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Background and Purpose—This study aimed to investigate the association between carotid plaque progression and
subsequent recurrent events using magnetic resonance imaging.
Methods—Sixty-three symptomatic patients with ipsilateral carotid atherosclerotic stenosis (30%–69% stenosis)
determined by ultrasound underwent first and second carotid artery magnetic resonance imaging for carotid artery at
baseline and ≥6 months after the first scan, respectively. All the patients had clinical follow-up after the second magnetic
resonance scan for ≤5 years until the onset of recurrent transient ischemic attack or stroke. Presence/absence of carotid
plaque compositional features, particularly intraplaque hemorrhage and fibrous cap rupture was identified. The annual
progression of carotid wall volume between 2 magnetic resonance scans was measured. Univariate and multivariate Cox
regression was used to calculate the hazard ratio and corresponding 95% confidence interval of carotid plaque features
in discriminating recurrent events. Receiver-operating-characteristic-curve analysis was conducted to determine the
area-under-the-curve of carotid plaque features in predicting recurrent events.
Results—Sixty-three patients (mean age: 66.5±10.0 years old; 54 males) were eligible for final statistics analysis. During
a mean follow-up duration of 55.1±13.6 months, 14.3% of patients (n=9) experienced ipsilateral recurrent transient
ischemic attack/stroke. The annual progression of carotid wall volume was significantly associated with recurrent events
before (hazard ratio, 1.14 per 10 mm3; 95% confidence interval, 1.02–1.27; P=0.019) and after (hazard ratio, 1.19 per 10
mm3; 95% confidence interval, 1.03–1.37; P=0.022) adjusted for confounding factors. In discriminating the recurrence
of transient ischemia attack/stroke, receiver–operator curve analysis indicated that combined with annual progression of
wall volume, there was a significant incremental improvement in the area-under-the-curve of intraplaque hemorrhage
(area-under-the-curve: 0.69–0.81) and fibrous cap rupture (area-under-the-curve: 0.73–0.84).
Conclusions—The annual progression of carotid wall volume is independently associated with recurrent ischemic
cerebrovascular events, and this measurement has added value for intraplaque hemorrhage and fibrous cap rupture in
predicting future events.   (Stroke. 2018;49:00-00. DOI: 10.1161/STROKEAHA.117.019422.)
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S

The baseline features and progression of carotid atherosclerosis can be characterized by multiple imaging modalities,
such as ultrasound, computed tomographic angiography, and
magnetic resonance imaging (MRI). Although ultrasound is a
cheap and widely available imaging tool for screening carotid
plaque, poor intra- and inter-operator reproducibility6 limits its
application to serial monitoring carotid plaque change within a
certain time course. Computed tomographic angiography has
been largely used to determine carotid luminal stenosis, but

troke is a leading cause of death in Chinese population
and its first-year recurrent rate has been reported to be
≤11.2%.1 Investigators found that carotid plaque progression and surface disruption are associated with not only
the first but also the recurrent ischemic cerebrovascular
events.2–5 Therefore, it is important to accurately evaluate the baseline characteristics and progression of carotid
plaque in stratifying the risk of future ischemic events for
stroke patients.
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this approach provides less information of plaque compositions except calcification. In addition, computed tomographic
angiography is not an ideal imaging tool for serially evaluating
carotid plaque progression or regression because of the ionizing
radiation. In contrast, it has been shown that MRI has excellent
reproducibility and accuracy in qualifying carotid plaque characteristics and progression.7–9 Using MR plaque imaging techniques, investigators found that carotid plaque characteristics
at baseline enabled predicting subsequent ischemic events.3,10–12
However, the predictive value of progression of carotid plaque
determined by MRI for recurrent stroke has not been studied.
This study sought to evaluate the usefulness of carotid
plaque progression determined by MRI in predicting subsequent recurrent ischemic cerebrovascular events and test the
hypothesis that carotid plaque progression could improve the
predictive value of baseline MR characteristics for recurrent
events.
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Methods
Study Population
The authors declare that all supporting data are available within the
article and its online-only Data Supplement. Patients with recent (<3
months) cerebral ischemic events including transient ischemic attack
(TIA) or stroke and index side carotid atherosclerotic 30% to 69% stenosis determined by ultrasound were recruited in this study. All the
patients underwent MR vessel wall imaging for bilateral carotid arteries at baseline and follow-up with an interval of >6 months. Patients
with the following conditions were excluded: (1) hemorrhagic stroke;
(2) cerebral tumor; (3) pregnancy; (4) previous history of carotid endarterectomy; (5) contradiction to MR examination. Demographic and
clinical characteristics including age, sex, body mass index, hypertension, hyperlipidemia, diabetes mellitus, coronary artery heart disease, smoking, and treatment were collected from the clinical record.
The hypertension was diagnosed when systolic blood pressure ≥140
mm Hg or diastolic blood pressure ≥90 mm Hg. The hyperlipidemia
is defined as elevated concentrations of any or all of the lipids in the
plasma, such as low-density lipoprotein >1.58 mmol/L, total cholesterol >2.26 mmol/L, or triglycerides >1.69 mmol/L. Diabetes mellitus
is defined as fasting blood sugar level ≥126 mg/dL, 2-hour oral glucose
tolerance test result ≥200 mg/dL, or hemoglobin A1c ≥6.5%. The study
protocol was approved by institutional review board, and each participant provided the written consent form.

