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Abstract
Obstructive sleep apnea (OSA) can cause sleep fragmentation and intermittent hypoxemia, which are linked to oxidative 
stress. White matter changes (WMCs) representing cerebrovascular burden and are at risk factor for oxidative ischemic injury. 
The current study explores the mutual relationships between OSA and WMCs. We performed a systematic review of elec-
tronic databases for clinical studies investigating OSA and WMCs. Random-effects models were used for pooled estimates 
calculation. A total of 22 studies were included in the meta-analysis. The results revealed a significantly higher prevalence 
rate of WMCs [odds ratio (OR) 2.06, 95% confidence interval (CI) 1.52–2.80, p < 0.001] and significantly higher severity of 
WMCs (Hedges’ g = 0.23, 95% CI 0.06–0.40, p = 0.009) in the patients with OSA than in controls. Furthermore, the results 
revealed a significantly higher apnea–hypopnea index (Hedges’ g = 0.54, 95% CI 0.31–0.78, p < 0.001) and significantly 
higher prevalence rate of moderate-to-severe OSA (OR 2.86, 95% CI 1.44–5.66, p = 0.003) in the patients with WMCs than 
in controls, however there was no significant difference in the prevalence rate of mild OSA between the patients with WMCs 
and controls (OR 0.71, 95% CI 0.20–2.54, p = 0.603). OSA was associated with a higher prevalence and more severe WMCs, 
and the patients with WMCs had an increased association with moderate-to-severe OSA. Future large-scale randomized 
controlled trials with a longitudinal design are essential to further evaluate treatment in patients with OSA.
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Introduction

Increasing evidence has demonstrated that obstructive 
sleep apnea (OSA) is significantly associated with the 
risk of cardiovascular diseases [1]. In the past decades, 
increasing clinical attention has focused on the impacts 
of OSA-related morbidity and mortality on systemic vas-
cular consequences including hypertension, heart failure, 
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coronary artery disease and stroke. Several models have 
been proposed for the pathophysiological mechanisms 
of OSA-related vascular disorders. Recurrent oxidative 
stress and chronic inflammation secondary to intermittent 
hypoxemia can impair neuronal synaptic function and 
cerebral perfusion [2]. In addition, endothelial dysfunc-
tion in patients with OSA may also debilitate endothelial-
mediated vasodilation resulting in a reduction in the avail-
ability of nitric oxide and thereby promoting subsequent 
atherosclerotic changes [3, 4].

Cerebral white matter changes (WMCs) are traditionally 
defined as hyperintense lesions in the subcortical or perive-
ntricular areas on T2-weighted magnetic resonance imag-
ing (MRI) or fluid attenuated inversion recovery (FLAIR) 
sequences. The presence of WMCs has been linked to the 
aging process and an increased risk of stroke, dementia and 
psychotic disorders [5, 6]. As a marker of cerebral small ves-
sel disease, WMCs may present as subclinical brain infarcts, 
focal neurological symptoms or even global dysfunction. In 
spite of their considerable prevalence, the pathogenesis of 
WMCs and their association with traditional vascular risk 
factors remain largely unrecognized [7]. Moreover, WMCs 
have been histopathologically correlated with axonal loss, 
focal myelinolysis, reactive astrocytosis and vessel wall hya-
linosis, suggesting that chronic hypoperfusion may aggra-
vate WMCs [5].

The results of research on WMCs in OSA have been 
inconsistent. For example, patients with moderate-to-severe 
OSA have been reported to have a higher prevalence of silent 
cerebrovascular lesions [8], and a population-based study 
also found that moderate-to-severe OSA was an independent 
risk factor for developing WMCs in the elderly [9]. How-
ever, two earlier studies failed to demonstrate any significant 
association between OSA and WMCs [10, 11].

