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SUMMARY

Obstructive sleep apnea (OSA) has been linked to altered cardiovascular response to exercise.
A systematic review and individual patient data (IPD) meta-analysis were conducted to assess
whether OS A patients present reduced exercise capacity. PubMed, Embase and Web of Science
were searched until September 2018. Studies which performed sleep recording in both OSA
patients and controls and measured maximal oxygen consumption (VO2zpeak) Via a maximal
exercise test were included. IPD were provided for 5 trials upon the 18 eligible (N=289) and a
two-stage IPD meta-analysis model was used, allowing to standardize the apnea cutoff and
adjust for confounders. IPD meta-analysis demonstrated that moderate to severe OSA patients
had similar VOazpeak (mean difference: -1.03 mL'kg'min!; 95% CI: -3.82 to 1.76; p=0.47) and
cardiovascular response to exercise compared to mild or non-OSA patients. By contrast,
aggregate data (AD) meta-analysis including the 13 trials for which IPD were unavailable
(N=605) revealed that VOzpeak Was reduced in OSA patients compared to controls (mean
difference: -2.30 mLkg "'min!; 95% CI: -3.96 to -0.63; p<0.001) with high heterogeneity. In
conclusion, IPD meta-analysis suggests that VOzpeax and the cardiovascular response to exercise
are preserved in moderate to severe OSA patients while AD meta-analysis suggests lower

VO2peak in severe OSA.

Keywords: meta-analysis; individual patient data; aggregate data; obstructive sleep apnea;

exercise capacity; peak oxygen consumption; cardiopulmonary exercise test.



LIST OF ABBREVIATIONS

AD: aggregate data

AHI: apnea-hypopnea index

BMI: body mass index

CPET: cardiopulmonary exercise test
DBP: diastolic blood pressure

HR: heart rate

HRR-1: one-minute post-exercise heart rate recovery
IPD: individual patient data

MD: mean difference

NOS: Newcastle-Ottawa Scale

OSA: obstructive sleep apnea
SaOomin: nadir oxygen saturation
SBP: systolic blood pressure

VO2peak: peak oxygen uptake



INTRODUCTION

Obstructive sleep apnea (OSA) is a chronic disorder characterized by repetitive episodes of
partial or complete airway obstruction [1]. Although recent data suggest that this form of sleep-
disordered breathing is highly prevalent in the general population, occurring in one in four
women and one in two men [2], a significant proportion of moderate to severe OSA patients
are undiagnosed [3]. Repeated hypoxemia and fragmented sleep induced by each obstruction
increase sympathetic activity to peripheral blood vessels [4-6] and promote oxidative stress [7,
8], inflammation [8-11] and endothelial dysfunction [8, 12, 13]. These alterations lead to
numerous adverse cardiovascular consequences including systemic hypertension, arrhythmia,
and acute cardiovascular and cerebrovascular events [14-16].

Despite the ample evidence of cardiovascular risk in OSA patients, little is known about the
cardiopulmonary response to exercise in these patients. The existing literature shows
conflicting results. Some studies have shown that OSA impairs exercise capacity as reflected
by peak oxygen uptake (VOzpeax) [17-25], while others have suggested that exercise capacity is
preserved [26-37]. Additionally, some published reports note an altered hemodynamic response
in OSA regarding higher peak diastolic blood pressure (DBP) [20, 26, 29, 31], lower oxygen
pulse [18, 31], lower peak heart rate (HR) [23, 29], and blunted one-minute post-exercise heart
rate recovery (HRR-1) [17, 23, 24, 30, 32, 33, 36]; others, however, found no significant
difference in these parameters between those with and without OSA [22, 30, 32, 33, 35, 36].
Recently, Mendelson et al. published a systematic review and meta-analysis on maximal
exercise capacity in patients with OSA [38]. Interestingly, they found that mean VOopeax Was
significantly lower in patients with OSA compared to controls. However, these authors reported
a high level of heterogeneity in their meta-analysis, which may be explained by several
methodological limitations including unequal allocation within studies [24, 26, 28, 29, 33],

small sample size [20, 26, 30], and absence of sleep-recording in controls [20, 24, 26].



Moreover, comparison between trials appears difficult since the apnea severity threshold for
OSA categorization fluctuated between 5 and 30 events/h according to the study. Thus, whether
OSA patients present impaired exercise capacity and specific hemodynamic response to
exercise remain unclear.

We therefore initiated a systematic review and meta-analysis of both individual patient data
(IPD) and aggregate data (AD) to determine whether exercise capacity is altered in moderate
to severe OSA patients. A combination of results of the different trials available in an IPD meta-
analysis increases statistical power, reduces heterogeneity and allows us to transform data to a
common OSA threshold in the present study. The secondary objective was to evaluate whether

OSA patients have an altered hemodynamic response to exercise.

