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Abstract
Objective We aimed to perform a systematic review and
meta-analysis to clarify the association between white
matter hyperintensities (WMHs) and carotid artery (CA)
stenosis.
Study design Systematic review and meta-analysis.
Participants CA stenosis was set at ≥50%, and WMHs
were assessed by MRI and evaluated quantitatively or
semiquantitatively.
Data sources A comprehensive literature search was
performed in PubMed, EMBASE and Cochrane Library for
studies evaluating the association between WMHs and CA
stenosis ≥50% from inception to 13 September 2017.
Main outcomes and measures Standardised mean
difference (SMD) with 95% CI was used to evaluate the
association between WMHs and CA stenosis. Results were
presented in a forest plot with a fixed-effects model or
random-effects model. We assessed the quality of included
studies using the Newcastle-Ottawa Scale. Funnel plots
and Egger’s and Begg’s tests were conducted to assess
publication bias. Sensitivity analysis was performed to
evaluate the influence of each individual study.
Results Eight studies enrolling 677 patients were
included. There was a positive relationship between
the total WMHs and CA stenosis, with a pooled fixedeffects SMD of 0.326 (95% CI 0.194 to 0.459, p=0.000).
Heterogeneity and publication bias were low among these
studies. Subgroup analysis of three studies enrolling 225
patients showed an association between periventricular
WMHs and CA stenosis, with a pooled fixed-effects SMD of
0.412 (95% CI 0.202 to 0.622, p=0.000).
Conclusion This meta-analysis showed that the total
WMHs and periventricular WMHs were associated with
CA stenosis. WMHs may be considered as an individual
risk stratification score when choosing a proper plan for
therapy of CA stenosis.

Introduction
White matter hyperintensities (WMHs)
are common incidental finding on brain
imaging1 and in silent cerebrovascular
diseases.2 They are a marker for chronic
neurological damages that increase the risk
for stroke, dementia and death.3 However,
the aetiology and mechanisms of WMHs

Strengths and limitations of this study
►► This is the first systematic review and meta-anal-

ysis to show the association between the subtypes
of white matter hyperintensities (WMHs) and carotid
artery (CA) stenosis.
►► Our analysis only included studies in which all WMHs
were assessed using MRI, and the including criterion
for the severity of CA stenosis was set at ≥50%.
►► Only three of the eight included studies reported data
on the association between the subtypes of WMHs
and CA stenosis, and the standardised mean difference is small, which made the conclusion less
persuasive.

remain unclear. Besides age and small-vessel
diseases (SVD), increasing evidence shows
a relationship between carotid artery (CA)
stenosis and WMHs.4–8 However, some studies
differ in their results.9–13
To our knowledge and according to the
present studies, there are mainly two factors
leading to the inconsistencies in the results.
First, WMHs were assessed using MRI in some
studies and using CT in other studies.4–13
The resolution of MRI and CT in assessing
WMHs is quite different. Second, the inclusion criteria for the severity of CA stenosis
vary greatly among the present studies.4–13
A previous meta-analysis that attempted to
systematically evaluate this question included
studies in which WMHs were assessed using
CT or MRI.14 The other systematic review
on the topic set the inclusion criterion for
the severity of CA stenosis at ≥30%, which
was insufficient to cause WMHs. However,
a meta-analysis was not carried out owing to
heterogeneity.15 Both of these studies did
not analyse the subtypes of WMHs, which
are probably caused by different pathogenic
mechanisms.
In view of these considerations, we
conducted a systematic review and
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meta-analysis, and included studies in which all WMHs
were assessed using MRI, and the inclusion criterion for
the severity of CA stenosis was set at ≥50%. The association between the subtypes of WMHs and CA stenosis was
further analysed. If the CA stenosis ≥50% is associated
with WMHs, WMHs may be considered as an individual
risk stratification score when choosing a proper therapeutic plan for CA stenosis.
Methods
Search methods for identification of studies
We searched PubMed, EMBASE and Cochrane Library
from inception to 13 September 2017. In addition, we
searched the reference lists of all identified relevant publications and relevant reviews. Search strings were combinations of medical subject headings or the EMBASE tree
tool, including ‘leukoaraiosis’ or ‘white matter lesion’ and
2

