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Summary
Several studies have been carried out on vulnerable plaque as the 
main culprit for ischaemic cardiac events. Historically, the most impor-
tant diagnostic technique for studying coronary atherosclerotic dis-
ease was to determine the residual luminal diameter by angiographic 
measurement of the stenosis. However, it has become clear that vul-
nerable plaque rupture as well as thrombosis, rather than stenosis, 
triggers most acute ischaemic events and that the quantification of 
risk based merely on severity of the arterial stenosis is not sufficient. 
In the last decades, substantial progresses have been made on opti-
misation of techniques detecting the arterial wall morphology, plaque 
composition and inflammation. To date, the use of a single technique 

is not recommended to precisely identify the progression of the 
atherosclerotic process in human beings. In contrast, the integration 
of data that can be derived from multiple methods might improve our 
knowledge about plaque destabilisation. The aim of this narrative re-
view is to update evidence on the accuracy of the currently available 
non-invasive and invasive imaging techniques in identifying compo-
nents and morphologic characteristics associated with coronary 
plaque vulnerability.
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Introduction

Atherosclerosis is a chronic degenerative dynamic disease of the 
arterial wall, which mainly involves large and medium-sized sys-
temic arteries. Clinical ischaemic symptoms, such as angina pecto-
ris, usually appear when an increase in myocardial oxygen require-
ments leads to a transitory imbalance between supply and demand 
(reduced supply and increased demand). This pathophysiological 
event is often caused by a coronary plaque that realises a flow-li-
miting stenosis reducing tissue perfusion (1). If this clinical situ-
ation is constant, coronary atherosclerotic plaques have been de-
scribed as stable lesions of fibrotic morphology (2). Athero-
sclerosis may, however, take on other clinical forms due to a 
sudden transition in clinical instability, causing unheralded events, 
such as myocardial infarction and stroke (3). The transition from 
asymptomatic (non-obstructive) to symptomatic disease is mainly 
related to a sudden atherosclerotic plaque rupture and subsequent 
thrombosis (4). These “vulnerable” lesions might be also non-ob-

structive plaques (5). Atherosclerotic plaque rupture occurs as a 
result of the interactions between external mechanical triggers and 
vulnerable regions of the plaque when forces acting on the plaque 
exceed its tensile strength (6-8). Even if part of the factors leading 
to stress on the plaque cap have been identified (i.e. blood press-
ure, excursion between systolic and diastolic pressure and arterial 
compliance) and specific intervention have been designed, many 
of these external forces is still unknown and therefore, it is pres-
ently difficult to design effective treatments to prevent plaque rup-
ture. However, plaque tissue properties undoubtedly determine the 
mechanical strength of plaques and may be a realistic target for 
therapeutic intervention, thereby decreasing the incidence of heart 
attack and stroke. Because of the central role of inflammation and 
hypercoagulability in the genesis and progression of a vulnerable 
plaque, a variety of circulating biomarkers has been identified 
(9-11). Although their clinical usefulness in the early diagnosis of 
acute myocardial infarction (AMI) has not been demonstrated yet, 
the measurement of inflammatory biomarkers of plaque vulner-
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ability (such as myeloperoxidase [MPO], C-reactive protein 
[CRP], interleukin [IL]-6), or CX3CL1/fractalkine) and of blood 
markers reflecting thrombogenic activity (fibrinogen, D-dimer, 
soluble (s)CD40L, sP-selectin and activated platelets) could pro-
vide some incremental information regarding the risk stratifi-
cation of patients (12-14). Despite the potential use of systemic 
biomarkers, the identification of the anatomic localisation of the 
plaque remains missing. Therefore, we believe that anatomically 
precise imaging is a medical need.

The “vulnerable plaque” was firstly defined as a non-obstruc-
tive, silent coronary lesion that suddenly becomes obstructive and 
symptomatic (15). It is responsible for the majority of acute coron-
ary events (16). The most complete definition of this phenomenon 
was proposed in 2003 by Naghavi et al. (15), reporting that vulner-
able plaques are not only susceptible to rupture, but they are more 
broadly susceptible to thrombosis or may rapidly progress to a cul-
prit lesion. On the basis of large retrospective autopsy studies 
(17-19), major and minor functional criteria were defined to po-
tentially assess the degree of vulnerability of a plaque (15) (▶ Table 
1). Some atherosclerotic plaque features are particularly associated 
to vulnerability: structural characteristics (increased lipid content, 
between 10 and 25%, the presence of a thin cap [<65 μm]), inflam-
matory cellular accumulation (activated macrophages), presence 
of positive remodelling of the coronary vessel and neovasculari-
sation. The size of the necrotic core and the thickness of the fi-
brous have been indicated as major structural determinants of vul-
nerability (20, 21). These aspects make the cap of a plaque less re-
sistant to the circumferential wall stress (22-24). The composition 
of the lipid necrotic core of a vulnerable plaque is characterised by 
an increased free/esterified cholesterol ratio, resulting in a higher 
risk of rupture and thrombosis (24-26). The high lipid content 
could be the reason for the yellow color of this type of plaque (15). 
Inflammatory cell infiltration a vulnerable plaque is particularly 
capable of degrading the extracellular matrix by secretion of pro-
teolytic enzymes (27, 28). Their activation is also related to a 
higher risk of intraplaque haemorrhage (IPH) (29) that is one of 
pivotal event in plaque disruption. As shown in a rabbit model 
(30), the accumulation of erythrocyte membranes within the 
lesion may increase the risk of plaque destabilisation by contribu-
ting to the deposition of free cholesterol, macrophage infiltration, 
and enlargement of the necrotic core (31). Another possible mech-
anism is that when a red blood cell (RBC) is damaged it releases its 
iron content which can activate the reactive oxygen species (ROS) 
thereby increasing the plaque vulnerability for rupture (30, 32). A 
vulnerable plaque has been shown to stimulate a vessel’s compen-
satory remodelling due to the digestion of the internal elastic lami-
na, which results in an eccentric growth of the atheroma and an 
outward enlargement of the vessel wall without luminal compro-
mise (15, 33-35). Historically, the most important diagnostic tech-
nique for studying atherosclerotic disease was to determine the re-
sidual luminal diameter by angiographic measurement of the ste-
nosis. However, it has become clear that vulnerable plaque rupture 
as well as thrombosis, rather than stenosis, triggers most acute is-
chaemic events and that the quantification of risk based merely on 
severity of the arterial stenosis is not sufficient. Therefore, in the 

last few decades a great deal of progress has been made in the field 
of techniques that allow us to study arterial wall morphology, 
plaque composition and its inflammation, and metabolic pro-
cesses. Despite some limitations due to the fact that a “histologi-
cally” defined vulnerable plaque might not clinically rupture (36), 
a gold-standard imaging technique should check each one of these 
structural characteristics to identify a vulnerable plaque. This tech-
nology should have high resolution in order to measure the cap’s 
thickness. It should also allow identifying and quantifying the cap’s 
cholesterol and the composition of the inflammatory cells, the 
presence of IPH, the iron content and the positive vessel remodell-
ing. Since the composition of the high-risk plaques varies, depend-
ing on their anatomical size, with striking heterogeneity even with-
in the same individual (37), non-invasive imaging modalities that 
are able to detect and characterise atherothrombotic lesions in 
their various stages and their different anatomical regions are 
clinically needed. Non-invasive techniques might allow us to 
rapidly screen low-moderate risk patients and therefore to prevent 
acute coronary syndrome (ACS). On the other hand, invasive 
techniques that have high microscopic resolution are needed to 
study the plaque composition during angiography in patients with 
known atherosclerotic disease.

The aim of this narrative review is to update evidence on the 
accuracy of the currently available non-invasive and invasive im-
aging techniques in identifying the plaque components and mor-
phologic characteristics associated with plaque vulnerability that 
could be used to improve the risk estimation of acute coronary 
events. This review of the published literature is based on the ma-
terial searched for and obtained via MEDLINE, PubMed and EM-
BASE up to November 2012. The search terms we used are: 
“atherosclerosis, plaque, vulnerability, instability, rupture risk” in 
combination with: “imaging, ultrasound, intracoronary imaging, 
IVUS, CT, MRI, PET, SPECT, nuclear medicine”.

