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Carotid artery atherosclerosis is one of the impor-
tant causes of ischemic stroke. The efficacy of ca-
rotid endarterectomy (CEA) for severe symptom-

atic stenosis of the carotid artery has been demonstrated 
in several multicenter, randomized, clinical trials.7,8,18 
Currently, the therapeutic approach for preventing future 
ischemic events, including CEA, carotid artery stenting 
(CAS), and medical treatment, is decided primarily based 

on the percentage of luminal narrowing of the vessel. 
However, it has been shown that thromboembolic mecha-
nisms correlate strongly with ischemic events in carotid 
artery stenosis.16,36 Thus, a method for evaluating the risk 
of thromboembolism might improve the ability to iden-
tify the actual high-risk patients who would benefit most 
from intervention. In recent studies, some investigators 
have reported that plaque with a lipid-rich necrotic core 
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Object  Plaque characteristics and morphology are important indicators of plaque vulnerability. MRI-detected intra-
plaque hemorrhage has a great effect on plaque vulnerability. Expansive remodeling, which has been considered com-
pensatory enlargement of the arterial wall in the progression of atherosclerosis, is one of the criteria of vulnerable plaque 
in the coronary circulation. The purpose of this study was risk stratification of carotid artery plaque through the evalua-
tion of quantitative expansive remodeling and MRI plaque signal intensity. 
Methods  Both preoperative carotid artery T1-weighted axial and long-axis MR images of 70 patients who underwent 
carotid endarterectomy (CEA) or carotid artery stenting (CAS) were studied. The expansive remodeling ratio (ERR) was 
calculated from the ratio of the linear diameter of the artery at the thickest segment of the plaque to the diameter of the 
artery on the long-axis image. Relative plaque signal intensity (rSI) was also calculated from the axial image, and the 
patients were grouped as follows: Group A = rSI ≥ 1.40 and ERR ≥ 1.66; Group B = rSI < 1.40 and ERR ≥ 1.66; Group 
C = rSI ≥ 1.40 and ERR < 1.66; and Group D = rSI < 1.40 and ERR < 1.66. Ischemic events within 6 months were retro-
spectively evaluated in each group.
Results  Of the 70 patients, 17 (74%) in Group A, 6 (43%) in Group B, 7 (44%) in Group C, and 6 (35%) in Group D 
had ischemic events. Ischemic events were significantly more common in Group A than in Group D (p = 0.01).
Conclusions  In the present series of patients with carotid artery stenosis scheduled for CEA or CAS, patients with 
plaque with a high degree of expansion of the vessel and T1 high signal intensity were at higher risk of ischemic events. 
The combined assessment of plaque characterization with MRI and morphological evaluation using ERR might be useful 
in risk stratification for carotid lesions, which should be validated by a prospective, randomized study of asymptomatic 
patients. 
http://thejns.org/doi/abs/10.3171/2015.2.JNS142783
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and intraplaque hemorrhage (IPH), one of the features of 
vulnerable plaque, can be detected as high signal intensity 
on carotid T1-weighted MRI10,35,37 and is strongly associ-
ated with ipsilateral ischemic stroke.1,14 Other investiga-
tors have shown that geometrical change of the artery cor-
relates with the risk of ischemic events, and that expansive 
remodeling may be particularly associated with plaque in-
stability and a high risk for ischemic events.12 This study 
aimed to provide more accurate risk stratification of carot-
id plaque through the evaluation of quantitative expansive 
remodeling and MRI plaque signal intensity.

Methods
Patient Population

A total of 89 consecutive carotid stenoses in 86 patients 
who were scheduled to undergo CEA or CAS due to ath-
erosclerotic carotid stenosis were included in this study. 
Patients who did not undergo either carotid T1-weighted 
axial or long-axis MR images, had poor imaging quality, 
had near occlusion, or had a history of CEA on the ipsi-
lateral side were excluded. Inclusion criteria for revascu-
larization were ≥ 70% carotid stenosis or < 70% symp-
tomatic stenosis with recurrent infarcts in the ipsilateral 
hemisphere refractory to maximal medical therapy.

Patient characteristics were recorded retrospectively 
by reviewing medical records. Ischemic events ipsilateral 
to the carotid artery within the previous 6 months were 
recorded, including cerebral infarction, transient ischemic 
attack, and retinal ischemia (amaurosis fugax and retinal 
artery occlusion). The severity of carotid stenosis was 
evaluated by digital subtraction angiography using the 
North American Symptomatic Trial (NASCET) collabo-
rators’ criteria.18 The hospital ethics committee approved 
the study, and written informed consent was obtained 
from all patients.