The disparity in the current results of correlation stud-
ies on OSA and white matter may be influenced by the dif-
ferent imaging modalities used to assess the extent of cer-
ebral WMCs. Advanced MRI techniques such as diffusion 
tensor imaging (DTI) are increasingly being used as they 
can provide information about the quantitative parameters 
related to myelin or axonal changes. To explore white mat-
ter pathology in OSA, DTI sequences have broadened the 
clinical emphasis of brain microstructural alterations beyond 
the extent of cerebral small vessel disease and white matter 
fiber integrity [12, 13].

Previous neuroimaging studies have documented brain 
structural abnormalities in patients with OSA including 
reductions in focal gray matter and the presence of WMCs 
[9, 14, 15]. However, whether a contextual association exists 
between the disease severity of OSA and the degree of 
WMCs has not been well evaluated. To address the clinical 
significance of brain microstructural pathology in OSA, we 
conducted this systemic review of relevant clinical studies 

and performed a meta-analysis to determine the bidirectional 
relationship between OSA and WMCs.

Methods

We followed the guidelines of the Meta-analysis of Observa-
tional Studies in Epidemiology (MOOSE) statement [16] in 
the current research. This meta-analysis fulfilled the require-
ments of the Institutional Review Board of Tri-Service Gen-
eral Hospital (TSGHIRB: B-105-12).

Search strategy

Two well-trained independent authors (BL Ho, PT Tseng) 
conducted the electronic searches of PubMed, EMBASE, 
ProQuest, ScienceDirect, Cochrane Library, ClinicalKey, 
Web of Science, and ClinicalTrials.gov with the keywords 
“sleep apnea or obstructive sleep apnea” and “white mat-
ter or leukoaraiosis” up to March 1, 2018. Furthermore, we 
performed manual searches of the reference lists of the eli-
gible articles and other articles related to the current topic to 
increase the number of potential eligible articles [1, 2, 4–7].

The two authors initially screened the titles and abstracts 
for eligibility and made a temporary list of potentially eli-
gible studies through consensus. The two authors then per-
formed full-text examinations and resolved any inconsisten-
cies with the consensus of a third reviewer (CY Hsu).

Inclusion and exclusion criteria

The inclusion criteria were: (1) formal published articles 
investigating comorbidities in patients with WMCs and 
OSA, either in terms of the presence of WMCs or statisti-
cal values representing the severity of WMCs, and (2) arti-
cles that were observed clinical trials in humans. We did 
not set any limitations to allow for the inclusion of as many 
potentially eligible articles as possible. The exclusion cri-
teria were: (1) animal studies, and (2) trials not comparing 
comorbidities between WMCs and OSA, such as blood flow 
or metabolite rate in the brain.

Risk of bias assessment

We used the modified version of the Newcastle–Ottawa 
Scale (NOS) to assess the quality of the included studies 
(higher scores indicating better quality) [17]. Publication 
bias was appraised using funnel plots.

Data extraction

The primary outcomes were: (1) the prevalence rate of 
WMCs; (2) severity of WMCs in patients with or without 
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OSA; (3) the difference in apnea–hypopnea index (AHI), 
or (4) the prevalence rate of OSA in patients with or with-
out WMCs. WMCs were defined as hyperintense lesions in 
the subcortical or periventricular areas on T2-weighted or 
FLAIR sequences, or neuronal changes on more advanced 
diffusion-weighted imaging (DWI). AHI was defined as 
apnea or hypopnea during sleep as per the American Acad-
emy of Sleep Medicine (AASM) guidelines. OSA was diag-
nosed by overnight polysomnography, nocturnal respiratory 
polygraphy [18] or a diagnostic sleep questionnaire [19–21].

Two independent authors (BL Ho, PT Tseng) extracted 
data from the eligible studies into a database according to 
a list of pre-determined variables of interest. The variables 
extracted included mean age (years), gender, body mass 
index (BMI), AHI, prevalence rate of systemic diseases 
(such as hypertension and diabetes mellitus (DM)), ethnic-
ity (Caucasian, African American), education, and modified 
NOS scores. When data were missing in the articles, we 
tried to electronically contact the corresponding authors to 
request additional data.

