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Original Article 

Purpose: To determine the value of the appearance of the high signal intensity 
halo sign for detecting carotid intraplaque hemorrhage (IPH) on maximum intensity 
projection (MIP) of time-of-flight (TOF) MR angiography (MRA), based on high signal 
intensity on magnetization-prepared rapid acquisition with gradient-echo (MPRAGE) 
sequencing.
Materials and Methods: A total of 78 carotid arteries in 65 patients with magneti-
zation-prepared rapid acquisition gradient-echo (MPRAGE) positive on carotid plaque 
MR imaging were included in this study. High-resolution MR imaging was performed 
on a 3.0-T scanner prior to carotid endarterectomy or carotid artery stenting. Fast 
spin-echo T1- and T2-weighted axial imaging, TOF, and MPRAGE sequences were 
obtained. Carotid plaques with high signal intensity on MPRAGE > 200% that of 
adjacent muscle on at least two consecutive slices were defined as showing IPH. Halo 
sign of high signal intensity around the carotid artery was found on MIP from TOF 
MRA. Continuous and categorical variables were compared among groups using the 
Mann-Whitney test and Fisher’s exact tests.
Results: Of these 78 carotid arteries, 53 appeared as a halo sign on the TOF MRA. 
The total IPH volume of patients with a positive halo sign was significantly higher 
than that of patients without a halo sign (75.0 ± 86.8 vs. 16.3 ± 18.2, P = 0.001). The 
maximum IPH axial wall area in patients with a positive halo sign was significantly 
higher than that of patients without a halo sign (11.3 ± 9.9 vs. 3.7 ± 3.6, P = 0.000).
Conclusion: High signal intensity halo of IPH on MIP of TOF MRA is associated with 
total volume and maximal axial wall area of IPH.
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INTRODUCTION

Intraplaque hemorrhage (IPH) of carotid stenosis plays a 
critical role in the progression of atherosclerotic disease (1, 
2). IPH events can play a major role in plaque progression 
and leukocyte infiltration and may also serve as a measure 
of risk for the development of future cardiovascular events 
(3, 4). Therefore, the early detection of IPH is critical 
for the adequate primary and secondary prevention of 
atherosclerotic diseases. 

T1-weighted magnetic resonance (MR) sequences are 
commonly used to detect IPH, since it is observed as high 
signal intensity on T1-weighted MR images due to the 
T1 shortening which results from the degradation of the 
hemorrhage into methemoglobin. The three T1-weighted 
sequences were two-dimensional (2D) fast spin-echo, 
three-dimensional (3D) time-of-flight (TOF), and three-
dimensional magnetization-prepared rapid acquisition 
gradient-echo (MPRAGE) sequence for detecting or 
quantifying IPH (1, 5-8). Ota et al. (8) reported on the 
diagnostic performance of three T1-weighted 3.0-T MR 
sequences at carotid IPH imaging, using histologic analysis 
as the standard of reference. MPRAGE sequence is a superior 
diagnostic method for detecting and quantifying relatively 
large IPHs compared to fast spin-echo and TOF sequence. 
However, a carotid TOF sequence has been widely used 
for detecting IPH because it was included in the routine 
protocol for brain MR examination and this approach can 
be time efficient, without the need for additional sequences 
such as MPRAGE. Maximum intensity projection (MIP) 
images from TOF MR angiography (MRA) can also show 
IPH as a high signal intensity (6, 9). This finding indicates 
the possibility of an additional application of MIP from TOF 
MRA to investigate carotid artery stenosis. However, no 
previous studies have investigated the relationship between 
IPH volume, MPRAGE sequence, and MIP from TOF MRA. 

This study compared the diagnostic performances of high 
signal intensity halo from TOF MRA based on IPH volume on 
MPRAGE sequence for IPH detection. 

MATERIALS AND METHODS

Patients
This study was approved by the Institutional Review Board 

of our institution, and informed consent was waived by our 
Institutional Review Board. We included 125 consecutive 
patients that underwent carotid MR imaging to evaluate 

plaque components between January 2014 and October 
2016. 

