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Abstract
Background: MRI findings of carotid plaque components have been studied recently as a tool to predict recurrent ischemic
events. We performed a systematic review and meta-analysis to summarize the association of MRI-determined intraplaque
hemorrhage, lipid-rich necrotic core, and thinning/rupture of the fibrous cap with recurrent ischemic events.

Methods: Electronic search was performed in PUBMED, EMBASE, Cochrane Controlled Register of Trials (CENTRAL) from
inception to Oct 30, 2018. We included cohort studies with an average follow-up time of more than 1 month in which intraplaque
hemorrhage, lipid-rich necrotic core, or thinning/rupture of the fibrous cap were associated with recurrent ipsilateral stroke or
ischemic events. We performed heterogeneity assessment before carrying out meta-analysis. According to the heterogeneity, we
selected fixed-effect model for meta-analysis of the included cohort studies.

Results:Using a prespecified search strategy, of the 2128 articles, 6 studies with a total number of 621 participants met eligibility for
systematic review and meta-analysis. The hazard ratios of intra-plaque hemorrhage, thinning/rupture of the fibrous cap and lipid rich
necrotic core as recurrent Stroke/Transient ischemic attack (TIA) were 7.14(95% confidence interval, 4.32 to 11.82), 5.68(95%
confidence interval, 2.40 to 13.47), and 2.73(95% confidence interval, 1.04 to 7.16), respectively. No significant heterogeneity was
found in the 3 meta-analyses.

Conclusions: The presence of intraplaque hemorrhage, lipid-rich necrotic core, and thinning/rupture of the fibrous cap on MRI of
carotid plaque are strong predictors of recurrent stroke events. However, due to the lack of original studies, larger cohort studies are
warranted.

Abbreviations: 95%CI = 95% confidence interval, HR = hazard ratio, IPH = intraplaque hemorrhage, LRNC = lipid-rich necrotic
core, PRISMA = Preferred Reporting Items for Systematic review and Meta-Analysis, TIA = transient ischemic attack, TRFC =
thinning/rupture of the fibrous cap.
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1. Introduction

Stroke is the secondmost important cause of death in the world.[1]

As one of the primary contributors to ischemic stroke, large-artery
atherosclerosis has been commonly found in patients who suffered
from ischemic stroke.[2] Previous studies have shown that the
degree of carotid artery stenosis is a biological indicator to evaluate
the occurrence of stroke events.[3] However, some studies have
shown that carotid artery high-risk plaques are significantly
correlated with cerebrovascular events.[4,5] The high-risk plaques
are defined as a plaque with a large lipid necrotic core, intraplaque
hemorrhage, or rupture of the plaque surface. Subsequent studies
have demonstrated that the components of carotid atherosclerotic
plaques that contribute to carotid artery stenosis might be well
detected by magnetic resonance imaging and also used as a tool
for predicting and assessing stroke risk.[6,7] MRI description of
specific plaque components of IPH, LRNC, and TRFC could
provide additional assessment and measurement for assessing the
occurrence of stroke events.[6–17] Moreover, whether they could
continue tobeusedas tools for predicting and evaluating the riskof
recurrence of stroke events needs to be further confirmed.
Meanwhile, recent studies have shown that IPH, TRFC,
and LRNC can be used as biological indicators to predict
recurrent cerebral ischemic events.[9–11,14,15,18,19] However, MRI-
determinedplaque components and the studyof recurrent ischemic
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events are relatively new projects. Individual studies are small, and
the differences among various studies were unclear. In addition,
whether there is a difference in the risk distribution of specific
plaque components still remain unclear, such as intra-plaque
hemorrhage (IPH), lipid rich necrotic core (LRNC), and thinning/
rupture of the fibrous cap (TRFC). Therefore, we conducted a
systematic reviewandmeta-analysis to further confirmwhether the
components of carotid artery plaque canbeused as an independent
biological indicator to predict and evaluate the risk of stroke
recurrence.
2. Materials and methods

Study design and implementation were based on the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
statement.[20]

2.1. Ethical review

Ethical or board review approval was not required because this
study did not include any human participants or animals.