Non-invasive techniques
Computed tomography (CT)

The possibility to non-invasively visualise coronary anatomy is the 
main reason for the current interest in CT. Its high temporal and 
spatial resolution allows detailed anatomical delineation of large 

Table 1: Histological criteria of plaque vulnerabilty. The presence of at 
least one of the major criteria or more than one minor criterion may indicate 
a higher risk for plaque complication. Adapted from Naghavi et al. 2003 [9, 
15].

Major criteria

Thin cap (< 100 µm) with large lipid core 
(>50% of the plaque’s total volume)

Active inflammation 

Endothelial denudation or superficial 
platelet  aggregation

Stenosis (>90%)

Minor criteria

Superficial calcified nodule

Yellow colour of the plaque 

Intraplaque haemorrhage (IPH)

Endothelial dysfunction 
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CT angiography suggests that this exam should be recommended 
to rule out coronary stenoses (42). It may be also used to visualise 
earlier stages of coronary atherosclerosis. Coronary calcium, a sur-
rogate marker for the presence and amount of coronary athero-
sclerotic plaque, can be detected and quantified by non-contrast 
CT, allowing us to stratify asymptomatic individuals with a 
stronger predictive power than stratification based on traditional 
risk factors (43). Coronary calcium measurements by CT may be 
useful in patients who, based on prior assessment of standard risk 
factors, seem to be at intermediate risk for future coronary artery 
disease (CAD) events. It may also be valuable when deciding to 
start lipid lowering therapy. Inoue et al. (44) evaluated the plaque 
changes (plaque, low attenuation plaque and lumen volume, re-
modelling index) by serial coronary CT angiographies in 26 statin-
treated patients as compared to eight subjects who refused the sta-
tin treatment (controls). Serial CT angiographic evaluations of 
coronary plaques allowed for the assessment of statin treatment-
related reduction of the plaque and necrotic core volume. Al-
though larger clinical studies are needed, a CT preliminary assess-
ment of the plaque composition might be useful to evaluate anti-
atherosclerotic effects of statin treatment.

The high CT attenuation of calcified structures allows for a 
simple visual and qualitative characterisation of plaque composi-
tion by dividing coronary lesions into calcified, non-calcified and 
mixed plaques (▶ Figure 1). Surprisingly, a higher prevalence of 
non-calcified and mixed plaques was found in the culprit lesions 
of patients with ACS, while patients with stable angina had more 
commonly calcified lesions. This evidence suggests that diffuse in-
traplaque calcification might be not associated with vulnerability.

The culprit lesions of patients with AMI, unstable angina and 
stable angina have been shown to have different calcification pat-
terns. In particular, in patients with AMI spotty calcified deposits 
within an arc of ≤90° were found (45). On the basis of the good 
correlation between intravascular ultrasound (IVUS) and multide-
tection CT (MDCT) in the evaluation of coronary plaques, and 
particularly the excellent sensitivity of MDCT in differentiating 
calcified and soft components, MDCT can be considered as a 
promising non-invasive standard criterion to accompany the in-
vasive imaging modalities (43).

IVUS defined thin-cap fibroatheromas (TCFAs) in ACS pa-
tients are more frequently associated with lesions classified as 
mixed by CT angiography (CTA) (46). With regard to non-calci-
fied plaques, there is a lack of persuasive evidence suggesting a re-
liable sub-classification of plaques as lipid-rich vs fibrous based on 
CT density measurement (47). The large plaque and necrotic core 
volumes in vulnerable plaques, as well as the outward vascular re-
modelling are identifiable by CTA. Density based software has 
been used to automatically define the plaque territory around the 
luminal contrast and to identify the necrotic cores. The culprit 
lesions in patients presenting with acute coronary events are posi-
tively remodelled, enclose a large soft area (less than 30 Hounsfield 
units), and reveal spotty calcium deposits.

The substantial difference in the mean density of these plaques 
is not only related to the lipid component, but is linked to the 
micro-architecture composition of the plaque itself which in addi-

and medium-sized vessels, so this technique can be considered the 
most accurate clinical method for non-invasive coronary angi-
ography. In 2000, 4-slice CT systems allowed coronary artery im-
aging for the first time, but only the proximal parts of the coronary 
artery were interpretable because limited spatial and temporal res-
olution restricted their clinical value for coronary artery visual-
isation (38). With the introduction of 16- and 64-slice systems, im-
proved temporal and spatial resolution, as well as substantially 
shorter scan times led to improved image quality throughout the 
entire coronary tree (39). A meta-analysis conducted in 2007 by 
Vanhoenacker et al. demonstrated a significant improvement in 
the accuracy for the detection of coronary artery stenosis for 
64-slice CT when compared with previous scanner generations. 
The pooled sensitivity and specificity for detecting a greater than 
50% stenosis per segment were 93% and 96% for 64-slice CT, 83% 
and 96% for 16-slice CT, 84% and 93% for 4-slice CT, respectively 
(40). In addition, a 256-slice CT system, whose large coverage 
along the patient’s longitudinal axis may allow for imaging of the 
entire heart in a single cardiac cycle, will become available in the 
near future (41). The consistently high negative predictive value of 

Figure 1: CT images of non-calcified plaque, mixed plaque, multiple 
spotty calcified plaques. A) Example of non-calcified plaques with corre-
sponding transversal sections. MDCT curved multiplanar reconstruction of 
the left anterior descending artery (LAD) showed a non-calcified plaque as-
sociated with positive remodelling and non-significant obstruction of the 
lumen (<50%) in the proximal segment (arrow). MDCT axial images (arrow-
heads) display short axis views at the site of the coronary lesion. The median 
(interquartile range) of MDCT densities of the plaque was 27 (20-60) HU. B) 
Example of mixed plaque with corresponding transversal sections on the left. 
MDCT curved multi-planar reconstruction of LAD showed extensive mixed-
type atherosclerotic disease with positive remodelling involving the proximal 
and medium segment of LAD, associated with significant (>50%) obstruction 
of the lumen (arrow). MDCT axial images display short axis views at the site 
of the coronary lesion (arrowheads). The median (interquartile range) of 
MDCT densities of the plaque at this level was 226 (158-583) HU. C) Example 
of multiple spotty calcified plaques of left circumflex artery (LCX) and LAD 
(arrows). Cross sectional views perpendicular to the axis of mid segment of 
the LAD showed calcified plaques without significant luminal obstruction (ar-
rowheads). Note the artifact of “blooming” due to partial volume averaging 
of dense calcium (which typically has an elevated atomic number). The medi-
an (interquartile range) of MDCT densities of the plaques at this level was 
771 (753-863) HU.
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tion to triglycerides is also composed of cholesterol, necrotic ma-
terial, smooth muscle cells and microscopic calcified components 
(48, 49).

The absence of vascular remodelling, of large soft area and of 
spotty calcium deposits in culprit lesions has never been reported 
in a patient with an acute coronary event; while on the other hand, 
the presence of all three characteristics in a plaque corresponded 
to a 95% likelihood of the lesion being a culprit lesion (50). In a 
prospective study of more than 1,000 patients, the same investi-
gators reported positively remodelled soft plaques in 7% of pa-
tients, and up to one-quarter of these individuals sustained an 
acute coronary event within the 48 month follow-up period. Con-
versely, patients who did not have these features in their plaque 
demonstrated less than 0.5% likelihood of developing an acute 
event over the same follow-up period. This study also confirmed 
that the plaques that were subsequently involved in acute events 
typically had a greater necrotic core volume and demonstrated 
positive remodelling in the initial CT angiography compared with 
plaques that were not implicated in acute coronary events (51).

Considering that current CTA devices do not reach enough 
spatial resolution to detect the thickness of the fibrous cap, this 
technology is unable to investigate this structure within plaques 
(52). Recently, a new sign of plaque vulnerability has been pro-
posed: a contrast rim around the plaque described as a ring-like 
contrast enhancement surrounding the coronary lesion. This im-
aging phenomenon may reflects vasa vasorum (VV) neovasculari-
sation of the plaque with active inflammation ring; other possible 
explanations are the presence of contrast surrounding thrombus 
material or of a large necrotic core separated by fibrous contents or 
native vessel wall (53, 54). This sign, although insensitive, was 
shown to be the strongest MDCT feature associated with TCFA at 
the culprit site, with a reported specificity >95% (53, 55).