Carotid Plaque MR Protocol
Carotid plaque MR examination was obtained with an 

Achieva 3.0-T scanner (Philips Medical Systems, Best, the 
Netherlands) with a 16-channel head coil. The carotid artery 
with a dominant plaque was used to center the MR scan, 
which was the side used in the image analysis. Our protocol 
for multicontrast carotid plaque MR imaging included 
five different axial scans, as previously described (10, 11): 
TOF, T1-weighted, T2-weighted, MPRAGE, and contrast-
enhanced T1-weighted images. All of the sequences were 
centered at the bifurcation of the carotid artery with 
plaque. T1-weighted, T2-weighted, and contrast-enhanced 
T1-weighted sequences were obtained with a 2.0-mm 
section thickness without intersection spacing. 

A 3D multi-slab TOF-MRA from the petrous portion of 
the ICA was generated with the following parameters: 
repetition time (TR)/echo time (TE) = 23/3.45 ms, flip angle 
(FA) = 20°, field of view (FOV) = 200 × 200 mm, matrix = 
488 × 249, sensitivity encoding factor = 2.5, slice thickness 
= 1.2 mm, echo train length (ETL) = 1, and number of 
average = 1. Image parameters were as follows for the 3D 
MPRAGE sequence: TR/TE/inversion time (TI) = 8.7/5.3/304 
ms, FA = 15°, ETL = 32, FOV = 140 × 140 mm, and matrix 
= 216 × 192. Images were obtained from 20 mm below the 
carotid bifurcation to 20 mm above the carotid bifurcation, 
with slice thickness increments of 1.0 mm. TI time was 
chosen relative to the phase encoding acquisition in 
order to maximize the contrast between hemorrhage and 
inflowing blood. Chemical fat saturation was used. Total 
acquisition time was approximately 40 minutes.

MPRAGE Sequence IPH Volume
IPH was defined as the presence of high signal intensity 

comprising > 200% of the intensity of the adjacent 
muscle for at least 2 consecutive sections on MPRAGE. 
We used semi-automated software for the quantitative 
analysis of IPH volume (Rapidia; Infinite, Seoul, Korea) on 
MPRAGE sequence. IPH segmentation was performed with 
a piecewise smooth regional level set method. A region 
of interest was then manually drawn around the outer 
boundary of the carotid artery. Next, the IPH volume was 
measured using a signal intensity > 200% the intensity of 
the adjacent muscle (Fig. 1). We finally analyzed the total 
IPH volume, maximal axial IPH area, and length of IPH on 
MPRAGE sequence. Maximal axial IPH area was defined as 
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the area at the axial slice with the highest signal intensity. 

High Signal Intensity Halo on TOF MRA
A high signal intensity halo (halo sign) that was located 

in the carotid plaque but not connected to the lumen on 
MIP was defined as IPH positive (9) (Fig. 1). The results 
were determined by a consensus of two neuroradiologists 
that read the MIP of TOF MRA of the carotid artery while 
blinded to clinical information as well as research purpose. 
Reviewers described the IPH as positive or negative in the 
carotid plaque on MIP images. 

Carotid Stenosis
The degree of carotid stenosis was measured by guidelines 

established by the North American Symptomatic Carotid 
Endarterectomy Trial (NASCET), using MIP reformatted from 
TOF MRA. Arteries were grouped by stenosis into three 
categories: 0-15%, 16-49%, and 50-99% (1).

