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CT imaging features of carotid artery plaque vulnerability
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Abstract: Despite steady advances in medical care, cardiovascular disease remains one of the main causes 
of death and long-term morbidity worldwide. Up to 30% of strokes are associated with the presence of 
carotid atherosclerotic plaques. While the degree of stenosis has long been recognized as the main guiding 
factor in risk stratification and therapeutical decisions, recent evidence suggests that features of unstable, 
or ‘vulnerable’, plaques offer better prognostication capabilities. This paradigmatic shift has motivated 
researchers to explore the potentialities of non-invasive diagnostic tools to image not only the lumen, 
but also the vascular wall and the structural characteristics of the plaque. The present review will offer a 
panoramic on the imaging modalities currently available to characterize carotid atherosclerotic plaques and, 
in particular, it will focus on the increasingly important role covered by multidetector computed tomographic 
angiography. 
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Cardiovascular disease

The numbers of atherosclerosis 

Atherosclerosis (ATS) is a chronic vascular disease which 
represents one of the major causes of morbidity and 
mortality worldwide. A number of modifiable risk factors 
for atherosclerosis have been described, such as smoking, 
dyslipidemia, high blood pressure, hypercholesterolemia, 
and diabetes mellitus, among others. 

The first sign of ATS appears to be the presence of fatty 
streaks in arterial walls, which progressively develop into 
the so-called atheroma and vascular plaques. The clinical 
consequences of these plaques vary according to their 
location, the degree of resulting stenosis and their growth 
rate (1). 

In particular, for what concerns carotid plaques, even 

though certain types of atheromata can remain stable 
for many years, others rupture (unstable or vulnerable 
plaques). Such event can lead to local thrombus formation 
and subsequent embolisation to the ipsilateral ophthalmic, 
middle cerebral, or anterior cerebral arteries. As a result, 
a number of clinical manifestations may ensue, such as 
ipsilateral amaurosis fugax or retinal infarction, controlateral 
body transient ischaemic attack (TIA) and stroke (2).

Since atherosclerosis is most frequently asymptomatic, 
it is difficult to determine its incidence with accuracy. 
However, coronary heart disease appears to be the leading 
cause of death in Western countries, with more than 
370,000 deaths per year. A population study designed 
to investigate the prevalence of asymptomatic carotid 
atherosclerotis in the general population showed that its 
general prevalence could be as high as 25% in adults (3,4). 
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Pathogenesis of the atherosclerotic plaque

The vast majority of strokes are of ischemic etiology 
and up to 30% correlate with the presence of carotid 
atherosclerotic plaques (5,6).

The etiopathogenesis of the atherosclerotic plaque 
is  mult i faceted.  There is  general  agreement that 
atherosclerosis stems from low density lipoproteins (LDLs) 
accumulating in the arterial intima, where they are prone 
to undergo oxidative processes that stimulate the immune 
response (7). 

As a result, endothelial cells and smooth muscle cells 
(SMCs) express adhesion molecules and other chemical 
mediators which, in turn, facilitate the transformation of 
monocytes into macrophages and, through the accumulation 
of intracellular lipid content, foam cells, which stack in 
several layers giving rise to the visible yellow-colored 
xanthomas or fatty streaks. 

Smaller lipid pools deposit beneath the layers of foam 
cells determining intimal thickening, while larger and more 
confluent lipid clusters attract the invasion of macrophages 
and grow into necrotic cores (also named lipid-rich necrotic 
core). In the presence of a necrotic core, the lesion is named 
a fibroatheroma. 

The loose f ibrocellular t issue which forms the 
atherosclerotic lesion often proliferates and intervenes 
between the necrotic core and the luminal surface, forming 
the so-called fibrous cap. Likewise, the necrotic core can 
progressively calcify, sometimes occupying most of the 
plaque volume. 

Subsequently, vasa vasorum grow into the atherosclerotic 
lesions; these plaque neovessels are typically fragile 
and permeable, predisposing to intraplaque bleedings. 
Alternatively, plaque hemorrhage may result from a 
ruptured fibrous cap (8). 

