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Background—Carotid intraplaque hemorrhage has been associated with symptomatic stroke and can be accurately detected
with magnetization-prepared rapid acquisition with gradient-echo (MPRAGE). Currently, there are no studies analyzing
carotid MPRAGE signal and territorial ischemic events defined by diffusion restriction in the acute setting. Our aim was
to determine the association of carotid MPRAGE signal with acute territorial ischemic events using carotid MPRAGE
and brain diffusion tensor imaging.
Methods and Results—After the addition of the MPRAGE sequence to the neck MR angiographic protocol, 159 patients
with suspected acute stroke were evaluated with both brain diffusion tensor imaging and carotid MPRAGE sequences
over 2 years, providing 318 carotid artery and paired brain images for analysis. Forty-eight arteries were excluded due
to extracarotid sources of brain ischemia and 4 were excluded due to carotid occlusion. Two hundred sixty-six arteries
were eligible for data analysis. Carotid MPRAGE-positive signal was associated with an acute cerebral territorial
ischemic event with a relative risk of 6.4 (P⬍0.001). The relative risk of a diffusion tensor imaging-positive territorial
ischemic event with carotid MPRAGE-positive signal was increased in mild, moderate, and severe stenosis categories
(10.3, P⬍0.001; 2.9, P⫽0.01; and 2.2, P⫽0.01, respectively).
Conclusions—In the workup of acute stroke, carotid MPRAGE-positive signal was associated with an increased risk of
territorial cerebral ischemic events as detected objectively by brain diffusion tensor imaging. The relative risk of stroke
was increased in all carotid stenosis categories but was most elevated in the mild stenosis category. (Circ Cardiovasc
Imaging. 2012;5:376-382.)
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ach year ⬎690 000 individuals in the United States are
diagnosed with new or recurrent ischemic stroke, and
approximately 20% to 30% of these are attributed to carotid
atherosclerotic disease.1 From 2005 to 2007, 358 058 carotid
endarterectomies (CEAs) and 46 198 carotid artery stents
were performed on patients with carotid stenosis, of which
92.0% were asymptomatic.2 Prospective randomized studies
have found that only 10% to 12% of these asymptomatic
patients will have a symptomatic stroke within 5 years, and
the significant majority will never have a cerebrovascular
event.3– 6 Thus, thousands of operations could be eliminated if
highly stenotic but stable plaques could be accurately identified. Conversely, if unstable plaque components can be
accurately detected, many patients who are asymptomatic or

E

have only mild or moderate carotid stenosis may benefit from
early intervention.

Clinical Perspective on p 382
Intraplaque hemorrhage (IPH), lipid and necrosis, ulceration, and fibrous cap disruption contribute to carotid plaque
instability. These components comprise the American Heart
Association Type VI carotid plaque and have recently been
associated with ipsilateral acute ischemic events.7 Of particular importance, hemorrhage has been shown to be a primary
factor in plaque instability. Dating back to 1982, retrospective
studies on CEA specimens have shown an increased incidence of IPH in symptomatic versus asymptomatic individuals.8 CEA specimens from symptomatic plaques have dem-
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onstrated a series of microhemorrhages within the necrotic
core.9,10 These microhemorrhages within plaque are thought
to represent precursors of plaque growth, instability, rupture,
and subsequent embolization.11
MRI has demonstrated unparalleled sensitivity and unmatched specificity in detecting IPH compared with ultrasound, CT angiography, and digital subtraction angiography.12 Murphy and colleagues13 were the first to report that a
MR direct thrombus imaging technique demonstrates complex atheroma as a high signal within the carotid wall.
Previously, controversy has existed concerning the specificity
of T1-weighted sequences in detecting hemorrhage, because
other plaque components such as lipid/necrosis can also be
T1-hyperintense.14,15 Far more accurate detection of IPH is
now accomplished using advanced, heavily T1-weighted
techniques including the magnetization-prepared rapid acquisition with gradient-echo (MPRAGE) sequence. Compared
with conventional T1-weighted or time-of-flight sequences,
the MPRAGE sequence has demonstrated significantly
higher sensitivity (80%) and specificity (97%) in detecting
IPH using histological confirmation.16 Although MPRAGE
hyperintense plaque has been associated with clinically detected ipsilateral stroke,17,18 no studies have investigated the
association between carotid MPRAGE signal and ischemic
event distribution and acuity as determined objectively with
brain diffusion tensor images (DTIs).
Our aim was to determine the relationship of carotid
MPRAGE signal with objective evidence of acute ischemic
events confined to the ipsilateral carotid territory. To accomplish this, the MPRAGE sequence was used in patients with
suspected acute stroke undergoing MRI/MR angiography
(MRA). Synchronous brain DTI was used to determine the
relative risk of concurrent acute territorial ischemic events.

