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REVIEW ARTICLE

Nonstenotic Carotid Plaques and Embolic Stroke of
Undetermined Source: A Multimodality Review

A.S. Larson, W. Brinjikji, A. Lekah, J.P. Klaas, G. Lanzino, J. Huston, L. Saba, and J.C. Benson

ABSTRACT

Symptomatic nonstenotic carotid artery disease has been increasingly recognized as a thromboembolic source in patients who would
otherwise be classified as having embolic stroke of undetermined source. Evidence suggests that certain plaque features seen on so-
nography, CT, and MR imaging in nonstenotic carotid artery disease may predispose to recurrent stroke in patients with embolic
stroke of undetermined source. We performed a focused literature review to further study plaque features in the context of embolic
stroke of undetermined source and to determine which plaque features may be associated with ipsilateral ischemic events in such
patients. Plaque thickness as seen on both ultrasound and CT appears to have a consistent association with ipsilateral stroke in
patients with embolic stroke of undetermined source across multiple studies. Intraplaque hemorrhage as seen on MR imaging is now
understood to have a strong association with ipsilateral stroke in patients with embolic stroke of undetermined source. Continued
study of various plaque features as seen on different modalities is warranted to uncover other potential associations.

ABBREVIATIONS: ESUS ¼ embolic stroke of undetermined source; IPH ¼ intraplaque hemorrhage; LRNC ¼ lipid-rich necrotic core; SyNC ¼ symptomatic
nonstenotic carotid artery disease; US ¼ ultrasound

Up to one-third of strokes have no established mechanism and
are considered to be cryptogenic.1 In 2014, the term “embolic

stroke of undetermined source” (ESUS) was established as a clini-
cal entity in patients with nonlacunar cryptogenic stroke in which
an embolic source was thought to be most likely, despite an appro-
priate diagnostic evaluation with negative findings (Fig 1).2 This
term (along with “cryptogenic stroke”) has also been used to
define patients who may have multiple, competing stroke etiolo-
gies in which a definitive source cannot be determined. Patients
with ESUS have been estimated to have a .4% risk of recurrent
stroke per annum despite being on antiplatelet medication.1

Subsequent thought was directed to the idea that anticoagulation
may be beneficial in such patients, given the likelihood that emboli
originated from various nonevident atheroembolic sources.3 This
premise provided the impetus for 2 large clinical trials that com-
pared anticoagulation with aspirin alone in patients with ESUS.4,5

Despite this plausible theory, no benefit of anticoagulation was
observed. These results spurred continued interest in additional

diagnostics in order identify potential embolic sources in patients
with ESUS.

One such avenue has been the use of adjunctive and advanced

imaging techniques, as well as alternative imaging features on tra-

ditional studies to identify potential embolic sources. Of particu-

lar interest has been a deeper interrogation of carotid artery
plaque features beyond the degree of luminal stenosis. Current

guidelines suggest that large-artery atherosclerosis may be the

cause of an ischemic stroke in cases in which the degree of ipsilat-

eral stenosis is .50% as calculated by the NASCET criteria.6,7

This rule is based on data from trials performed in the 1970s and

80s that could assess only the degree of stenosis and luminal mor-
phology. Therefore, a biomarker was produced according to the

only threshold that could be assessed at that time. Currently,

however, advanced imaging modalities have enabled the assess-

ment of the plaque itself and not only its effects, such as the ste-

nosis, along with the detection of various carotid plaque features

that have been highly associated with the presence of ipsilateral

ischemic stroke, even in cases of,50% ipsilateral stenosis.8-10

Even in the case of traditional imaging modalities such as
ultrasound (US) and CTA, several studies have indicated that
the presence of certain carotid features may be associated with
ipsilateral ischemic stroke in patients who would otherwise have
been classified as having ESUS. Given the multitude of such
studies showing an increased risk of recurrent stroke in patients
with ESUS with nonstenotic carotid artery disease with certain
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radiographic features, Goyal et al8 have proposed that sympto-
matic nonstenotic carotid artery disease (SyNC) is a plausible
stroke etiology in patients with ESUS. These patients may, there-
fore, benefit from a targeted therapeutic approach.11,12

Although the SyNC criteria remain in their infancy and will
likely evolve, an important feature of the SyNC criteria is the
presence of carotid plaque with high-risk features. An under-
standing of which radiographic features have been associated
with ipsilateral ischemic stroke in patients with ESUS is crucial to
determine whether a patient likely meets the criteria for SyNC
and may, therefore, benefit from targeted therapy. To date how-
ever, a review of such features that may be associated with ipsilat-
eral ischemic events in patients with ESUS specifically is absent
from the literature. We therefore aimed to provide such a review
of carotid artery features as seen on US, CT, and MR imaging in
the context of ESUS.