Future developments (other than increased spatial and tem-
poral resolution) are going to improve detection of vulnerable 
plaques by MDCT, such as the use of multiple energy data sets (80 
kV and 140 kV), reducing the overlap of the attenuation of plaque 
components, and improving the possibility to highlight histologi-
cal findings potentially related to clinical vulnerability. CT has also 
shown promising preliminary results in the context of molecular 
imaging of intraplaque inflammation using targeted nanoparticle 
contrast agents. For example, N1177, a suspension composed of 
crystalline iodinated particles dispersed with surfactant with a 
high affinity to activated macrophages is used (56). In athero-
sclerotic rabbits, CT density of plaques after N1177 injection cor-
related with FDG uptake (57). However, despite encouraging find-
ings in animals, some authors have raised concerns about the low 
sensitivity of CT at detecting molecular contrast agents (58). Spec-
tral (or multi-colour) CT, which can identify types of tissue based 
on their characteristic energy-dependent photon attenuation, may 
thereby enhance the sensitivity of CT to detect targeted contrast 
agents. In atherosclerotic mice, spectral CT enabled the detection 
of intraplaque inflammation after injection of gold-labelled high-
density lipoprotein (HDL) nanoparticles designed to target acti-
vated macrophages (59). The feasibility and clinical applicability of 

CT for molecular imaging of plaque vulnerability awaits clinical 
translation to humans.

Magnetic resonance imaging (MRI)

MRI is a non-invasive imaging technique, which can offer an early 
assessment of the overall extent of carotid atherosclerotic burden 
in symptomatic patients, and the characterisation of the so-called 
“vulnerable” high-risk plaques. The patient is placed in a strong 
magnetic field, and images are obtained on the radiofrequency sig-
nal from water protons following administration of a radiofre-
quency pulse. The emitted signal varies according to the water 
concentration and the relaxation times: T1 and T2. By using 
T1-weighted, T2-weighted and proton density-weighted imaging it 
is possible to determine plaque anatomy and composition. 
Multiple MR-sequences, either with bright-blood (time of flight 
TOF) and black-blood flow suppression may help to identify the 
main components of vascular lesions such as the fibrous cap, lipid-
rich necrotic core (LRNC), IPH, neovasculature and signs of vas-
cular wall inflammation (60, 61).

Different studies have demonstrated that in vivo multicontrast 
magnetic resonance of human carotid arteries has a sensitivity of 
85% and a specificity of 92% for the identification of a lipid core 
and IPH (62, 63). Other extensive MRI studies have validated the 
characterisation of plaques by histological analysis of retrieved ca-
rotid endarterectomy specimens. In patients with mild to moder-
ate stenosis, the thin/ruptured fibrous cap was found to be associ-
ated with a lipid-rich necrotic core and symptoms, whereas in pa-
tients with severe stenosis, only the presence of ulceration at MR 
was associated with symptoms (64). Among the 138 patients who 
had moderate-severe carotid stenosis of 50-79%, the ones whose 
plaques were characterised by thinned or ruptured fibrous cap, 
large lipid necrotic core, IPH and maximum wall thickness had a 
higher incidence of cerebrovascular accidents (65). Thus, emerg-
ing evidence potentially links the biomechanical forces to the pa-
thogenesis of plaque vulnerability and to the timing of symptoms. 
Using MRI to calculate the mechanical stress with carotid plaques, 
Sadat et al. suggested that the maximum circumferential stress 
within the plaques of patients with acute symptoms exceeds that in 
plaques of recently symptomatic patients and that plaques associ-
ated with recurrent transient ischaemic attack (TIA) have signifi-
cantly higher stress than those associated with a single episode of 
TIA (66). As far as IPH is concerned, this may be visualised owing 
to the fact that the degradation of haemoglobin to metahaemoglo-
bin shortens the relaxation T1 times. Furthermore, recent haemor-
rhage appears as a bright signal on black-blood T1-weighted se-
quences and magnetisation-prepared rapid acquisition gradient 
echo (MP-RAGE) (67). Some MR studies have suggested a role for 
IPH in plaque destabilisation and have underlined its connection 
with subsequent cerebrovascular events. This role was questioned 
by Zhao et al. recently in a study of 181 patients (68-70). IPH con-
tributes to two features that synergistically increase the odds of 
plaque rupture: necrotic core size and plaque volume (71). The ac-
curate identification of IPH in patients with symptomatic carotid 
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diseases may be improved with the use of T1-weighted turbo spin 
echo sequences (TSE) (72, 73).

Since Sullivan first proposed that relative iron depletion was 
protective against cardiovascular disease, research has focused on 
the role of iron in atherosclerosis (74). Micro-haemorrhage with 
macrophage-mediated phagocytosis and degradation of aged red 
blood cells in atherosclerotic plaques leads to an accumulation of 
redox-active iron. Iron catalyses the degeneration of oxidised low-
density lipoprotein (LDL) via Fenton chemistry, and this acceler-
ates atherosclerosis. By using non-invasive carotid plaque T2 
measurements, Raman et al. found characteristic changes in vari-
ous forms of iron (decreased levels of paramagnetic-FE-(III) com-
plexes and similar total iron levels) in plaques that cause symp-
toms, thus supporting the dynamic presence of iron in the micro-
environment of atherosclerotic plaques (75).

On the other hand, while well-validated sequences and dedi-
cated coils are available for obtaining images of the carotid arteries 
and “vulnerable” plaques by MRI, cardiac and respiratory motion 
limits the current effectiveness of imaging in the coronary tree. 
Due to the presence of issues related to resolution, i.e. partial vol-
ume loss and low signal to noise ratio (SNR), the use of multi-
contrast MRI is limited to large arteries such as the carotid arteries 
or aorta. Therefore, due to motion, size and structure of the 
vessels, imaging of the coronary arteries remains challenging with 
multi-contrast MRI techniques (76). Contrast agents are needed to 
further improve the detection and characterisation of vulnerable 
plaques by MRI. Recent studies with nonspecific contrast agents 
have shown that these agents improve the detection and charac-
terisation of plaque components. Gadolinium, a contrast agent, is 
able to spread throughout the pathologic endothelium or the 
neovasculature in atherosclerotic plaque. Gadolinium enhance-
ment occurs in the fibrous cap and may correlate with the neovas-
cularisation. Thus, the use of these agents increases accuracy in 
identifying various plaque structures indicative of vulnerability 
(necrotic lipid core, fibrous cap and neovasculature [77, 78]). Mo-
lecular imaging is challenging for the detection of vulnerable 
plaques owing to the fact that molecular targets are often present 
in very small numbers, so molecular imaging probes need to be 
designed. As far as plaque vulnerability is concerned, active intra-
plaque macrophages are one of the earliest MR targets that were 
studied. Oxidised LDL, extracellular matrix, thrombus and recep-
tors associated with neovasculature are other targets indicative of 
plaque vulnerability (79). As stated earlier, the activation of mono-
nuclear phagocytes promotes the evolution of the atherosclerotic 
lesion. MRI may help to identify macrophage accumulation in the 
atherosclerotic plaque by examining dynamic kinetics of tissue en-
hancement after administering gadolinium contrast (80, 81) and 
by utilising USPIOS that target macrophages in vitro. Enhance-
ment of plaque tissue with Gadolinium contrast correlates strongly 
with macrophage content. Furthermore, activated macrophages 
infiltrating the plaque internalise ferromagnetic USPIOS, and this 
leads to a change in the resonance frequency of surrounding water 
molecules and to a shortening of their relaxation times that ap-
pears with signal loss in T2-weighted sequences (82). Various 
studies on carotid arteries have demonstrated the effects of statins 

on the progression of atherosclerotic plaque. Carotid MRI may be 
considered an ideal technique for monitoring vessel wall changes 
under treatment, and it has been extensively validated for its ability 
to evaluate plaque regression (83, 84). In the Familial athero-
sclerosis treatment study (FATS), carotid MRI demonstrated that 
prolonged intensive lipid lowering therapy is associated with a de-
creased lipid content of the atherosclerotic plaque, a characteristic 
of clinically stable plaque (85). Orion trial MRI showed that long-
term treatment with rosuvastatin was associated with a reduction 
of the lipid-rich necrotic core, whereas the overall plaque burden 
remained unchanged (86). The ATHEROMA TRIAL used US-
PIOS in 40 patients to demonstrate that aggressive lipid-lowering 
therapy with atorvastatin over a three-month period is associated 
with a significant reduction in plaque-uptake (87). As a result, 
MRI represents a promising technology for imaging vulnerable 
plaques thanks to the absence of ionising radiation, even if its ap-
plication is limited to large arteries such as carotid arteries or the 
aorta due to its spatial resolution. Imaging of the coronary arteries 
remains challenging due to the limited temporal resolution that 
hampers its application in the coronary circulation. The main ad-
vantages of this technique are that it is non-invasive and may be 
repeated sequentially over time.