Methods
Clinical Study Design
A clinical protocol was instituted in November 2009 to determine the
risk of acute ischemic events associated with MPRAGE-positive
carotid arteries. The carotid MPRAGE sequence was added to
standard MRI/MRA protocols used to evaluate patients with suspected acute stroke. Patients presenting with suspected acute stroke
were scanned within 24 hours of presentation. The standard MRI/
MRA protocol for these patients included brain MRI (axial DTI with
apparent diffusion coefficient map, axial T2-weighted, axial fluidattenuated inversion recovery, and sagittal T1-weighted images),
brain MRA (axial time of flight), and neck MRA (axial time of flight,
coronal precontrast T1-weighted, coronal postcontrast arterial, and
coronal postcontrast venous phase images). Coronal postcontrast
MRA neck images extended from the aortic arch through the circle
of Willis. Total scan time was approximately 45 minutes of which
the 3-dimensional MPRAGE sequence required approximately 5
minutes. Images of the carotid artery for this clinical study were
obtained on a Siemens 1.5-T MRI with standard neck coil. Institutional Review Board approval was obtained and all subjects gave
informed consent. From November 2009 to November 2011, 159
patients who underwent MRA/MRI acute stroke workup were imaged
with the additional MPRAGE sequence. Because the MPRAGE sequence imaged both carotid arteries in each patient, this provided 318
carotid arteries with paired carotid MPRAGE and territorial brain DTI
data for potential analysis.
Of the 318 carotids scanned, 48 arteries were excluded for
potential extracarotid sources of ischemia, including documented
cardiac embolic source of symptoms (38 arteries) and vasculitis on
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digital subtraction angiography (10 arteries). Another 4 arteries were
excluded because of carotid occlusion. Although there were 13 of
266 carotids with stenosis involving the distal internal carotid artery,
in each case, the stenosis measured ⬍50% and the arteries were
therefore not excluded from analysis. Distal stenosis was determined
by concurrent contrast MRA through the circle of Willis in the vast
majority of cases (251 of 266). In cases when renal insufficiency
precluded intravenous contrast (15 of 266), percent stenosis of the
intracranial internal carotid artery was determined by noncontrast
time of flight. Although a few scans exhibited mild motion artifacts
primarily from swallowing, these artifacts were not sufficient to
exclude any carotid MPRAGE images from interpretation.

MPRAGE Sequence
A 3-dimensional MPRAGE sequence was used in this study. In this
sequence, segmented acquisition was performed with the sequence
repetition time, the inversion preparation time (TI), and the phase
encoding order of the MPRAGE sequence adjusted to optimally
identify IPH as hyperintense. Image parameters were as follows:
repetition time/TE/TI⫽6.39/2.37/370 ms, flip angle⫽15°, field of
view⫽130⫻130⫻48 mm3, matrix⫽256⫻256⫻48, voxel⫽0.5⫻0.5⫻
1.0 mm3. MPRAGE images were obtained from 20 mm below the
bifurcation to 20 mm above the bifurcation at 1.0-mm slice thickness.
The T1s of intraluminal blood and hemorrhage were assumed to be
approximately 1200 ms and 350 ms at 1.5 T. To produce 3-dimensional
images, a secondary phase encoding gradient was used in the slice select
direction and measurements for all slice selection phase encodings were
performed with rapid acquisition in each segment. The TI time was
chosen relative to the phase encoding acquisition to maximize contrast
between hemorrhage and inflowing blood. The TI time was found to
sufficiently suppress the blood signal at 1.5 T. Chemical fat saturation
was used.