Statistical Analysis
We divided two groups into IPH positive or negative 

findings, based on MIP of TOF MRA. Continuous values 
are expressed as the mean and standard deviation, while 

a b

c

Fig. 1. Intraplaque hemorrhage and measurement of 
intraplaque hemorrhage volume. (a) Intraplaque hemorrhage 
of high signal intensity on MPRAGE (magnetization-
prepared rapid acquisition gradient-echo) sequence 
(arrows). (b) Semiautomatic measurement of intraplaque 
hemorrhage volume of the area of signal intensity of 
> 200% of signal intensity of the adjacent muscle. (c) 
Intraplaque hemorrhage-positive on maximum intensity 
projection images of time-of-flight MR angiography shows 
a hyperintense region in the vessel wall without connection 
to the lumen (arrows).
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categorical data are expressed as counts and percentages. 
Continuous and categorical variables between the two 
groups were compared using the Mann-Whitney test and 
Fisher’s exact tests, respectively. Statistical significance was 
defined as P < 0.05. All statistical analyses were performed 
using R 2.14.1 (R Foundation for Statistical Computing, 
Vienna, Austria). In order to evaluate the cut-off value 
between the two groups, a receiver operating characteristic 
(ROC) curve analysis was performed to extract the optimal 
threshold using MedCalc software.

RESULTS

Patients
Among the 125 consecutive patients that underwent 

carotid plaque MR imaging, 40 were excluded from 
analysis for: 1) no IPH on all T1 sequences (n = 30), 2) poor 
image quality (n = 5), 3) no carotid artery suppression on 
MPRAGE imaging (n = 3), and 4) total occlusion of ICA (n 
= 2). Consequentially, 78 carotid arteries of 65 patients 
with MPRAGE positive on carotid plaque MR imaging were 
recruited for this study. Demographic data of all enrolled 
patients are shown in Table 1.

Analysis of IPH between MPRAGE and MIP of TOF 
MRA

Of these 78 carotid arteries, 53 (67.9%) showed a halo 
sign around the carotid artery on the MIP of the TOF MRA. 
Overall, the total volume of IPH in the carotid plaque was 
60.2 ± 81.7 mm3 and the maximal axial IPH area was 9.1 ± 
9.3 mm2. 

Fig. 2. Intraplaque hemorrhage (IPH) volume and maximal axial wall area of IPH between positive halo sign and negative 
halo sign on maximum intensity projection (MIP) images of time-of-flight MR angiography. (a) Total IPH volume is 
significantly larger in the positive halo sign group than in the negative halo sign group on MIP images. (b) The maximal 
axial wall area of IPH is also significantly larger in the positive halo sign group than in the negative halo sign group on MIP 
images.

a b
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The MR comparison between the positive halo sign and 
negative halo sign groups is shown in Table 2. The total 
volume of IPH for patients with a positive halo sign was 
significantly higher than that of patients without a halo 
sign (75.0 ± 86.8 vs. 16.3 ± 18.2, P = 0.001) (Fig. 2). Overall 
carotid stenosis was similar between the two groups. The 
optimal cut-off value of total IPH volume between the two 
groups, as determined by ROC curve analysis, was 47.7 mm3 
(sensitivity 49.1% and specificity 88.0%). The maximal axial 
wall area of IPH with a positive halo sign was significantly 
higher than that of patients without a halo sign (11.3 ± 
9.9 vs. 3.7 ± 3.6, P = 0.000). The optimal cut-off value of 
the maximal axial IPH area between the two groups, as 
determined by ROC curve analysis, was 5.4 mm2 (sensitivity 
62.3% and specificity 76.0%). 

The total IPH volume and maximal axial wall area of IPH 
of the carotid arteries with 16-50% and 51-99% stenosis 

were significantly larger than those of the carotid arteries 
with 0-15% stenosis (Table 3) (Fig. 3). The total IPH volume 
and maximal axial wall area of the positive halo sign group 
with 16-50% and 51-99% carotid stenosis were significantly 
larger than those of the negative halo sign group (P < 0.05).

