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ABSTRACT

SUMMARY: Vessel wall imaging has been increasingly used to characterize plaque beyond luminal narrowing to identify patients
who may be at the highest risk of cerebrovascular ischemia. Although detailed plaque information can be obtained from many
imaging modalities, CTA is particularly appealing for carotid plaque imaging due to its relatively low cost, wide availability, operator
independence, and ability to discern high-risk features. The present Review Article describes the current understanding of plaque
characteristics on CTA by describing commonly encountered plaque features, including calcified and soft plaque, surface irregular-
ities, neovascularization, and inflammation. The goal of this Review Article was to provide a more robust understanding of clinically
relevant plaque features detectable on routine CTA of the carotid arteries.

ABBREVIATIONS: IPH 4 intraplaque hemorrhage; LRNC 4 lipid-rich necrotic core

Recent advances in vessel wall imaging have spurred a para-
digm shift in the evaluation of carotid plaque. Despite deca-

des of using a degree of luminal stenosis as the primary
determinant of treatment for patients with carotid artery steno-
sis, there has been a recent trend toward adopting advanced
imaging techniques to provide a more complete plaque evalua-
tion for more accurate risk assessment. Much of the literature
of vessel wall imaging has centered on MR imaging because of
its impressive contrast resolution and high sensitivity for iden-
tifying high-risk plaque features.1,2 In addition to MR imaging,
contrast-enhanced sonography is also a powerful tool for evalu-
ating carotid plaque vulnerability.3-5 CTA is often overlooked
as a method for providing detailed evaluation of plaque charac-
teristics, and it has certain benefits in terms of accessibility and
ease of use in clinical workflow not present with multisequence
MR imaging characterization of carotid plaque. Although CTA
does not have the same prospective evidence as MR imaging
and ultrasound for predicting future cerebrovascular disease,

CTA does provide valuable information regarding plaque char-
acteristics that should not be ignored.

CTA of the head and neck is a commonly acquired examination
to evaluate vessel patency in the setting of cerebrovascular ischemia,
especially in the work-up of acute ischemic infarction. In addition
to providing accurate information regarding the degree of luminal
stenosis, CTA examinations can also provide rich detail regarding
plaque morphology and features, given their superb spatial resolu-
tion. While identifying thrombosis and the degree of stenosis on
CTA is necessary in selecting patients for intervention, other plaque
features evident on CTA are also valuable in determining the risk of
stroke or TIA and in aiding management decisions. In this review,
we will describe technical considerations when performing CTA
and then provide detailed descriptions of individual plaque charac-
teristics that can be evaluated on CTA. For each plaque feature, we
will summarize the existing literature, associating each feature with
stroke risk. We will also include practical considerations and com-
parisons with other imaging modalities.

Clinical Background
Extracranial atherosclerosis is an important contributor to
stroke, accounting for 15%–20% of all ischemic strokes.6,7 With
improvement in medical management for treating patients
with carotid artery stenosis, the annual risk of stroke has
decreased in asymptomatic patients to �1%,8 which has made
the need to appropriately risk-stratify patients even more criti-
cal. Traditionally, imaging risk assessment has been based on
the degree of arterial narrowing as measured by the NASCET
criteria, which have been used as the basis for randomized

Received September 5, 2019; accepted after revision December 17.

From the Department of Radiology (H.B.), University of Utah, Salt Lake City, Utah;
and Department of Radiology (A.G.), Weill Cornell Medicine, New York, New York.

Hediyeh Baradaran is supported by a grant from the Association of University
Radiologists–GE Radiology Research Academic Fellowship Award. Ajay Gupta is
supported, in part, by National Institutes of Health grants R01HL144541 and R21HL145427.