Carotid MRI Evaluation
MPRAGE-positive plaque was defined by at least 1 image slice with
at least 2-fold higher signal intensity compared to sternocleidomastoid muscle as previously described.18 Two radiologists experienced
in MRA determined MPRAGE status in this objective manner
independent of brain DTI results. Interobserver variability was
determined between the 2 radiologists (J.S.M. and H.C.Y.). Intraobserver variability was obtained for 1 of the radiologists (J.S.M.) by
repeat analysis of the scans at least 2 months after the scan was
performed with blinding to prior results. Consensus interpretation
was used for the final analysis when interpretation differed. In the
vast majority of cases (251 of 266), stenosis was determined using
contrast MRA according to North American Symptomatic Carotid
Endarterectomy Trial (NASCET) criteria19 and categorized into mild
(0%–29%), moderate (30%– 69%), and severe (70%–99%) categories of stenosis. In 15 of 266 carotid arteries, renal insufficiency
precluded contrast administration and percent stenosis of the cervical
internal carotid artery was determined by carotid duplex scan either
before or after the MRI.

Diffusion-Weighted Imaging Parameters
Diffusion-weighted images were obtained using the DTI technique
as part of the standard clinical protocol. Scan parameters were
2-dimensional, 128⫻128 matrix, 3-mm slice thickness, B value⫽2000,
22 directions. Both DTI trace images and the apparent diffusion
coefficient map were generated as part of the clinical scan.

Acute Territorial Ischemic Event Detection
Although all patients were suspected of an acute cerebral ischemic
event by the referring clinician, only objective data from brain DTI
were used to determine if an acute ischemic event was present. DTI
positivity was defined as hyperintense signal on DTI trace with
associated decreased signal on the apparent diffusion coefficient
map, corresponding to an acute ischemic event at the time of the
scan.20,21 Acute territorial ischemic events were first classified based
on distribution (ipsilateral internal carotid artery [ICA] territory,
ipsilateral basal ganglia, and posterior circulation). Only DTI-
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an MPRAGE-positive ipsilateral carotid artery. Specificity was
defined as the proportion of DTI-negative ICA territories with an
MPRAGE-negative ipsilateral carotid artery. Accuracy was determined as the proportion of the total number of cases with DTIpositive ICA territories with MPRAGE-positive ipsilateral carotid or
DTI negative ICA territories with MPRAGE negative ipsilateral
carotid. Exact binomial 95% CIs were used for sensitivity, specificity, and accuracy. Infarct grades were compared using a MannWhitney U test. Kappa analysis was used to calculate interobserver
and intraobserver agreement.

Figure 1. Study algorithm for MR workup of stroke. One hundred fifty-nine patients undergoing evaluation for acute stroke
were enrolled in the study providing 318 carotid arteries and
paired brain images for analysis. Forty-eight arteries were
excluded due to extracarotid sources and 4 arteries were
excluded due to occlusion, leaving 266 arteries included in the
study.
Downloaded from http://circimaging.ahajournals.org/ by guest on November 18, 2017

positive events in the ipsilateral ICA territory were placed in the
DTI-positive category. Acute territorial ischemic events were also
classified by size. For all ICA territorial embolic infarcts, size was
graded on a scale of 1 to 5 (1⫽0 –1 cm, 2⫽1–3 cm, 3⫽3– 6 cm,
4⫽6 –9 cm, 5⫽ⱖ9 cm). Brain MRI images were interpreted by a
subspecialty trained neuroradiologist blinded to the carotid
MPRAGE results.

Statistical Analysis
For the population analysis, 2-sided Fisher exact tests and unpaired
t tests were used for comparison of stroke risk factors (male sex, age,
hypertension, diabetes, smoking, and dyslipidemia). A logistic regression analysis was performed to test the interaction of ipsilateral
and contralateral MPRAGE signal and found that contralateral
MPRAGE signal was not an important predictor of DTI positivity
(P⫽0.40) nor was the interaction of ipsilateral and contralateral
MPRAGE signal (P⫽0.43). Therefore, carotid artery MPRAGE
signal and its associated ipsilateral brain territory DTI signal was
assumed to be independent of the contralateral carotid MPRAGE
signal. Statistical analysis of carotid MPRAGE signal and brain DTI
stroke status was performed using 2-way analysis of variance with a
Tukey post hoc test. Likelihood ratios from the 2⫻2 table were used
to determine relative risk of a cerebrovascular ischemic event in
MPRAGE-positive plaque with a 95% CI. Sensitivity was defined as
the proportion of DTI-positive ICA territorial ischemic events with

Table 1.