2.2. Study registration

The protocol of this systematic review and meta-analysis has
been registered in the International Prospective Register of
Systematic Reviews (PROSPERO) with registration number
CRD42019124043 on February 19, 2019.
2.3. Study eligibility criteria

We included cohort studies, with language limited to English.
Inclusion criteria were as follows:
1.
 English language articles;
Table 1
2.
 MRI of carotid vessel plaque composition;
Search strategy used in PubMed.

3.
 mean follow-up >1 month;

4.
No Search Items

assessment for development of recurrent ipsilateral stroke or
recurrent TIA;
1 Stroke. Mesh
5.
 designed as prospective cohort study;

2 Cerebrovascular Accident. ti, ab
6.

3 Cerebrovascular Accidents. ti, ab
4 CVA. ti, ab
5 CVAs. ti, ab
6 Brain Vascular Accident. ti, ab
7 Brain Vascular Accidents. ti, ab
measuring any of the following plaque elements: IPH, LRNC,
and TRFC. Eligible studies were up to all the inclusion
standard. Case reports and reviews were excluded.

In cases where outcome data was not clear, we attempted to
contact the corresponding author for more specific details.
8 Ischemic events. ti, ab
9 Ischemic attack. ti, ab
10 1 OR 2–9
11 Recurrent. ti, ab
12 Recurrence. ti, ab
13 11 OR 12
14 Carotid Stenosis. Mesh
15 Carotid Stenoses. ti, ab
16 Carotid Artery Narrowing. ti, ab
17 Artery Narrowing, Carotid. ti, ab
18 Artery Narrowings, Carotid. ti, ab
19 Carotid Artery Narrowings. ti, ab
20 Carotid artery. ti, ab
21 Carotid arteries. ti, ab
2.4. Information search and data collection

Electronic search were performed in PUBMED, EMBASE,
Cochrane Controlled Register of Trials (CENTRAL) from
inception to Oct 30, 2018. The reference list of previously
published systematic reviews focusing on predicting the risk of
stroke and eligible studies were searched. We manually retrieved
conference proceedings and academic exchange summaries. We
used theMesh terms and keywords in combination: carotid artery,
carotid plaque, atherosclerosis, stroke, recurrent, recurrence,
ischemic events. The search strategy for PubMed is shown in
Table 1 and this strategy also were used on other data databases.
22 14 OR 15-21
23 Carotid plaque. ti, ab
24 Carotid artery plaque. ti, ab
25 Carotid atherosclerosis. ti, ab
26 (10 AND 13) OR 22 OR 23-25
2.5. Data extraction

The 2 reviewers independently extracted data for each eligible
study: first author’s last name, year of publication, country of
2

origin, number of male and female patients, baseline risk factors,
and adjusted HR results. Any differences were resolved by
consensus.
2.6. Risk of bias assessment

Two reviewers independently assessed the methodological
quality of the included studies with the Newcastle–Ottawa Scale
(NOS) (Wells et al., 2009) for cohort studies, which consists of 3
parameters of quality: selection, comparability, and outcome
assessment. The NOS assigns a maximum score of 4 for selection,
2 for comparability, and 3 for outcome. Hence, a score of 9 is the
highest and reflects the highest quality. Discrepancies were
addressed in consultation with the third one.
2.7. Statistical analyses

All studies that reported HR results or provided appropriate data
which were obtained by Univariate Cox Regression analysis for
HR calculation were selected for meta-analyses. Due to differ-
ences in study size, follow-up time, magnetic resonance imaging
technique, and patient characteristics, we used a relatively
conservative fixed-effect model to incorporate HR. Heterogene-
ity was measured using the I2 statistic, and the I2 statistic, this
statistic yields results ranged from 0 to 100% (I2=0%–25%, no
heterogeneity; I2=25%–50%, moderate heterogeneity; I2=
50%–75%, large heterogeneity; and I2=75%–100%, extreme
heterogeneity. If there was very large heterogeneity between
studies, subgroup analysis would be conducted according to
magnetic resonance sequence. If heterogeneity existed, the
random-effects model was used, otherwise, the fixed-effects
model was used. In addition, funnel plots were also conducted to
find a potential publication bias. We performed subgroup



Table 2

Overview of patient characteristics in studies evaluating the risk of recurrent stroke in patients with carotid plaque MRI.

