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Abstract 

Background and objective  The recruitment of collateral circulation correlates with a balance of the microvascu-
lature. Uncertainty remains to be made about the association of leukoaraiosis with leptomeningeal collaterals. To 
explore the effect of leukoaraiosis on leptomeningeal collaterals in patients treated with endovascular therapy.

Methods  Observational studies exploring the correlation between leukoaraiosis and leptomeningeal collaterals in 
large vessel occlusion treated with endovascular therapy were searched from PubMed, EMBASE, and Cochrane Librar-
ies databases. Two independent reviewers retrieved eligible literature, extracted purpose-related data, and utilized the 
Newcastle–Ottawa Scale to evaluate the risk of bias. A Mantel–Haenszel method was used to calculate the odds ratio 
(OR). Meta-regression and subgroup analyses were conducted to clarify heterogeneity.

Results  Data from 10 studies with 1606 patients were extracted for pooled analysis. Compared to non-severe 
leukoaraiosis, patients with severe leukoaraiosis showed significant relevance to poor leptomeningeal collater-
als (OR, 2.13; 95% confidence interval [1.27–3.57]; P = 0.004). Meta-regression indicated that sample size (coeffi-
cient = -0.007299, P = 0.035) and the number of female patients (coefficient = -0.0174709, P = 0.020) were sources of 
heterogeneity. Furthermore, all of the countries (USA versus France versus China, Q = 3.67, P = 0.159), various assess-
ment scales of leukoaraiosis (the Fazekas scale versus Non-Fazekas scales, Q = 0.77, P = 0.379), and different imag-
ing methods of leukoaraiosis (computed tomography versus magnetic resonance imaging, Q = 2.12, P = 0.146) and 
leptomeningeal collaterals (computed tomography angiography versus digital subtraction angiography, Q = 1.21, 
P = 0.271) showed no contribution to the effect size.

Conclusion  Severe leukoaraiosis is associated with poor leptomeningeal collaterals in patients treated with endovas-
cular therapy. Further studies may focus on whether the finding applies to different stroke subtypes.

Keywords  Cerebral small vessel disease, Leukoaraiosis, Large vessel occlusion, Collateral circulation, Endovascular 
therapy, Meta-analysis

Introduction
Among patients with large vessel occlusion in the ante-
rior circulation, endovascular therapy (EVT) has been 
demonstrated as the first-line therapy [1]. These patients 
who benefit from EVT reflect a small irreversible infarc-
tion (core infarction) and extensive rescue ischemia 
(penumbra) of brain tissue on preoperative imaging eval-
uation [2]. A good leptomeningeal collateral, supplying 
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abundant blood flow from a retrograde route to regions 
dominated by the occluded artery, correlates with exten-
sive penumbra and small core infarction [3]. Further-
more, the status of leptomeningeal collaterals can predict 
the recanalization rate [4], hemorrhagic transformation 
[5], and outcomes after EVT [6].

Emerging evidence suggests that older age, hyperten-
sion, and metabolic syndrome affect the recruitment of 
leptomeningeal collaterals [7–9]; however, the mecha-
nism remains unclear. In animal models, these risk 
factors may result in vasodilatory dysfunction of the 
leptomeningeal collaterals [10]. Given that the leptome-
ningeal collateral is categorized as microvasculature in 
anatomy and physiology, investigating the impact of cer-
ebral small vessel disease (CSVD) on it shows a strong 
rationale.

Leukoaraiosis, or white matter hyperintensity, is a core 
neuroimaging type of CSVD, and the pathogenesis of 
its occurrence is relevant to chronic ischemia of white 
matter caused by luminal stenosis or occlusion of arte-
rioles, a part of microvasculature [11]. In addition, both 
computed tomography (CT) and magnetic resonance 
imaging (MRI) can be used as assessment methods for 
leukoaraiosis [12]. However, other types of CSVD are 
primarily evaluated by MRI, which is restricted to emer-
gency patients. Therefore, more studies aim to assess the 
association between leukoaraiosis and leptomeningeal 
collaterals in patients treated with EVT.