METHODS

Identification of studies

Nonrandomized studies were first identified in March 2017 from PubMed, Embase and Web
of Science using the following keywords: (“Sleep Apnea, Obstructive” [Mesh] OR “Sleep
Apnea Syndromes” [Mesh]) AND “Exercise test” [Mesh], limited to articles written in English
and dealing with human subjects. The search was updated in September 2018. The reference
lists of selected studies were reviewed to identify trials missed out by electronic search. Two
investigators (MB and JCB) selected studies independently and any disagreement was resolved

by consensus with a third reviewer (FR).

Inclusion and exclusion criteria
Inclusion criteria were the following: (1) case-control or cross-sectional study including adult

participants (age >18 y); (2) polysomnography or polygraphy performed in OSA patients and



controls; (3) exercise capacity measured via a symptom-limited maximal cardiopulmonary
exercise test (CPET).

Articles were excluded if: (1) subjects were diagnosed with heart failure, atrial fibrillation,
neuromuscular disorders, chronic pulmonary disease, alcohol or other drug abuse, or
pregnancy; (2) patients were previously treated for OSA by continuous positive airway
pressure, mandibular advanced device or upper airway surgery, as well as for sleep disorders
other than OSA, including central sleep apnea, circadian rhythm disorder, periodic leg
movements, insomnia, or narcolepsy; (3) patients were treated with B-blocker medication; (4)
no control group was established for comparison; (5) maximal oxygen consumption was

measured indirectly; (6) more than one month had elapsed between sleep recording and CPET.

Data collection and management

Each corresponding author of the selected articles was contacted and invited to provide IPD for
the following variables: patient characteristics (i.e., age, height, weight, BMI, sex, AHI, nadir
oxygen saturation [SaO>min], treated hypertension) and CPET data (i.e., type of protocol,
VOopeak [in mL'kg'min’!], resting and peak HR, HRR-1, peak systolic blood pressure [SBP]
and DBP). In case of non-reply, corresponding authors were contacted a second time and
alternative email contact was searched. For studies whose corresponding authors did not
provide IPD, the following AD were collected from relevant studies: first author’s name, year
of publication, journal, number of participants, percentage of males, type of sleep recording,
OSA threshold, CPET modality (ergocycle or treadmill) and type of protocol, mean age, body
mass index (BMI), apnea-hypopnea index (AHI), and CPET data available with standard

deviations for OSA patients and controls.



Study quality assessment

The quality of the studies included was assessed by MB and JCB with a modified version of
the Newcastle-Ottawa Scale (NOS) previously adapted by Mendelson et al. [38, 39]. The scale
score varied from O to 8 and included three dimensions: selection, comparability and exposure.

Disagreements on scale scores were resolved by consensus.

Risk of bias

We performed consistency checks on all IPD. Baseline characteristics, method of analysis and
results were compared with the published information. Any discrepancies, missing data,
obvious errors, and inconsistencies between variables or outlying values were queried and

rectified as necessary with input from the original authors.

OSA cutoff

OSA was assessed using polysomnography or polygraphy in both OSA and control groups. For
the AD meta-analysis, the original studies’ OSA and control cutoffs were kept. For the IPD
analysis, OSA was recategorized based on an AHI >15 events/h, corresponding to a commonly
used cutoff associated with higher cardiovascular and cerebrovascular risk [40] and controls

were defined by an AHI <15.

Outcome of interest

Exercise capacity, the prespecified primary outcome of interest in AD and IPD meta-analysis,
was assessed by VOopeak during CPET and expressed in mLkg!'min™!. Secondary prespecified
outcomes of interest in the IPD meta-analysis included percentage predicted VOozpeak, age-
predicted peak HR, HR reserve (calculated as peak HR — resting HR), HRR-1, peak SBP and

DBP. To standardize predicted VOapeax across studies in the IPD meta-analysis, the Wasserman



and Hansen equations were used according to the EACPR/AHA Scientific Statement on
Exercise testing [41]. The Jones equation (i.e., 210 — [0.65 x age]) was used to calculate age-

predicted peak HR [42].

Statistical analysis

The meta-analysis was performed in accordance with the PRISMA-IPD Statement [43] (cf.
online supplement Table S1 for PRISMA-IPD checklist) and registered in PROSPERO
(CRD42019118730). A two-stage IPD meta-analysis model was used to compare between
groups in terms of VOapeak (expressed in mLkg'min™! and in percentage predicted), peak HR,
HR reserve, HRR-1, peak SBP, and DBP. Briefly, we created summary statistics out of IPD
with adjustment for confounding factors including age, BMI, gender and treated hypertension
(stage 1). Then we combined the mean difference (MD) using a DerSimonian and Laird random
effect model since we assume that the true effect size could vary from study to study (stage 2).
To assess potential risk of bias associated with nonavailability of IPD and to compare results
from analyses that include IPD and non-IPD studies, a two-stage meta-analysis approach was
used to combine the available AD with the IPD for the primary outcome without adjustment
for cofounding factors [44]. Heterogeneity was assessed by the I? test and Cochran’s Q test. To
check for publication bias, funnel plots of effect size and standard error were constructed. The
presence of asymmetry in the funnel plot was assessed using Egger’s test [45]. To investigate
the heterogeneity, a sensitivity analysis was performed using sub-groups according to OSA
definition based on the AHI threshold chosen by authors. Statistical analysis was performed
with IBM SPSS Statistics version 24.0 for Macintosh (IMB Corp., Armonk, N.Y., USA) for
the stage 1 statistics and with Comprehensive Meta-Analysis software (V.3.3.070 — November