DISCUSSION

Carotid IPH has been shown to be a significant predictor 
of future cerebral infarction and stroke in patients with 
symptomatic carotid artery stenosis (3, 4, 12). A recent 
study by Hosseini et al. (4) demonstrated that carotid 
IPH, measured as high signal intensity on MRI, predicted 
stroke in moderate degree stenosis. In the subgroup 
of 72 participants with 50% to 59% stenosis, IPH was 
significantly associated with future ipsilateral infarction and 
stroke. Saam et al. (3) observed that the presence of IPH 
was associated with ~6-fold higher risk for cerebrovascular 
events. According to this study, the annualized event rate 
in subjects with detectable IPH was 17.71%, compared to 
2.43% in patients without IPH. In addition, the development 
of carotid IPH had immediate and long-term promoting 
effects on plaque progression and altered the biology and 
natural history of carotid atherosclerosis (2, 13). Carotid IPH 

Table 1. Patient Demographics 

Patients (n = 65 patients)

Patient demographics

   Median age, y 73

   Age range, y 59-87 

   Sex (male) 54 (83.1%)

Carotid risk factor

   Diabetes 19 (29.2%)

   Hypertension 35 (53.8%)

   Current smoking 23 (35.4%)

   Hyperlipidemia 18 (27.7%)

   Previous heart disease 21 (32.3%)

   Previous stroke history 14 (21.5%)

Location of plaque

   Right 25 (38.5%) 

   Left 27 (41.5%) 

   Bilateral 13 (20.0%)

Table 2. IPH and Carotid Stenosis: Positive Halo Sign and 
Negative Halo Sign on MIP Images of TOF MRA

Positive 
halo sign 
(n = 53)

Negative 
halo sign
 (n = 25)

P

Total IPH volume, mm3 75.0 ± 86.8 16.3 ± 18.2 0.001

Maximal axial IPH area, mm2 11.3 ± 9.9 3.7 ± 3.6 0.000

IPH length, mm 10.0 ± 5.4 8.3 ± 7.1 0.246

Stenosis, % 41.0 ± 31.9 44.6 ± 33.8 0.649

IPH = intraplaque hemorrhage; MIP = maximum intensity projection; TOF = time 
of flight 

Table 3. Carotid Stenosis and IPH on MIP Images of TOF MRA 

Stenosis, 
%

N* (%)
N (%) with positive halo 

sign on MIP images
Total IPH volume (mm3) Maximal axial IPH area (mm2)

Positive halo sign Negative halo sign P Positive halo sign Negative halo sign P

0-15 15 (19.2) 8 (53.3) 31.7 ± 26.9 17.3 ± 17.4 0.248 6.1 ± 3.8 4.1 ± 3.6 0.316

16-49 43 (55.1) 31 (72.1) 79.3 ± 86.81 13.4 ± 15.1 0.013 11.9 ± 9.61 3.2 ± 3.4 0.004

50-99 20 (25.5) 14 (70.0) 90.2 ± 100.31 21.0 ± 23.1 0.117 12.9 ± 11.81 4.0 ± 3.8 0.094

*N = number of carotid plaque 
IPH = intraplaque hemorrhage; MIP = maximum intensity projection; MRA = magnetic resonance angiography; TOF = time of flight 
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is a strong inflammatory stimulant, leading to macrophage 
accumulation and fibrous cap degradation, which separates 
the thrombogenic core of the plaque from the lumen 
(14). As such, early detection of IPH on MRI is crucial 
for preventing future cerebrovascular events and plaque 
progression.

A variety of T1-weighted sequences can be used to detect 
carotid IPH. These include conventional T1-weighted fast 
spin echo, TOF MRA, or MPRAGE sequences. Several studies 
have used TOF sequencing to detect carotid IPH, and a 
routine MRA protocol without additional sequences to 
evaluate carotid atherosclerosis (1, 5, 9, 15). The appearance 
of a halo sign around the carotid artery on the MIP of the 
TOF MRA was useful for the noninvasive detection of a 
fresh or recent carotid IPH on histologic analysis (6, 9). The 
sensitivity of the high signal intensity halo for detecting 
carotid IPH was 91%. Saito et al. (16) reported that carotid 
IPH signal differences between spine echo, MPRAGE, and 
TOF by 1.5-T MR show similar accuracies for characterizing 
plaque components using histopathological information. 
However, Ota et al. (8) reported the diagnostic performance 
of three T1-weighted MR sequences, 2D fast spin-echo, 

3D TOF, and 3D MPRAGE, on carotid IPH imaging, using 
histologic analysis as the standard of reference. Among 
the three tested T1-weighted MR sequences, the MPRAGE 
sequence yielded the best agreement with histologic 
findings for detecting and quantifying IPH, when compared 
with fast spine echo and TOF sequencing. Therefore, 
the MPRAGE sequence was included in the routine MR 
protocol for the early detection of IPH, although this takes 
approximately three to four minutes (17-19).