During atherogenesis, mechanisms of remodeling take 
place; in particular, in expansive remodeling the lumen 
area is partially preserved until plaques are large, while in 
constrictive remodeling stenosis may result from progressive 
plaque growth or vascular bed shrinkage. While the two 
mechanisms often coexist, it is interesting to note that 
expansive remodeling typically occurs with fibroatheromas 
and positively correlates with plaque inflammation, medial 
atrophy, and necrotic core size; on the contrary, constrictive 
remodelling often contain lesions rich in fibrous tissue (9). 

Plaque rupture/erosion is the most frequent cause of 
thrombosis. Through a structural defect in the fibrous cap, 
especially where the cap is thin and infiltrated by foam cells 

(thin-cap fibroatheromas; TCFAs), the highly thrombogenic 
core contacts the blood with the formation of a thrombus. 

To characterize the severity and prognosis of plaques, 
several terms are used. 

Plaque burden is a measure of the extent of atherosclerosis. 
It can be measured through a variety of descriptive methods, 
such as: plaque volume, extent of lesion along the arterial 
surface, coronary calcium score by Computed tomography 
(CT), intima-media thickness and plaque area by ultrasound 
(US) and ankle-brachial pressure index in peripheral vascular 
disease. 

Plaque vulnerability describes the short-term risk of 
thrombosis. A number of histological features of rupture-
prone plaques have been identified, such as: a TCFA with a 
large necrotic core and macrophage infiltration in the cap, 
big plaque size, expansive remodeling, neovascularization, 
intraplaque hemorrhage (IPH), adventitial inflammation 
and spotty calcifications (10).

The American Heart Association (AHA) proposed 
a plaque classification that identifies six types which 
are meant to reflect the temporal natural history of the 
disease. Type I: atherogenic lipoproteins and mononuclear 
infiltrates; medial thickening. Type II: fatty streaks. Type 
III: lipid particles disrupt the integrity of the SMCs. Type 
IV: typical atheromata (large extracellular lipid core). Type 
V: atheromata developing fibrous caps. Type Vb: largely 
calcified lesions. Type Vc: more fibrous connective tissue, 
little lipid and no calcium. Type VI: ruptured atherosclerotic 
plaque with IPH or thrombosis (11-13). The rationale for 
this classification is that the structural composition of the 
carotid plaque modifies with the progression of the disease 
and some phases appear to be more prone to acute vascular 
events than others; in fact, lesion types IV, V and VI are 
those typically involved in cerebrovascular events. 

A change of perspective: from measuring stenosis to 
identifying vulnerability

For several years the degree of luminal stenosis had been 
considered the main factor affecting the severity of carotid 
atherosclerotic disease. 

Indeed, a number of trials published along the course 
of the 1980s and 1990s, such as the European Carotid 
Surgery Trial (ECST), the North American Symptomatic 
Carotid Endarterectomy Trial (NASCET) and the 
Asymptomatic Carotid Atherosclerosis Study (ACAS), 
contributed to establishing the idea that the degree of 
luminal stenosis should be the reference point to indicate 
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the appropriateness of carotid endarterectomy intervention 
(14-17) (Figure 1).

More recently, a growing body of scientific evidence 
suggests that plaque structure and composition may 
serve as a more reliable biomarker for the prediction of 
cerebrovascular ischemic events (18).

Morphological high risk features, such as intima-media 
thickness, lipid cores, thin fibrous caps and ulcerated 
plaques have shown high correlation with stroke, even in 
patients with mild to moderate stenosis. Conversely, high 
calcium content appears to correlate with more stable 
plaques (12,19). 

Thus, while it is generally accepted that high-grade 
stenosis tends to associate with complicated plaques more 
frequently than nonstenotic asymptomatic lesions, a 
large number of scientific publications demonstrated that 
complicated plaques also occur with moderate stenosis. As a 
result, nowadays the recognition of high risk carotid artery 
lesions can no longer be based on the degree of stenosis 
alone (20).

In a cross-sectional observational study including 85 
consecutive patients with anterior circulation embolic 
stroke of undetermined source, an association was observed 
with large but nonstenotic carotid artery plaques located 
ipsilateral to the brain lesion, rather than controlateral; 
the Authors suggest that nonstenotic plaque is an 
underestimated cause of stroke (21). 