MATERIALS AND METHODS
We performed a focused literature search related to radiographic
carotid plaque features specifically in patients with ESUS. This
was not a systematic review or meta-analysis and did not, there-
fore, use rigorous search criteria or inclusion/exclusion criteria.
PubMed was queried using words such as “carotid,” “plaque,”

“nonstenotic,” “ESUS,” “stroke,” “ischemia,” and “cryptogenic.”
Titles and abstracts were reviewed for relevance. Full articles were
accessed when titles/abstracts suggested that a study consisted of
evaluation of carotid plaque features in patients with ESUS or in
patients with cryptogenic stroke. Articles were fully reviewed,
and the references of each article were scrutinized for additional
studies of interest.

The strength of associations between plaque features and ipsi-
lateral stroke in patients with ESUS was graded in a subjective
fashion as follows: If all or nearly all studies of a particular feature
demonstrated such an association, the evidence for that feature
being associated with ipsilateral stroke in ESUS was considered
“strong.” If most studies demonstrated an association, that fea-
ture was considered as having “moderate” evidence. If roughly
half of studies demonstrated a relationship while roughly the
other half demonstrated no such relationship, the evidence for
that feature was graded as “conflicting.” If a feature did not dem-
onstrate a relationship across all or nearly all studies or had only
been minimally studied, the evidence was graded as “weak.”

Ultrasound
Ultrasound has historically been the most-commonly used imag-
ing technique to evaluate carotid artery disease because of its ease
of use and lack of radiation exposure. The results of NASCET pro-
vided further impetus for the use of US for assessment of suspected
carotid artery disease.6 However, the use of US has limited consid-
eration for operative interventions to the degree of stenosis alone
without consideration of other US features that may have been
associated with ischemic events. In fact, some studies performed in
the 1980s before the completion of NASCET suggested that spe-
cific plaque features on US were likely associated with ipsilateral
ischemic stroke.13,14 While the degree of luminal stenosis remains
a critical feature, advances in US technology have likely led to iden-
tification of other US plaque features that require consideration as
a culprit lesion in patients with stroke.15,16 Unfortunately, a paucity
of data specific to patients with ESUS exists.

Several studies (some of which were performed pre-NASCET)
have indicated that US features such as fibrous cap ulceration, the
presence of thrombus, plaque length, plaque volume, and hypoe-
choic/heterogeneous plaque likely indicate vulnerable plaques
that may be culprit lesions in patients with stroke.17 Recently,
Buon et al18 evaluated 22 patients with carotid atherosclerosis
with ,50% stenosis. Despite a relatively small sample size, the
presence of plaque echolucency was more prevalent in carotid
arteries ipsilateral to the presenting ischemic symptoms versus
contralateral carotid arteries (100% versus 63%, respectively),
though statistical significance was not reached. Most intriguing,
the difference in plaque ulceration and thrombus did not reach
statistical significance. However, carotid arteries on the sympto-
matic side had a higher median plaque thickness, length, and vol-
ume index.