Please address correspondence to Hediyeh Baradaran, MD, Department of
Radiology, University of Utah, 30N 1900 E, Room #1A71, Salt Lake City, UT 84135;
e-mail: hediyeh.baradaran@hsc.utah.edu

Indicates open access to non-subscribers at www.ajnr.org

http://dx.doi.org/10.3174/ajnr.A6403

380 Baradaran Mar 2020 www.ajnr.org

https://orcid.org/0000-0002-6251-5769
https://orcid.org/0000-0003-2816-0340
mailto:hediyeh.baradaran@hsc.utah.edu
http://dx.doi.org/10.3174/ajnr.A6403


clinical trials and for many stroke classification schemes.9-15

Recently, our understanding of the contributions of plaque features
to cerebrovascular ischemia has altered how we evaluate carotid
plaque. Infarctions secondary to carotid disease are thought to be
caused by not only the flow-reduction from stenotic plaque but
also artery-to-artery emboli occurring after fibrous cap rupture.16

We have learned that the degree of luminal stenosis does not nec-
essarily correlate with the volume of plaque,17-19 that many plaque
features besides luminal stenosis can directly contribute to ische-
mia, and that these high-risk features can lead to ischemic symp-
toms regardless of the degree of stenosis.20-23 The disconnect
between stenosis severity and stroke risk is an area of active investi-
gation, especially in plaques causing ,50% stenosis, which are
increasingly being considered as a potential cause of embolic
strokes that are otherwise of uncertain etiology.24-26

Because of these recent gains in understanding, our attention is
being turned to the carotid plaque itself rather than the lumen alone.
The American Heart Association has rigorously defined carotid plaque
on histopathology, ranging from type I, the most stable, up to type VI,
the most vulnerable.27 When performing any type of plaque imaging,
we seek to identify imaging correlates to these plaque features.
Although 3T MR imaging is often favored when evaluating high-risk
carotid plaque, many easily identifiable plaque features can be depicted
on CTA and have been histopathologically validated as markers of
high-risk plaque.28-32

Technique
CTA is one of the most commonly acquired imaging examina-
tions to accurately evaluate the degree of luminal narrowing. It

has a very high sensitivity (98%), posi-
tive predictive value (93%), and inter-
operator reliability in evaluating vessel
patency and luminal narrowing com-
pared with DSA.33 One benefit of
using CTA for plaque evaluation is the
relative standardization of the imaging
technique across platforms and
institutions.

There are 2 main CT techniques for
evaluating plaque characteristics: the
more commonly encountered MDCTA
and the newer dual-source CT. CTAs
are generally acquired after the intrave-
nous administration of nonionic iodin-
ated contrast through a peripheral IV
using a power injector with a 4-mL/s
flow rate and often using bolus-tracking
software. Helical mode CT scanning is
then generally performed with a multi-
detector scanner (at least 16–detector
row but ideally $64–detector row)
from the aortic arch to the C1 ring with
submillimeter (frequently 0.625-mm)
resolution. Multiplanar reconstructions
in all planes are performed to fully eval-
uate the vessels and to properly account
for inherent vessel tortuosity. MDCTA

of the carotid arteries can be rapidly acquired and is frequently used
when screening patients presenting with cerebrovascular ischemic
symptoms in the acute setting. For the plaque features described in
this article, no postprocessing is necessary, allowing relatively rapid
interpretation. Despite these clear benefits, the 2 main limitations
for CTA are radiation exposure and the need to inject intravenous
iodinated contrast. Another drawback to traditional MDCTA is the
difficultly in differentiating calcified plaque from luminal contrast
material due to their similar attenuation values. Additional consid-
erations are that compared with ultrasound, CTA examinations are
less cost-effective and are limited in the evaluation of vessel
hemodynamics.

Dual-source CT can also be used when evaluating carotid pla-
que on CTA. Dual-source CT uses 2 different sources of x-rays at
different kilovolts. By means of postprocessing software taking
,10minutes, features of specific densities such as calcified plaque
or bone can be accurately segmented or subtracted to allow dif-
ferentiation between the luminal iodinated contrast and adjacent
calcified plaque. While this method has been increasingly stud-
ied,34 it is not as commonly available and used in acute settings.

