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Abstract

Background Obstructive sleep apnea (OSA) is the most common cause of resistant hypertension, which has been proposed to result
from activation of the renin—angiotensin—aldosterone system (RAAS). We meta-analyzed the effects of OSA on plasma levels of RAAS
components. Methods Full-text studies published on MEDLINE and EMBASE analyzing fasting plasma levels of at least one RAAS
component in adults with OSA with or without hypertension. OSA was diagnosed as an apnea-hypopnea index or respiratory disturbance
index > 5. Study quality was evaluated using the Newcastle-Ottawa Scale, and heterogeneity was assessed using the I? statistic. Results from
individual studies were synthesized using inverse variance and pooled using a random-effects model. Subgroup analysis, sensitivity analysis,
and meta-regression were performed, and risk of publication bias was assessed. Results The meta-analysis included 13 studies, of which 10
reported results on renin (n = 470 cases and controls), 7 on angiotensin II (AngIl, n = 384), and 9 on aldosterone (n = 439). AnglI levels were
significantly higher in OSA than in controls [mean differences = 3.39 ng/L, 95% CI: 2.00-4.79, P < 0.00001], while aldosterone levels were
significantly higher in OSA with hypertension than OSA but not with hypertension (mean differences = 1.32 ng/dL, 95% CI: 0.58-2.07, P =
0.0005). Meta-analysis of all studies suggested no significant differences in aldosterone between OSA and controls, but a significant pooled
mean difference of 1.35 ng/mL (95% CI: 0.88—1.82, P < 0.00001) emerged after excluding one small-sample study. No significant risk of
publication bias was detected among all included studies. Conclusions OSA is associated with higher Angll and aldosterone levels, espe-

cially in hypertensive patients. OSA may cause hypertension, at least in part, by stimulating RAAS activity.
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1 Introduction

(8]

Obstructive sleep apnea (OSA) is a sleep-related breath-
ing disorder characterized by repeated episodes of upper
airway occlusion during sleep.l' It is the most common
cause of resistant hypertension and is observed in 30%—
40% of patients with hypertension. In particular, OSA is
observed in 60%—70% of patients with resistant hyperten-
sion, which increases risk of cardiovascular disease-related
morbidity and mortality.* " How OSA contributes to hy-
pertension is unclear, with various neurohumoral mecha-
nisms proposed that involve intermittent hypoxia, sympa-
thetic nervous system hyperactivity, activation of the
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endothelial dysfunction.

RAAS activation is a well-established pathway contrib-
uting to hypertension. In the RAAS, renin converts angio-
tensin into angiotensin I (Angl), which is converted to
AnglI by angiotensin-converting-enzyme (ACE).”) AngIl
binds to the Angll receptor type 1 (AT1), causing an in-
crease in blood pressure. Elevated levels of renin and aldos-
terone in proximal tubules lead directly to hypertension, and
inhibition of ACE, Angll or ATl can lower blood pres-
sure."%!" 1n addition, activation of mineralocorticoid re-
ceptor, an aldosterone-dependent transcription factor, as
a result of oxidative stress or sympathetic to reactivation
has been linked to resistant hypertension."” Thus block-
ade of mineralocorticoid receptor can lower blood pres-
sure.!'”

Given that both OSA and RAAS activation occur fre-
quently in patients with resistant hypertension, several stud-
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ies have examined whether OSA influences the RAAS and
thereby contributes to hypertension. Some studies have as-
sociated OSA with excess aldosterone. Patients at high risk
of OSA are more likely to suffer primary hyperaldostero-
nism, and risk of OSA is higher in patients with hyperal-
dosteronism and lower renin activity than in those without
hyperaldosteronism.!'>'*) Excess aldosterone leads to edema
of nasopharyngeal tissues, including tissues in the upper
airway. This leads, in turn, to airway obstruction and exac-
erbates sleep apnea.™'*?!"! The mineralocorticoid receptor
antagonist spironolactone, often used as an add-on anti-hy-
pertensive therapy, can reduce OSA severity by nearly 50%
in patients with resistant hypertension.’*”

More systematic investigation of the potential association
between OSA and RAAS activity is lacking with most
studies assaying plasma levels of only one or two RAAS
components, and results of these studies are sometimes con-
flicting.***! In order to obtain a more comprehensive under-
standing of the potential effects of OSA on RAAS, we
meta-analyzed available evidence in MEDLINE and EM-
BASE.