2014, Biostat: Englewood, USA) for the stage 2 analysis. A p-value of less than 0.05 was



considered statistically significant, except for the Cochran’s Q and Egger’s tests in which the

p-value was set at 0.1.

RESULTS
Characteristics of the included studies

A total of 666 studies were identified (140 from PubMed, 323 from Embase, and 203
from Web of Science) (Fig. 1). Among them, 17 studies met inclusion criteria and were included
in the meta-analysis. Data from the screening of the EXESAS study (ClinicalTrials.gov:
NCT02463890), which focused on the benefit of exercise in obstructive sleep apnea [46], were
also added. Thus, IPD were sought for 18 studies (N=894) and obtained from five studies (28 %
of all studies; N=289). Reasons for why IPD were not provided IPD are detailed in Fig. 1. For
the 13 studies for which IPD were not provided, AD were available for the primary outcome
and used in sensitivity analyses (N=605).

Two studies included in the IPD meta-analysis were conducted in the United States [30,
33], two in Brazil [32, 34] and one in Europe [46]. Overall, four of the studies included in the
AD meta-analysis were conducted in the United States [17, 22, 29, 47], four in Brazil [31, 35,
48, 491, four in Europe [28, 36, 37], and two in Taiwan [18, 23].

All participants from the five IPD trials were provided by authors and included in the
IPD meta-analysis. No significant issues were identified in checking IPD. In the 5 IPD studies,
mean age was 49.7+15.2 y (range from 18 to 80), and mean BMI was 29.0+5.5 kg.m? (range
from 18.1 to 50.7) (Table 1). A majority of the participants (60.7%) were male and 23% were
treated for hypertension. For AD, the mean age of the participants ranged from 30+13 to 71+7
y, and mean BMI from 25.9+2.6 to 50.5+9.4 kg.m™ (Table 1). The OSA threshold based on
AHI varied from >5 to >30 events/h across studies. Similarly, the control AHI threshold varied

from < 5 to < 30.
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All studies included in the IPD meta-analysis were of good quality with at least 6 stars
on the NOS, while 7 additional studies included in the AD meta-analysis were of good quality

and 6 trials presented lower quality (i.e., 4 or 5 stars) (Table 2).

Main outcome

No significant difference in VOapeak, expressed in mL’kg'min’!, was observed between OSA
patients (AHI >15 events/h) and controls (AHI < 15 events/h) in the IPD meta-analysis (MD =
-1.03 mL'kg'min’!; 95% CI: -3.82 to 1.76; p=0.47) and heterogeneity across studies was low
(= 0%; p = 0.893) (Figure 2). In the AD meta-analysis, mean VOapeak Was significantly lower
in OSA patients compared to controls (MD = -2.30; 95% CI: -3.96 to -0.63; p=0.01; Figure 2)
and heterogeneity was high (1>’=83%; p<0.0001 for Cochran’s Q test). When including AD with
IPD, VO2peax was significantly lower in OSA patients compared to controls (MD = -1.96; 95%
CI: -3.40 to -0.53; p=0.01; Figure 2) and heterogeneity was high (1>’=77%; p<0.0001 for
Cochran’s Q test). The funnel plot did not identify evident publication bias, either when
including or excluding the AD studies (Figure 3) and Egger’s test showed no selective reporting
bias (p=0.43).

The subgroup analysis conducted with AD studies did not show significant difference in
VO2zpeak When the OSA definition was based on an AHI >5, 10 or 15 (Figure 4). The only
significant difference was observed for an AHI cutoff of 30 (MD = -4.27; 95% CI: -7.56 to -
0.96; p=0.01; Figure 4).

In IPD meta-analysis, VO2zpeak remained nonsignificant between OSA patients and controls after
adjustment for age, gender and hypertension (p=0.35; Figure 5A.). Heterogeneity was low (I?

= 0%; p = 0.973).