Some studies demonstrated that severe leukoaraio-
sis was associated with poor recruitment of leptome-
ningeal collaterals [13–16], and others found that the 
status of leptomeningeal collateral was not affected by 
leukoaraiosis [17–22]. No randomized controlled trials 
have been designed to address this issue. In the present 
study, we conducted a meta-analysis to explore the effect 
of leukoaraiosis on leptomeningeal collaterals in acute 
ischemic stroke treated with EVT.

Methods
Search strategy
We performed the meta-analysis following the Preferred 
Reporting Items for Systematic Reviews and Meta-Analy-
ses (PRISMA) guidelines, 2020 edition [23]. Next, we sys-
tematically screened the PubMed, Embase, and Cochrane 
Library databases from inception to August 2022 by uti-
lizing the terms: cerebral small vessel disease (CSVD), 
leukoaraiosis, white matter, and collateral. The detailed 
strategy is shown in Additional file 1.

Study selection
Followed items were eligible for inclusion criteria: (1) 
Observational studies; (2) patients with acute ischemic 
stroke in anterior circulation treated with EVT; (3) 

exploring the association of CSVD with collateral circula-
tion. The animal experiments, review and meta-analysis, 
conference abstracts, case reports, and non-English arti-
cles were not part of our study.

Data extraction
After finding and removing the duplicates, two review-
ers independently read titles and abstracts and extracted 
data from full texts based on selection criteria. The fol-
lowing variables were collected: the first author, publi-
cation year, country, recruitment time, sample size, age, 
sex, occlusion position, stroke pathogenesis, and meth-
ods of assessment for leukoaraiosis and leptomeningeal 
collaterals. Severe leukoaraiosis was defined as van Swi-
eten scale (VSS) ≥ 2 scores [15, 17, 20], total Fazekas > 2 
[13, 16, 21], as well as deep Fazekas 2 to 3 or periven-
tricular Fazekas 3 [14, 18, 22]. Diagnostic criteria of poor 
leptomeningeal collaterals included American Society of 
Intervention and Therapeutic Neuroradiology/Society of 
Interventional Radiology (ASITN/SIR) scores < 3 [13, 18, 
20–22], contrast filling ≤ 50% on the occluded territory 
[14–16], no collateral filling [19], and less than contralat-
eral hemisphere [17].

Quality assessment
We utilized the Newcastle–Ottawa Scale (NOS) to evalu-
ate the risk of bias, which scored from selection, compa-
rability, and outcome sections and showed good quality 
with no fewer than 6 [24].

Statistical analysis
To explore the association of leukoaraiosis with poor lep-
tomeningeal collaterals, we conducted pooled OR and 
95% confidence interval (CI) through the inverse vari-
ance method (RevMan 5.3). Heterogeneity was testified 
by I2 statistic. When I2 > 50%, we analyzed data based on 
a random-effect model, and when I2 ≤ 50%, we used the 
fixed-effect model. Furthermore, publication bias was 
examined by the funnel plot (RevMan 5.3) and quanti-
fied through Egger’s test (Stata 14.0). Aiming to elucidate 
heterogeneity, we incorporated covariates that affect the 
effect size into meta-regression for continuous variates 
and subgroup meta-analysis for categorial variates (Stata 
14.0). Variates of sample size, mean age, and the number 
of female patients were delivered for meta-regression. 
Others were assigned for subgroup analysis, including 
countries (USA versus France versus China), assessment 
scales of severe leukoaraiosis (the Fazekas scale versus 
non-Fazekas scales), imaging methods of leukoaraiosis 
(CT versus MRI), imaging methods of leptomeningeal 
collaterals [digital subtraction angiography (DSA) versus 
CT angiography (CTA)]. The statistical significance of 
the P value was set at 0.05.
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Results
Study selection
A total of 891 items were retrieved according to the 
customized strategy. Then, 168 duplicate publications 
were removed before reviewing the titles and abstracts, 
of which 50 studies required full-text reading. Last, this 
study included ten studies [13–22] (Fig. 1).

