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Purpose: To retrospectively determine if in vivo magnetic resonance
(MR) imaging can simultaneously depict differences be-
tween symptomatic and asymptomatic carotid atheroscle-
rotic plaque.

Materials and
Methods:

Institutional review board approval and informed consent
were obtained for this HIPAA-compliant study. Twenty-
three patients (21 men, two women; mean age, 66.1
years � 11.0 [standard deviation]) with unilateral symp-
tomatic carotid disease underwent 1.5-T time-of-flight MR
angiography and 1.5-T T1-, intermediate-, and T2-
weighted MR imaging. Both carotid arteries were re-
viewed. One observer recorded quantitative and morpho-
logic information, which included measurement of the
area of the lumen, artery wall, and main plaque compo-
nents; fibrous cap status (thick, thin, or ruptured); Amer-
ican Heart Association (AHA) lesion type (types I–VIII);
and location (juxtaluminal vs intraplaque) and type of hem-
orrhage. Plaques associated with neurologic symptoms
and asymptomatic plaques were compared with Wilcoxon
signed rank and McNemar tests.

Results: Compared with asymptomatic plaques, symptomatic
plaques had a higher incidence of fibrous cap rupture (P �
.007), juxtaluminal hemorrhage or thrombus (P � .039),
type I hemorrhage (P � .021), and complicated AHA type
VI lesions (P � .004) and a lower incidence of uncompli-
cated AHA type IV and V lesions (P � .005). Symptomatic
plaques also had larger hemorrhage (P � .003) and loose
matrix (P � .014) areas and a smaller lumen area (P �
.008). No significant differences between symptomatic and
asymptomatic plaques were found for quantitative mea-
surements of the lipid-rich necrotic core, calcification, and
the vessel wall or for the occurrence of intraplaque hemor-
rhage or type II hemorrhage.

Conclusion: This study revealed significant differences between symp-
tomatic and asymptomatic plaques in the same patient.
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A therosclerosis is a systemic dis-
ease of the vessel wall, and the
majority of established risk fac-

tors for atherosclerosis are systemic in
nature (1). Although plaques tend to
develop at focal sites, it appears that a
link exists between atherosclerotic dis-
ease in various sites of the vascular tree.
For example, studies have shown that
peripheral vascular disease and carotid
artery atherosclerosis may indicate the
presence of coronary artery disease (2).
Adams et al (3) found that atheroscle-
rotic lesions develop symmetrically in
the left and right carotid arteries. Our
experience has shown that with rare ex-
ceptions patients with symptomatic ca-
rotid artery atherosclerosis have sub-
stantial contralateral carotid disease.
However, given that symptomatic and
asymptomatic carotid lesions develop in
the same genetic and environmental mi-
lieu, why do the neurologic complica-
tions of atherosclerosis have a propen-
sity to develop unilaterally?

Much of what is currently known
about differences between symptomatic
and asymptomatic carotid plaques is
based on histologic analysis of excised ca-
rotid endarterectomy specimens (4). Ath-
erosclerosis research based on histologic
analysis, however, is constrained by three
factors inherent in its design. First, a his-
tologic examination is invasive; thus, in-
formation pertaining to plaque can be ob-
tained at only one time point. Second,
during carotid endarterectomy, the tube-
like carotid plaque is cut length wise and
it is frequently torn, thus preventing accu-
rate gross or microscopic assessment (5).
Third, histologic findings from the asymp-
tomatic plaque of the contralateral artery
are unavailable; therefore, symptomatic
plaques are typically compared with

asymptomatic plaques from a different
group of patients, thus making it difficult
to control for all genetic and environmen-
tal atherosclerotic risk factors.

Studying features of asymptomatic
and symptomatic plaques in the same
patient at the same time is an ideal way
to control for all known and unknown
risk factors of atherosclerosis. This ap-
proach would eliminate the environ-
mental, genetic, and temporal variabil-
ity inherent in histologic comparisons of
lesions in symptomatic patients with
those in asymptomatic patients.

