| 4
. \‘ REVIEW ARTICLES

JCSM

Journal of Clinical

Sleep Medicine
The Effect of Continuous' P'o'siti've A'irway Pressure Treatment
on Blood Pressure: A Systematic Review and Meta-Analysis
of Randomized Controlled Trials

Sydney B. Montesi, M.D."? Bradley A. Edwards, Ph.D."; Atul Malhotra, M.D., F.A.A.S.M."; Jessie P. Bakker, Ph.D.!

!Sleep Disorders Research Program, Brigham & Women's Hospital & Harvard Medical School, Boston MA;
’Pulmonary and Critical Care Unit, Massachusetts General Hospital, Boston, MA

Study Objectives: We sought to provide an updated system-
atic review and meta-analysis of studies investigating the ef-
fect of positive airway pressure (PAP) treatment for obstructive
sleep apnea (OSA) on systolic and diastolic blood pressure
(SBP, DBP).

Methods: Two independent investigators undertook a sys-
tematic search of the PubMed database (1980-2012) to iden-
tify randomized controlled trials comparing therapeutic PAP to
sham-PAP, pill placebo, or standard care over at least one week
in adult OSA patients without major comorbidities. The mean,
variance, and sample size for diurnal and nocturnal SBP and
DBP data were also extracted independently from each study.
Random effects meta-analyses were conducted, followed by
pre-specified subgroup and meta-regression analyses.
Results: 32 studies were identified, with data available from
28 studies representing n = 1,948 patients. The weighted
mean difference in diurnal SBP (-2.58 mm Hg, 95% CI -3.57
to -=1.59 mm Hg) and DBP (-2.01 mm Hg, 95% Cl -2.84 to
-1.18 mm Hg) both significantly favored PAP treatment over

control arms, with similar results seen in nocturnal readings.
Statistically significant reductions in BP were seen in studies
whose patients were younger, sleepier, had more severe OSA,
and exhibited greater PAP adherence. Meta-regression indi-
cated that the reductions in DBP with PAP were predicted by
mean baseline BP (B = -0.22, p = 0.02) and Epworth Sleepi-
ness Scale scores (= -0.27, p = 0.04).

Conclusions: PAP treatment for OSA is associated with mod-
est but significant reductions in diurnal and nocturnal SBP and
DBP. Future research should be directed towards identifying
subgroups likely to reap greater treatment benefits as well as
other therapeutic benefits provided by PAP therapy.
Keywords: Systematic review, meta-analysis, obstructive
sleep apnea, positive airway pressure, hypertension, blood
pressure, lung
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bstructive sleep apnea (OSA) is a disorder characterized

by recurrent upper airway collapse that occurs during
sleep. The repeated airway obstructions often expose sufferers
to intermittent hypoxemia/hypercapnia, and in many untreat-
ed individuals the only way to reopen the airway and restore
normal blood gases is to arouse from sleep. Accumulating evi-
dence has suggested that such exposures to repetitive arousals
and periods of hypoxemia are associated with important delete-
rious consequences such as cardiovascular disease, metabolic
disorders, and impaired neurocognition.

The gold standard for treatment of moderate/severe OSA
is positive airway pressure (PAP), which works by holding
the airway open using a pneumatic splint. There is evidence
to suggest that compliant PAP use can have beneficial effects
on some of the deleterious consequences of this disorder; in
terms of the cardiovascular effects of OSA, much of the ex-
isting interventional literature has focused on the role of PAP
in mitigating OSA-induced hypertension. There are a number
of published randomized controlled trials comparing blood
pressure (BP) in patients receiving PAP versus a control arm;
however, the extent to which PAP leads to alterations in BP

values remains an area of debate based on evidence from
single studies.

In 2007, a number of meta-analyses were published inves-
tigating the effect of PAP on BP, each adopting different study
selection criteria, with conflicting results. An analysis of ten
studies did not find any significant difference in either systolic
or diastolic BP (SBP, DBP) between PAP and control groups
when 24-h ambulatory blood pressure monitoring (ABPM)
and office BP measurements were combined.! Twenty-four
hour mean arterial BP declined significantly by 1.7 mm Hg in
a meta-analysis of 12 trials, and meta-regression analyses of
these data found that a greater reduction in BP occurred with
increasing OSA severity, greater frequency of arousals during
diagnosis of OSA, and greater adherence to treatment, with no
significant effect of subjective sleepiness reported at baseline.?
In the largest meta-analysis to date which included 16 studies
representing 818 subjects, PAP use was associated with mean
decreases in SBP of 2.5 mm Hg, DBP of 1.8 mm Hg, and mean
arterial pressure of 2.2 mm Hg, all of which reached statistical
significance.® Thus, these previously published meta-analyses
suggest that a small but significant reduction in SBP and DBP
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can result from PAP treatment, but it is unclear which patient
subgroups may benefit most from treatment.

Many additional large randomized controlled trials have been
published since 2007. We therefore aimed to perform an updated
systematic review and meta-analysis of randomized controlled
trials comparing therapeutic PAP to sham-PAP, pill placebo, or
standard care over at least one week in adult OSA patients with-
out major comorbidity. A secondary aim was to investigate the
influence of treatment duration, age, daytime sleepiness, OSA
severity, baseline BP, and adherence to treatment, using both
subgroup analyses and meta-regression techniques.