Relatively Lower Risk Features
Plaque Calcification. The most commonly encountered lower
risk feature of plaque is calcification. Plaque calcification is
defined as a plaque with a Hounsfield unit . �130 (Fig 1 and
Table). Plaque calcification is most often detected visually on
CTA by increasing the window width, though discriminating
between calcified plaque and luminal contrast can sometimes be
difficult. Calcified plaques, when detected on sonography, have

FIG 1. Examples of densely calcified plaques. A and B, A 73-year-old asymptomatic man with a
densely calcific plaque resulting in 70% stenosis of the proximal right ICA by the NASCET criteria
(white arrows). Note the relative lack of soft or fibrofatty plaque. C, A 50-year-old man present-
ing with right-sided weakness found to have left MCA vascular territory infarction and with inci-
dental note of severe (approximately 80%) stenosis of the proximal right ICA secondary to a
densely calcified plaque (arrowhead). Note the presence of a calcified plaque in the left ICA.
Additional plaque was noted more proximally in the left ICA (not shown). D, An asymptomatic
81-year-old man found to have circumferential densely calcified plaque around his proximal right
ICA (black arrow), with approximately 40% stenosis by the NASCET criteria.
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been found to be less frequently associated with ischemic events
than noncalcified plaques.35 A systematic review and meta-analy-
sis of 7 studies found a negative association between the presence
of calcified plaque on CTA and downstream cerebrovascular is-
chemic symptoms,36 indicating that calcified plaques are less fre-
quently associated with cerebrovascular ischemia. An additional
systematic review also found that symptomatic plaques had less
calcification than asymptomatic carotid plaques.37 Additionally,
some studies have found that the ratio or thickness of calcified
plaque is important. One study has shown that if .45% of the
plaque is calcified, the patient is more likely to be asymptom-
atic.38 Furthermore, other studies have shown that each 1-mm
increase in calcified plaque decreased the odds of having had a
prior ipsilateral stroke or TIA and that those with densely calci-
fied plaques were less likely to have symptomatic disease.20,21

The lack of association between densely calcified plaque and
ipsilateral stroke risk is not fully understood. Calcified plaques
may decrease the fibrous cap inflammation and, in doing so, pro-
vide additional mechanical stability to the plaque surface. These
features may prevent thrombus aggregation, thereby decreasing

the likelihood of emboli originating
from the plaque.39 Most interesting,
one study found that patients on statins
were more likely to develop calcified
plaques than those not on statins.40

Although we frequently encounter
densely calcified plaques, which may
cause a significant degree of luminal
narrowing, the presence and degree
of calcification may confer relatively
less risk than noncalcified plaque.

Relatively Higher Risk Features
Soft Plaque. The most common high-
risk feature of plaque is the so-called
“soft” or “fibrofatty” plaque, which
reflects a combination of intraplaque
hemorrhage (IPH), lipid-rich necrotic
core (LRNC), and fibrous elements.
IPH and LRNC are 2 plaque features
strongly associated with plaque vul-
nerability and an increased risk of
stroke.35,41-43 Soft plaque is plaque
with a low attenuation, with a median
attenuation of around 40–50 HU but
ranging around 16–90 HU (Fig 2
and Table). Soft plaque can be seen

alone or in association with calcified plaque. When soft plaque
is present on the luminal border with surrounding, peripheral
calcification, it is thought to be a marker of high risk and is
strongly associated with IPH on MR imaging.44 It can be diffi-
cult to differentiate IPH and LRNC when evaluating plaque
visually on CTA, but IPH is thought to have lower Hounsfield
units32,45,46 than LRNC and fibrous elements with a mean
Hounsfield units of 18 compared with LRNC (mean, 63 HU)
and fibrous tissue (mean, 93 HU).47 In clinical practice, these
small differences in Hounsfield units are challenging to detect
accurately. Soft plaque, whether it represents IPH or LRNC, is
itself a high-risk feature of plaque, so accurate discrimination
between exact histologic elements in the plaque may not be
essential in acknowledging the increased risk. There is high
interobserver agreement in identifying large plaque hemor-
rhage or areas of low-density lipid cores on CTA.29,46 A sys-
tematic review and meta-analysis of 6 studies with .1800
arteries found that having soft plaque increases the risk of ip-
silateral cerebrovascular ischemia by almost 3 times, regard-
less of the degree of carotid stenosis.36 As opposed to calcified

Standard definitions of plaque features
Plaque Characteristic Imaging Definition Histopathologic Correlate