Studies have shown that magnetic
resonance (MR) imaging can be used to
accurately characterize and quantify the
composition and morphology of human
carotid atherosclerotic plaque in vitro
and in vivo, including the lipid-rich ne-
crotic core, calcification, fibrous cap
status, age and location of hemorrhage
or thrombus, and American Heart As-
sociation (AHA) lesion type (6–13). The
purpose of this study was to retrospec-
tively determine if in vivo MR imaging
can simultaneously depict differences
between symptomatic and asymptom-
atic carotid atherosclerotic plaque.

Materials and Methods

Our study was compliant with the
Health Insurance Portability and Ac-
countability Act, and it was approved by
the institutional review board of each
institution that contributed patient stud-
ies. Consent forms signed by patients at
the time of imaging allowed retrospec-
tive analysis of patient studies and data.

Patients
Between April 1998 and February 2003,
bilateral carotid arteries of 27 consecu-
tive patients with neurologic symptoms
were examined with MR imaging after
patients provided informed consent. Pa-
tients were included if (a) they had a
history of transient ischemic attack, am-
aurosis fugax, or stroke appropriate to
the distribution of the index carotid ar-
tery; (b) they had not previously under-
gone carotid endarterectomy; (c) the
time between onset of symptoms and
MR imaging was 4 months or less; (d) ca-
rotid stenosis, as measured with duplex

ultrasonography on the symptomatic
side, was at least 50%; and (e) bilateral
identical coverage of MR imaging (ie,
distance covered by MR imaging in the
craniocaudal direction) was at least 1.2
cm. Four patients with an image quality
score of less than 3, as scored with a
five-point scale (1 � poor, 5 � excellent
[10]), were excluded.

The remaining 23 patients (21 men,
two women; mean age, 66.1 years �
11.0 [standard deviation] [Table 1])
underwent a complete neurologic ex-
amination performed by a vascular
surgeon with more than 10 years of
clinical experience (T.S.H.). When
clinically indicated, neurologic consul-
tation was provided by faculty mem-
bers in the department of neurology
(University of Washington, Seattle,
Wash) and additional diagnostic tests—
including brain computed tomography,
MR imaging, echocardiography, and
Holter monitoring—were used to rule
out other potential causes of symptoms.
The median interval between symptom
onset and MR imaging was 1.5 months,
the standard deviation was 1.3 months,
and the range was 1 week to 4 months.

MR Imaging Protocol
Imaging was performed with a 1.5-T
MR imager (Signa Horizon EchoSpeed;
GE Healthcare, Waukesha, Wis) and
a phased-array surface coil (Pathway
MRI, Seattle, Wash) (14). This coil in-
cluded two modules for the bilateral ca-
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Advances in Knowledge

� MR imaging features differ be-
tween symptomatic and asymp-
tomatic plaques.

� Preliminary evidence shows that
hemorrhage location (intraplaque
hemorrhage vs juxtaluminal hem-
orrhage or thrombus) and type
may influence symptoms.
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rotid arteries, and it was combined with
a head holder that comfortably pre-
vented neck rotation; thus, subjects re-
mained in a stable position. A standard-
ized protocol (15) was used to obtain
four transverse images of the carotid
arteries with four different imaging pa-
rameters.

T1-, intermediate-, and T2-weighted
MR imaging and three-dimensional time-
of-flight (TOF) angiography were per-
formed. Parameters for black-blood dou-
ble inversion-recovery two-dimensional
fast spin-echo T1-weighted MR imaging
were as follows: repetition time msec/
echo time msec, 800.0/9.3–11.0; echo
train length, eight; acquisition time, 8
minutes; and 12 sections acquired. Pa-
rameters for double-echo fast spin-echo
cardiac-gated intermediate- and T2-
weighted MR imaging were as follows:
2500–3700/10–20 (effective) for inter-
mediate-weighted imaging; 2500–3700/
40–70 (effective) for T2-weighted imag-
ing; three or four R-R intervals; echo train
length, eight; acquisition time, 3–4 min-
utes; and 18 sections acquired. Parame-
ters for three-dimensional TOF angiogra-
phy were as follows: 23.0/3.5; flip angle,
25°; acquisition time, 3 minutes; and 40
sections acquired.

