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BACKGROUND AND PURPOSE: Parameters other than luminal narrowing are needed to predict the risk
of stroke more reliably, particularly in patients with �70% stenosis. The goal of our study was to
identify clinical risk factors and CT features of carotid atherosclerotic plaques, in a retrospective cohort
of patients free of stroke at baseline, that are independent predictors of incident stroke on follow-up.

MATERIALS AND METHODS: We identified a retrospective cohort of patients admitted to our emer-
gency department with suspected stroke between 2001–2007 who underwent a stroke work-up
including a CTA of the carotid arteries that was subsequently negative for acute stroke. All patients also
had to receive a follow-up brain study at least 2 weeks later. From a random sample, we reviewed
charts and imaging studies of patients with subsequent new stroke on follow-up as well as those who
remained stroke-free. All patients were classified either as “new carotid infarct patients” or “no-new
carotid infarct patients” based on the Causative Classification for Stroke. Independently, the baseline
CTA studies were processed using a custom, CT-based automated computer classifier algorithm that
quantitatively assesses a set of carotid CT features (wall thickness, plaque ulcerations, fibrous cap
thickness, lipid-rich necrotic core, and calcifications). Univariate and multivariate statistical analyses
were used to identify any significant differences in CT features between the patient groups in the
sample. Subsequent ROC analysis allowed comparison to the classic NASCET stenosis rule in
identifying patients with incident stroke on follow-up.

RESULTS: We identified a total of 315 patients without a new carotid stroke between baseline and
follow-up, and 14 with a new carotid stroke between baseline and follow-up, creating the main
comparison groups for the study. Statistical analysis showed age and use of antihypertensive drugs to
be the most significant clinical variables, and maximal carotid wall thickness was the most relevant
imaging variable. The use of age �75 years, antihypertensive medication use, and a maximal carotid
wall thickness of at least 4 mm was able to successfully identify 10 of the 14 patients who developed
a new incident infarct on follow-up. ROC analysis showed an area under the ROC curve of 0.706 for
prediction of new stroke with this new model.

CONCLUSIONS: Our new paradigm of using age �75 years, history of hypertension, and carotid
maximal wall thickness of �4 mm identified most of the patients with subsequent new carotid stroke
in our study. It is simple and may help clinicians choose the patients at greatest risk of developing a
carotid infarct, warranting validation with a prospective observational study.

ABBREVIATIONS: CCA � common carotid artery; ROC � receiver operating characteristic

Carotid atherosclerotic disease is considered to be respon-
sible for 30% of all ischemic strokes. Luminal narrowing is

the standard parameter used to report the severity of carotid
atherosclerosis. Indeed, several randomized clinical trials have

shown a reduced risk of ischemic stroke in patients with lumi-
nal stenosis of �70% (assessed by conventional angiograms)
after carotid endarterectomy (compared with medical treat-
ment alone.)1-4 However, even if they have a higher individual
risk of developing a stroke, patients with �70% carotid steno-
sis represent fewer than 5% of patients. Most strokes occur in
patients with �70% carotid stenosis, which represents a large
proportion of the general population (70% in men and 60% in
women over 64 years of age).5,6 In patients with �70% carotid
stenosis, the benefit of surgery is less clear because of the small
individual risk of stroke (1.3%–3.3% annually).1,7-11 The high
prevalence of �70% stenosis, however, translates into a large
number of ischemic strokes on a population level and repre-
sents a major public health issue. Better characterization of the
risk of stroke in patients with �70% carotid stenosis could
impact the criteria used to make treatment decisions in these
patients, notably to refer them for stent placement or endar-
terectomy, and could ultimately result in a decrease in the
number of disabling strokes and related deaths in this group.
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Luminal narrowing on conventional angiography is only
an indirect measure of the carotid atherosclerosis process, as it
occurs in the vessel wall, not the lumen. Parameters other than
luminal narrowing are needed to predict the risk of stroke
more reliably, particularly in patients with �70% stenosis. A
number of carotid plaque morphologic features have been
suggested as potential markers of the “vulnerable plaque”
and are possibly associated with an increased risk of stroke,
the most studied of which being the CCA intima-media
thickness.5,6,12-19 In addition, embolic phenomena have
been reported as being associated with thinning and subse-
quent ulceration of the fibrous cap on the surface of the
atherosclerotic plaque,20-24 resulting in release into the par-
ent vessel of necrotic lipoid debris from the plaque sub-
stance, especially in the case of a high plaque lipid con-
tent.25,26 On the contrary, carotid plaque calcifications
appear to be protective.27,28 Carotid wall features have typ-
ically been studied using sonography 5,6,12-14,26 and MR im-
aging.29-38 Recently, a 3D computerized interpretation of
multidetector row, isotropic resolution CTA studies was
reported to assess, in a quantitatively accurate and stan-
dardized fashion, the histologic composition (including
noncalcified components) and characteristics of carotid ar-
tery atherosclerotic plaques. In this study, there was 72.6%
agreement between CTA and histology for carotid plaque
classification, perfect concordance for calcifications, and
good correlation with histology for large lipid cores. CTA
was also accurate in the detection of ulcerations and in the
measurement of fibrous cap thickness.23 Using the stan-