2 Methods

2.1 Eligibility criteria

This meta-analysis was performed following the Pre-
ferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines.”¥ We sought to
identify all studies that explored the possible relationship
between OSA and plasma levels of RAAS components, in
the presence or absence of hypertension. Studies in any
language and any year of publication were included in the
meta-analysis if they: (1) analyzed participants who were at
least 18 years old; (2) defined OSA based on a threshold
value of at least 5 on the apnea—hypopnea index (AHI)or
respiratory disturbance index (RDI), corresponding to at
least 5 events measured by polysomnography;*2% (3) re-
ported plasma levels of at least one RAAS component as
mean + SD or median with range; and (4) were available as
full text on-line.

2.2 Literature searching

Eligible studies were identified by searching the MED-
LINE and EMBASE databases through July 31, 2015. Con-
ference abstracts were not searched, since most abstracts do
not provide enough data for meta-analysis. We independ-
ently searched the literature databases using keywords re-
lated to OSA, sleep disordered breathing and the RAAS.
The detailed search strategy is shown in Figure 1.

#1 apnea, obstructive sleep [MeSH Terms]
#2 apneas, obstructive sleep [MeSH Terms]
#3 “obstructive sleep apnea” [All Fields]

#4 sleep disordered breathing [MeSH Terms]
#5 breathing, sleep disordered [MeSH Terms]
#6 “sleep disordered breathing” [All Fields]
#7 #1 or #2 or #3 or #4 or #5 or #6

#8 renin angiotensin system [MeSH Terms]
#9 renin [All Fields]

#10 angiotensin [All Fields]

#11 aldosterone [All Fields]

#12 #8 or #9 or #10 or #11

#13 #7 and #12

Figure 1. Literature search strategy.

2.3 Study selection and data extraction

We identified eligible studies independently based on the
inclusion criteria, and then independently extracted data
from included studies using a predetermined form. Dis-
crepancies in study selection and data extraction were re-
solved by discussion.

The following data were collected from each study to the
extent possible: last name of first author, year of publication,
sample size, demographic details of subjects, plasma levels
of RAAS components, OSA definition, outcomes and pri-
mary results. We also collected data on whether subjects
had hypertension or a history of antihypertensive medica-
tion since we planned to do subgroup analysis and meta-re-
gression.

2.4 Quality assessment of included studies

We assessed the quality of each included study using the
Newcastle-Ottawa Scale (NOS),*” a tool for evaluating
non-randomized studies. This tool evaluates a case-con-
trol/cohort study on eight items categorized into three
groups: selection of study participants (0—4 stars); compara-
bility of groups (0-2 stars); and ascertainment of exposure
or outcome of interest (0-3 stars). The highest possible
score is nine stars; a score of three or less is considered to
indicate poor quality; four to six, moderate quality; and
seven to nine, high quality. Discrepancies in study assess-
ments between the two authors were resolved through dis-
cussion.

2.5 Statistical analysis

All statistical analyses were carried out using RevMan
5.2 (The Cochrane Collaboration), and the significance
threshold was a two-tailed P < 0.05. To allow pooling of
data for meta-analysis, we converted the plasma levels of
RAAS components into standard units: ng/mL per hour for
plasma renin activity (PRA), U/mL for plasma renin con-
centration (PRC), ng/L for Angll, and ng/dL for plasma
aldosterone concentration (PAC). Conversions were carried
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out using the following molecular masses: renin, 40000 Da;
angiotensin, 1046.19 Da; and aldosterone, 360.4 Da. Since
we were unable to pool PRA and PRC values, each renin
outcome was meta-analyzed separately.

Data were pooled using the inverse variance method to
yield pooled mean differences (MDs) in the plasma levels of
RAAS components. Heterogeneity of pooled data was as-
sessed using the I’statistic, with values of 25%-49% con-
sidered to indicate low heterogeneity; 50%—74%, moderate;
and 75%-100%, high. We planned to perform meta-analy-
ses using a random-effects model in the event of high het-
erogeneity; otherwise, we planned to use a fixed-effects
model.

To identify sources of heterogeneity, we assessed risk of
publication bias using Egger’s test. We also performed sub-
group and sensitivity analyses as well as meta-regression.
Egger’s test and meta-regression were performed using
STATA 12 (Stata Corp, College Station, TX).