In a similar study, Komatsu et al19 found that carotid plaques
with .1.5mm intimal medial thickness were present in the
carotid artery ipsilateral to symptoms in 59% of patients with
ESUS compared with 42% on the contralateral asymptomatic
side, a finding that was statistically significant. Hypoechoic pla-
ques were present on the ipsilateral side in 9% of patients versus

FIG 1. Sample case of ESUS. A–C, Axial diffusion-weighted MR images
demonstrate multiple foci of restricted diffusion throughout the left
MCA territory, consistent with an embolic stroke. Subsequent work-
up for a cardioembolic source was negative. In addition, axial CTA of
the cervical carotid artery demonstrates likely atherosclerotic disease
resulting in ,50% luminal stenosis (D, arrow). Given the diagnostic
evaluation with negative findings and a likely embolic source, this
patient meets the criteria for ESUS, despite a minimal degree of lumi-
nal carotid stenosis.
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4% on the contralateral side, though this difference did not reach
statistical significance. Together, data from these 2 studies suggest
that features related to plaque size and thickness may be more
important US markers of culprit lesions in patients with ESUS
compared with other features. Patients with these lesions may,
therefore, be more strongly considered for intervention to reduce
the risk of recurrent stroke. However, these studies assess an asso-
ciation between features and the presence of ipsilateral ESUS in a
cross-sectional manner. It is therefore uncertain whether these

features place patients at risk for additional, recurrent ischemic
events. An example case of a patient with ESUS and US findings
suggestive of carotid plaque as a culprit lesion is demonstrated in
Fig 2.

To our knowledge, these are the only studies in the literature
evaluating plaque features on US in the context of ESUS. Given
the ease, availability, low cost, and lack of radiation in using US,
additional studies evaluating potential US biomarkers of ipsilat-
eral stroke in patients with ESUS are warranted.

CTA
Like US, CTA represents a quick and easily accessible method of
assessing carotid artery disease in patients with stroke. Technical
advances in CT technology (ie, such as high-speed multidetector
hardware and 3D reformatting software) have enabled detection of
carotid artery disease on the scale of millimeters.16 Because CTA is
performed as a part of most institutional acute stroke algorithms,
any features of nonstenotic plaques associated with ipsilateral
stroke would be easily assessed in the clinical setting. Thus, CTA
may, therefore, be the most practical technique to assess nonste-
notic plaque features.16 Unlike US however, more data exist
regarding which plaque features on CTA are associated with ipsi-
lateral ischemic events in nonstenotic carotid arteries in patients
with ESUS specifically. Unfortunately, conflicting evidence has
been reported for multiple plaque features up to this point.

Coutinho et al20 were the first to hypothesize that large, non-
stenotic plaques were more prevalent in carotid arteries ipsilateral
to cryptogenic stroke. In this original study that included a cohort
of 85 patients with ESUS, 2 primary findings were evident. First,
large-but-nonstenotic plaques.3mm in thickness were found to
be associated with ipsilateral cryptogenic strokes. Second, there
was no difference in the percentage of stenosis in ipsilateral-
versus-contralateral carotid arteries.

Following this original study by Coutinho et al,20 Ospel et
al21 analyzed patients with ESUS from the Identifying New
Approaches to Optimize Thrombus Characterization for Predicting
Early Recanalization and Reperfusion with IV Alteplase and
Other Treatments Using Serial CT Angiography (INTERRSeCT)
study22 to determine the prevalence of nonstenotic carotid plaques
ipsilateral to the side of the stroke. The authors found that in
patients with ,50% stenosis, plaques were more prevalent within
the carotid artery ipsilateral to the side of the stroke, suggesting
that nonstenotic plaques may be culprit lesions in patients with
ESUS. Most interesting, several plaque features (irregularity, ulcer-
ation, hypoattenuation, and so forth) had no significant associa-
tion with ipsilateral stroke, though plaque thickness (.3mm) was
more prevalent on the ipsilateral side but did not reach statistical
significance.

More recently, Singh et al23 analyzed the Systematic Evaluation
of Patients Treated with Neurothrombectomy Devices for Acute
Ischemic Stroke (STRATIS) registry to retrospectively evaluate pla-
que features on CTA in 141 patients diagnosed with cryptogenic
stroke. In essence, plaque surface irregularity, plaque hypodensity,
and increasing plaque thickness were all associated with ipsilateral
stroke in patients diagnosed as having cryptogenic stroke. Notably,
predominately calcified and ulcerated plaques had no association
with ipsilateral cryptogenic stroke.

