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KEY POINTS

� Non-invasive plaque imaging modalities provide additional information beyond stenosis degree.

� Plaque vulnerability features can be detected with high diagnostic accuracy leveraging various im-
aging modality strengths.

� Radiologists and other clinicians need to become familiar with pearls and pitfalls of each of the pla-
que imaging modalities.
INTRODUCTION technique advancements, enabling reproducible
Carotid atherosclerosis is a complex and multifac-
torial disease and a well-established risk factor for
ischemic stroke (Figs. 1 and 2). The degree of ca-
rotid stenosis was considered the sole imaging cri-
terion for stratifying carotid atherosclerosis
severity based on prior randomized trials, namely
the European Carotid Surgery Trial (ECST), the
North American Symptomatic Carotid Endarterec-
tomy Trial (NASCET), and the Asymptomatic Ca-
rotid Atherosclerosis Study.1–3

Several ex vivo studies reported significant dif-
ferences in the risk of cardiovascular events given
similar degree of luminal stenosis, focusing on
“plaque vulnerability” based on plaque composi-
tion.4–7 Vulnerable carotid plaques tend to prog-
ress rapidly and are highly associated with
cardiovascular complications.8

Carotid plaque imaging can identify high-risk
imaging markers of future cardiovascular events,
directing patient stratification and manage-
ment.9,10 Recent years have seen imaging
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multi-modality lesion detection and vulnerable
feature characterization. Among them, ultrasound
(US) represents a widely available imaging modal-
ity to evaluate not only the degree of carotid steno-
sis but also plaque echogenicity as an index of
plaque vulnerability.11,12 Computed tomography
angiography (CTA) plays a crucial role in plaque
evaluation enabling a more detailed description
of plaque composition and morphology.13–15

Finally, MR imaging is the most specific method
for identifying histologically validated vulnerable
plaque features, namely intraplaque hemorrhage
(IPH), lipid-rich necrotic core (LRNC), and the
thickness and integrity of the fibrous cap (FC).
The ability to assess high-risk features may also
be implemented by adding dedicated sequences
to the standard MR imaging examination.8,16

In this review, we discuss the role of non-
invasive imaging modalities in the landscape of
carotid pathology, comparing their strengths,
weaknesses, and potentialities.
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Fig. 1. Examples of different “high-risk” features of carotid plaque using CT. Panel A–C demonstrates different
carotid plaque calcifications, in particular, heavy calcified plaque (arrow in A), microcalcification (arrow in B),
and “positive rim” sign, defined as plaque with adventitial calcification (<2 mm thick) and internal soft plaque
(>2 mm thickness) (arrow in C). CTA axial image (D) shows a hypodense plaque (HU value 5 15) indicating the
presence of LRNC (arrow). CTA axial image (E) demonstrates ulcerated stenosis in the postbulbous left internal
carotid artery.
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DEGREE OF STENOSIS

Currently, the degree of carotid stenosis was the
key point considered in deciding management ap-
proaches, based on the NASCET and ECST trial re-
sults.17,18 According to the current European
Society of Cardiology (ESC) guidelines, US is the
first-line examination.19 The degree of carotid ste-
nosis is estimated through different hemodynamic
criteria on Doppler US, including peak systolic ve-
locity, end-diastolic velocity, and carotid index
allowing direct measurement of flow velocity,19

with B-mode a supplementary method to evaluate
carotid stenosis.19

The diagnostic accuracy of Duplex US demon-
strated a sensitivity of 98% (95% CI, 97%–100%)
and specificity of 88% (95% CI, 76%–100%) for
detecting 50% to 70% stenosis and sensitivity of
90% (95% CI, 84%–94%) and specificity of 94%
(95% CI, 88%–97%) for �70% stenosis.20 US,
despite its wide availability, ease, and low cost, is
limited by intrinsic and extrinsic weaknesses. First,
unfavorable patient anatomy (vessel tortuosity,
short thick neck, high carotid bifurcation, external
devices), calcified carotid plaque obscuring
assessment, limited windows, and overestimation
due to a contralateral carotid occlusion are limita-
tions. Second, the US is operator-dependent and
image quality often directly correlates to operator
experience.21

The ESC guidelines recommend CTA and mag-
netic resonance angiography (MRA) as a comple-
ment to the US for carotid stenosis evaluation.22,23