Carotid Artery MR Imaging
Patients underwent MR imaging on a 3.0-T MR scanner (Signa HDx,
General Electric Medical System, Milwaukee, WI) with a 4-channel
dedicated phase-arrayed carotid coil. A multicontrast MR imaging
protocol was conducted to acquire the following imaging sequences:
3-dimensional time-of-flight: 3-dimensional gradient echo, repetition time/echo time=29/2.1 ms, flip angle=20°; 2-dimensional
T1-weighted: fast spin echo, repeated time/echo time=800/7.5 ms, flip
angle=90°; and T2-weighted images: fast spin echo, repeated time/
echo time=3000/57 ms; flip angle=90°. All the imaging sequences
were acquired with the same field of view of 140×140 mm2, matrix
size of 256×256, 2 mm of slice thickness, and longitudinal coverage
of 24 mm (12 slices). The MR scan was centered to the bifurcation
of the index carotid artery, which is defined as the arteries that are
associated with the ischemic cerebrovascular symptoms. The same
carotid artery MR vessel wall imaging protocol was performed for
both baseline and follow-up study.

MR Image Analysis
All MR images were analyzed by 2 radiologists with >2 years’ experience in cerebrovascular imaging using custom-designed software

CASCADE13 (Vascular Imaging Lab, University of Washington) with
consensus. The radiologists were blinded to the information of outcome and the imaging time point. The image quality was rated per
slice on a 4-point scale dependent on the overall signal-to-noise ratio
and the contrast between the vessel wall and surrounding tissues:
(1=poor; 4=excellent). Images with image-quality grade ≤2 were
excluded from the analysis. The boundaries of lumen and wall were
outlined to measure the lumen area, wall area, and maximum wall
thickness. The lumen and wall volume was calculated. The presence
or absence of plaque compositions, such as lipid-rich necrotic core,
intraplaque hemorrhage (IPH), and calcification was identified.14 The
presence or absence of fibrous cap rupture (FCR) was also determined.15 The wall volume was calculated by 2 mm × wall areas of
slice with plaque. The degree of carotid artery stenosis was measured
on the 3-dimensional time-of-flight MR angiographic images after
maximum intensity projection reconstruction using NASCET trial
(North American Symptomatic Carotid Endarterectomy) criteria.16

Assessment of Outcomes
After the second MR scan, patients were followed ≤60 months to
record the recurrence of TIA/stroke. In all cases with event recurrence, the date of ischemic event recurrence was ascertained by faceto-face interviews or telephone interviews and confirmed by review
of hospital records. Recurrent ischemic events were defined as an
ipsilateral TIA/stroke as the index carotid plaque after the initial TIA/
stroke. The follow-up information was collected blinded to the results
of the MR images.

