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INTRODUCTION

Atherosclerosis is a disease in which plaque builds up inside 
the arteries. Hardening of plaques with consequent narrowing of 
arteries can lead to serious problems, including heart attack, 
stroke, or even death. In particular, if plaques build up in the ca-
rotid arteries, blood flow to the brain can be reduced or blocked by 
ruptured plaque or embolization, potentially leading to stroke. 
The progression of carotid atherosclerosis can be attributed to 

systemic factors such as age, sex, and statin therapy, as well as lo-
cal factors such as intraplaque hemorrhage (IPH), ulcers, and 
thin fibrous caps (1-6). Complex carotid plaques with IPH, ul-
cers, or thin-fibrous caps are associated with the occurrence of 
subsequent cerebrovascular events (7-9). In particular, IPH into 
the carotid atherosclerotic plaque is significantly associated with 
more rapid progression of plaque size and lipid-rich necrotic core 
(LRNC), as well as luminal stenosis (4).

High-resolution MRI is a proven noninvasive imaging tool 
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Results: Carotid atherosclerotic plaques were identified on carotid DWI in 8 pa-
tients. Confirmed carotid atherosclerotic plaques were not identified on carotid DWI 
in 16 patients. The DWI-identified group had plaques with significantly greater 
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and LRNC (p < 0.001). The mean apparent diffusion coefficient value from DWI with 
b200 for the LRNC was 0.51 ± 1.55 × 10-3 mm2/s.
Conclusion: There was less frequent identification of carotid atherosclerotic 
plaques with carotid DWI, as compared with contrast-enhanced MR imaging. This 
study suggested that carotid DWI cannot replace contrast-enhanced MR imaging 
for the detection of carotid plaques, including LRNC.
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with excellent capability for discriminating tissues of the carotid 
plaque, including the status of the fibrous cap, LRNC, calcium, 
and hemorrhage (10-14). Previous studies have applied conven-
tional spin echo diffusion-weighted imaging (DWI) for diagnosis 
of the disease (15-17). The lower apparent diffusion coefficient 
(ADC) values in the intraplaque lipid and hemorrhage than the 
normal carotid wall, suggest their substantial value in plaque 
component discrimination (16). DWI may help stratify patients 
according to risk of carotid atherosclerosis and thus, selection of 
appropriate treatment. However, these studies did not compare 
carotid DWI and contrast-enhanced carotid MR imaging for the 
evaluation of LRNC.

We hypothesized that carotid DWI for the diagnosis of LRNC 
may have a similar diagnostic value, as compared with contrast-
enhanced carotid MR imaging. Therefore, we comparatively 
evaluated the diagnostic usefulness of carotid DWI and contrast-
enhanced MR imaging for the detection of LRNC in symptom-
atic carotid atherosclerotic plaques.

MATERIALS AND METHODS

Patient Recruitment

The study was approved by the local Institutional Review Board 
and informed consent was obtained from all patients before im-
aging. Between August 2013 and February 2014, we reviewed 
data on consecutive patients with > 50% symptomatic stenosis of 
unilateral carotid arteries on contrast-enhanced carotid MR an-
giography who underwent carotid-plaque MR imaging including 
DWI and contrasted-enhanced imaging, retrospectively. Symp-
tomatic carotid artery stenosis was defined as the onset of focal 
neurologic symptoms [transient ischemic attack (TIA) or nonfa-
tal stroke] occurring within 6 months of carotid plaque MR im-
aging and attributable to an ipsilateral carotid artery vascular dis-
tribution. Exclusion criteria were poor image quality by MR 
imaging, insufficient coverage (< 10 mm including the bifurca-
tion), LRNC with IPH, or prior radiation therapy to the neck.