Secondary outcomes

11



In the IPD meta-analysis, mean VOzpea, €xpressed as percentage predicted did not differ
between OSA patients and controls after adjusting for treated hypertension (MD = 1.30; 95%
CIL: -4.48 to 7.08; p = 0.66; Figure 5B.). Likewise, peak heart rate, expressed as percentage
predicted, was similar between groups after adjustment for sex, hypertension and BMI (MD =
-0.34; 95% CI: -3.50 to 2.82; p = 0.83; Figure 6A.). HRR-1 was significantly lower in OSA
patients compared to controls, even after adjustment for confounders (MD = -2.79; 95% CI: -
5.18 to -0.41; p=0.02; Figure 6C.). No other significant differences were observed between
groups for HR reserve, oxygen pulse (Figure 6B-6D), peak SBP, or peak DBP (Figure 7A-7B)
during CPET after adjustment for age, sex, hypertension and BMI. Data were homogeneous,
except for HRR-1 and oxygen pulse, for which moderate heterogeneity were reported (I> = 51

and 55%, respectively; p<0.1 for Cochran’s Q test).
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DISCUSSION
Main results

The IPD meta-analysis, which included 5 trials with a common OSA definition and a
total of 289 participants, revealed no significant difference in VOzpeak between OSA patients
(AHI > 15 events per h) and matched controls (AHI < 15 events per h) with a high degree of
homogeneity observed across studies.

By contrast, the AD meta-analysis, which included 13 studies that did not provide IPD,
showed that VOapeak Was significantly lower by 2.3 mL'kg'min’! in OSA patients, which was
quite similar to the -2.7 mLkg "min! recently reported by Mendelson et al. in an AD meta-
analysis including 19 trials [38]. In contrast to their AD meta-analysis, we excluded four studies
from the AD meta-analysis which did not assess the absence of OSA in controls via polygraphy
or polysomnography and which may have attenuated the mean difference [20, 24, 26, 27].
Moreover, one study was not included [50] since the ClinicalTrials number was identical to a
study already included in the meta-analysis [23] and another study was excluded [51] since the
population characteristics were similar to those from a study previously published by the same
author the same year [36]. In addition, three studies not reported by Mendelson et al. were
included in the present meta-analysis [35, 36, 49]. Despite no evident publication bias was
experienced on the funnel plot, the high level of inconsistency assessed though I? and Cochran’s
Q test reported and the absence of adjustment for confounders in statistical analyses reduces
the confidence of these results [52, 53].

When pooling the AD results (n=13 studies) with the IPD results (n=5 studies), the
overall meta-analysis documented significantly lower VOopeak in OSA patients compared to
controls, and heterogeneity remained high (I> > 75%). Interestingly, the AD subgroup analysis

seems to show a dose-response relationship in that, as higher the OSA threshold was set, the
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larger the difference in VOopeak between OSA and non-OSA groups. This reduction in VO2peak
was only significant for severe OSA (AHI >30) compared to non-OSA.

Concerning the hemodynamic response to exercise, we did not find any difference in
age-predicted peak HR, HR reserve, peak oxygen pulse, peak SBP, or peak DBP between those
with AHI>15 and those with AHI<15 in the IPD meta-analysis. Only HRR-1 was significantly
blunted in OSA patients, as has been previously observed [24, 30, 33, 36]. Thus, this IPD meta-
analysis emphasizes a similar hemodynamic response to exercise in OSA patients compared to
controls, despite a potential lack of statistical power and some limitations in the studies’
heterogeneity which may be explained by the low number of studies included in the IPD meta-

analysis (5/18 studies).

Quality of the evidence

The main strength of this study was the use of IPD from five studies. In addition to
allowing us to standardize the apnea threshold across studies, the IPD meta-analysis permitted
us to adjust analysis for covariates which should minimize the aggregation bias and reveal the
true effect of OSA on exercise capacity, independently of age, sex, BMI or hypertension
treatment. In the present IPD meta-analysis, we chose the AHI cutoff at 15 events/h since it
corresponds to the threshold from which cardiovascular risk increases in OS A patients [54, 55].
This may explain the absence of impairment in VOzpeak and cardiovascular response to exercise
that we observed in our meta-analysis. Indeed, while there is strong evidence that severe OSA
is associated with high cardiovascular risk as well as cardiometabolic comorbidities, it appears
less evident for mild OSA [15, 54-56]. One could hypothesize that only severe OSA is
associated with lower exercise capacity when compared with non-OSA as shown by our

subgroup analysis according to OSA definition.
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A systematic research was conducted through an extensive database search and all first
authors from eligible studies were contacted to provide IPD, thus addressing the concern of a
potential selection bias. Another strength was the investigation of the impact of the studies for

which IPD were lacking as recommended by the PRISMA-IPD guidelines [43, 44].