dardized, computerized assessment of CTA studies just de-
scribed, Wintermark et al39 performed a retrospective
cross-sectional study to identify the CT features of carotid
atherosclerotic plaques that were significantly associated
with the occurrence of ischemic stroke. This study revealed
that a small number of carotid wall CT features were signif-
icantly associated with acute carotid stroke. Specifically,
increased risk of acute carotid stroke was associated with an
increased wall volume, a thinner fibrous cap, a higher num-
ber of lipid clusters, and lipid clusters closer to the lumen.39

The number of calcium clusters was a protective factor.39

Unfortunately, there were several limitations to the pilot
study. The design of the study was cross-sectional and it
involved only a small number of patients. The authors con-
cluded that their results needed to be confirmed in a large
cohort study.

The goal of our study was to identify clinical risk factors
and CT features of carotid atherosclerotic plaques, in a large
cohort of patients free of stroke at baseline, that are indepen-
dent predictors of new incident carotid infarct on follow-up.

Materials and Methods

Study Design
Clinical and imaging data, obtained as part of standard clinical stroke

care at our institution, were retrospectively reviewed with the ap-

proval of the institutional review board. At our institution, patients

with suspicion of acute stroke and no history of significant renal in-

sufficiency or contrast allergy routinely undergo a stroke CT survey

Fig 1. Graphic depiction of our study population and how it was selected and distributed into different groups for purposes of statistical analysis. CEA indicates carotid endarterectomy.
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including the following imaging protocol: noncontrast CT, perfusion

CT at 2 cross-sectional positions, CTA of the cervical and intracranial

vessels, and a postcontrast cerebral CT.

We retrospectively identified 1000 consecutive patients admitted

to our emergency department from January 2001 to January 2007

who had undergone a CT/CTA to evaluate their brain and carotid

arteries. Only patients who also had a follow-up brain imaging study

at least 14 days after baseline CTA were included. Our focus of interest

was the carotid artery plaque CT features at baseline on the initial

CTA, and whether or not the patient developed a brain infarct on the

follow-up brain imaging that was not present on the baseline brain CT

(Fig 1).

Patients with remote or old infarcts in a carotid distribution were

excluded from our analysis because carotid atherosclerotic disease is

an evolving process, and the carotid artery condition may have

evolved in the time interval between when the remote infarct oc-

curred and the time of our CTA study, which was used to characterize

the carotid artery plaque features. This could have interfered with our

identification of the carotid wall features predictive of future infarct.

Patients who had a carotid endarterectomy were also excluded.

Their inclusion would have dramatically affected our results, as the

risk of subsequent infarct would be confounded by the procedure.

Further, infarct is itself a risk inherent to endarterectomies and inva-

sive cardiac surgeries.

Finally, we excluded patients who had presented with diagnoses

that may predispose them to infarcts, independent of carotid athero-

sclerosis, including carotid dissection, intracranial hemorrhage, and

vasculitides. Although we used a comprehensive protocol to differen-

tiate infarcts (ie, between carotid and noncarotid), the source of some

infarcts could not be identified. These were labeled “uncertain” in-

farcts and were subsequently excluded from the study.

CTA Imaging Protocol
CTA studies of the carotid arteries were obtained on 16-section and

64-section CT scanners (GE Healthcare, Milwaukee, Wisconsin). The

image acquisition protocol was as follows: spiral mode, 0.6- to 0.8-

second gantry rotation; collimation: 16 or 64 � 0.625 mm or 1.25

mm; pitch: 1.375:1 or 0.982:1; section thickness: 0.625 mm; recon-

struction interval: 0.5 mm; acquisition parameters: 120 kVp/240 mA.

