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ORIGINAL RESEARCH
EXTRACRANIAL VASCULAR

Intraplaque High-Intensity Signal on 3D Time-of-Flight MR
Angiography Is Strongly Associated with Symptomatic Carotid

Artery Stenosis
A. Gupta, H. Baradaran, H. Kamel, A. Mangla, A. Pandya, V. Fodera, A. Dunning, and P.C. Sanelli

ABSTRACT

BACKGROUND AND PURPOSE: Intraplaque hemorrhage in carotid artery atherosclerotic plaque has been shown to be a marker of risk,
associated with prior and future ischemic events, and has been associated with regions of intraplaque high-intensity signal on 3D-TOF MRA.
We assessed the association of intraplaque high-intensity signal determined on 3D-TOF MRA with the incidence of prior ipsilateral stroke
or TIA.

MATERIALS AND METHODS: We assessed intraplaque hemorrhage by evaluating for intraplaque high-intensity signal adapting a recently
validated technique on 3D-TOF source images in participants with high-grade (�70%) extracranial carotid stenosis. Logistic regression
analyses were used to assess the strength of association between the presence of intraplaque high-intensity signal on routine MRA
sequences and prior stroke or TIA.

RESULTS: Intraplaque high-intensity signal was present in 22 (41.5%) of 53 carotid arteries studied in 51 patients. Ipsilateral ischemic events
occurred in 15 (68.1%) of 22 in the intraplaque high-intensity signal–positive group (10 strokes, 5 TIAs) and in 4 (12.9%) of 31 in the intraplaque
high-intensity signal–negative group (3 strokes, 1 TIA). Ischemic events occurred within the 6-month period preceding imaging in 18 (94.7%)
of 19 cases. The univariate odds ratio of the association of intraplaque high-intensity signal with any prior ischemic event was 14.5 (95% CI,
3.6 –57.6), and the multivariate age- and sex-adjusted odds ratio was 14.2 (95% CI, 3.3– 60.5). The association remained present across 1.5T
and 3T magnet field strengths.

CONCLUSIONS: Intraplaque high-intensity signal determined from MRA sequences already in place to measure luminal stenosis is
strongly associated with prior ipsilateral ischemic events. Prospective validation of these findings to predict outcome in carotid artery
stenosis could provide a valuable and widely accessible stroke risk stratification tool.

ABBREVIATIONS: IHIS � intraplaque high-intensity signal; IPH � intraplaque hemorrhage

Measurement of luminal diameter stenosis has been the

mainstay of extracranial vascular imaging, with treatment

guidelines from multicenter randomized controlled trials based

largely on patient stratification by stenosis severity.1-3 However,

with recent developments in MR imaging technology, it is possi-

ble to assess the composition of atherosclerotic carotid lesions to

determine the presence of complicated or advanced plaque ele-

ments that are at greater risk to cause ischemic symptoms.4-6 One

such component of carotid plaque that has been identified as a

component of advanced atherosclerotic lesions is intraplaque

hemorrhage (IPH). When present in carotid atherosclerotic

plaque, IPH has been associated with previous7,8 and future9

stroke and has been proposed as a possible marker of not only

plaque inflammation10 but also of generalized cardiovascular

risk.11

MR imaging tools have allowed IPH to be detected with high

diagnostic accuracy compared with histopathologic confirmation

with most of the techniques that have been studied to date.4 How-

ever, a significant barrier to the widespread use of IPH assessment

as a measure of embolic stroke risk has been that most studies

have relied on high-resolution imaging by using specialized, ded-

icated MR imaging surface carotid coils12 or black-blood coronal

T1-weighted fat-suppressed MR imaging techniques.9 Neither of

these techniques are part of the standard sequences routinely ob-

tained in MRA examinations, which rely on TOF techniques to

assess luminal diameter stenosis. Recent reports have suggested
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that routinely performed MRA techniques used to measure ste-

nosis, including 3D-TOF imaging,13,14 can accurately predict IPH

compared with histopathologic studies by the detection of intra-

plaque high-intensity signal (IHIS) relative to adjacent skeletal

muscle. These studies, however, have been performed by use of

dedicated carotid coils and not by standard quadrature neck array

coils. Furthermore, it is also unknown whether IPH determined

by 3D-TOF MRA neck images is associated with symptomatic

carotid artery disease. The purpose or our study was to assess the

association between IHIS determined on noncontrast 3D-TOF

imaging and prior stroke or TIA in patients with high-grade ca-

rotid artery stenosis.