FIG 2. Carotid sonography demonstrating large ($3mm), heteroge-
neous, nonstenotic carotid plaque in a 66-year-old man who pre-
sented with acute-onset vision loss in his right eye, suspicious for
retinal ischemia. The patient underwent bilateral carotid US. A,
B-mode long axis view of the right carotid vasculature demonstrates
the presence of a moderately-sized (�3mm) complicated plaque in
the proximal ICA. A’, Close-up of the plaque demonstrates hetero-
geneous plaque with areas both hyperechoic (arrow) and echolu-
cent (asterisk). B and B’, Long view of the proximal ICA and carotid
bulb (CB) demonstrates heterogeneous plaque as seen in A and A’.
C, The left proximal ICA also demonstrates the presence of large
(.3mm) heterogenous plaque with hyperechoic (arrow) and echo-
lucent (asterisk) areas. The right-sided plaque may be smaller than
the left secondary to recent dislodgment and embolization of pla-
que material. The patient underwent an appropriate work-up to
identify a potential embolic source, which was negative. This patient
was diagnosed with ESUS despite the presence of moderately-sized,
heterogeneous plaque on the right resulting in,50% luminal steno-
sis. Although more data are needed relating to plaque US in the con-
text of ESUS, plaque thickness appears to have a consistent
association with ipsilateral stroke across the existing literature. To
date, plaque echolucency has not been found to have such an asso-
ciation, which is significant. ECA indicates external carotid artery;
CCA, common carotid artery.
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The Plaque at Risk (PARISK) study was a recently published
multicenter, prospective analysis of carotid plaque CT and MR
imaging biomarkers and recurrent stroke risk in patients with
carotid stenosis of ,70% by the NASCET criteria.24 Most inter-
esting, plaque calcifications and ulcerations were not found to be
statistically significant risk factors for recurrent ipsilateral stroke at
a mean follow-up of 5 years. In terms of CT plaque features, these
findings suggest that ulceration and proportional calcification are
not likely to be risk factors for recurrent ischemic events. Whether
a longer follow-up interval changes these findings remains unclear.

In contrast, a recent retrospective study of 152 patients with
ESUS by Jumah et al25 found that plaque ulceration as seen on
CTA was more prevalent in ipsilateral carotid arteries versus con-
tralateral ones. In addition, plaque thickness (.3mm), plaque
length (.1 cm), and hypodense plaque were significantly associ-
ated with ipsilateral stroke, whereas calcification was not.

Certainly, these studies further support the theory that the
presence of carotid plaque (regardless of the degree of stenosis)
may be a culprit lesion in patients with ESUS without another
identifiable source. Furthermore, it also appears that plaque
thickness of .3 mm has been most consistently reported across
studies associated with ipsilateral ischemic events in patients with
ESUS (Fig 3). Although certain CT features of carotid plaques
such as surface irregularity, ulceration, hypodensity, and calcifica-
tion are thought to represent features of vulnerable plaque, their

association with ipsilateral stroke in patients with ESUS remains
unclear in the context of conflicting reports (Fig 3).10,23,25,26 Given
the high clinical utility of CT and CTA in the acute stroke setting,
continued exploration of the potential association between these
features and ischemic events in patients with ESUS is likely worth-
while to clarify these discrepancies.

MR Imaging
Without doubt, advances in MR imaging technology have
enhanced detection and interrogation of carotid plaque features.16,27

Not the least of these is carotid vessel wall imaging, which uses
flow-suppression techniques to null signal from adjacent flowing
blood. This enables enhanced detection of carotid plaque features
beyond the degree of luminal stenosis or plaque size. MR imaging
of plaque is, therefore, considered as the criterion standard for ca-
rotid wall analysis, particularly in patients with ESUS.16

Several MR imaging plaque biomarkers have been proposed to
be associated with ipsilateral ischemic events, specifically in
patients with ESUS.10 Of these, intraplaque hemorrhage (IPH) has
been established as being associated with cerebral ischemia (Fig 4).
Pathologically, IPH involves extravasation of hematogenous
constituents from fragile neocapillaries within an atheromatous