As part of a substudy of the AIM-HIGH (Atherothrombosis  

Intervention in Metabolic Syndrome with Low HDL/
High Triglycerides: Impact on Global Health Outcomes) 
clinical trial, an investigation was carried out to evaluate 
whether carotid plaque features of vulnerability may serve 
as a marker of cardiovascular outcomes in patients with a 
known history of atherosclerotic disease. Results showed 
that lipid content and fibrous cap integrity strongly 
predicted systemic atherothrombotic risk (22). 

A retrospective study, conducted in a matched cohort 
of Caucasian and East Asians patients with stable chest 
pain, aimed to investigate the reasons behind the lower 
prevalence of myocardial infarction in the East Asian 
population. Coronary atherosclerotic burden and plaque 
composition were compared via computed tomography 
angiography for the two subgroups; results showed that that 
east Asians appear to have a lower predominance of high 
risk noncalcified plaques (23). 

Imaging of the carotid atherosclerotic plaque

What’s in the toolbox? 

Up until carotid atherosclerosis risk was evaluated based on 
the degree of stenosis alone, diagnosis and classification of 
carotid plaques was possible only in advanced stages of the 
disease, when luminal stenosis became manifest through 
digital subtraction angiography (DSA) or organ perfusion 
techniques. Then, DSA represented the diagnostic gold 
standard thanks to its capability not only to measure 

BA

Figure 1 A 73-year-old male with TIA. In the left ICA a mixed plaque is visible (white arrow) which determines a 50% NASCET degree of 
stenosis (A: axial scan, B: sagittal plane). Calcifications can be seen in the outer part of the plaque with the “eggshell” type configuration.
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stenosis, but also to predict plaque rupture by identifying 
ulceration and surface abnormalities (12). 

However, thanks to recent advances in medical imaging, 
new opportunities emerged to explore and assess both 
lumen morphology and the lumen wall itself. Similarly, the 
shift of attention which took place in this field of literature 
away from stenosis and into aspects of vulnerability has 
spurred tremendous interest for the development of 
noninvasive techniques to identify the characterizing 
features of vulnerable plaques (24). 

Before focusing with more detail into CT imaging 
features of vulnerable plaques, the present section will 
provide a panoramic view of the various diagnostic tools 
currently available. 

Ultrasound (US)
US represents the first-line imaging modality in the 
evaluation of carotid artery plaques since it is relatively 
simple, inexpensive and widely available. 

The measurement of intima media thickness (IMT) 
has been widely recognized as a marker of systemic 
atherosclerosis with a strong correlation to coronary artery 
disease (25,26). However, a number of recent studies 
indicate for IMT a poor prognostic value and, at present, 
the use of IMT to guide therapeutical decisions is not 
recommended (27). Besides, it has been observed that 
carotid atherosclerosis is focal and manifests with plaques 
while IMT is often measured deliberately in areas not 
affected by plaque formation; indeed, IMT and plaques are 
biologically and genetically distinct entities which represent 
different phenotypes of atherosclerosis and respond 
differentially to therapy (28). 

As far as B-mode images are concerned, high lipid 
content and intraplaque haemorrhage appear echolucent, 
while calcium and fibrous tissue appear echogenic (29). 
However, most Authors agree that US cannot reliably 
discriminate lipid from IPH because of a substantial overlap 
in their echo-structure (30). Moreover, US is heavily limited 
by being a user-dependent methodology.

Contrast-enhanced ultrasound is an emerging technique 
that finds its rationale in the selective retention of contrast 
at specific sites of disease. There is evidence that plaque 
enhancement in contrast-enhanced ultrasound correlates 
with greater neovascularization at histology (31-34). 

Moreover, current research is testing targeted micro-
bubbles (attached to antibodies, small peptides, and 
glycoproteins such as VCAM-1 and P-selectin) designed 
to identify specific cell surface structures (35). However, 

molecular US imaging is limited by the fact that it can only 
assess intravascular events beyond a given threshold of 
molecular expression.