MR Imaging Protocol

Carotid MR imaging was performed on a 3T MRI scanner 
(Achieva; Philips Medical Systems, Best, the Netherlands) with a 
16 channel head coil. A standardized multicontrast protocol for 
carotid MR imaging was used to obtain three-dimensional (3D) 

time of flight angiography, two-dimensional (2D) T1-weighted 
black blood images, T2-weighted black blood images, 3D mag-
netization-prepared rapid acquisition with gradient-echo 
(MPRAGE) black blood images, diffusion-weighted imaging, 
and contrast-enhanced MR imaging (18, 19). For contrast-en-
hanced MR imaging, a contrast-agent (Dotarem; Guerbet, Aul-
nay-sous-Bois, France; 0.1 mmol/kg body weight) was injected 
intravenously with a power injector, and post-contrast T1-
weighted images were acquired 5 minutes after injection. All 2D 
images were obtained with a field of view (FOV) of 14 cm and 
matrix size of 256 × 256 with 2 signal-intensity averages, and 
were acquired with a 2-mm section thickness for a total longitu-
dinal coverage of 20–24 mm centered at the bifurcation of the ath-
erosclerotic artery. 3D images were acquired with 1-mm section 
thickness. Total acquisition time for all images was approximately 
30–40 minutes.

The imaging parameters in DWI were: receiver bandwidth = 
1086 kHz/pixel, FOV = 140 × 140, imaging matrix = 84 × 80, 2.0 
mm slice thickness, effective echo time = 84 ms, repetition time = 
1768 ms, 43 echoes per slice, b = 0, b = 200, b = 400, b = 800, and 
1000 s/mm2 along the slice selection direction, 32 averages (mag-
nitude) at each b-value and of 16 contiguous slices were ob-
tained. The in-plane spatial resolution for typical data acquisition 
was 1 × 1 mm2 with a display resolution 0.5 × 0.5 mm2 after zero-
filled interpolation. The total imaging time for 16 slices with 32 
averages of both b-values was approximately 3 minutes. A multi-
shot diffusion-weighted echo-planar imaging (EPI) sequence 
was used to obtain DW images (b = 0, b = 200, b = 400, b = 800, 
and b = 1000 s/mm2). Diffusion gradients were applied in turn to 
the x, y, and z axes. A mean DW image was then computed for 
the x, y, and z-prepared diffusion images. Saturation bands were 
positioned superiorly and inferiorly to suppress signal from in-
flowing blood and anteriorly and posteriorly to minimize wrap-
around artifact.

Image Analysis

We used contrast-enhanced MR imaging as the gold standard 
of diagnostic accuracy of DWI for the evaluation of LRNC (20). 
Initially, the image-quality rating (4-point scale: 1 = poor, 4 = ex-
cellent) for contrast-enhanced MR imaging and DWI was decid-
ed by consensus opinion of 2 reviewers (neuroradiologists with 
20 and 7 years of experience). For images with imaging quality 
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rating ≥ grade 2, image analysis software (MRI-Plaqueview; VP 
Diagnostics, Seattle, WA, USA) was used to draw the lumen and 
outer wall boundaries. The maximal wall thickness and longitu-
dinal length of the plaque on contrast-enhanced MR imaging 
were measured by reviewers reaching a consensus opinion. 

We used a 4-point grading system to assess the clarity of the 
plaque margin on DWI by 2 reviewers; grade 0, unidentifiable 
plaque; grade 1, plaque with ill-defined margins; grade 2, plaque 
with well-defined margins; grade 3, definite visualization of the 
plaque. We dichotomized this grading system into the identifica-

tion (grade 2 and 3) or lack of identification (grade 0 and 1) of 
carotid plaques on DWI. We calculated the contrast-to-noise ra-
tios (CNR, where CNR = SLRNC - Slumen / Snoise) for each b-value for 
slices with maximal wall thickness on DWI in patients with 
plaque margins ≥ grade 2. The mean signal measurements for 
the ROIs were recorded, and standard deviation measurements 
were defined (Snoise) using ROIs drawn in a peripheral area of the 
image uncontaminated by artifact.

The ADC of the LRNC for b-values with high CNR was auto-
matically calculated by the MR system and displayed as the cor-

Fig. 1. A 76-year-old man with left symptomatic carotid stenosis (case 4).
A. TOF MR angiography shows an eccentric plaque of the left proximal internal carotid artery (arrow).
B. Axial T1-weighted imaging shows a circumferential plaque (arrows). Maximal wall thickness is 8.2 mm and the longitudinal length of plaque is 
26 mm.
C. Black-blood contrast-enhanced MR imaging shows large LRNC (arrows) with thin/ruptured fibrous cap (arrowhead).
D. DWI with b 200 s/mm2 shows high signal intensity with similar area of contrast-enhanced MR imaging (arrows). Contrast-to-noise ratio: 34.31 
mm2/s.
E. DWI with b 1000 s/mm2 shows low signal intensity, as compared with b 200 s/mm2.
DWI = diffusion-weighted imaging, LRNC = lipid-rich necrotic core, TOF = time of flight
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responding ADC map.