FIG 3. Example of “vulnerable” plaque features as seen on CTA in 3
different patients. A, Ulcerated plaque within the proximal ICA
(dashed box) seen on CTA. Inset in A demonstrates an area of slight
luminal stenosis with plaque surface irregularity suspicious for ulcera-
tion (arrow). B, CTA from a different patient demonstrates hypo-
dense (“soft”) plaque (solid arrow) with a thin band of peripheral
calcifications (arrowhead), resulting in luminal narrowing (dashed
arrow). Similar findings are seen in C apart from a much thicker pe-
ripheral band of calcification. Hypodense plaques may represent the
present of LRNC or IPH, though it can be difficult to distinguish
between the 2 on CTA. Plaque hypodensity has been reported to be
associated with ipsilateral ischemia in patients with ESUS in most
studies. Conflicting evidence exists regarding the relationship
between surface irregularity, ulceration, and ipsilateral stroke. In con-
trast, calcification appears to be unrelated to ipsilateral stroke in
patients with ESUS.

FIG 4. Representative MR imaging plaque features that may have an
association with ipsilateral stroke in patients with ESUS. A, MPRAGE of
a patient showing an area of hyperintensity within the proximal ICA
(left circle), which has a mean intensity value of 200� that of the adja-
cent sternocleidomastoid muscle (right circle). These findings suggest
the presence of IPH. This patient had .50% luminal stenosis. B, T1
Cube (GE Healthcare) imaging of a different patient shows a LRNC. C,
MPRAGE in another patient demonstrates multiple features including
hypointense areas suggestive of peripheral calcifications (arrowheads),
a hyperintense area (dashed arrow) adjacent to the narrowed carotid
lumen (curved arrow), and a peripheral area of LRNC (solid arrow). D,
The same patient/artery as in C with T1 Cube imaging demonstrating
the narrowed lumen (curved arrow) along with peripheral calcifica-
tions (arrowheads) and a LRNC (solid arrow). IPH is not as apparent
on TI Cube imaging as on MPRAGE sequences. This patient also had
.50% luminal stenosis. Strong evidence exists suggesting that IPH is
associated with ipsilateral stroke in ESUS. A LRNC as seen on MR imag-
ing has also been consistently reported to have such an association,
albeit not to the same degree as IPH.
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plaque.28,29 The presence of this inflammatory milieu within the
plaque can result in thrombus formation, plaque growth, plaque
rupture, and distal embolization of thrombotic material.29 Most
commonly, IPH can be visualized on heavily T1-weighted sequen-
ces such as MPRAGE. On such sequences, IPH appears as a region
of hyperintensity in a carotid plaque that carries a signal intensity
of 50% of the adjacent sternocleidomastoid muscle.30

Despite a suspicion that IPH is associated with distal events,
the association of IPH in ESUS has been uncertain until
recently.31 Of all MR imaging biomarkers of plaque vulnerability,
IPH has been most strongly associated with ipsilateral ischemia
in patients with ESUS, even in cases of minimal luminal steno-
sis.9,21,32-36 In fact, our group has demonstrated that patients with
ESUS with ipsilateral IPH had an annual recurrence rate of 9.5%
compared with 2.5% in patients without IPH.9 Perhaps the most
convincing evidence to date comes from the aforementioned
PARISK study, in which patients with MR imaging evidence of
IPH were at higher risk of developing recurrent ischemic events
at 5-year follow-up.24

With these multiple sources of evidence suggesting an inde-
pendent association between IPH and ipsilateral stroke, the pres-
ence of IPH on vessel wall MR imaging in patients without an
otherwise-defined thromboembolic source should be strongly
considered as a culprit lesion. Some studies have even suggested
that patients with ischemic stroke and ipsilateral IPH in minimal
carotid stenosis may benefit from carotid endarterectomy.11,12

Nevertheless, several questions remain regarding IPH. For
example, IPH may persist within a plaque for years without any
obvious progression or distal ischemic events.37 This finding has
led some to postulate that the mere presence of IPH may not be
adequate in determining whether a patient is at risk. In turn, more
specific features of the IPH have been assessed, including the sig-
nal intensity within the hemorrhage and the size of the IPH.30,38

