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Abstract The concept of the vulnerable atherosclerotic
plaque first developed through histological evaluation of
post-mortem coronary arteries has been significantly ad-
vanced in recent years by new imaging modalities. Imaging
has: 1) verified histological findings, 2) identified features that
are associated with unstable plaque, 3) followed plaques over
time to study the dynamic nature of vulnerable plaque, 4)
predicted clinical events based on imaging features, 5) tested
the impact of medical interventions on plaque morphology.
This review will summarize the major findings of imaging
studies with a focus on how the knowledge base of vulnerable
plaque has been advanced.

Keywords Necrotic core . Plaque rupture . Acute coronary
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Introduction

Coronary artery disease accounts for nearly 500,000 deaths
and 1,000,000 myocardial infarctions per year in the US [1].
The sudden reduction of blood flow to the myocardium leads
to myocardial infarction (MI), chest pain, lethal arrhythmias,
heart failure, and cardiogenic shock [2]. Such acute coronary
syndromes (ACS) generally result from the formation of a
thrombus overlying a ruptured thin cap fibroatheroma (TCFA,
65 % of cases), over an erosion of a proteoglycan rich lesion
(35 % of cases) or occasionally over a calcified nodule [3]. By
and large, research has centered on the development and

causes of TCFA instability by studying the manner in which
fibroatheromas (either thin or thick cap) can progress and
subsequently rupture or regress to a more stable phenotype.

Utilizing recursive partitioning analysis, Narula et. al
showed that a fibrous cap thickness of <55 μm was the best
discriminator of plaque instability causing sudden death.
Vulnerable plaques also had larger necrotic cores and greater
macrophage infiltration [4•]. Computer modeling, however,
has shown that the degree of vascular remodeling and necrotic
core size, in addition to fibrous cap thickness, play a role in the
development of unstable lesions [5].

While autopsy studies have established the composition
and structure of high-risk lesions, there are inherent limita-
tions. The presence of plaque rupture with thrombus does not
prove causality [3] and sudden cardiac death occurs in the
absence of plaque rupture [6]. By definition, these studies are
biased towards those clinical events that caused cardiac death
and not the less significant clinical events caused by plaque
instability. Finally, autopsy studies cannot render information
on lesion progression, the timeline of high risk plaque devel-
opment, predictive features of future vulnerable plaques, or
the impact of medical therapy on plaque progression and
regression. Recent results using novel non-invasive and inva-
sive imaging modalities possessing the ability to define im-
portant features of plaque composition and structure has lent
insight into the dynamic nature of atherosclerotic plaques.
Table 1 summarizes the main features of the imaging modal-
ities covered in this review.

Non-Invasive Imaging Systems

Computed Tomography Angiography

Contrast enhanced coronary computed tomography angiogra-
phy (CTA) is typically performed with a 64-slice multi-
detector scanner after the injection of iodinated contrast. The
contrast enhances the arterial lumen. Calcium is visualized as
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high attenuation material while soft non-calcified plaque has a
lower attenuation, so plaques are categorized as non-calcified,
partially calcified or calcified. CTA can determine the degree
of stenosis as well as such atherosclerotic changes as plaque
volume, positive vascular remodeling, lipoprotein deposition
(non-calcified plaques), and calcification [7]. CTA is limited
by a spatial resolution of about 400 μm.

Positron Emission Tomography
with 18 F-Fluorodeoxyglucose

Positron emission tomography (PET) with 18 F-
fluorodeoxyglucose (FDG) measures metabolic activity by
assessing glucose utilization, thereby detecting active plaque
inflammation, a sign of vulnerable lesions. 18 F-FDG, a
glucose analog with the positron-emitting radioactive isotope
fluorine-18, is injected intravenously and is taken up by cells
that utilize glucose for metabolic activity. As the 18 F-FDG
undergoes radioactive decay, a PET camera detects and local-
izes emitted gamma rays. In atherosclerotic arteries, activated
macrophages with up to 50-fold higher glycolytic activity than
background tissue take up 18 F-FDG and can be visualized as
areas of active inflammation. The spatial resolution of active
inflammation is significantly improved by combining PET/
FDG with CT [8]. However, respiratory and cardiac motion
during the cardiac cycle combined with poor spatial resolution
make identification of the specific location of plaque inflam-
mation difficult and high glucose utilization of the myocardi-
um creates substantial background noise limiting this technol-
ogy [8, 9].