Nuclear imaging

The rationale for the use of nuclear techniques in atherosclerosis 
imaging is that, thanks to its emission of gamma rays, a radiotracer 
can be co-localised with a cell or receptor of interest in the plaque, 
thus showing its functional characteristics. Those characteristics 
can be applied to non-invasively detect inflamed and potentially 
rupture-prone lesions.

The main advantage of nuclear imaging is its excellent sensitiv-
ity which allows us to detect sparse targets in the nanomolar range 
using a low tracer dose. Even though single photon emission com-
puted tomography (SPECT) and positron emission tomography 
(PET) were historically burdened by the low spatial resolution, hy-
brid imaging techniques have recently been introduced, adding 
the information of a molecular signal to the anatomical data ob-
tained by CT and MRI. This progress has led to an increase in in-
terest in the application of these techniques to the cardiovascular 
system.

PET

In 2001, for the first time, fluorine-18-fluorodeoxyglucose (FDG) 
uptake was accidentally found in the vascular wall of large arteries 
in a patient being studied by PET for cancer (88). The following 
year Rudd et al. (89) demonstrated the uptake of this radiotracer in 
human carotid plaques associated with ischaemic stroke. These 
data were confirmed by other studies which showed that FDG is 
taken up by macrophages and other hyper-metabolic cells within 
plaques where it can be measured by PET imaging, thus providing 
an opportunity for non-invasive functional imaging of athero-
sclerosis and showing that the greater the plaque inflammation, 
the greater the FDG uptake (90, 91). In control patients, not only 
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did culprit lesions have a greater concentration of inflammatory 
cells than normal arteries but also in comparison with stable 
plaques (92). Following these findings, several clinical trials used 
FDG uptake as a marker of inflammation within plaques and 
some of these trials revealed that treating patients with simvastatin 
resulted in a significant reduction in carotid plaque inflammation 
and consequent FDG uptake compared to dietary management 
alone, having also a pharmacological impact (93).

FDG-PET has also been used to define coronary plaques by 
prescribing a high-fat/low-carbohydrate diet in order to reduce the 
myocardium glucose uptake before the exam (94). An early pilot 
study conducted on coronary arteries demonstrated that FDG cor-
onary uptake is often associated with symptoms of acute myo-
cardial ischaemia (95).

Despite these advantages, some issues must be solved before 
embracing FDG-PET as an elective imaging technique in the field 
of coronary vulnerable plaque. First of all, only limited prospective 
data show that FDG uptake or changes in FDG uptake are corre-
lated to cardiovascular events (96), so it is necessary to wait for re-
sults of larger prospective cohort studies. Data on FDG uptake lack 
standardisation and data concerning false positive/negative sensi-
tivity and reproducibility are still rudimentary (97). In addition, al-
though coronary plaque imaging is feasible with FDG-PET/CT, 
this approach seems not qualified for the detection of histological 
features of plaque vulnerability. In fact, inflammatory activity in 
vulnerable plaques has been shown to play a pivotal role when lo-
cated in the very tiny regions of the fibrous cap. However, FDG ac-
tivity detected by the whole-body PET/CT is unlikely to measure 
specific macrophage activity around the fibrous cap. PET/CT 
rather assesses the whole plaque inflammatory activity. The last 
challenge that needs to be overcome is that mechanisms (other 
than inflammation, such as hypoxia) may generate the FDG up-
take signal associated with the plaque. Therefore, even if FDG 
seems to be a good marker of inflammatory atherosclerotic 
plaques, it cannot presently be used as a predictor of outcome of a 
given coronorary atherosclerotic lesion.

The limitations of FDG-PET in vulnerable plaque imaging 
require us to focus on novel detectable markers of the plaque biol-
ogy. In fact, depending on the radiotracer, a wide variety of physio-
logical and pathological processes can be studied at the molecular 
level using PET. In 2006, Matter et al. observed a choline accumu-
lation in the macrophages of activated atherosclerotic plaque in a 
murine model using Fluorine-18-labelled fluorocholine 
(18F-FCH) PET imaging (98). This technique allowed for better 
identification of plaques as compared to FDG-PET. In 2008, for 
the first time, Bacerius et al. (99) described the use of this radio-
tracer in human abdominal aorta and common iliac arteries. Flu-
orine-18-labelled fluoromethylcholine (18F-FMCH) showed 
promising results in detecting non-calcified lesions of the vessel 
wall, both in solely structural wall artery and in combined lesions 
with structural wall artery and inherent calcified parts. On the 
other hand, solely calcified vessel lesions did not uptake the tracer 
at all. Another prospective study has been carried out recently in 
this field (100), analysing the 18F-NaF uptake in the coronary ar-
teries by PET/CT. In this study, Dweck et al. stated that coronary 

uptake of 18F-NaF reflects active calcification in the athero-
sclerotic plaque, offering additional and complementary informa-
tion to the CAC scoring detected by CT. Several prospective 
studies are now needed to determine the relationship between 
18F-NaF uptake, morphological plaque characteristics and future 
cardiovascular events, and to identify novel detectable markers.

All these studies are limited not only by the appropriateness of 
the radiotracer, but also by the small size of the region of interest 
for target localisation in a beating heart, and the difficult prepara-
tion of the patient (94).

SPECT

SPECT differs from PET in several ways, including spatial resol-
ution and imaging sensitivity (▶ Table 2). In addition, specific 
SPECT ligands have been tested for probing some pathophysi-
ological processes of atherogenesis such as apoptosis, lipoprotein 
accumulation, inflammation, chemotaxis, angiogenesis, proteoly-
sis, and thrombogenicity (101).

Apoptosis of smooth muscle cells and macrophages is an im-
portant indicator of atherosclerotic plaque vulnerability. Annexin 
A5 is a protein which targets the phosphatidylserine surface ex-
pression of cells during the apoptotic process. Based on animal 
studies (102-104), the technetium Tc-99m-labelled annexin A5 de-
tection has been proposed to humans as a non-invasive in vivo 
technique to detect unstable atherosclerotic lesions. The first study 
in this field, reported by Kietselaer et al. (105), analysed the 
Tc-99m-labelled annexin A5 uptake in carotid atherosclerotic 
plaques of four patients with frequent TIA. They demonstrated 
that SPECT apoptosis detection of culprit lesions before endarte-
rectomy correlated with post-operative histological findings. 
Other human studies have been conducted, and have also shown 
the impact of statin therapy on the reduction of plaque apoptosis. 
A significant reduction in Tc-99m annexin A5 uptake after dietary 
modification and simvastatin therapy was observed by Hartung et 
al. (106). Despite these promising results, the use of Tc-99m-la-
belled annexin A5 to detect apoptosis is limited (107) because of a 
lack of resolution and specificity due to the tendency of annexin 
A5 to bind phosphatidylserine expressed by platelets within the 
thrombus, in addition to imaging difficulties of the coronary tree 
such as small plaque size and cardio-respiratory motion. Fur-
thermore, this radiotracer is not yet commercially available for 
clinical use (108). Further development of this tracer may event-
ually help to solve this preclinically observed difficulty to reach the 
clinical domain. Although 99mTc-annexin A5 remains the most 

Table 2: Differences between PET and SPECT notable for athero-
sclerotic plaque imaging. Adapted from: Nahrendorf M, et al. [221].

Spatial resolution (mm)

Imaging sensitivity (mol/l)

Depth of penetration

PET

1–2

10(-11)-10(-12)

no limit

SPECT

0.3–1

10(-10)-10(-11)

no limit
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largely studied tracer of apoptosis, alternative peptidic and non-
peptidic agents have been described, but the behaviour of these 
new compounds warrants further investigation.