Statistical analysis

Under the hypothesis of potential heterogeneity among the 
recruited articles, we used random-effects meta-analysis 
models rather than fixed-effects models [22] to analyze the 
data using Comprehensive Meta-Analysis software, version 
3 (Biostat, Englewood, NJ, USA). We set the effect sizes 
(ESs) of the primary outcomes to be Hedges’ g and 95% 
confidence intervals (CIs) to examine the statistical values 
representing the severity of WMCs in patients with OSA and 
controls and AHI in patients with WMCs and controls. Fur-
thermore, we calculated the ESs with differences in means 
and 95% CIs for the differences in mean AHI between the 
patients with WMCs and controls. In addition, we set the 
ESs of the primary outcomes to be odds ratios (ORs) and 
95% CIs to examine the comorbid rates of WMCs in the 
patients with or without OSA and the comorbid rates of 
OSA, either as mild or moderate-to-severe, in the patients 
with or without WMCs. Two-tailed p values of less than 0.05 
were considered to be statistically significant.

We tested sensitivity with one study removed to evaluate 
whether the results of the meta-analysis were caused by any 
outliers within the recruited studies [23]. The Cochrane Q 
statistic with corresponding p value was used to evaluate 
potential heterogeneity [24]. We also used the I2 statistic to 
indicate the proportion of heterogeneity among a study [25]. 
Visual inspection of funnel plots [26] and Egger’s regression 
tests [27] were used to evaluate potential publication bias. 
In situations of significant publication bias, we used Duval 
and Tweedie’s trim and fill test to adjust the ESs [28].

With the potential of heterogeneity and confound-
ing effects, we performed meta-regression and subgroup 

meta-analyses to detect potential confounding factors. Spe-
cifically, when there were at least five datasets we performed 
meta-regression using the unrestricted maximum likelihood 
method. The variables of interest for meta-regression were 
mean age, gender distribution in the form of the proportion 
of females, BMI, AHI, prevalence rates of hypertension and 
DM, ethnicity (Caucasian, Africa American), and education. 
We also performed subgroup meta-analysis for WMCs as 
well as fiber integrity among the recruited studies. All of 
the meta- and subgroup meta-analyses were performed when 
there were at least three datasets [29].

Results

The flowchart of the current meta-analysis is shown in 
Fig. 1. A total of 75 articles were entered into the full-text 
screening stage, of which 53 were excluded because they 
did not meet the inclusion criteria (supplementary table 1). 
The remaining 22 articles were eligible for the current meta-
analysis (Table 1) [9–13, 18–21, 30–42].

Methodological quality of included studies

Across the 22 studies, the average modified NOS score was 
6.7 with a standard deviation (SD) of 2.8 (supplementary 
table 2).

The sensitivity test via one study removed revealed that 
the main results of the meta-analysis did not change after 
removing any one of the recruited studies. That is, the sig-
nificance was not attributable to only one study.

Meta‑analysis investigating the prevalence 
rate of WMCs in patients with OSA and controls 
without OSA

Among the ten eligible articles comparing the prevalence 
rate of WMCs in patients with OSA and controls without 
OSA [10, 19, 20, 30, 31, 33, 37, 38, 40, 42], the meta-analy-
sis results revealed a significantly higher prevalence rate of 
WMCs in the patients with OSA compared to the controls 
without OSA (k = 13, OR 2.06, 95% CI 1.52–2.80, p < 0.001) 
(Fig. 2a) with significant heterogeneity (Q value = 23.28, 
df = 12, p = 0.025; I2 = 48.5%) but no publication bias via 
Egger’s regression test (t value = 0.338, df = 11, p = 0.742).