METHODS

Being a review of published literature, this investigation did
not require ethical review.

Literature Search

The PubMed database was searched for randomized con-
trolled trials of PAP among OSA patients using the follow-
ing search string in PubMed format: ((((((((((““Sleep Apnea
Syndromes”[Mesh])) OR (apn*)) OR (hypopn*)) OR (sleep
apn*)) OR (obstructive sleep apn*)) OR (OSA)) OR (OSAS))
OR (OSAHS)) OR (SAHS)) AND (((((((““Continuous Positive
Airway Pressure”’[Mesh])) OR (Continuous positive airway pres-
sure)) OR (positive airway pressure)) OR (positive pressure))
OR (CPAP)) OR (PAP)) AND (((((“Randomized Controlled
Trial”[Publication Type])) OR (“Clinical Trial”[Publication
Type])) OR (randomi*)) OR (clinical trial)). The search was
limited to the dates 1 January 1980 to 1 January 2012.

The reference lists of previous meta-analyses on this topic
identified during the PubMed search were scanned for additional
suitable studies. Any papers or peer-reviewed abstracts that were
referenced in any of the identified studies (see literature exclu-
sion criteria below) were also eligible for potential inclusion.
Finally, our list of identified studies was forwarded to the first,
last and/or corresponding author/s of these studies, who were
asked to suggest further suitable publications if known to them.

Literature Exclusion Criteria

Authors SBM and JPB independently identified and ex-
cluded all qualitative reviews, commentaries, letters, and meta-
analyses from the pooled literature set. The same authors then
independently applied the following exclusion criteria to the
abstracts of all identified publications in the order of “PICOS”
(patient/intervention/comparator/outcome/study design)*: (a)
patients did not have a diagnosis of OSA made either during
full polysomnography, cardiorespiratory monitoring, or oxim-
etry; (b) patients had significant comorbidity; (c) patients were
aged < 18 years; (d) the study investigated an intervention other
than auto-PAP, flexible PAP, or standard continuous PAP ap-
plied at therapeutic pressure; (e) the study included a compara-
tor other than sham-PAP, pill placebo, or standard care; (f) the
study did not include office BP and/or ABPM measured at > 2
time points; (g) the study was not randomized; (h) the treatment
arms were < 1 week long. We anticipated that many publica-
tions would report BP as a secondary outcome measure, and
therefore all studies reaching point (f) were inspected in full
rather than relying on the information contained in the abstract.

Journal of Clinical Sleep Medicine, Vol. 8, No. 5, 2012

If any studies reported duplicate data, only the latest publica-
tion was retained. Publication in a language other than English
was not grounds for exclusion. Any disagreements as to study
eligibility were discussed until consensus was reached.

Data Extraction

Data extraction was also conducted independently by au-
thors BAE and JPB. BP data were extracted as systolic and
diastolic values, measured diurnally (primary analyses) and
nocturnally. When studies reported both 24-h ABPM and office
BP, the ABPM data were extracted. If studies measuring 24-h
ABPM did not split the data into diurnal/nocturnal, the data
were classified as diurnal. Studies that measured office BP did
not contribute to the nocturnal data; if office BP was measured
throughout the day, morning (preferable) or midday data were
extracted. If BP was measured at more than one follow-up time
point, data from the final end point were extracted.

The mean difference in BP between PAP and control arms
in crossover trials was calculated as [end-trial BP in PAP arm
minus end-trial BP in control arm]. The mean difference in BP
between PAP and control arms in parallel trials was calculated
as [(end-trial BP in PAP arm minus baseline BP in PAP arm)
minus (end-trial BP in control arm minus baseline BP in con-
trol arm)]. If a measure of variance (either standard deviation,
standard error of the mean, or confidence interval) for the with-
in-arm change in BP was not reported, it was calculated using
standard methods for paired data assuming a correlation of » =
0.5.2° If any descriptive or BP data were missing or unclear, we
attempted to email the first, last, and/or corresponding author
and allowed up to 8 weeks response time.

Statistical Analysis

Statistical analyses were conducted by author JPB using
Stata Version 12 (StataCorp; TX, USA). Forest plots were pro-
duced using Review Manager (RevMan) Version 5.1 (Nordic
Cochrane Center, Copenhagen, Denmark). The following Stata
commands were used: metan (Version 3.04; September 2010),
metaninf, metafunnel, metabias, and metareg.

It was decided a priori that due to the diverse patient charac-
teristics and experimental protocols anticipated in the final lit-
erature set, random effects models using DerSimonian and Laird
methodology® would be applied during all meta-analyses. A ran-
dom effects model assumes that the true effect size varies be-
tween studies due to clinical and methodological diversity; the
alternative fixed effect model assumes that the true effect size is
the same for all studies and any between-studies variance is due
solely to sampling error. If there is zero heterogeneity between
studies, both models will yield the same result; when heteroge-
neity is present the confidence interval of the summary effect
will be wider with the more conservative random effects model.