3 Results

3.1 Study selection

A total of 444 potentially eligible studies were reviewed,
and 37 were selected on the basis of the title and abstract
(Figure 2). Of these studies, 21 were excluded based on
full-text review because they focused on medical treatment
of OSA and RAAS (n = 11), did not report results as MDs
or as medians and interquartile ranges (n = 7), or assigned
individuals with mild OSA to the control group (n = 3). In
the end, we meta-analyzed plasma renin levels in 10 studies
involving 470 subjects, Angll levels in 7 studies involving
384 subjects, and aldosterone levels in 9 studies involving
439 subjects. >3

3.2 Study characteristics

Key characteristics of the 13 unique studies in this re-
view are outlined in Table 1. Most studies involved mid-
dle-aged men from Europe (Spain, Italy, Greece, Denmark
and France) and Asia (Korea, China and Japan). Subgroup
analysis was performed to compare patients with or without
hypertension when examining the relationship between
OSA and aldosterone levels. For this analysis, patients were
included in the “hypertension” subgroup if they were re-
ported to have abnormal blood pressure at baseline and the
respective study defined abnormal blood pressure. Patients
were included in the “no hypertension” subgroup only when
they were explicitly described as normotensive in the re-
spective study. One study examined the association between
OSA and levels of RAAS components in subjects with or

= |[250 records identified| 270 records identified

-2 through through

é PubMed searching EMBASE database

B v
—] ‘ 444 records after duplicates removedl

410 records were excluded

e -162 not in OSA

k= -82 not in RAAS

3 y -102 Reviews

R -25 not study in human adults

‘444 records screened )’P 21 study gene polymorphism
L -11 study the molecular
mechanism

— -7 case reports

2

% 34 full-text articles _’21 full-text articles excluded

i lassessed for eligibility -11 study the treatment of OSA
= and RAAS
L -7 studies not gave the data as|

mean difference or medians

— 2 (interquartile range)

= Ry . !

= 13 studies included in ifgg’;id mild OSA in control
5 quantitative synthesis

RS (meta-analysis)

Figure 2. Flowchart of study screening and inclusion in meta-
analysis. OSA: obstructive sleep apnea; RAAS: renin-angioten-
sin-aldosterone system.

without metabolic syndrome (MS).*! Given that patients
without MS could safely be assumed not to have hyperten-
sion but that those with MS did not necessarily have hyper-
tension, we included only patients without MS in the “no
hypertension” subgroup.

3.3 Quality assessment of studies

NOS scores for each included study are shown in Table 2.
There were 12 case-control studies and one cohort
study.* %1 Among these studies, six that accounted for
63.9% of subjects received an overall score of seven to nine
points, indicating high NOS quality.”**>'*"! One study
received only two points and was considered as poor qual-
ity.”*! All case-control studies defined the “selection” of
cases adequately and all but one of these studies defined
controls adequately, meaning that they used the same poly-
somnography method to define OSA and controls.”*! Four
out of 12 case-control studies, accounting for 39% of sub-
jects, enrolled patients consecutively and featured OSA
groups that represented well the larger OSA patient popula-
tion.****3136 Only one study relied on community-based
controls, while the others used hospital populations.*!
When assessing the comparability of study groups, we
awarded a study one star (one point) if it controlled for age
and a second star if it controlled for body mass index (BMI),
since these are among several variables that may con-
found observed associations of OSA and levels of RAAS
components.****!) Seven out of the 12 studies, accounting
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Table 1. Characteristics of studies included in the meta-analysis relating OSA to the RAAS.

i Study population Sample size OSA  Hyperten- Antihypertensive Out- .
Study Design . A . Primary results
Age, yrs male (%) Country Cases Controls definition sion drug history  comes
Cho, etal. Case- South PRA
o BT 495 ss2 "' 35 23 AHI®S Yes No NSD in PRA or PAC
2015 control Korea PAC
Barcelo, et al. Case- . Metabolic PRA NSD in PRA; PAC significantly
47.6 N/R N 33 35  AHI>10 N
2014 control pan syndrome © PAC  higher in OSA than in controls
Barcelo, et al. Case- . No metabolic PRA NSD in PRA; PAC significantly
47.6 N/R S 33 35 AHI>10 N
20141 control pain syndrome © PAC  higher in OSA than in controls
Wang, et al. . Yes, stopped 2 AnglI significantly higher in
hort 51.2 583 h 48 2 AHI > 20 Y Angll
201167 Coho China 7 s weeks before study . OSA than in controls
Di Murro, Case- Yes, stopped3 PRA NSD in PAC; PRA significantly