Recent research has tested the potentialities of 3D US 
in the evaluation of plaque burden. In particular, within 
the context of PESA (Progression of Early Subclinical 
Atherosclerosis) observational prospective cohort study, 
4,184 volunteers (aged between 40 and 54 years and without 
a history of cardiovascular disease) underwent carotid and 
femoral 3-dimensional vascular ultrasound (3DVUS), 
with a follow up at 3 and 6 years. The Authors employed 
an automated 30-degree sweep capturing approximately  
6 cm of arterial length, centered at the carotid bulb and at 
the femoral bifurcation. Results showed that measures of 
plaque burden correlate with common cardiovascular risk 
factors with a higher prognostic value than plaque detection 
alone (36). While this study gave significant contribution 
towards the definition of a reliable imaging method to 
appraise plaque burden, further research is needed in order 
to develop optimal semi-automated scanning systems, test 
the feasibility to include femoral plaque measurement (in 
addition to carotid measurement) in the clinical routine 
and establish whether the evaluation of a limited arterial 
segment can provide a comprehensive assessment of plaque 
burden (37). 

Magnetic resonance imaging (MRI)
High-resolution MRI has been widely used to evaluate 
atherosclerotic plaques with a particular ability to 
characterize soft tissue components. It can identify with 
high accuracy, sensitivity and specificity the lipid rich 
necrotic core, thin and ruptured caps, IPH (38). 

Serfaty et al. published an AHA classification of 
atherosclerotic plaque specifically adapted for MR imaging, 
highlighting the ability of MR to describe plaques on the 
basis of composition and morphology (39).

One of the earliest applications of nanotechnology in 
MRI exploited the phagocytic uptake of paramagnetic iron 
oxide particles by macrophages at the plaque level (40).  
More recently, target-specific contrast agents (bound to 
adhesion molecules, high-density lipoprotein, MMPs, 
macrophage scavenger receptors and fibrin) have been 
developed, which allow for a better representation of plaque 
components and reduce acquisition times. 

However, MRI is signal-insensitive and has low spatial 
and temporal resolution, which translates in long scanning 
times. Moreover, it is complex, expensive and less readily 
available when compared to other imaging modalities. 
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Multi detector computed tomography angiography 
(MDCTA)
Recently, there has been growing interest in MDCTA as 
a non-invasive modality to characterize atherosclerotic 
plaques. When compared with MRI, CT is more signal-
efficient and has higher spatial and temporal resolution. 

MDCTA can also detect various important features 
associated with plaque vulnerability (41), which will be 
further analyzed in the next section.

Positron emission tomography (PET)
PET with F-18-fluorodeoxyglucose (FDG) is a molecular 
imaging technique that can illuminate metabolically active 
processes. It has been shown to detect ‘inflamed plaques’ by 
highlighting FDG uptake in macrophages at the plaque level. 

In a cohort of 54 patients scheduled for carotid 
endarterectomy, Cocker et al. demonstrated a correlation 
between 18FDG uptake and the presence of markers 
of intraplaque inflammation at the immunohistologic 
analysis of the surgical specimen (such as macrophage-
sensitive CD68 and leukocyte-sensitive CD45); moreover, 
results showed a greater degree of 18FDG uptake in 
symptomatic patients, especially those with a recent history 
of cerebrovascular events (<90 days), suggesting that 
18FDG imaging with PET/CT may serve as a surrogate 
biomarker of plaque activity and allow for non-invasive 
interrogation of the inflammatory status of plaque (42). 
Similarly, a number of publications explored the capability 
of ¹⁸F-sodium fluoride PET to distinguish vulnerable 
from non-vulnerable plaques with promising results, 
with the potential to detect early stages of atherosclerotic 
development (43). Indeed, while macroscopic calcium seems 
to stabilize atherosclerotic plaques, microcalcific deposits 
appear to increase the risk of plaque rupture by amplifying 
mechanical stress at the level of fibrous cap. It is postulated 
that 18F-sodium fluoride replaces the hydroxyl groups of 
hydroxyapatite expressed in regions of active mineralization; 
hence, elevated 18F-sodium fluoride uptake in PET/CT 
imaging could suggest increased risk of mechanical failure, 
which translates in plaque instability (44). However, for 
the time being molecular imaging is less widely available 
and requires longer procedural times than other imaging 
options such as CT or MRI.

Immunoscintigraphy
Immunoscintigraphy uses radioactive tracers (such as 

low-density lipoproteins, haematoporphyrin derivatives, 
fibronectin, immunoglobulins, platelets and antifibrin 
antibodies) that localize into vulnerable plaques. 