The pooled effect and 95% confidence interval (CI) for
each meta-analysis was calculated using the weighted effects
of contributing individual studies and summarized graphically
in a forest plot. Sensitivity analysis (the process by which one
study at a time is excluded from the pooled analysis to deter-
mine if any studies exert undue influence on the model) was
then conducted. The QO-statistic for each analysis—a statistical
test of heterogeneity—was considered significant at p < 0.10
by convention.’ The /* statistic—the percentage of observed



variance attributed to between-studies heterogeneity rather
than chance—was calculated for each analysis. A funnel plot
was produced for each meta-analysis in order to assess visually
publication bias, which was also assessed statistically using Eg-
ger’s and Begg’s tests.

For the primary outcomes only (diurnal SBP and DBP), pre-
specified subgroup analyses of trial structure (parallel versus
crossover), comparator type (sham-PAP versus all other types),
treatment duration (> 4 weeks versus < 4 weeks), age (> 50
years versus < 40 years), Epworth Sleepiness Scale (ESS) score
(= 11/24 versus < 11/24), apnea-hypopnea index (AHI > 30
events’h vs < 30 events/h), baseline hypertension (SBP > 140
mm Hg or DBP > 90 mm Hg versus SBP < 140 mm Hg or DBP <
90 mm Hg), and PAP adherence (>4 h/night vs <4 h/night) were
performed. Each p-value obtained in sub-group analyses was
corrected using a Bonferroni approach. Separate pre-specified
random effects meta-regression analyses were performed using
treatment duration, mean age at baseline, mean ESS at baseline,
mean AHI at baseline, PAP adherence, and mean BP at baseline
(SBP or DBP as appropriate) as continuous predictors. Subgroup
and meta-regression analyses were performed using the diurnal
BP data only, in order to avoid inflating the type I error rate.

RESULTS

Identification and Description of Included Studies

A total of 1,041 suitable studies were identified through the
PubMed search. Of these publications, the authors screened the
abstracts of 927 and the full text of 114. The reasons for exclud-
ing 1,006 of these studies are shown in Figure 1. Of the remain-
ing 35 studies (all published as complete papers), 4 reported
duplicate BP data, and the most recently-published of these was
retained in the final literature set of 32 studies with 2,303 pa-
tients (see Figure 1).

Table 1 summarizes the studies in terms of design charac-
teristics, while Table 2 summarizes the descriptive information
of patients in each study. Twenty-one studies adopted a par-
allel structure; all but one used fixed continuous PAP as the
intervention, and 20 used sham-PAP as the comparator. Treat-
ment arm durations ranged from one week to one year. Most
studies recruited predominantly males, with the mean age and
body mass index (BMI) of the studies falling in a reasonably
narrow range (43-63 years, and 27-37 kg/m? respectively). The
mean ESS scores ranged from 5-16/24, while the mean PAP
adherence ranged from 3-7 hours per night. Information as to
the authors’ judgment of risk of bias is available from the cor-
responding author.

Additional Data Obtained

We are grateful to Drs. Dimsdale, Drager, Lloberes, Lozano,
Oliveira, Poyares, Sharma and Tomfohr for supplying addition-
al data and/or information on study design.®'

Meta-Analyses

Diurnal BP
For our primary analyses (diurnal SBP and DBP), we were
able to extract analyzable data for 1,948 patients from 28 stud-

BP Reduction with PAP Treatment

ies (87.5% of the 32 studies identified). As shown in Figure 2,
only 4 studies showed significant differences in SBP and DBP
between PAP and control arms, with a further 2 studies show-
ing significant differences in DBP only. In the pooled analyses,
diurnal SBP and DBP were both significantly reduced by PAP
treatment compared with control (pooled SBP change —2.58
mm Hg, 95% CI —3.57 mm Hg to —1.59 mm Hg, p < 0.001;
pooled DBP change —2.01 mm Hg, 95% CI —2.84 to —1.18,
p <0.001). The O-tests for SBP (Q(27) =20.51, p=0.81) and
DBP (Q(27) = 34.90, p = 0.14) were both nonsignificant, and
the 7? values for SBP and DBP did not indicate substantial
heterogeneity (0% for SBP and 22.6% for DBP).

The results of the planned subgroup analyses are shown in
Table 3. Diurnal SBP was significantly reduced by PAP in both
parallel and crossover studies, whereas diurnal DBP was only
significantly reduced by PAP in parallel studies. Both diurnal
SBP and DBP were significantly reduced only in studies utiliz-
ing a sham-PAP control, studies with treatment duration > 4
weeks, studies with mean age at baseline < 50 years, studies
with mean ESS at baseline > 11/24, studies with mean AHI at
baseline > 30 events/h, studies with mean PAP adherence > 4
h/night, and studies with patients who were not hypertensive at
baseline on average (all p < 0.05 using a Bonferroni correction).

