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Background: Endothelial dysfunction, which can be measured by flow-mediated dilatation (FMD), is an early clinical mark-
er of atherosclerosis, which is considered to be the main cause of the observed cardiovascular complications
in obstructive sleep apnea (OSA) patients. The association between OSA and endothelial dysfunction has been
reported in a number of studies; however, the findings are not entirely consistent. Our aim was to meta-ana-
lytically synthesize the existing evidence to explore the association between OSA and endothelial dysfunction.

Material/Methods: Data from PubMed, EMBASE, the Cochrane library, and Google Scholar for all trials that investigated the rela-
tionship between endothelial dysfunction and OSA were systematically reviewed. The minimum inclusion cri-
teria for the studies were reporting of the Apnea-Hypopnea Index (AHI) and FMD measurements (as an indica-
tor of endothelial dysfunction) for both OSA and control groups. Data from case-control studies that met the
inclusion criteria were extracted.

Results: Twenty-eight studies comprising a total of 1496 OSA patients and 1135 controls were included in the meta-
analysis. A random-effects model was used. The weighted mean difference in the FMD measurements was
-3.07 and the 95% confidence interval was —3.71 to —2.43 (P<0.01). Meta-regression analysis showed that age,
sex, body mass index (BMI), blood pressure, glucose, high-density lipoprotein (HDL) cholesterol, and low-den-
sity lipoprotein (LDL) cholesterol did not explain the heterogeneity.

Conclusions: This meta-analysis showed that patients with OSA have decreased FMD, which may contribute to the devel-
opment of atherosclerosis.
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Background

Obstructive sleep apnea (OSA) is a chronic disorder charac-
terized by repetitive apneas, oxygen desaturation, and disrup-
tion during sleep [1-3]. OSA affects 3%-24% of the general
population and an even higher percentage (35-45%) of indi-
viduals who are obese or are suffering from diabetes melli-
tus (DM) [4-7]. Recent studies have found that OSA increases
the risk of cardiovascular disease (CVD) independent of age,
body mass index (BMI), systolic blood pressure (SBP), diastol-
ic blood pressure (DBP), or smoking habit [8-10]. Importantly,
atherosclerosis is considered to be the main cause of cardio-
vascular complications in OSA patients [11].

Endothelial dysfunction, as an early marker of atherosclero-
sis, correlates significantly with OSA [12]. In general, the mul-
tiple methods measuring markers of endothelial function
were invasive procedures. Recently, flow-mediated dilatation
(FMD) [13], a non-invasive method that evaluates nitric oxide
(NO)-dependent vasodilatation, has been used to detect ath-
erosclerosis in its subclinical phase. As a safe and convenient
procedure, FMD is of interest for large-scale screening for en-
dothelial dysfunction. However, studies examining the relation-
ship between OSA and FMD have reported conflicting results.
Therefore, we performed this meta-analysis to assess wheth-
er atherosclerosis could be detected based on brachial artery
FMD in patients with OSA.

Material and Methods

The meta-analysis was performed in accordance with the rec-
ommendations of the Cochrane Collaboration and the Quality
of Reporting of Meta-analyses (QUORUM) guidelines.

Data collection

Studies reported in English concerning OSA and endothelial
function were identified by searching electronic databases,
including PubMed, EMBASE, the Cochrane library, and Google
Scholar. The databases were searched from the earliest avail-
able dates until May 16, 2016. Only those papers published
with full-length text were considered. Unpublished data from
scientific meetings were also searched but not included since
their abstracts did not provide detailed data. The search terms
used were “obstructive sleep apnea” or “sleep apnea” or “OSA”
or “sleep-breathing disorders” and “flow-mediated” or “FMD”
or “endothelial function” or “endothelial dysfunction” or “endo-
thelium-dependent.” References for all relevant articles, review
articles, and relevant non-electronic literature were searched
manually to identify additional relevant studies. Two authors
(Drs. Wang and Xu) individually searched and scored manu-
scripts for inclusion. Manuscripts were scored in duplicate, and
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if their scores differed, a third author (Dr. Guan) participated
and inclusion was decided through discussion.

Inclusion and exclusion criteria

FMD was selected as a marker of endothelial function based on
a review of the literature. Studies were included if they met the
following criteria: (1) they were published in English and per-
formed on adult humans; (2) full-text manuscripts were available;
(3) they included at least two separate groups, one diagnosed
with OSA and the other made up of control subjects without
OSA; (4) OSA was diagnosed by polysomnography (PSG); (5)
initial FMD values recorded by ultrasound were available; and
(6) the reported values were presented as means and standard
deviation or standard error or interquartile range. Studies were
excluded from the analysis for the following reasons: (1) FMD
was not used to measure endothelial function; (2) the results
of comparison were not reported, or the data could not be ex-
tracted from the published results; (3) they were non-human
studies, letters, reviews, or case reports; (4) the patients had
other medical conditions that may have interfered with sleep,
such as chronic respiratory disorders, heart failure, or uncon-
trolled allergies, or they were being treated with continuous pos-
itive airway pressure (CPAP); (5) the outcomes of the same pa-
tient group were reported in another publication (in that case,
the higher-quality article was included); (6) the trials were not
published in English. The definition of OSA varied in the differ-
ent publications, because Apnea-Hypopnea Index (AHI) cutoffs
in epidemiological investigations conducted to date have been
variable. Thus, our meta-analysis also accepted OSA as defined
by the authors and not by the AHI criteria.

Data extraction

Two reviewers (Dr. Wang and Xu) independently assessed the
content of all studies to be included, and selected those that
met the inclusion criteria while annotating the reasons for
study exclusion. Included studies were carefully scanned and
the following information was extracted: first author, year of
publication, number of participants, subject demographics (age,
sex, and BMI), AHI, FMD values, and confounding factors (SBP,
DBP, high-density lipoprotein [HDL] cholesterol, low-density li-
poprotein [LDL] cholesterol, and glucose).

For studies in which OSA groups were divided based on sever-
ity, all sets of data were combined into one single group. For
example, Chami and colleagues [14] divided OSA patients into
mild, moderate, and severe groups, and the control group into
two groups (AHI 1.5-4.9, AHI <1.5). Therefore, we combined
the three OSA groups as well as the two control groups into
one OSA and one control group according to the methodolo-
gy of the Cochrane Handbook (9.2.4 Effect measures for ordi-
nal outcomes and measurement scales). If the study enrolled
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participants with other diseases, then the methodology was
processed in the same way.

