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Study Objectives: We sought to perform a patient-level meta-
analysis using the individual patient data of the trials identified
in our previous study-level meta-analysis investigating
the effect of positive airway pressure (PAP) treatment for
obstructive sleep apnea (OSA) on blood pressure (BP).
Design: Patient-level meta-analysis.

Setting: N/A.

Participants: 968 adult OSA subjects without major
comorbidities drawn from eight randomized controlled trials.
Interventions: Therapeutic PAP versus non-therapeutic
control conditions (sham-PAP, pill placebo or standard care)
over at least one week.

Measurements and Results: The mean reductions in BP
between PAP and non-therapeutic control arms were -2.27
mm Hg (95% CI -4.01 to -0.54) for systolic BP and -1.78 mm
Hg (95% Cl -2.99 to -0.58) for diastolic BP. The presence
of uncontrolled hypertension at baseline was significantly
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associated with a reduction in systolic BP of 7.1 mm Hg and
diastolic BP of 4.3 mm Hg after controlling for OSA severity
(apnea-hypopnea index, Epworth Sleepiness Scale score,
PAP level), patient demographics (age, gender, body mass
index, use of antihypertensive medication/s), and measures of
PAP efficacy (PAP adherence and treatment duration).
Conclusions: OSA patients with uncontrolled hypertension are
likely to gain the largest benefit from PAP in terms of a substantial
reduction in BP, even after controlling for disease severity.
Keywords: Patient-level meta-analysis, hypertension,
obstructive sleep apnea, positive airway pressure, lung
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vidence to date has established that the gold-standard treat-

ment for obstructive sleep apnea (OSA), positive airway
pressure (PAP), has beneficial effects on the cardiovascular
sequelae of OSA; however, the extent to which PAP can reduce
blood pressure (BP) has been difficult to discern based on indi-
vidual randomized controlled trials (RCTs). More importantly,
which patient subgroups likely to experience a substantial
reduction in BP with PAP is unclear.

We recently published the largest systematic review and
meta-analysis to date comparing the effect of PAP treatment
versus a non-therapeutic control condition on BP, including
28 RCTs (representing n = 1,948 patients).! We reported that
compared to control conditions, PAP significantly reduced both
systolic BP (SBP) and diastolic BP (DBP) when assessed either
during the day (SBP -2.58 mm Hg and DBP -2.01 mm Hg) or
night (SBP -4.09 mm Hg and DBP -1.85 mm Hg). Using meta-
regression, we found that the reduction in DBP with PAP was
predicted by high mean baseline DBP and hypersomnolence as
measured by the Epworth Sleepiness Scale (ESS).

Our original hypothesis that OSA severity as measured
by the apnea-hypopnea index (AHI) would be a significant
predictor of the change in BP with PAP was not supported;
similarly, age, treatment duration, and PAP adherence were

BRIEF SUMMARY

Current Knowledge/Study Rationale: The extent to which positive
airway pressure therapy can reduce blood pressure has been difficult
to discern based on individual randomized controlled trials. This in-
vestigation was performed in order to identify which patient subgroups
are more likely to experience a substantial reduction in blood pressure
with treatment.

Study Impact: Our findings suggest that patients with uncontrolled
hypertension are likely to experience the largest reduction in blood
pressure with positive airway pressure therapy, after controlling for
disease severity and daytime sleepiness. This finding has direct clini-
cal relevance, in that it suggests that even patients with mild/moder-
ate disease who do not report hypersomnolence are likely to benefit
from treatment.

not significant predictors in meta-regression analyses. Meta-
regression is conceptually similar to simple regression except
that in this setting, the independent (predictor) variables are at
the study level. Hence, a degree of between-study variability
of the independent variable/s in question is required in order
for these data to be useful predictors of the dependent variable
(outcome). For example in our meta-analysis, the mean age of
patients in the 28 included trials fell into the narrow range of
43-63 years, and 85% of included trials had a mean age in the
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range of 45-55 years, despite the fact that the age range of each
individual trial was wide. The low variability in study-level
independent variables therefore limited our ability to identify
significant predictors of BP using meta-regression.

Rather than performing further costly clinical trials targeting
narrowly defined subgroups, we aimed to address this limita-
tion by performing a patient-level meta-analysis using the indi-
vidual patient data of the trials we identified in our previous
study-level meta-analysis. Our primary hypothesis was that
baseline AHI would be significantly associated with a reduc-
tion in both SBP and DBP with PAP treatment. We also sought
to measure a range of other potential predictors encompassing
OSA severity, patient demographics, and PAP efficacy.