A look into the future 
Shear wave elastography (SWE) is a novel US method 
which could identify plaques prone to rupture measuring 
acoustic radiation propagation within the fibrous cap (45).

A number of serum biomarkers (mainly inflammatory 
and proteolytic markers such as: high-sensitivity C-reactive 
protein, IL-6, MMP-9, MMP-2, and tissue inhibitors of 
metalloproteinases) have shown to be highly predictive of 
plaque vulnerability (46). 

Optical coherence tomography (OCT) is an invasive 
imaging technique which is capable of visualizing subsurface 
tissue in high detail (with a spatial resolution of 10 μm), 
demonstrating lipid content, fibrous cap thickness, and 
fibrous cap macrophage attenuation. So far, OCT has 
been employed in the study of the coronary artery bed, but 
preliminary research indicates it could also find application 
in the evaluation of carotid plaques (12). 

Artificial intelligence could play a fundamental role in the 
future; in particular, deep learning might enable automated 
detection of quantitative biomarkers and provide risk 
stratification protocols that incorporate imaging features 
from different techniques (47,48).

CT imaging of the vulnerable plaque

Features of vulnerability 

The use of CT in the evaluation of carotid plaques has 
received steadily growing attention in recent years, 
especially since the advent of multi detector CT scanners 
(MDCT), which enable fast and accurate acquisition of 
vascular structures with minimal discomfort to the patient. 
Additionally, CTA allows in the same session to evaluate 
extra- and intracranial vessels (from the aortic arch to the 
circle of Willis) and cerebral parenchymal abnormalities. 
CTA has been shown to have sensitivity and specificity 
comparable to those of DSA in the detection of carotid 
artery stenosis and plaque surface irregularities, but it 
can also show the vascular wall and provide significant 
information on plaque volume and composition (49). 
The present section will provide an overview of the main 
imaging biomarkers of vulnerable carotid plaques as they 
appear in MDCTA. 
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Intraplaque haemorrhage
There is general agreement among Authors that IPH 
can be considered the most relevant imaging feature 
associated with plaque instability (50-54). It has also been 
demonstrated that IPH prevalently locates ipsilateral to 
embolic strokes of undetermined source (52). 

In the past years, a significant number of publications 
have indicated MRI as the best imaging modality to detect 
IPH based on the oxidative state of haemoglobin, which 
can be highlighted using common imaging sequences (47). 
Besides, many Authors argue that CT is insensitive in the 
differentiation of fibrous, lipid, and intraplaque haemorrhage 
because of a substantial overlap in HU values for these 
tissues. 

However, a number of recent publications have been 
challenging this concept, indicating that modern MDCTA, 
paired with dedicated segmentation software analysis, can 
provide equal or better results in the detection of soft tissue 
subcomponents of the plaque when compared to MRI. 

In this regard, in a retrospective study by Saba et al. 
conducted on 91 patients who underwent CEA, CTA 
carotid plaque slices were matched and compared to the 
corresponding histologic section to determine the accuracy 
of CTA in the detection of IPH. Results showed that 
IPH is characterized by low average values of HU and 
that a threshold of 25 HU in the volume acquired after 
the administration of contrast medium provides excellent 
sensitivity and specificity for IPH (53). 

Wintermark et al. conducted a study to compare 
CTA-derived plaque sections, analyzed via an automated 
classification computer algorithm, versus histologic 
corresponding slices as the gold standard. The authors 
observe that while much of the literature indicates MRI 
and US as the methodologies of choice to study the 
composition of carotid plaques, most publications on CT 
have been based on older-generation scanners and that the 
potential for modern MDCTA in this field is unexploited. 
Their study shows that the CT-derived algorithm provide 
excellent correlation with histologic examinations in the 
quantification of calcifications; lipid cores and IPH also 
show good correlation, although with some limitations 
when smaller areas of lesion are considered (51).