All examinations were performed
with a 13–16-cm field of view, a matrix
of 256 � 256 pixels, a 2-mm section
thickness, and two acquired signals. An
intersection space of �1 mm was used
for three-dimensional TOF angiogra-
phy, whereas no intersection space was
used for MR imaging. Imaging examina-
tions were centered on the bifurcation.
Fat suppression was used for T1-, inter-
mediate-, and T2-weighted MR imaging
to reduce the signal from subcutaneous
fat. Zero-filled Fourier transformation
was used to reduce pixel size, which
ranged from 0.25 � 0.25 mm to 0.31 �
0.31 mm, depending on the field of
view, and to minimize partial-volume
artifacts.

Image Review
Both carotid arteries were reviewed.
One radiologist (T.S., with more than 2
years of experience in the interpreta-
tion of carotid plaque images) rated the
quality of each image before the review

by using a previously published five-
point scale; scores were dependent on
the overall signal-to-noise ratio (13). A
score of 1 indicated the arterial wall and
vessel margins were unidentifiable. A
score of 2 indicated the signal-to-noise
ratio was marginal, the arterial wall was
visible, and the substructure, lumen,
and outer boundaries were indistinct. A
score of 3 indicated the wall structures
were identifiable but the lumen and
outer boundaries were partially ob-
scured. A score of 4 indicated the sig-
nal-to-noise ratio was high and the ves-
sel wall and lumen margins were well
defined. A score of 5 indicated the sig-
nal-to-noise ratio was excellent and the
vessel wall and lumen margins could be

detected in every detail. For each imag-
ing location, four images obtained with
different parameters were available for
review. Only the locations of the carotid
arteries ipsilateral to symptoms that
had corresponding matching locations
in the contralateral carotid artery, with
regard to longitudinal distance from the
bifurcation point, were analyzed. The
continuous mean coverage was 1.7 cm
for both arteries. All MR images were
examined by the same radiologist, who
was blinded to patients’ clinical informa-
tion at the time of image analysis.

Plaque composition and quantita-
tive measurements.—Areas of the lu-
men, outer wall, and plaque tissue com-
ponents were measured with a quantita-

Table 1

Baseline Clinical Data

Characteristic and Risk Factor Finding

Age (y)* 66.1 � 11.0 (45–81)
Male sex 91 (21/23)
Height (m)* 1.72 � 0.08 (1.55–1.85)
Weight (kg)* 76.8 � 13.7 (59–98)
Body mass index (kg/m2)* 25.6 � 3.7 (20.3–34.8)
Hypertension 83 (18/22)
Diabetes 4 (1/23)
History of smoking 59 (13/22)
History of coronary artery disease 39 (9/23)
Hypercholesterolemia 74 (17/23)
Use of lipid-lowering medication 33 (7/23)

Note.—Unless otherwise indicated, data are percentages and data in parentheses were used to calculate percentages.

* Data are mean � standard deviation. Numbers in parentheses are the range.

Table 2

Plaque Composition and Plaque Burden

Tissue Type

Symptomatic
Arteries
(mm2)

Asymptomatic
Arteries
(mm2) P Value*

Lumen area 26.6 � 14.0 35.1 � 13.9 .008
Wall area 47.8 � 17.0 44.0 � 20.4 .3
Outer wall area 74.4 � 26.9 79.1 � 31.4 .3
Lipid-rich necrotic core 8.1 � 6.3 6.3 � 5.7 .2
Hemorrhage area 3.5 � 3.4 1.1 � 1.5 .003
Calcification area 3.1 � 6.6 2.7 � 6.1 .2
Loose matrix area 2.3 � 2.7 0.9 � 1.1 .014

Note.—Unless otherwise indicated, data are the mean area per location in an artery � standard deviation.