A caudocranial scanning direction was selected, covering the mid-

chest to the vertex of the brain. Seventy mL of iohexol (Omnipaque;

Amersham Health, Princeton, New Jersey; 300 mg/mL of iodine) was

injected into an antecubital vein with a power injector at a rate of 4 mL

per second. Optimal timing of the CTA acquisition was achieved by

using a test bolus technique. Effective dose associated with this CTA

protocol was approximately 7–10 mSv.

Image Postprocessing
CTA studies of the carotid arteries were processed automatically using

a custom CT-based automated classifier computer algorithm that was

validated by using histology derived from carotid endarterectomy

specimens as a criterion standard. This algorithm automatically seg-

ments the inner and outer contours of the carotid artery wall and

distinguishes between the histologic components of the wall (lipids,

calcium) by using appropriate thresholds of CT attenuation.23,29 The

algorithm creates a color overlay affording a visual display of the

composition of the carotid wall for each CTA image (On-line Fig 1).23

It then automatically analyzes several CT features of the carotid arter-

ies and quantifies them 3-dimensionally (not in a plane, as with B-

mode sonography), independent of any subjective human interpre-

tation.32 The location of the largest lipid and calcium clusters was

described as a percent of the carotid wall thickness, with 0% indicat-

ing the center of the cluster immediately adjacent to the inner contour

and 100% indicating the center of the cluster immediately adjacent to

the outer contour. Measurements were recorded for the 2.5 cm of the

CCA immediately proximal to the carotid bifurcation and the 2.5 cm

of the ICA immediately distal to the carotid bifurcation.41 Maximal

carotid wall thickness was measured as the greatest distance from the

lumen-intima interface to the outer edge of the adventitia. The phy-

sician processing the CTA datasets was blinded to the clinical findings

of the imaged patients and to the group to which they belonged.

Further, the physician was not aware of the reason for imaging or the

patients’ medical histories.

Baseline Image Review
The CT studies of the brain parenchyma obtained at baseline and the

brain imaging studies obtained within the first 14 days after the base-

line CT were reviewed by a neuroradiologist for the presence or ab-

sence of an acute infarct and its distribution (unilateral or bilateral,

single or multiple vascular territories, and location of vascular terri-

tory). The 14-day delay was selected because an acute infarct may not

show up conspicuously on the day 0 brain parenchymal imaging,

especially if the initial imaging is a CT. However, in such a setting, the

patient is likely to get a repeat CT or a MR imaging of the brain within

the first 2 weeks that would show the acute infarct. The neuroradiolo-

gist reviewed the same studies of the brain parenchyma for old remote

infarcts. The neuroradiologist also reviewed the intracranial portion

of the baseline CTA of the carotid arteries for the degree of complete-

ness of the circle of Willis.

The neuroradiologist assessed the degree of carotid stenosis on the

cervical portion of the baseline CTA but did not record any informa-

tion regarding the carotid wall. During the review, the neuroradiolo-

gist was blinded to both the results of the automatic analysis of the

carotid wall produced by the computer algorithm, as well as any clin-

ical variables or characteristics.

Follow-Up Image Review
The neuroradiologist evaluated all follow-up studies of the brain pa-

renchyma obtained at least 14 days after the baseline CTA for the

presence or absence of an acute infarct and its distribution (unilateral

or bilateral, single or multiple vascular territories, and location of

vascular territory). The assumption was that any brain parenchymal

imaging study obtained more than 14 days after an initial stroke study

would probably be triggered by a new clinical event. This comparison

to the baseline study allowed verification that any infarcts observed

were in fact new.

Medical Chart Review
The medical records of the patients were reviewed, independently of

any imaging findings, for age, sex, ethnicity, smoking history, history

of diabetes, hypertension, hyperlipidemia, drug treatment, and clini-

cal diagnosis at the time of the follow-up imaging.

Patient Classification
The medical records of the patients were reviewed to determine the

probable etiology of the stroke. Using a system based on the Causative

Classification System for Ischemic Stroke42 developed by the

A.A. Martinos Center, and on the review of the imaging studies of the

brain parenchyma by the neuroradiologist,43,44 as well as the degree of

carotid stenosis, cardiac disease, and cardiac risk factors (independent
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of any carotid wall CT features), infarcts were categorized as “carotid

infarcts” if they were in a carotid distribution, with the probable

mechanism being large artery atherosclerosis. Nonacute strokes and

acute strokes in a distribution not consistent with a carotid origin

were categorized as “noncarotid infarcts.” Our classification method

and the criteria used for classification are summarized in On-line Fig

2 and On-line Tables 1– 4.