Reproducibility
Twenty patients were randomly selected from this study population
for testing the inter-reader and intrareader agreement in measuring
carotid plaque morphology. All 63 patients were used for testing the
inter-reader and intrareader agreement in identification of carotid
plaque compositions. The MR images were reviewed by one reader
(L.M.) twice with time interval of 2 months to minimize the memory
bias. The MR images were independently reviewed by another reader
(C.Y.) for testing the inter-reader agreement. The scan–rescan agreement has been demonstrated to be excellent in measuring plaque
morphology (intraclass correlation coefficient, 0.87–0.99) in previous studies.17,18

Statistical Analysis
The annual progression of wall volume, area, thickness, and stenosis of carotid artery was calculated. According to the annual change
of carotid wall volume, participants were stratified into tertiles. The
highest tertile was defined as the progression group, and the other two
tertiles was defined as the nonprogression group. The Kaplan–Meier
survival analysis was performed to estimate the cumulative event-free
rates for each group. Univariate and multivariate Cox regression was
used to calculate the hazard ratio (HR) and corresponding 95% confidence interval (CI) of carotid plaque features in discriminating recurrent events. Receiver–operator curves analyses were conducted to
calculate the area-under-the-curve of baseline MR plaque characteristics and progression of carotid wall volume in predicting presence of
recurrent TIA/stroke. The intra-reader and inter-reader agreement in
measuring morphology of carotid artery and identifying plaque compositions was calculated by using intraclass correlation coefficient
and Cohen κ test, respectively. Statistical analysis was performed
using the software of SPSS 22.0 (IBM, Chicago, IL).

Results
In total, 80 patients were recruited from November 2005 to
November 2011. Of the recruited 80 patients, 17 patients were
excluded because of the following reasons: (1) underwent
carotid endarterectomy during follow-up (n=8); (2) 4 patients
were lost to follow-up (n=4); (3) 3 had poor image quality (n=3);
and (4) died because of other diseases (n=2). Of the remaining
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63 patients (mean age: 66.5±10.0 years old) who were qualified
for final statistical analysis, 47 (74.6%) had hypertension, 24
(38.1%) had history of smoking, 14 (22.2%) had diabetes mellitus, and 36 (57.1%) had hyperlipidemia. The baseline clinical
characteristics of population are shown in Table 1, and baseline
characteristics and progression of carotid plaque are shown in
Table 2. The mean time interval between the 2 MR scans was
15.4±9.4 months. No statistical differences were found in the
baseline clinical risk factors between patients in progression
group and nonprogression group (all P>0.05).

Baseline Characteristics and Changing
Information of Carotid Plaques

Downloaded from http://stroke.ahajournals.org/ by guest on July 19, 2018

Of 63 patients, 53 (84.1%) had lipid-rich necrotic core, 14
(22.2%) had IPH, 47 (74.6%) had calcification, and 18 (28.5%)
had fibrous cap rupture. No significant differences were found
in the prevalence of all plaque compositional features at baseline between progression group and nonprogression group (all
P>0.05). The annual change of carotid wall volume, stenosis, maximum wall area, and maximum wall thickness was
10.2±69.8 mm3, 1.8±7.2%, 2.0±11.9 mm2, and 0.1±1.0 mm,
respectively. Additionally, 6 developed new IPH, 2 developed
new fibrous cap rupture, and none developed new calcification
and lipid-rich necrotic core. Of the 6 patients developed new
IPH, 5 had IPH and 1 did not have IPH at baseline.

Recurrent Ischemic Events After
the Second MR Scan
During 55.1±13.7 months (range, 2–60 months) of follow-up,
9 participants (14.3%) experienced recurrent ischemic events
(6 strokes and 3 TIA) ipsilateral to the initial TIA/stroke.
Table 1. Baseline Clinical Characteristics (n=63)
Mean±SD or n (%)
Carotid Plaque
With Progression
(n=21)

P Value

35 (83.3)

19 (90.5)

0.455

66.0±10.2

67.3±9.8

0.640

BMI, kg/m

23.7±2.8

23.9±3.2

0.708

Hypertension

30 (71.4)

17 (80.9)

0.413

Hyperlipidemia

24 (57.1)

12 (57.1)

1.000

Diabetes mellitus

10 (23.8)