Beyond IPH, the presence of a lipid-rich necrotic core (LRNC)
within a carotid plaque has also been suggested as a potential cul-
prit in patients with ESUS.16,36,39,40 For example, the Carotid
Plaque Imaging in Acute Stroke (CAPIAS) study demonstrated
that patients with cryptogenic strokes had larger-volume LRNC
ipsilateral to the stroke compared with patients with known cardi-
oembolic or small-vessel stroke. Other MR imaging features such
as ulceration and thinning/rupture of the fibrous cap have been
identified as vulnerable features but have not been studied in
patients with ESUS specfically.41,42

Summary and Future Directions
Our understanding of symptomatic, nonstenotic carotid disease
as a cause of ESUS continues to evolve. Several plaque features
are important to consider in this context (Online Supplemental
Data). On US and CT, volumetric features including plaque vol-
ume and plaque thickness have been demonstrated to have an
association with ipsilateral stroke in nonstenotic carotid disease.
Regarding CT specifically, hypodense plaque has also had such
an association, albeit in a smaller number of studies. Additional
investigation is required to identify other potential US and CT
plaque features as markers of culprit lesions in nonstenotic dis-
ease. Intraplaque hemorrhage, as identified on vessel wall MR
imaging, has been most strongly associated with ipsilateral stroke

in patients with ESUS. Therefore, the presence of IPH in patients
without an otherwise identifiable source should raise strong sus-
picion for a culprit lesion. However, additional work is required
to identify more specific features of IPH that indicate an active
lesion. Other MR imaging features of plaque vulnerability have
been suggested as being associated with ipsilateral stroke (ie,
LRNC, thinning/rupture of the fibrous cap, and ulceration).
Besides LRNC, these features have yet to be studied in patients
with ESUS. Further work is, therefore, necessary to examine the
role of these features in the context of ESUS.

Although these radiographic features are important to evaluate
in patients with ESUS, their presence should not preclude evalua-
tion of other potential causes of embolic stroke. Grosse et al43

demonstrated that the presence of nonstenosing carotid artery
plaques was associated with markers of left atrial disease and atrial
fibrillation. Although the reasoning for this association is unclear,
the importance of a thorough evaluation for potential cardiac
causes of stroke in patients with ESUS is emphasized. Moreover,
recent evidence has also suggested that a high proportion of
patients with ESUS have multiple, potential embolic sources, fur-
ther stressing the importance of thorough evaluation beyond pla-
que features.44

Of course, many patients with suspected ESUS will have ca-
rotid imaging performed by .1 technique. This may be particu-
larly true with a more widespread understanding of SyNC. For
example, a patient with US findings suggestive of thick plaque
may undergo anMR imaging or CT study of the plaque to further
characterize additional features such as hypodensity or IPH,
which may, in turn, guide further management. To our knowl-
edge, the combinatorial benefit of imaging modalities for assess-
ment of plaque in patients with ESUS has not been directly
addressed. Such information would be beneficial in improving
the detection of plaque features and determining which patients
would benefit from advanced imaging. Further study in this
regard is therefore warranted.

The use of molecular-based imaging modalities has been of
recent interest to detect inflammatory activity in carotid plaques.
In the clinical realm, plaque uptake on FDG-PET studies is used
as a surrogate marker for plaque inflammation and has, indeed,
been correlated with inflammatory markers.45,10 Most intriguing,
a systematic review and meta-analysis performed by Chaker et
al46 demonstrated that recent ipsilateral cerebral ischemic events
may be associated with an increased plaque uptake of [18F] FDG
on PET imaging, independent of the degree of luminal stenosis.
While detection of more specific molecular markers of inflamma-
tion and plaque vulnerability remains largely within the research
realm, the potential role of molecular plaque imaging in the con-
text of ESUS is an exciting avenue of discovery.

Certainly, the primary objective in detecting carotid plaque as
a potential source of embolism in patients with ESUS is to ulti-
mately provide a targeted form of therapy to reduce the risk of
future ischemic events. This objective contrasts with general
stroke prevention, without an identifiable source. In theory,
patients meeting the criteria for SyNC may benefit from carotid
endarterectomy. Early data have suggested that endarterectomy
for patients with SyNC is safe and may have a benefit in prevent-
ing recurrent ischemia.11,12 However, well-designed clinical
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studies are needed to draw more robust conclusions regarding
the efficacy of endarterectomy in preventing future ischemic
events in patients meeting criteria for SyNC.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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