Statistical analysis

Continuous values such as FMD were analyzed using the weight-
ed mean difference (WMD) and were reported with 95% confi-
dence intervals (Cls). The WMD summarizes the differences be-
tween two groups with respect to continuous variables, while
accounting for sample size. For studies that presented contin-
uous data as means and SEs, the SDs were calculated using
the formula SD=SExVn. For studies that presented continuous
data as means and quartiles, the SDs were calculated using
statistical algorithms according to the Cochrane Handbook:
SD="225- e graphically inspected Forest plots and used I2
statistics to evaluate heterogeneity. An |2 of 25-49% was con-
sidered to represent a low level of heterogeneity, 50-74% a
moderate level, and 75-100% a high level. A fixed-effects or
random-effects model was used according to the heteroge-
neity between studies. Meta-regression and subgroup anal-
ysis were conducted to reveal potential sources of heteroge-
neity. The covariates in the regression analyses included age,
sex, BMI, blood pressure, glucose, and HDL and LDL choles-
terol. Subgroup analysis was used to assess the heteroge-
neity of race. Egger’s test and funnel plots were used to test
publication bias. The powers of the included studies were de-
termined using Power and Precision V4 software. All meta-
analyses were conducted using the Cochrane Collaboration’s
Review Manager Software version 5.0 and STATA version 12.0
(StataCorp., College Station, Texas, USA) software packages.

Results

Literature search

We identified 713 titles of potentially relevant articles from the
literature search. From these, 622 articles were excluded based
on preliminary title and abstract screening (irrelevant=361, case
report or review=191, non-adult population=44, non-English=26).
The remaining 91 studies were scanned for full-text evaluation,
and a further 63 articles were excluded for the following reasons:
31 articles did not use FMD to measure endothelial function, 11
did not contain original data, 16 did not have a control group, 3
included OSA patients under CPAP treatment, and 2 used medians
with a range (minimum, maximum) to measure FMD (Figure 1).
Thus, 28 articles covering 1496 OSA patients and 1135 controls
were finally included in the meta-analysis [11,12,14-39].

Study characteristics

A total of 28 articles providing 28 data sets were pooled for
this meta-analysis. In these case-control studies, 11 were from
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713 abstracts collected under
search criteria

361 irrelevant
191 review or case report
44 studies included children patients
y 26 non-English studies
97 adult articles in English
concernant 0SA and endothelial
function

31 articles did not use FMD to measure
endothelial function

11 articles did not contain original data
16 articles did not have control group
3articles included OSA patients under

CPAP treatment
28 articles measured EMD within 2 article used medians with range to
0SA group and control group measure FMD

Figure 1. Flow diagram of included and excluded studies.

Asian researchers, 10 from American researchers, and 7 re-
cruited patients from European countries. A total of 24 were
clinically based, recruiting patients from hospitals or research
centers, while 4 were population-based. Most studies used in-
hospital complete PSG. There were no significant differences
between the methods to measure FMD. The outcomes of the
studies are discussed in Table 1.

Meta analysis of studies on OSA and FMD

The pooled data from the eligible studies suggested that FMD
was significantly reduced in OSA patients. For FMD, the WMD
was -3.07 and the 95% Cl was -3.71 to —2.43 (P<0.00001).
We re-performed another meta-analysis of studies using only
full PSG to exclude the impact of portable monitoring devices.
The relationship between OSA and FMD remained the same
(WMD: -3.30, 95% Cl: -3.83 to —2.78, P<0.00001). Significant
heterogeneity was observed between the studies in both anal-
yses (12=90%, 1°=78%). Thus, a random-effects model was ap-
plied (Figures 2, 3).

In addition, when studies with an inadequate number of OSA
subjects (<20 in each group) [11,12,16,19,25-30,32-34,39]
were excluded, according to the guidelines for the mea-
surement of FMD [40], the pooled data also provided a ro-
bust result (WMD: -2.42, 95% Cl: -3.32. to -1.52, P<0.001)
(Supplementary Figure 1).

A power calculation showed that seven studies [14,16,21,23,
24,38,39] lacked sufficient power (<80%) (Table 2). However,
their exclusion did not change the pooled result (WMD: -3.50,
95% Cl: —4.04. to —2.96, P<0.001) (Supplementary Figure 2).

Meta-regression analysis, subgroup analysis, and
publication bias

Multiple meta-regression analyses were performed to evaluate
the effect of the covariant variables on FMD when reported.
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Table 1. Characteristics of the included case-control studies on OSAS and FMD.

Study

Based

Study

PSG

FMD

Study site population population assessment assessment Qutcome
Akdag S 2015  Turkey Clinic- 116 OSA standard PSG 20 and 25°C FMD was significantly
[15] based 90 control OSA diagnosed brachial artery decreased in patients
with a AHI >5 h-1 inflation for 5 mins with OSA compared to
measure at 30 s, 60 s controls
after deflation
Ali A. El Solh USA Clinic- 14 OSA PSG, device not Performed between CPAP therapy led
2007 [16] based 10 control mentioned 08:30 am and 09:30 to a significant
OSA diagnosed am supine position improvement in the
with a AHI >5 h-1  right brachial artery decreased brachial
inflation for 5 mins artery vascular
measure at 1 min after  reactivity
deflation
Altintas N Turkey Clinic- 26 severe OSA  standard PSG Brachial artery inflation  The FMD had significant
2016 [17] based 14 moderate OSA diagnosed for 5 mins measure at and independent
OSA with a AHI 25 h-1 60 s after deflation correlation with AHI
40 control”
B.Jafari 2013 USA Clinic- 27 OSA standard PSG Brachial artery inflation  There was a modest
[18] based 36 OSA+HTN OSA diagnosed for 5 mins measure but significant negative
19 control with a AHI >5 h-1  within 5 mins after correlation between
13 control+HTN deflation AHI and FMD showing
that the higher the AHI
the lower the FMD
Bayram NA Sweden Clinic- 29 OSA standard PSG Brachial artery 22-25°C  Patients with OSA
2009 [19] based 17 control OSA diagnosed inflation for 5 mins display an impaired
with a AHI =5 h-1 measure at 60 s after endothelium-dependent
deflation FMD in OSA, which
can be improved after
6 months of CPAP
treatment in complaint
patients
Bruno RM Italy Clinic- 20 OSA Standard PSG Brachial artery inflation ~ OSAS is characterized
2013 [20] based without CVR OSA diagnosed for 5 mins measure by endothelial
20 OSA with with a AHI 25 h-1  within 15 s after dysfunction and
CVR deflation activation and impaired
20 control renal vasodilating
capacity even in the
absence of traditional
cardiovascular risk
factors
Chami HA USA Community- 272 OSA In-home portable  Brachial artery inflation ~ No apparent association
2009 [14] based 410 control PSG OSA for 5 mins measure was observed between
diagnosed with a  within 2 mins after either measure of SDB
AHI =5 h-1 deflation and%FMD
Chung S 2007  Korea Clinic- 40 severe OSA  standard PSG Brachial artery inflation FMD was decreased in
[21] based 28 mild to OSA diagnosed for 5 mins measure 3 OSA patients and was
moderate OSA  with a AHI =5 h-1 times at 40, 60 and found to be correlated
22 control 80 s after deflation with ODI, average 02