Statistical Analysis
Our statistical analysis consisted of 2 parts: univariate analyses of the

clinical and imaging variables, followed by a multivariate analysis to

determine which combination of clinical variables and carotid wall

characteristics indicated an increased risk of subsequent new carotid

infarct. For our univariate analyses, different types of statistical tests

were used for different clinical or imaging variables to verify any as-

sociation with new incident carotid stroke. Simple t tests were used for

continuous clinical variables, while Mann-Whitney tests were per-

formed for the dichotomous clinical variables. For the imaging vari-

ables, we used a mixed effect logistic model (with fixed effect for

patient).

Variables that showed P values �.2 in the univariate analyses were

considered for use in the multivariate analysis, which used .05 as a

threshold for statistical significance. However, many of the variables

(especially the carotid imaging characteristics) were collinear, indi-

cating overlap (ie, NASCET degree of narrowing and minimal cross-

sectional lumen area). In these cases of collinear variables, we only

used the one variable that was the most statistically significant (from

the univariate analyses) in the final multivariate analysis. This multi-

variate model allowed us to discover which combination of clinical

and/or imaging variables was associated with the greatest risk for sub-

sequent new carotid infarct. Using ROC analysis, we compared dif-

ferent thresholds of the relevant variables to understand which helped

provide the most optimal model. This resultant model was then com-

pared with the conventional NASCET rule (ie, luminal stenosis) to

find which was more effective in predicting strokes on follow-up in

our sample.

Results

Patient Population
One thousand consecutive patients admitted to our emer-
gency department from January 2001 to January 2007 were
considered for this study. They all received a brain/carotid
CT/CTA at baseline and subsequent follow-up brain imaging
at least 2 weeks later. Of this initial group, 89 patients were
excluded because they had an acute carotid stroke observed on
the baseline CTA (110 with a noncarotid stroke were allowed
to continue to the follow-up portion of the study). Further,
remote or old carotid infarcts were observed at baseline in 166
patients. The infarct source for 4 patients was not clear (“un-
certain”), and 172 patients were excluded due to other diag-
noses that may have predisposed them to infarcts independent
of any carotid atherosclerosis. One hundred ninety-four pa-
tients were excluded because the image quality of the CTA was
insufficient to allow the morphometric analysis of the carotid
plaque (152 patients with no thin— 0.625 or 0.1.25 mm—
CTA sections available on PACS, 42 patients with failed con-
trast bolus and insufficient enhancement of the carotid lu-
men). Three hundred seventy-five patients were retained in
the study.

The most frequent indications for follow-up imaging were
altered mental status (27%), suspicion of stroke (15%), sus-
pected or known malignancy (13%), and seizure (10%). Less
frequent were suspicion of infection (7%), trauma (6%), com-
plicated migraine (4%), and suspicion of vasculitis (1%);
other various indications were noted in 18% of the patients.
Two hundred and ninety-four had no new infarcts (ie, com-
pared with the baseline CT imaging), while 36 had a new inci-
dent infarct. Fourteen of these 36 patients were deemed to
have a new carotid infarct, and 21 had a new noncarotid in-
farct (the source of 1 patient’s infarct could not be properly
identified and was labeled “uncertain”). Forty-five of the 375
patients considered in the second portion of the study had a
carotid endarterectomy or cardiac surgery during the fol-
low-up period (between the baseline CT/CTA and their fol-
low-up brain imaging study) and were excluded from the
study. Consequently, we identified a total of 315 patients with-
out a new carotid infarct between baseline and follow-up, and
14 patients with a new carotid stroke between baseline and
follow-up, creating the main comparison groups for the study
(Fig 1).

Clinical Variables
In terms of clinical characteristics (Table 1) and on univariate
analyses, patients with new carotid infarcts were older and
more likely to have arterial hypertension and to be treated with
aspirin, antihypertensive drugs, and lipid-lowering drugs. The
use of antihypertensive medication and a diagnosis of arterial
hypertension were collinear, so the latter was subsequently
dropped from the following multivariate analysis. The time
between the baseline CT/CTA and the subsequent follow-up
imaging was similar across both groups (mean of 390.2 days to
follow-up for the new carotid infarct group, and mean of 447.5
days to follow-up for the no-new carotid infarct group). In
terms of the technique for follow-up imaging, 64.3% of pa-
tients in the new carotid infarct group had CT, and 35.7% had
MR imaging, while in the no-new carotid infarct group, 52.7%
had CT and 47.3% had MR imaging. This conveys that there
was no significant difference in terms of type of follow-up
imaging between the new carotid infarct group and the no-
new carotid infarct group.