Imaging Techniques
Carotid artery MRI was performed using a 1.5-T MRI 

machine (Gyroscan Intera; Philips Medical Systems) 
equipped with an 8-cm-diameter surface coil. A previ-
ously published standardized protocol was used to obtain 
black-blood (BB) T1-weighted axial and long-axis images 
of the carotid arteries, including the area with the highest 
stenosis on the index side.33,35 The parameters for the im-
aging sequences were as follows: 1) long-axis T1-weighted 
images (3D inversion recovery [IR] turbo field echo): TR 
10 msec; TE 2.7 msec; inversion time (TI) 500 msec; flip 
angle (FA) 35°; 320 × 512 matrix; 1.6-mm section thick-
ness; 150-mm FOV; 2) axial T1-weighted images (2D 
double IR-turbo spin-echo images): TR 700–1000 msec; 
TE 12 msec; FA 110°; 256 × 256 matrix; 3-mm section 
thickness; 150-mm FOV; and TR, 1 cardiac cycle. Fat 
suppression was used to reduce signals from subcutane-
ous fat. All patients underwent BB-MRI within 2 weeks 
before surgery.

MRI Signal Intensity
Signal intensities of plaque and the proximal sternoclei-

domastoid muscle on T1-weighted axial MR images were 
measured at a workstation by a colleague (K.Y. or R.F.) 

who was blinded to patient information. Relative MRI 
signal intensity was calculated with the following formula 
(Fig. 1):35 rSI = SI whole plaque/SI SCM, in which rSI rep-
resents relative plaque signal intensity, SI represents signal 
intensity, and SCM represents sternocleidomastoid muscle. 
With reference to the previous study,35 an rSI ≥ 1.40, which 
corresponds to the lipid core with IPH, was defined as hy-
perintense plaque.

Expansive Remodeling Ratio
We have previously reported about the expansive re-

modeling ratio (ERR).34 The measurement technique for 
the ERR was developed by applying the method used in 
NASCET to evaluate stenosis.18 The ERR was calculated 
using long-axis BB-MRI and the following formula (Fig. 
2): ERR = the maximum distance between the lumen and 
the outer borders of the plaque perpendicular to the axis 
of the internal carotid artery (ICA) (stenotic ICA vessel 
diameter [VD]/the maximal luminal diameter of the distal 
ICA at a region unaffected by atherosclerosis [distal ICA 
VD]). 

In our previous study about the ERR, the control ERR 
measured in the contralateral nonatherosclerotic ICA in 
patients with unilateral carotid artery stenosis was report-
ed.34 The control ERR (mean ± SD) was 1.36 ± 0.15. Two 
SDs of the mean control ERR, 1.66 or more, was defined 
as high ERR.

Relationships Between MRI Signal Intensity, ERR, and 
Symptoms

Based on whether patients had hyperintense plaque and 
high ERR, the patients were grouped as follows: Group A 
= rSI ≥ 1.40 and ERR ≥ 1.66; Group B = rSI < 1.40 and 

Fig. 1. Measurement of rSI in the carotid artery (CA) using axial, high-
resolution MRI. The rSI is measured with the region of interest drawn 
over the whole plaque except for the lumen with reference to the sterno-
cleidomastoid muscle (SCM). The rSI in this symptomatic patient is 1.73. 
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ERR ≥ 1.66; Group C = rSI ≥ 1.40 and ERR < 1.66; and 
Group D = rSI < 1.40 and ERR < 1.66. Ipsilateral ischemic 
events within 6 months were retrospectively evaluated in 
each group.

Statistical Analysis
All statistical analyses were performed using SPSS 

for Windows (version 17.0, SPSS Inc.). Differences in the 
age of the baseline characteristics of each group were 
analyzed by the Kruskal-Wallis test, while differences in 
sex and risk factors were analyzed using the chi-square 
for independence test. The differences in the stenosis rate, 
rSI, and ERR between groups were analyzed using the 
Kruskal-Wallis test, using 1-way ANOVA for the distal 
ICA VD and stenotic ICA VD. The chi-square test for in-
dependence was used to assess the relationship between 
group and ischemic events within 6 months. The level of 
significance was established at p < 0.05.

Results
Of the 89 patients, 8 did not undergo MRI, 3 had stud-

ies of poor imaging quality, 5 had near occlusion, 2 had 
restenosis after CEA, and 1 had plaque confirmed in the 
common carotid artery, leaving 70 patients for evaluation. 
Of these 70 patients, Group A had 23 patients, Group B 
had 14, Group C had 16, and Group D had 17 (Fig. 3). Ex-
cept for hypertension, no significant differences existed in 
baseline characteristics among the groups (Table 1).

The stenosis rate was 65.1% ± 25.1% in Group A, 81.7% 
± 9.4% in Group B, 66.8% ± 17.6% in Group C, and 74.5% 
± 11.5% in Group D (Table 2). The stenosis rate differed 
significantly among the 4 groups, with the lowest rate in 

Group A. The rSI was 1.68 ± 0.24 in Group A; 1.22 ± 0.10 
in Group B; 1.69 ± 0.21 in Group C; and 1.14 ± 0.15 in 
Group D. The rSI also differed significantly among the 4 
groups. The ERR was 2.14 ± 0.31 in Group A; 1.96 ± 0.19 
in Group B; 1.43 ± 0.16 in Group C; and 1.41 ± 0.98 in 
Group D. The ERR also differed significantly among the 
4 groups (Table 2).