Study characteristics
From 2012 through 2022, 1606 patients with acute 
ischemic stroke in anterior circulation treated with EVT 
were screened at the ten sites of observational studies 
from China, the USA, and France. Details on age, number 
of female patients, occlusion position, stroke pathogen-
esis, and assessment methods for leukoaraiosis and lep-
tomeningeal collaterals are shown in Table 1. Henninger 
et  al. [17] in 2012 were included in the pooled analysis 
due to its criteria of patient selection suitable for EVT, 
evidenced as the first-line therapy for this group in 2018 
[1]. All ten studies showed poor leptomeningeal collater-
als as an outcome. Consequently, we extracted data from 
the ten studies to explore the association of leukoaraiosis 
with poor leptomeningeal collaterals.

Quality assessment
Six studies were demonstrated for good quality with 
NOS ≥ 6 (Table 1), and specific items were found in Addi-
tional file 2.

Meta‑analysis outcomes
The meta-analysis, utilizing a random-effect model 
with I2 of 74%, showed a significant correlation between 
severe leukoaraiosis and poor leptomeningeal collaterals 
(pooled OR 2.13, 95% CI 1.27–3.57, P = 0.004) (Fig.  2). 
Meta-regression indicated that sample size (coeffi-
cient = -0.007299, P = 0.035) and the number of female 
patients (coefficient = -0.0174709, P = 0.020) rather than 
mean age (P = 0.991) were potential sources of hetero-
geneity. As Fig.  3 shown, the effect size decreased with 
increasing sample size (Fig. 3a) and the number of female 
patients (Fig. 3b). Mechtouff et al. [21] did not report the 
number of females out of 109 patients as an outcome 
analysis; therefore, the covariate of this study was elimi-
nated from meta-regression (Fig.  3b). Among categori-
cal variates of countries (Q = 3.67, P = 0.159), assessment 
scales of leukoaraiosis (Q = 0.77, P = 0.379), images of leu-
koaraiosis (Q = 2.12, P = 0.146), images of leptomeningeal 

Fig. 1  PRISMA screening flowchart
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collaterals (Q = 1.21, P = 0.271), all the subgroup analysis 
demonstrated no significant difference between groups 
(Fig. 4).

Publication bias
The funnel plot showed that three studies were away 
from the interval range of effect value (Fig.  5). Egger’s 
test (p = 0.085) showed no significant publication bias for 
included studies.

Discussion
In this study, we found that severe leukoaraiosis was 
associated with poor recruitment of leptomeningeal col-
laterals in patients treated with EVT. Compared with 
non-severe leukoaraiosis, severe leukoaraiosis increased 
2.13 times risk for emerging poor leptomeningeal 
collaterals.

Included studies showed no publication bias; neverthe-
less, our results demonstrated that the sample size and 

the number of female patients correlated with significant 
heterogeneity based on the meta-regression and sub-
group analysis. Heterogeneity in sample size may be due 
to the fact that larger sample size is usually associated 
with greater statistical power, a smaller source of error, 
and higher study quality. Heterogeneity caused by sex 
may be related to Estrogen, a sex steroid, which showed 
protection for the neurovascular unit, including the lep-
tomeningeal collaterals and brain parenchyma [25, 26]. 
Female patients in our study were in the stage of meno-
pause; therefore, low-concentration Estrogen may show 
poor neuroprotection.

According to our report, the study countries among 
China, USA, and France showed no heterogeneity in 
concluding the association of severe leukoaraiosis with 
poor leptomeningeal collaterals. However, a recent meta-
analysis demonstrated that patients from the USA con-
tributed to the heterogeneity [27]. This discrepancy may 
result from two categories (USA vs. Non-USA) for the 

Fig. 2  Forest map of the association between leukoaraiosis and poor leptomeningeal collaterals