Invasive Imaging Techniques

Intravascular Ultrasonography

Intravascular ultrasound (IVUS) imaging systems consist of a
catheter incorporating a miniaturized ultrasound transducer of
either a single piezoelectric element with rotating mirror or an
array of multiple piezoelectric elements. The ultrasound fre-
quencies are 30 – 50MHz yielding a practical axial resolution
of about 150 – 250 μm and a lateral resolution of 250 μm,
limiting assessment of fibrous cap thickness. Ultrasound
waves are reflected at the interface of materials which have
significant differences in acoustic impendence such as be-
tween blood and the leading edge of the intimal layer and
the external elastic lamina. The medial layer is sonolucent and
the interface between the intima and media is not well visual-
ized secondary to similar acoustic impedance, hence plaque
burden is read out as the sum of the intimal and medial areas.
Virtual histology intravascular ultrasound (VH-IVUS) uses
advanced processing of grayscale IVUS signals by employing
spectral analysis of back-scatter signals. This allows such

plaque features as necrotic core, calcium, fibrous tissue and
lipid core to be better visualized [9]. VH-IVUS has the same
resolution as IVUS.

Optical Coherence Tomography

Optical coherence tomography (OCT) measures the echo time
delay and intensity of light that is reflected or back-scattered
from internal structures in tissue to produce cross-sectional
images [10]. Because OCT uses near-infrared light, a higher
axial spatial resolution of 10 – 20 μm is achieved [9]. OCT
visualizes all three arterial layers and can accurately assess
high risk plaque features such as fibrous cap thickness, ne-
crotic core, lipid content, calcium, nodules, plaque rupture,
dissection, erosions, and small platelet-rich and thrombin-rich
thrombi [10]. Early ex vivo studies on atherosclerotic arterial
segments showed that OCT has a high sensitivity and speci-
ficity for discriminating between fibrous, fibrocalcific and
lipid-rich plaques [11] and may be able to identify macro-
phage infiltration of the fibrous cap, a key characteristic of
vulnerable plaques [12]. OCT is limited by a penetration depth
between 0.5 and 1.5 mm, making assessment of larger arteries
difficult [10].

Near-Infrared Spectroscopy

Near-infrared spectroscopy (NIRS), designed to quantify lipid
core, emits infrared light to the vessel wall and collects ab-
sorbable spectra over a wide range of wavelengths. By using a
scanning near-infrared laser, the catheter can acquire 32,000
chemical measurements per 100 mm of artery at a pullback
rate of 0.5 mm/s with several millimeters of penetration into
tissue. Lipid core cholesterol has a unique spectral identifica-
tion allowing the NIRS catheter to detect and quantify the
amount of lipid in a plaque. Since NIRS only provides com-
positional data, a combination NIRS/IVUS catheter has been
designed to provide both plaque characterization as well as
chemical composition [13] (Fig. 1).

Angioscopy

Angioscopy, a fiber-optic bundle mounted on a guidewire,
directly visualizes the arterial luminal surface. Atherosclerotic
plaques are seen as well-demarcated white, yellow or orange
protrusions into the lumen. Deep yellow and yellow-red le-
sions denote lipid-rich atheromas with necrotic cores and a
thin fibrous cap, respectively, while gray-white color corre-
sponds with fibrous plaques. Patients with unstable angina
generally have predominantly yellow lesions, commonly with
ruptures and red thrombi [14]. A higher intensity of
angioscopic yellow color was associated with thinner fibrous
caps by OCT [15].
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Identifying High-Risk Lesions

Imaging studies have corroborated necropsy findings by as-
sociating vulnerable characteristics of lesions in vivo with
clinical events. Specifically plaques with a large plaque bur-
den, a high lipid content, and a thinner inflamed fibrous cap
have generally been shown to be associated with coronary
events. However, lesions other than TCFAs have also been
observed to cause thrombosis and coronary events.