The meta-regression procedure showed no significant 
associations between the prevalence rate of WMCs and 
other clinical variables including mean age (p = 0.413), 
female proportion (p = 0.066), BMI (p = 0.935), prevalence 
rate of hypertension (p = 0.404), or prevalence rate of DM 
(p = 0.104).
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Fig. 1  Flowchart of the selec-
tion strategy for the current 
meta-analysis

Table 1  Characteristics of recruited studies

Study Diagnosis Group Subject Image targets Sleep tools Index of OSA Mean age Female (%) Country

Davies et al. 
[10]

OSA OSA (+) 45 WMH PSG > 4% falls 
in arterial 
 SaO2/hour

51.7 ± 10.4 0.0 UK
OSA (−) 45 52.2 ± 10.4 0.0

Macey et al. 
[12]

OSA OSA (+) 41 Fiber integrity PSG AHI ≥ 15 46.3 ± 8.9 17.1 USA
47.5 ± 8.9 36.2

OSA (−) 69
Kiernan et al. 

[11]
WMC ARWMC 9+ 13 WMH PSG AHI ≥ 5 72.0 ± 7.0 31.0 USA

69.0 ± 12.0 28.0
ARWMC 5–8 18

64.0 ± 13.0 35.0
ARWMC 0–4 31

Schulz et al. 
[41]

OSA ODI Q4 45 WMH PSG ODI > 7.5 57.9 ± 7.6 11.1 UK
ODI Q3 46 59.7 ± 7.1 15.2
ODI Q2 44 57.5 ± 7.6 15.9
ODI Q1 48 55.8 ± 6.8 16.7

Kim et al. [9] WMC WMC ≥ 5 39 WMH PSG AHI ≥ 5 67.1 ± 7.7 74.4 Korea
62.2 ± 7.4 70.0

WMC 1–4 160
57.3 ± 6.4 71.1

WMC 0 304
Kepplinger 

et al. [18]
WMC WMC (+) 28 WMH PSG AHI ≥ 5 66.6 ± 7.3 50.0 Germany

62.1 ± 7.7 57.0
WMC (−) 28

Kumar et al. 
[13]

OSA OSA (+) 23 Fiber integrity PSG AHI ≥ 15 44.4 ± 9.3 13.0 USA
OSA (−) 23 45.3 ± 11.0 13.0

Buterbaugh 
et al. [40]

OSA OSA (+) 12 Cerebrovascu-
lar reactivity

PSG AHI > 5 38.0 ± 5.0 0.0 USA
OSA (−) 10 33.0 ± 5.0 0.0

Chen et al. 
[39]

OSA OSA (+) 20 Fiber integrity PSG AHI ≥ 5 38.6 ± 9.9 10.0 Taiwan
38.2 ± 9.9 21.4

OSA (−) 14
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Subgroup meta-analysis

All of the recruited studies in this part of the meta-analysis 
identified cerebral hyperintensities based on T2/FLAIR 
images rather than white matter fiber integrity, and revealed 
the same results as the main meta-analysis.

Meta‑analysis investigating the severity of WMCs 
in the patients with OSA and controls without OSA

Among the nine eligible articles comparing the severity 
of WMCs in patients with OSA and controls without OSA 
[12, 13, 20, 21, 34–36, 39, 41], the meta-analysis results 

revealed a significantly higher severity of WMCs in the 
patients with OSA than in the controls without OSA (k = 12, 
Hedges’ g = 0.23, 95% CI 0.06–0.40, p = 0.009) (Fig. 2b) 
with significant heterogeneity (Q value = 22.77, df = 11, 
p = 0.019; I2 = 51.7%) but borderline publication bias via 
Egger’s regression test (t value = 2.31, df = 10, p = 0.043). 
Duval and Tweedie’s trim and fill test revealed no need to 
adjust the estimated ESs.

The meta-regression procedure showed that there were 
only significant positive associations between the severity of 
WMCs in the patients and prevalence rate of hypertension 
(slope = 0.0082, k = 8, p = 0.047) and DM (slope = 0.0198, 
k = 8, p = 0.044), but not between the severity of WMCs and 

Table 1  (continued)

Study Diagnosis Group Subject Image targets Sleep tools Index of OSA Mean age Female (%) Country

Baik et al. [38] OSA OSA (+) 235 WMH PSG AHI ≥ 5 60.8 ± 7.7 31.9 Korea
60.4 ± 7.6 32.8

OSA (−) 235
Castillo et al. 