Limitations

The main limitation of the present meta-analysis was the inclusion of only five trials
upon 18 eligible trials in the IPD meta-analysis which may have induced an availability bias
[44]. However, the impact of availability bias is hard to predict and the overall meta-analysis
(pooled IPD and AD) including AD results available cannot fully address this threat.
Although the quality of studies included was high according to the modified NOS scale [39],
the evidence for an OSA-related exercise capacity impairment appears largely incomplete to
date. Indeed, though the AD meta-analysis demonstrated significantly lower VOzpeax among
adults with OSA, the broad variation of OSA severity threshold from one study to another and
the lack of adjustment for confounders reduces the confidence of these results. Similarly, the
overall meta-analysis should be interpreted with caution due to the 13 heterogenous AD trials
which were of a major impact as compared to the 5 IPD trials. It is obvious that it would be
better to include more trials in the IPD meta-analysis; however, we were dependent upon the
principal investigator to provide IPD. In our opinion, it is higher quality and more suitable to
have 5 homogeneous studies with a common pathological definition of OSA than 18 studies
with widely varying OSA definitions.

Likewise, it would have been interesting to conduct a subgroup analysis according to
non-OSA (<5 events/h), mild (5-15 events/h), moderate (15-30 events/h) and severe (>30

events/h) OSA to further explore the relationship between OSA severity and exercise capacity.
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Unfortunately, the low response rate from authors for sharing their IPD required us to limit our
IPD meta-analysis to a dichotomous cutoff.

Another limitation was the unequal allocation between case and controls in six of the
18 studies included in the present meta-analysis [28, 29, 32, 33, 35, 46], with ratios varying
from 1.5 case for one control to 6 case for one control, which decreases the statistical power. A
third limitation was the use of three different definitions of hypopnea (1999, 2007 and 2012
AASM criteria) across the studies included, which might increase the risk of bias. Indeed, the
AASM 2007 criteria [57] are considered more restrictive than the 1999 AASM Chicago criteria
[1], while the 2012 AASM criteria [58] are more liberal. Thus, some patients categorized as
mild OSA according to the 2007 AASM criteria might be categorized as moderate OSA
according to current guidelines. A fourth limitation was the lack of objective measure of
physical activity level in the included studies. Whereas it is well known that one’s habitual
physical activity level influence maximal exercise capacity [59] and recent evidence suggests
that adults with OSA are less active than those without OSA [57], none of the studies included
matched OSA patients with controls with respect to physical activity measured via
accelerometer. Therefore, it cannot be ruled out that the significant difference observed in
VO2peak between OSA patients and controls in the AD meta-analysis may be due, at least in
part, to a difference in physical activity level at inclusion. A fifth limitation was the variability
of protocol used to evaluate VOopeax across studies. Although all studies included in the meta-
analysis performed the same protocol for OSA patients and controls, comparison between
studies could be difficult since VOzpeak can vary depending on the modality of stress test
(ergocycle or treadmill), the workload increment, or the duration of the test [60]. Lastly, women
were clearly underrepresented in previous studies, precluding determination of whether OSA

affects exercise capacity in men differently than in women.
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Clinical implications

Although the current individual patient data suggest that OSA per se do not alter the
cardiovascular response to exercise, it is important to keep in mind that OSA patients have
frequent cardiometabolic comorbidities, including obesity, type 2 diabetes mellitus (T2DM)
and hypertension, particularly in severe OSA patients [16, 61, 62]. Thus, even if OSA per se
does not alter the cardiovascular response to exercise, the associated comorbidities may favor
a lower exercise capacity [19, 63]. Interestingly, one recent study highlighted that being
physically active reduced the risk of developing OSA over a 8- to 9-year follow-up, had a
protective effect against T2DM incidence, and was associated with a better cardiometabolic
profile [64]. Therefore, prescribing exercise in OSA patients, independently of initial VO2peax,
remains strongly recommended and beneficial, notably by improving glucose uptake, insulin
sensitivity, blood lipids, and decreasing blood pressure and inflammation [59, 65]. Lastly,
beyond the reduced risk of cardiovascular disease and all-cause mortality associated with an
increase in VOzpeak [99, 63, 66], increased physical activity will have a clinical impact by

reducing OSA severity and daytime symptoms of sleepiness [46, 67, 68].

CONCLUSION

In conclusion, our IPD meta-analysis suggests that the lower exercise capacity
previously documented in OSA patients via AD meta-analysis is not obvious in moderate to
severe OSA as compared to mild or non-OSA. However, subgroup analysis conducted with AD
trials suggests that only severe OSA patients had lower VOzpeak compared to controls.

Furthermore, the IPD meta-analysis revealed that the cardiovascular response to
exercise did not differ between OSA and non-OSA groups, although a moderate to high
heterogeneity and risk of bias were reported. Only HRR-1, a measure of autonomic dysfunction,

was blunted following maximal exercise in OSA patients compared to controls. Additional high
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quality cross-sectional studies covering the entire spectrum of OSA severity with standardized

sleep and exercise test assessments are needed to confirm these results.
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Practice Points

1) The IPD meta-analysis revealed that moderate to severe OSA patients had similar
VO2peak to mild and non-OSA controls with low heterogeneity.