* P values were calculated with the Wilcoxon signed rank test.
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tive vascular image analysis system,
which is a custom-designed image anal-
ysis tool (16). The area circumscribed
by the outer wall boundary included the
lumen, intima, media, and adventitia.
The wall area was calculated by sub-
tracting the lumen area from the outer
wall area. Plaque tissue components,
such as the lipid-rich necrotic core,
hemorrhage, calcification, and loose
matrix, were identified by using previ-
ously published MR imaging criteria

(7,10,13). All signal intensities were
compared with the sternocleidomastoid
muscle at a point adjacent to and at the
same depth as the carotid arteries.

Plaque morphology.—Lesion type
was determined at each location ac-
cording to a previously published modi-
fied AHA classification scheme (6).

The fibrous cap was categorized as
intact and thick (type I), intact and thin
(type II), or ruptured (type III) (8). In-
tact and thick fibrous caps had a uni-

form continuous dark band adjacent to
the lumen on TOF angiograms and a
smooth lumen surface on TOF angio-
grams and T1-, intermediate-, and T2-
weighted MR images. Intact and thin
fibrous caps had no visible dark band
adjacent to the lumen on TOF angio-
grams and a smooth lumen surface on
TOF angiograms and T1-, intermedi-
ate-, and T2-weighted MR images. Rup-
tured fibrous caps had a disrupted dark
band or no visible dark band adjacent to
the lumen on TOF angiograms; an irreg-
ular lumen boundary on TOF angio-
grams and T1-, intermediate-, and T2-
weighted MR images; and a hyperin-
tense area adjacent to the lumen on
TOF angiograms. The highest possible
rating was assigned to each artery, and
plaques were categorized as intact and
thick, intact and thin, or ruptured.

Two patients were excluded from
fibrous cap analysis: One had a calcified
lesion without a fibrous cap, and one
had a TOF angiogram with an image
quality score of less than 3. Juxtalumi-
nal calcification appeared as a hypoin-
tense area on images obtained with all
four parameters. It was not discernable
from the lumen on black-blood images,
but it was clearly distinguishable from
the bright lumen on TOF angiograms.

Hemorrhage was differentiated by
location (juxtaluminal vs intraplaque)
and type (type I vs type II). A hemor-
rhage or thrombus was considered jux-
taluminal if the region of interest was
adjacent to the lumen and the dark jux-
taluminal band was absent on TOF an-
giograms (9). Intraplaque hemorrhage
was defined as a hemorrhage located
deep within the plaque or near the lumi-
nal surface, with MR imaging evidence
of an intact thick cap (9). Criteria for
determining the hemorrhage type were
based on previously published MR imag-
ing criteria, with a modification in the
terminology. The terms type I and type
II rather than fresh and recent, respec-
tively, were used to describe the age of
intraplaque hemorrhage (7). Type I
hemorrhage was histologically charac-
terized by intact red blood cells with
intracellular methemoglobin. A type I
hemorrhage appeared hyperintense on
TOF angiograms and T1-weighted im-

Table 3

AHA Lesion Type Distribution

AHA Lesion Type Description
Symptomatic
Arteries (%)

Asymptomatic
Arteries (%) P Value*

I Normal wall 4.3 � 10.6 8.2 � 18.4 .2
III Eccentric plaque, no

calcification
6.5 � 10.8 4.5 � 8.5 .5

Combined IV
and V

Lesion with lipid-rich
necrotic core

15.6 � 16.7 34.5 � 30.7 .005

VI Complicated lesion 63.3 � 25.2 40.7 � 31.5 .004
VII Calcified lesion 5.6 � 10.7 7.6 � 17.2 .5
VIII Lesion with fibrosis 0.0 � 0.0 0.7 � 3.4 .3

Note.—Unless otherwise indicated, data are mean � standard deviation.

* P values were calculated with the Wilcoxon signed rank test.