The relationship between group and patients with an 
ipsilateral ischemic event within 6 months was examined. 
The number of patients with ipsilateral ischemic events 
within 6 months was 17 (73%) in Group A, 6 (43%) in 
Group B, 7 (44%) in Group C, and 6 (35%) in Group D. 
There were significantly more ipsilateral ischemic events 
in Group A than in Group D (p = 0.01), and the number 
of patients with ipsilateral ischemic events was relatively 
higher in Group A than in Groups B (p = 0.058) and C (p 
= 0.056; Fig. 4).

Discussion
The results of the present study demonstrated a rela-

tionship between the extent of expansive remodeling and 
plaque signal intensity rSI and the presence of symptoms. 
In the present study, patients with a high degree of expan-
sion of the vessel, a T1 high-signal-intensity plaque, and 
IPH were more likely to have ischemic events within 6 
months. These results indicate the potential contribution 
of the combined assessment of morphological evaluation 
using ERR and plaque characterization with rSI for the 
prediction of a patient’s risk for a future stroke. Patients 
with higher ERR and IPH may be at high risk for cerebral 
infarction. The combined assessment of ERR and plaque 
signal intensity rSI could be useful in risk stratification for 
carotid lesions.

Recent vascular biology studies have indicated that 
plaque vulnerability is an important risk factor for is-
chemic events.3 Various evaluation methods for plaque 
vulnerability have been reported;11,23,28 evaluation using 
signal intensity on carotid artery MRI is also used in clin
ical practice14,25 and is useful for identification of high-risk 
lesions.13,19 Recent technological developments in MRI 
equipment and imaging sequencing make it possible to as-
sess the carotid plaque components.35 In particular, IPH, 
which is a characteristic component of vulnerable plaque, 
was detected as high signal intensity on T1-weighted im-
aging, and it confers higher risk for ischemic events than 
its absence in both symptomatic1 and asymptomatic29 pa-
tients. However, plaque vulnerability depends on not only 
the plaque components, but also other factors, such as 
plaque volume and plaque morphology.17 Therefore, more 
accurate risk assessment would be possible by adding 
evaluation of these factors.

Expansive vascular remodeling is a morphological 
change in the artery9 and has been considered one of the 
criteria for vulnerable plaque in the coronary arteries.20 
Plaque with expansive remodeling has been shown to have 
a significantly larger lipid core and higher macrophage 
count than negatively or less positively remodeled plaque.31 
Recent studies have also shown that expansive carotid re-
modeling was associated with low endothelial stress and 
plaque rupture4,5 and was significantly greater in patients 

Fig. 2. Measurement of the ERR in the carotid artery using long-axis, 
high-resolution MRI. The ERR is calculated as the ratio of the maximal 
outside diameter of the atherosclerotic ICA near the carotid bulb (a) and 
the maximal outside diameter of the ICA well beyond the plaque (b). The 
ERR in this symptomatic patient is 2.79.
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with cerebral ischemic symptoms than in asymptomatic 
patients.12 Therefore, we hypothesize that evaluation with 
plaque signal intensity and expansive remodeling is useful 
for identifying higher-risk lesions. In fact, in the present 
series of patients scheduled for CEA and CAS, ischemic 

events within 6 months were significantly higher in pa-
tients with IPH and expansive remodeling than in patients 
without IPH and expansive remodeling.

Concerning factors related to vulnerability of carotid 
plaque, other important markers are plaque cap thick-
ness and inflammation.17 The fibrous cap is a layer of 
connective tissue separating the lipid-rich necrotic core 
(which includes IPH) of the atherosclerotic plaque from 
the carotid artery lumen. With rupture of fibrous caps, 
plaque components are exposed to flowing blood, which 
may result in arterial thrombus formation, thus leading 
to ischemic events.27 A thin or ruptured fibrous cap is the 
strongest risk factor for ipsilateral ischemic events.8 Thus, 
an assessment method that includes evaluation of fibrous 
cap status may enable more accurate risk stratification. 
Noninvasive options including contrast-enhanced (CE) 
MRI,2 ultrasonography,6 and CT32 have been investigated 
to assess fibrous cap integrity, but inadequate spatial res-
olution remains a problem. A combination of minimum 
cap thickness < 200 mm and a representative cap thick-
ness < 500 mm identified ruptured plaques most reliably,21 
but spatial resolution of CE MRI is 390 × 390 mm and 
in-plane resolutions of ultrasonography and CT are 300 

Fig. 3. Grouping based on rSI and ERR. 