Yamada et al. (1) performed a quantitative evaluation of 
halo signs on MIP images of carotid atherosclerotic plaques 
from routine TOF MRA. Overall, a halo sign on MIP had 
high specificity (100%) but relatively low sensitivity (32%) 
for detecting IPH. The sensitivity had significant positive 
relationships with the underlying IPH volume and degree 
of stenosis. The mean IPH volume was 2.7 times larger in 
those with the halo sign than in those without it. In our 
study, the sensitivity of high signal intensity on MIP images 
of TOF MRA for detecting IPH was 67.1%. This sensitivity 
was lower than that of previous studies that only used TOF 
MRA to evaluate IPH (6, 9), and higher than a previous 
comparison study between TOF MRA and carotid plaque MR 

Fig. 3. Intraplaque hemorrhage (IPH) volume and maximal axial wall area of IPH as carotid stenosis categories. (a) Total 
volume of IPH of carotid arteries with 16-50% and 51-99% was significantly larger than that of carotid arteries with 
0-15%. (b) Maximal axial wall area of IPH of carotid arteries with 16-50% and 51-99% was significantly larger than that of 
carotid arteries with 0-15%.

a b
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imaging (1). 
In our study, the total IPH volume and maximal axial 

area was significantly higher with a positive halo sign on 
MIP of TOF MRA than with a negative halo sign. This result 
was consistent with a previous study (1). The sensitivity of 
the halo sign for detecting IPH did not differ based on the 
degree of stenosis, but there was a significant increasing 
trend between stenosis categories and IPH volumes on TOF 
MRA. These findings suggest that even with low-grade 
stenosis (0-15%), high IPH volume and axial wall thickness 
in the carotid plaque were characterized by a halo sign on 
MIP images of TOF MRA. We used the MPRAGE sequence 
as a standard of reference for detecting IPH because of its 
higher sensitivity and compared it to histological findings. 
MPRAGE sequence results exhibited the best agreement 
with histologic findings, and consistently yielded the highest 
κ value, which showed the highest sensitivity for detecting 
IPH, and it also presented both the highest correlation and 
smallest mean difference when compared to histologic 
findings. The nonselective inversion pulse and spectrally 
selective water excitation or fat suppression facilitates 
MPRAGE imaging to suppress signals from background 
tissues. Such qualities make MPRAGE the optimal tool for 
the detection and quantification of IPH. In our study on 
detection using TOF MRA among patients with IPH based 
on MPRAGE, the sequence was missed in 32.9% of cases. In 
particular, patients with low grade carotid stenosis should 
be cautious when using TOF MRA for dynamic IPH changes. 

There were some limitations to this study. First, there 
is not currently a histological gold standard. Histology 
provides sound confirmation for the presence, absence, and 
size of IPHs. Our study did not include patients who had 
received carotid endarterectomy, therefore histologic results 
were not available. Previous studies have demonstrated 
the diagnostic usefulness of MPRAGE sequence for IPH 
detection (8, 16). Second, a relatively small number of 
patients were examined, and it was a retrospective design. 

In conclusion, a high signal intensity halo of IPH on MIP 
of TOF MRA is associated with increased total volume and 
maximal axial wall area of IPH. Since samples without 
the halo sign on TOF sequence exhibited IPH that was 
apparent on the MPRAGE sequence, we suggest that future 
diagnostic procedures include MRPAGE to detect IPH rather 
than the presently-used TOF sequence. 
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