Table 4

Luminal Surface Status and Hemorrhage by Type and Location

Characteristic
Symptomatic
Plaques

Asymptomatic
Plaques P Value*

Fibrous cap status
Thick 0 (0) 5 (22) .06
Thin 3 (13) 9 (39) .1
Ruptured 18 (78) 7 (30) .007
Other (no fibrous cap or image quality

� 3 on TOF images) 2 (9) 2 (9) �.999
Hemorrhage of any type present at any

location 23 (100) 20 (87) .3
Hemorrhage type

I (fresh) 20 (87) 12 (52) .021
II (recent) 22 (96) 18 (78) .2

Hemorrhage location
Intraplaque 21 (91) 19 (83) .5
Juxtaluminal or thrombus 14 (61) 6 (26) .039

Luminal calcification and adjacent
hemorrhage 13 (57) 9 (39) .2

Note.—Unless otherwise indicated, data are number of patients. Data in parentheses are percentages.

* P values were calculated with the McNemar test.
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ages and iso- to hypointense on inter-
mediate- and T2-weighted images. A
type II hemorrhage was histologically
characterized by lytic red blood cells with
extracellular methemoglobin and ap-
peared hyperintense on all images (7).

Statistical Analysis
All locations that could be matched with
the contralateral artery were used for
statistical analysis. Each patient con-
tributed only one set of observations
(one study of the symptomatic arteries,
one study of the asymptomatic arteries)
to the data set for analysis. Area mea-
surements for each artery were calcu-
lated as the mean area measured per
location for each artery separately. For
AHA lesion types, the percentage of
sections showing a specific lesion type
was calculated for each artery. The
mean AHA lesion type distributions cal-
culated for symptomatic arteries were
compared with those calculated for
asymptomatic arteries. For all other
categorical variables, the percentage of
arteries that showed the selected fea-
ture at one or more locations was calcu-
lated separately for symptomatic and
asymptomatic arteries. To better ac-
commodate the abnormal distribution
of some of the variables, nonparametric
tests were used to compare the symp-
tomatic and asymptomatic arteries. The
Wilcoxon signed rank test was used to
compare variables that were areas or
the proportion of sections with a speci-
fied AHA lesion type. The McNemar
test was used to compare all categorical
variables. Because of the limited sample
size, the significance of the difference in
proportions with the McNemar test was
calculated with binomial distribution, as
described by Lehman (17). Computation
was performed with SPSS for Windows,
versions 12 and 13 (SPSS, Chicago, Ill).
Differences were considered significant if
the P value was less than .05.

Results

Image Quality
Mean image quality was similar be-
tween symptomatic and asymptomatic
arteries (3.8 vs 3.7, P � .5).

Lumen and Wall Area
The degree of atherosclerotic burden in
symptomatic arteries was similar to that
in asymptomatic arteries in terms of
mean wall area (47.8 mm2 vs 44.0 mm2,
P � .3) and mean outer wall area (74.4
mm2 vs 79.1 mm2, P � .3) (Table 2). In
contrast, symptomatic arteries had a
significantly smaller mean lumen area
than did asymptomatic arteries (26.6
mm2 vs 35.1 mm2, P � .008).

Plaque Composition
No significant differences between symp-
tomatic and asymptomatic arteries were
found for calcification areas (P � .2) or
lipid-rich necrotic core areas (P � .2)

(Table 2). Symptomatic arteries had a
larger hemorrhage area (3.5 mm2 vs 1.1
mm2, P � .003) and a larger loose matrix
area (2.3 mm2 vs 0.9 mm2, P � .014)
than did asymptomatic arteries.