Although coronary angiography is limited by the ability to
visualize only the arterial lumen and not the wall, early angi-
ography studies introduced the important concept of vulnera-
ble plaque. These studies showed that patients harbor angio-
graphically mild non-culprit lesions with the potential to cause
recurrent ischemic events. Ambrose et.al, in 1988 [16], dem-
onstrated that lesions causing subsequent myocardial infarc-
tions were not initially angiographically severe. In 23 patients
who had an initial cardiac catheterization and then went on to
develop anMI, the median percent stenosis was 48 %, and the
patients with q wave infarctions had less severe initial stenoses
than patients with non-q wave infarctions (34 % vs. 80 %
stenosis). Cutlip et. al followed 1228 patients for 5 years and
showed a 1-year 12.4 % event rate and a subsequent 6.3 %/
year event rate of non-culprit lesions in patients undergoing
culprit lesion stent implantation [17]. A study of 3,747 pa-
tients undergoing PCI showed that 10.8 % of patients required

revascularization of non-culprit lesions within a year for new-
ly developed symptoms with 68.8 % presenting with an ACS.
The initial severity of lesions requiring subsequent revascu-
larization was 41.8±20.8 % [18].

While angiographic studies have shown that lesions which
later progressed to cause clinical events generally were angio-
graphically mild in severity, CTA and/or IVUS demonstrated
that plaque burden is an important determinate of future
instability. By CTA, culprit lesions in patients with ACS have
significantly greater plaque area in addition to a higher re-
modeling index, higher prevalence of non-calcific plaque,
evidence of spotty calcification and contrast rims, and lower
radiographic density [19–21]. In an IVUS study of 74 ACS
patients comparing culprit with non-culprit lesions, culprit
lesions had smaller lumen areas and greater plaque burden
[22]. The plaque composition has also been shown to be
associated with clinical events. By NIRS, culprit lesions in
ACS patients were more likely to have a high lipid core
compared to non-culprit lesions (84.4 % vs. 52.8 %, p=
0.004), and non-culprit lesions in ACS patients were more
likely to have a high lipid core compared to stable angina
patients [23•]. In another NIRS study of 20 patients presenting
with STEMI comparing culprit to non-culprit lesions and to
autopsy control segments, the maximum lipid core burden
index distinguished culprit lesions from non-culprit lesions.
This index value was nearly six times greater in culprit lesions

Fig. 1 NIRS/IVUS representative image. IVUS/NIRS obtained from the
culprit lesion causing a NSTEMI in a 63 year old woman. Image on the
left demonstrates a high-grade lesion (area between dashed and dotted
circles) with attenuated plaque between 3 and 10 o’clock. The yellow
spectral circle on the outside displays the NIRS findings of the plaque
showing that the area between 5 and 10 o’clock is a lipid core plaque. The

top right display represents the lipid signal in yellow along the longitu-
dinal length of the artery while the bottom right display integrates the
longitudinal IVUS data with the NIRS chemogram. The green vertical
line designates the lesion location along the artery. The dashed circle
represents the external elastic lamina and the dotted circle represents the
lumen lesion interface
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and 87 times greater than autopsy segments free of large lipid
core plaque. A value of>400 had a sensitivity of 85 % and a
specificity of 98% for distinguishing between culprit and non-
culprit lesions [24].

Lesions with thin fibrous caps have been shown to correlate
strongly with coronary events by multiple imaging studies.
Jang et. Al, using OCT, analyzed lesions causing a recent acute
MI, ACS or stable angina and showed that plaques with thinner
fibrous caps were more common in MI and ACS patients
compared to stable angina patients. The median minimum
thickness of the fibrous cap was 47.0, 53.8, and 102.6 μm in
the MI, ACS, and stable angina groups, respectively
(P<0.034). The frequency of TCFAs (fibrous cap thickness
of <65 μm) was 72% in the MI, 50 % in the ACS, and 20 % in
the stable angina group (P=0.012) [25]. Kubo et. al compared
culprit lesions in MI and stable angina patients and showed
increased plaque rupture and intracoronary thrombus and sig-
nificantly thinner fibrous caps in MI lesions. Non-culprit
TCFAs also were significantly more common in MI patients
[26]. By comparing cap thickness by OCT in 71 ruptured
plaques and 111 non-ruptured plaques, ruptured plaque median
thinnest cap thickness was 54 μm (range 50 – 60 μm) and the
median most representative cap thickness was 116 μm (range
103 – 136 μm). For non-ruptured plaques, the results were
80 μm (67 – 104 μm) and 182 μm (156 – 216 μm), respec-
tively. The best cut-offs for predicting rupture were <67 μm for
the thinnest cap thickness and <151 μm for the most represen-
tative cap thickness [27]. Of interest was a study showing that
ACS patients with symptoms at rest have rupture of thinner
caps than those that rupture with exertion (50 μm vs. 90 μm),
evidence that there may be a spectrum of plaque vulnerability
and rupture [28].