‘carotid artery diseases’ and free-text terms. A representative primary search strategy conducted in the PubMed database is available in online supplementary data I.
Inclusion criteria
We included studies (1) that examined human subjects,
(2) that were published in full and in English, (3)
where the inclusion criterion for the severity of CA
stenosis was at ≥50%, (4) that assessed WMHs using 1.5 T
or 3.0 T MRI, and (5) that included a quantitative or semiquantitative assessment of WMHs imaging in patients
with CA stenosis. In case of duplicated published cohorts,
we included the studies with the longest follow-up and
the greatest number of patients.
Selection of studies
One review author (HY) acquired the titles and abstracts
from a database search. Two authors (HY and JQ)
Ye H, et al. BMJ Open 2018;8:e020830. doi:10.1136/bmjopen-2017-020830
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Figure 1 Study selection flow diagram adapted from the Preferred Reporting Items for Systematic Reviews and MetaAnalyses group statement. CA, carotid artery; WMHs, white matter hyperintensities.
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Patient and public involvement statement
Patients and the public were not involved.

Results of quality assessment using the Newcastle-Ottawa Scale for cohort studies

Statistical analysis
STATA V.12.0 was applied to analyse the extracted data.
We quantified the strength of the association between
WMHs and CA stenosis using standardised mean differences (SMDs) and their corresponding 95% CI. Heterogeneity was assessed by χ2 and I2 values. If the p value of
χ2 was less than 0.1, homogeneity was rejected. For the I2
statistic, 25%, 50% and 75% were the thresholds for low,
moderate and high heterogeneity, respectively.22 SMD
was calculated with the fixed-effects model, using the
inverse variance approach when no significant heterogeneity was observed among the studies. Otherwise, when
significant heterogeneity among the studies was detected,
a random-effects model (DerSimonian and Laird) was
used. SMDs <0.50 were considered small according to
Cohen’s (d) rules of thumb.18 Subgroup analyses were
performed based on the different locations of WMHs,
including periventricular and deep. Sensitivity analysis
was performed to evaluate the influence of each individual study. Publication bias was examined by funnel
plots and Egger’s and Begg’s tests. All statistical tests were
two-sided, and p values of 0.05 were considered statistically significant.

Table 1

Data extraction
Two review authors (HY and JQ) independently extracted
data from the included studies, including the first
author’s name, publication year, country, characteristics
and number of subjects of each study, vascular imaging
methods, severity of CA stenosis, the rating method and
location of WMHs, and the results of the relationship
between WMHs and CA stenosis. To perform a quantitative meta-analysis, the mean values and SD of the total,
deep and periventricular WMHs scores, as well as the
number of subjects, were obtained by direct extraction or
conversion.18–20
All extracted data were confirmed by a third review
author (YW), with discrepancies resolved by consensus. If
the raw data were not readily available in the manuscript,
we tried to contact the author. We performed our review
referring to the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses statement.21

Was
followup long
enough
for
Assessment outcomes
of outcome to occur?

Assessment of risk of bias of the included studies
Two review authors (HY and JQ) independently evaluated the quality of the included studies according to the
Newcastle-Ottawa Scale (NOS).16 A study awarded six
or more stars was defined as a high-quality study.17 We
resolved any disagreements by consensus.
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independently screened the titles and abstracts of potentially eligible studies according to the inclusion criteria.
Three authors (HY, JQ and YW) screened the full text of
potentially eligible studies. We resolved disagreements by
consensus.