Meta-regression indicated no significant effect of AHI, age,
treatment duration, or adherence to PAP, on diurnal SBP or DBP
(all p > 0.05). Baseline diurnal SBP was not a significant pre-
dictor of the weighted mean difference in diurnal SBP between
PAP and control, however as shown in Figure 3A, baseline di-
urnal DBP was a significant predictor of the weighted mean dif-
ference in diurnal DBP (B = —0.22, standard error of the mean
0.09, p = 0.02). Baseline ESS was a significant predictor of the
weighted mean difference in diurnal DBP (8 = —0.27, standard
error of the mean 0.12, p = 0.04; see Figure 3B), and this as-
sociation approached significance for diurnal SBP (B = —0.37,
standard error of the mean 0.19, p = 0.06).

Finally, sensitivity analyses found that no study, when re-
moved individually, changed the statistical significance of the
pooled result.

Nocturnal BP

Nocturnal SBP and DBP data were available for 661 pa-
tients from 10 studies. Both were both significantly reduced by
PAP treatment compared with control (pooled nocturnal SBP
change —4.09 mm Hg, 95% CI —6.24 mm Hg to —1.94 mm Hg,
p<0.001; pooled nocturnal DBP change —1.85 mm Hg, 95% CI
—3.53 mm Hg to —0.17 mm Hg, p = 0.03). The QO-tests for SBP
(0(9) =9.55,p=0.39) and DBP (Q(9) = 12.21, p = 0.20) were
both nonsignificant, and the /2 values for SBP and DBP (5.7%
and 26.3%, respectively) did not indicate substantial heteroge-
neity. No subgroup or meta-regression analyses were planned
for the nocturnal BP data. During sensitivity analysis, no study
changed the statistical significance of the pooled result when
removed from each meta-analysis individually.

Assessment of Publication Bias

We found no evidence of publication bias when Funnel Plots
were inspected for each meta-analysis (not shown), although
there is a possibility that further unpublished studies exist
which we were unable to identify. The results of the Egger’s
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Figure 1—Literature screening flowchart, with exclusion criteria listed in “PICOS” order
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*Of the papers reporting identical data, the most recently published was included. ABPM, ambulatory blood pressure monitoring; BP, blood pressure; OSA,
obstructive sleep apnea; PAP, positive airway pressure; PICOS, patient/intervention/comparator/outcome/study design.

and Begg’s tests for both diurnal SBP and DBP, and nocturnal
SBP and DBP, were all nonsignificant (all p > 0.05).

DISCUSSION

Our meta-analyses show that PAP treatment significantly re-
duces diurnal and nocturnal SBP and DBP compared with non-
therapeutic comparators (sham-PAP, pill placebo, or standard
care), despite only a few trials reporting statistically significant
results individually. The weighted mean reductions in diurnal
SBP (—2.58 mm Hg) and DBP (-2.01 mm Hg), and nocturnal
SBP (—4.09 mm Hg) and DBP (—1.85 mm Hg), were reason-
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ably small and would be unlikely to be considered clinically
significant for an individual without additional treatment ben-
efits occurring alongside. These results are in agreement with
existing meta-analyses, despite the fact that more than double
the number of studies were available to us in our updated lit-
erature search. Along with our quantitative results indicating
minimal heterogeneity between studies, this provides evidence
of a consistent effect across studies despite diverse locations
and methodological approaches.

In terms of study design, planned subgroup analyses indi-
cated that the reductions in diurnal SBP and DBP were larger in
parallel studies, studies with at least four weeks treatment dura-
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Table 1—Design characteristics of identified studies