2) The AD and overall meta-analysis showed that OSA is associated with lower VOzpeak
as compared to controls with high heterogeneity.

3) AD subgroup analysis revealed that only severe OSA is associated with lower VO2peax
as compared to controls.

4) The cardiovascular response to exercise is not altered in moderate to severe OSA.

5) Only HRR-1, a measure of autonomic dysfunction, is blunted following maximal

exercise test in OSA patients compared to controls

Research Agenda
Future research should:
1) Standardize apnea severity threshold according to current guidelines;
2) Match controls for comorbidities, including BMI and hypertension, and for physical
activity level measured objectively;

3) Explore the influence of sex on VOzpeak in OSA patients.
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FIGURE LEGENDS

Figure 1. PRISMA IPD flow diagram of studies included in the meta-analysis.

Figure 2. Forest plot for subgroup analysis of VOzpeak expressed in mL'kg'min™! according to
individual patient data (IPD) or aggregate data (AD) without adjustment for cofounding factors.
The two white diamond reflect the 95% confidence interval (CI) of the pooled estimate of mean
difference for each subgroup while the black diamond reflects the 95% CI of the overall

estimate of mean difference.

Figure 3. Funnel plot for VOopeak expressed in mL'kg 'min™ using both individual patient data

(IPD) and aggregate data (AD) studies.

Figure 4. Forest plot for subgroup analysis of VO2peak based on AHI threshold using aggregate
data studies. The two white diamond reflect the 95% confidence interval (CI) of the pooled
estimate of mean difference for each subgroup while the black diamond reflects the 95% CI of

the overall estimate of mean difference.

Figure 5. Forest plot for difference in means in VOzpeax expressed in mL'kg'min™! (A) and in

percentage predicted (B) using individual patient data (IPD) adjusted for cofounders.

Figure 6. Forest plot for difference in means in percentage peak heart rate [HR] predicted (A),
HR reserve (B), heart rate recovery one-minute post-exercise [HRR-1] (C), and oxygen pulse

(D) using individual patient data (IPD) adjusted for cofounders.

Figure 7. Forest plot for difference in means in peak systolic blood pressure [SBP] (A) and

diastolic blood pressure [DBP] (B) using individual patient data (IPD) adjusted for cofounders.
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Table 1. Characteristics of OSA studies included in the IPD and aggregate meta-analysis.

Reference Year OSA OSA Group N Age, Men, BMI, HTN AHI PA level Type Protocol VO2zpeak,
threshold method years %0 kg.m? med events/h CPET CPET mL.kg.
assessment Imin!
Studies included in IPD meta-analysis
Hargens 2008 AHI > 15 vs PG OSA 7 237+23 100% 33.8+3.6 0% 36.4 (20.2- Inactive  Ergo-  15W/lmin  259+3.7
[30] AHL <15 AASM 1999 CTL 23 213+26 100% 31.0+35 0% 52.5) cycle 28.1+55
4.5 (2.9-6.0)
Rizzi [32] 2010 AHI > 15 vs inlabPSG ~ OSA 10 55456 20% 23.1+15 20% 248 (184—  Inactive Tread- Bruce:2  26.4+8.6
AHI <15 AASM 1999 CTL 44 523+83 41% 213+24 18% 31.2) mill MET/3min  29.0£9.2
5.7 (4.5-6.9)
Kline [33] 2013 AHI > 15 vs in-lab PSG OSA 24 450x74 50% 365+63 25% 45.5 (34.5— Inactive Tread- Bruce 21.7+£6.0
AHI <15 AASM2007  CTL 28 484478 61% 32.5+46 36% 56.5) mill 21.6+53
7.5(6.1-8.9)
Cepeda 2015 AHI > 15 vs PSG  OSA 30 492+94 60% 31.7+30 0%  41.7(338- Inactive Ergo-  10-20W/1  22.6+5.7
(34] AHI <15 AASM2007  CTL 30 457476 47% 32.0+33 0% 49.6) cycle min ~ 23.6+6.9
7.2 (5.5-8.8)
Berger 2018 AHI> 15 vs PG  OSA 79 63.5+62 63% 284+38 51%  255(229-  Inactive Ergo- 20W/2min 23.1%55
[46] AHI <15 AASM2012 CTL 14 67.1+80 64% 255+45 29% 28.1) &healthy cycle 235+£52
7.4 (5.2-9.6)
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Reference Year OSA OSA Group N Age, Men, BMI, HTN AHI PA level Type Protocol VOzpea,
threshold method years %0 kg.m? med events/h CPET CPET mL.kg.
assessment Imin!
Studies included in aggregate meta-analysis
Alonso- 2006 AHI > 10 + PG OSA 31l 53+£13  97% 304+40 NA  43.6+268 NA  Ergo- ATS/ACCP 249+6.8
Fernandez ESS > 10 vs. AASM 1999 CIL 15 48+10 100% 28.7+4.7 1.1+1.0 cycle  Statement 253 +7.6
28] AHI<5+ 2003
ESS<10