While a fibrous cap thickness of <65 μm is a strong predic-
tor of subsequent plaque rupture, two studies have shown that
ruptures also occur in fibroatheromas with thicker fibrous caps.
By OCT, Tanaka et. al showed that 33 % of ruptured plaques in
acute coronary syndrome patients possessed a fibrous cap
thickness of >65 μm up to 140 μm in thickness [28]. In
STEMI patients, Toutouzas et. al also demonstrated by OCT
that fibrous cap thickness ranged from 30 – 140 μm. In only
50.9 % of patients did an OCT-defined TCFA cause the infarct
[29•]. Ino et. al showed a higher incidence of plaque rupture
(70 % vs. 47 %, P=0.33), thin-cap fibroatheroma (78 % vs.
49 %, P=0.008) and red thrombus (78 % vs. 27 %, P<0.001)
by OCT in culprit lesions causing STEMI compared to lesions
causing non-ST elevation ACS. In addition, while the lumen
area at the site was similar in both groups, the ruptured cavity
area was significantly larger in the lesions causing STEMI [30].

Imaging studies have also identified unique plaque charac-
teristics that correlate with clinical events. By OCT, plaques of
ACS patients had in addition to thinner fibrous caps, a wider

lipid arc, larger lipid volume, and increased number of mac-
rophages compared to non-ACS patients [31]. By VH-IVUS,
ACS patients had more lesions containing plaque ruptures and
thrombosis and VH-TCFAs with larger necrotic cores and less
fibrous tissue compared to stable angina patients [32]. Certain
calcium patterns including a larger number of calcium de-
posits but within an arc of less than 90 degrees have been
associated with plaque rupture [33]. Correlating findings with
OCT or VH-IVUS, CTA identified TCFAs on the basis of
positive remodeling, low plaque attenuation, and ring-like
enhancement [34, 35]. A napkin-ring sign by CTA, a ring-
like attenuation of a non-calcified plaque, indicated the pres-
ence of a high-risk lesion with 98.9 % specificity compared to
histology (95 % CI: 97.6 % to 100 %) [36•]. This finding also
had an 88 % positive predictive value for detecting disrupted
plaque identified by angioscopy [37]. Plaque neovasculariza-
tion can only be identified by OCT as micro-channels and
correlated with plaque rupture, thinner fibrous caps, and ele-
vated levels of hs-CRP [38] and lesion progression [39].
Finally, imaging studies that detect inflammation have
shown the importance of the increased presence of macro-
phages in unstable plaques. By OCT, plaque rupture sites
demonstrated significantly greater macrophage density [40]
and in an FDG-PET study comparing 10 patients with ACS
to 15 patients with stable angina, the ACS patients had
higher FDG uptake in the ascending aorta and left main
coronary artery. Culprit lesions had greater FDG uptake
than non-culprit lesions demonstrating on-going plaque
inflammation in vulnerable lesions [41].

While a high plaque burden and a thin fibrous cap are
unstable features that define a TCFA, other studies have
identified lesion anatomic categories other than TCFA that
may cause acute vessel thrombosis. Kim et. al, using
VH-IVUS to assess the incidence of culprit plaque rupture
in 172 patients with ST-elevation MI showed that only half
the plaque ruptures demonstrated findings of a TCFA, i.e.
plaque burden over 40 % and necrotic core over 10 % of
plaque area, while the other half showed features not
thought to be indicate vulnerability. These included 1 %
thick capped fibroatheromas, 19 % fibro-calcified plaques
and 11 % showing pathologic intimal thickening [42•].
Multi-modality imaging using both VH-IVUS and
angioscopy in patients presenting with ACS showed that
54.8 % of thrombotic lesions had no rupture [43]. Analysis
by VH-IVUS showed that thrombotic lesions with and
without plaque rupture were very similar, except that
thrombotic lesions without plaque rupture were more likely
to be a TCFA (74 % vs. 58 %) with a significantly larger
necrotic core. These data suggest other pathophysiologic
mechanisms associated with thrombus formation in the
absence of a ruptured plaque including plaque erosion,
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small (and undetectable) plaque ruptures, and potentially
un-ruptured TCFAs with superimposed thrombosis.