50.2 67.9 Italy 35 18 AHI >S5 Yes

etal. 2010 control weeks before study PAC  lower in OSA than in controls

Svatikova,  Case- PRA PRA and PAC significantly high-
42. 1 21 AHI > 2 Ni Ni
et al. 2009°" control > NR - Greece ? 0 © © PAC er in OSA than in controls
Ishikawa, Case- Angll  Angll and PAC significantly
61.5 71.4 J; 25 24 AHI > 15 Y Y
etal. 20085 control apatt e s PAC  higher in OSA than in controls
PRC
Gj ,etal. Case- . ..
o 455 765 Deamark 32 19 AHI>S  Yes No Angll  NSDinRAAS activity
2007 control
PAC
Takahashi,  Case- Angll significantly higher in
524 100 J; 8 8 AHI>5 Y N/R Angll
etal. 20055 control apan es ne OSA than in controls
Yao, etal. Case- . AnglI significantly higher in
N/R N/R Chi 54 20 AHI > 40 N/R N/R Angll
20055 control na ¢ OSA than in controls
Moller, etal. Case Yes, stopped 2 PRC RAAS activity significantly
; ' i 49 90.8 D k 24 18 AHI =10 Y ’ Angll
200352 control enmar s weeks before study Pi:g C higher in OSA than in controls
Hu, et al. Case- . AHI =54 PRC PAC and Angll significantly
45 95 Ch 16 16 N/R N/R
200253 control e +23 Angll  higher in OSA than in controls
Xiao,etal.  Case- . Yes, stopped2 ~ PRC .
49.8 87.9 Ch 22 11 RDI>5 Y NSD in PRA or PAC
200084 control na s days before study PAC n or
Maillard, Case- PRC NSD in PRA; PAC significantly
46.6 N/R F 7 5 AHI =15 Ni Ni
etal. 1997°° control rance ° ° PAC  lower in OSA than in controls

AHI: apnea- hypopnea index; Angll: angiotensin II; N/R: not reported; NSD: no significant difference; OSA: obstructive sleep apnea; PAC: plasma aldosterone
concentration; PRA: plasma renin activity; PRC: plasma renin concentration; RAAS: renin-angiotensin-aldosterone system; RDI: respiratory disturbance index.

Table 2. Quality assessment of case-control studies included in the meta-analysis, based on the Newcastle-Ottawa Scale.

Selection Comparability Exposure

Case Representa- Comparability of cases

. . Selection  Definition Ascertain-  Same method of Non-
Study ID definition  tiveness of controls of controls and controls based on ment of ex- ascertainment for response Totl
Adequate  of cases . . design or analysis ., Score
(maxi-  (maximum: (maximum: (maximum: Design or Analysis pf)sure (ma- cases a}nd controls rate (maxi-
mum: %) *) %) *) (maximum: R )* ximum: %) (maximum: %) mum: %)
Cho, etal.** * * — * * forage * * * 7
Barcelo, et al. *’! * — — * ok * * * 7
Di Murro,etal. ™ % * — * *k * * * 8
Svatikova,etal.*% % — — * ok * * * 7
Ishikawal*! * * — * — * * * 6
Gjorup®! * * * * * for age * * * 8
Takahashi*”! * — — * ok * * — 6
Yaol*® * — — * * ok * * — 6
Moller* * — — * * forage * * * 6
Hul** * — — — — * — — 2
Xiaol*¥ * — — * *k * * — 6
Maillard™”) * — — * ok * * — 6

“Studies could receive 2-4 Y for each item, except for “Comparability of cases and controls”, for which one K was awarded if the study controlled for age
as the most important factor and another % if it controlled for BMI as an additional factor. BMI: body mass index.
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Table 3. Quality assessment of cohort study included in the meta-analysis, based on the Newcastle-Ottawa Scale.