Statistical Analysis

The paired t-test was used to compare categorical variables be-
tween contrast-enhanced MR imaging and DWI and the CNR of 
the LRNC and lumen between each b-value. p-values < 0.05 were 
considered statistically significant. All statistical analysis was per-
formed using R 2.14.1 (R Foundation for Statistical Computing, 
Vienna, Austria).

RESULTS

Patients

Thirty-one consecutive patients with > 50% symptomatic ca-
rotid stenosis underwent plaque MR imaging including contrast-
enhanced imaging and carotid DWI. Of these patients, 2 had 
poor image quality, 2 had insufficient coverage, and 3 had IPHs. 
Therefore, 24 patients (median age: 66 years; range: 45–78 years) 
were enrolled in this study.

Plaque Visualization of DWI 

Of the 24 patients, only 8 patients (33.3%) had plaque margins 
> grade 2 on DWI. Twelve patients did not show plaque (grade 0) 
and 4 had grade 1 plaque margins on DWI. The maximal wall 

thickness of the identified group of carotid plaque on carotid 
DWI was significantly higher than that of the non-identified 
group (7.12 ± 1.96 vs. 4.55 ± 0.41, p < 0.001) (Fig. 1). The length 
of the plaques of the identified group on carotid DWI was signif-
icantly greater than that of the non-identified group (22.6 ± 3.3 
vs. 18.4 ± 3.5, p < 0.01) (Fig. 2).

Contrast-to-Noise Ratio of b-Values

The CNR between the LRNC and lumen of each b-value was 
shown in Table 1. The best CNR between the LRNC and lumen 
can be achieved when the b-value is set to 200 (p < 0.001) (Fig. 3). 
The mean ADC value from DWI with b200 in LRNC was 0.51 ± 
1.55 × 10-3 mm2/s.

DISCUSSION

This study was the first to evaluate the clinical usefulness of ca-
rotid DWI compared with contrast-enhanced MR imaging for 
the diagnosis of LRNC. The results indicated that the carotid 
plaque margin of DWI had a lower prevalence compared with 
that of contrast-enhanced MR imaging. The identified group on 
carotid DWI had a significantly greater maximal wall thickness 
and longitudinal length of the plaque, as compared with the non-
identified group.

Fig. 2. A 78-year-old man with right symptomatic carotid stenosis.
A. TOF MR angiography shows an eccentric plaque of the right proximal internal carotid artery (arrow). Maximal wall thickness is 5.2 mm and the 
longitudinal length of the plaque is 16 mm.
B. Black-blood contrast-enhanced MR imaging shows large LRNC (arrows) with thin/ruptured fibrous cap (arrowhead).
C. DWI with b 200 s/mm2 shows an ill-defined margin of carotid plaque due to partial volume artifact (arrow).
DWI = diffusion-weighted imaging, LRNC = lipid-rich necrotic core, TOF = time of flight
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A carotid MR classification of plaques is modified from the 
American Heart Association (AHA) grading system. A type IV/
V plaque describes “vulnerable” plaques with a large lipid core, 
whereas an AHA type VI plaque exhibits features consistent with 
acute events, as suggested by IPHs, cap ruptures, or thrombi (21). 
Carotid MR imaging in patients experiencing minor stroke and 
TIA showed a higher proportion of type VI complex plaques, as 
compared with asymptomatic controls (8, 22). Takaya et al. (4) 
reported that among patients who initially had asymptomatic 
50% to 79% carotid stenosis, arteries with thinned or ruptured fi-
brous caps, IPH, larger maximum % LRNC, and larger maxi-
mum wall thickness by MRI were associated with subsequent 
cerebrovascular events. Therefore, the early detection of IPH as 
well as accurate diagnosis of LRNC and the fibrous cap status is 
very important on carotid MR imaging.