Lesion Type
In our study, 95.7% of the symptomatic
arteries exhibited atherosclerotic le-
sions classified as AHA type III or
greater, whereas 91.8% of the asymp-
tomatic arteries exhibited similar ath-
erosclerotic lesions. Complicated type
VI lesions (plaques with a luminal sur-
face defect, hemorrhage, or thrombus)
(Figs 1, 2) were found more frequently
in symptomatic arteries than in asymp-

Figure 1

Figure 1: Transverse MR images of a complicated AHA type VI lesion in the left common carotid artery of
an 81-year-old patient who experienced ipsilateral neurologic symptoms 3 months before MR imaging. A
surface irregularity and a hyperintense juxtaluminal signal (arrow) visible on the TOF angiogram (23.0/3.5)
indicate a fibrous cap rupture or ulcer. A hyperintense area (chevron) visible on TOF, T1-weighted (T1W)
(800.0/9.3), intermediate-weighted (IMW) (3500/10), and T2-weighted (T2W) (3500/40) images indicates a
necrotic core with type II hemorrhage.
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tomatic arteries (63.3% vs 40.7%, P �
.004) (Table 3). In contrast, uncompli-
cated type IV and V lesions (plaques
with lipid-rich or necrotic cores and sur-
rounding fibrous tissue) (Fig 3) were
found more frequently in asymptomatic
arteries than in symptomatic arteries
(34.5% vs 15.6%, P � .005). No signifi-
cant differences were found among the
other lesion types.

Fibrous Cap
Plaques associated with neurologic
symptoms were categorized as ruptured
more often than were contralateral
asymptomatic plaques (78% vs 30%,
P � .007) (Table 4). Conversely, symp-
tomatic plaques were categorized as in-

tact and thick (0% vs 22%, P � .06) or
intact and thin (13% vs 39%, P � .1)
less often than were asymptomatic
plaques; however, these differences
were not significant. One artery on each
side was excluded from fibrous cap anal-
ysis because the image quality score of
TOF angiograms was less than 3. One
patient was excluded because the
heavily calcified lesion in both carotid
arteries did not have a fibrous cap.

Location and Type of Hemorrhage
Intraplaque hemorrhage was a common
finding in both symptomatic and asymp-
tomatic plaques. Specifically, 91% of pa-
tients with symptomatic plaques and 83%
of patients with asymptomatic plaques

had at least one location of intraplaque
hemorrhage (P � .5) (Table 4). However,
juxtaluminal hemorrhage or thrombus
was 2.3 times more common in patients
with symptomatic plaques than in pa-
tients with asymptomatic plaques (61%
vs 26%, P � .039).

Type II (recent) hemorrhage was
common in patients with symptomatic
plaques and in those with asymptomatic
plaques; 96% of patients with symptom-
atic plaques and 78% of patients with
asymptomatic plaques had at least one
location of type II hemorrhage (P � .2)
(Table 4). Type I (fresh) hemorrhage
occurred 1.7 times more often in pa-
tients with symptomatic plaques than in
those with asymptomatic plaques (87%
vs 52%, P � .021).

Luminal Calcification
Juxtaluminal calcification with adjacent
hemorrhage was slightly more common
in patients with symptomatic plaques
than in patients with asymptomatic
plaques (57% vs 39%); however, this
difference was not significant (P � .2)
(Table 4).

Discussion

High-spatial-resolution imaging allowed
us to obtain quantitative and morphologic
information in both the symptomatic and
the asymptomatic arteries simultaneously
and noninvasively, thereby providing an
internal control for the external envi-
ronment and for genetic and temporal
variations.

Our findings show that substantial
plaque burden was noted in both ca-
rotid arteries, as indicated by the mean
wall area (47.8 mm2 vs 44.0 mm2, P �
.3) and the mean outer wall boundary
area (74.4 mm2 vs 79.1 mm2, P � .3)
for the symptomatic and asymptomatic
sides, respectively. Both carotid arter-
ies exhibited advanced plaque features,
such as necrotic core, hemorrhage,
loose fibrous matrix, and calcification.
Furthermore, the number of locations
with AHA type III through type VIII le-
sions in the symptomatic arteries was
comparable with that in the asymptom-
atic arteries (96% vs 92%).