Imaging Variables
In terms of carotid artery wall CT features (Table 2), and on
univariate analyses, the minimal cross-sectional lumen area
and the NASCET percent of lumen narrowing were signifi-
cantly different between the patient group with carotid infarct
and the patient group with no-new carotid infarct. Because of
colinearity, only the NASCET percent of lumen narrowing
was retained for the multivariate analysis. The other imaging
variables retained for the multivariate analysis were wall max-
imal thickness, fibrous cap thickness, presence of ulcerations,
percent lipid in plaque, and percent calcification in plaque.
Interestingly, calcium in the carotid wall was larger in patients
with stroke on the infarct side compared with the noninfarct
side and the patients with no stroke, and represented a risk
factor rather than a protective factor. In addition, the com-
puter classifier algorithm identified blood products within the
carotid wall, but these were not found to be statistically
significant.
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Multivariate Statistical Analyses
The multivariate analysis assessed the clinical and imaging
variables found significant in the univariate analyses, and
found the following variables to be associated with P values
�.05: age, use of antihypertensive medication, and maximal

carotid wall thickness. Of the 14 patients with new stroke, 12
were �75 years old. Only 2 of the patients with new carotid
stroke were between 22 and 74 years old; both were African
American patients with very uncontrolled hypertension and
history of heavy drug abuse. All of the older patients were

Table 1: Clinical characteristics of the study patients

All Patients
Patients with New

Carotid Infarcts
Patients with No New

Carotid Infarct
P

Value
Agea 64.9 � 16.2 77.2 � 11.9 64.3 � 16.2 .14
Gendera Male 117 (36%) Male 1 (7.1%) Male 116 (36.8%) .02

Female 212 (64%) Female 13 (92.9%) Female 199 (63.2%)
Race/Ethnicity White 166 (50.5%) White 7 (50%) White 159 (50.5%) .21

Hispanic 33 (10%) Hispanic 33 (10.5%)
Asian 90 (27.4%) Asian 4 (28.6%) Asian 86 (27.3%)

African American 30 (9.1%) African American 3 (21.4%) African American 27 (8.6%)
Pacific Islander 1 (0.3%) Pacific Islander 1 (0.3%)

Unknown 9 (2.7%) Unknown 9 (2.8%)
Smoking history 52 (15.8%) 4 (28.6%) 48 (15.2%) .29
Diabetes 105 (31.9%) 5 (35.7%) 100 (31.7%) .58
Hypertensiona 233 (70.8%) 13 (92.9%) 220 (69.8%) .10
Hyperlipidemia 186 (56.5%) 10 (71.4%) 176 (55.9%) .26
ASAa 191 (58.1%) 11 (78.6%) 180 (57.1%) .17
NSAIDs 78 (23.7%) 3 (21.4%) 75 (23.8%) 1.00
Anticoagulants 93 (28.3%) 5 (35.7%) 88 (27.9%) .55
Antihypertensive Rxa 213 (64.7%) 13 (92.9%) 200 (63.5%) .02
Diabetes Rx 59 (17.9%) 4 (28.6%) 55 (17.5%) .29
Lipid-lowering Rxa 163 (49.5%) 10 (71.4%) 153 (48.6%) .11
Time elapsed between baseline

brain/carotid CT/CTA and
follow-up imaging (days)

445.1 � 442 390.2 � 288 447.5 � 447.7 .48

Follow-up imaging modality CT 175 (53.2%), MRI 154 (46.8%) CT 9 (64.3%), MRI 5 (35.7%) CT 166 (52.7%), MRI 149 (47.3%) .39

Note:—ASA indicates acetylsalicylic acid; NSAIDs, nonsteroidal anti-inflammatory drugs; Rx, treatment.
a Indicates variables that were different (P � .2) in the patients with new carotid infarcts and in the patients with no new carotid infarct and retained for the multivariate analysis.