Study first Author
and Year Study design

No. of
participants

No. of carotid
arteries with
follow-up

outcome data
Mean

follow-up, mo Male, %
Mean
age, SD

Disease
severity

Mean interval
between the

second
MR scan and
the recurrent

event

Imaging
a surrogate

for which plaque
element(s)

Altaf, N. 2007 Prospective Cohort 66 66 1 69.7 N/A ≥50% N/A IPH
Altaf, N. 2008 Prospective Cohort 64 64 28 79.7 72.7 39%-69% 28d IPH
Kwee, R. M. 2012 Prospective Cohort 126 126 12 62.7 69 39%-69% 31.5d IPH, LRNC, Thin/ruptured FC
Hosseini etal, 2013 Prospective Cohort 179 179 17.5 71 71.7 ≥50% N/A IPH
Altaf, N. 2014 Prospective Cohort 134 123 1 63.4 72 ≥50% N/A IPH
Lu, M. 2018 Prospective Cohort 80 63 55.1 67.5 66.5 N/A 26d IPH, LRNC, Thin/ruptured FC

IPH = intraplaque hemorrhage, LRNC = lipid-rich necrotic core, N/A = data not available, TRFC = thinned/ruptured fibrous cap.
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analyses of the IPH group and stratified them according to
whether the multi-sequence carotid coil magnetic resonance
technique was used. At the same time, the amount of studies
reporting HR results of LRNC and TRFC was not enough for
subgroup analyses, so we decided to use words to describe them.
The number of studies included in the meta-analysis was
insufficient for publication bias analysis. All data analyses were
conducted by RevMan 5.3 (Review Manager (RevMan)
[Computer program]. Version 5.3. Copenhagen: The Nordic
Cochrane Centre, The Cochrane Collaboration, 2014) software
provided by Cochrane collaboration (www.cochrane.org)
3. Results

3.1. Study selection

A total of 2128 studies were retrieved through retrieval methods
and related literatures, among which 14 literatures that met the
inclusion criteria were selected through reading abstracts (OA_
Guidelines Flow Diagram). Among the 14 studies, 1 study was
excluded due to the plaque components were obtained by
histopathological analysis from endarterectomy and 3 studies
were excluded due to the absence of specific effect size indicators
that could not meet the requirements. In addition, 4 literatures
were excluded due to the case-control studies did not meet the
inclusion criteria. The remaining 6 studies met eligibility for the
systematic review.

3.2. Characteristics of included studies

All 6 articles included in the selection criteria are prospective
cohort studies (Table 2). The plaque characteristics of the
4 studies, the diagnostic criteria of IPH were consistent: the
signal intensity of the plaque exceeded that of adjacent skeletal
muscle by more than 50%.[9–11,14] Plaques in 2 studies were
evaluated by specialized vascular wall analysis software.[15,18] All
plaque analyses used Kaplan–Meier analysis and univariate Cox
regression analysis to explore the effect of plaque characteristics
on the recurrence rate of cerebral ischemia (stroke, TIA or AmF).
The results of the 6 studies (recurrent ischemic events)
were recorded by clinical evaluators during follow-up, while
all the recurrent strokes in 5 studies were confirmed by
neuroimaging,[9–11,14,15] and 1 study was prospectively assessed
by clinical investigators before follow-up.[11] All results were
recorded by follow-up, which lasted more than 1 month. Two
studies were followed up to clinical endpoint events (carotid
endarterectomy or death).[11,14] Six studies included IPH in their
3