Plaque composition (measured in

Figure 2

Figure 2: Transverse TOF (23.0/3.5) MR angiogram and T1-weighted (T1W) (800.0/9.3), intermediate-
weighted (IMW) (2769/10), and T2-weighted (T2W) (2769/70) MR images of a complicated AHA type VI lesion in
the left internal carotid artery of a 48-year-old patient who experienced four episodes of amaurosis fugax in the 4
months before MR imaging. An irregularly shaped intraluminal hyperintense area (arrow) is visible on intermediate-
and T2-weighted images in the left internal carotid artery. This finding is indicative of mural thrombus.
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square millimeters) was comparable on
both sides for lipid-rich necrotic core
and calcification. This finding was sup-
ported by histologic findings in the ca-
rotid arteries, where symptomatic and
asymptomatic plaques showed no dif-
ferences in the size of the lipid-rich ne-
crotic core (18,19) or the amount of
calcification (8,18).

Loose matrix and hemorrhage areas
were larger in symptomatic arteries
than in asymptomatic arteries. Previous
work has shown that a loose matrix is
produced in plaque healing (ie, repair of
a fibrous cap rupture that involves loose
matrix) of coronary arteries in patients
with silent plaque rupture (20) and that
the larger amount of loose matrix for-
mation in the symptomatic artery may
occur in response to previous fibrous
cap ruptures in this artery.

The association of hemorrhage and
symptoms remains a controversial sub-
ject (21–24). Lusby et al (23) suggested
that intraplaque hemorrhage and sur-
face thrombosis were cardinal features
of symptomatic plaques. Sitzer et al (25)
demonstrated that ulceration and lumi-
nal thrombosis were the main sources
of downstream cerebral microemboli in
patients with high-grade internal ca-
rotid artery stenosis. Kolodgie et al (26)
found evidence that showed a hemor-
rhage might represent a potent athero-
genic stimulus. Other studies (4,19,27)
found no hemorrhagic differences be-
tween symptomatic and asymptomatic
plaques, although these studies did not
consider the hemorrhage location (in-
traplaque vs juxtaluminal) or type (I
vs II).

In our study, when hemorrhage
prevalence was considered indepen-
dently from hemorrhage location or
type, no significant difference was found
between symptomatic and asymptom-
atic plaques. However, when hemor-
rhages were categorized as type I
(fresh) or type II (recent), type I hemor-
rhages were found significantly more
often in patients with symptomatic
plaques than in patients with asymp-
tomatic plaques (87% vs 52%, respec-
tively; P � .021). Conversely, the prev-
alence of type II hemorrhage was com-
parable in patients with symptomatic

plaques and those with asymptomatic
plaques. The higher prevalence of type I
hemorrhage in patients with symptom-
atic plaques is characterized by intact
red blood cells at histologic analysis and
could be caused by either repeated in-
traplaque hemorrhages or influx of red
blood cells from the luminal surface due
to a surface defect, such as fibrous cap
rupture. We used the terms type I and
type II rather than fresh and recent on
the basis of an evolving understanding
of the distinct time course of in-
traplaque hemorrhage in the carotid ar-
tery. Findings of a recent MR imaging
study (28) indicate that atherosclerotic
intraplaque hemorrhages may have a
longer course for change than that of

intracranial hemorrhages because of in-
herent differences in the tissue environ-
ment within the lipid-rich necrotic core.
When hemorrhages were categorized
according to their location as either an
intraplaque hemorrhage or a juxtalumi-
nal hemorrhage or thrombus, the prev-
alence of intraplaque hemorrhage was
comparable between symptomatic and
asymptomatic plaques; however, a
juxtaluminal hemorrhage or thrombus
was found significantly more often in
patients with symptomatic plaque
than in patients with asymptomatic
plaque (61% vs 26%, respectively;
P � .039). These findings indicate that
the hemorrhage location in relation to
the surface and the hemorrhage type

Figure 3

Figure 3: Transverse TOF (23.0/3.5) MR angiogram and T1-weighted (T1W) (800.0/9.3), intermedi-
ate-weighted (IMW) (3000/10), and T2-weighted (T2W) (3000/70) MR images of an uncomplicated type
IV and V lesion in the left internal carotid artery (�) on the asymptomatic side in a 62-year-old patient.
The homogeneous appearance of the eccentric plaque (arrow) on T1-, intermediate-, and T2-weighted
MR images, with a smooth lumen surface and a dark band on TOF MR angiograms, indicates the pres-
ence of a thick fibrous cap.
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and age are important when determin-
ing a patient’s symptom status.