In order to study atheromatous plaques, LDL has been labelled 
with several radioisotopes such as: Iodine-123, Indium-111 and 
Tc-99m (109). Among them, Tc-99m showed the greatest sensitiv-
ity for detecting vulnerable lesions, overall when labelled to oxidis-
ed LDL (110). Lectin-like oxidised LDL receptor 1 (LOX-1) is a 
cell surface receptor for oxidised LDL that has been implicated in 
vascular cell dysfunction related to plaque instability. In 2008, Ishi-
no et al. (111) designed and prepared 99mTc-labelled anti–LOX-1 
monoclonal IgG and investigated its usefulness as an athero-
sclerosis imaging agent. The accumulation ratios of 99mTc-
LOX-1-mAb for validated lesion ratios (such as atheromatous/
neointimal, atheromatous/fibroatheromatous, and atheromatous/
collagen-rich) were higher than those of 99mTc-annexin A5. 
These results suggest that LOX-1 might be promising to identify 
vulnerable plaques. This observation was confirmed by Li et al. 
(112), but further experimental studies are still needed for the vali-
dation of this compound. Another way to characterise a vulnerable 
plaque could be to detect peptides associated with LDL. Hardoff et 
al. (113) showed a significant uptake of a radiotracer based on the 
apo-B portion of LDL. Their experiment obtained weak results 
and to date, there are no noteworthy published studies applied to 
man.

Although several studies have attempted to show a correlation 
between plaque morphology and the measurement of macrophage 
content by detecting the antibodies directed at these cells, none of 
them were successful (113-117). One of the most recently pro-
posed techniques for quantifying the inflammatory cell content of 
a plaque is to visualise the expression of chemokines or receptors 
within the vascular wall. Monocyte chemoattractant protein-1 
(MCP-1) is one of the strongest chemotactic agents, attracting in-
flammatory cells to the atherosclerotic lesion. Ohtsuki et al. loca-
lised its receptor using 125I-MCP-1 in atheroma of rabbits (118). 
125I-MCP-1 activity correlated with macrophage content per unit 
area as confirmed by successive ex vivo immunohistochemistry 
and autoradiography results. Furthermore, elevated circulating 
MCP-1 levels have been found in patients with CAD and have 
been correlated with disease progression and poor prognosis 
(119). These data make this radiotracer interesting, thus further 
investigations are needed to show its potential in humans.

Matrix metalloproteinases (MMPs) are enzymes that degrade 
extracellular matrix components which play a crucial role in 
plaque rupture (120, 121). Understanding the precise activity of 
MMPs within the promotion of plaque destabilisation could be of 
great help in the field of preventing cardiovascular events. Fur-
thermore, Xie et al. demonstrated the potential benefit on plaque 
stability of therapeutically inhibiting MMP activity (122). Several 
studies have been conducted to analyse the feasibility of SPECT 
imaging of MMPs, most of them on animals, using Tc 99m as the 
radiotracer (123-126). Recently, Razavian et al. proposed the use of 
micro-SPECT and a radiotracer that specifically targets the MMP 
activation epitope to evaluate MMP activity in mice under high-fat 
diet (127). The most relevant observation of this study is the in 

vivo heterogeneous uptake of tracer along the aorta of mice, de-
monstrating a correlation between MMP content and plaque ac-
tivity. Although the detection of MMPs by SPECT is very appeal-
ing, further studies are needed to demonstrate the diagnostic accu-
racy in the detection of rupture-prone plaques as well as to investi-
gate the risk-benefit ratio (128). Wagner et al. recently described 
the first synthesis of an 18F-labelled MMP inhibitor usable in man 
(129). The first results of this human application should be avail-
able in the near future.

Limitations to the clinical application of non-invasive 
imaging techniques

A future challenge is the translation of these preliminary results 
from animals to human beings. First of all, it is necessary to deter-
mine which modality is most suitable for near-term clinical appli-
cation and which possesses the tools required to highlight a plaque 
in a quickly moving, narrow artery such as the coronary artery 
(2.5–3.5 mm diameter). A second problem is represented by the 
cost-effectiveness ratio. Nuclear imaging will not likely become a 
routine clinical application as a screening tool for vulnerable 
plaques in unselected populations in the near future, but it could 
become part of a tiered management strategy that first stratifies 
the risk population, and then is only applied to high-risk subpopu-
lations (130). However, one application for these technologies 
could be to find early signals of drug efficacy and to identify the 
correct doses, thereby minimising side effects.

Invasive techniques
Intravascular ultrasound (IVUS) on the vulnerable 
plaque

IVUS technology was invented in 1972 (131). An ultrasound unit 
is mounted on the tip of a catheter. This unit can consist of a single 
element piezoelectric material with a frequency range between 30 
and 45 MHz or of an array of 64 elements with a center frequency 
of 20 MHz (132). With regard to single element catheters, the 
beam will be steered by mechanically rotating the element, while 
for the array, the beam will be steered electronically (133). Ro-
tation devices are able to produce an image with a resolution be-
tween 100 and 150 μm (134). Phased array catheters are generally 
easier to set up and more flexible, but historically have suffered 
from lower resolution when compared to their mechanical 
counterparts, and this may result in poorer near field imaging 
(135). These catheters can be advanced through the groin, then 
through the aorta all the way into the coronary arteries, thus a to-
mographic image of the vessel, vessel wall and atherosclerosis can 
be created (133).

In the normal artery, two interfaces are usually observed, one at 
the border between blood and the leading edge of the intima and a 
second at the external elastic membrane (EEM), which is located 
at the media adventitia border. The tunica media is relatively sono-
lucent and, in good quality images, it can be visualised as a dis-
tinct, relatively sonolucent layer. In 30% to 50% of normal coron-
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ary arteries, the thin intima reflects ultrasound poorly, so it is not 
visualised as a separate layer (136-140). Lumen measurements are 
performed using the interface between the lumen and the leading 
edge of the intima (141).

Greyscale IVUS helps us to potentially determine vessel lumen 
size, distribution and severity of atherosclerotic plaque. In addi-
tion, it might be particularly useful in detecting the cross sectional 
area (142) (▶ Figure 2 A). Lipid-laden lesions appear hypo echoic, 
fibro muscular lesions generate low-intensity or “soft” echoes, and 
fibrous or calcified lesions are relatively echogenic. Using IVUS 
Greyscale we can distinguish four kinds of plaques based on the 
acoustic signal (▶ Table 3) (143), considering that the echogenicity 
and texture of different tissue components may exhibit comparable 
acoustic properties and therefore appear quite similar. Thus, IVUS 
is helpful at determining the echogenicity of vessel wall structures 

but it is not consistently able to provide actual histology (140). In a 
recent study by Low et al., the accuracy of Greyscale IVUS in de-
fining plaque characteristics in vivo has been analysed, using OCT. 
The sensitivity for IVUS detection of lipid content was 24.1%, and 
specificity 93.9%. Although detection of calcification had the high-
est reproducibility, its specificity was only intermediate (66.4%) 
with an excellent sensitivity (92.9%). The detection of a thin cap 
(defined as <65 μm) was difficult since the current best resolution 
of IVUS is 100 μm. The sensitivity and specificity of IVUS for de-
tection of intraplaque calcifications were 92.9% vs 66.4%, respect-
ively, while for disruption were 66.7% vs 96.1%. The authors con-
cluded that Conventional Greyscale IVUS may not be a reliable 
imaging modality for detection of lipid-rich and hence vulnerable 
plaques (144). However, Yamagishi et al. demonstrated the in-
creased risk of rupture of an eccentric atheroma with a relatively 

Figure 2: TFCA of the same plaque by IVUS and IVUS-VH. A) Gray-scale by IVUS. B) Image by IVUS-VH. Plaque composition: Red: necrotic core, Dark 
green: fibrous, Light green: fibro-fatty, White: calcified plaque. 

A B

Table 3: IVUS description of vulnerable 
plaque content.

