ing techniques for quan-
tifying overall athero-
sclerotic burden. Rev Esp
Cardiol. 2007;60:299-309.
Copyright © 2007,
Ediciones Doyma, SL.

nanoparticles are “attracted” by the
macrophages predominating in “vul-
nerable” plaques.37 The same ob-
servation applies in human carotid
arteries where USPIO accumulates
in the macrophage-rich zones of
unstable plaques.38 Most recently,
a 64-slice CT scanner was able to
detect macrophages present in an-
imal atherosclerotic plaques after
the intravenous injection of an io-
dinated contrast agent that specifi-
cally binds these cells.39 Although
such results are only preliminary,
these merged modalities are highly
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In confirmation of several animal
studies, recent work with FDG-PET
in humans suggests that “activated
macrophages” are responsible for
the observed FDG uptake. More-
over, a combination of PET and CT
in patients with transient ischemic
attacks has shown that the culprit
plaques exhibited more marked FDG
uptake than contralateral plaques.
Should this be confirmed, the tech-
nique could transform high-risk
plaque detection, as well as the
monitoring of treatment response
(to lipid-lowering drugs, etc).
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CONCLUSION

Atherosclerosis is a systemic dis-
ease with focal manifestations. Of
the various modalities available for
quantifying its burden in the differ-
ent vascular territories, only IVUS,
IMT, and aortic and carotid MRI are
also capable of accurately monitor-
ing plaque progression and regres-
sion. Assessment of plaque com-
position is a subject of intensive
research. Invasive IVUS techniques
can discriminate between different
components of atherosclerotic le-
sions, but their clinical impact re-
mains undetermined. Most effort is
centered on noninvasive modalities,
in particular the fusing of data sets
acquired by different modalities,
such as MRI-CT plus PET or target-
ed contrast media, thus combining
high spatial resolution with a snap-
shot of physiological plaque activity
and providing important clues to
plaque composition. A proven high-
performance imaging modality
would not only be critically impor-
tant in the direct assessment of
disease severity, it would also be
an invaluable tool in proof-of-con-
cept studies to demonstrate the ef-
ficacy and/or mechanism of action
of new antiatherosclerotic inter-
ventions prior to launching large,
long and expensive phase 3 trials.
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