The development of IPH poses an immediate and long-term 
effect on plaque progression and alters the biology and material 
history of carotid atherosclerosis (5, 6). Intensive lipid therapy 
significantly depletes LRNC without IPH (2). Regression in over-
all plaque burden was observed primarily at locations with a 
LRNC. The detection of IPH by MR imaging primarily relies on 
the identification of methemoglobin, which is an oxidation prod-
uct of hemoglobin. Methemoglobin can significantly shorten T1 
relaxation and consequently generate a bright signal on T1-
weighted images (23). Several studies already introduced MR se-
quencing such as MPRAGE and slab-selective phase-sensitive 
inversion-recovery for the detection of IPH (24-26). However, 
the diagnosis of LRNC in gadolinium-based, contrast-enhanced 
MR imaging is through the discrimination of the fibrous cap 
from the LRNC (14, 20, 27). Yuan et al. (14) showed that the en-
hancement of fibrous tissue was moderate-to-strong (79.5 ± 
29.1%), whereas the LRNC enhanced only slightly (28.8 ± 
20.1%). Wasserman et al. (27) showed that the CNR was as good 
as or better than those obtained with T2-weighted MR images, but 
had approximately twice the signal-to-noise ratio (SNR). Recent-
ly, some studies have reported on the usefulness of carotid DWI 
for the evaluation of plaque burden and composition (15-17).

In previous DWI studies on ex vivo specimens, higher b-values 
(usually 1000 s/mm2) were used to create ADC maps (28, 29). 
The results of our study indicated that the best CNR between the 
LRNC and the lumen is achieved when the b-value is set to 200 
s/mm2. The diffusion-weighted gradient echo is typically several 
tens-of-milliseconds in length, which inevitably leads to longer 
TE. This long TE results in T2 signal decay and reduced SNR in 
the in vivo DWI of the carotid artery from which the ADC is cal-

Table 1. Contrast-to-Noise Ratio of Each b-Value of the DWI-Identified Groups (s/mm2)
Number b = 0 b = 200 b = 400 b = 800 b = 1000

1 34.63 36.74 22.84 8.78 3.62
2 20.94 23.32 17.98 4.32 3.51
3 7.89 15.95 21.5 9.38 8.74
4 7.29 7.73 6.17 5.05 2.81
5 25.34 34.31 20.84 7.05 3.84
6 21.84 22.05 16.94 5.23 4.25
7 7.89 15.95 21.5 9.38 8.74
8 14.52 17.33 12.21 6.32 2.48

Mean 17.54 21.67 17.50 6.94 4.75
SD 9.88 9.77 5.71 2.04 2.53

DWI = diffusion-weighted imaging, SD = standard deviation
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culated (16). Recently, studies have used a b-value of 300 s/mm2 
to obtain ADC maps with reasonable SNR (15, 16).

Young et al. (17) reported the usefulness of DWI for the detec-
tion of LRNC in carotid atheroma in vivo. The mean ADC values 
were significantly different between the fibrous cap and LRNC 
(1.0 × 10-3 mm2/s vs. 0.7 × 10-3 mm2/s). Therefore, they suggested 
that carotid DWI has potential benefit for the detection of the 
LRNC. Kim et al. (16) reported that the mean ADC values of the 
carotid plaque components in vivo are consistent with values ob-
tained from ex vivo endarterectomy specimens. The mean ADC 
values obtained from the in vivo DWI in the normal vessel wall, 
LRNC, and hemorrhage were 1.27 ± 0.16, 0.38 ± 0.1, and 0.98 ± 
0.25 × 10-3 mm2/s, respectively. In our study, the mean ADC val-
ue of the LRNC was 0.51 ± 1.55 × 10-3 mm2/s. This value was 
similar to that of previous studies (16, 17).

Kim et al. (15) reported partial visualization of the carotid wall 
on all ADC images, but full visualization on only 18% of images 
(6/33). In our study, only 33% of the images had clear plaque 
margins > grade 2 on carotid DWI, and we could not obtain the 
ADC maps of 8 patients. The remaining patients (16/24) had un-
identified plaques or plaques with ill-defined margins. The maxi-
mal wall thickness of the DWI-identified group of carotid plaques 
was significantly higher than that of the non-identified group, 
with significantly greater longitudinal length of the plaques on 
DWI in the identified group, as compared to the non-identified 
group. This finding suggests that if carotid atheroma have smaller 
wall thicknesses and short segment lengths, carotid DWI cannot 
be used to analyze plaque volume. The lower resolution of carot-
id DWI in vivo is likely attributable to a greater partial volume ef-
fect. A given component is affected by the partial volume effect 
based upon its spatial distribution within the plaque and the 
number of other adjacent tissues (4). Therefore, we used the 
multi-shot EPI technique that improves spatial resolution while 
minimizing artifacts and maintaining SNR. However, carotid 
DWI had a limited role because of poor spatial resolution.