results,[9–11,14,15,18] while 2 reported TRFC[15,18] and also 2
focused on LRNC.[15,18] For the 6 original studies, 4 studies
performed in United Kingdom,[5–7,10] 1 in China[18] and 1 in
Netherlands.[15] The age of the population concerned in all the
studies was 66 to 73, and male accounted for a large proportion
in all the 7 articles (range, 64%–75%). The proportion of
hypertension in the study population ranged from75% to 79% in
6 articles,[9–11,14,15,18] only 3 articles collected the proportion of
heart disease patients[9,10,14] and the proportion of smokers in
6 articles ranged from 38% to 70%.[9–11,14,15,18] There were
considerable differences in the degree of carotid artery stenosis
collected in 6 articles: 3 studies focused on moderate to severe
(≥50%) stenosis[10,11,14]; 2 studies focused on mild to moderate
(40%70%) stenosis[9,15]; 1 study did not give information on the
extent of carotid artery stenosis.[18] Three studies were from the
same research group.[9–11] The time range and characteristics of
the 3 studies were different, and there were no 2 or 3 studies
covered by the same population.
Five studies were performed on 1.5-T MRI, 1 study on 3.0-T

MRI. In the IPH studies, 4 studies used multiple sequences to
assess carotid plaque, and 2 studies used a separate standard
carotid coil to detect IPH. In the original 6 studies, only 3 studies
divided the results into ipsilateral stroke and ipsilateral TIA,
whereas the remaining 3 studies did not distinguish the results.
More detailed classification information such as MRI test
methods and outcome indicators are provided in Tables 2 and 3.

3.3. Quality of included studies

The quality evaluation of all the studies meeting the inclusion
criteria of Meta were presented in Table 4. Both evaluators
agreed on the quality of the study. All the studies were of high
quality. The most common selection bias were derived from the
determination of exposure factors. In terms of comparability
bias, all the studies included adequate matching or adjustments
(eg, age, and sex). The most common exposure bias were due to
lack of integrity of follow-up records.

3.4. Meta-analysis results

All the included studies met the criteria for systematic meta-
analysis, including 6 studies evaluating IPH, 2 studies evaluating
LRNC, and 2 studies evaluating TRFC. In the IPH-characterized
group, a total of 621 patients were meta-analyzed. In the LRNC-
characterized group, 189 patients were meta-analyzed. Finally,
in the TRFC-characterized group, a total of 189 patients were
meta-analyzed. No significant heterogeneity was noted in the
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Table 4

Quality of selected literature.

Study Collection Comparability Outcome assessment Total

Altaf, 2007 3 2 3 8
Altaf, 2008 3 2 3 8
Kwee, 2012 3 2 2 7
Hosseini, 2013 4 2 2 7
Altaf, 2014 3 2 2 7
Lu, 2018 3 2 3 7
Total 3.2 2 2.5 7.7

Table 3

Overview of MRI plaque testing characteristics and risk of recurrent ipsilateral cerebrovascular events.

Study
no

Study first
author and

year
Plaque
element

No. of arteries
with negative

MRI

No. of arteries
with positive

MRI

Ipsilateral All
ischemic
strokes in

negative test
group

Ipsilateral all
ischemic
strokes in
positive test

group

Ipsilateral all
ischemic
events in

negative test
group

Ipsilateral all
ischemic
events in

positive test
group

All-event
HR 95% CI

1 Altaf, N. 2007 IPH 22 44 0 3 2 15 4.8 1.1–20.9
2 Altaf, N. 2008 IPH 25 39 0 5 1 13 9.8 1.3–75.1
3a Kwee, R. M.

2012
IPH N/A N/A N/A N/A 6 7 3.5 1.06–11.96

3b LRNC N/A N/A N/A N/A 3 10 3.2 1.08–9.50
3c TRFC N/A N/A N/A N/A 2 11 5.8 1.91–17.32
4 Hosseini etal,

2013
IPH 65 114 1 25 5 57 12 4.8–30.1

5 Altaf, N. 2014 IPH 41 82 N/A N/A 3 34 8.7 2.7–28.40
6a Lu, M. 2018 IPH 49 14 N/A N/A N/A N/A 5.06 1.36–18.88
6b LRNC 10 53 N/A N/A N/A N/A 1.53 0.19–12.19
6c TRFC 45 18 N/A N/A N/A N/A 5.51 1.37–22.03