saturation, lowest 02
saturation, systolic
blood pressure, AHI,
and BMI
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Table 1 continued. Characteristics of the included case-control studies on OSAS and FMD.

Based

population

Clinic-
based

Study
population

44 severe OSA
39 mild to
moderate OSA
29 control

PSG
assessment

Standard PSG
OSA diagnosed
with a AHI >5 h-1

FMD
assessment

Brachial artery inflation
for 5 mins measure 3
times at 40,60 and 80s
after deflation

META-ANALYSIS

Outcome

FMD was significantly
lower in the severe
OSAS group than in the
normal control group

30 severe OSA
61 mild-
moderate OSA
47 control

in-home portable
PSG OSA
diagnosed with a
AHI >5 h-1

Brachial artery supine
position inflation for
5 mins

Patients with OSAS
and cardio metabolic
comorbidities have
increased oxidative
stress and arterial
dysfunction that are
partially reversed by
CPAP treatment

Family-
based

42 moderate to
severe OSA

46 mild OSA
105 control

Standard PSG
OSA diagnosed
with a AHI >5 h-1

Brachial artery inflation
for 5 mins

Women with SDB may
be more vulnerable

to early SDB-related
cardiovascular disease
than are men

Clinic-
based

10 OSA
10 control

OSA patients use
standard PSG
while controls
were excluded
with portable
device OSA
diagnosed with a
AHI >5 h-1

Brachial artery
supine position
inflation for 5 mins
measure at 60s after
deflation

When compared

with control subjects,
baseline FMD was
significantly reduced in
the patients with OSA

Clinic-
based

28 OSA
12 control

Standard PSG
OSA diagnosed
with a AHI>15h-1

Brachial artery

Men with moderate/
severe OSA have
endothelial dysfunction
and treatment with
CPAP could reverse the
dysfunction; the effect
was dependent on
ongoing use.

Clinic-
based

30 OSA
15 control

Standard PSG
OSA diagnosed
with a AHI >5 h-1

Brachial artery
according to the
guidelines

OSA affects the
vascular endothelium
by promoting
inflammation and
oxidative stress
while decreasing NO
availability and repair
capacity

16 OSA
16 control

Standard PSG
OSA diagnosed
with a AHI >5 h-1

Brachial artery
according to the
guidelines

OSA alone impairs
endothelial repair
capacity and promotes
endothelial apoptosis

Study

Study site
Chung S 2010  Korea
[22]
Del Ben M Italy
2012 [23]
Faulx MD USA
2004 [24]
Grebe M 2006  Germany
[25]
Ip MS 2004 Hong
[11] Kong
Jelic S 2008 USA
[12]
Jelic S 2009 USA
[26]
Kanbay A Turkey
2016 [27]

clinic-based

113 OSA
15 control

Standard PSG
OSA diagnosed
with a AHI >5 h-1

Brachial artery

Endocan levels were
significantly higher and
FMD measurements
were lower in patients
with OSA compared to
healthy controls
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Study PSG

with a AHI >5 h-1

Table 1 continued. Characteristics of the included case-control studies on OSAS and FMD.

FMD

measure at 60-90 s
after deflation

Study site population population assessment assessment Qutcome
Kohler M UK Clinic- 64 OSA standard PSG Brachial artery inflation  In patients with
2008 [28] based 15 control OSA diagnosed for 5 mins measure at OSA, flow-mediated
with a AHI >5 h-1  60s after deflation dilatation was
significantly lower than
in control subjects
Lederer DJ USA Clinic- 11 OSA Standard PSG Performed between FMD were lower in
2009 [29] based 10 control OSA diagnosed 09:00 am and 11:00 patients with OSA
with a AHI 25 h-1 am compared with controls
Lee MY 2009 Taiwan Clinic- 14 OSA(UPPPs)  Complete PSG Brachial artery at the Successful treatment of
[30] based 16 OSA(UPPPf)  OSA diagnosed dominant arm inflation =~ OSAS with UPPP leads
15 control with a RDI 25 h-1  for 5 mins measure at  to restoration of lower
60 s after deflation FMD
Namtvedt SK  Norway Population- 37 OSA Standard PSG Brachial artery supine Endothelial function
2012 [31] based 34 control OSA diagnosed position inflation for was found to be
with a AHI 5 mins measure at 2 impaired in subjects
>10 h-1 mins after deflation with OSA
Oflaz H 2006 ~ Turkey Clinic- 23 OSA Standard PSG Brachial artery supine We detected a
[32] based 15 control OSA diagnosed position 20 to 25°C prominent diurnal
with a AHI 25 h-1 inflation for 5 mins deterioration in
measure at 60s after endothelial function
deflation in normotensive OSAS
patients compared with
healthy subjects
Panoutsopoulos  Greece Clinic- 20 OSA male Standard PSG Brachial artery 22 to OSA group had
A 2012 [33] based 18 control OSA diagnosed 24°C inflation for 5 significantly lower FMD
with a AHI 25 h-1  mins measure at value. There was a
40-60 s after deflation  significant increase in
the FMD values after
CPAP treatment
Patt BT 2010 USA Clinic- 7 OSA PSG, device not Brachial artery FMD was lower in
[34] based 7 control mentioned OSA performed according to  patients than in control
diagnosed with a  published guidelines subjects at baseline
AHI >15 h-1 and increased after
treatment
Sert Kuniyoshi  USA Clinic- 25 moderate to  Standard PSG Brachial artery FMD is severely
FH 2011 [35] based severe OSA OSA diagnosed performed between impaired in patients
19 mild OSA with a AHI 25 h-1  6:30 am and 7:30 am with moderate to
20 control inflation for 5 mins severe OSA post
measure at 60-90 s myocardial infarction
after deflation
Tanriverdi H Turkey Clinic- 40 OSA Standard PSG Brachial artery inflation  Subjects with OSA
2006 [36] based 24 control OSA diagnosed 4-5 mins measure at demonstrated lower
with a AHI 25 h-1  45-60 s after deflation =~ FMD than the controls
YANG HB China Clinic- 49 OSA Standard PSG Brachial artery 25°C FMD was significantly
2012 [37] based 35 control OSA diagnosed inflation for 5 mins lower in the OSA