Fig. 2. Multi-sequence carotid MR imaging at the same cross-sectional level. The following MR images are ac-
quired in the transverse plane: (A) pre-contrast T1-weighted (T1w) quadruple inversion recovery (QIR) turbo
spin echo (TSE), (B) pre-contrast and (C) post-contrast T1w QIR TSE, (D) T1w inversion recovery (IR) turbo field
echo (TFE), and (E) time of flight (TOF). LRNC was identified as an intraplaque region that does not show contrast
enhancement (arrow). A hyperintense signal in the bulk of the plaque can be clearly observed in the IR-TFE im-
age, indicating the presence of intraplaque hemorrhage (asterisk). The fibrous cap was scored as thin or ruptured
(TRFC) because there was no signal enhancement in the region between the LRNC and the lumen (arrowhead).
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CT demonstrates excellent diagnostic accuracy
with sensitivity and specificity of 95% and 98% for
the detection of >70% stenosis, respectively.
Conversely, CT is limited by heavy calcified pla-
que.21 Finally, contrast-enhanced (CE)-MRA repre-
sents the most sensitive tool for carotid stenosis.24

CAROTID PLAQUE

High-risk carotid plaque features, including IPH,
thinning or rupture of FC, maximum wall thickness
or plaque volume, plaque morphology, LRNC, pla-
que inflammation, plaque neovascularization, and
calcifications may be investigated by different
non-invasive modalities with lesser or greater ca-
pacity to provide insight into plaque composition
and morphology. In the following section, features
related to plaque vulnerability are presented with a
particular focus on the pearls and pitfalls of the
various modalities.

Maximum Wall Thickness

Maximum wall thickness is the maximum thick-
ness of the plaque,25 and correlates with plaque
volume, a feature of plaque vulnerability. Plaque
thickness is relatively easily assessed by US,
CTA, or MRA.8 In daily clinical practice, US,
due to its availability and feasibility, is the first-
line modality to assess carotid plaque thick-
ness.26,27 A prospective cohort study of 43
patients from the ORION trial with 16% to 79%
carotid stenosis who underwent carotid MRA
and US demonstrated significant inter-modality
plaque thickness measurement agreement
(Pearson correlation coefficient r 5 0.93;
P < 0.001).28 However, when US imaging is
limited,29 CTA or MRA can appropriately eval-
uate plaque characteristics.16

The carotid plaque area and volume are highly
reproducible parameters associated with plaque
size.30,31 In the Plaque At RISK (PARISK) study, ca-
rotid plaque volume and area were independently
associated with recurrent ipsilateral cerebrovascu-
lar ischemic events (HR: 1.07 per 100 mL increase
for plaque volume; 95% CI 1.00–1.22).31 Plaque
area and volume are more accurate than plaque
thickness in measuring plaque progression/regres-
sion because plaque grows in all directions.32
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Plaque Surface Morphology and Ulcerations

The luminal surface of carotid plaque can be cate-
gorized as smooth (regular luminal morphology),
irregular (small luminal alteration from 0.3 to
0.9 mm), and ulcerated (intimal defect causing an
extension of the lumen into the plaque measuring
at least 1 mm).13,16 The plaque surface can be
evaluated using US, CTA, and MRA, with variable
diagnostic accuracy.8,10 US is specifically sub-
optimal compared with CTA or MRA unless
ultrasound-enhancing agents are used.16

Carotid contrast-enhanced ultrasound (CEUS)
can enhance image quality, improving luminal
and plaque anatomy evaluation including plaque
surface irregularities and ulcerations.25 Wide-
spread utilization of CEUS for plaque imaging,
however, is off-label and is not addressed in the
most recent American Society of Echocardiogra-
phy guidelines.33 3D US methods have also
shown promise in the assessment of carotid pla-
que irregularities.34,35 The main strength of 3D
quantification of carotid plaque is its multiplanar
capacity, enabling a comprehensive assessment
of plaque morphology, geometry, and surface
irregularities.25

Time of flight-MRA (TOF-MRA) is limited in ul-
ceration detection due to signal dephasing and
saturation in focal areas of complex flow such as
an ulcer crater.36 It can also overestimate the de-
gree of stenosis.27 Contrast-enhanced (CE) MRA
can overcome these limitations because it is not
dependent on blood flow. Etesami et al. reported
that 37.5% of ulcerated plaques detected with
CE-MRA images were not visualized with TOF-
MRA.37 In addition, CE-MRA can identify ulcera-
tions in calcified plaque.27

CT is the reference standard non-invasive imag-
ing modality to evaluate plaque ulcerations. A
cross-sectional study of 237 patients reported a
higher sensitivity and specificity for CT in compar-
ison with the US (sensitivity of 93.75% vs 37.5%
and specificity of 98.59% vs 91.3%, respec-
tively)38 in comparison to surgical specimens for
ulcerated plaque. The primary limitation of CT for
carotid plaque assessment is beam hardening
from extensive calcification. This limitation can
be overcome with dual-source CT, which uses
low- and high-peak kilovoltage acquisitions allow-
ing the removal of calcified plaque components
from the lumen, permitting a more accurate
assessment of plaque and lumen.27,39