4 (19.01)

0.668

CHD

13 (31.0)

6 (28.6)

0.846

LDL cholesterol, mmol/L

2.3±1.3

2.4±1.3

0.524

HDL cholesterol, mmol/L

1.1±0.6

1.1±0.7

0.801

Total cholesterol, mmol/L

4.1±1.4

4.3±1.2

0.447

Triglyceride, mmol/L

1.7±0.9

1.5±1.1

0.814

Antiplatelet agent

31 (73.8)

17 (81.0)

0.863

Statin

17 (40.5)

12 (57.1)

0.329

Smoking

14 (33.3)

10 (47.6)

0.386

Age, y
2

Mean±SD or n (%)
Carotid
Plaque With
Nonprogression
(n=42)

Carotid Plaque
With Progression
(n=21)

P Value

817.2±376.1

766.9±403.4

0.624

3.4±58.0

−3.9±74.9

0.666

Wall volume, mm3

952.4±354.4

1001.2±457.4

0.640

Wall volume
change, mm3

−29.2±50.1

83.6±30.6

<0.0001*

Maximum wall area,
mm2

77.3±24.4

75.1±19.2

0.727

Maximum wall area
change, mm2

0.3±13.6

5.2±6.9

0.119

Stenosis, %

52.8±12.6

55.8±13.1

0.368

Lumen volume, mm

3

Lumen volume
change, mm3

Stenosis change, %

2.0±7.2

1.4±7.4

0.732

Maximum WT, mm

5.2±1.3

4.8±1.0

0.251

Maximum WT
change, mm

0.02±1.0

0.2±1.1

0.539

Presence of
calcification

32 (76.2)

15 (71.4)

0.643

Presence of LRNC

35 (83.3)

18 (85.7)

0.727

Presence of IPH

8 (19.0)

6 (28.5)

0.488

Presence of FCR

11 (26.2)

7 (33.3)

0.682

FCR indicates fibrous cap rupture; LRNC, lipid-rich necrotic core; IPH,
intraplaque hemorrhage; and WT, wall thickness.
*The result is only because of the patients’ stratification.

The mean time interval between the second MR scan and the
recurrent event in these 9 participants was 26.0±18.3 months
(minimum: 2 months; maximum: 58 months).

Carotid
Plaque With
Nonprogression
(n=42)
Sex, male

Table 2. Baseline Characteristics and Changing Information
of Carotid Plaques (n=63)

BMI indicates body mass index; CHD, coronary heart disease; HDL, highdensity lipoprotein; and LDL, low-density lipoprotein.

Association Between MR Plaque
Features and Recurrent Events
Cox regression analysis showed that the presence of FCR (HR,
5.51; 95% CI, 1.37–22.03; P=0.016), the presence of IPH
(HR, 5.06; 95% CI, 1.36–18.88; P=0.016) and annual progression change of wall volume (HR, 1.14 per 10 mm3; 95%
CI, 1.02–1.27; P=0.019) were significantly associated with
the recurrence of ischemic cerebrovascular events (Table 3).
Multivariate Cox regression analysis revealed that the associations of presence of FCR (HR, 6.72; 95% CI, 1.37–32.95;
P=0.019) and IPH (HR, 6.05; 95% CI, 1.44–25.51; P=0.014)
and annual change of wall volume (HR, 1.19 per 10 mm3; 95%
CI, 1.03–1.37; P=0.022) with recurrence of ischemic cerebrovascular events remained statistically significant after adjusting
for age, sex, body mass index, hypertension, hyperlipidemia,
diabetes mellitus, coronary artery heart disease, smoking,
statin treatment, and antiplatelet treatment. No significant
associations can be found between other carotid plaque characteristics and recurrence of ischemic cerebrovascular events
before and after adjusted for above confounding factors (all
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Table 3. Cox Regression Hazard Models of Risk Factors for Ipsilateral Recurrent TIA/Stroke
Recurrence of Ischemic Events
Univariate Regression
HR