Lin [18] 2006 AHI > 30 PSG  OSA 20 47+7 90% 283+26 NA 44.0 82 NA  Ergo- 15W/min ~ 21.6+3.3

vs. AHI <10 AASM 1999 CTL g 4+7  90% 27.6+2.7 51+16 cycle 30.1 £3.4
Kaleth 2007 AHI>5vs. inlabPSGfor OSA  OSA 23 46+11 65% 33.1+55 0%  247+13.5  Inactive Ergo- 25W+ 219408
[29] AHI <5 andPGfor CTL ~ CTL ¢ 40+8 22% 295+55 0% 25+1.6 cycle 5W/20s  219+1.6

AASM 1999
Vanhecke ~ 2008 AHI> 150r5+ inlabPSG ~ OSA 42 50£9  32% 505+94 3%  32.5+26.6 NA  Tread- Bruce:2  17.6+4.2
[17] ESS >10vs. AASM 2007 CTL 50 47+9  30% 472+91 47% 25423 mill MET/3min  21.1 +3.8
AHI <5
Maeder 2008 AHI > 30 vs. in-labPSG ~ OSA 32 48+9  25% 309+50 72%  50.5(37.2- NA  Tread- NA 323+10.0
(36] AHI 5-30 AASM 1999 CTL 31 50+ 11 3% 29.4+45 39% 73.6) mill 327496
13.0 (10.6—
23.4)
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Reference Year OSA OSA Group N Age, Men, BMI, HTN AHI PA level Type Protocol VOzpea,
threshold method years %0 kg.m? med events/h CPET CPET mL.kg.
assessment Imin!
Cintra 2011 AHI>5 PSG  OSA 44 5249 54% 29.6+59 42%  28.0+222 Inactive Tread- NA  36.0+88
[35] vs. AHI <5 AASM 1999 CTL 76 53+7  48% 27.1+43 37% 29+14 mill 34.9+83
Chien [23] ~ 2012 AHI>30 vs in-labPSG ~ OSA 30 50£6 100% 265+24 NA 484173 NA  Ergo- 3min25W+  25.0%4.0
AHIL <5 AASM1999  CTL 3 50£7 100% 25.9+2.6 27+13 cycle  25W/3min  27.7+28
Innocenti 2012 AHI>150r5+ PSG OSA 8 45+8 50% 449=%75 NA 51.1+£24.1 NA  Ergo- Wasserman 17.7+7.3
Bruni [37] ESS>10vs. AASM 1999 CTL 7 4410 57% 44096 32+1.1 cycle 2005 19.5%5.1
AHI <5
Butner 2013 AHI>15vs. in-lab PSG for OSA OSA 21 4114 86% 33.0+£5.0 0% 309+13 Inactive  Ergo- 25W + 10514
[47] AHI 5-14.9 andPGfor CTL.  CTL 27 3013 85% 300+13 0% 8.7+2.7 cycle 15W/min 109+ 2.1
AASM 1999
Rizzi [31] 2013 AHI > 10 vs in-lab PSG OSA 31 5146  23% 33.6+29 52% 33.3+229 Inactive Tread- Bruce 21.7+6.3
AHI <5 AASMI999  CTL 26 49+8 19% 334+26 43% 29+1.5 mill 24775
Cavagnolli 2014  AHI> 5 +ESS PSG OSA 10 40+10 100% 26.0+£34 NA 257+£5.4 Inactive Tread- 2-min4  39.7+7.6
(48] 2 10 or AHI >15 AASM2005  CTL g 32410 100% 27.5+1.9 3.5+0.5 mill  kmh'+1  393+7.0
vs. AHL<5 km.h'/min
+1% fixed
slope
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Reference Year OSA OSA Group N Age, Men, BMI, HTN AHI PA level Type Protocol VOzpea,

threshold method years %0 kg.m? med events/h CPET CPET mL.kg.
assessment Imin!
Beitler 2014 AHI > 15 vs. in-lab PSG OSA 15 48+11 80% 322+£7.8 20% 37.6 (26.8— Inactive  Ergo- 1-min OW + 19.1+64
[22] AHI <I5 AASM 2007 CTL 19 34+12  53% 288+65 21% 55.3) & healthy cycle 10-15 252+95
1.5 (0.7-5.4) W/min
Barbosa 2018 AHI = 15 vs. in-lab PSG OSA 13 717  23% 262+32 58% 244 +12.6 NA Ergo- 5-min OW + 17.2+£3.7
[49] AHI <5 AASM 2007 CTL 5 69+5 13% 27.0%27 54% 23%1.5 cycle 5-10 W/min 169 +3.7