Plaque Composition

Carotid plaque consists of several components
and the proportion of subcomponents can corre-
late with future ischemic events.16,40 The
characterization of different tissue types, including
carotid plaque, was initially qualitatively evaluated
using US via grayscale values according to echo-
genicity and heterogeneity; however, this informa-
tion can be augmented with quantitative analyses,
specifically grayscale median (GSM).25 GSM is the
median gray value of the US pixel and has been
evaluated in the Imaging in Carotid Angioplasty
and Risk of Stroke study, an international multi-
center registry that investigated the relationship
between the GSM of carotid plaque and the risk
of stroke during carotid artery stenting.41 The Ital-
ian survey on CArdiac RehabilitatiOn and Second-
ary prevention after cardiac revascularization
(ICARIOS) study reported that the rate of cerebro-
vascular events was higher in patients with
GSM<25 in comparison to patients with
GSM>25.41 Histological studies also reported an
association between less calcification, unstable
plaque, a large lipid core, a thin FC, and increased
inflammation and neovascularization histologically
and low GSM US values.30,42,43

Carotid atherosclerotic plaque component dif-
ferentiation using CT is based on Hounsfield unit
(HU) densities. Carotid plaques are classified as
fatty (<60 HU), mixed (60–130 HU), and calcified
(>130 HU) on CT.44 Dual-energy CT (DECT) facili-
tates better tissue characterization, with higher
spatial resolution, lower contrast agent utilization,
lower radiation dose, and reduced artifacts.45 In
addition, the introduction of spectral CT with
photon counting brings the promise of improved
plaque characterization through the generation of
contrast agent concentration and photon attenua-
tion maps.46 Histological validation and longitudi-
nal studies are warranted to evaluate the impact
and predictive value of spectral photon counting
CT on carotid plaque vulnerability for stroke
assessment. Specifically, using data from ran-
domized prospective trials (eg, Comparison of
Spectral Photon Counting CT with Dual-Energy
CT and MR Imaging for Plaque and Lumen Carotid
Arteries Evaluation (CAPL) [NCT04466787]) may
contribute to better understanding the role of
spectral photon counting CT.
Different plaque components can be identified

using high-resolution, multiparametric MRA,
including pre- and post-contrast high-resolution
2D or 3D T1-weighted, magnetization-prepared
rapid gradient-echo (MPRAGE), T2-weighted,
and TOF-MRA sequences. Fat suppression and
blood suppression are valuable for optimal lesion
contrast from surrounding tissues, and to avoid ar-
tifacts that may mimic pathological lesions.47,48

LRNC consists of heterogeneous collections of
cholesterol crystals and cellular debris. MR imag-
ing is the gold standard for LRNC visualization
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due to superior soft tissue contrast.8,10 LRNC pre-
sents as a focal hypointense area on T2-weight im-
ages and is best appreciated on CE-MRA as a
focal non-enhancing area.8

LRNC can be also visualized using CT due to
lipid attenuation properties with HU values < 60.
A histological study by Walker and colleagues49

reported a trend toward lower attenuation mea-
surements with increased intraplaque lipid, but
with a high standard deviation of HU values. These
results highlighted an important limitation to the
application of CT for the characterization of
LRNC, namely the significant overlap of HU values
between LRNC, fibrous tissue, and IPH.49 Another
potential limitation of intraplaque lipid assessment
on CT is obscuration from heavily calcified pla-
que.6 De Weert and colleagues50 reported that
LRNC can be detected with good correlation
with the histological specimen (R2 5 0.77) only in
mildly calcified plaques.

US can detect LRNC as a hypoechogenic area,
also known as a juxta-luminal black area. Plaques
with juxtaluminal LRNC on histology demonstrated
significantly lower GSM values, reflecting a hypoe-
choic region at the plaque surface (P 5 0.009).51

Nonetheless, US is not useful for discriminating
between IPH and LRNC, thus limiting US value in
carotid plaque characterization.8,13

FC is a connective tissue layer that divides the
plaque from the lumen. FC ulceration and/or
rupture exposes the LRNC to platelets and coagu-
lation factors leading to a thromboembolic
cascade.

Currently, MRA is the best non-invasive imaging
modality to investigate FC status. On MRA, a
normal FC appears as a juxtaluminal band of low
signal on TOF-MRA.52 The absence of the dark
juxtaluminal band or presence of focal juxtaluminal
hyperintensity is indicative of “vulnerable pla-
que”.8,52 Contrast agents can help discriminate
between FC and LRNC. The contrast increases
the signal intensity of fibrous tissue in comparison
with LRNC and, therefore, contrast-enhanced MR
imaging has good reproducibility of FC status
assessment.53,54