group than in the
control group and was
significantly improved
6 months after H-UPPP
compared with
preoperative FMD
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Table 1 continued. Characteristics of the included case-control studies on OSAS and FMD.

META-ANALYSIS

Study Based Study PSG FMD
Study . N A Outcome
site population population assessment assessment
Yim-Yeh S USA Community- 38 OSA Standard PSG Brachial artery In obesity, both OSA
2010 [38] based 34 control OSA diagnosed 24-26°C inflation for and aging impair
with a AHI >5 h-1 5 mins endothelial function
and increase arterial
stiffness
Zhang L 2012  China Clinic- 32 OSA Standard PSG Brachial artery FMD was significantly
[39] based 18 control OSA diagnosed according to guidelines  lower in the OSA group
with a AHI >5 h-1 compared with the non-
OSAS group
0SA Control Mean difference Mean difference
Study orsubgroup ~ Mean SD Total Mean SD Total Weight IV, random, 95% Cl 1V, random, 95% Cl
Akdag S 2015 87 33 116 146 46 90 4.0% —-5.90[-7.02, -4.78] -
Ali AEl Solh 2007 58 18 14 77 15 10 3.8% -1.90[-3.22, -0.58] —
Altintas N 2016 37 18 40 615 173 40 4.3% -2.45[-3.22,-1.68] -
JafariB2013 104 39 63 138 47 32 3.3% -3.40[-5.29,-1.51] —
Bayram NA 2009 7.19 178 29 1093 2.59 17 3.8% -3.74[-5.13,-2.35] -
Bruno RM 2013 37 233 40 6.1 3 20 3.7% -2.40[-3.90,-0.90] —
Chami HA 2009 291 266 272 295 279 410 4.5% -0.04[-0.46, 0.38] 1
Chung $ 2007 6.95 236 68 81 17 22 4.2% —-1.15[-2.06, —0.24] -
Chung 52010 6.38 2.06 8 81 26 29 4.1% -1.72[-2.76, -0.68] -
Del Ben M 2012 6.44 42 91 62 3.2 47 3.9% 0.24[-1.02,1.50] -
Faulx MD 2004 11.88 6.21 88 145 7.63 105 3.2% -2.62[-4.57,-0.67] —_
Grebe M 2006 53 19 0 85 19 10 3.5% -3.20[-4.87,-1.53] —_
Ip MS 2004 53 17 28 84 1 12 4.2% -3.10[-3.95,-2.25] -
Jelic$ 2008 401 2.99 30 952 279 15 3.4% —-5.51[-7.28,-3.74] —
Jelic S 2009 36 26 16 91 45 16 2.6% —5.50[-8.05, —2.95] _
Kanbay A 2016 58 09 113 88 133 15 4.3% -3.00[-3.69,-2.31] -
Kohler M 2008 5 27 64 75 33 15 3.4% -2.50[-4.30,-0.70] —_
Lederer DJ 2009 4 3 n 10 3 10 2.6% —6.00[-8.57, —3.43] _
Lee MY 2009 531 442 30 1M1 47 15 2.4% —5.79[-8.65,-2.93] _—
Namtvedt SK 2012 64 3.2 37 101 63 34 2.8% -3.70[-6.06, —1.34] _
0Oflaz H 2006 6.04 3.8 23 109 26 15 3.3% —-4.86[-6.71,-3.01] —_
Panoutsopoulos A2012  6.72 0.86 20 959 115 18 4.4% -2.87[-3.52,-2.22] -
Patt BT 2010 57 132 7 97 159 7 3.6% —4.00[-5.53, -2.47] —_
Sert Kuniyoshi FH2011  2.14 1.72 4 47 07 20 4.4% -2.56[-3.15,-1.97] -
Tanriverdi H 2006 457 13 40 634 083 24 4.4% -1.77[-2.29,-1.25] -
Yang HB 2012 65 2.1 49 M2 29 35 4.0% —4.70[-5.83, -3.57] -
Yim-Yeh $ 2010 57 38 38 83 41 34 3.3% -2.60[-4.43,-0.77] —_
Zhang L 2012 416.97 32 951188 18 0.6% -5.50[-13.54,2.54] —
Total (95% Cl) 1496 1135 100% -3.07[-3.71,-2.43] ¢
Heterogeneity: Tau?=2.32; Chi?=260.75, df=27 (P<0.00001); I’=90% i i t }
Total for overall effect: Z=9.41 (P<0.00001) -0 -5 0 5 10
Favours [experimental] Favours [control]

Figure 2. Forest plot summarizing the results of the random-effects meta-analysis of the association between OSA and FMD.

The confounding factors were recruited from the articles in
which they were mentioned. Age (slope=0.149, P=0.136), sex
(slope=6.970, P=0.095), BMI (slope=-0.014, P=0.817), SBP
(slope=0.193, P=0.147), DBP (slope=0.204, P=0.080), glucose
(slope=-0.058, P=0.486), triglycerides (slope=0.017, P=0.592),
total cholesterol (slope=0.028, P=0.607), HDL cholesterol
(slope=0.091, P=0.280) and LDL cholesterol (slope=—0.167,
P=0.066) were shown to not have a significant effect as con-
founding factors (Table 3).