Adequacy
of followup of
cohorts
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Unilateral
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Positive

Positive

Positive
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Negative
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Result

*Intraindividual side-to-side comparison.
†Transient ischaemic attack and minor stroke.
‡Transient (lasting <24 hours) or minor neurological deficits in the territory of the stenosed CA.
§Subjects with a supratentorial infarct exceeding 1.5 cm in diameter were excluded.
ARWMC, age-related white matter changes;CA, carotid artery; CTA, CT angiography; DSA, digital subtraction angiography; DUS, Doppler ultrasonography; MRA, magnetic resonance
angiography; NA, not applicable; WMHs, white matter hyperintensities.
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Results
Search results and study characteristics
The search and selection process for our meta-analysis
was outlined in figure 1. Our detailed search identified
1198 studies through PubMed, EMBASE and Cochrane
Library. After removing duplicates, the titles and abstracts
from the remaining 979 studies were screened and 104
potentially eligible studies were retained. The full-text
versions of these 104 studies were retrieved and 96 studies
were excluded because of the reasons listed in figure 1.
A total of eight studies comprising 677 patients were
included for analysis. The NOS scores ranged from 6 to
8 (table 1). Table 2 showed the primary characteristics of
the included studies published between 2006 and 2017.
Earlier studies did not meet our inclusion criteria and
requirement for data extraction.
WMHs and CA stenosis
The results of the eight eligible studies including 677
patients were pooled for the meta-analysis, with no evidence
of heterogeneity (χ2=5.71, df=7 (p=0.573); I2=0). The
summarised fixed-effects SMD of 0.326 (95% CI 0.194 to
0.459, p=0.000) suggested a positive relationship between
WMHs and CA stenosis (figure 2). All eight studies showed
a positive association between WMHs and CA stenosis, but
four of them did not have a statistically significant SMD.
WMHs subtypes and CA stenosis
Subgroup analysis of the three eligible studies including
225 patients showed that CA stenosis remained associated
Ye H, et al. BMJ Open 2018;8:e020830. doi:10.1136/bmjopen-2017-020830

with periventricular WMHs (SMD: 0.412, 95% CI 0.202 to
0.622, p=0.000; figure 3), with no evidence of heterogeneity (χ2=0.29, df=2 (p=0.864); I2=0). CA stenosis was also
associated with deep WMHs (SMD: 0.603, 95% CI 0.106 to
1.100, p=0.017; figure 4), with evidence of high heterogeneity (χ2=8.85, df=2 (p=0.012); I2=77.4%).
Sensitivity analyses and publication bias
In the sensitivity analysis, we subsequently omitted each
individual study to recalculate the SMDs. The re-evaluated SMDs showed no obvious fluctuation (figure 5).
No significant publication bias was detected with Begg’s
test (p=0.902) or Egger’s test (p=0.299). The funnel
plot showed symmetry on visual inspection (figure 6).
Discussion
Our systematic review and meta-analysis showed that
the total WMHs were associated with CA stenosis ≥50%.
For the first time, our study showed that periventricular
WMHs were associated with CA stenosis ≥50%. Although
the SMD was small (0.326 and 0.412), the CI was relatively
narrow (95% CI 0.194 to 0.459 for the total WMHs and
95% CI 0.202 to 0.622 for periventricular WMHs), which
suggested that the effect size is precise.
There were two main potential factors contributing to
the weak SMD. First, even though the CA stenosis was
set at ≥50%, the stenosis was moderately severe and was
not enough to cause very severe WMHs changes. Moreover, most studies do not consider the compensatory
5
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Figure 2 Meta-analysis of the relationship between white matter hyperintensities and carotid artery stenosis. Studies are listed
by date. Squares indicate point estimates for effect size (SMD), with the size proportional to the inverse variance of the estimate.
Diamonds indicate pooled estimates. Lines represent 95% CI. The solid vertical line indicates the null effect. I2 listed below the
forest plot. SMD, standardised mean difference.

Open Access

function of the circle of Willis (CoW) that redistributes
cerebral blood flow after CA stenosis to alleviate the effect
of CA on WMHs.23 With the progress of studies, we will
further analyse the association between WMHs and CA
stenosis ≥70%, and we consider CoW as a confounding
factor. Second, WMHs was associated with CA stenosis
and SVD.24 The increasing incidence and severity of
WMHs with age and hypertension presumably reflects the

cumulative effects of both large cerebral arteries, such
as CA and SVD. However, only one study on the topic
presented data on SVD.8
A previous systematic review and meta-analysis, in which
the included studies assessed WMHs using CT or MRI,
showed no association between WMHs and CA stenosis.14
The low resolution of CT (compared with MRI) reduced
the actual association between WMHs and CA stenosis.