[37]
SDB AHI ≥ 15 9 WMH PSG AHI ≥ 15 75.1 ± 8.7 56.0 USA Ecuador

AHI < 15 16 72.0 ± 5.8 50.0
Patel et al. [20] OSA OSA (+) 34 WMH Level 3 sleep 

monitor
RDI ≥ 15 68.4 ± 10.9 12.0 Canada

62.6 ± 13.1 36.0
OSA (−) 75

Tummala et al. 
[36]

OSA OSA (+) 22 Mean kurtosis 
changes

PSG AHI ≥ 5 49.2 ± 8.4 27.3 USA
OSA (−) 26 45.6 ± 9.3 42.3

Kacar et al. 
[35]

OSA OSA (+) 47 ADC (apparent 
diffusion 
coefficient)

PSG AHI ≥ 5 53.6 ± 8.5 14.9 Turkey
OSA (−) 20 53.7 ± 9.1 45.0

Rostanski et al. 
[21]

SDB SDB (+) 33 WMH MOS-SS Waking short 
of breath

79.9 ± 5.7 75.8 USA
SDB (−) 449 79.7 ± 5.2 70.8

Lutsey et al. 
[34]

OSA Mod./severe 60 WMH PSG AHI ≥ 5 62.5 ± 4.5 31.7 USA
62.4 ± 4.9 37.5

Mild 88
61.1 ± 5.2 70.1

OSA (−) 164
Choi et al. [33] WMC WMC (+) 192 WMH PSG AHI ≥ 5 63.5 ± 7.2 53.6 Korea

WMC (−) 228 59.4 ± 6.7 64.5
Song et al. 

[32]
WMC WMC (+) 25 WMH PSG AHI ≥ 5 68.0 ± 7.0 52.0 Korea

WMC (−) 145 57.0 ± 13.0 41.4
Maurousset 

et al. [31]
OSA OSA (+) 15 WMH PSG AHI ≥ 5 72.0 46.7 France

62.4 33.3
OSA (−) 12

Del Brutto 
et al. [42]

OSA OSA (+) 27 WMH PSG AHI ≥ 15 72.4 ± 8.3 59.3 USA
72.3 ± 6.4 67.1

OSA (−) 70
Kerner et al. 

[19]
OSA OSA (+) 10 WMH STOP-Bang 

scale
AHI ≥ 5 69.9 ± 8.0 20.0 USA

OSA (−) 15 71.1 ± 10.0 66.7
Yilmaz et al. 

[30]
OSA Severe 99 WMH PSG AHI ≥ 5 57.0 ± 14.0 19.0 Turkey

Moderate 55 55.0 ± 12.0 29.0
Mild 69 53.0 ± 12.0 44.0
OSA (−) 74 44.0 ± 13.0 50.0

AHI apnea/hypopnea index, ARWMC age-related white matter changes, MOS-SS Medical Outcomes Study-Sleep Scale, ODI oxygen desatura-
tion index, OSA obstructive sleep apnea, PSG polysomnography, RDI respiratory disturbance index, SDB sleep disordered breathing, WMC 
white matter changes, WMH white matter hyperintensities, UK United Kingdom, USA United States of America
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other clinical variables including mean age (p = 0.262), female 
proportion (p = 0.639), BMI (p = 0.616), and AHI (p = 0.060).

Subgroup meta-analysis

Among the studies referring to white matter hyperintensities 
(WMHs)/small vessel disease [20, 21, 34, 41], the meta-
analysis results revealed no significant differences in the 
severity of WMCs in the patients with OSA compared to 
the controls without OSA (k = 7, Hedges’ g = 0.13, 95% CI 
− 0.01 to 0.28, p = 0.067). However, the severity of WMCs 
was significantly higher in the patients with OSA compared 
to the controls without OSA in the studies referring to neural 
fiber integrity (k = 5, Hedges’ g = 0.46, 95% CI 0.03–0.89, 
p = 0.036) [12, 13, 35, 36, 39].