Modified Newcastle-Ottawa Scale for Cohort study

Selection Comparability Exposure
Demonstration ~ Comparability of Was follow
Representa- . Total
Study ID . Selection of . that outcome cohorts on the up long Adequacy of
4 tiveness of Ascertainment . . Assessment Score
non-exposed of interest was basis of the enough for  follow up of
exposed of exposure . of outcome
cohort not present at design or outcomes to cohorts
cohort (max: %) . (max: %)
(max: ) start of study analysis oceur (max: %)
(max: ) .
(max: ) (max: Y k)’ (max: %)
Wang, et al.
¢ * * * * *k * * * 9

[37]

*Studies could receive 2-4 ¥ for each item, except for “Comparability of cohorts”, for which one K was awarded if the study controlled for age as the

most important factor and another % ifit controlled for BMI as an additional factor. BMI: body mass index.

for 57.1% of subjects, received the maximum of two
stars;232%3034353839] e studies, accounting for 27.91% of
subjects, received one star for controlling age;***'*% and the
remaining two studies received no stars.***! When assess-
ing exposure, all studies rewarded one star for the ascer-
tainment method they used to assure the OSA. We awarded
stars to all studies because they used the same method to
examine cases and controls; the exception was Hu, et a3,
who did not explicitly mention whether they used the same
or different method. Seven studies accounting for 72.8%
subjects, reported non-response rates and rewarded a

star.[#2*32%1 Only one cohort studyreceived all possible

3.4 Association of OSA with PRA and PRC

Five studies were meta-analyzed for PRA and another
five for PRC in order to identify relationships between
renin levels and OSA.***7% Heterogeneity was signifi-
cant among the studies of PRA (I* = 82%, P = 0.0002) as
well as among the studies of PRC (I* = 78%, P = 0.001).
Using random-effects models, we calculated that the
pooled MD in renin level was 0.17 ng/mL per hour (95%
CI: -0.22 to 0.55, P = 0.40) for PRA and 0.95 ng/mL
(95% CIL: —0.58 to 2.48, P = 0.23) for PRC (Figures 3.4).
These results indicate no significant association between

nine stars on NOS scores.”” OSA and renin levels.
05A Control Wean Difference Mean Difference

Stody or Subgroup  Mean SO Tofal Mean SD Tofal Weight V. Random. 95% Cl Year V. Random. 95% CI
Ishikawa, ef al.’% 15 1.4 25 07 04 24 16.4% 0800018, 1.42] 2008 -
Swatikova, et al B 1.32 018 19 0498 018 20 28.3% 0.34[0.23, 045 2004 =
Di Murro, ef al1*) 1.32 0.24 35 1.6 0.56 18 254% -0.28[-0.55-0.01] 2010 —=
Barcelo, ef al %! 16 1.15 Gf 1.3 11 Im 20.8% 030016, 0.76] 2014 T
Cho, et al ¥ 148 1.41 35 204 224 23 94%  -DA5G6[-1.58,047] 2015 .
Total (95% CI) 180 120 100.0% 0.7 [-0.22, 0.55] ?

Heterogeneity: Tau®=0.13; Chi*= 22.59, df= 4 (P = 0.0002); F=82%
Testfor overall effect: Z= 085 (P=0.40)

Figure 3. Forest plot assessing the association between higher PRA
renin activity.

O5A Control
Study or Suborogn  Mean  SD Total Mean S0 Total Weight
Maillard, et al.® 0.245 0.08 T 033 0118 5 34E%
Yian, et al.PY G 4 22 7 4 11 155%
Hu, et al 33 ¥ B 16 4 3 16 15.7%
Maller, et al.P? 19 22 24 17 15 18 292%
Gjorup, et al B 1759 135 32 164 9.3 19  &81%
Total {95% Cl} 101 69 100.0%

Heterogeneity: Tau*=1.76; Chi*=18.21, df=4 {P=0.001); F=78%
Testfor overall effect Z=1.21 ({P=0.23)

2 A
Higherin controls Higher in OSA

(ng/mL/h) and OSA. OSA: obstructive sleep apnea; PRA: plasma

Mean Difference Mean Difference

IV. Random. 95% Cl_Year IV. Random. 95%
-0.08 [-0.20,0.03] 1997 []
-1.00 }3.90,1.90] 2000 =—
3.00[0.14,5.86) 2002 —
200[0.88,312] 2003 —=—
1.50 F4.77,7.77] 2007
0.95 [-0.58, 2.48] 1’
4 20 2 4

Higher in control Higher in OSA

Figure 4. Forest plot assessing the association between higher PRC (U/mL) and OSA. OSA: obstructive sleep apnea; PRC: plasma

renin concentration.
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3.5 Association of OSA with Angll

Data from seven studies on a possible association be-
tween OSA and plasma levels of Angll showed high het-
erogeneity (I = 95%, P < 0.00001);" %1 mean plasma
levels ranged from 5.19 to 18.73 ng/L in OSA patients and
3.0 to 13.42 ng/L in controls. Meta-analysis using a random-
effects model revealed a pooled MD of 3.39 ng/L (95% CI
2.00 to 4.79, P <0.00001; Figure 5). These results suggest a
significant association between OSA and higher Angll.