Duration of trial Level of OSA criteria
Intervention / (weeks) / Duration | blinding as (events per Method of BP
First Author, Year City & Country Centers | Trial type | Comparator of washout (days) | stated in paper | hour) BP criteria (mm Hg) measurement
Engleman, 1996 Edinburgh, UK 1 Crossover | CPAP/ Pill placebo 3/None Single AHI 25 None ABPM
Dimsdale, 2000 San Diego, USA 1 Parallel CPAP / Sham-PAP 1/N/A Double RDI> 15 None ABPM
Barbé, 2001% Throughout Spain 6 Parallel CPAP / Sham-PAP 6/N/A Single AHI =30 None ABPM
Faccenda, 2001 Edinburgh, UK 1 Crossover | CPAP/ Pill placebo 4/ None Single AHI =15 Excluded patients on ABPM
BP altering medication/s
Monasterio, 2001 Throughout Spain 6 Parallel CPAP / No treatment | 24/ N/A Single AHI 10-30 None Office
Pepperell, 2002 Oxford, UK 1 Parallel CPAP / Sham-PAP 4/NA Double ODI (4%) > 10 | None ABPM
Barnes, 2002% Melbourne and Adelaide, Australia | 2 Crossover | CPAP/ Pill placebo 8/None Unblinded AHI 5-30 None ABPM
Becker, 2003% Marburg, Germany 1 Parallel CPAP / Sham-PAP 9/N/A Single AHI 25 None ABPM
Barnes, 2004% Melbourne and Adelaide, Australia | 2 Crossover | CPAP/ Pill placebo 12114 Unblinded AHI 5-30 None ABPM
Ip, 2004% Hong Kong, China 1 Parallel CPAP / No treatment | 4/N/A Unblinded AHI = 15 Excluded patients with a | Office
history of hypertension
Alonso-Fernandez, 2006% Madrid, Spain 1 Crossover | CPAP / Sham-PAP 12/ None Double AHI> 10 Excluded BP > 135/85 | ABPM
Campos-Rodriguez, 20062 Seville, Spain 1 Parallel CPAP / Sham-PAP 4/N/A Double AHI =10 Excluded BP < ABPM
140/90 and not on
antihypertensives
Hui, 20062 Hong Kong, China 1 Parallel CPAP / Sham-PAP 12/ NIA Double AHI 25 None ABPM
Mills, 2006 San Diego, USA 1 Parallel CPAP / Sham-PAP 2/ N/A Single AHI> 15 Excluded patients on Office
antihypertensives
Norman, 2006 San Diego, USA 1 Parallel CPAP / Sham-PAP 2/ NIA Double AHI> 15 Excluded BP > 170/105 | ABPM
Robinson, 2006 Oxford, UK 1 Crossover | CPAP / Sham-PAP 4114 Double ODI (4%) > 10 | Excluded BP < ABPM
140/90 or not on
antihypertensives
Coughlin, 2007 Liverpool, UK 1 Crossover | CPAP / Sham-PAP 6/6 Double AHI> 15 Excluded BP > 180/110 | Office
Drager, 20077 Sao Paulo, Brazil 1 Parallel CPAP / No treatment | 16/ N/A Single AHI> 30 Excluded BP > 140/90 | ABPM
Lam, 2007 Hong Kong, China 2 Parallel CPAP / No treatment | 10/ N/A Unblinded AHI > 5-40 None Office
Cross, 2008% Edinburgh, UK 1 Crossover | CPAP / Sham-PAP 6/7 Double AHI> 15 None Office
Kohler, 2008% Oxford, UK 1 Parallel CPAP / Sham-PAP 4/NIA Double ODI (4%) > 10 | None Both
Alonso-Fernandez, 2009* Palma de Mallorca, Spain 1 Crossover | CPAP / Sham-PAP 12/ None Double AHI= 10 Excluded BP > 135/85 | ABPM
Comondore, 2009 Vancouver, Canada 1 Crossover | CPAP/No treatment | 4/28 Unblinded AHI= 15 None ABPM
Oliveira, 2009° Sao Paulo, Brazil 1 Parallel CPAP / Sham-PAP 24 INIA Double AHI > 20 None Office
Barbé, 2010% Throughout Spain 14 Parallel CPAP / No treatment | 52/ N/A Unblinded AHI =19 Excluded BP < Office
140/90 or not on
antihypertensives
Duran-Cantolla, 2010% Throughout Spain 1" Parallel CPAP / Sham-PAP 12/ N/A Double AHI> 15 Excluded BP > 140/90 | ABPM
or on antihypertensives
Lam, 2010% Hong Kong, China 1 Parallel Auto-PAP / Sham- 1/N/A Double AHI =15 None Office
PAP
Lozano, 20107 Barcelona, Spain 1 Parallel CPAP / No treatment | 12/N/A Unblinded AHI =15 Excluded BP < 140/90 | ABPM
Nguyen, 2010 Stanford, USA 1 Parallel CPAP / Sham-PAP 12/N/A Double RDI = 15 None Office
Drager, 2011° Sao Paulo, Brazil 1 Parallel CPAP / No treatment | 12/N/A Single AHI>30 Excluded BP > 140/90, | Both
or on antihypertensives
Kohler, 20114 Zurich, Switzerland 1 Parallel CPAP / Sham-PAP 2/N/A Double ODI (4%) =10 | None Office
Sharma, 2011° New Delhi, India 1 Crossover | CPAP / Sham-PAP 12128 Double AHI> 15 Excluded patients on Office
antihypertensives

ABPM, ambulatory blood pressure monitoring; AHI, apnea-hypopnea index; BP, blood pressure; CPAP, continuous positive airway pressure; N/A, not
applicable; ODI, oxygen desaturation index; OSA, obstructive sleep apnea; RDI, respiratory disturbance index; UK, United Kingdom; USA, United States of

America.

tion, and studies that used a sham-PAP control arm and hence
were able to blind investigators and/or patients to treatment al-
location.

We investigated the influence of descriptive covariates using
both subgroup analyses and meta-regression. As anticipated,
significant reductions in diurnal SBP and DBP were evident
only in studies whose patients were younger, reported a greater
degree of daytime hypersomnolence, had more severe OSA,
and who exhibited greater PAP adherence. Our results concern-
ing age are in agreement with data from the Sleep Heart Health
Study, which did not detect a significant association between
hypertension and OSA in those aged over 60 years.'"* The sub-
group of studies whose patients were (on average) hypertensive

at baseline showed a greater reduction in BP with PAP com-
pared with studies whose patients were normotensive, and yet
this analysis did not reach values with statistical significance.
Few trials targeted hypertensive patients during recruitment,
suggesting that this analysis was underpowered particularly af-
ter Bonferroni adjustment for multiple comparisons.
Meta-regression analyses indicated that with every 10 mm
Hg increase of diurnal DBP at baseline, a drop in diurnal DBP
of 2.22 mm Hg with PAP compared with control could be ex-
pected (p = 0.02). Similarly, with every 5-point increase in
ESS score at baseline, a drop in diurnal SBP of 1.86 mm Hg
(p =0.06) and a drop in diurnal DBP of 1.35 mm Hg (p = 0.04)
could be expected. The mechanisms by which BP changes
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Table 2—Descriptive characteristics of patients in identified studies