METHODS

Our published study-level meta-analysis' contains details of
the literature search and inclusion/exclusion criteria, which we
adopted following PRISMA guidelines.” In brief, we analyzed
28 RCTs published between 1980 and 2012 comparing PAP
treatment to a non-therapeutic control condition (sham-PAP,
pill placebo, or standard care) over at least one week in adult
OSA patients without major comorbidity, reporting office BP
and/or ambulatory BP measurements at > 2 time points. For
the current study, we emailed the first, second, last, and/or
corresponding author of each RCT, allowing at least 8 weeks
response time.

Independent Variables (Predictors)

We requested that the authors provide de-identified indi-
vidual data including: descriptive information (age, gender,
body mass index [BMI] at baseline, use of antihypertensive
medication/s), measures associated with OSA severity (AHI at
baseline, ESS at baseline, therapeutic PAP level), and measures
associated with PAP efficacy (residual AHI, PAP adherence,
treatment duration). A binary independent variable of “uncon-
trolled hypertension at baseline” was created by identifying all
patients with daytime SBP > 140 mm Hg and/or DBP > 90 mm
Hg regardless of medication usage. We chose to exclude patients
whose BP was well controlled with antihypertensives from this
group, as a substantial reduction in BP would not be expected.
AHI and ESS data were categorized according to commonly
accepted cutoffs (AHI > 30 events/h indicating severe OSA and
ESS > 11/24 indicating daytime hypersomnolence).

Dependent Variables (Outcomes)

We requested all BP data available, recognizing the differing
methods by which these data were collected. Our 2 dependent
variables, daytime SBP and DBP, were created by using either
office or daytime ambulatory measurements, with preference
given to ambulatory measurements for studies that measured
both. The change in SBP and DBP for each patient was calcu-
lated by subtracting the baseline value from the end-trial value,
such that a negative value represented a reduction in BP. Our
intention for crossover trials was to combine the data as above
only when we were able to ascertain which intervention each
patient received first, thereby treating these as parallel trials
by ignoring the second arm of the study (in fact, no crossover
studies were included in the final analyses).
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Statistical Analyses

In order to determine whether the data that we received for
the current analyses were representative of our previous study-
level meta-analysis, we performed a standard random-effects
study-level meta-analysis for daytime SBP and DBP using
Review Manager (RevMan) Version 5.1 (Nordic Cochrane
Center, Copenhagen, Denmark), using only trials for which
individual data were obtained.’

Using individual patient data, we then evaluated associations
of our 2 dependent variables using mixed linear modeling with
the study as the random factor. No within-studies clustering effect
was evident, so standard between-group tests and linear regres-
sion were used for all patient-level statistical analyses, using
SPSS (Version 20, IBM, NY USA). The differences between
the changes in SBP and DBP with PAP versus non-therapeutic
controls were assessed using independent t-tests. Univariate
linear regression was used to assess the association between our
10 independent variables (age, gender, BMI, antihypertensive
medication/s, AHI, ESS, PAP level, PAP adherence, treatment
duration, uncontrolled hypertension at baseline) and each of the
2 dependent variables (SBP, DBP) in patients randomized to PAP
treatment. Three multivariate linear regression models were then
constructed for each of the 2 dependent variables; all multivar-
iate models included uncontrolled hypertension at baseline, as
substantial reductions in BP would not be expected in normoten-
sive patients. Model 1 included measures of OSA severity (AHI,
ESS, PAP level); Model 2 additionally controlled for patient
descriptive information (age, gender, BMI, use of antihyperten-
sives); Model 3 additionally controlled for measures of PAP effi-
cacy (PAP adherence and treatment duration).

RESULTS

Data were received from the authors of 11 original trials;
however, for the 3 crossover trials we were unable to deter-
mine which intervention each patient received first,*® leaving
us with 8 analyzable trials (all parallel designs).”!* The authors
of 12 papers were not able to send their data,'>?¢ and the authors
of the remaining papers did not respond.””** Study quality was
assessed by analyzing various risks of bias by 2 independent
investigators (JPB and BAE); see Table 1. On the whole,
study quality was high, given that we included only random-
ized controlled trials; the most noteworthy source of potential
bias comes from the fact that 4 of the trials were not placebo-
controlled and were therefore not blinded completely.

Our total sample size was n = 968; 486 patients were random-
ized to PAP, with the remaining 482 randomized to a non-thera-
peutic control condition. Six trials representing n=564 patients®'?
used 24-h ABPM monitoring divided into diurnal/nocturnal data
either by patient report or by a pre-determined clock time. The
remaining 2 trials representing n = 404 patients’'* used office BP
measurements. Few studies had records pertaining to the follow-
up time for individual patients; therefore, the average follow-up
duration for each study as reported in the primary papers was
used. Residual AHI was not available in the majority of studies
due to the absence of follow-up sleep studies; this independent
variable was therefore not used in any analyses.