Calcified plaque Plaque with increased attenuation of .130 HU Plaque calcification
Soft plaque Low-attenuation plaque, around 40–50 HU Intraplaque hemorrhage and lipid-rich

necrotic core
Plaque ulceration Extension of contrast material beyond the vascular

lumen of the plaque, usually of at least 1 mm
Plaque surface irregularity and
ulceration

Total plaque thickness Linear measurement of greatest axial dimension of plaque Plaque thickness
Carotid plaque enhancement Enhancement of plaque after administration of contrast Plaque neovascularity

FIG 2. Soft plaque. A, 68-year-old man with a left-sided visual deficit found to have a large predom-
inantly soft plaque (white arrow) in the proximal left ICA without significant stenosis by the NASCET
criteria. B, A 74-year-old woman with right-sided weakness with a predominantly soft plaque (white
arrowhead) at the left carotid bifurcation and proximal left ICA, again without significant stenosis by
the NASCET criteria. C, An 82-year-old man with a large soft plaque with peripheral calcifications
(black arrow) in the proximal left ICA with,50% stenosis by the NASCET criteria. D, Sagittal recon-
struction of the same patient as in C demonstrates a large soft plaque component (curved arrow)
extending throughout the proximal left ICA. E, Sagittal reconstruction demonstrates a large, irregular
soft plaque narrowing the proximal right ICA (black arrowhead) of a 71-year-old man.
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plaque, having an increased soft plaque thickness or an
increased ratio of soft plaque increases the risk of ipsilateral
cerebrovascular ischemia.20,21,28

Overall Plaque Thickness. Beyond individual plaque compo-
nents, the overall thickness of carotid artery plaque, which is
easily quantifiable on CTA, is associated with plaque vulnerabil-
ity. A simple linear measurement of the greatest plaque

thickness can be a strong discrimina-
tor in identifying high-risk plaque
(Fig 3), even better than the degree of
stenosis.48 Studies have shown that
greater overall plaque thickness is
associated with cerebrovascular is-
chemic symptoms, even in patients
with strokes of an undetermined
source.48-51 While an exact threshold
of total plaque thickness to determine
increased plaque vulnerability has not
been established, it may be in the 2.5-
to 3-mm thickness range.48-50 This
association between increasing pla-
que thickness and increased cerebro-
vascular ischemia remains, regardless
of the degree of luminal narrowing.

Plaque Surface Morphology. Plaque
surface irregularity is an important
high-risk feature to identify because
plaque rupture leading to throm-
boembolism is considered a critical
step in the development of throm-
boembolic stroke.16,52 Plaque ulcera-
tion on any imaging technique is
strongly associated with ischemic
strokes, with hazard ratios ranging
from 1.2 to 7.7.53-58 CTA can accu-
rately differentiate smooth, irregular,
and ulcerated surfaces and can detect
ulceration with high accuracy (speci-
ficity, 99%; sensitivity, 94%).59 Plaque
ulceration on CT is described some-
what variably across studies but, in
general, involves extension of contrast
material beyond the vascular lumen of
the plaque, usually of at least 1mm.
Sagittal and coronal reformations can
be very helpful in assessing plaque
ulceration (Fig 4). A systematic review
and meta-analysis of 2883 arteries
found that the presence of plaque
ulceration increased the likelihood of
ipsilateral cerebrovascular ischemia
2.2 times.36 One of the limitations in
evaluating plaque ulceration is the
similarity of the attenuation of calci-
fied plaque and luminal contrast ma-

terial, which can make the detection of ulceration difficult.
Plaque ulceration is thought to increase the risk of ischemia

because the ulceration exposes the inner plaque components to
the flowing blood within the vessel, increasing the probability of
thromboembolic events. In addition to being a high-risk feature,
plaque ulceration is also associated with an increased degree of
stenosis,60 increased lipid and overall plaque volume,61 and
decreased volume of plaque calcifications.62

FIG 3. Plaque surface morphology and ulceration. A, A 69-year-old woman with a large soft pla-
que with an irregular surface and focal plaque ulceration (white arrow) with the plaque narrowing
the proximal left ICA. B, A 62-year-old man with focal soft plaque at the right carotid bifurcation
and proximal ICA with a large plaque ulceration (black arrow). C, A 73-year-old man with a pre-
dominant soft plaque with peripheral calcification narrowing the left ICA with focal plaque ulcer-
ation (black arrowhead) extending into the soft plaque. D, A 67-year-old woman with irregular,
ulcerated plaque (white arrowhead) best seen on the coronal reconstruction. There is no signifi-
cant associated luminal narrowing with this irregular, ulcerated plaque.