MATERIALS AND METHODS
Patients
Patients were screened for this institutional review board–ap-

proved retrospective study after review of consecutive MRA neck

examinations performed from August 2009 through August 2012.

Inclusion criteria included 1) high-grade extracranial internal ca-

rotid artery stenosis (70%–99%) identified on noncontrast 3D-

TOF MRA, 2) detailed documentation of electronic medical re-

cords of whether stroke or TIA had occurred before the MRA, and

3) detailed medical record documentation of pre-existing vascu-

lar risk factors.

Imaging Technique
MRA neck studies were performed on either 1.5T or 3T Signa (GE

Healthcare, Milwaukee, Wisconsin) scanners by use of standard

quadrature neck array coils. No dedicated high-resolution surface

coils were used, nor was gadolinium administered. 3D-TOF ac-

quisition involved a 20-cm field of view centered at the carotid

bifurcation, 1.4-mm section thickness, and a matrix of 320 � 192

and 320 � 224 on 1.5T and 3T, respectively. To assess the gener-

alizability of this technique to clinical practice, we included in our

analysis all studies with image quality sufficient to warrant a clin-

ical interpretation at the time of original image acquisition.

Imaging Data Assessment
IHIS, a presumed marker for IPH, was determined by adaption of

a method used by Qiao et al,13 in which hyperintense signal in-

tensity on 3D-TOF source images in carotid plaque was assessed

relative to adjacent muscle. Unlike the study by Qiao et al,13 our

technique did not use data collected with a dedicated carotid coil.

We used a quantitative cutoff value of signal intensity 50% greater

than skeletal muscle based on region-of-interest analysis in the

area of suspected IHIS.9,15 IHIS assessment was made blinded to

clinical data by 2 independent board-certified neuroradiologists

with disagreements resolved by a third neuroradiologist as a tie-

breaker. We further analyzed the cases with discordant interpre-

tations and specifically addressed the possibility that a decrease in

image quality could be contributing to discordant IHIS interpre-

tations by making a subjective assessment of the presence or ab-

sence of motion degradation or other MR imaging artifacts, lim-

iting confident diagnosis of IHIS in these cases.

Stenosis was categorized as 70%–95% or � 95%–99% by use

of a method adapted from a study of diagnostic accuracy of TOF

MRA in high-grade carotid artery stenosis.16 We used MRA MIP

images to visually estimate the degree of stenosis, taking into ac-

count maximal luminal diameter stenosis relative to the caliber of

normal-appearing distal ICA on MIP images, and used axial 3D-

TOF source images to confirm stenosis measurements when MIP

data did not provide unequivocal assessment of stenosis. Because

measurements by use of the distal ICA as the denominator for

stenosis measurements might underestimate the degree of steno-

sis in near-occlusion, as per North American Symptomatic Ca-

rotid Endarterectomy Trial guidelines,17 NASCET-type measure-

ments were not used in such cases.

Clinical Data Assessment
The presence of ipsilateral TIA or stroke and coexisting vascular

risk factors were determined by the consensus of 2 stroke neurol-

ogists after examination of the electronic medical record. The

neurologists were blinded to the MRA IHIS assessments. Stroke

and TIA were defined according to American Heart Association

criteria,18 with a stroke and TIA defined as a permanent or tran-

sient episode, respectively, of neurologic dysfunction caused by

focal brain or retinal ischemia. Only ipsilateral ischemic events

referable to the stenotic ICA were considered positive events. The

specific vascular risk factors collected in the cohort included the

presence or absence of diabetes, hypertension, atrial fibrillation,

hyperlipidemia, coronary artery disease, smoking history, chronic

obstructive pulmonary disease, and chronic kidney disease.

Statistical Analysis
Statistical analysis was performed by use of logistic regression

analysis to measure the strength of association between IHIS and

ischemic events measured as an OR. A multivariate analysis was

also performed, with calculation of an age- and sex-adjusted OR,

as well as adjustment for covariate risk factors found to be statis-

tically significant. Subset analyses were also performed stratifying

test data from 1.5T or 3T MR imaging machines. We recorded the

discrepancy rate for measurement of IHIS with interobserver

agreement determined both by calculation of simple percent

agreement and a Cohen � coefficient statistic. Finally, to evaluate

the possibility that interobserver interpretation differences were

contributing significantly to the OR calculation, sensitivity anal-

yses were performed with logistic regression analyses in 3 scenar-

ios: 1) only with concordant IHIS interpretations, 2) treating all

discordant interpretations as positive for IHIS, and 3) treating all

discordant interpretations as negative for IHIS. All P values � .05

were considered statistically significant.