Study-level meta-analyses of the aforementioned 8§
trials”'* found weighted mean differences between PAP and
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Table 1—Authors’ judgments as to risk of bias in each randomized controlled trial

Selection bias Performance bias | Detection bias Attrition bias Reporting bias Other
Adequate Missing data
methodological | Adequate not substantial,
detail for methodological | Participants Outcome adequately Patients
random detail for and personnel assessors explained, Appears free were newly
allocation allocation adequately adequately and handled from selective diagnosed/CPAP
First Author, Year | sequence? concealment? blinded?? blinded? appropriately? reporting? naive?
Barbé 2001 Yes Yes® Yes Yes® Yes Yes Yes®
Hui 2006 Yes Yes Not stated Yes Yes Yes Yes
explicitly, but
likely (placebo-
controlled trial)
Drager 2007 Yes Not reported No (not placebo- Yes Yes Yes Yes®
controlled)
Oliveira 2009 Not reported Not reported Yes Not stated Yes Yes Yes
explicitly, but likely®
Barbé 2010 Yes Yes No (not placebo- Yes Yes Yes Yeso©
controlled)
Duran -Cantolla Yes Yes Yes Yes Yes Yes Yes
2010
Lozano 2010 Yes Not reported No (not placebo- Not reported Yes Yes Not reported®
controlled)
Drager 2011 Yes Yes No (not placebo- Not stated Yes Yes Yes®
controlled) explicitly, but likely?

3n “double™blinded CPAP trials using sham-CPAP as the comparator, there is always at least one person with knowledge of treatment allocation that has
direct contact with the patient (either an investigator, nurse, or respiratory therapist); it could therefore be argued that such trials are not truly double-blinded.
For our assessment of bias, however, any trial in which the patient was unaware of treatment allocation and sham-CPAP was used as the comparator fulfilled
our criteria for double-blinding. ®Information not stated explicitly in paper, but provided by author/s. °We have chosen to include CPAP-naivety as an additional
potential source of bias, as patients with experience of CPAP may be able to guess their treatment allocation. This is therefore unlikely to be a source of bias in
trials that were not designed to be double-blinded. ¢In trials in which BP was not the primary outcome, it is not always explicit as to whether BP was measured
by an investigator blinded to treatment allocation. We deemed this to be likely, if the primary outcome was measured blindly.

non-therapeutic control arms of -2.12 mm Hg (95% CI -3.89
to -0.36) for SBP and -1.60 mm Hg (95% CI -3.33 to 0.13) for
DBBP, both favoring PAP (statistical significance for SBP only).
Pooling individual patient data from the same 8 trials, the mean
differences between groups were -2.27 mm Hg (95% CI -4.01
to -0.54) for SBP and -1.78 mm Hg (95% CI -2.99 to -0.58) for
DBP (significantly favoring PAP for both SBP and DBP).

Univariate predictors of the change in SBP and DBP with
PAP are shown in Table 2. Increased treatment duration and
the presence of uncontrolled hypertension at baseline were both
significant univariate predictors of SBP and DBP reduction;
PAP level was a significant univariate predictor of the change
in DBP only. Results pertaining to the 3 multivariate models are
also shown in Table 2. Uncontrolled hypertension at baseline
remained an independent predictor of the reduction in both SBP
and DBP, after controlling for (1) measures of OSA severity,
(2) patient descriptive information, and (3) measures associated
with PAP efficacy. The unstandardized p-value for uncontrolled
hypertension at baseline remained at > 7.0 (SBP) and > 4.0
(DBP) in all models (all p-values < 0.01).

DISCUSSION

The current study extends previous work!* by demon-
strating that the sole predictor of a reduction in both SBP and

DBP with PAP was the presence of uncontrolled hypertension
at baseline. Although PAP level was also a significant indepen-
dent predictor of the reduction in DBP, the magnitude of this
trend was not strong (B values indicated that each 1 cm H,0
increase in PAP was associated with a reduction in DBP of < 1
mm Hg). The presence of hypertension, however, was associ-
ated with a reduction in SBP of 7.1 mm Hg and DBP of 4.3
mm Hg after controlling for OSA severity, daytime sleepiness,
patient demographics, and measures of PAP efficacy.