FIG 4. Plaque thickness measurements. A and B, A 78-year-old man with predominantly soft pla-
que without significant narrowing of the proximal left ICA, however, with a large soft plaque
component measuring up to 5mm in thickness. Despite the lack of significant narrowing, the
thickness of the plaque increases the risk of ipsilateral cerebrovascular ischemia. C and D, An 84-
year-old man with a large predominantly soft plaque with peripheral calcifications without signifi-
cant stenosis by the NASCET criteria but with total plaque thickness of 4mm, again increasing the
risk despite the lack of significant stenosis.

AJNR Am J Neuroradiol 41:380–86 Mar 2020 www.ajnr.org 383



Neovascularization and Inflammation. Another feature indicat-
ing plaque vulnerability is inflammation and intraplaque neo-
vascularization (Fig 5). Histopathologic studies have found an
association between macrophage infiltration, plaque rupture,
and ischemic symptoms63 and have confirmed that inflammatory
cells accumulate with plaques.64 Additionally, studies have shown
that neovessels can be seen in carotid plaques, are associated
with the degree of inflammation, and increase the risk of
IPH.65,66 Translating this histopathologic understanding into
detectable findings on routine CTA is not as straightforward.
One of the imaging correlates to plaque neovascularity and
inflammation is carotid plaque enhancement, which has been
shown to be associated histologically with neovascularization
on CTA67 and MR imaging.68 Adventitial vasa vasorum and
intraplaque neovascularization are known high-risk markers for
carotid plaque inflammation and can be detected on contrast-
enhanced ultrasound.3-5 Additionally, arterial wall enhance-
ment has been shown to be associated with symptomaticity.69,70

The difficulty in evaluating this feature routinely on CTA is that
obtaining both pre- and postcontrast imaging of the carotid ar-
tery on CT is rarely performed in standard clinical practice.
Other studies have shown that increased attenuation in the peri-
vascular fat around the carotid arteries, indicative of surround-
ing inflammation, is associated with cerebrovascular ischemic
symptoms.71 In general, plaque inflammation is likely best
detected using other imaging modalities, including molecular
imaging studies72 and contrast-enhanced ultrasound,3-5 with a
more limited role for routine CTA.

Future Directions
While there is strong evidence that the presence of specific plaque
characteristics on routine CTA imaging is associated with

increased recent cerebrovascular ische-
mic symptoms, including in patients
with strokes, that would otherwise be
classified as “cryptogenic,” there are
limited prospective data using CTA in
asymptomatic individuals who are
then followed across time to a first-
time cerebrovascular ischemic event.
Many prospective studies on histopa-
thologically verified high-risk features
on MR imaging and ultrasound plaque
have been performed or are being
performed73-75 and have shown an
increased risk of future or recurrent
cerebrovascular ischemia, but similar
prospective studies have not been
performed using CTA as the primary
imaging technique. Prospective stud-
ies with standardized protocols and
plaque characteristic definitions to
determine the predictive abilities of
these plaque features on CTA are cer-
tainly warranted. Future studies
should also more fully evaluate the
role of CTA in monitoring the

response of plaque characteristics to medical therapy, especially
in light of various novel treatments that allow significant inten-
sification of medical therapy as a potential alternative to revas-
cularization procedures.

CONCLUSIONS
Routine CTA can provide a detailed assessment of plaque vulner-
ability, beyond the standard degree of luminal stenosis. Many
plaque features can be assessed on routinely acquired CTA
examinations without additional postprocessing or excessive
delay in interpretation. There is strong evidence showing an asso-
ciation with the described plaque features and cerebrovascular is-
chemic symptoms. Accurate recognition of these plaque features
may assist in appropriate risk stratification.

Disclosures: Hediyeh Baradaran—RELATED: Grant: Association of University
Radiologists–GE Radiology Research Academic Fellowship. Money paid to the
institution.
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