TABLE 1. Patient characteristics by group*

Characteristic Group A Group B Group C Group D p Value

No. of patients 23 14 16 17
Mean age (yrs) 74.4 72.9 72.7 72.2 0.3
Females 3 (13) 3 (21) 1 (6) 1 (5) 0.4
Hypertension 22 (95) 10 (71) 13 (81) 17 (100) 0.04
Diabetes mellitus 7 (30) 2 (14) 6 (37) 4 (23) 0.5
Hyperlipidemia 14 (60) 5 (35) 10 (62) 12 (70) 0.2
Smoking 6 (26) 6 (42) 9 (56) 8 (47) 0.2
Ischemic heart  
  disease

7 (30) 4 (28) 3 (18) 7 (41) 0.5

*  Data are shown as number (%) of patients unless otherwise indicated. Group 
A = rSI ≥ 1.40 and ERR ≥ 1.66; Group B = rSI < 1.40 and ERR ≥ 1.66; Group 
C = rSI ≥ 1.40 and ERR < 1.66; and Group D = rSI < 1.40 and ERR < 1.66.
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× 400 mm and 500 × 500 mm, respectively.15 Improved 
diagnostic technology offers the hope of more accurate 
prediction of carotid artery disease risk.

Inflammation of plaque may also play an important role 
in plaque vulnerability.22 Inflamed plaques may readily 
cause artery-to-artery thromboembolism through plaque 
rupture.15 Noninvasive options, including CE MRI26 and 
18F-fluorodeoxyglucose (FDG) PET,30 have been inves-
tigated to assess the degree of inflammation. Tawakol et 
al.30 demonstrated that FDG-PET can determine the mac-
rophage content of carotid plaques in vivo. Furthermore, 
others demonstrated that a combination of FDG-PET 
and MRI is complementary in identifying high-risk ca-
rotid plaques with inflamed or hemorrhagic components.24 
FDG-PET may be useful for noninvasively identifying 
macrophage-rich carotid plaques. Furthermore, its combi-
nation with carotid artery MRI may provide more useful 
information on plaque composition. However, it would be 
difficult to routinely perform a dual PET/MRI examina-
tion because of cost. In addition, dual PET/MRI needs 
longer imaging time, because it involves different kinds 
of modalities. On the other hand, the present assessment 
of ERR and rSI can be obtained simply and rapidly from 
the same modality, carotid BB-MRI. Therefore, this com-
bination method is a good candidate for routine imaging 

evaluation of carotid disease, especially for asymptomatic 
patients, and it may make it possible to select truly nonste-
notic high-risk lesions such as mild carotid stenosis with 
expansive remodeling and high-volume plaque,36 which 
would not be identified for intervention by the current 
stenosis-based method.

Limitations of the Study
The limitations of this study include its small sample 

size and its retrospective nature. Some selection bias may 
have been introduced by having study patients who were 
scheduled to have CEA or CAS. Therefore, it appears 
that patients with a higher ERR and greater hyperinten-
sity were more likely to have reported symptoms prior to 
revascularization, but this does not mean that expansive 
remodeling or rSI can be used to predict future events in 
an entirely asymptomatic and unselected population. In 
addition, because most studies about the relationship be-
tween expansive remodeling and ischemic events were ret-
rospective, it is not clear that expansive remodeling truly 
causes ischemic events. A plaque with a high ERR in a 
symptomatic patient could merely represent fresh IPH. It 
is possible that expansive remodeling could be the result 
of rapid growth of IPH at the ischemic event. However, in 
the present study, even with IPH, the number of symptom-
atic plaques in Group A, accompanied by high ERR, was 
higher than that in Group C, which was not accompanied 
by high ERR. This result might demonstrate the potential 
predictive value of the ERR for ischemic events.

Next, one possible limitation is the threshold of ERR. 
A high value was defined as 2 standard deviations (1.66) 
or more of the mean control ERR (1.36), which was cal-
culated from normal carotid arteries without stenosis in 
our previous study.34 In the same previous study, the mean 
ERR of patients with carotid stenosis was 1.68 ± 0.40, and 
the receiver-operating characteristic analysis found that 
when the cutoff value of ERR was set at 1.88, the sensi-
tivity and specificity for the detection of ischemic symp-
tom were 0.6 and 0.78, respectively. If the cutoff value of 
ERR was set at 1.88 in the present study, the number of 
patients with ischemic events within 6 months was also 
significantly higher in Group A (rSI ≥ 1.4 and ERR ≥ 1.88) 
than in Group D (rSI < 1.4 and ERR < 1.88; p = 0.01). 
Thus, assessment of dual plaque signal intensity and quan-
titative remodeling evaluation may be reasonable, but the 
cutoff value of ERR remains to be elucidated. To investi-
gate the usefulness of the combined assessment of ERR 

TABLE 2. rSI and ERR by group*

Variable Group A Group B Group C Group D p Value†

No. of patients 23 14 16 17
Stenosis rate (%) 65.1 ± 25.1 81.7 ± 9.4 66.8 ± 17.6 74.5 ± 11.5 0.03
rSI 1.68 ± 0.24 1.22 ± 0.10 1.69 ± 0.21 1.14 ± 0.19 <0.001
ERR 2.14 ± 0.31 1.96 ± 0.19 1.43 ± 0.16 1.41 ± 0.15 <0.001
  Distal ICA VD (mm) 4.07 ± 0.66 4.02 ± 0.80 4.64 ± 0.56 4.87 ± 0.98 0.002
  Stenotic ICA VD (mm) 8.64 ± 1.27 7.95 ± 1.99 6.63 ± 1.08 6.83 ± 1.19 <0.001

*  Values are presented as the mean ± SD.
†  Boldface values are statistically significant (p ≤ 0.05).