On US, FC appears as an echogenic structure
with stronger echoes compared to plaque and
blood.55 The evaluation of FC status and thickness
has a 73% sensitivity and 67% specificity using
stratified GSM parameters.51 Conversely, CT is
not suitable for FC assessment due to edge-blur
and halo effect artifacts.13 Some studies, however,
suggest that fissured FC can be detected using
CT. Saba and colleagues56 demonstrated that pla-
ques with histologically confirmed fissured FC
showed higher enhancement on CT compared to
non-fissured plaques.
IPH is considered one of the most important fea-
tures associated with plaque instability. MR imag-
ing is the best modality for the detection of IPH,
due to its ability to characterize the hemoglobin
oxidative state.13,57 Several studies suggested
the use of fat-suppressed T1-weighted sequences
in clinical practice to identify IPH. This sequence,
thanks to an inversion pulse for blood suppres-
sion, identifies IPH as a focal intraplaque hyperin-
tense signal with intensity >150% of that of
adjacent muscles.4,8

A number of recent studies have suggested that
CT can also detect IPH,36,58,59 including studies
that showed a good correlation between IPH
detected by CT and the corresponding histologic
section (k 5 0.712; P 5 0.102),60 with limitations
in smaller plaques and heavily calcified plaques.60

The sensitivity and specificity of CT to detect IPH
was 100% and 64%, respectively.61,62

Plaque inflammation and neovascularization:
Plaque inflammation, another vulnerable plaque
feature, remains predominantly investigative.
MRA using ultrasmall superparamagnetic iron ox-
ide nanoparticles as a surrogate marker of macro-
phage accumulation and activity has shown
promising results.63,64 Alternatively, fluorodeoxy-
glucose positron emission tomography (18-FDG
PET) can identify areas of inflammation.65 Another
indirect approach to assess plaque inflammation
is to evaluate the perivascular adipose tissue for
stranding using CTA.66

Plaque imaging can also detect plaque neo-
vascularization using US, CTA, or MRA.13 In
particular, dynamic contrast-enhanced (DCE)-
MRA is well-suited to evaluate intraplaque neo-
vessels.13,67 CEUS can also be used to detect
plaque neovascularization, defined as the move-
ment of microbubbles from the adventitia to the
plaque core.68,69 A meta-analysis including 20
studies demonstrated the association between
plaque enhancement on CEUS and intraplaque
neo-vessels.70 Finally, some studies suggested
that the amount of plaque enhancement on
CTA is associated with the extent of intraplaque
neovascularization.56,71

Calcifications: Controversial results have
emerged regarding the role of calcium in athero-
sclerosis and its relationship with plaque vulnera-
bility.14 The size and location of carotid
calcifications are related to the variable risk of ce-
rebrovascular events. Studies have suggested
that microcalcifications were significantly associ-
ated with unstable plaques,72,73 whereas large cal-
cifications are protective.14

Recently, Saba and colleagues73 investigated
the relationship between calcium configuration
and the prevalence of cerebrovascular events



� Non-invasive plaque imaging techniques
complement each other in their ability to
identify features of plaque instability.
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using CT, highlighting the potential role of calcium
in plaque vulnerability. CTA is considered the
reference standard in the detection of calcification.
Nevertheless, plaque calcification can be detected
with US (as a hyperechogenic area) and MR imag-
ing (as a hypointense region on all contrast se-
quences) with lower sensitivity and specificity
compared to CTA.55
GENERAL TECHNIQUE LIMITATIONS

Beyond the limitations of each modality in identi-
fying high-risk plaque, it is necessary to know the
general technique limitations. In particular, the
US application is limited by the operator’s skill,
composition (calcifications), anatomy, and a
limited anatomic window.21

The CTA disadvantages include ionizing radia-
tion exposure and adverse reactions to iodinated
contrast media. Another CTA limitation is limited
differentiation of the outer carotid wall in the
absence of the surrounding adipose tissue.57

The limitations of MR imaging include its long
acquisition time, the need for specialized hard-
ware (carotid coils) for high-resolution images to
detect FC status, the complexity of interpretation,
and limited access.74 If only IPH is scored on ca-
rotid MR imaging, a short MR image examination
with a standard neurovascular coil is sufficient
and image interpretation is straightforward.
SUMMARY

Various non-invasive plaque imaging modalities
can provide detailed information on the carotid
plaque with supplementary and complementary
roles in identifying high-risk features. Further evi-
dence is necessary to incorporate each of these
imaging modalities with their advantages and lim-
itations into a standardized diagnostic flowchart
with the purpose to offer a significant contribution
to risk stratification and patient management.
CLINICS CARE POINTS
� Carotid artery atherosclerosis is associated
with an increased risk of cardiovascular
events.

� IPH, thinning or rupture of FC, maximumwall
thickness or plaque volume, plaque
morphology, LRNC, plaque inflammation,
plaque neovascularization, and calcifications
are markers of plaque vulnerability and pre-
dictors of future events.
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