Multivariate Regression

95% CI

P Value

HR

95% CI

P Value

0.99–1.03

0.228

1.12

0.92–1.35

0.256

Carotid plaque characteristics at baseline
 Lumen volume*

1.01

 Wall volume*

1.12

0.96–1.29

0.152

1.09

0.92–1.30

0.330

 Maximum wall area†

1.06

0.79–1.41

0.708

1.01

0.755–1.36

0.926

 Maximum stenosis‡

1.00

0.95–1.05

0.952

0.99

0.93–1.06

0.732

 Maximum WT§

1.04

0.93–1.12

0.812

1.10

0.84–1.45

0.492

Downloaded from http://stroke.ahajournals.org/ by guest on July 19, 2018

 Presence of calcification

1.10

0.22–5.29

0.906

1.16

0.21–6.39

0.863

 Presence of LRNC

1.53

0.19–12.19

0.691

1.90

0.19–19.33

0.589

 Presence of IPH

5.06

1.36–18.88

0.016

6.05

1.44–25.51

0.014

 Presence of FCR

5.51

1.37–22.03

0.016

6.72

1.37–32.95

0.019

 Lumen volume change*

0.91

0.81–1.01

0.102

0.87

0.75–1.02

0.079

 Wall volume change*

1.14

1.02–1.27

0.019

1.19

1.03–1.37

0.022

Progression of carotid plaque

 Maximum wall area change†

1.02

0.97–1.06

0.473

1.04

0.98–1.11

0.188

 Maximum WT change§

1.13

0.62–2.04

0.677

1.25

0.58–2.56

0.612

 Stenosis change‡

1.02

0.93–1.12

0.613

1.05

0.93–1.19

0.432

Multivariate regression was adjusted for age, sex, BMI, hypertension, hyperlipidemia, diabetes, CHD, smoking, statin treatment, and
antiplatelet treatment. BMI indicates body mass index; CHD, coronary heart disease; CI, confidence interval; FCR, fibrous cap rupture;
HR, hazard ratio; IPH, intraplaque hemorrhage; LRNC, lipid-rich necrotic core; and WT, wall thickness.
*Increment: 10 mm3.
†Increment: 10 mm2.
‡Increment: 1%.
§Increment: 1 mm.

P>0.05). Kaplan–Meier curves for the recurrence of ischemic
cerebrovascular events showed that event-free survival was
significantly higher for patients in the nonprogression group
than ones in the progression group (P=0.022; Figure 1). Of 9
patients who experienced recurrent TIA or stroke, 6 were in
progression group and 3 were in nonprogression group, respectively. Of the 3 patients with recurrent events in nonprogression
group, 2 were in patients with plaque regression (n=27) who
experienced recurrent event at 25th and 47th months, respectively. Of 27 patients with plaque regression, 40.7% and 74.1%
received long-term lipid-lowering and antiplatelet therapy,
respectively. In discriminating the recurrence of ischemic cerebrovascular events, receiver–operator curve analysis indicated
that combined with annual progression of wall volume, there
was incremental improvement in the area-under-the-curve of
FCR (area-under-the-curve from 0.73 to 0.84; Figure 2A) and
IPH (area-under-the-curve from 0.69 to 0.81; Figure 2B).

Reproducibility
We found that the intraclass correlation coefficient for plaque
morphological measurements was ranging from 0.88 to 0.98
for intrareader agreement and from 0.88 to 0.97 for interreader agreement, respectively (Table I in the online-only
Data Supplement). For the intrareader agreement in identification of carotid plaque compositions, the κ value was 0.92,

0.88, 0.95, and 0.96 for calcification, LRNC, IPH, and FCR,
respectively. For the inter-reader agreement in identification of
carotid plaque compositions, the κ value was 0.88, 0.83, 0.91,
and 0.92 for calcification, LRNC, IPH, and FCR, respectively.