Fig. 4. Relationships among the 4 groups with respect to the numbers 
of patients with ipsilateral ischemic events within 6 months. The number 
of patients with ipsilateral ischemic events was significantly higher in 
Group A than in Group D (p = 0.01), and it was relatively higher in Group 
A than in Groups B (p = 0.058) and C (p = 0.056).
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and plaque signal intensity for accurate stroke risk strati-
fication, a long-term prospective study, including asymp-
tomatic patients with early-stage carotid atherosclerosis, 
should be performed.

Conclusions
In the present series of carotid artery plaque scheduled 

for CEA or CAS, plaque with a high degree of expansion 
of the vessel and T1 high signal intensity was at higher risk 
of causing ischemic events. These findings suggest that the 
combination of quantitative expansive remodeling evalua-
tion and rSI with MRI might noninvasively contribute to 
more accurate risk stratification, but this does not mean 
that expansive remodeling or plaque signal intensity can 
be used to predict future events in an entirely asymptomat-
ic and unselected population. To investigate the predictive 
value of ERR and plaque signal intensity for future ische-
mic events, a prospective study, including asymptomatic 
patients with early-stage carotid atherosclerosis, should be 
performed.
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that the presence of the high-intense plaque on carotid MRI 
(hazard ratio [HR] 4.2; 95% CI 1.0–17.1;  p  = 0.04), age (HR 1.1; 
95% CI 1.0–1.2;  p  = 0.003), and diabetes mellitus (HR 7.2; 95% 
CI 1.8–27.4;  p  = 0.004) were associated with the occurrence 
of subsequent ischemic cerebrovascular events.  Conclu-

sions:  Asymptomatic carotid T1-high-intense plaque might 
be a potential high-risk factor for a subsequent cerebrovas-
cular ischemic event.  © 2017 S. Karger AG, Basel 

 Introduction 

 The risk assessment in primary prevention of stroke is 
widely considered to be important. Risk assessment is 
usually based on vascular risk factors, but these system-
atic factors have a limited predictive value  [1] .

  Recent technological developments in MRI equipment 
and imaging sequencing make it possible to assess the 
plaque components  [2] . The evaluation of local atheroscle-
rotic plaque is gaining attention as a new approach to iden-
tify patients who are at high risk of ischemic events  [3] . In 
particular, intraplaque hemorrhage (IPH), which is detect-
ed as a high-signal intensity on T1-weighted imaging, is a 
characteristic component of vulnerable plaque  [4]  and 
confers higher risk for ischemic events in symptomatic pa-

 Keywords 

 Carotid MRI · Carotid artery disease · Intraplaque 
hemorrhage 

 Abstract 

  Background:  Intraplaque hemorrhage, detected as a high-
signal intensity on carotid MRI, is also strongly associated 
with ischemic events in symptomatic patients. However, in 
asymptomatic patients, the relationship of the T1-high in-
tense plaque and the subsequent stroke is not clear. The aim 
of this study is to test the hypothesis that asymptomatic 
 carotid T1-high intense plaque is a risk factor for a subse-
quent cerebrovascular ischemic event.  Methods:  Of the 
1,353 consecutive patients, who underwent head and carot-
id MRI as part of their annual medical check-up, the imaging 
quality of 13 was poor and 150 did not present for follow-up 
examination, thus leaving 1,190 subjects for evaluation. Of 
the 1,190 patients, 96 patients had findings of high-signal 
intensity on carotid MRI and 1,094 patients did not. Cerebro-
vascular events were retrospectively evaluated.  Results:  
During a mean follow-up period of 53 months, 4 patients 
with high-signal intensities on carotid MRI (4%) and 3 with 
no findings (0.3%) had a cerebrovascular ischemic event, 
with the occurrences significantly higher in the high-signal-
intensity group. ( p  < 0.01) Cox regression analysis indicated 
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tients  [5] . If IPH is a risk factor for an ischemic event, we 
can hypothesize that the presence of IPH in asymptomatic 
patients indicates an advanced state of atherosclerosis. The 
aim of this study is to test the hypothesis that asymptom-
atic carotid T1-high-intense plaque is a risk factor for a 
subsequent cerebrovascular ischemic event.

  Materials and Methods 

 We investigated 1,353 consecutive patients who underwent 
head and carotid MRI as part of an annual medical checkup, which 
is optional and not covered by public health insurance, in the 
Kurashiki Central Hospital. Patients with imaging of a poor qual-
ity, or those who had no follow-up history at the Kurashiki Central 
Hospital after medical checkup were excluded. Among these pa-
tients, subsequent cerebrovascular events (ischemic events, intra-
cerebral hemorrhage, and subarachnoid hemorrhage) were retro-
spectively evaluated in patients with hyperintensities on carotid 
MRI (the high-signal-intensity group) and in those with no find-
ings (the non-high-signal-intensity group) following the approval 
of the hospital ethics committee.