Fig. 3  Bubble plot of the association of sample size and female patients with effect size. a the association between sample size and effect size; 
(b) the association between number of female patients and effect size
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Fig. 4  Subgroups meta-analysis of the association between leukoaraiosis and poor leptomeningeal collaterals. Legend: MRI, magnetic resonance 
image; CT, computed tomography; DSA, digital subtraction angiography; OR, odds ratio. Mutzenbach et al. reported both CT and MRI as images of 
leukoaraiosis; therefore, this study was excluded from analysis in this subgroup. Mark et al. reported both DSA and CTA as images of leptomeningeal 
collateral; therefore, this study was excluded from analysis in this subgroup
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previous meta-analysis and three for ours. In addition, all 
patients in our study were suitable for EVT due to large 
vessel occlusion, while part of the formers was included 
with large vessel stenosis. Types of stroke etiology vary 
among different countries; for example, intracranial ath-
erosclerosis (ICAS) is a common mechanism in China 
[28], and cardiogenic embolism (CE) in Western counties 
[29]. Patients with atherosclerosis-related stroke, includ-
ing intracranial or extracranial segment, constructed bet-
ter collateral flow to resist chronic ischemia compared 
with CE-related sudden occlusion [30, 31]. However, 
from the perspective of study design for stroke etiol-
ogy, only Hashimoto et al. demonstrated that severe leu-
koaraiosis decreased the recruitment of leptomeningeal 
collaterals in CE-related occlusion [16]. In our study, we 
could not conduct subgroup analysis based on the stroke 
subtype due to the absence of stratification in original 
studies. Further research is required to address this issue.

Accurate evaluation of leukoaraiosis was essential to 
predict the status of leptomeningeal collaterals. Our 
results found no heterogeneity among visual assess-
ment scales and imaging methods. To date, the Fazekas 
devised in 1987 [32], VSS in 1990 [33], and age-related 
white matter change (ARWMC) in 2001 [12] were still 
the most common scales to assess leukoaraiosis and any 
of the scales showed good efficiency between inter- and 
intra-raters. MRI showed more sensitivity than CT to 
detect white matter changes, especially for small lesions, 
whereas severe lesions were evaluated equally with CT 
and MRI [12, 34]. Although volumetric quantification 
of leukoaraiosis was superior to rating scales [35], it may 
be poorly applicable to clinical practice. The selection of 

patients treated before EVT demands assessment meth-
ods compatible with brevity and effectiveness to shorten 
recanalization time. Hence, to predict the status of lep-
tomeningeal collaterals, we may choose CT as a prior-
ity to evaluate whether the patients treated with EVT 
emerge with severe leukoaraiosis. Similarly, our results 
found no heterogeneity between the imaging techniques 
used to assess leptomeningeal collaterals (CTA and 
DSA). However, the dichotomous leptomeningeal col-
laterals for ordinal classification in the original literature 
were not always consistent, so the classification systems 
for leptomeningeal collaterals may be a potential source 
of heterogeneity.

Arteriolosclerosis is a common pathogenic classifi-
cation of leukoaraiosis and belongs to age-related and 
vascular risk-factor-related small vessel disease [36]. 
Age and heredity are non-interventional factors; how-
ever, decreasing the variability of blood pressure may 
alleviate the process of leukoaraiosis [37]. Furthermore, 
proper management of diabetes and ceasing smok-
ing show neuroprotection for white matter [38, 39]. 
Recently, Dl-3-butyl phthalide, a neuroprotective drug 
approved in clinical practice for the Chinese in 2005, 
established its value in improving cerebral hypoper-
fusion by increasing the flow of collateral circulation 
in patients with carotid artery atherosclerotic steno-
sis [40]. However, the protective effect of Dl-3-butyl 
phthalide on the white matter was just demonstrated in 
mice models [41]. This drug might be a promising ther-
apy for leukoaraiosis in clinical practice.

The strengths of our study include one study popu-
lation (patients treated with EVT) and a detailed 

Fig. 5  Funnel plot of the association between leukoaraiosis and poor leptomeningeal collaterals
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exploration of heterogeneity by meta-regression and 
subgroup analysis. Cautiously, our results are appropri-
ate for patients treated with EVT. We excluded non-
English studies, which may result in a selection bias due 
to published language. The relatively small number of 
original studies weakens the ability to draw meaningful 
conclusions about subgroups. More research is needed 
to validate our findings.

Conclusion
In summary, severe leukoaraiosis was associated with 
poor leptomeningeal collaterals in patients treated with 
EVT. Further studies may focus on whether the finding 
applies to different stroke subtypes.
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