Discussion
This study investigated the association between the progression of carotid plaque and recurrent ischemic cerebrovascular events. We found that the annual change of carotid wall
volume was an independent predictor for recurrent events. In
addition, we found that the annual change of carotid wall volume could improve the predictive value of intraplaque hemorrhage and fibrous cap rupture for recurrent ischemic events.
Our findings indicate that serial MR examinations of carotid
plaque may provide additional information for risk stratification of recurrent ischemic events in symptomatic patients.
In the present study, we found that the annual change of
carotid wall volume was superior to maximum wall area and
maximum wall thickness in predicting recurrent ischemic
events. Our findings are consistent with previous ultrasound
imaging studies. Wannarong et al19 demonstrated that the change
of total plaque volume measured by 3-dimensional ultrasound
imaging was significantly associated with subsequent ischemic
events. In contrast, the associations of intima–media thickness,
plaque area, and stenosis determined by ultrasound with future
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Figure 1. Kaplan–Meier analysis of survival free of recurrent transient ischemic attack (TIA)/stroke in the nonprogression group
and progression group over a total of 60-months follow-up. The
x-axis represents the time of follow-up in months. The y-axis
represents the proportion of patients who were survival free of
recurrent TIA/stroke.

ischemic events are controversial. Hirano et al5 claimed that
progression of intima–media thickness can predict future ischemic events and Spence et al4 showed that progression of plaque
evaluated by annual carotid area was a useful measurement to
evaluate preventive therapies; however, some investigators documented that there were no significant associations of the change
of intima–media thickness and plaque area with subsequent
ischemic events.19,20 These findings indicate that the wall volume
that includes 3-dimensional information might be a more sensitive measurement for plaque progression than intima–media
thickness and plaque area with only 1-dimensional metrics.
Luminal measurements such as luminal stenosis and lumen
volume were found not to be associated with ischemic cerebrovascular events in our study. The associations between progression of carotid stenosis and future events are not uniform
in previous studies. Lewis et al21 claimed that carotid stenosis progression was a poor predictor of neurological events
(HR, 1.7; 95% CI, 0.9–2.9; P>0.05). However, Mono et al12
reported that the progression of carotid stenosis was associated with ipsilateral cerebrovascular events (HR, 7.00; 95%
CI, 1.13–41.34; P=0.036). In the present study, we excluded
patients with severe carotid stenosis who may be more vulnerable to the progression of stenosis as result of chronic
insufficiency of blood supply. Because of positive remodeling, carotid wall volume can increase substantially without
compromising lumen area,22 suggesting that the progression
of wall volume may better reflect the progression of carotid
atherosclerosis than lumen stenosis. Generally, ultrasound
has poor image resolution and shadowing because of attention of the ultrasound beam of reconstructed 3-dimensional
ultrasound images in the measurements of plaque volume.23
Hence, to more accurately evaluate the progression of carotid
plaque, carotid wall volume was applied, which was measured
by MR imaging with excellent reproducibility24 and ability to

Figure 2. Receiver–operator characteristic curves for predicting
recurrent transient ischemic attack (TIA)/stroke using the annual
change of wall volume with or without the addition of presence
of fibrous cap rupture (FCR; A) and intraplaque hemorrhage (IPH;
B). AUC indicates area-under-the-curve; and WV, wall volume of
carotid artery.