3.6 Association of OSA with PAC

Data from nine studies on a possible association of
OSA with serum PAC showed high heterogeneity (I> = 78%,
P < 0.00001), with mean PAC ranging from 3.39 to 29.20
ng/dL in OSA patients and 2.24 to 26.21 ng/dL in con-
trols.!?#8 323436 Meta-analysis using a random-effects
model indicated a pooled MD of 0.95 ng/dL (95% CI: —0.16
to 2.07, P = 0.09; Figure 6).These results suggest no sig-
nificant association between OSA and PAC.

OSA Conirol Mean Difference Mean Difference
Study or Subaroup Mean SD Total Mean SD Total VWeight [V.Random.95%Cl Year IV. Random, 95% CI
Hu, et al.®¥ 58 15 16 3 0B 16 161% 2.80[2.01,3.59] 2002 ——
Moller, ef al.l? 1389 17 24 82 1 18 161% 5.70[4.88,6.52] 2003 —=—
Yan, et al.B® 64 1.4 54 32 08 20 166% 3.20[2.69,3.71] 2005 =
Takahashi, et al.® 519 0.52 8 379 0.23 8 16.8% 1.40[1.01,1.79] 2005 -
Gjarup, et al.B 7.78 6 32 85 576 19 87% -0.72[-4.04,2.60] 2007 S E—
Ishikawa, et al.>% 97 42 25 48 4B 24 11.1% 4.90[2.43,7.37] 2008 =
Wang, et al.?” 18.73 405 48 1342 327 72 146% 5.31 [3.94, 6.68] 2011 —
Total {95% CI} 207 177 100.0%  3.39[2.00,4.79] =<
Heterogeneity; Tau®= 2.97; Chi*= 117.65, df= 6 (P = 0.00001); F= 95% 4 2 0 2 4

Testfor overall effect Z=4.77 (P = 0.00001})

Higherin control Higherin OSA

Figure 5. Forest plot assessing the association between plasma angiotensin II levels and OSA. OSA: obstructive sleep apnea.

O5A Conirol Mean Diiference Mean Difference
Study or Subgroup  Mean S0 Total Mean S0 Total VWeinhi IV, Random. 95% 1 Year IV, Random. 95% Cl
Maillard, et al.l’ 526 339 T 1344 245 5  7.3% -B18[11.48,-4.88) 1997
Hian, et al.3Y 102 [ 22 8.3 1.4 11 95% 1.80[-0.74, 4.54] 2000 T
Maller, et al.??! 3387 0.339 24 224 0182 18 204% 115098, 1.30] 2003 =
Gjorup, et al.BY 1038 4.32 32 887 314 19 12.2% 1.51 [-0.52, 3.54] 2007 T
Ishikawa, et al.’% 10.84 a1 25 T4 313 24 10.7% 3.381[1.02,5.74] 2008 -
Svatikava, ef al.?"! 11,64 12 19 1014 12 21 187% 1.46[0.72,2.200 2008 =
Di Murro, et al1®! 292 10.64 35 2621 1608 18 1.7%  2899[523,11.21] 2010 —
Barcelo, ef al A 148 a7 33 131 Td 3\ 54% 1.70[-2.42 582 2014 -1
Barcelo, et al1®! 178 94 33 131 T 3\ 55% 470 [0GE, 8.74] 2014
Cha, et al1® 988 457 35 1085 4583 23 8E%  -D97[-3851.891] 2015 1
Total {95% Cl} 265 209 100.0%  0.95[-0.16,2.07] l.

Heterogeneity: Tau®=1.58; Chi*= 4047, df=9 (P = 0.00001); F=78%

Test for averall effect: Z=1 .68 {P=0.09)

10 -5 10
Higher in confrols  Higherin OSA

Figure 6. Forest plot of whole-group analysis assessing the association between plasma aldosterone concentration and OSA. OSA:

obstructive sleep apnea.