Dynamic Nature of Atherosclerotic Lesions

The ability of imaging modalities to serially image lesions has
better defined the natural history of putative high risk lesions,
those predictive features of future clinical events, as well as
the response of vulnerable features to medical therapy. Two
serial VH-IVUS studies added important insights into dynam-
ic, plaque compositional changes over time. In an evaluation
of 99 patients (77 % with stable angina), followed for 12
months, 12 TCFAs developed, six from pathological intimal
thickening and six from thick-cap fibroatheromas, while base-
line fibrous and fibrocalcific plaque progressed less often. Of
the 20 baseline TCFA lesions, 15 (75 %) regressed on follow
up, with 13 becoming thick fibrous cap atheromas and two
becoming fibrotic lesions [44••]. On the other hand, a serial
study of patients presenting with a STEMI showed that only
22 % of non-culprit TCFAs regressed after 13 months, while
the remainder demonstrated a significant progression in lesion
severity and an increase in necrotic core size [45••]. The
varying results of the two studies implicate a role of inflam-
mation in STEMI patients leading to a persistent presence of
high-risk lesions.

In a prospective study of 552 coronary artery disease
patients who underwent angioscopy and were followed for
57.3±22.1 months, the presence of multiple yellow plaques
per vessel was an independent risk factor for subsequent acute
coronary events [46]. Of 30 patients with non-culprit ruptured
plaques, 23 % were healed at ≤12 months and 55 % were
healed at >12 months. Patients with higher CRP levels had
lower rates of plaque healing, illustrating the role of inflam-
mation and dynamic plaque changes. Healed ruptured plaques
showed progressive angiographic stenosis on follow up, ver-
ifying findings of VH-IVUS studies showing multiple layers
of healed plaque rupture within advanced angiographic severe
stenoses [47].

Although there is a lack of serial NIRS studies in humans,
in a study of diabetic/hypercholesterolemic pigs that develop
vulnerable, human-like coronary lesions, NIRS lesions show-
ing high lipid core plaque at 6 months predicted the develop-
ment of plaques with vulnerable features at 9 months includ-
ing high-risk fibroatheroma with larger plaque area, larger
necrotic core area, and thinner fibrous caps with a high con-
centration of inflammatory cells [48]. Clinical studies evalu-
ating the ability of NIRS to predict high risk lesions in humans
are currently underway.

Medical therapy may impact vulnerable plaque features
associated with clinical events. In a natural history study of
32 patients with ACS treated with contemporary

pharmacologic therapy who underwent CTA at baseline and
at a median of 39 months later, the minimum lumen diameter
increased by 0.15 mm (−0.09 to 0.24, p=0.039) while total
atheroma volume increased by 6.7 % (p=0.029) and was
accompanied by positive remodeling in 53 % of patients.
Patients with subsequent coronary events had a higher nor-
malized total atheroma volume at baseline (969.72 mm3 vs.
810.77 mm3, p=0.010) [49]. Statin use has been shown to
decrease total plaque volume and low attenuation plaque
volume by CTA [50]. Multiple IVUS studies evaluating the
effect of statins show a favorable change in vulnerable plaque
features including healing of plaque rupture and an increase in
lumen area [51], a decrease in atheroma volume [52], and a
decrease in fibro-fatty volume with an increase in fibrous
tissue volume [53]. Statin treatment was also shown, by
OCT, to increase fibrous cap thickness, lending imaging evi-
dence for the plaque stabilization effects of statins as a mech-
anism for decreasing acute coronary events [54].