accurately characterize compositional features and surface
status of carotid plaque simultaneously.25
Enlarging plaques with a high progression rate may indicate an active inflammatory status in them.26 The inflammatory macrophages and lymphocytes in plaques will promote
the decrease of smooth muscle cells and apoptosis of macrophages, which contribute to the necrotic core enlarging
and fibrous cap thinning.22 Additionally, in a rapidly growing plaque, reduced oxygen diffusion causes hypoxia and the
release of angiogenic growth factors, leading to the rupture
of intraplaque neovessels and IPH.22 With the inflammatory
mechanism, rapidly enlarging carotid plaque may be more
likely to rupture and lead to subsequent ischemic events.
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Figure 3. A 62-year-old female patient
with carotid plaque progression after
19 months experienced a recurrence of
ipsilateral stroke 17 months later since
the second MR scan. A high-risk plaque
at left carotid bifurcation was depicted on
T1-weighted (T1W; A) and time-of-flight
(TOF; B) images in both baseline and
follow-up MR imaging. The baseline MR
images showed that the carotid plaque
had calcification, lipid-rich necrotic core,
intraplaque hemorrhage, and fibrous cap
rupture (black arrows). On the images of
second MR scan, progression in plaque
size can be seen.
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The Kaplan–Meier survival analysis revealed that there was
a high risk of recurrent TIA or stroke for patients in the progression group. Compared with rapidly progressive plaques,
stable or enlarging plaques with a lower progression rate may
indicate an inactive or weak inflammatory status, and in our
study, a low risk of recurrence of TIA/stroke was revealed in
Kaplan–Meier curves, even though for patients with vulnerable plaque characteristics at baseline. Additionally, regressive
plaques were observed in our study accounting a relatively
large proportion (42.8%), which may be because we recruited
symptomatic patients with a high proportion of receiving
lipid-lowering therapy.
Our data have shown that the progression of wall volume
had the added value for the baseline MR characteristics of
intraplaque hemorrhage and fibrous cap rupture in predicting
subsequent events. Increasing evidences showed that baseline
MR characteristics of carotid plaque were significantly associated with the development of subsequent cerebrovascular
events. A recent meta-analysis27 summarized previous prospective studies and reported that thinning/ruptured of fibrous
cap (HR, 5.93; 95% CI, 2.65–13.20; P<0.01), IPH (HR, 4.59;
95% CI, 2.91–7.24; P<0.01) and larger maximum lipid-rich
necrotic core (HR, 3.0; 95% CI, 1.51–5.95; P=0.002) detected
by MRI were strongly associated with a recent ischemic neurological events. The wall volume progression in this study
represents the enlargement of atherosclerotic plaque. A rapid
progression of carotid plaque with fibrous cap rupture or IPH
may increase the risk of developing repeated fibrous cap rupture/IPH, which will lead to subsequent recurrence of cerebrovascular events (Figure 3). Our findings suggest serial MRI
examinations to assess the risk of subsequent ischemic events
for patients with fibrous cap rupture or IPH.
The present study has several limitations. First, the sample
size of this study was small, and future investigations with
large sample size are required. Second, we did not quantitatively evaluate the volume change of intraplaque components,
which may be more meaningful to assess the progression of

carotid atherosclerosis. Third, patients with <30% stenosis
or >69% stenosis were excluded from our study. Therefore,
future studies that include patients with more broad range
of carotid stenosis are warranted. Fourth, the longitudinal
extension of carotid plaque was not measured in this present
study. Because the MR examination of this study was conducted in an early period when the available vessel wall imaging sequences were 2 dimensional. It will be challenging to
measure the longitudinal length of plaque with 2-dimensional
imaging because of partial volume effect and limited z-axis
spatial resolution (2 mm). Recently, 3-dimensional vessel wall
imaging techniques28,29 have been proposed for characterization of carotid plaques with high isotropic spatial resolution
(≤0.8 mm). These 3-dimensional imaging techniques might
be appropriate in measuring plaque extension longitudinally.
In conclusion, the annual progression of carotid wall volume is independently associated with recurrent ischemic cerebrovascular events, and this measurement has added value for
intraplaque hemorrhage and fibrous cap rupture in predicting future events. Our findings suggest that the evaluation
of annual progression of carotid wall volume will be a useful approach to predict recurrent ischemic events, especially
combined with baseline MR characteristics.
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Supplemental Table. Reproducibility of morphologic measurements of carotid plaque.

Intra-reader agreement

Inter-reader agreement

ICC

95%CI

ICC

95%CI

Lumen volume

0.97

0.96-0.99

0.97

0.95-0.99

Wall volume

0.96

0.91-0.98

0.95

0.89-0.98

Maximum wall area

0.98

0.94-0.99

0.96

0.92-0.98

Maximum WT

0.89

0.75-0.96

0.90

0.82-0.95

Stenosis

0.91

0.82-0.96

0.92

0.85-0.96

Change of lumen volume

0.96

0.92-0.98

0.95

0.87-0.98

Change of wall volume

0.94

0.86-0.98

0.93

0.83-0.97

Change of maximum wall area

0.95

0.85-0.98

0.94

0.85-0.97

Change of maximum WT

0.88

0.72-0.95

0.89

0.76-0.95

Change of stenosis

0.88

0.70-0.95

0.88

0.73-0.96

ICC: intraclass correlation coefficient; WT: wall thickness.