Another retrospective study by Saba et al., which included 
123 subjects (246 carotid arteries), quantified the degree of 
stenosis and plaque composition using CTA. Subcomponent 
volumes of the plaque were analyzed via a dedicated semi-
automatic segmentation software which uses an algorithm of 
iterative image restoration and subdivides tissue components 

into HU threshold classes. Expanding from the classic 
definition of three plaque types based on attenuation values 
described by de Weert et al. (lipid, mixed, calcified) (55),  
five classes were identified: calcium (>130 HU), fibrous 
tissue (60 to 130 HU), lipid tissues (<60 HU), lipid-IPH (26 
to 59 HU), IPH (<25 HU). Relative percentages for each 
component were also calculated, including a ratio of IPH/
lipid volume ranging from value 0 (no IPH) to value 1 (all 
the lipid plaque correspondent to IPH). Results showed 
a statistically significant difference for the lipid and, in 
particular, for the IPH volumes across the symptomatic and 
asymptomatic patient groups, confirming that IPH greater 
volumes correlate with symptoms and cerebrovascular 
events. Conversely, in asymptomatic subjects a higher 
relative percentage of calcium and lipid-IPH was found. 
The study demonstrated that it is not only the overall plaque 
volume to be predictive of ruptures, but also the relative 
percentage of plaque subcomponents, suggesting that the 
biomechanical characteristics of the plaque are involved in 
the triggering of acute cerebrovascular events. Additionally, 
this study provides proof of principle that MDCTA, coupled 
with the use of volumetric quantification analysis software, 
is a reliable modality to image even small changes in plaque 
composition (56). Moreover, CT offers a unique alternative 
in those patients who have a contraindication to undergoing 
MRI imaging (e.g., prosthesis or pacemaker). Similar results 
have been demonstrated in a number of other recent works 
(57,58). 

Lipid-rich necrotic core (LRNC)
The presence of a LRNC has been associated with increased 
risk of stroke (59). 

In a similar fashion to what has been earlier discussed 
with regards to IPH, many publications over the course 
of the years have contributed to the idea that CT is a 
low performer in the identification of LRNC, due to a 
substantial overlap in HU with IPH (both showing values 
<60 HU). However, a number of Authors bring forward 
the idea that recent technological advances in MDCTA and 
volumetric analysis software allow room for a redefinition 
of the role of CTA in this diagnostic field. 

In particular, Saba et al. compared the accuracy of in 
vivo quantification of calcification, LRNC and matrix 
from CTA sections against the histological specimens of 
31 endarterectomies (with a total of 239 cross sections) 
by using dedicated image processing algorithms. The 
Authors start from the assumption that MRI does not 
offer signal intensity values characteristic of the different 
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soft tissue plaque components within a single sequence, 
making it necessary to perform a differential analysis 
across various sequences, resulting in complex and time-
consuming protocols. Additionally, results published in 
most works adopt a dedicated neck coil to compensate 
for insufficient spatial resolution. Conversely, HU values 
in CTA have the potential to be more quantitative than 
MRI signal intensity. Results from this work showed high 
correlation with histologic specimens in the quantification 
of calcification, demonstrating that the overestimation of 
calcified plaques at CT angiography, often described and 
classically attributed the artifactual “blooming effect”, may 
be successfully overcome via the use of dedicated software 
algorithms. Similarly, the software demonstrated a low level 
of measurement bias for what concerns the quantification 
of LRNC. Therefore, the Authors conclude that algorithm 
approach not only enables an accurate quantification of 
calcification, but also provides satisfactory characterization 
of soft plaque subregions (60).

Thin fibrous cap (TFC)
There is evidence based on histological findings that 
an intact fibrous cap correlates with low risk of plaque 
rupture, whereas a TFC and fissured fibrous cap (FFC) 
are associated, respectively, with moderate and high risk. 
Thus, the typical unstable plaques appear as TFC covering 
a LRNC, which can be accurately documented via MRI 
(61,62) and CTA (63). 

In particular, it was demonstrated with histological 
validation that in CTA the presence of FFC correlates with 
a higher degree of plaque enhancement when compared 
against non-fissured caps (64). 

Neovascularization
Inflammatory processes, often referred to by the term ‘plaque 
activity’, play a central role in plaque progression, with 
intraplaque neovascularisation being one of its typical signs 
and a prelude for neovessel rupture and haemorrhage (65). 

There is evidence that CTA can detect and quantify 
intraplaque neovascularisation, which appears to be 
proportional to the amount of contrast enhancement (66).