Results
Risk of Acute Territorial Stroke With Carotid
MPRAGE Hyperintensity
One hundred fifty-nine patients presenting with acute focal
neurological symptoms were evaluated with brain DTI and
carotid MRA with the MPRAGE sequence from November
2009 to November 2011. After exclusion criteria were used,
266 carotid arteries were eligible for data analysis (Figure 1).
There were 56 DTI-positive embolic events involving the
ipsilateral ICA territory, and these were placed in the DTIpositive category. Although there were 8 ischemic events that
involved only the basal ganglia and 13 events involving only
the posterior circulation, these were not placed in the DTIpositive category because they did not meet criteria for
embolic events in the ICA territory. Furthermore, none of the
posterior circulation events were associated with MPRAGEpositive carotid arteries.
The majority of MPRAGE-positive carotid arteries were
found in men and in a significantly higher proportion than
that of MPRAGE-negative arteries (89.5% versus 54.8%,
P⬍0.001; Table 1). A similar result was found in the
DTI-positive versus DTI-negative categories (73.2% versus
56.2%, P⫽0.02; Table 1). MPRAGE-positive carotid arteries
were on average found in older patients than MPRAGEnegative vessels (75.5⫾9.9 years versus 66.4⫾15.5 years,
P⬍0.001; Table 1). In the MPRAGE-positive and -negative
categories, there were no significant differences in clinical
risk factors including hypertension, diabetes, smoking, and

Demographics of Patients and Carotid Arteries
MPRAGE
(⫹)

(⫺)

DTI
P Value

(⫹)

⬍0.001*

71.2⫾14.2

(⫺)

P Value

Patient demographics
Total carotid
Mean age, y

38
75.5⫾9.9

228
66.4⫾15.5

Median age, y

74

Age range, y

(57–91)

(21–94)

Sex (male)

89.5%

54.8%

56

69

72.5

210
66.9⫾15.4

0.06

69

(36–94)

(21–94)

⬍0.001*

73.2%

56.2%

⬍0.02*

Carotid disease risk factors
Carotids

38

Hypertension

73.7%

228
74.6%

1.00

69.6%

56

210
75.7%

Diabetes

36.8%

29.8%

0.45

33.9%

30.0%

0.63

Smoking

26.3%

21.1%

0.52

33.9%

18.6%

⬍0.02*

Dyslipidemia

71.1%

54.4%

0.08

62.5%

55.2%

0.36

0.39

Age, mean values⫾SD. Percent values represent percentage of carotid arteries.
MPRAGE indicates magnetization-prepared rapid acquisition with gradient-echo; DTI, diffusion tensor imaging.
*P⬍0.05.
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Figure 2. Six separate patients with MPRAGE-positive carotid arteries and associated territorial ischemic events. Images demonstrated
MPRAGE-positive carotid arteries (left images) coupled with territorial ischemic events on DTI images (right images). MPRAGE-positive
plaque and territorial ischemic events were as follows: (A) left, (B) right, (C) right, (D) bilateral, (E) right, (F) right. MPRAGE indicates
magnetization-prepared rapid acquisition with gradient-echo; DTI, diffusion tensor imaging.

dyslipidemia (Table 1). In the DTI analysis, only smoking
was associated with increased risk of a DTI-positive ischemic
event.
MPRAGE-positive carotids were associated with increased
risk of a DTI-positive acute territorial ischemic event as
shown in the representative images (Figure 2) and pooled
data (Table 2). The relative risk of an acute territorial
ischemic event with an MPRAGE-positive carotid artery
compared with an MPRAGE-negative carotid was 6.4
(P⬍0.001; Table 2). MPRAGE positivity was assigned to 38
of 266 (14.3%) carotid arteries. Kappa values for interobserver and intraobserver agreement on MPRAGE signal were
0.862 and 0.918, respectively (very good agreement). For all
ICA territorial embolic infarcts, size was graded on a scale of
Table 2.

1 to 5 (1⫽0 –1 cm, 2⫽1–3 cm, 3⫽3– 6 cm, 4⫽6 –9 cm,
5⫽ⱖ9 cm). Infarcts with MPRAGE-positive ipsilateral carotids had an average grade of 2.38⫾1.27 and median grade
of 2. Infarcts with MPRAGE-negative ipsilateral carotids had
an average grade of 2.78⫾1.28 and median grade of 3. Using
a Mann-Whitney U test, the 2-tailed probability value was
0.28 (not statistically significant).
These results were stratified based on percent stenosis. As
expected, the incidence of ischemic events increased with
percent stenosis of the cervical ICA (12.3%, 29.8%, and
72.7% for mild, moderate, and severe stenosis categories,
respectively). The incidence of MPRAGE positivity also
increased with higher degrees of carotid stenosis (5.9%,
28.1%, and 50.0% for mild, moderate, and severe stenosis