CI = confidence interval, HR = hazard ratio, IPH = intraplaque hemorrhage, LRNC = lipid-rich necrotic core, N/A = data not available, TRFC = thinned/ruptured fibrous cap.
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2 primary analyses. We found a significant positive relationship
between IPH, LRNC, and TRFC and the risk of recurrent
ischemic events (stroke plus TIA), with a fixed-effects HR of 7.14
(95% CI, 4.32–11.82), 2.73 (95% CI, 1.04–7.16), and 5.68
(95% CI, 2.40–13.67), respectively, for each specific plaque
element (Figs. 1–3). And no publication bias was found in funnel
plot of IPH (Fig. 4).
3.5. Subset analyses

Because there were only 2 studies on TRFC and LRNC
respectively, subgroup analysis could not be conducted.
Figure 1. Forrest plot showing single studies included in the

4

Furthermore, no significant heterogeneity was found in the
subgroup analysis of IPH. No significant difference in HR was
found in the grouping of IPH studies with or without the use of
dedicated carotid coil multi-sequence MRI (Fig. 5). And no
publication bias was found in funnel plot of the subgroup of
IPH (Fig. 6).

4. Discussion

The detection of carotid artery plaque has become the main sign
of predicting the occurrence of stroke events and guiding the
direction of clinical prevention and treatment.[13] In recent years,
some studies have shown that the presence of carotid artery
plaque characteristics can predict the occurrence of recurrent
cerebral ischemic events.[14,15,18,19] However, at present, there is
a lack of systematic evidence that the characteristic components
of carotid artery plaques can predict the recurrence of cerebral
ischemic events. Therefore, it is necessary to conduct a meta-
analysis to present systematic evidence.
In our meta-analysis, we found that carotid artery plaques with

IPH, TRFC, or LRNC were more likely to contribute to
recurrence of ipsilateral ischemic events. In this comprehensive
meta-analyses of the characteristic components of carotid artery
analysis for the risk associated with the presence of IPH.



Figure 2. Forrest plot showing single studies included in the analysis for the risk associated with the presence of LRNC.

Figure 3. Forrest plot showing single studies included in the analysis for the risk associated with the presence of TRFC.

Deng et al. Medicine (2020) 99:13 www.md-journal.com
plaques and ipsilateral recurrent ischemic events, we found that
HRs of IPH, TRFC, and LRNC ranged from 2 to 8, among which
6 studies could be used for IPH meta-analysis,[9–11,14,15,18] and
only 2 original researches data could be used for TRFC and
LRNC analysis.[15,18] Till now, this is the first systematic meta-
Figure 4. Funne

5

analysis that evaluate the effect of IPH, TRFC, and LRNC on
recurrent ischemic events. In our present study, the HRs of IPH,
TRFC and LRNC, and recurrent ischemic events were 7.14, 5.68,
and 2.73, respectively. In this meta-analysis, data from 6 original
studies were included.[9–11,14,15,18] A total of 621 patients with
l plot of IPH.

http://www.md-journal.com


Figure 5. Forrest plot demonstrating multi sequence and single sequence studies included in the analysis for the risk associated with the presence of IPH.
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carotid artery plaque who had follow-up records were included,
among whom male patients accounted for 73%.
HR for IPHwas statistically significant when data analysis was

limited to studies using multi-sequence or single-sequence carotid
Figure 6. Funnel plot sho

6

coil MRI. Meanwhile, the original studies on TRFC and LRNC
were little, further subgroup analysis could not be achieved.[15,18]