Number randomized Number of males AHI/RDI/ODI of all PAP adherence

to intervention/ Dropout | in intervention/ Age of all subjects | subjects (mean £ SD); | BMI of all subjects | PAP (mean % SD); | ESS of all subjects | (mean £ SD);
First Author, Year comparator groups | rate (%) | comparator groups | (mean * SD); years | events per hour (mean * SD); kg/m?* | ¢cm H,0 (mean £ SD); /24 hours per night
Engleman, 1996 16° 18.8 1% 51+10.8* 49 +32.4* 36+9.4* Not specified N/A 43+22
Dimsdale, 2000" 21/18 0.0 15/16 483+9 48.1+25 308+54 10.1° N/A Not specified
Barbé, 2001% 29/26 1.8 26/23 53.1+10.5* 55.4 +18.1% 29+42 8+1.1 721" 5+22
Faccenda, 2001 712 42 55* Not specified Not specified Not specified Not specified Not specified 3.3
Monasterio, 2001 77165 12.0 53/54* 54 + 9 20+ 6* 29+4* T+17 126+ 4.6 48+22
Pepperell, 2002#' 59/59 20.3 59/59 50.6 £ 10.1 37+£19.7¢ 35+74 98+19 162+3.2 49+2
Barnes, 2002 42 333 35° 455+10.7 129+6.3 302+48 Not specified 11.2+5.1 35+213
Becker, 2003% 30/30 46.7 15/14* 534+8.7* 63.8+22.7* 334+56% 91+23 143+29 55+2
Barnes, 20042 104 2341 83 47+92 21.3+£133 31.1+5.1 Not specified 10.7 4.1 36+28
Ip, 2004% 14114 36 14114 427+9 46.4 £15* 294+55 Not specified 1.1+£6.2 4.3
Alonso-Fernandez, 20062 312 16.1 30° 53+13 43.6+26.6 304+4 88+14 Not specified 6+1
Campos-Rodriguez, 2006 | 36/ 36 56 19/22* 56.7 +8.5* 58.9+23.2* 3486 95+1.9 143+38" Not specified
Hui, 2006% 28/28 17.9 22121 508 +12.7 31.2+16.5 272+37 10.7+19 1.2+£53 51+19
Mills, 2006' 17/16 0.0 15/13 48.3+104 63.2+33.6 31963 Not specified N/A 68+16
Norman, 2006 18/15 0.0 15/13 495+10.6 60.6 + 30 30.8+56 Not specified 1216 67+12
Robinson, 20062 35° 8.6 312 54+8 28.1+£20%¢ 332+53 Not specified 53+4.0° 52+21
Coughlin, 2007%° 35° 29 34% 49+83 39.7 £13.8* 36.1+7.6" 10° 13.8+4.9% 3.9
Drager, 2007 12/12 0.0 12/12 455+6.7 594222 298+3 104+ 1.1 135+46 6+06
Lam, 2007 34/33 9.0 27126 46+9.1 216+ 1.2 275+35 Not specified 12+58 42+06
Cross, 2008% 29° 6.9 26* 48 +10.4* 63 + 26* 37+52* Not specified Not specified 45+21
Kohler, 2008% 51/51 29 51/51 48.4+10.1 42.3+23.6° 35273 10+£19 1554 47+21
Alonso- Fernandez, 2009% 312 194 312 52+13 438 £27 305+4 102 Not specified 62+1.1
Comondore, 2009% 13 0.0 92 55.5+7.07 27,9 31.1° Not specified 6.8° 5.5°
Oliveira, 2009° 15/15 0.0 9/7 54.6 +10.4 41.6+20.8 302+6.3 Not specified N/A Not specified
Barbé, 2010% 191/183 4.0 151/148* 55.5+ 10 46 +20.2* 325+5 Not specified 6.4+24* 47+2
Duran-Cantolla, 2010%" 169/ 171 20.0 133/ 144 524+10.5 435+245 319+57 8816 10.1+43 45+17
Lam, 2010% 31/30 0.0 31/30 46.3+10.2 39.7+22.1 215+37 Auto-PAP 105+52 62+15
Lozano, 2010" 38/37 14.7 22/22* 59.2+9.9* 52.67 +21.5* 30.8+ 5 9.62 + 1.54 6.2+3.3" 5615
Nguyen, 2010% 10/10 0.0 8/10 534+ 112 3524174 298452 Not specified Not specified 51+19
Drager, 2011° 18/18 0.0 18/18 437 56 + 22 288+3 104+ 1 12+5 52+07
Kohler, 20114 20/21 24 19/21 62.7+6.5 40.8 £20.6 3355 Not specified 14.6+3.2 62+1.1
Sharma, 2011° 90* 44 e 45+8* 47.9+£18.5* 328+5.1% 97+26 14.5+3.6 51+1.1