Pooled Data of the Relationship of MPRAGE-Positive Carotid IPH With Territorial DTI-Positive Acute Ischemic Events
0%–29%
DTI

Stenosis

30%– 69%
DTI

(⫹)

(⫺)

(⫹)

9

(⫺)

14

70%–99%
DTI

Total
DTI

(⫹)

(⫺)

(⫹)

(⫺)

(⫹)

(⫺)

2

9

7

11

0

29

9

162

8

33

5

6

27

MPRAGE

Total carotids

201

57

22

12.3%

29.8%

72.7%

21.1%

5.9%

28.1%

50.0%

14.3%

Specificity

98.8% (95.7–99.9%)

82.5% (67.2–92.7%)

100.0% (54.1–100.0%)

95.7% (92.0–98.0%)

Sensitivity

39.1% (19.7–61.5%)

52.9% (27.8–77.0%)

68.8% (41.3–89.0%)

51.8% (38.0–65.3%)

Accuracy

91.4% (86.5–95.0%)

73.7% (60.3–84.5%)

77.3% (54.6–92.2%)

86.5% (81.8–90.3%)

10.3 (5.0–13.8)

2.9 (1.2–6.3)

2.2 (1.1–2.2)

6.4 (4.3–8.7)

Prevalence of DTI (⫹)
Prevalence of MPRAGE (⫹)

Relative risk
P value (2-tailed)

187

⬍0.001*

0.01*

266

0.01*

Specificity, sensitivity, and accuracy values are reported with exact binomial 95% CIs. Relative risk values are reported with 95% CIs.
MPRAGE indicates magnetization-prepared rapid acquisition with gradient-echo; IPH, intraplaque hemorrhage; DTI, diffusion tensor imaging.
*P⬍0.05.

⬍0.001*
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categories, respectively). The relative risk of cerebral ischemic event with MPRAGE-positive carotids was increased in
all categories of stenosis, but this was most prominent in the
mild stenosis category (10.3, P⬍0.001; 2.9, P⫽0.01; and 2.2,
P⫽0.01 in mild, moderate, and severe stenosis categories,
respectively; Table 2).

Discussion

Downloaded from http://circimaging.ahajournals.org/ by guest on November 18, 2017

In patients presenting with a suspected acute stroke, clinicians
attempt to confirm the presence of cerebral ischemia, identify
the extent of the neurological deficit, and determine the
etiology of the event. To detect a carotid source, patients
usually undergo carotid duplex scan, CT angiography, conventional MRA, or digital subtraction angiography, all of
which rely heavily on percent stenosis. Although these
methods can detect luminal narrowing to a high degree of
certainty, they cannot identify unstable plaque components.
The current study and others have shown that stenosis does
not fully determine the potential for embolization from the
carotid artery. Traditionally, mild and moderate carotid artery
stenoses have been overlooked as potential sources for
thromboembolic stroke.
Although studies have found that complex carotid plaques
(American Heart Association Type VI plaques) are associated
with increased risk of subsequent events,7 the final common
pathway has not been evaluated synchronously with the
cerebral event. Parmar7 was the first to determine the association of acute ipsilateral neurological events with complex
carotid plaques in a noninvasive manner. Although the
Parmar study assessed all plaque components to determine
American Heart Association plaque type, the evaluation of
hemorrhage was limited because the study used a conventional T1-weighted sequence as opposed to the MPRAGE
sequence. Our approach used MPRAGE because recent
research has shown this sequence has higher sensitivity and
specificity in detecting hemorrhage compared with conventional techniques.16 The MPRAGE sequence is also easier
and more practical for many institutions that do not have the
ability to measure all components and determine American
Heart Association plaque type. Also, although contrastenhanced MRA was used in the majority of patients in this
study, it is not required for MPRAGE carotid analysis.
Another major difference between our study and others is the
use of DTI imaging to define acute territorial ischemic events.
DTI trace images have been shown to be superior to conventional diffusion-weighted sequences in detecting acute ischemic events.22 In addition, many studies including Parmar used
not only diffusion-positive events, but also included stroke
symptoms such as transient ischemic attacks and aphasia
without corresponding evidence of an actual territorial event
on MRI. Despite these differences, the Parmar study provided
the foundation and basis for much of our analysis.
Studies from CEA specimens have supported the relationship of carotid IPH with acute stroke. Early autopsy studies
demonstrated IPH within emboli detected in arterial segments
in the circle of Willis.23 In an investigation on thrombotically
active plaques, Spagnoli24 found that hemorrhage in CEA
specimens corresponded with a recent clinical stroke or
transient ischemic attack based on the presence of neurolog-