Meta‑analysis investigating the differences 
in AHI in the patients with WMCs and controls 
without WMCs

Among the four eligible articles comparing differences 
in AHI between the patients with WMCs and controls 
without WMCs [9, 18, 32, 33], the meta-analysis results 
revealed a significantly higher AHI in the patients with 
WMCs compared to the controls without WMCs (k = 5, 
Hedges’ g = 0.54, 95% CI 0.31–0.78, p < 0.001; difference in 
means = 5.289, 95% CI 2.46–8.12, p < 0.001) (Fig. 2c) with 
significant heterogeneity (Q value = 12.57, df = 4, p = 0.014; 
I2 = 68.2%), but no significant publication bias by visual 
examination of the funnel plot (supplement figure 1A).

The meta-regression procedure showed a significant 
positive association only between the severity of AHI and 

prevalence rate of hypertension (slope = 0.0172, k = 5, 
p = 0.001). There were no significant associations between 
the severity of AHI and other clinical variables including 
mean age (p = 0.388), female proportion (p = 0.214), and 
prevalence rate of DM (p = 0.498).

Subgroup meta-analysis

All of the recruited studies in this part of meta-analysis 
identified WMCs in neuroimaging referring to small vessel 
disease rather than neural fiber integrity, which revealed the 
same results as the main meta-analysis.

Meta‑analysis investigating the prevalence rate 
of mild OSA in the patients with WMCs and controls 
without WMCs

Among the three eligible articles comparing the prevalence 
rate of mild OSA in the patients with WMCs and controls 
without WMCs [9, 11, 18], the meta-analysis results revealed 
no significant difference in the prevalence rate of mild OSA 
in the patients with WMCs compared to the controls with-
out WMCs (k = 5, OR 0.71, 95% CI 0.20–2.54, p = 0.603) 
(Fig. 2d) with significant heterogeneity (Q value = 39.12, 
df = 4, p < 0.001; I2 = 89.8%) but no publication bias by vis-
ual examination of the funnel plot (supplement figure 1B).

The meta-regression procedure showed no significant 
associations between the prevalence rate of mild OSA and 
other clinical variables including mean age (p = 0.614), 
female proportion (p = 0.455), prevalence rate of hyperten-
sion (p = 0.277), and prevalence rate of DM (p = 0.940).

Subgroup meta-analysis

All of the recruited studies in this part of the meta-analysis 
identified WMCs in neuroimaging referring to WMHs/
small vessel disease rather than neural fiber integrity, which 
revealed the same results as main meta-analysis.

Meta‑analysis investigating the prevalence 
rate of moderate‑to‑severe OSA in the patients 
with WMCs and controls without WMCs

Among the three eligible articles comparing the prevalence 
rate of moderate-to-severe OSA in the patients with WMCs 
and controls without WMCs [9, 11, 18], the meta-analysis 
results revealed a significantly higher prevalence rate of 
moderate-to-severe OSA in the patients with WMCs com-
pared to the controls without WMCs (k = 5, OR 2.86, 95% CI 
1.44–5.66, p = 0.003) (Fig. 2e) without significant heteroge-
neity (Q value = 8.17, df = 4, p = 0.085; I2 = 51.1%) but sig-
nificant publication bias by visual examination of the funnel 