Our primary hypothesis, that baseline AHI would be signifi-
cantly associated with a reduction in both SBP and DBP with
PAP treatment, was not supported. Further, daytime sleepiness
as measured by the ESS was not a significant predictor of the
PAP-induced reduction in BP, in contrast with our previous
study-level meta-analysis." Our previous work published in
2012 contained data that have subsequently been retracted.
A major strength of the current analysis, however, is that we
assembled the largest database of PAP patients measuring BP to
date, and thus we were adequately powered to detect even small
effect sizes, if they existed.*’

Although the data pooled from eight trials represents only
one-third of the studies included in our study-level meta-anal-
ysis, the fact that we were able to obtain data from several of
the larger studies means that our sample size of n = 968 repre-
sents just over half of the available population. Given that the
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Table 2—Predictors of the change in daytime systolic and diastolic blood pressure with positive airway pressure treatment

Change in daytime systolic blood pressure

Change in daytime diastolic blood pressure

Univariate 8 Model1  Model 2 B
(standard  (standard  (standard
error) error) error)

Uncontrolled hypertension
at baseline

-7.92 (147 -7.90 (1.22)* -7.84 (1.23)**

AHI = 30 (events/h) -2.56 (1.39) -2.29(142) -2.30(1.45)
ESS > 11 (/24) 1.02 (1.47) -0.44 (1.46) -0.37 (1.53)
PAP level (cm H,0) -0.17 (0.34)  0.08 (0.34)  0.02(0.35)
Age (years) -0.09 (0.06) -0.07 (0.06)
Male gender -0.05 (1.65) 0.06 (1.67)
BMI (kg/m?) -0.02 (0.04) -0.01 (0.04)
Antihypertensive -0.16 (1.31) 1.07 (1.34)
medication(s)

PAP adherence (h/night) ~ -0.02 (0.02)

Treatment duration (weeks) -0.10 (0.03)**

712 (1.34)

Model 3 B Univariate  Model1f  Model2  Model 3
(standard (standard  (standard  (standard  (standard
error) error) error) error) error)

-4.78 (0.88) -4.71(0.84) -4.70 (0.88)* -4.25 (0.96)"*

237(147)  -082(099) -0.04(1.01) 0.12(1.04)  0.09(1.05)
-1.24 (167) 0.21(1.04) -0.16(1.04) -032(1.10) -0.93(1.19)
-0.01(036)  -0.63(0.24) -0.56 (0.25) -0.57 (0.25)* -0.57 (0.25)"
-0.08 (0.06) 0.01(0.04) 0.01(0.04) <0.01(0.04)
-0.05 (1.70) 0.95 (1.16) 110(1.19)  1.06 (1.21)
<0.01(0.04)  -0.01(0.03) <0.01(0.03) 0.01(0.03)

169(143)  -0.75(0.93) -045(0.96)  0.05 (1.02)
-0.01(0.02) 0.01(0.01) 0.01 (0.01)
-0.06(0.04)  -0.07 (0.02)* -0.05 (0.03)

*p <0.05; **p < 0.01. All B-values are unstandardized, and represent the change in the outcome variable (SBP or DBP) resulting from a 1-unit increase in the
predictor variable, where a negative value represents a reduction in BP. “Uncontrolled hypertension at baseline” defined as SBP = 140 mm Hg and/or DBP > 90
mm Hg regardless of medication usage. AHI, apnea hypopnea index; BMI, body mass index; ESS, Epworth Sleepiness Scale; PAP, positive airway pressure.

original trials were published over a period of 17 years, we
believe that this response rate is substantial. The missing data
may have led to some bias; however we believe this limitation
to be minor, as (1) the point estimates for the reductions in SBP
and DBP from the study-level meta-analyses performed here
are in close agreement with our previously reported results,’
and (2) t-tests using individual patient data demonstrated
almost identical mean differences in SBP and DBP. We are
therefore confident that our data are representative of the total
study population, and thus generalizable. Another limitation
is that based on the type of studies included, we were limited
to only assessing the effect of PAP on BP as this is the most
widely reported cardiovascular measure. Similarly, very few
studies reported the residual AHI and we were therefore unable
to assess PAP efficacy. Approximately half the patients in our
analyses had BP recorded using ABPM while the rest had BP
recorded in the office setting; these methods are not necessarily
comparable but we chose to combine these data. In all cases,
the BP data was collected during a single 24-hour period or
a single office visit, which limits reproducibility.®® Finally, we
collected data from RCTs even though our regression models
included only the patients randomized to PAP. We chose to do
this for comparability to our previous meta-analysis, and also to
limit potential publication bias resulting from the fact that non-
randomized negative trials may remain unpublished whereas all
RCTs should in theory be locatable.

Our findings suggest that obstructive sleep apnea patients
with uncontrolled hypertension are likely to gain the largest
benefit from positive airway pressure in terms of a substan-
tial reduction in blood pressure, even after controlling for
disease severity and daytime sleepiness. Whether the greater
reduction in blood pressure in this group is independently
associated with reductions in other cardiovascular sequelae
associated with obstructive sleep apnea should be the focus
of future studies.
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