Figure 4 Meta-analysis of the relationship between deep white matter hyperintensities and carotid artery stenosis. Squares
indicate point estimates for effect size (SMD), with the size proportional to the inverse variance of the estimate. Diamonds
indicate pooled estimates. Lines represent 95% CI. The solid vertical line indicates the null effect. I2 listed below the forest
plot. SMD, standardised mean difference.
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Figure 3 Meta-analysis of the relationship between periventricular white matter hyperintensities and carotid artery stenosis.
Squares indicate point estimates for effect size (SMD), with the size proportional to the inverse variance of the estimate.
Diamonds indicate pooled estimates. Lines represent 95% CI.The solid vertical line indicates the null effect. I2 listed below the
forest plot. SMD, standardised mean difference.
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The other systematic review also shows no definite
correlation between WMHs and CA stenosis. The inclusion criterion of CA in these studies was stenosis ≥30%,
which is insufficient for causing the decrease of cerebral
blood flow that is partially responsible for WMHs. The
meta-analysis could not be performed because of the
heterogeneity of the included studies.15
Our meta-analysis also showed that deep WMHs were
associated with CA stenosis but with high heterogeneity.
The heterogeneity possibly contributed to the different
pathogenic mechanisms of periventricular and deep
WMHs.25 The periventricular region is supplied by
non-collateralising ventriculofugal vessels arising from
subependymal arteries. These branches originate either
from choroidal arteries or from terminal branches of the
striate rami.26 Although these ventriculofugal vessels run
towards the penetrating centripetal vessels coming from
the pial surface, anastomoses between these two groups
of vessels are either scarce or absent.27 Thus, this area is
prone to focal or systemic hypoperfusion. In contrast, the
subcortical U-fibre region usually escapes involvement in
ischaemic WMHs, possibly because this region has a dual

Conclusions
Our study found an association between the total WMHs
and CA stenosis ≥50% and an association between the
periventricular WMHs and CA stenosis ≥50%, despite
some limitations. The results suggested that WMHs may
be considered as an individual risk stratification score for
choosing an appropriate therapeutic plan for CA stenosis.
Further studies on the topic are necessary, considering
that the small SMD made the conclusion less persuasive.
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Figure 6 Funnel plot for carotid artery stenosis and white
matter hyperintensities. SMD, standardised mean difference.
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Figure 5 Forest plot of sensitivity analysis in the metaanalysis.

blood supply from the subcortical arteries and branches
of the medullary arteries.28
Our systematic review and meta-analysis has several
limitations. First, grey literature was not searched,
and only studies published in English were included.
Second, only three (comprising 225 patients) of the eight
(comprising 677 patients) included studies reported data
on the association between subtypes of WMHs and CA
stenosis. However, we should underline that the finding
of an association between periventricular WMHs and
CA stenosis was identical to that of the total WMHs and
CA stenosis. This suggests that the patients included in
the three studies actually represent the total population.
Third, SMD is small but with no evidence of heterogeneity among studies (figures 2 and 3), indicating that
the weak association did not occur by chance. Fourth, as
evident in table 2, all studies provide data on age, sex, and
whether the patients were symptomatic or asymptomatic,
but only one study reported on the status of SVD8 and one
study reported on the effect of the CoW.6 This could be
an important limitation because these two factors affect
WMHs. In addition, our analysis did not investigate the
association between WMHs and the different severities
of CA stenosis (ie, 50%–69%, 70%–99% and occlusion),
which play different roles in the formation of WMHs. The
design protocols included patients with CA stenosis with
acute ischaemic events in some studies, but without these
conditions in other studies. Some studies compared ipsilateral WMHs with stenosed CA versus contralateral, in an
intraindividual side-to-side comparison. The other studies
compared WMHs in patients with CA stenosis with control
subjects with no CA stenosis or stenosis <50%. Finally, the
test of publication biases might be underpowered when
there were only eight studies in our meta-analysis.29
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