ical symptoms. In patients with recurrent ipsilateral carotid
symptoms, CEA specimens have demonstrated increased
rates of hemorrhage suggesting a temporal association of
hemorrhage with ischemic events.25 By showing there is an
increased relative risk of acute ischemia with MPRAGEpositive carotid signal, our data further support the hypothesis
that IPH plays an important role in plaque instability and
embolization.
Recent advances in MRI have found that heavily T1weighted inversion recovery sequences such as our
MPRAGE sequence aid in the identification of plaque hemorrhage. Zhu26 used an optimized MPRAGE sequence similar
to ours and also showed excellent detection of IPH in contrast
to necrotic core, although the study was limited in that only 6
matched histology/carotid MRI paired regions of interest
were compared. Bitar27 used a similar approach comparing 97
matched histology/carotid MRI pairs but used a spoiled
gradient sequence to provide T1-weighted contrast without
magnetization preparation. More recently, Ota and colleagues16 reported using a MPRAGE sequence that offers an
advantage over conventional T1 sequences in detecting IPH.
Although there was no clear description of TI used in that
study, the sequence used is very similar to that of Zhu and the
sequence in this study. In the current study, the heavily
T1-weighted signal of the MPRAGE sequence was accomplished by a magnetization preparation inversion pulse. From
signal simulations that incorporated T1 values of muscle,
blood, and hemorrhage, the segment repetition time and TI in
the MPRAGE sequence were selected to suppress the inflowing blood signal and enhance tissues with short T1 relative to
muscle similar to these prior studies.
The current study has added further support to the concept
that carotid MPRAGE signal and presumably carotid IPH is
associated with stroke. Using various combinations of MRI
sequences, prior studies have linked carotid IPH to the risk of
future stroke.17,18,25,28,29 These reports have noted that carotid
IPH is associated with a higher incidence of subsequent
ischemic events. Until now, carotid MPRAGE has not been
used in the workup of stroke in an emergent setting. In this
study, we used brain DTI to diagnose acute territorial ischemic events. This allowed for objective and accurate characterization of stroke acuity and territorial distribution. The
increased risk of acute ischemic stroke in the ipsilateral
territory of an MPRAGE-positive carotid artery adds further
support to a recent report identifying nonspecific white matter
lesions in patients with carotid IPH.30 Our study differs from
this work by using MPRAGE to determine plaque vulnerability instead of proton density and T2-weighted imaging. In
addition, our study used DTI instead of fluid-attenuated
inversion recovery to detect territorial ischemic events. Unlike fluid-attenuated inversion recovery imaging in which
hyperintensity is permanent and does not allow temporal
determination of event occurrence, DTI ensures the ischemic
event occurred within 7 to 10 days of the scan.
A major limitation to carotid plaque characterization with
MRI thus far has been motion. The modified MPRAGE
sequence used in this study required approximately 5 minutes
to perform, which can result in more motion artifact that
lumenography performed by contrast MRA, CT angiography,

McNally et al

Downloaded from http://circimaging.ahajournals.org/ by guest on November 18, 2017