  Risk Factors 
 The Kurashiki Central Hospital annual medical check-up 

program included an interview and physical examination per-
formed by a physician, with venous blood samples obtained in 
the morning after a 12-h fast. All patients were given lifestyle ad-
vice based on the results by a physician and referred to the pri-
mary care physician for any needed treatment as clinically indi-
cated.

  Imaging 
 Carotid MRI was performed with a 1.5-T MRI scanner 

 (Gyroscan Intera; Philips Medical Systems) using a Synergy neck/
head coil and the following imaging parameters: field of view, 220 
mm; matrix size, 179 × 256; repetition/echo time, 30/5.8 ms; flip 
angle, 20 degrees; and slice thickness, 3.0 mm. Carotid plaque sig-

nal intensity was evaluated using the proximal sternocleidomas-
toid muscle as a reference. A relative signal intensity of 1.25 or 
more was defined as positive ( Fig. 1 ).

  Statistical Analysis 
 Numerical data were expressed as means ± SD and were com-

pared using Welch’s  t  test or the Wilcoxon rank sum test, as ap-
propriate. Categorical data were evaluated by using the chi-square 
test. Event-free survival rates in the high-signal-intensity and non-
high-signal-intensity groups were calculated using the Kaplan–
Meier analysis.

  Cox proportional hazards modeling was performed to analyze 
the association of the time to a cerebrovascular event with carotid 
artery characteristics as ascertained by MRI and other risk factors. 
Only univariate analyses (using one independent variable) were 
included in the Cox regression model. The hazard ratios (HRs) 
with a 95% CI were determined using the Cox regression analysis. 
Decision-tree analysis was performed to effectively stratify the risk 
of cerebrovascular ischemic events by a combination of multiple 
predictors, using the chi-square automatic interaction detector 
(CHAID) method. The probability of freedom from ischemic 
events was estimated using the Kaplan–Meier method; compari-
sons of survival curves by the stratified risk groups were performed 
using the log-rank test. Differences were considered statistically 
significant at the  p  value <0.05. Commercially available software 
(SPSS version 22, IBM Corp. Armonk, NY, USA) was used for all 
statistical analyses.

  Results 

 Of the 1,353 patients, 13 had imaging of a poor quality 
and 150 had no history of follow-up consultation, leaving 
1,190 patients for evaluation. Of the 1,190 patients, 96 pa-
tients had findings of high-signal intensity on carotid 
MRI (8.1%, right side 47, left side 43, bilateral 6) and 1,094 
patients did not. There was no significant difference in 

a b c

  Fig. 1.  An example of the carotid MRI.  a  Magnetic resonance an-
giography time-of-flight image through the carotid bifurcation re-
veals mild stenosis.  b  Axial carotid magnetic resonance image 

demonstrates a hyperintense left carotid plaque.  c  Four years later, 
diffusion-weighted imaging revealed left-cerebral infarction. 

D
ow

nl
oa

de
d 

by
: 

K
yo

to
 U

ni
ve

rs
ity

   
   

   
   

   
   

   
   

   
   

   
   

   
13

0.
54

.1
10

.3
2 

- 
3/

8/
20

17
 3

:3
7:

43
 A

M



  Kurosaki/Yoshida/Fukuda/Handa/Chin/
Yamagata  

Cerebrovasc Dis 2017;43:250–256
DOI: 10.1159/000455973

252

the baseline characteristics between the high-signal-in-
tensity group and non-high-signal-intensity group, ex-
cept the mean age and number of males ( Table 1 ).

  The mean follow-up period of the high-signal-intensi-
ty group and non-high-signal-intensity group were 52.8 
and 51.6 months, respectively. During the follow-up pe-
riod, cerebrovascular events were observed in 16 patients 
(cerebral hemorrhage, 3; subarachnoid hemorrhage, 2; 
cerebral infarction, 10; transient ischemic attack, 1). Four 
patients with high-intense plaque on carotid MRI (4%) 
and 3 with no findings (0.3%) had a cerebrovascular isch-
emic event; the occurrence of ischemic event was signifi-
cantly higher in the high-signal-intensity group than in 
the non-high-signal-intensity group ( p  < 0.01). Kaplan–
Meier analysis showed a significantly lower event-free 
survival rate in the high-signal-intensity group (log-rank 
test = 11.2,  p  = 0.0008;  Fig. 2 ). Ischemic event caused by 
a carotid lesion occurred in 3 patients. This included 
2  high-signal-intensity patients and 1 non-high-signal-
intensity patient.