Table 2: Carotid artery wall CT features of the study patients

Carotid Artery Wall Descriptor

Carotid Infarct Patients No New Carotid
Infarct Patients P

Value

Infarct Side Contralateral Side

Mean SD Mean SD Mean SD
Lumen volume (mm3) 1519.07 255.05 1589.81 247.86 1603.93 40.14 .543
Lumen minimal cross-sectional area (mm2)a 20.82 4.59 24.91 3.99 24.75 0.72 .109
Lumen minimal diameter (mm) 3.77 0.38 3.90 0.48 3.87 0.08 .693
NASCET % lumen stenosis (%)a 0.29 0.07 0.26 0.10 0.21 0.02 .082
Wall volume (mm3) 1689.72 109.08 1717.05 117.38 1623.03 20.04 .353
Wall maximal thickness (mm)a 5.69 1.30 4.80 1.13 3.97 0.10 .000
Fibrous cap thickness (mm)a 0.49 0.14 0.49 0.20 0.30 0.03 .054
Ulcerationsa 0.43 0.27 0.43 0.27 0.27 0.03 .194
Volume of lipids (mm3) 15.79 13.36 13.43 11.60 8.19 1.61 .203
Percent of lipids (compared with the total

number of voxels in the carotid wall)a
0.94 0.76 0.86 0.81 0.49 0.09 .197

Number of lipid clusters (20 or more “lipid”
voxels adjacent to each other)

7.29 6.61 6.29 4.03 4.51 0.62 .221

Lipid cluster maximal size (mm3)a 3.11 2.44 2.30 1.36 1.36 0.17 .018
Location of the largest lipid cluster (% from

wall lumen)
7.71 0.82 8.04 1.47 7.81 0.37 .584

Volume of calcium (mm3)a 89.57 64.17 79.37 64.28 28.67 5.74 .012
Percent of calcium (compared to the total

number of voxels in the carotid wall)a
4.77 3.27 4.16 3.28 1.48 0.27 .004

Number of calcium clusters (20 or more
“calcium” voxels adjacent to each other)a

2.50 1.49 2.79 1.87 1.37 0.18 .098

Calcium cluster maximal size (mm3)a 15.69 9.30 11.53 7.74 5.62 0.80 .002
Location of the largest calcium cluster

(% from wall lumen)
11.94 1.68 13.75 2.55 13.45 0.36 .301

Note:—NASCET indicates North American Symptomatic Carotid Endarterectomy Trial.
a Indicates features that were different (P � .2) in the patients with new carotid infarcts and in the patients with no new carotid infarct and retained for the multivariate analysis.
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being treated for hypertension. In terms of the maximal ca-
rotid wall thickness, different thresholds led to different neg-
ative and positive predictive values (Table 3). We retained 4
mm as a threshold because of its optimal negative predictive
value.

Our final statistical model is represented as a tree with our
patient population in Fig 2. By narrowing the patients based
on age �75 years, use of antihypertensive medication, and a
maximal carotid wall thickness �4 mm, we identified 10 of the
14 patients with new carotid stroke. In terms of ROC analysis,
our new “rule” had an area under the ROC curve of 0.706.
Interestingly, only 1 of the 14 patients with new carotid stroke
had a NASCET stenosis �70%.

Discussion
In this cohort study of a large sample of patients, we were able
to identify 14 patients who developed a new carotid ischemic
stroke between the time when they underwent their baseline
CTA of the neck and a follow-up imaging study of the brain.

We identified 3 risk factors that would predict 10 of the 14
carotid ischemic strokes, including 2 clinical risk factors (age
�75 years and antihypertensive treatment) and 1 CT feature
of carotid atherosclerotic disease—maximal carotid wall
thickness �4 mm. This new rule is straightforward to remem-
ber and apply clinically.

In our study population, the variables “hypertensive” and
“antihypertensive” treatment were collinear, which means
that a large amount of patients with a history of hypertension
were also taking antihypertensive medications. Our retrospec-
tive approach did not allow us to assess the compliance of our
patients with respect to their antihypertensive medications, or
to assess their blood pressure control. However, it is reason-
able to think that compliance and hypertension control were
not perfect, and that arterial hypertension is actually the risk
factor of importance in our new rule, along with age �75 years
and maximal carotid wall thickness �4 mm, to predict which
patient is going to develop a new carotid ischemic stroke.