RESULTS
After the review of 4895 consecutive neck MRAs, 4648 studies

were excluded because no high-grade stenosis was present. In the

247 of 4895 MRAs with high-grade stenosis or occlusion (5.0% of

total MRA cases screened), after application of additional exclu-

sion criteria, including exclusion of cases with occlusion or cases

with primary vascular imaging done with a technique besides 3D-

TOF, such as with contrast-enhanced MRA, our final cohort of 51

patients with 53 unique carotid arteries met inclusion criteria.

Vascular risk factors were not significantly different between

groups (Table 1), though more men had IHIS. IHIS was present in

22 (41.5%) of 53 carotid arteries studied (see representative case,
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Fig 1). There was a 77% interobserver agreement rate (agreement

in 41/53 cases), resulting in a � coefficient of 0.50, suggesting

moderate to good interobserver agreement. In the 12 cases with

discordant interpretations, 10 of 12 studies were judged to have at

least a moderate degree of motion degradation or other MR im-

aging artifacts limiting confident assessment of the presence or

absence of IHIS.

Ipsilateral ischemic events occurred in 15 (68.1%) of 22 pa-

tients in the IHIS-positive group (10 strokes, 5 TIAs) and in 4

(12.9%) of 31 patients in the IHIS-negative group (3 strokes, 1

TIA) (Table 2). Ischemic events occurred within the 6 months

preceding imaging in 18 (94.7%) of 19 cases, with the single out-

lier representing an ipsilateral stroke which occurred 10 years be-

fore imaging. In the univariate logistic regression analysis, the OR

of the association of IHIS and prior ischemic events was 14.5 (95%

CI, 3.6 –57.6), whereas the age- and sex-adjusted OR was 14.2

(95% CI, 3.3– 60.5). Excluding the 1 outlier ischemic event occur-

ring 10 years before imaging, we found that the OR of the associ-

ation of IPH and ischemic events within the prior 6 months was

13.5 (95% CI, 3.4 –54.1). In addition, the association was pre-

served across magnet field strengths, as 32 arteries on a 1.5T mag-

net and 21 arteries on a 3T magnet had ORs of 17.8 (95% CI,

3.0 –105.9) and 13.8 (95% CI, 1.2–156.6), respectively. OR data

are summarized in Table 3. Finally, the strength of the association

was between ischemic events, and IHIS was preserved across sen-

sitivity analyses: 1) OR of 12.5 (95% CI, 2.53– 61.8) in cases with

only concordant interpretations analyzed, 2) OR of 5.46 (95% CI,

1.37–21.8) if the 12 discrepant cases were treated as IHIS negative,

and 3) OR of 10.41 (95% CI, 2.73–39.8) if the 12 discrepant cases

were treated as IHIS positive.

DISCUSSION
Our study demonstrates an association between IHIS, a potential

marker of IPH, determined from routinely acquired 3D-TOF

MRA source images and ischemic events. Specifically, our data

suggest that patients with high-grade, extracranial carotid artery

stenosis and IHIS are almost 14 times more likely to have had

symptomatic disease compared with those with high-grade steno-

sis and no IHIS. Although several studies have characterized IPH

or MR imaging by using black-blood, fat-suppressed T1-weighted

sequences9 and high-resolution surface carotid coils,12 these stud-

ies have thus far had limited clinical usefulness, as they have relied

on specialized sequences or equipment not used in most MRA

neck examinations done to characterize vessel stenosis. Previous

studies have used source images from 3D-TOF studies to assess

the presence of IPH,13,14,19 including a study comparing MR im-

aging–suspected IPH with histopathologic confirmation.8 In this

study, Qiao et al8 found that source im-

ages from 3D-TOF MRA or from mask-

phase images from contrast-enhanced

MRA could detect IPH with high diag-

nostic accuracy and with excellent inter-

observer reliability, though the study did

not measure the association of IPH from

MRA images and ischemic events. In an-

other similar study, Yamada et al14 used

high signal intensity on 3D-TOF MRA

MIP images as a surrogate for IPH but

did not correlate these findings with the

presence or absence of symptomatic ca-

rotid disease. Our study demonstrates a

strong association between ischemic

events and IPH, as determined on

widely available, large field-of-view neck

coils with a 4-minute MRA sequence

(3D-TOF), which is nearly universally

acquired during screening examinations

of the extracranial vascular structures.