Plaque 
 morphology

1) Soft

2) Fibrous

3) Calcium

4) Mixed

Ultrasound 
 appearance

Low echogenicity

Intermediate echogenicity 
(the greater the fibrous 
 tissue content, the greater 
the echogenicity of the 
 tissue)

Bright echoes that obstruct 
the penetration of sound 
(acoustic shadowing)

More than one acoustic 
subtype

Component of plaque

High lipid content 

Fibrous tissue content

Calcium deposit content 
 (described as superficial 
and deep)

Mixed components content

Limitations

It may also be:
- a necrotic zone 
- an intramural hemorrhage

Very dense fibrous plaques 
may be  misclassified as 
calcified

- IVUS can detect only the 
leading edge and cannot 
determine the thickness
 of the calcium
- reverberations or multiple 
reflections produced by 
Calcium

Areas of heterogeneous 
signal cannot be reliably 
distinguished by Grey scale 
IVUS
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such tissue to define a thin fibrous cap (155), 2) percent atheroma 
volume ≥ 40%. In their in vivo study, Rodriguez-Granillo et al. 
found that IDTCFAs were more prevalent in patients with ACS 
compared to stable angina (153). Thus, IDTCFAs appear to be a 
reasonable surrogate of unstable plaques (154). In the PROSPECT 
Trial (36), that is one of the few longitudinal studies that test the 
evolution of vulnerable plaques into culprit lesions, among pa-
tients who presented with an ACS and underwent percutaneous 
coronary intervention, the investigators identified three character-
istics of lesions that were significant predictors of subsequent 
events (▶ Table 5): 1) small luminal area (≤4.0 mm2); 2) large 
plaque burden (≥70%); 3) the presence of a thin-cap fibroathero-
ma. In contrast, the absence of IDTCFA was also associated with 
relative stability, and lesions with a necrotic core of less than 10% 
had a negligible likelihood of causing major adverse cardiac event 
(MACE) at three years (154).

Furthermore, IVUS was largely used to investigate the effect of 
anti-atherosclerotic drugs on coronary plaque geometry and/or 
plaque composition, mostly focused on statin therapy. A recent 
meta-analysis demonstrated that high doses and long duration of 
statin therapy is able to reduce the plaque volume and plaque com-
position in patients with stable angina and ACS (156). With regard 
to plaque composition, a regressive trend was seen for necrotic 
core volume but this did not induce a significant change in fibrotic, 
fibro-fatty, or dense calcium compositions.

Whereas IVUS was never found able to quantify the mechan-
ical properties of vascular tissues, endovascular ultrasound elas-
tography (IVUSe) was introduced to complement this technique. 
Nowadays IVUSe may be considered an emerging method that 
visualises the radial strain within vascular tissues. This technique 
assesses the local strain in the artery wall and in presence of 
plaques, using the phasic blood pressure change during the cardiac 
cycle as a natural force causing arterial tissue deformation. The 
principle is that in presence of soft material strain is higher than in 
presence of hard material. Thus, lipid-rich regions reveal signifi-
cantly higher strain values than fibrous-rich regions. Therefore a 
thin fibrous cap atheroma is less able to sustain the circumferential 
stress applied on it with subsequent strain increase on the elasto-
gram (157-160).

IVUS is also able to analyse additional intraplaque histological 
structures (such as the fibrous cap and the necrotic core) poten-
tially associated with vulnerability. IVUS analysis of intraplaque 
histologic patterns has been described and listed in ▶ Table 3.

Calcium content

Although coronary calcification is a marker for future acute coron-
ary events (160), the relationship between coronary calcification 
and plaque instability is controversial. In fact, although several 
IVUS studies have shown that unstable clinical symptoms are as-
sociated with less calcium (161, 162), Fujii et al. (163) suggested 
that even in patients who develop ACS as the first manifestation of 
CAD, coronary calcium is almost always present and usually ex-
ceeds the amount observed in asymptomatic patients or in those 
who have atypical symptoms. They demonstrated that ruptured 

large plaque burden, and a shallow echo lucent zone that was ob-
served by Grey scale IVUS (145).

Although conventional Grey scale IVUS improved the field of 
percutaneous coronary intervention (PCI), its ability to distinguish 
plaque sub-types is limited by inter- and intra-observer subjectiv-
ity as well as by its axial resolution. Virtual histology intravascular 
ultrasound (VHIVUS) has moved the goal posts a little further by 
utilising similar principles to IVUS but allowing real-time quan-
tification of plaque into differing subtypes. This technique uses 
similar equipment and ultrasound technology as the conventional 
Greyscale but employs spectral analysis to analyse the raw back-
scattered signal. VHIVUS uses autoregressive modelling to con-
vert radiofrequency data into a power spectrum graph that plots 
the magnitude of the backscattered US signal against the frequen-
cy (142). Statistical classification trees sorted the radiofrequency 
data based on the combination of spectral parameters into one of 
four plaque components: fibrous, fibro-fatty, necrotic core and 
dense calcium (▶ Table 4 and ▶ Figure 2 B). The initial model per-
formed well with predictive accuracy of 90.4%, 92.8%, 90.9% and 
89.5% for fibrous, fibro-fatty, calcified and calcified necrotic, re-
spectively (146).

Pathological studies have shown that thrombotic coronary oc-
clusion after the rupture of a lipid-rich atheroma with only a thin 
fibrous layer of intimal tissue covering the necrotic core (a thin-
cap fibroatheroma) is the most common cause of myocardial in-
farction and death from cardiac causes (147-149). In this context, 
TCFA plaques with large avascular, hypocellular lipid cores seem 
particularly prone to rupture and result in epicardial occlusion 
(150-152). Using VHIVUS, Rodriguez-Granillo et al. (153) de-
fined the IVUS-derived thin-cap fibroatheroma (IDTCFA) as a 
lesion that fulfills the following criteria in at least three consecutive 
frames: 1) necrotic core ≥10% without evident overlying fibrous 
tissue (the most accepted threshold to define a cap as “thin” has 
been set at 65 μm (154), but since the axial resolution of VHIVUS 
is between 100 and 150 μm, they assumed that the absence of vis-
ible fibrous tissue overlying a necrotic core suggested a cap thick-
ness of below 100 to 150 μm and therefore used the absence of 

Table 4: Colour code with VHIVUS and histological correlate.

Colour code

Histological 
correlate

Red

Necrotic 
core

White

Calcium

Dark 
green

Fibrous

Yellow-green

Fibro-fatty

Table 5: Characteristics of “vulnerable plaque” in the PROSPECT 
trial [36]. *described by Rodriguez-Granillo et al. [152] as a lesion with: 1) 
necrotic core ≥10% without evident overlying fibrous tissue and 2) percent 
atheroma volume ≥ 40%. 

1) Luminal area ≤4.0 mm2 

2) Plaque burden ≥70%

3) Presence of a thin-cap fibroatheroma*
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plaques had quantitatively less calcium, especially superficial cal-
cium, but a larger number of small calcium deposits, especially 
deep calcium deposits. On the other hand, it has been reported 
that these calcified nodules may be considered as a histological 
feature of plaque vulnerability (25, 147, 164). Calcified nodules 
close to the luminal surface of the plaque can protrude through 
and break the fibrous cap, thus leading to thrombus formation and 
ACS. Calcified nodules are also seen in the post-mortem histo-
pathological studies of patients who present with thrombosis and 
sudden coronary death (165). These studies demonstrated signifi-
cantly different IVUS findings between calcified nodules and non-
nodular calcium.

Vascular remodelling

Coronary arterial remodelling is the geometric alteration of the ar-
terial wall in response to the progression or regression of athero-
sclerosis. Patterns of arterial remodelling have been shown to play 
an important role in both the progression of de novo athero-
sclerosis (166-168) and in the re-stenotic process following PCI 
(169, 170). Positive remodelling (PR) can be defined as an increase 
in vessel area, in contrast, negative or intermediate remodelling 
(NR/IR) can be defined as a decrease or no change in vessel area 
(171, 172).

Hong et al. defined a remodelling index >1.05 as a true PR, a re-
modelling index ≤1.05 and ≥0.95 as intermediate remodelling 
(IR), and a remodelling index <0.95 as negative remodelling (NR) 
(173). These authors demonstrated by VH-IVUS analysis that PR 
was associated with more vulnerable plaque components as com-
pared IR/NR, regardless of their clinical presentation (▶ Table 4).

Plaque inflammation

Detection of macrophages within the fibrous cap requires a resol-
ution within 10-20 μm. Considering that IVUS resolution is 10-20 
times higher, it is impossible for IVUS to detect macrophages in 
atherosclerotic plaques (174).

Vasa vasorum (VV) neovascularisation

The VV are micro vessels that nourish the vessel walls (175, 176). 
Micro-computed tomography (MCT) and other methods have 
demonstrated that intraplaque VV appear in an early stage in the 
development of an atherosclerotic lesion and that this might con-
tribute to plaque rupture at a later stage (177). Dynamic structural 
changes related to inflammation induce the VV network’s enlarg-
ing in the adventitia and finally intraplaque neovascularisation, in-
creasing the risk of IPH. IPH is believed to occur from the dis-
ruption of thin-walled microvessels that are lined by discontinu-
ous endothelium without supporting smooth muscle cells (178). 
Microbubbles can be used to show the presence of VV in the 
atherosclerotic lesion. They can travel along the coronary arterial 
tree, reach its terminal network, and finally fill the VV (179). 
Then, microbubbles within the VV can then be detected by the re-
turned echo-signals of the IVUS transducer (179-181).