In our study, only 1 of the patients who developed a new
carotid ischemic stroke had a NASCET stenosis �70%. One of
the contributing elements to this observation may be that the
large amount of patients diagnosed with a NASCET stenosis
�70% on the baseline CTA of the neck likely underwent a
prophylactic carotid endarterectomy or stent placement (45 of
375 patients) and were thus excluded from the present study.
The justification for this exclusion was that the risk of carotid
ischemic stroke after carotid endarterectomy or stent place-
ment is significantly altered and, therefore, no longer repre-
sentative of the carotid wall CT features before endarterec-
tomy or stent placement.

The originality of our research lies in the use of an imaging

Fig 2. Final statistical model and patient tree distribution in our study population; Anti-HTN indicates anti-hypertensive treatment.

Table 3: Number of true and false positive and negative cases, as
well as sensitivity, specificity, and negative and positive predictive
values using different thresholds of maximal carotid wall thickness

�4 mm �5 mm �6 mm
True-positive cases 10 7 5
False-negative cases 2 5 7
True-negative cases 28 39 53
False-positive cases 50 39 25
Sensitivity 83.3% 58.3% 41.7%
Specificity 35.9% 50.0% 67.9%
Negative predictive value 93.3% 88.6% 88.3%
Positive predictive value 16.7% 15.2% 16.7%
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technique, CT, that has been demonstrated as accurate com-
pared with conventional angiography in characterizing the de-
gree of carotid luminal stenosis, but that has not historically
been used to investigate the carotid wall, except for its calcium
content. For the present study, we used an automated classifier
computer algorithm to quantify the CT carotid imaging fea-
tures. However, the simplicity of the most significant imaging
feature, maximal carotid wall thickness, likely makes this elab-
orate approach unnecessary. The importance of this specific
imaging feature corresponds well with prior studies that have
shown that carotid wall thickness (more specifically intima-
media thickness) is an independent predictor of stroke and
cardiovascular events, as it is presumably a surrogate measure
of atherosclerosis. A simple manual measurement by the ob-
server on the CTA image is likely sufficient to assess the risk of
new carotid stroke and can probably be extended to other
imaging techniques such as MR imaging or sonography. The
advantage of CT is that it is fast and widely available in most
hospitals. In addition, CT angiography is often the first study
ordered in patients admitted in the emergency department
with symptoms suggesting stroke or transient ischemic attack.
MR imaging of the carotid plaques requires dedicated coils, is
a time-consuming test, and is typically not part of the stan-
dard-of-care MR imaging work-up of patients with stroke or
transient ischemic attacks. Last, although sonography can be
performed at bedside, it has known pitfalls in patients with
carotid atherosclerotic disease, and carotid wall measure-
ments are operator-dependent.

Our study has several limitations. Our study population
included patients who presented to our emergency depart-
ment and underwent a baseline CTA of their carotid arteries.
This is a selected sample with a probable greater risk of stroke
than the general population, which somewhat limits our abil-
ity to generalize our results to the entire population. The in-
ternal validity of our study should, however, not be affected.

Our classification of patients as “carotid stroke patients”
and “noncarotid stroke patients” was based on published cri-
teria43,44 and the Causative Classification System for Ischemic
Stroke.42 This classification is probably not perfect, even if it
has a reported interexaminer reliability of .90 in characterizing
the probable cause of a stroke, presenting the advantage of a
very low rate (4%) of indeterminate-unclassified results.42

We assessed 2 imaging time points for each patient (the
baseline CTA and a follow-up brain imaging study), which
allowed us to evaluate the interval development of any new
stroke. Inherent in our study is variability in the time of the
follow-up imaging. Some would argue that we did not allow
enough time for the patients with noncarotid stroke to de-
velop an infarct. However, our follow-up time was similar
across both the patients with new carotid stroke and those with
no-new carotid stroke (a mean of 390.2 days to follow-up for
the new carotid stroke group and 447.5 days to follow-up for
the no-new carotid stroke group), allowing us to conclude that
the variability of the follow-up time did not introduce a sig-
nificant bias in our results. Similarly, the nature of the fol-
low-up imaging was similar in the no-new stroke and new-
stroke groups (52.7% and 64.3%, respectively, had a CT at the
second time point).

Conclusions
Our study has identified a simple rule that may help stratify
stroke risk. Our rule comprises 3 items–age of 75 years or
more, presence of hypertension, and a maximal carotid wall
thickness of 4 mm or more. It was able to successfully predict
10 of the 14 patients who developed a new carotid ischemic
stroke in our retrospective cohort study. These findings war-
rant validation in a prospective observational study.
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