To study the effect of complications, such as hypertension, di-
abetes, dyslipidemia, and treatment, we conducted a subgroup
analysis according to whether the recruited subjects were free
of the above disorders. The result showed that there was a
significant association between OSA and decreased FMD in
subjects with (WMD: -2.83, 95% Cl: -3.67 to —1.98, P<0.001)
versus those without (WMD: —=3.51, 95% Cl: —=4.41 to —2.60,
P<0.001) these disorders (Supplementary Figure 3).

Another subgroup analysis was conducted trying to explain
the heterogeneity. The pooled analysis was divided into three
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0SA Control Mean difference Mean difference
Study or subgroup Mean SD Total Mean SD Total Weight IV, random, 95% Cl IV, random, 95% Cl
Akdag $ 2015 87 33 116 146 46 90 5.0% -5.90[-7.02,-4.78] -
Ali AEl Solh 2007 58 1.8 14 77 15 10 Not estimable
Altintas N 2016 37 18 40 615 173 40 5.7% -2.45[-3.22,-1.68] -
Jafari B 2013 104 39 63 138 47 32 3.5% -3.40[-5.29,-1.51] —_
Bayram NA 2009 719 1.78 29 1093 2.59 17 4.4% -3.74[-5.13,-235] -
Bruno RM 2013 3.7 233 40 6.1 3 20 4.2% -2.40[-3.90,-0.90] -
Chami HA 2009 291 266 272 295 279 410 Not estimable
Chung S 2007 6.95 236 68 81 17 22 5.4% -1.15[-2.06,-0.24] -
Chung $2010 638 206 83 81 26 29 5.1% -1.72[-2.76,-0.68] -
Del Ben M 2012 644 42 91 62 3.2 47 Not estimable
Faulx MD 2004 11.88 6.21 88 145 7.63 105 3.4% -2.62[-4.57,-0.67] —
Grebe M 2006 53 19 0 85 19 10 3.9% -3.20[-4.87,-1.53] —
Ip MS 2004 53 17 28 84 1 12 5.5% -3.10[-3.95,-2.25] -
Jelic$ 2008 401 299 30 952 279 15 3.7% —-5.51[-7.28,-3.74] —_
Jelic$ 2009 36 26 16 91 45 16 2.6% -5.50[-8.05,-2.95]
Kanbay A 2016 58 09 113 88 133 15 5.8% -3.00[-3.69, -2.31] -
Kohler M 2008 5 27 64 75 33 15 3.7% -2.50[-4.30,-0.70] —
Lederer DJ 2009 4 3 n 0 3 10 2.5% —6.00[-8.57,-3.43] _—
Lee MY 2009 531 442 30 111 47 15 2.2% -5.79[-8.65,-2.93] _—
Namtvedt SK 2012 64 3.2 37 101 63 34 2.8% -3.70[-6.06, -1.34] —
0flaz H 2006 6.04 3.18 23 109 26 15 3.6% -4.86[-6.71,-3.01] —_
Panoutsopoulos A 2012 6.72 0.86 20 959 1.15 18 5.9% -2.87[-3.52,-2.22] -
Patt BT 2010 57 132 7 97 159 7 Not estimable
Sert Kuniyoshi FH2011 214 1.72 44 47 07 20 6.0% -2.56[-3.15,-1.97] -
Tanriverdi H 2006 457 13 40 634 083 24 6.1% -1.77[-2.29,-1.25] -
Yang HB 2012 65 2.1 49 112 29 35 5.0% -4.70[-5.83,-3.57] -
Yim-Yeh $ 2010 57 3.8 338 83 41 34 3.6% -2.60[-4.43,-0.77] —_
Zhang L 2012 416.97 32 951188 18 0.4% —5.50[-13.54, 2.54] —
Total (95% (1) 1112 661 100% -3.30[-3.83,-2.78] 4
Heterogeneity: Tau?=1.11; Chi>=106.27, df=23 (P<0.00001); ’=78% b t } }
Total for overall effect: Z=12.34 (P<0.00001) -0 -5 0 5 10
Favours [experimental] Favours [control]

Figure 3. Forest plot summarizing the relationship between OSA and FMD within articles using only full PSG to diagnose OSA.

Table 2. Power calculation of all included articles.

Study Power Study Power

Akdag S 2015 [15] 100% Jelic S 2009 [26] 98%
AiAESoh2007(16] 74%  KambayA2016[27] 00%
CAtintssN2016[17) 10%  Kohlerm2008[28] s6%
CjafariB2013(18) 9%  ledererDjoO9[29] o9%
BayamNA2009[19] 0%  leMvetal200930] o8%
CBunoRM 2013200 o2%  Namtvedtsk2012(31] ss%
CChamiWA2009[14] s%  OflazH2006[321 00%
ChungS2007[21] 5% PanoutsopoulosA2012[33] 00%
CChumgs2o0p2) os%  pawgT2010034] 00%
CDelBenm2012(23] 6%  SetKunyoshiFH2011(35] 0%
FaukMD2004[24] 5% Tanriverdi H 2006 (36] 00%
CGrebem200sl2s] os% vangHB 20120371 00%
Cpms2004f1] 00% Vimvens2oto[3] 9%
jelics2008(12 00% zhangl2012(39) 2%
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Table 3. Meta-regression of all confounding factors.

Confounding factors Involved articles OSA subjects
Age 28 1496
""""" Gender 28 1
e % s
””””” sb 0 13
oo 0 030
””””” Guose 15 74
””””” Tgyerides 18 767
""""" L S T
w1 96
oo 10 S5

META-ANALYSIS

Control subjects Slope P value

1135 0.149 0.136
””””””” ms e o0
””””””” 8 o4 os
s 0193 o147
e 0204 0080
o ome ooss oass
”””””””” a3 oo os2
s oo 067
s oor 0280
s ot o066

BMI — body mass index; SBP — systolic blood pressure; DBP — diastolic blood pressure; TC — total cholesterol; HDLc — high-density

lipoprotein cholesterol; LDLc — low-density lipoprotein cholesterol.

subgroups according to continent. Thus, 11 studies were from
Asia, 10 were from the USA, and 7 were from Europe. In all of
the subgroups, decreased FMD was related to OSA: the WMD
(95% Cl) values from each subgroup were —2.68 (-2.96 to —2.40),
-1.46 (-1.76 to -1.16), and —2.54 (-3.00 to —2.09), respectively.
The 12 values from the three subgroups were 88%, 92%, and
75%, respectively (Asia, America, and Europe). In the European
subgroup, the heterogeneity was no longer apparent (1>=0%)
(WMD: -3.03, 95% Cl: —=3.55. to —2.51) after the two studies
that recruited subjects from Italy were excluded (Figures 4, 5).