Plaque thickness
Evidence shows that maximum plaque thickness, a 
parameter accurately measurable in CT which reflects 
plaque volume, correlates with the incidence of ischaemic 
symptoms and stroke (67,68).

A recent study demonstrated, in fifty-one patients 

admitted for ischemic stroke or transient ischemic attack 
(TIA), a strong correlation between maximum soft plaque 
thickness (assessed on CTA) and American Heart Association 
type VI plaques (previously defined by MRI) (69). 

In a cross-sectional study, Gupta et al. retrospectively 
analyzed a series of carotid CTA performed in patients with 
high-grade carotid stenosis in order to assess the correlation 
between plaque thickness and stroke or transient ischemic 
attack (TIA) history. The Authors found that, compared 
with asymptomatic subjects, patients with symptomatic 
carotid disease showed much larger soft (non-calcified) 
plaque and total plaque thickness values; conversely, 
symptomatic patients had smaller hard (calcified) plaque 
thickness measurements. Moreover, the study showed for 
each 1-mm increase in soft plaque there was a 2.7 times 
greater odds of previous stroke or TIA (70).

Surface morphology
Plaque surface can be classified as smooth, irregular (cavities 
from 0.3 to 0.9 mm) or ulcerated (cavities >1 mm) (71). In 
particular, ulcerations (Figure 2) are considered a marker of 
vulnerable plaques (72), although they may also represent 
relics of previously occurred ruptures (73). 

de Weert et al. explored the correlation between plaque 
surface morphology (together with degree of stenosis 
and other cardiovascular risk factors) and cerebrovascular 
symptoms, demonstrating a higher incidence of complex 
plaques in symptomatic patients (74). 

It has been demonstrated that MDCTA has sensitivity 
and specificity higher than DSA and US in the detection of 
ulcerations (75,76). Sometimes also thrombus in the plaque 
can be detected (Figure 2).

Plaque total volume and subcomponents
There is scientific evidence that the volume of the carotid 
artery plaque associates with plaque vulnerability and the 
incidence of stroke (77). In an US-based study designed 
to evaluate plaque progression in a cohort of 349 patients 
attending vascular prevention clinics, Wannarong et al.  
demonstrated that total plaque volume can predict 
cardiovascular outcomes more reliably than both IMT and 
total plaque area (78). The good spatial resolution of CT 
allows for a satisfactory analysis of both total plaque volume 
and of its subcomponents, especially when coupled with 
semi-automated software analysis based on HU thresholds 
and image restoration algorithms. Similar segmentation 
protocols have been tested using MRI, but the results were 
less convincing due to unsatisfactory spatial resolution (79). 
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As it was discussed earlier, while previous research 
indicated a higher sensitivity from MRI in discriminating 
between soft tissue components of the plaque, recent 
evidence suggests that modern MDCTA, coupled with 
dedicated software analysis, can discriminate accurately 
between lipid component and IPH (56). 

With regards to the relative percentage of plaque 
subcomponents, as it was discussed earlier, there is evidence 
that fatty content associates with higher-risk lesions, while 
calcium appears to be a protective factor by supposedly 
stabilizing the plaque against biomechanical stress.

Saba et al. demonstrated an association between cerebral 
microbleeds, commonly seen in stroke patients and 
considered to be a harbinger of cerebral hemorrhage (80), 
and increased volume of carotid plaque fatty subcomponent. 
In this study, cerebral microbleeds were evaluated using 
a T2*-weighted gradient-recalled echo sequence, while 
carotid arteries were imaged in MDCTA (81). 

A new type of CT scanner, dual energy CT, which works 
by postprocessing data relative to the attenuation values 
obtained from tissues scanned at multiple energy levels, has 
shown the ability to reduce artifacts related to the presence 
of calcium and quantify plaque calcifications with increased 
accuracy (82-84). 

Present technique limitations

Despite MDCTA holding a significant potential to become 

the leading imaging modality for the study of carotid 
plaques, there are a number of technique limitations that 
must be highlighted. 

First, as it was discussed in previous sections, there still is 
a certain degree of controversy in the literature with regards 
to the capability of CTA to reliably characterize soft tissue 
components, with some Authors indicating low sensitivity 
in the discrimination of lipid core and IPH, especially when 
small lesions are considered (54). 