ultrasound, or digital subtraction angiography. In prior studies, however, 15% to 20% of carotid MRI images have been
excluded due to image degradation from motion.7 In the
current clinical study, no images were excluded due to motion
and MPRAGE-positive signal was determined with very
good interobserver and intraobserver agreement. Improvements in image acquisition and postprocessing may further
reduce motion artifact and allow more accurate assessment of
subsequent stroke risk. By using dedicated coils and by using
motion-sensitized segmented gradient echo techniques to
limit the effects of swallowing, excellent contrast-to-noise
ratios can be obtained,31 which may allow more accurate
carotid IPH volume assessment and likely more accurate
carotid embolization risk assessment.
An additional limitation to the current version of our
MPRAGE sequence was the restricted coverage from just
above the common carotid origin to just below the petrous
segment of the ICA that is necessary to limit the duration of
imaging. Future studies including these vessel segments in
the MPRAGE field of view could potentially detect alternative sources of ischemic stroke and improve the diagnostic
use of the MPRAGE sequence. Cardiac gating, by identifying
and correcting for cardiac-induced motion artifacts, may also
improve MPRAGE imaging of plaques in the thoracic aorta
or great vessel origins.
A final limitation of this study is that stroke risk was not
further stratified based on hemorrhage age and location
within the plaque. Saam28 found that the location of plaque
hemorrhage influenced the risk for acute stroke and separated
hemorrhage into Type I (intracellular methemoglobin) and
Type II (extracellular methemoglobin). This information
would potentially improve risk stratification but was not
specifically analyzed in our study. A longitudinal study on the
ischemic events and hemorrhage acuity would better separate
the significance of Type I versus Type II hemorrhage.
Nevertheless, our study confirmed that the presence of any
MPRAGE-positive lesion (presumably methemoglobincontaining) was strongly associated with increased risk of
acute ipsilateral ischemic events.
Using the MPRAGE sequence, this study demonstrated
that carotid MPRAGE signal hyperintensity increased the risk
of concurrent ischemic events in all categories of stenosis.
Interestingly, the relative risk was most elevated in the mild
(⬍30%) stenosis category, which is considered lower risk and
has not been shown to benefit from intervention. These
findings have added further support to the concept that IPH is
responsible for a large portion of carotid-based acute ischemic events independent of percent stenosis. Although not as
marked as a mild stenosis, a high-grade carotid stenosis had
a further 2.2-fold increased risk of acute stroke if the lesion
was MPRAGE-positive. In addition, some DTI-positive ICA
territory ischemic events occurred despite an MPRAGEnegative ipsilateral carotid artery. Clearly not all carotid
territory cerebral ischemic events occur in patients with IPH
and, in these cases, likely result from a carotid MPRAGEnegative plaque that may have a significant lipid-rich necrotic
core, plaque ulceration without hemorrhage, or rupture of a
fibrous cap with hyperacute thrombosis. Future new or
modified MRI sequences or multicontrast combinations of
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sequences may be needed to better determine the clinical
importance of other carotid plaque components.
Interestingly, the relative risk of ischemic event with an
MPRAGE-positive plaque independent of percent stenosis
(relative risk, 6.4) was even greater than that of a severely
stenotic plaque not stratified by MPRAGE signal (relative
risk, 4.4). Currently, ⬎70% stenosis is an accepted indication
for CEA. Because the risk of ischemic event with MPRAGEpositive plaque was similar to ⬎70% stenosis, MPRAGEpositive lesions also represent a high-risk plaque. These
patients may benefit from early intervention with aggressive
medical therapy and/or CEA.
In summary, MPRAGE-positive carotid plaque was associated with increased risk of acute territorial ischemic events
detected by brain DTI. This increased risk was present in all
categories of carotid stenosis. This study found that this
marker of carotid plaque hemorrhage was present in a high
proportion of acute embolic strokes and may be a critical
component of many carotid-based cerebral embolic events.
Routine use of the MPRAGE sequence may lead to a more
accurate stroke risk estimate in patients with carotid disease
and more accurate determination of a carotid source of
ischemic events.
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CLINICAL PERSPECTIVE
Carotid intraplaque hemorrhage has been associated with symptomatic stroke and can be accurately detected with
magnetization-prepared rapid acquisition with gradient-echo (MPRAGE). However, an association between carotid
hemorrhage, as detected by MPRAGE signal, and territorial ischemic events, as detected by diffusion restriction in the
acute setting, has not been shown. Our aim was to determine the association of carotid MPRAGE signal with acute
territorial ischemic events using carotid MPRAGE and brain diffusion tensor imaging in patients with suspected acute
stroke within 24 hours. In patients undergoing acute stroke workup, MPRAGE-positive carotid plaque was associated with
acute territorial ischemic events detected by brain diffusion tensor imaging. This association was present across all
categories of carotid stenosis. These data add further support to the understanding of the pathophysiology of carotid
embolic stroke and the notion of MPRAGE-positive plaques as a marker of vulnerability with increased risk of embolic
events. Routine use of the MPRAGE sequence may lead to improved risk assessment for stroke in patients with carotid
disease, which may greatly improve diagnosis of cerebral embolic sources. Clinical trials to determine the optimal
treatment for patients with vulnerable carotid plaque are warranted.
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