3.7 Subgroup analysis

To probe further for possible relationships between OSA
and PAC, we performed subgroup analyses separately for
patients with hypertension (n = 286) and for those with no
hypertension (n = 120).%73% We excluded the study by
Barcelo, et al.”* from the hypertension subgroup because
their patients with metabolic syndrome did not necessarily
have hypertension. Data in the resulting hypertension sub-
group showed no significant heterogeneity (I> = 19%, P =
0.29), and random-effects meta-analysis indicated a pooled
MD of 1.32 ng/dL (95% CI: 0.58 to 2.07, P = 0.0005; Fig-
ure 7). Data for the no-hypertension subgroup showed high
heterogeneity (1 = 94%, P < 0.00001), and random-effects
meta-analysis indicated a pooled MD of —1.63 ng/dL (95%
CI: —7.74 to 4.49, P = 0.60). These results suggest that OSA

is associated with higher PAC specifically in the presence of
hypertension.

3.8

Medications taken by OSA patients prior to RAAS
measurements may have artificially increased or reduced
Angll/aldosterone levels, causing so-called “Angll/aldo-

Meta-regression

sterone escape”.”**** This confounding may have con-
tributed to the high heterogeneity among all nine studies
analyzing OSA and serum PAC. To explore this possibility,
we performed a meta-regression comparing use of anti-
hypertensive medication with PAC levels, which gave a
regression coefficient of 0.07 (P = 0.958, Figure 8). This
suggests that antihypertensive drug history did not contribute
significantly to the heterogeneity in studies of OSA and PAC.
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Figure 7. Forest plot of subgroup analysis assessing the association between PAC and OSA. OSA: obstructive sleep apnea; PAC:

plasma aldosterone concentration.
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Figure 8. Regression analysis of effects of antihypertensive
medication on differences in PAC between patients with OSA
and controls. OSA: obstructive sleep apnea; PAC: plasma aldos-
terone concentration.

3.9 Sensitivity analysis

Our quality assessment revealed substantial differences
among the studies, which may have contributed to the ob-
served heterogeneity during data pooling. Therefore, we
performed two sensitivity analyses. First, we removed the
study by Maillard, et al.*> because of its extremely small
sample size (seven patients and five controls). This substan-
tially reduced heterogeneity in both the hypertension sub-
group (I* = 0%, P = 0.91) and no-hypertension subgroup (1>
= 18%, P = 0.28), leading to a significant pooled MD of
1.47 ng/dL (95% CI: 0.73 to 2.20, P < 0.0001) for PAC in
the no-hypertension subgroup (Figure 9). It also led to a
significant pooled MD of 1.35 ng/dL (95% CI: 0.88 to 1.82,
P < 0.00001) across all nine studies analyzing the potential
association between OSA and PAC (Figure 10). In this way,

deleting one small study changed the whole-group and sub-
group analyses of the relationship between OSA and PAC.
Meanwhile, we performed another sensitivity analysis by
removing the study of Hu, et al.** because of the poor NOS
score. This did not significantly change the relationship
between PRC (pU/mL) and OSA (Figure 11), or that be-
tween plasma Angll and OSA (Figure 12).

3.10 Risk of publication bias

Egger’s test suggested no significant risk of publication
bias among the seven studies examining OSA and plasma
levels of Angll (P = 0.167) or among the nine studies ex-
amining OSA and serum PAC (P = 0.622).

4 Discussion

To our knowledge, this is the first meta-analysis to assess
evidence for an association between OSA and RAAS com-
ponents. Our results suggest that OSA is associated with
RAAS activation, which may help explain the well-establi-
shed link between OSA and hypertension, particularly re-
sistant hypertension. Patients with OSA have higher serum
levels of Angll than non-OSA controls, and hypertensive
patients with OSA have higher aldosterone levels than con-
trols. In contrast, renin levels are similar between OSA pa-
tients and controls.

Our results are consistent with those of a clinical study
involving 71 subjects, in which plasma aldosterone levels,
but not renin levels, were associated with severity of OSA
(defined as AHI > 5) in patients with resistant hyperten-
sion.™ Another study found higher prevalence of OSA
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Figure 9. Forest plot of subgroup analysis assessing the association between PAC
Maillard, et al.*! OSA: obstructive sleep apnea; PAC: plasma aldosterone concentration.
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Forest plot of sensitivity analysis assessing the association between PRC (nU/mL) and OSA after excluding the

poor-quality study by Hu, et al.™ OSA: obstructive sleep apnea; PRC: plasma renin concentration.

among patients with hyperaldosteronism (18%) than among
controls (8.8%);!"*! in fact, risk of OSA was 1.8-fold higher
in patients with hyperaldosteronism after adjusting for risk
factors associated with OSA and hypertension, including
sex, age, body mass index, ethnicity, diabetes mellitus and
chronic heart failure. Together, these previous results and
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the present study suggest that aldosterone may contribute to
both OSA and resistant hypertension.