Predicting Future Ischemic Events

Prospective imaging studies have identified those high-risk
plaque features which correlate with subsequent clinical
events or plaque progression, thereby establishing a paradigm
for the prophylactic treatment of lesions before they cause
clinical events. For example, plaques demonstrating positive
remodeling and low-attenuation by CTA have a higher risk of
causing ACS. Motoyama et. al followed 1,059 patients for 27
±10 months and showed that 22.2 % of patients (45/1,059)
with remodeled, low-attenuation plaques developed ACS
compared to 3.7 % of patients (1/27) possessing plaques
which displayed only one of the features. Of the 820 patients
with neither feature, the rate for developing an ACS event was
0.5 %. Positive remodeling and/or low-attenuation were inde-
pendent predictors of ACS events (HR: 22.8, 95 % CI: 6.9 to
75.2, p<0.001) [55]. Yamamoto et. al followed 511 patients
for 3.3±1.2 years. The presence of non-calcified atheroscle-
rotic plaques by CTAwith both low attenuation and positive
remodeling predicted cardiovascular events (HR:11.2, 95 %
CI, 3.71 – 36.7, p<0.0001) [56].

The largest invasive natural history study on vulnerable
plaque was PROSPECTwhich followed 697 patients present-
ing with an ACS. After PCI of the culprit lesion, three-vessel
VH-IVUS was performed. Follow-up angiography was not
mandated. At 3 years the cumulative major adverse cardio-
vascular event rate was 20.4 % of which 11.6 % were in non-
culprit lesions. Most non-culprit lesions that caused subse-
quent events were angiographically mild at baseline (mean
diameter stenosis of 32%), but were characterized by a plaque
burden >70% by IVUS, a minimal luminal area of 4.0 mm2 or
less, or were classified as a VH-TCFA [57••]. When the lesion
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possessed all three features, the subsequent event rate was
18.2 %. In an analysis of all 3,115 non-culprit lesions at
baseline, increasing severity of angiographic stenosis correlat-
ed with increased prevalence of high-risk features including
IVUS minimum luminal areas of ≤4 mm2, IVUS plaque
burden over 70 %, greater necrotic core volume, and VH-
TCFA [58]. The VIVA study, a similar but smaller prospective
study, corroborated these findings. Patients with stable or
unstable coronary disease (n=170) underwent three-vessel
VH-IVUS and were followed for a median of 1.7 years. The
presence of a VH-TCFA (HR: 7.53, p=0.038) and a plaque
burden >70 % (HR: 8.13, p=0.011) predicted future cardiac
events [59].

The PREDICTION study used VH-IVUS plaque features
in addition to local hemodynamic characteristics to predict
future non-culprit lesion coronary events in 506 patients with
an ACS event treated with PCI. Baseline three vessel
VH-IVUS study and assessment of endothelial shear stress
using a computational model was performed. A subset of 374
patients had a follow up study at 6 – 10months. An increase in
plaque area and a decrease in lumen area of non-culprit lesions
were predicted by a large baseline plaque burden while low
endothelial shear stress predicted a decrease in lumen area.
Adding low endothelial shear stress to large baseline plaque
burden increased the positive predictive value to predict pro-
gression of an obstruction leading to angina from 22 % to
41 %. If both features were absent, the negative predictive
value of plaque progression was 92 % [60••].

Conclusion

New imaging modalities have advanced the field of vulnera-
ble atherosclerotic plaque research. Many findings determined
by histological evaluation of post mortem samples have been
verified in vivo and further advanced by invasive and non-
invasive imaging. The main features that characterize a vul-
nerable plaque and predict future coronary events are greater
plaque burden, larger lipid and necrotic core, thinner fibrous
caps, and inflammatory cells infiltrating the fibrous cap.
However, a significant percentage of lesions causing events
are not the classically defined TCFA. Arteries with a ruptured
plaque have been shown to possess a number of high-risk
lesions supporting the hypothesis of pan-coronary inflamma-
tion. In vivo imaging has shown the dynamic nature of vul-
nerable plaque, with both plaque progression and regression
being common findings.With the further development of non-
invasive imaging that minimizes radiation and cost, and inva-
sive imaging systems that minimize risk, it is conceivable that
a screening strategy of asymptomatic patients may identify a
high-risk population that would benefit from aggressive pro-
phylactic medical or interventional treatment.
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