It is important to recognize that the

studies reported in the prior literature

assessing the association between 3D-

TOF plaque high signal and IPH on his-

tologic examinations have been per-

FIG 1. A, Axial 3D-TOF source image demonstrates signal hyperintensity in the plaque (arrow) of
the high-grade right internal carotid artery stenosis. B, 3D-TOF maximum-intensity projection
image of the same right carotid artery bifurcation illustrates a long-segment hyperintense signal
(arrow) within the plaque of the right internal carotid artery consistent with IPH.

Table 1: Vascular risk factors in patients with and without IPH
defined on MRA

Risk Factors
IPH-Positive

(n = 22)
IPH-Negative

(n = 31)
P

Value
Age (mean years) 76.4 � 9.46 77.6 � 9.43 .6406
Sex: male, n (%) 13 (59) 9 (29) .0286
Diabetes (%) 9 (41) 13 (42) .9404
Hypertension (%) 18 (82) 30 (97) .1474
Hyperlipidemia (%) 18 (82) 26 (84) .8445
Atrial fibrillation (%) 4 (18) 3 (10) .3676
Coronary artery disease (%) 9 (41) 14 (45) .7583
Smoking (%) 15 (68) 19 (61) .6062
Heart failure (%) 3 (14) 4 (13) .9381
COPD (%) 2 (9) 4 (13) .6660
Chronic kidney disease (%) 7 (32) 6 (19) .2988
Stenosis severity: 95%–99% (%) 1 (5) 3 (10) .6332

Note:—COPD indicates chronic obstructive pulmonary disease.
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formed by use of dedicated surface carotid coils.13,14,19 As such,

although it is likely that IHIS detected on 3D-TOF MRA per-

formed with a standardized quadrature neck array coil will highly

correspond with IPH on histologic examination, further radio-

logic-pathologic correlation studies are warranted to assess the

diagnostic accuracy of the specific technique used in our study.

Two additional points regarding the MR imaging technique

used for our study warrant further discussion. First, our study

suggests that the association between IHIS and ischemic events is

preserved across magnet field strengths. Because nearly all exist-

ing studies of IPH or IHIS have been performed on 1.5T mag-

nets,9,11,12,20-22 and because the paramagnetic properties of IPH

can potentially result in decreased signal hyperintensity on T1WI

at 3T, our work supports the histopathologic correlation study by

Qiao et al,8 suggesting a role for 3T imaging in IPH assessment by

use of simple TOF techniques. Second, because TOF imaging has

generally been used to assess for luminal diameter stenosis with

limited data in the literature describing the use of this technique to

assess the presence of IPH, we assessed the interobserver variabil-

ity and found a � coefficient suggesting moderate to good inter-

observer agreement. The logistic regression sensitivity analyses

performed in our study demonstrate that our main results were

robust to the interobserver variability present, and that 10

(83.3%) of 12 discrepant cases may have been related to motion-

limited studies. Although we chose to analyze these motion-lim-

ited studies in our primary analysis to assess the generalizability of

IHIS and IPH assessment in screening MRA studies, including

studies occurring in critically ill patients or in patients unable to

completely lie still for other reasons, future studies may be helpful

to clarify how MR imaging quality influences the diagnostic accu-

racy of IPH assessment on 3D-TOF MRA vs histopathologic as-

sessment. This is especially important regarding IPH assessment

with standard field-of-view head and neck MR imaging coils be-

cause, despite the significant benefits of accessibility, speed, and

ease of implementation, these coils provide less spatial resolution

of the carotid artery than do multisequence, high-resolution tech-

niques with dedicated surface carotid coils.

Our results are consistent with recent literature showing MR

imaging of IPH to be associated with prior7 and future ischemic

events.9,12 The magnitude of the strength of association between

IHIS in our study and prior stroke (OR,

approximately 14) is in line with a meta-

analysis of the strength of association

between IPH and future ischemic events

(OR, approximately 12).9 The rate of

IPH in our cohort (41.5%) is similar to

that reported in recent published stud-

ies.7 We noted IPH even in cases where

imaging was performed outside of the

immediate 24 hours after stroke or TIA.