Fig. 2  a Meta-analysis of prevalence rate of WMC in patients with 
OSA and controls without OSA; b meta-analysis of severity of WMC 
in patients with OSA and controls without OSA; c meta-analysis of 
severity of AHI in patients with WMC and controls without WMC; d 
meta-analysis of prevalence rate of mild OSA in patients with WMC 
and controls without WMC and; e meta-analysis of prevalence rate 
of moderate/severe OSA in patients with WMC and controls without 
WMC. Panel a indicated significantly higher prevalence rate of WMC 
in patients with OSA than controls without OSA (OR 2.06, 95% CI 
1.52–2.80, p < 0.001), panel b showed significantly higher severity 
of WMC in patients with OSA than controls without OSA (Hedges’ 
g = 0.23, 95% CI 0.06–0.40, p = 0.009), panel c suggested signifi-
cantly higher AHI in patients with WMC than controls without WMC 
(Hedges’ g = 0.54, 95% CI 0.31–0.78, p < 0.001), panel d found that 
there was no any significantly different prevalence rate of mild OSA 
in patients with WMC and controls without WMC (OR 0.71, 95% 
CI 0.20–2.54, p = 0.603), and panel e revealed significantly higher 
prevalence rate of moderate/severe OSA in patients with WMC than 
controls without WMC (OR 2.86, 95% CI 1.44–5.66, p = 0.003). 
AHI apnea–hypopnea index, CI confidence interval, DWI diffusion-
weighted imaging, MA meta-analysis, MK mean kurtosis, MRI mag-
netic resonance imaging, OR odds ratio, OSA obstructive sleep apnea, 
WMC white matter change, WMH white matter hyper-intensity

◂
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plot (supplement figure 1C). The adjusted estimated ESs 
according to Duval and Tweedie’s trim and fill test remained 
significant (OR 2.27, 95% CI 1.10–4.67).

The meta-regression procedure showed no significant 
associations between the prevalence rate of moderate-to-
severe OSA and other clinical variables including mean 
age (p = 0.718), female proportion (p = 0.543), prevalence 
rate of hypertension (p = 0.825), and prevalence rate of DM 
(p = 0.406).

Subgroup meta-analysis

All of the recruited studies in this part of the meta-analysis 
identified WMCs in neuroimaging referring to WMHs/
small vessel disease rather than neural fiber integrity, which 
revealed the same results as the main meta-analysis.

Discussion

In the current study, we systemically reviewed related 
research articles and verified the bidirectional relationship 
between OSA and WMCs. According to the pooled results 
of the enrolled studies, the patients with OSA had a signifi-
cantly higher prevalence rate (p < 0.001, OR 2.06, 95% CI 
1.52–2.80) and higher severity of WMCs, particularly in 
terms of white matter integrity, than those without OSA. 
The multivariate meta-regression showed that the severity 
of WMCs in the patients with OSA was only positively 
correlated with DM (slope = 0.02, p = 0.044) or hyperten-
sion (slope = 0.01, p = 0.047), but not with other variables 
such as mean age, female gender, BMI, or AHI. Further-
more, the patients with identified WMCs had a significantly 
higher AHI and a higher prevalence rate of moderate-to-
severe OSA (p = 0.003, OR 2.86, 95% CI 1.44–5.66) than 
the controls.

Associations between sleep-disordered breathing and 
cerebral structural changes on MRI have been documented 
in previous epidemiological studies; however their results 
have been inconsistent. In a cross-sectional and longitudi-
nal cohort research, individuals (mean age 77 years, 58% 
women) with progressive white matter disease tended to 
have a significantly higher number of central but not obstruc-
tive apneas on polysomnography-based home sleep analysis 
[43]. In addition, larger WMH volumes have been observed 
in community-dwelling older adults (mean age 79.7 years, 
71% women) with self-reported sleep-disordered breathing 
[21]. More specifically, an increasing number of recent stud-
ies has provided evidence of the relationship between OSA 
and cerebral WMCs. Population-based studies have reported 
that the prevalence of OSA and mean AHI are higher in 
patients with WMHs [9], and also positive associations 

between WMHs and OSA independently of gene–environ-
ment interactions [38].

In addition to WMHs on T2/FLAIR sequences, white 
matter integrity has also been increasingly used to evaluate 
patients with sleep disturbances and OSA. The degree of 
fiber integrity can be illustrated in DTI images, and abnor-
mal neuronal integrity has been demonstrated in vulnerable 
regions such as the limbic system, basal ganglia, cerebellar 
and some cerebral cortices [12, 13]. Impairment in white 
matter integrity, as represented by DTI-related indices, 
has been associated with an increased clinical severity of 
OSA [39]. Moreover, the development of WMHs has been 
reported to be preceded by quantifiable changes even in nor-
mal-appearing white matter, which indicates that decreased 
white matter integrity may be a precursor to WMHs [44].