Symptomatic plaques had signifi-
cantly more fibrous cap ruptures than
did asymptomatic plaques (78% vs
30%, respectively; P � .007). Other au-
thors (29–32) noted that a ruptured or
thin fibrous cap is an important feature
of vulnerable coronary artery plaque.
Our findings indicate that fibrous cap
status is also a critical characteristic of
high-risk carotid artery lesions. Fur-
thermore, our findings are in agreement
with those of Yuan et al (33), who
showed that a significant correlation ex-
ists between a patient’s in vivo fibrous
cap status and symptom status.

Complications associated with jux-
taluminal plaque structures and luminal
surface conditions were reflected by dif-
ferences in AHA lesion types observed
in symptomatic and asymptomatic ar-
teries. Symptomatic arteries had signif-
icantly more complicated type VI lesions
with possible surface defects, throm-
bus, and hemorrhage than did asymp-
tomatic arteries (63% vs 41%, P �
.004). In contrast, type IV and V lesions
were more common in asymptomatic
arteries and reflected the absence of
complications, such as fibrous cap rup-
ture, hemorrhage, and thrombus.

Our results show that the proximity
of the necrotic core to the lumen (ex-
pressed as thickness of the fibrous cap),
the proximity of hemorrhage to the lu-
minal surface, and the prevalence of
type I hemorrhage are associated with
neurologic symptoms. Other plaque fea-
tures, such as the quantitative measure-
ments of lipid-rich necrotic cores and
calcifications, or indicators of plaque
burden, such as outer wall and wall ar-
eas, showed no correlation with neuro-
logic symptoms. These results support
the findings of Bassiouny et al (18), who
examined a carotid endarterectomy
specimen and showed that the topogra-
phy of individual plaque components in
relation to the luminal surface can be
used to determine the symptomatic out-
come.

A limitation of our study was that
the median time between symptom on-
set and MR imaging was 1.5 months.
Lesion characteristics may change dur-

ing that time. The time between symp-
tom onset and MR imaging should be
decreased in future studies.

Although we found highly significant
differences between symptomatic and
asymptomatic plaques, the predictive
value of these findings must be deter-
mined in a longitudinal study.

Although both symptomatic and
asymptomatic arteries showed features
of advanced atherosclerotic disease,
the asymptomatic arteries showed less
luminal narrowing. It has yet to be de-
termined which of the significant differ-
ences in the characteristics of symptom-
atic and asymptomatic carotid athero-
sclerotic lesions observed in our study
are due to increased luminal narrowing
and which produce symptoms.

Only MR images of at least average
quality were considered for review;
thus, four patients were excluded from
analysis. Furthermore, one artery on
each side was excluded from fibrous cap
analysis because the image quality score
of TOF angiograms was less than 3. Im-
provements in MR imaging protocols,
such as time-efficient multisection dou-
ble inversion-recovery imaging (34) and
contrast material–enhanced quadruple
inversion-recovery imaging (35), have
improved the exclusion rate (36). The
exclusion rate should continue to im-
prove in conjunction with improve-
ments in pulse sequence design and
hardware (higher-field-strength MR im-
aging and improved coil design).

In conclusion, the noninvasive imag-
ing approach used in our study revealed
significant differences in the composi-
tion and morphology of both symptom-
atic and asymptomatic plaques in the
same patient. High-spatial-resolution in
vivo MR imaging might be used to char-
acterize high-risk plaque and ultimately
identify at-risk patients.

Acknowledgment: We thank Andrew An Ho,
MA, PhC, for editing this manuscript.
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