DWI has an advantage of not requiring the use of gadolinium-
based contrast agents. Contrast-enhanced T1-weighted imaging 
is becoming the most popular method for differentiating fibrous 
cap and LRNC, however, it is not desirable in some subgroups of 
patients, for example, those with allergies and renal disease. We 
agree with Young et al. (17) that although carotid DWI cannot 
effectively distinguish LRNC from other plaque components, 

improvements in image quality may be expected in the future.
Our study had several limitations. The primary limitation was 

the small sample number that prevented any definitive conclu-
sion on the accuracy of DWI. The study, however, is valuable as a 
preliminary study. Another limitation was the lack of a gold stan-
dard histological reference. Cai et al. (20) performed a compari-
son of high-resolution, contrast-enhanced MR imaging and his-
tology for the quantitative measurement of intact fibrous caps 
and LRNC in atherosclerotic carotid plaques. Quantitative mea-
surements of fibrous cap length along the lumen circumference, 
fibrous cap area, and LRNC area were collected from contrast-
enhanced MR imaging and histology sections. Therefore, we 
considered the non-enhancing areas on carotid contrast-en-
hanced MR imaging as strongly supportive of the presence of 
LRNC.

In conclusions, the early results indicated that it is difficult to 
differentiate LRNCs from carotid atheroma with short segments 
and small plaque volumes using DWI. However, LRNC with 
large volumes and diffusion restriction in DWI show appreciable 
differences. In addition, for LRNC assessment, acquiring b = 200 
image improves the accuracy of the DWI measurement in the in 
vivo human carotid artery. Thus, DWI for the differential detec-
tion of LRNC from carotid plaques cannot replace contrast-en-
hanced MR imaging because of poor imaging quality.
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경동맥 확산강조영상으로 증상이 있는 경동맥 죽종의  
지방 풍부 괴사핵을 발견할 수 있는가?

이강지1 · 곽효성1,2* · 정경호1 · 황승배1 · 송지수1

목적: 증상이 있는 경동맥 죽종의 지방 풍부 괴사핵을 발견하는 데 있어서 확산강조 자기공명영상 진단의 유용성을 조영증

강 자기공명영상과 비교하여 알아보고자 하였다.

대상과 방법: 경동맥 플라크 자기공명영상의 조영증강 경동맥 자기공명 혈관조영술에서 중등도 이상의 경동맥 협착이 있

고 증상이 있는 25명의 환자를 후향적으로 분석하였다. 에코 평면 확산강조영상의 자장세기를 b0, b200, b800, 그리고 

b1000으로 주어 경동맥 플라크 자기공명영상을 얻었다. 두 명의 연구자가 확산강조영상에서 경화반이 보이는지를 협의하

여 분석하였다. 또한 확산강조영상에서 다양한 자장세기값에 따른 경동맥 내강과 경화반 사이의 대도조 대 잡음비를 분석

하였다.

결과: 8명의 환자가 경동맥 확산강조영상에서 경동맥 죽상경화반을 보였다. 16명의 환자는 경동맥 죽상경화반을 가지고 

있다고 진단되었지만 확산강조영상에서는 보이지 않았다. 확산강조영상에서 보였던 집단은 그렇지 않은 집단과 비교하여 

의미 있게 큰 최대 벽 두께와 세로 길이를 가진 죽상경화반을 보였다. b200 확산강조영상은 경동맥 내강과 지방 풍부 괴

사핵 간에 가장 높은 대조도 대 잡음비를 나타내었다(p ＜ 0.001). 지방 풍부 괴사핵에 대한 b200 확산강조영상의 평균 겉

보기 확산계수 값은 0.51 ± 1.55 × 10-3 mm2/s이었다.

결론: 경동맥 확산강조영상에서의 죽상경화반의 식별은 조영증강 자기공명영상과 비교하여 상대적으로 낮은 발견율을 

보였다. 따라서 경동맥 확산강조영상은 지방 풍부 괴사핵을 포함한 경동맥 죽상경화반의 발견에 있어서 조영증강 자기공명

영상을 대체할 수 없다.
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