Other limitations described in the literature include 
beam-hardening artifacts associated with calcification (so-
called ballooning artifacts, which can be partly reduced 
with post processing algorithms and DECT) and a high 
variability in patterns of plaque enhancement (which 
appears to be highly dependent on blood flow and time 
delay of image acquisition) (56,82,85). 

Finally, exposure to ionizing radiation, which can be 
partly reduced with modern scanners and DECT (86), and 
adverse reactions to iodine-based contrast agents (49).

The role of plaque imaging in the management 
of cardiovascular disease

Implementing research into the everyday clinical scenario

A growing number of recent scientific publications indicate 
that risk stratification in carotid atherosclerosis cannot rely 
on the quantification of luminal stenosis alone, but that 

B

A

Figure 2 A 79-year-old male with left stroke. (A) In the right ICA a hypodense area is visible (white open arrow) which is due to a thrombus. 
(B) (5 mm above A): an ulcerated plaque is visible (white arrow).
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newly introduced features of plaque vulnerability can be a 
more dependable predictor of acute vascular events. Even 
so, in the majority of institutions, US-based measurements 
of the degree of stenosis still represent the routine clinical 
examination to guide therapeutical approach. 

In this scenario, MDCTA represents a potential 
candidate to become the imaging modality of choice in the 
characterization of carotid plaques, thanks to a number of 
advantages, such as: high spatial resolution, short acquisition 
times, large coverage in the Z-axis, access to a number of 
newly emerging post-processing techniques and a relatively 
easy to read interface for clinicians and surgeons (18). 

Moreover, MDCTA is widely available in most clinical 
infrastructures and it is already integrated as standard care for 
most patients admitted for cerebrovascular incidents (12). 

What do clinicians want to know? 

Fundamentally, the imaging of carotid atherosclerosis 
is aimed at identifying patients with high risk of future 
cardiovascular events (especially among asymptomatic 
groups), guide therapeutical approaches and improve long-
term outcomes (87).

When fully implemented in the clinical routine, the 
identification of higher risk biomarkers may warrant closer 
clinical follow-up and, possibly, expedite intensive medical 
treatment or revascularization in selected patient (47).

Furthermore, imaging provides support to the ongoing 
research in the field of new medical treatment. Indeed, 
imaging can provide objective assessment of a drug’s clinical 
efficacy before the ultimate step in drug evaluation (phase 
3 trials, designed to assess impact on clinical end points) 
is initiated, involving the enrolment of large cohorts of 
patients, long follow-up periods and, typically, enormous 
costs. In other words, atherosclerosis imaging allows for the 
monitoring of early signals of therapeutical effects, which 
can inform researchers on which drugs hold a higher chance 
for success and merit to progress into phase 3 evaluation 
stages.

In particular, MDCTA has been used to monitor 
the effects of statins, showing modifications of plaque 
composition over time, with a progressive reduction of fatty 
subcomponents (88,89). 

Additionally, it has been demonstrated that the 
identification of high risk markers of carotid atherosclerosis 
in  MDCTA can  pred ic t  10-year  a therosc lerot ic 
cardiovascular disease risk scores (57,90). 

Cost-effectiveness

There is evidence that institutions that plan therapeutical 
approaches to cardiovascular disease by integrating clinical 
information with imaging biomarkers experience benefits in 
terms of cost-effectiveness (47,91).

Moreover, it has been demonstrated that CTA and MRI 
both prove more cost-effective than DSA (92); Sheahan  
et al. indicate that MRI appears to be more costly and time-
consuming in the clinical routine when compared against 
MDCTA (60). 

Conclusions

While scientific evidence suggests that imaging features 
of carotid plaque vulnerability outperform measurements 
of degree of stenosis in cerebrovascular risk stratification 
capabilities, a discrepancy still exists with the everyday 
clinical scenario since in most institutions such techniques 
are yet to find implementation in the clinical routine. 
In this context, CTA represents a strong candidate 
to become the imaging modality of choice in carotid 
plaque characterization, thanks to its excellent spatial 
resolution, short acquisition times, widespread availability 
and the capacity to accurately define plaque volume and 
subcomponents, especially when coupled with post-
processing analysis techniques. 
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