Several studies have shown an enhanced adventitial signal in 
coronary arteries in porcine models for atherosclerosis using this 
system. Moreover, although the study by Vavuranakis et al. (178) 
showed the feasibility and safety of detecting microbubbles as they 
flow in the coronary lumen and as they reach the wall of non-cul-
prit atherosclerotic plaques in patients with ACS, this technique is 
not yet ready for clinical use. For instance, high-quality software 
for three-dimensional reconstruction of VV remains to be devel-
oped (182). Once they have been developed, IVUS catheters and 
scanning methods will require regulatory approvals. Yet, develop-
ing a significant extension of the functionality of IVUS imaging is 
a promising prospect. In a near future, IVUS imaging of the coron-
ary intraplaque VV might be used as an additional biomarker of 
plaque vulnerability.

Optical Coherence tomography (OCT) in plaque 
 vulnerability

OCT is an intracoronary imaging modality similar to IVUS, but it 
uses near-infrared light instead of ultrasound (around 1,300 nm 
wavelength). Technically, it has a 10 times higher image resolution 
(10 to 20 µm) than conventional IVUS and has greater tissue 
contrast. Having better intraluminal image quality, OCT can dis-
tinguish three layers of the coronary artery wall, showing that the 
intima is the signal-rich layer nearest the lumen, the media is the 
signal-poor middle layer and the adventitia is the signal-rich layer 
surrounding the media (183). OCT is useful in evaluating plaque 
structure because it is able to microscopically analyse various com-
ponents of the plaque, including fibrous cap thickness, macro-
phage infiltration and lipid content (184). It has also proven to be 
able to visualise microstructures near the lumen, such as calcified 
nodules, erosions and small thrombi (184-187). The following 
plaque characteristics can be assessed by OCT.

Fibrous cap thickness

Among all intravascular imaging diagnostics, OCT is the main 
modality with sufficient resolution to measure the thickness of the 
fibrous cap. Fibrous cap has been defined by OCT as the mini-
mum axial distance from the coronary lumen to the inner border 
of the lipid pool, and its thickness can be measured at the thinnest 
portion in each plaque. Thin fibrous cap is one of the main charac-
teristics of a TCFA (188, 189). In an observational study, Jang et al. 
(190) compared the OCT in vivo measures in a cohort of 57 pa-
tients symptomatic for recent AMI, ACS (including non-ST-seg-
ment elevation AMI [NSTEMI] and unstable angina), and stable 
angina pectoris (SAP), showing that TCFA was more frequent in 
patients with AMI or ACS. In an autopsy study, Kume et al. (191) 
confirmed that OCT imaging provided an accurate representation 
of the thickness of the fibrous cap with a Bland-Altman test that 
showed a mean difference of -24 ± 44 μm between the thicknesses 
of the fibrous cap measured on OCT and digitalised histological 
images. A study reported by Sawada et al. (192) that compared 
OCT to VH-IVUS demonstrated the superiority of OCT technol-
ogy in this field. Despite this promising evidence, further studies 
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are needed before embracing thin cap OCT measurement as an 
elective imaging technique in the field of vulnerable rupture-prone 
plaques. Although 65 μm is the commonly used threshold to de-
fine thin fibrous cap, Yonetsu et al. claimed that this value may be 
inappropriate and requiring further investigations to confirm the 
correctness of this measure as a cut-off (193). These authors inves-
tigated the relationship between fibrous cap thickness and plaque 
rupture, studying 266 atherosclerotic lesions using OCT before 
PCI. They stated that in 95% of ruptured plaques, the thinnest cap 
thickness and most representative cap thickness were <80 and 
<188 μm, respectively, concluding that the widely accepted thresh-
old of <65 μm for coronary plaque fibrous cap thickness may not 
be appropriate for identify in vivo rupture-prone plaques. Thus, 
prospective imaging studies are needed to better define this rel-
evant aspect. Furthermore, the current methodology for determin-
ing fibrous cap thickness is derived from histology and is obtained 
by manual measurement at a single point or by averaging multiple 
measurements. Therefore, several new methods have recently been 
proposed to improve the accuracy of OCT in fibrous cap analysis. 
One of the most promising among them was reported by Wang et 
al. (194), who proposed a computer-aided method that is able to 
segment the boundaries and to show the three-dimensional (3D) 
morphology of the fibrous caps, thus providing complimentary in-
formation to the conventional metric. This method seems to be 
fast and could be used in future studies to achieve better charac-
terisation of fibrous caps thereby improving our knowledge about 
the mechanisms leading to plaque rupture.

Macrophage infiltration

OCT allows for an improved definition of both the density and the 
distribution of inflammatory cells within the plaque. This is possi-
ble because intraplaque macrophages are relatively large cells 
(30-50 µm), might include lipids and contain a high degree of op-
tical contrast. After measuring the intensity of the light reflected 
from the plaque by OCT, some authors described macrophages as 
a “bright spot” with high signal variance from the surrounding tis-
sue of the plaque, and with different refracting indexes (195, 196). 
They reported a positive correlation between histological and 
OCT data, and showed that this technology is able to detect a cap 
CD68 density >10% with 100% sensitivity and specificity. These 
data show that OCT (together with ultra-small super paramag-
netic iron oxides [USPIOs]) has a pivotal role in detecting inflam-
mation within the plaque, which sets it apart from the other invas-
ive technologies such as IVUS. Another notable advantage of OCT 
analysis of plaque inflammation is that it will likely improve our 
current knowledge about the physiopathology of plaque. In a re-
cent three-vessel optical coherence tomography study, Kato et al. 
demonstrated that macrophage infiltration is not only a feature of 
the culprit lesion, but it is also observed in non-culprit lesions and 
non-culprit vessels, thus proving that inflammation in ACS 
plaques is a multifocal phenomenon (197). Despite these appealing 
capabilities, further studies are needed both to validate the criteria 
for identifying macrophages by OCT and to develop robust meth-
ods for macrophage quantification.

Lipid content

High lipid content plaques produce a low intensity signal with 
poorly defined border (198). However, despite the high resolution, 
one drawback of the current OCT systems is the limited pen-
etration depth that does not allow the detection of lipid pools be-
hind thick fibrous caps. Further, the main limitation of tissue char-
acterisation by OCT is the inter- and intra-observer variation. 
Manfrini et al. analysed the inter-observer agreement the investi-
gation of different plaque characteristics and concluded that the 
sensitivity of this technique in the detection of high lipid content 
plaque was 45% (199).

Plaque calcium content

Calcified lesions can be detected by OCT as a hypo signal region 
within the plaque (198). A problem that needs to be solved is that a 
signal-poor region within the plaque could be interpreted as a lipid 
area. It has been observed that the only difference is the image of 
the border: lipid content is often associated with diffuse borders, 
while calcium has sharp boundaries (198, 199). Thanks to this ob-
servation, OCT has high sensitivity (96%) and specificity (97%) in 
the detection of this type of lesion. An interesting advantage of 
OCT is its ability in 3D volumetric calcium characterisation which 
cannot be obtained by IVUS because of the limited penetration of 
ultrasound in calcium (200) and it is only indirectly detectable by 
Election Beam CT with low reproducibility (201). In fact, the au-
thors showed that an analysis of the reproducibility had a mean 
variability of 19% for calcium score (calculated as the absolute res-
can difference divided by the mean calcium score, multiplied by 
100) (201).

It is also possible to detect superficial micro-calcifications, a 
distinctive feature of plaque vulnerability, as small superficial cal-
cium deposits. Furthermore, it is also interesting when having to 
choose a revascularisation technique since lesions with high cal-
cium content are associated with higher rates of stent malposition 
(202).