The small number of studies in this meta-analysis pre-
cluded subgroup analysis based on gender or ethnic differ-
ences. This question requires further study since one study
reported higher incidence of OSA, more severe OSA and
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Figure 12. Forest plot of sensitivity analysis assessing the association between plasma angiotensin II levels and OSA after excluding
the poor-quality study by Hu, et al. 2002.”* OSA: obstructive sleep apnea.

higher plasma aldosterone levels in men with resistant hy-
pertension than in women with the same condition."*) An-
other study has reported higher renin levels in men than
women, and higher levels in Caucasians than in blacks.!*”

Since most studies in our review did not stratify patients
by OSA severity, we were unable to examine whether the
apparent effects of OSA on RAAS activation vary with se-
verity. One study reported that AHI correlated negatively
with renin levels but positively with aldosterone levels.*"!
AHI > 30 was associated with significantly higher renin and
aldosterone levels, both before and after saline load, than
AHI 5-15. On the other hand, two studies involving 422
and 114 patients with hypertension found no significant
differences in plasma levels of renin or aldosterone between
patients with moderate/severe OSA or no/mild OSA based
on polysomnography, or between patients at high or low
risk of OSA based on the Berlin Questionnaire.!'**”! Neither
of these studies was included in the present meta-analysis
because the control groups contained individuals with mild
OSA. Future work is needed to examine whether the extent
of RAAS activation depends on OSA severity.

This question is important for understanding the path-
way(s) linking OSA and RAAS activation. Several path-
ways have been proposed, one of which involves hypoxia.
The recurring upper airway collapse in OSA causes inter-
mittent hypoxia, which increases plasma levels of both renin
and aldosterone in animal models.**~" Intermittent hy-
poxia also increases AT1 expression and Angll stimulation
of the receptor in the carotid body in rats.”'*% Conversely,
continuous positive airway pressure therapy to treat OSA
down-regulates RAAS components and reduces blood
pressure.”*> % These findings, together with our meta-analy-
sis showing higher Angll levels in patients with OSA than
in controls and higher aldosterone levels specifically in pa-
tients with hypertension, argue that RAAS activation plays a
role in OSA and in OSA-associated hypertension.

4.1 Strengths and limitations

This meta-analysis provides a reliable assessment of

available evidence linking OSA and RAAS activation for
several reasons. No language or date limitations were ap-
plied during our literature searches; in fact, several studies
in the meta-analysis were published in Chinese. Our sub-
group analyses comparing patients with or without hyper-
tension provided specific evidence linking OSA, RAAS
activation and hypertension. Meta-regression allowed us to
rule out potential confounding effects of antihypertensive
drug use on reported associations between OSA and RAAS.

At the same time, the present study has several limita-
tions. First, significant heterogeneity was present in many of
the meta-analyses. This is likely due in part to small sample
size, since excluding the smallest study substantially re-
duced heterogeneity.*™ Tt likely also reflects that most stud-
ies in the meta-analysis grouped individuals with or without
hypertension together in OSA cohorts. Consistent with this,
we found that OSA was associated with aldosterone level
only in patients with hypertension. Thus, more studies need-
ed to explore the relationships among aldosterone, OSA and
hypertension. Second, we did not perform subgroup analy-
ses based on gender or ethnicity because of the small num-
bers of participants. Third, we had to perform subgroup
analysis based on whether studies measured renin levels in
terms of PRA or PRC, since the two types of measurement
cannot be compared directly. Both approaches have advan-
tages, since PRC assays are more reproducible but PRA
assays measure very low levels of renin more accurately.””
These three limitations highlight the need for much larger
studies that will allow appropriate subgroup analyses.

A fourth limitation is that most studies did not consecu-
tively enroll cases and all but one drew their controls from
hospital populations, rather than from the community. This
seriously limits the representativity of the study populations.

4.2 Conclusions

While the literature on OSA and RAAS is limited by
small samples and lack of subgroup analyses to assess ef-
fects of various potential confounders, the available evi-
dence suggests that OSA is associated with higher Angll
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and aldosterone levels, especially in hypertensive patients.
This supports the idea that OSA may contribute to hyper-
tension, at least in part, by stimulating the RAAS.
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