An important aspect that needs to be emphasized and 
requires further clarification is the association between 
cerebral WMCs and the severity of OSA. Among the 
included studies of this meta-analysis, a positive correla-
tion between the level of AHI and WMCs was observed. 
Kim et al. reported a significant increasing trend in WMCs 
with an increasing severity of OSA in older individuals of 
the general population, and that patients with moderate-
to-severe OSA (AHI ≥ 15) had a twofold increased risk 
of WMCs [9]. Kepplinger et  al. found that in patients 
with acute cerebral ischemia, the AHI and extent of leu-
koaraiosis were moderately correlated even after adjusting 
for age and arterial hypertension, and that AHI was an 
independent predictor of moderate-to-severe leukoaraio-
sis [18]. Furthermore, Choi et al. observed an increased 
risk of developing WMCs with moderate-to-severe OSA 
compared to mild OSA among the elderly with a shortened 
telomere length, which is a candidate biomarker of age-
ing [33]. Song et al. also reported that moderate-to-severe 
OSA was positively associated with multiple indicators 
of cerebral small vessel disease, including white matter 
hyperintensities, cerebral microbleeds, and perivascular 
spaces [32]. Based on these findings, the clinical severity 
of OSA may play a more important role than the presence 
of OSA in mediating the pathogenesis of WMCs.

The major clinical implication of this meta-analysis is 
to offer significant evidence for the high prevalence rate of 
cerebral WMCs in patients with OSA. The presence of these 
subclinical cerebrovascular lesions in patients with OSA is 
thought to play an important role in the preconditioning 
phase of symptomatic cerebrovascular disease [8]. A prior 
review, including 46 prospective longitudinal studies, indi-
cated that WMCs may predict an increased risk of stroke, 
dementia and mortality [6]. Another review, including both 
cross-sectional (n = 23) and longitudinal studies (n = 14), 
reported that the presence of WMCs was significantly asso-
ciated with coincident global cognitive deficits, and that 
the progression of WMCs was associated with a greater 
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subsequent cognitive decline, particularly in attention and 
executive functioning [45]. The neuropsychological effects 
of OSA itself may also result in cognitive and functional 
impairments. Castronovo et al. found that after 12 months of 
continuous positive airway pressure treatment, patients with 
OSA had appreciable improvements in both white matter 
integrity and cognitive deficits [46].

There are several limitations to this study. First, the num-
ber of articles included into our final meta-analysis was rela-
tively small. Second, the heterogeneity of primary outcomes, 
including the burden of WMCs and the severity of OSA, 
was significant. Heterogeneity of the imaging modalities, 
study designs and setting of the enrolled studies also makes 
the interpretation of the published data difficult. Third, we 
could not further classify the WMCs according to specific 
functional localization of cerebral hemispheres and lobes 
based on the current data. One additional key limitation in 
the literature should be addressed was the different scoring 
criteria for hypopneas, which can determine a large part of 
severity, of OSA diagnosis. This has evolved over the years, 
with many standards, and an argument can be made for that 
driven by hypoxia or by arousals, as both are disruptive to 
cerebrovascular biology. In addition, the eligible articles 
enrolled in our meta-analysis were mostly retrospective or 
cross-sectional studies. Due to the scarcity of longitudinal 
studies recruited in our analysis, etiological correlations 
inherent to longitudinal effect estimates between OSA and 
WMCs still need to be confirmed during the course of long-
term follow-up.

In conclusion, this study provides comprehensive evi-
dence of a significant bidirectional relationship between 
OSA and cerebral WMCs. A significantly higher prevalence 
of WMCs in patients with moderate-to-severe OSA raises a 
therapeutic concern for clinicians, and managing risk factors 
may prevent the development of stroke and dementia. Future 
large-scale randomized controlled trials with a longitudinal 
design are essential, especially to further evaluate the effect 
of treatment in patients with OSA.
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