Crossover design, so this represents the number randomized to first arm; ®Variance not specified; °Specified median and interquartile range rather than
mean and standard deviation; *Specified ODI rather than AHI or RDI; *calculated based on patients who completed the trial, rather than patients who were
randomized. AHI, apnea-hypopnea index; BMI, body mass index; ESS, Epworth Sleepiness Scale; N/A, not applicable; ODI, oxygen desaturation index; PAP,
positive airway pressure; RDI, respiratory disturbance index; SD, standard deviation.

relate to daytime sleepiness remain unclear but may relate to
cortical or subcortical arousals occurring at the termination of
respiratory events coinciding with repeated surges in BP. There
is some evidence that this cardiovascular response to arousal is
attenuated in the elderly, which may partly explain our finding
that age was not predictive of the BP reduction with PAP.'5
The results of all other meta-regression analyses were non-
significant—most likely due to the fact that significant het-
erogeneity between studies was not found—which highlights
a deficiency in the literature. Despite the fact that studies re-
cruited a heterogeneous sample of OSA patients (see Table 1)
such that the within-study variances of baseline age, AHI, and
adherence were wide, the means of these covariates were simi-
lar across studies. Hence little between-studies heterogeneity
was evident, making statistical investigation of study-level co-
variates impractical. The efficacy and effectiveness of PAP in
the prevention and treatment of cardiovascular disease includ-
ing hypertension is still an area of debate, making the identifi-
cation of OSA subsamples likely to reap greater benefits from
PAP treatment particularly important. Although this question
could be addressed by performing further clinical trials target-
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ing specific patient subgroups, a more practical and efficient
approach would be to perform a patient-level meta-analysis us-
ing existing data from the identified literature. The availability
of such a large pooled sample would also allow for the inclu-
sion of a number of other important co-variates that were not
investigated here, such as the arousal index and the influence
of antihypertensive medications, the latter of which would be
particularly useful in interpreting our meta-regression results
suggesting greater reductions in BP when patients were hyper-
tensive at baseline.

This meta-analysis builds on previous analyses by including
data from an additional 1,170 patients from 13 studies—more
than double the sample that was available to Bazzano et al. in
2007. Further strengths include the fact that we chose to iden-
tify only randomized controlled trials and separately extracted
both diurnal and nocturnal BP data. We addressed several po-
tential confounders of the effect of PAP on BP which have not
been investigated using meta-regression to date, namely treat-
ment duration, age, and baseline BP. Our thorough search for
suitable studies outside of the PubMed database did not lead to
the identification of further publications, and as such we believe
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Figure 2—Forest plots comparing the effects of PAP and control on (A) diurnal SBP, and (B) diurnal DBP
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confidence interval; a line crossing the 0 mm Hg vertical line indicates no significant difference at a = 0.05. The diamond summarizes the pooled effect; the apex
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mm Hg, p < 0.001) and diurnal DBP (-2.01 mm Hg, p < 0.001). DBP, diastolic blood pressure; PAP, positive airway pressure; SBP, systolic blood pressure.
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Table 3—Results of subgroup and meta-regression analyses

Diurnal SBP Diurnal DBP
B meta- B meta
Weighted regression Weighted -regression
mean 95% co-efficient mean 95% co-efficient
difference Confidence (standard difference Confidence (standard
Subgroups (mm Hg) Interval error) (mm Hg) Interval error)
Trial structure
Parallel -2.6 -4.0t0-1.3 2.3 -3.5t0-1.1
Crossover 2.5 -4.0 to -1.1 -1.6 -2810-05
Comparator type
Sham-PAP -3.0 -4.2t0-1.7 2.2 -3.41t0-0.9
Pill placebo or standard care 2.0 -3610-0.5 -1.6 -2.7t0-05
Treatment duration 0.02 (0.04) 0.02 (0.03)
=4 weeks 2.5 -3.6to-1.5 2.0 -2.8to-1.1
<4 weeks -3.7 -8.1100.6 -3.2 -6.6t00.3
Mean age at baseline 0.06 (0.11) 0.04 (0.1)
=50 years 2.1 -3.5t0-0.6 -16 -2910-0.3
<50 years -3.3 -4.7t0-1.9 2.5 -3.7to-1.3
Mean ESS at baseline -0.37 (0.19)* -0.27 (0.12)#
= 11/24 -4.3 -5.8 to -2.8 -3.4 -4.5t0 -2.2
<11/24 -1.5 -2910-0.1 -1.3 -2.210-0.3
Mean AHI/RDI/ODI at baseline -0.06 (0.05) -0.03 (0.04)
> 30 events/hour 2.9 -4.0t0-1.8 2.3 -3.3t0-1.2
< 30 events/hour 1.7 -4.2t00.8 -1.0 -26100.6
Mean PAP adherence -0.57 (0.61) 0.0(0.52)
= 4 hours/night 2.9 -4.1t0-1.8 2.1 -3.1t0-1.2
< 4 hours/night -1.8 -4.0t00.3 2.0 -4.1t00.1
Hypertension at baseline* -0.09 (0.1) -0.22 (0.09)
SBP =140 mm Hg or DBP 290 mm Hg | -3.1 -5.910-0.3 24 -4.810-0.1
SBP <140 mm Hg or DBP <90 mmHg | -2.5 -3.6to-1.4 -1.8 -2.8t0-0.8