  Cox regression analysis indicated that the high-intense 
plaque on carotid MRI (HR 4.2; 95% CI 1.0–17.1;  p  = 
0.04), age (HR 1.1; 95% CI 1.0–1.2;  p  = 0.003), and diabe-
tes mellitus (HR 7.2; 95% CI 1.8–27.4;  p  = 0.004) were as-

sociated with the development of subsequent ischemic 
cerebrovascular events ( Table  2 ). The CHAID method 
with ischemic event as the dependent variable revealed 
that diabetes mellitus was the primary risk factor. In cas-
es with diabetes mellitus, the high-intense plaque on ca-
rotid MRI was the secondary risk factor for the ischemic 
event ( Fig. 3 a). Accordingly, the risk of ischemic event 
was stratified into 3 groups; low risk (without diabetes 
mellitus,  n  = 1,086), medium risk (carotid MRI non-high-
signal intensity but with diabetes mellitus,  n  = 96), and 
high risk (with diabetes mellitus and carotid MRI high-
signal intensity,  n  = 8). There was a significant difference 
in freedom from the ischemic event among these strati-
fied groups ( Fig. 3 b, Kaplan–Meier method and log-rank 
test).

  Discussion 

 The relation between carotid artery and subsequent 
stroke has several implications. Several studies have re-
ported about carotid intima-media thickness (IMT) eval-
uated by carotid echography  [6] . Some studies targeted 
patients with severe stenosis or high vascular risk factors, 

Table 1.  Baseline characteristics of this study participants with and without carotid MRI hyperintense plaque

Without MRI-IPH 
(n = 1,094)

With MRI-IPH 
(n = 96)

p value

Anthropometric variables
Male 655 (60) 68 (71) 0.038
Age, years 55.6±9.7 58.9±9.5 0.0016
BMI, kg/m2 23.2±3.2 23.0±3.0 0.4
Systolic blood pressure, mm Hg 122.2±17.5 124.0±17.5 0.4
Diastolic blood pressure, mm Hg 75.7±10.9 76.2±10.3 0.7

Biochemical markers
HDL cholesterol, mmol/L 1.50±0.38 1.47±0.40 0.4
LDL cholesterol, mmol/L 3.10±0.74 3.00±0.72 0.1
Triglycerides, mmol/L 2.93±1.82 2.91±1.60 0.9
HbA1c, % 5.2±0.7 5.1±0.5 0.2
Creatinine, μmol/L 67±14 68±13 0.2

Personal history
Hypercholesterolemia 589 (54) 45 (47) 0.2
Diabetes 96 (8) 8 (8) 1
Hypertension 363 (33) 38 (40) 0.2

Therapies
Hypertension medication 237 (21) 27 (28) 0.2
Hypercholesterolemia medication 112 (10) 7 (7) 0.5
Diabetes medication 53 (5) 6 (6) 0.5

 BMI, body mass index; HDL, high-density lipoprotein; LDL, low-density lipoprotein; HbA1c, hemoglobin 
A1c.
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demonstrating a relationship between IMT and subse-
quent stroke  [7, 8] . However, another study that targeted 
those with a low vascular risk, could not demonstrate the 
predictive value of IMT  [9] . Recently, plaque evaluation 
is of current interest as a different approach for the pre-

diction of the cerebrovascular events. IPH is a character-
istic of vulnerable plaque  [4] , which is detected as a high-
signal intensity on T1-weighted imaging  [10, 11] , and it 
confers a higher risk for ipsilateral ischemic events than 
its absence in both symptomatic and asymptomatic pa-
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  Fig. 2.  Kaplan–Meier survival estimates of 
the proportion of participants remaining 
free of ischemic cerebrovascular events in 
the carotid MRI high-signal-intensity and 
non-high-signal-intensity group (log-rank 
test = 11.2,  p  = 0.0008). 

Table 2.  Relationship between risk factors and ischemic cerebrovascular event

 Risk of ischemic event

univar iate, HR (95% CI) multivariate, HR (95% CI)

With MRI-IPH 6.2 (1.8–21.4) 4.2 (1.0–17.1)
Male 6.0 (0.8–47.2)
Age 1.1 (1.0–1.2) 1.1 (1.0–1.2)
BMI 0.9 (0.8–1.2)
Hypertension 5.3 (1.4–20.1) ns

Systolic blood pressure 1.0 (0.9–1.0)
Diastolic blood pressure 1.0 (0.9–1.0)
Hypertension medication 4.1 (1.3–13.7)

Hypercholesterolemia 1.6 (0.5–5.3)
HDL cholesterol 0.97 (0.92–1.01)
LDL cholesterol 0.97 (0.95–0.99) ns
Triglycerides 1.0 (0.9–1.0)
Hypercholesterolemia medication 3.4 (0.8–12.6)

Diabetes 13.5 (4.1–44.2) 7.2 (1.8–27.4)
HbA1c 1.8 (1.2–2.6)
Diabetes medication 16.7 (5.1–55.0)

Creatinine 2.3 (0.09–57.5)