Egger’s test (P=0.249) and funnel plot (Figure 6) showed no
evidence of publication bias.

Discussion

To the best of our knowledge, this is the first meta-analysis
to pool the available data and provide a summary of the rela-
tionship between decreased FMD and OSA patients. Twenty-
eight studies, pooling 1496 OSA patients and 1135 controls,
were included. FMD was found to be significantly lower in OSA
patients than in the controls.

Though many previous studies have assessed the relationship
between OSA and endothelial dysfunction, the results are con-
flicting. The majority of studies reviewed for this analysis re-
ported a decrease in FMD in OSA patients compared with con-
trols. After summarizing all of the data, our results showed a

statistically significantly lower FMD in OSA patients than in
controls. In addition, the results of several studies support a
correlation between OSA and decreased FMD, while also dem-
onstrating that FMD values become even smaller as the se-
verity of OSA increases. In those studies, the subjects were
divided into control, mild, moderate, and severe OSA groups
[21-24,35], and the results showed that moderate-severe OSA
patients suffered more from decreased FMD compared with
mild OSA patients. However, it is regrettable that the validity
of this relationship remains to be established due to the small
number of relevant studies; thus, large-scale studies are re-
quired to obtain high-level evidence.

The mechanism underlying OSA impairment of endothelial func-
tion is unclear but is likely to involve several pathways. The
three acute consequences of OSA, intermittent hypoxia, intra-
pleural pressure swings, and recurrent arousals, are thought to
be the main causes of impaired endothelial function [41-43].
Of these, intermittent hypoxia is considered the most impor-
tant factor promoting the production of reactive oxygen spe-
cies (ROS), thereby increasing oxidative stress and decreasing
nitric oxide (NO) synthetase activity. This causes an attenua-
tion of NO and an impairment of endothelial function [43,44].

Whether OSA is independently associated with decreased
FMD is controversial. Some studies [21,31,33,39] have report-
ed that age, BMI, and SBP were correlated with FMD; in con-
trast, others [11,19,36] found no significant relationship be-
tween FMD and age, BMI, SBP, DBP, lipids, or fasting glucose
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0SA Control Mean difference Mean difference
Study orsubgroup ~ Mean SD Total Mean SD Total Weight IV, fixed, 95% CI IV, fixed, 95% CI
1.3.1Asia
Akdag $ 2015 87 33 116 146 46 920 2.7% -5.90[-7.02,-4.78] -
Altintas N 2016 37 18 40 615 173 40 5.8% -2.45[-3.22,-1.68] .
Chung S 2007 6.95 236 68 81 17 22 4.2% -1.15[-2.06,-0.24] 1
Chung $2010 6.38 2.06 83 81 26 29 3.2% -1.72[-2.76,-0.68] b
Ip MS 2004 53 17 28 8.4 1 12 4.8% -3.10[-3.95,-2.25] .
Kanbay A 2016 58 09 113 88 133 15 72% -3.00[-3.69,-2.31] -
Lee MY 2009 531 442 30 1A 47 15 0.4% -5.79[-8.65,-2.93] -~
Oflaz H 2006 6.04 3.18 23 109 26 15 1.0% -4.86[-6.71,-3.01] -
Tanriverdi H 2006 457 13 40 634 083 24 127% -1.771-2.29,-1.25] o
Yang HB 2012 6.5 21 49 M2 29 35 2.7% -4.70[-5.83,-3.57] -
Zhang L 2012 416,97 32 9.5 11.88 18 0.1% —5.50[-13.54, 2.54] —
Subtotal (95% Cl) 622 315 44.9% -2.68[-2.96, —4.40]

Heterogeneity: Chi’=82.33, df=10 (P<0.00001); I’=88%
Total for overall effect: 7=18.90 (P<0.00001)

1.3.2 America

Ali AEl Solh 2007 58 1.8 14 77 15 10 2.0% -1.90[-3.22,-0.58] 4
Jafari B 2013 104 39 63 138 47 32 1.0% -3.40[-5.29,-1.51] .
Chami HA 20209 291 266 272 295 279 410  20.1% —0.04[-0.46, 0.38] f
Faulx MD 2004 11.88 6.21 88 145 763 105 0.9% -2.62[-4.57,-0.67] 4
Jelic S 2008 401 299 30 952 279 15 1.1% -5.51[-7.28,-3.74] -
Jelic S 2009 3.6 26 16 9.1 45 16 0.5% -5.50[-8.05, -2.95] -
Lederer DJ 2009 4 3 n 10 3 10 0.5% -6.00[-8.57, -3.43] -
Patt BT 2010 57 132 7 9.7 1.59 7 1.5% —4.00[-5.53, -2.47] .
Sert Kuniyoshi FH2011  2.14 1.72 44 47 07 20 9.8% -2.56[-3.15,-1.97] .
Yim-Yeh S 2010 57 38 38 83 41 34 1.0% -2.60 [-4.43,-0.77] 4
Subtotal (95% CI) 583 659  38.4% -1.46 [-1.76,-1.16]

Heterogeneity: Chi>=117.62, df=9 (P<0.00001); 1’=92%
Total for overall effect: Z=9.54 (P<0.00001)

1.3.3 Europe

Bayram NA 2009 719 178 29 1093 259 17 1.8% -3.74[-5.13,-2.35] -
Bruno RM 2013 37 233 40 6.1 3 20 1.5% -2.40[-3.90,-0.90] "
Del Ben M 2012 644 42 91 62 32 47 2.2% 0.24[-1.02,1.50]

Grebe M 2006 53 19 10 85 19 10 1.2% -3.20[-4.87,-1.53] -
Kohler M 2008 5 27 64 75 33 15 1.1% -2.50[-4.30,-0.70] -
Namtvedt SK 2012 64 32 37100 63 34 0.6% -3.70[-6.06, -1.34] -
Panoutsopoulos A2012  6.72 0.86 20 959 115 18 8.2% -2.87[-3.52,-2.22] B
Subtotal (95% Cl) 291 161 16.4% -2.54[-3.00, -2.09]

Heterogeneity: Chi’=24.19, df=6 (P=0.0005); ’=75%
Total for overall effect: Z=10.92 (P<0.00001)

Total (95% Cl) 1496 1135 100.0% -2.19[-2.38,-2.00] } n ' 1
Heterogeneity: (hi?=260.75, df=27 (P<0.00001); ’=90% 100 ~50 0 50 100
Total for overall effect: 7=23.04 (P<0.00001)

Total for subgroup differences: Chi>=36.72, df=2 (P<0.00001); ’=94.6%

Favours [experimental] Favours [control]

Figure 4. Meta-analysis of the relationship between OSA and FMD according to the geographical location of the patients.