*In meta-regression analyses, SBP and DBP were considered continuous predictors. Bold indicates statistical significance of subgroup analyses at p < 0.05
after Bonferroni adjustment for multiple comparisons. #p = 0.06; #p < 0.05. B meta-regression co-efficient is the predicted change in BP for every one-unit
increase in the predictor variable. AHI, apnea-hypopnea index; DBP, diastolic blood pressure; ESS, Epworth Sleepiness Scale; ODI, oxygen desaturation
index; PAP, positive airway pressure; RDI, respiratory disturbance index; SBP, systolic blood pressure.

our search terms were sensitive enough to capture all available
literature; hence it is unlikely that our results have been heav-
ily influenced by publication bias. Furthermore, by performing
sensitivity analyses, we are confident that no single trial exerted
undue influence on any of the meta-analyses presented here.
Some may consider the overall observed effect of PAP on BP
to be minor and may question the benefits of treating OSA. We
would offer several lines of logic in response. Firstly, although
a 2-3 mm Hg change in BP could be considered trivial for an
individual, at a population level the impact of OSA treatment on
BP could have substantial benefits (for example, decreasing the
risk of stroke). Secondly, we would agree that if the sole pur-
pose of PAP were to lower BP, we would favor antihypertensive
medications. However, the other benefits of PAP on daytime
symptoms, driving risk, and possible cardiovascular benefits
are noteworthy. Third, profound surges in BP are well known
to occur in the physiological response to apnea, although such
surges are typically not assessed using noninvasive technology
with intermittent readings in clinical trials. Given that these BP
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surges may be a substrate for plaque rupture, we would encour-
age focus on hard cardiovascular outcomes, rather than surro-
gate outcome measures such as daytime BP. Finally, Guyenet
et al. have regarded hypertension as a central disorder of auto-
nomic control given that counter-regulatory mechanisms tend to
maintain BP within a relatively narrow range based on changes
in vasoconstriction or vasodilation.'® As such, one might predict
modest changes in BP based on reduced catecholamine-medi-
ated vasoconstriction. Thus, we favor further research into the
benefits of CPAP and the role of BP on the causal pathway from
OSA to hard cardiovascular outcomes.

Our meta-analysis has a number of limitations that need to
be considered. Despite attempts to gather unpublished data
from study authors, our data set was not complete. However,
we were able to analyze diurnal BP data from almost 90% of
identified trials and as such believe that our synthesized results
are an accurate summary of the literature. Secondly, we ana-
lyzed BP data across trials with substantial methodological di-
versity (for example, differing equipment, timing and number



Figure 3—Scatterplots of the weighted mean difference
between PAP and control for each study against (A) mean
diurnal DBP at baseline, and (B) mean ESS score at baseline
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In each plot, the error bars represent the standard error of the mean for
each weighted mean difference, the solid lines represent the random
effects meta-regression lines, and the dotted lines represent the null
effect (0 mm Hg difference between PAP and control). The analysis in
(A) suggests that the mean difference in diurnal DBP between PAP and
control would decrease by 2.22 mm Hg with every increase of 10 mm
Hg diurnal DBP at baseline (8 = -0.22, p = 0.02), while the analysis in
(B) suggests that the mean difference in diurnal DBP between PAP and
control would decrease by 1.35 mm Hg with every 5-point increase in ESS
score at baseline (8 =-0.27, p = 0.04). DBP, diurnal blood pressure; ESS,
Epworth Sleepiness Scale.

of BP measurements), which is an unfortunate but unavoidable
limitation of meta-analyses of this kind. We were also forced
to calculate estimated differences in paired BP data based on
the assumption of an » = 0.5 correlation when these data were
not reported. This requirement undoubtedly introduced a minor
degree of error into our data set.
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In conclusion, the use of PAP in the treatment of OSA results
in a modest yet significant reduction in BP, with the greatest ef-
fect seen with nocturnal SBP values. As more is learned of the
cardiovascular effects of OSA, further testing will be needed to
assess the role of PAP in mitigating such effects. Patient level
meta-analysis may prove beneficial, especially in terms of de-
fining the patient subgroups which would sustain the largest
benefit from PAP.

ABBREVIATIONS

ABPM, ambulatory blood pressure monitoring
AHI, apnea-hypopnea index

BMI, body mass index

BP, blood pressure

CI, confidence interval

DBP, diastolic blood pressure

ESS, Epworth Sleepiness Scale

ODI, oxygen desaturation index

OSA, obstructive sleep apnea

PAP, positive airway pressure

PICOS, patient/intervention/comparator/outcome/study design
RDI, respiratory disturbance index

SBP, systolic blood pressure
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