BMI, body mass index; HDL, high-density lipoprotein; LDL, low-density lipoprotein; HbA1c, hemoglobin 
A1c; ns, not significant.
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  Fig. 3.   a  Decision-tree analysis to stratify the risk of subsequent 
ischemic event by a combination of multiple predictors. Those 
with neither diabetes mellitus nor carotid high-intense plaque, 
those without carotid high-intense plaque but with diabetes mel-
litus, and those with diabetes mellitus and carotid high-intense 

plaque were categorized into low-risk (group A), medium-risk 
(group B), and high-risk (group C) groups, respectively.  b  Kaplan–
Meier plot of cumulative freedom from cerebral ischemic event by 
the groups (A–C) stratified by the decision-tree analysis.   
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tients  [5, 12] . Hellings et al.  [13]  have shown that the pres-
ence of IPH in the carotid endarterectomy specimen is 
independently associated with an increased risk of a fu-
ture stroke (HR 2.1; 95% CI 1.1–4.4). They have con-
firmed that a local plaque can be an indicator of the cere-
brovascular status of a patient. The results of our study 
support their argument and have the potential usefulness 
because carotid MRI can detect IPH noninvasively. In ad-
dition, several studies have also demonstrated a relation-
ship between carotid IPH and coronary artery disease 
 [13] . These facts suggest that carotid IPH might be a bio-
marker of clinical ischemic events due to the progression 
of atherosclerosis.

  The source of plaque hemorrhage is considered to be 
a combination of plaque bleeding at the luminal site due 
to plaque disruption and IPH as a result of defective in-
traplaque vessels  [14] . IPH may insudate into a preexist-
ing necrotic core or into spaces between calcifications and 
matrix  [15] . The accumulation of erythrocyte membranes 
in the necrotic core induces the formation of cholesterol 
crystals with the recruitment of macrophages and causes 
an abrupt increase in the levels of free cholesterol, result-
ing in an increase in plaque volume  [16] . A large popula-
tion-based study demonstrated that the risk factors for 
the presence of IPH were hypertension and current smok-
ing. On the other site, the presence of lipid core, which is 
without high-signal intensity on T1-weighted imaging, 
relates with dyslipidemia but not with hypertension and 
current smoking  [17] . Furthermore, the lipid core size in 
the dissected carotid plaque in another study showed no 
association with the ischemic events  [13] . These facts 
might indicate that the systemic vascular status of the pa-
tients with IPH is different with that of the patients with 
lipid core. The presence of IPH may suggest advanced 
systematic atherosclerosis. The evaluation of the carotid 
plaque and detection of IPH might be useful for the risk 
stratification of asymptomatic patients.

  In this study, the CHAID method, which is one of the 
methods of decision-tree analysis, showed that patients 
with both diabetes mellitus and carotid IPH are at a high-
er risk for a subsequent ischemic event. Although the 
number of patients with both diabetes mellitus and ca-
rotid IPH were small, the fact that half of the patients had 
subsequent ischemic event is a point to be noted. A rela-
tionship between diabetes mellitus and the presence of 
carotid IPH has not been demonstrated in a large popu-
lation-based study  [17] . Similarly, in our study, there was 
no significant difference in diabetes mellitus between the 
carotid MRI findings group and non-findings groups, 
and multivariate analysis demonstrated that diabetes 

mellitus and IPH were independent risk factors for a sub-
sequent ischemic event. From these results, we could hy-
pothesize that the state of systematic atherosclerosis in 
patients with diabetes mellitus differed between those 
with and without IPH. Although a prospective study is 
needed to confirm this hypothesis, the detection of ca-
rotid IPH by MRI may have the potential for the risk 
stratification of subsequent ischemic event in diabetic pa-
tients. If diabetes mellitus and carotid IPH are both de-
tected during the checkup, focused lifestyle advice and 
atherosclerosis risk factor control could be followed.

  The limitations of this study include its retrospective 
nature and its small number of events. Although a major 
strength of our study is the large sample of middle-aged 
patients, some selection bias may have been introduced 
by having study patients who underwent annual medical 
checkup. The checkup procedures done in this study were 
optional and were not covered by public health insurance. 
Therefore, it could be said that the study population may 
contain a disproportionate amount of employed, wealthy, 
and health-conscious individuals. In fact, the prevalence 
of atherosclerotic risk factors such as hypertension, dys-
lipidemia, and diabetes mellitus as found in this study was 
lower than that found in another Japanese population-
based study  [18] . Thus, the natural history may have been 
worse than what our results suggest. To investigate the 
usefulness of detection of carotid IPH for accurate stroke 
risk stratification, a prospective population-based study 
should be performed.

  Conclusion 

 In the present series of patients who underwent op-
tional medical checkup, our analysis showed that those 
with carotid T1-high-intense plaque were at higher risk 
of a subsequent cerebrovascular ischemic event. These 
findings suggest that the detection of carotid IPH might 
contribute to the risk stratification assessment of a future 
stroke, but our results do not suggest that carotid 
 T1-high-intense plaque can be used to predict future 
events in unselected population. To investigate the use-
fulness of detection of carotid IPH for accurate stroke risk 
stratification, a prospective population-based study 
should be performed.

  Disclosure Statement 

 The authors have no conflicts of interests to declare. 
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