0SA Control Mean difference Mean difference
Study or subgroup Mean SD Total Mean SD Total Weight IV, random, 95% Cl 1V, random, 95% Cl
Bayram NA 2009 719 178 29 1093 259 17 13.9% -3.74[-5.13,-2.35] .
Grebe M 2006 53 19 10 85 19 10 9.7% -3.20(-4.87,-1.53] =
Kohler M 2008 5 27 64 75 33 15 8.3% -2.50[-4.30,-0.70] g
Namtvedt SK 2012 64 32 37 101 63 34 4.8% -3.70[-6.06, -1.34] -
PanoutsopoulosA2012 6.72 0.86 20 959 1.15 18 63.3% —2.87[-3.52,-2.22] o
Total (95% ) 160 9% 100% -3.03[-3.55,-2.51] |
Heterogeneity: Tau?=0.00; Chi*=1.92, df=4 (P=0.75); ’=0% \ ; \ |
Total for overall effect: Z=11.47 (P<0.00001) ~100 _50 0 50 100
Favours [experimental] Favours [control]

Figure 5. Meta-analysis of the relationship between OSA and FMD in Europe (excluding studies recruiting subjects from Italy).
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Figure 6. Begg’s funnel plot.

levels. Sex may be another confounding factor. Faulx et al. [24]
showed an association between moderate OSA and impaired
endothelial function in females. Females were also more vul-
nerable than males to early OSA-related cardiovascular dis-
eases. After adjustment for variables significantly associated
with FMD, Namtvedt et al. [31] and Jelic et al. [26] reported
an independent association between increasing AHI and a re-
duction in FMD. According to Chami et al. [14], however, there
was no apparent association between OSA and FMD after ad-
justment for age, sex, race, and all covariates. Since the data
in the majority of included studies were not adjusted for co-
variates, significant findings about the impact of confounding
factors cannot be obtained.

Heterogeneity was observed in our meta-analysis; meta-re-
gression and subgroup analysis were conducted to determine
the potential sources of the heterogeneity. Meta-regression
analysis excluded age, sex, BMI, blood pressure, glucose, HDL
cholesterol, and LDL cholesterol as sources of heterogeneity.
Subgroup analysis suggested that ethnicity explained at least
part of the heterogeneity. The European subgroup exhibited an
12 of 75%; however, the exclusion of two studies that recruit-
ed subjects from Italy lessened the heterogeneity (12=0%). We
assumed that this was due to ethnic diversity among the sub-
groups, leading to different physiological responses. Other fac-
tors may also have contributed to the heterogeneity. The ma-
jority of studies included were clinically rather than community
based, which could have introduced referral bias, resulting in
heterogeneity. Also, FMD might be affected by environmental

META-ANALYSIS

effects such as noise, temperature, alcohol, caffeine, or fasting.
Although these factors were well controlled in the majority of
studies according to the methods described by Celermajer et
al. [45], variations among studies are possible.

Multiple limitations in this meta-analysis should be addressed.
First, the included studies were limited to publications in
English, which may have increased the possibility of publica-
tion bias. In addition, it is known that positive results are more
likely to be published; since we included data only from pub-
lished studies, publication bias was likely. Second, no random-
ized controlled trials and no prospective studies were identified.
Third, this meta-analysis was not an overview of all methods of
evaluating endothelial dysfunction. Other indicators of endo-
thelial function, such as NO levels, endothelin-1 (ET-1) levels,
measurements of circulating endothelial cells (CECs), and pe-
ripheral artery tonometry (PAT), were not searched for and eval-
uated. Also, most included articles did not clearly describe their
OSA patients, such as with respect to compliance and compli-
cations, both of which may affect the results. Nonetheless, the
subgroup analysis showed that decreased FMD was related to
OSA in all subgroups. Recently, several articles [31,46] declared
that FMD is concomitantly dependent on initial artery diam-
eter, which may itself be higher in OSA patients. Thus, future
studies should carefully consider initial artery diameter. Other
limitations pertaining to the methods of the individual stud-
ies included in this meta-analysis should also be addressed.
Finally, some of the included studies lacked enough power to
detect an association or were not based on the use of stan-
dard PSG to diagnose OSA, but our results were also robust
when these inadequate studies were excluded.

Conclusions

OSA significantly decreases FMD in OSA patients compared
with controls. Future larger randomized studies of longer du-
ration should focus on the effect of treatment of OSA on en-
dothelial dysfunction.

Disclosure
The investigators have no financial associations with any en-

tity with an interest in the subject of this study. There was no
funding from any institution.
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Supplemenatry Figures