In our study, the HRs of IPH, TRFC, and LRNC were
statistically significant, while no significant heterogeneity was
wing publication bias.
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found. In addition, the study revealed that the HRwas the highest
in the presence of IPH (7.14), while HR was the lowest in the
presence of LRNC (2.73). In addition, and HR was in the middle
of the 2 plaque components in the presence of TRFC (5.68).
Meanwhile, the rank of HRs of the 3 plaques in the analysis
results was different from that of the progression of plaque
components. According to the AHA classification scheme,
carotid artery plaque progression, and formation occur before
the atherosclerosis and lipid composition of deposits, thus
forming artery atheromatous plaque. Plaque bleeding can occur
in stable plaques and then become unstable plaque, the unstable
plaque has a greater risk for FC broken and damaged surface
patches, eventually lead to the carotid artery embolism.[21] In 6
studies, only 2 studies investigated the effect of 2 or more plaque
elements on recurrent ischemic events,[15,18] 4 of which only
studied IPH. None of the studies examined the significance of the
3 plaque elements in the composite plaque for the risk of
recurrent ischemic events in a multi-parameter test. Moreover, no
study separated TIA and Stroke from HRs of the 3 plaque
elements, and only complex cerebral ischemic events related to
HR of IPH, TRFC, and LRNC were finally obtained. Further-
more, the 6 studies did not further assess the possibility of a
relationship between the temporal dynamics of plaque develop-
ment and recurrent ischemic events.
Our study also analyzed whether different MRI sequences of

carotid artery plaques could be the cause of the difference
between the HRs of IPH and the actual results. In order to
accurately obtain the presence signs of IPH, various studies did
not necessarily use the same MRI technology for detection.
Among the 6 studies focusing on IPH, 4 studies only used
separate gradient echo MRI sequences to detect and analyze the
existence of IPH,[9–11,14] and 2 studies used multi-sequence MRI
to analyze IPH.[15,18] After our analysis, there was no statistically
significant heterogeneity between the 2 subgroups, suggesting
that the existing evidence was more supportive of MRI sequence
differences and did not have a substantial impact on IPH HR.
However, further work needs to evaluate the practical applica-
tion of the testing tools if more accurate evidence is to be
obtained. At the same time, due to the lack of studies with
evaluating TRFC and LRNC, further subgroup analysis cannot
be carried out in amore detailed manner, and the obstacle ofMRI
carotid plaque imaging as a routine risk stratification tool cannot
be known.
Similar to the previous studies onMRI in carotid artery plaque

studies, our study also exists some limitations. First of all, there
were differences in the reported results of various plaque
components among various studies. Most studies used the
comprehensive measurement of stroke, TIA and other cerebral
ischemic events, so we could not more accurately determine the
individual HR of stroke and TIA. Second, TRFC, LRNC
researches were not enough and could not go a step further to
subgroup analysis, also we did not know whether there was a
significant variation in team of TRFC and LRNC plaque imaging
of MRI technology, whether we needed to discuss the question of
what kind of technology was more suitable for risk stratification,
1.5 T and 3 T machine on the different characteristics of plaque.
Third, our study indicated that there was no significant variation
in theMRI technique for plaque imaging in the IPH group, which
was consistent with the results of previous studies on carotid
artery plaque characteristics and stroke. Fourth, none of the
studies reported the possibility that changes in the morphology
and composition of plaques over time might be associated with
7

subsequent recurrent ischemic events. There was a large variation
in the time interval between the initial event and MR plaque
imaging across selected studies. Plaque composition and
morphology may have changed over time. Fifth, it is not clear
howmany patients suffered recurrent ischemic events beyond the
follow-up time due to inconsistency among studies. Sixth, since
many studies have included a wide range of stenosis patients,
more accurate comprehensive risk estimates that consider
stenosis and plaque characteristics need to include studies with
less heterogeneity in stenosis degree. Seventh, differences and
heterogeneity may arise due to different secondary prevention
strategies, such as different drugs and blood pressure control
applied in different studies in patients with ischemic events in the
time period between the first episode and recurrence. Finally,
most studies excluded patients who underwent surgical revascu-
larization, and we could not rule out the absence of carotid
plaque characteristics and risk of recurrent ischemic events in
these patients, which introduces selection bias into non-
randomized cohort studies. Of course, our study needs to be
further improved by more original studies.
In summary, our present study indicated that MRI detection of

specific plaque components such as IPH, TRFC, and LRNC could
help us to screen out patients who had experienced the first
stroke/TIA event and were more likely to have recurrent ischemic
events. For lessons, unnecessary surgery should be avoided to
prevent recurrent ischemic events provides guidance for patients
to receive more effective preventive measures.
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