Plaque rupture/erosions

The “rupture” of an atherosclerotic plaque implies the discontinu-
ity in the fibrous cap that connects lumen with the lipid pool caus-
ing the formation of a cavity within the plaque, while the “erosion” 
has been defined as the loss of endothelial continuity with no cav-
ity formation (203). The reported ability of OCT to detect plaque 
erosions varies in different studies. Jang et al. reported that rupture 
was detectable by OCT in only 25% of their patients with STEMI 
(190). In a recent study, Stefano et al. analysed the role of FD-OCT, 
a promising new OCT technology in the evaluation of intermedi-
ate coronary artery stenosis, and observed that none of the ACS 
patients had plaque rupture or erosion depicted by FD-OCT in the 
suspected ‘‘culprit’’ vessels (204). On the other hand, Kubo et al. 
observed that rupture/erosion was detectable by OCT in 73% of 
their AMI patients (205). In 2009, a study showed that the rate of 
fibrous cap erosion detected by OCT in a group of unstable angina 
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patients was significantly higher than in the SAP group (59% vs 
9%) (206). The frequency of plaque rupture and erosion detected 
by OCT differs significantly, even among different types of un-
stable angina patients as shown by Mizukoshi et al. (207). A possi-
ble explanation for the different results of these studies might be 
the differences in the amount of time that elapsed between clinical 
presentation and image capture. Further investigations are needed 
to determine the ability of OCT in detecting plaque rupture/ero-
sion, as well as the ideal interval of time between clinical presenta-
tion and image capture, and its potential clinical implications.

Coronary thrombi 

The high resolution of OCT even allows a thrombus to be detected 
and characterised as red or white. Jang et al. showed that the detec-
tion rate of thrombotic material using IVUS is significantly lower 
than using OCT in patients presenting with AMI (208). Thrombus 
is identified as masses protruding into the vessel lumen from the 
surface of the wall. Red thrombi consist mainly of red blood cells 
and fiber content and the light cannot penetrate them. Thus, rel-
evant OCT images are characterised as high-backscattering pro-
trusions with signal-free shadowing, while white thrombi, consist-
ing of platelets, are characterised by signal-rich, low-backscatter-
ing billowing projections protruding into the lumen (143, 209). 
Recently, Bezerra et al. observed that OCT lacks the ability to dis-
tinguish a thrombus from other abnormal intraluminal phenom-
ena. Additionally, despite the high resolution of OCT, the presence 
of residual blood in the vessel during a procedure can lead to an 
artifact that might be erroneously identified as a thrombus (210).

Arterial remodelling

There is limited literature studying OCT plaque characterisation 
and remodelling. Considering its limited tissue penetration (1-1.5 
mm), OCT does not appear to be useful to study vessel remodell-
ing in the presence of a large plaque burden. In fact, OCT does not 
penetrate sufficiently to allow visualisation of the media (183). 

However, Kume et al. evaluated the relationship between coronary 
arterial remodelling as assessed by IVUS and plaque morphology 
studied by histological examination (211). They also compared the 
morphology between histopathology and OCT imaging, showing 
higher lipid content and larger plaque area in lesions with positive 
remodelling along with other characteristics of vulnerable plaque 
and ruptured plaques. Few other studies (212, 213) have analysed 
the role of OCT in the detection of arterial remodelling, showing a 
correlation with several characteristics of vulnerable plaque. 
Further investigations are needed to validate the criteria for iden-
tifying this aspect by OCT and to develop a standardised method 
for remodelling quantification.

Limitations to the clinical application of invasive 
 imaging techniques

A great challenge in the next few years will be to improve the abil-
ity of OCT to distinguish certain plaque characteristics, such as the 
differentiation between lipid and calcium content or precise 
identification of thrombotic material. This light-based energy 
technology also has poor tissue penetration depth (2 to 3 mm), 
thus giving OCT a lower capability to measure the size of the 
vessel and the area of the plaque under study as compared to IVUS 
(207). Furthermore, during the procedure a blood free imaging 
zone is needed. This is achievable through intermittent saline 
flushes from the guiding catheter. With this flushing technique 
and the image acquisition speed of current OCT systems, it is not 
possible to detect long arterial segments, and image acquisition is 
still complex. Despite these limitations, the high resolution of OCT 
provides more detailed structural information of the coronary ar-
tery compared with conventional imaging modalities, particularly 
in the detection of TCFA with inflammation, making OCT a great 
device in the field of vulnerable plaques and giving this imaging 
technique a bright future (206, 214). A second OCT generation 
(named frequency-domain OCT [FD-OCT]) might improve the 
precise identification of a rupture-prone atherosclerotic plaque. 
Thanks to a greater number of lines per frame (OCT vs FD-OCT: 

Table 6: Comparison between invasive and 
noninvasive imaging methods to study a 
vulnerable plaque. Spatial resolution

Specificity

Sensitivity

Plaque morphology

Penetration

Coronary imaging

Clinical use

Radiation

Side effects and  
specific features

CT

+++

+

+

+++

++++

+

+++

++

Nephrotoxicity  
due to the contrast 
agent, radiation 
 exposure

MRI

+++

++

++

++

++++

±

++

-

Systemic fibrosis 
due to the contrast 
agent

FDG-PET

+

++

++

-

+

-

-

+++

Radiation 
exposure

VH-IVUS

++

++

++

+++

+++

+

+++

-

Invasive

OCT

++++

++

+++

++

+

-

+

-

Invasive
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200 vs 450), higher frame rate imaging (OCT vs FD-OCT: 15.6 vs 
100 f/sec), pullback/speed (OCT vs FD-OCT: 1.0-2-0 vs 20 mm/
sec) and a simpler acquisition of spectroscopic and polarisation 
data (215-218), this new technology allows a more precise charac-
terisation of the vessel’s wall. In combination with a short, non-oc-
clusive flush of rapid spiral pullback, the higher frame rates enable 
to show the 3D microstructure of the plaque (219). However, the 
clinical use of FD-OCT to evaluate plaque features and severity of 
lumen stenosis require additional investigations. 

Conclusions and future perspectives

Several studies have been carried out on vulnerable plaque as the 
main culprit of major adverse cardiac events. Therefore, in our 
opinion defining the most appropriate invasive and non-invasive 
imaging techniques to identify “high-risk plaque” remains a great 
challenge. In this review, we focused on the main characteristics of 
invasive and non-invasive methods (▶ Table 6).

As discussed above, CT may be considered the most accurate 
clinical method for non-invasive coronary stenosis detection (40, 
220). However, a suboptimal tissue contrast and the radiation ex-
posure rendered CT a less suitable candidate for vulnerable plaque 
imaging (220). Nuclear techniques stand out because of their high 
sensitivity which allows us to detect sparse targets in the nanomo-
lar range using a low tracer dose, but these modalities have limited 
spatial resolution (PET: 1-2 mm, SPECT: 0.3-1 mm), considering 
the small size of the region of interest for target localisation in a 
beating heart. Although not currently available for routine use in 
vivo, multi-contrast MRI remains the most promising non-invas-
ive method for the imaging of vulnerable plaque in carotid ar-
teries, thanks to the absence of ionising radiation and the high spa-
tial resolution, even if its application is limited to large arteries. 
Imaging of the coronary arteries remains challenging due to the li-
mited temporal resolution that hampers its application in the cor-
onary circulation. However, new contrast agents targeting plaque 
components (such as endothelial cells or inflammatory cells) as 
well as molecular approaches are becoming available for MRI and 
other imaging modalities, and these data will improve clinical ap-
plications in the diagnosis, prevention and treatment of athero-
sclerosis.

IVUS and OCT are two different techniques that are used to 
evaluate coronary plaques. Unfortunately, both methods have vari-
ous limits in the correct detection of thin-cap fibroatheroma. 
Thus, it is difficult to diagnose TCFA using each of the modalities 
alone. Although a combination of complementary tools such as 
VH-IVUS and OCT might be a feasible approach for more accu-
rate detection of TCFA, the combined use of the two techniques 
appears laborious and costly. However, the combined use of VH-
IVUS and OCT could be a key tool for characterising the coronary 
model of future events (221). Moreover, a new device with both 
IVUS and OCT functions should be developed to enable the sim-
ultaneous use of both modalities.

To date, no single technique is able to precisely predict athero-
progression and the final clinical rupture. In contrast, the inte-

gration of data that can be derived from multiple methods might 
improve our knowledge about plaque destabilisation. However, at 
present, this promising clinical approach is limited due to cost and 
logistic reasons. Future studies have to focus not only on the possi-
ble development of each single technique, but they will also have to 
look into the integration of the techniques in order to optimise the 
approach in clinical practice.
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