In a recent study of IPH in symptomatic carotid disease by use of

coronal T1-weighted fat-suppressed sequences to characterize

IPH, Hosseini et al9 found that stroke risk with IPH was preserved

for at least 5 years. The presence of IPH long after stroke and its

ability to predict future stroke reinforce its potential value as a

robust biomarker of plaque vulnerability in carotid atheroscle-

rotic disease. Given the strong association between IPH and fu-

ture events by use of specialized techniques, our findings raise the

hope that routinely acquired imaging of the neck might play a role

in predicting future events.

Our study had limitations that should be considered. First, our

study was limited by a retrospective design, which could intro-

duce significant patient heterogeneity into our analysis and the

possibility that confounding vascular risk factors may be contrib-

uting to the differences present between groups. Despite this, de-

tailed vascular risk factors were collected and were found to be

similar between IHIS-positive and IHIS-negative groups, suggest-

ing a low risk for confounding bias. In addition, we screened

nearly 5000 MRA examinations to ensure a relatively homoge-

neous group of patients in stenosis severity (all �70%), in an

effort to minimize the effect that differences in the degree of ste-

nosis might have in a larger but more heterogeneous patient pop-

ulation. Second, a potential limitation was that IHIS could repre-

sent a combination of a lipid-rich necrotic core and IPH.14 The

existing data suggest that this, however, is not a significant limi-

tation because radiology-pathology correlation studies of 3D-

TOF techniques have yielded a good diagnostic accuracy of MR

imaging IPH classification compared with IPH determined from

surgical specimens at carotid endarterectomy.13 Furthermore, be-

cause both a lipid-rich necrotic core and IPH are considered

markers of plaque vulnerability,6 definitive differentiation may be

of limited clinical relevance. Third, given the spatial resolution

limits of 3D-TOF MRA by use of a quadrature neck array coil,

confident differentiation of IHIS from an area of ulcerated plaque

can be difficult. The effects of a quadrature neck array coil and its

diagnostic accuracy in IPH determination vs histopathologic as-

sessment are areas requiring further investigation. Fourth, our

study assessed stroke or TIA that occurred before imaging, and as

such, it remains unclear to what extent future events can be pre-

dicted by the use of this technique. We agree that validation of the

use of 3D-TOF source images as a risk stratification tool for stroke

will require a controlled prospective investigation. However, IPH

detected by both coronal black-blood gradient-echo9 and dedi-

cated carotid-coil– dependent, high-resolution techniques12 has

been shown to predict future stroke or TIA in independent studies

in the literature. Because 3D-TOF source images have comparable

accuracy in the identification of IPH relative to these other tech-

Table 2: Presence of symptomatic cerebrovascular ischemia with or without IPH on MRA
IPH-Positive IPH-Negative P Value

History of any prior ipsilateral symptomatic
disease, n (%)

15 (68) 4 (13) �.0001

Median time since prior TIA/stroke, days 0 (IQR: 0–10) 0 (IQR: 0–7) .7619
History of prior ipsilateral stroke, n (%) 10 (67) 3 (75) .7500
Median time since prior stroke, days 0 (IQR: 0–7) 0 (IQR: 0–0) .3605
History of prior TIA, n (%) 5 (33) 1 (25) .7500
Median time since prior TIA, days 0 (IQR: 0–180) 14 (IQR: N/A) .5338

Note:—IQR indicates interquartile range; N/A, not available.

Table 3: Summary of effect size and strength of association
between IHIS and stroke or TIA

Type of Association OR 95% CI
IHIS and any prior ischemic event 14.5 3.6–57.6
IHIS and prior ischemic event within 6 months 13.5 3.4–54.1
IHIS on 1.5T and prior ischemic event 17.8 3.0–105.9
IHIS on 3T and prior ischemic event 13.8 1.2–156.6
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niques, it is reasonable to hypothesize that IHIS as determined on

3D-TOF MRA, a marker for IPH in our study, may have a similar

predictive capacity.

CONCLUSIONS
Our study demonstrates that routinely acquired, screening MRA

neck 3D-TOF source images, already widely used to measure lu-

minal stenosis, can detect IHIS, which is strongly associated with

prior ischemic events in patients with high-grade carotid artery

stenosis. The prospective validation of our findings, as well as

further histologic confirmation, may translate into regular re-

porting of IPH assessed by IHIS as a risk stratification tool to

complement measures of luminal diameter stenosis on neck

MRA.
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