0SA Control Mean difference Mean difference
Study or subgroup Mean SD Total Mean SD Total Weight 1V, random, 95% Cl 1V, random, 95% CI
Akdag S 2015 87 33 116 146 46 90 7.4% -5.90(-7.02, -4.78] -
Ali AEl Solh 2007 58 18 14 77 15 10 Not estimable
Altintas N 2016 37 18 40 615 173 40 7.9% -2.45[-3.22,-1.68] -
Jafari B 2013 104 39 63 138 47 32 6.1% -3.40[-5.29,-1.51] —_
Bayram NA 2009 719 178 29 1093 259 17 Not estimable
Bruno RM 2013 37 233 40 61 32 6.8% —2.40[-3.90,-0.90] -
Chami HA 2009 291 266 272 295 279 410 8.2% —0.04[-0.46, 0.38]
Chung S 2007 695 236 68 81 17 1 7.7% -1.15[-2.06,-0.24] -
Chung $2010 638 206 83 81 26 29 7.5% -1.72[-2.76,-0.68] -
Del Ben M 2012 644 42 91 62 32 4 7.2% 0.24[-1.02,1.50] .
Faulx MD 2004 11.88 6.21 88 145 763 105 6.0% -2.62[-4.57,-0.67] s
Grebe M 2006 53 19 0 85 19 10 Not estimable
Ip MS 2004 53 17 28 84 1 12 Not estimable
Jelic S 2008 401 299 30 952 279 15 Not estimable
Jelic S 2009 36 26 16 91 45 16 Not estimable
Kanbay A 2016 58 09 113 88 133 15 Not estimable
Kohler M 2008 5 27 64 75 33 15 Not estimable
Lederer DJ 2009 4 3 n 0 3 10 Not estimable
Lee MY 2009 531 442 30 M 47 15 Not estimable
Namtvedt SK 2012 64 32 37 100 63 34 5.3% -3.70[-6.06,—1.34] —
0flaz H 2006 6.04 3.18 23 109 26 15 Not estimable
PanoutsopoulosA2012 672 086 20 9.59 1.15 18 Not estimable
Patt BT 2010 57 132 797 159 7 Not estimable
SertKuniyoshiFH2011 214 172 44 47 07 20 8.1% -2.56[-3.15,-1.97] -
Tanriverdi H 2006 457 13 40 634 083 24 8.1% -1.77[-2.29,-1.25] -
Yang HB 2012 6.5 2.1 49 112 29 35 7.4% —4.70[-5.83,-3.57] .
Yim-Yeh $2010 57 38 38 83 41 34 6.2% -2.60[-4.43,-0.77] .
Zhang L 2012 41697 32 951188 18 Not estimable
Total (95% C1) 1069 942 100% -4.42[-3.32,-1.52]
Heterogeneity: Tau’=2.50; Chi*=172.89, df=13 (P<0.00001); ’=92% L ¢ L
Total for overall effect: Z=5.28 (P<0.00001) 0 5 0 5 10
Favours [experimental] Favours [control]

Supplementary Figure 1. Forest plot excluding studies with an inadequate number of OSA subjects (<20 in each group).

0SA Control Mean difference Mean difference
Study orsubgroup ~ Mean SD  Total Mean SD Total Weight 1V, random, 95% CI IV, random, 95% CI
Akdag S 2015 87 33 16 146 46 9% 5.5% -5.90[-7.02,-4.78] -
Ali AEl Solh 2007 58 18 14 77 15 10 Not estimable
Altintas N 2016 37 18 40 615 173 40 6.2% -2.45[-3.22,-1.68] -
Jafari B 2013 104 39 63 138 47 32 3.8% -3.40[-5.29,-1.51] —
Bayram NA 2009 719 178 29 1093 259 17 4.9% -3.74[-5.13,-2.35] -
Bruno RM 2013 37 233 40 6.1 3.2 4.6% -2.40[-3.90,-0.90] —_—
Chami HA 2009 291 266 272 295 279 410 Not estimable
Chung $ 2007 695 236 68 81 17 22 Not estimable
Chung $2010 638 206 83 81 26 29 5.6% -1.72[-2.76,-0.68] -
Del Ben M 2012 6.44 42 91 62 32 47 Not estimable
Faulx MD 2004 11.88 6.21 88 145 7.63 105 Not estimable
Grebe M 2006 5319 10 85 19 10 43% -3.20[-4.87,-1.53] —
Ip MS 2004 53 17 28 84 1 12 6.1% -3.10[-3.95,-2.52] -
Jelic S 2008 401 299 30 952 279 15 4.0% -5.51[-7.28,-3.74] -
Jelic S 2009 36 26 16 91 45 16 2.8% -5.50[-8.05,-2.95] -
Kanbay A 2016 58 09 113 88 133 15 6.4% -3.00[-3.69,-2.31] -
Kohler M 2008 5 27 64 715 33 15 4.0% -2.50[-4.30,-0.70] -
Lederer DJ 2009 4 3 " 0 3 10 2.7% -6.00[-8.57,-3.43] .
Lee MY 2009 531 442 30 M1 47 15 2.4% -5.79[-8.65,-2.93] _
Namtvedt SK 2012 64 32 37 101 63 34 3.0% -3.70[-6.06, -1.34] R
Oflaz H 2006 604 318 23 109 26 15 3.9% -4.86[-6.71,-3.01] e
Panoutsopoulos A 2012 6.72 0.86 20 959 115 18 6.5% -2.87[-3.52,-2.22] -
Patt BT 2010 57 132 797 159 7 4.5% —4.00 [-5.53,-2.47] .
SertKuniyoshiFH2011 214 172 44 47 07 20 6.6% -2.56[-3.15,-1.97] -
Tanriverdi H 2006 457 13 40 634 083 24 6.7% -1.77[-2.29,-1.25] N
Yang HB 2012 6.5 2.1 49 112 29 35 5.5% —4.70[-5.83,-3.57] .
Yim-Yeh $2010 57 38 38 83 41 34 Not estimable
Zhang L 2012 41697 32 951188 18 Not estimable
Total (95% CI) 893 489 100% -3.50[-4.04, -2.96]
Heterogeneity: Tau’=1.06; Chi>=93.81, df=20 (P<0.00001); ’=79% ) ) J . ,
Total for overall effect: Z=12.70 (P<0.00001) 0 5 0 5 10
Favours [experimental] Favours [control]

Supplementary Figure 2. Forest plot excluding studies lacked sufficient power (<80%).
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0SA Control Mean difference Mean difference
Study or subgroup Mean SD Total Mean SD Total Weight _ IV, random, 95% (I IV, random, 95% Cl
1.2.1 Articles that excluded disorders
Akdag S 2015 87 33 116 146 46 90 4.0% -5.90[-7.02, -4.78] .
Altintas N 2016 37 18 40 615 173 40 43% -2.45[-3.22,-1.68] .
Bayram NA 2009 7.19 178 29 1093 259 17 3.8% -3.74[-5.13,-2.35] -
Bruno RM 2013 3.7 233 40 6.1 3 20 3.7% -2.40[-3.90, -0.90] ‘
Ip MS 2004 53 17 28 8.4 1 12 4.2% -3.10[-3.95,-2.25] B
Jelic$2008 401 299 30 952 279 15 3.4% -5.51[-7.28,-3.74] -
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Supplementary Figure 3. Meta-analysis of the relationship between OSA and FMD according to whether other disorders were

excluded or not.
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