Data are presented as % or mean + SD or 95% confidence interval in parenthesis. AHI: apnea-hypopnea index; BMI: body mass index; CPET:

cardiopulmonary exercise test; CTL: control; ESS: Epworth sleepiness scale; HTN med: hypertension medication; NA: not available; OSA:

obstructive sleep apnea; PA: physical activity.
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Table 2. Quality assessment of the included studies in the individual patient data (IPD) and aggregate

data (AD) meta-analysis based on a modified version of the Newcastle-Ottawa Scale [38]

Reference Selection Comparability Evaluation Total

e e Y 1Y 1YY

Studies included in IPD meta-analysis

Hargens [30] PARA Gk kg PAGk e PAY 7
Rizzi [32] A Aok e 6
Kline [33] A A % e 6
Cepeda [34] A Aok Aok 7
Berger [46] PARA Gk kg A PAGA ¢ 7

Studies included in AD meta-analysis

Alonso-Fernandez [28] PAQA Gk Gk PAGA ¢ PAGA ¢ 8
Lin [18] PAQA G e PAGA ¢ PAS 6
Kaleth [29] PAQA Gk e PAGA ¢ A 6
Vanhecke [17] PAQA Gk e PAGA ¢ A 6
Maeder [36] PAQYA DAY PAY 4
Cintra [35] K ke pA'Y 5
Chien [23] K ek PAG g 7
Innocenti Bruni [37] ARk ke % % 5
Butner [47] K ke pA'Y 5
Rizzi [31] Yo e ¥ PAe 6
Cavagnolli [48] PGk ¢ * % 4
Beitler [22] K ke pA'Y 5
Barbosa [49] K PR g pA'Y 6
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Figure 3.

Funnel Plot of Standard Error by Difference in means
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Figure 4.
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Figure 5.

A Study name Statistics for each study Difference in means and 95% ClI

Difference Lower Upper Relative
in means limit limit p-Value weight
Hargens [30] -1.20 -5.74 3.34 0.60 8.91
Rizzi [32] -1.40 -9.81 7.01 0.74 2.60
Kline [33] 0.00 -2.52 2.52 1.00 —L— 28.96
Cepeda [34] -1.10 -3.38 118 0.34 — 35.25
Berger [46] -0.50 -3.25 225 0.72 —O— 24.28

Overall -0.65 -2.01 0.70 0.35 -

-10.00 -5.00 0.00 5.00 10.00

Decrease in VO30  Increase in VOopca*
Test for heterogeneity: I?’=0%; Cochran’s Q Test: p=0.973

*IPD data were adjusted for age. sex and treated hypertension before pooling in meta-analysis

B. Study name Statistics for each study Difference in means and 95% CI

Difference Lower Upper Relative
inmeans limit limit p-Value weight
Hargens [30] 15.00 -5.10 31.10 0.16 10.20
Rizzi [32] -8.20 -33.24 16.84 0.52 5.33
Kline [33] 6.00 -4.87 16.87 0.28 14— 28.29
Cepeda [34] -9.00 -19.38 1.38 0.09 i, 31.05
Berger [46] 6.00 -554 17.54 0.31 o 25.12

Overall 130 -4.48 7.08 0.66 —~—

-35.00 -17.50 0.00 17.50 35.00

Decrease in % pred Increase in % pred

VOopear® VOspea®
Test for heterogeneity: 1?°=45%; Cochran's Q Test: p=0.121 Apoek apoek

*IPD data were adjusted for treated hypertension before pooling in meta-analysis




Figure 6.

A.

Study name Statistics for each study Difference in means and 95% CI
Difference Lower Upper Relative
in means limit limit p-Value weight
Hargens [30] 5.80 -0.27 11.87 0.06 L 17.14
Rizzi 32) 080 -954 794 0.86 10.20
Kline [33] 030 -3.97 457 0.89 —_— 1 25.26
Cepeda [34] 340 674 -0.06 0.05 — 30.77
Berger [46] -1.70 -7.92 452 0.59 =, 16.63
Overall 034 350 282 083 g
-15,00 7,50 0,00 7,50 15,00
Test for heterogeneity: 1°=44%; Cochran's Q Test: p=0.126 Decrease in %peak HR pred * Increase in % peak HR pred *
*IPD data were adjusted for body mass index,sex and treated hypertension before pooling in meta-analysis
Study name Statistics for each study Difference in means and 95% Cl
Difference Lower Upper Relative
inmeans  limit limit p-Value weight
Hargens [30] 1,70 -9,73 13,13 0,77 O 13,33
Rizzi (32) 0,30 -13,54 14,14 0,97 9,09
Kline [33] -630 -1573 3,13 0,19 {} 19,56
Cepeda [34] -650 -1353 053 0,07 3 35,17
Berger [46] 1,30 743 10,03 0,77 {} 22,85
Overall 297 714 120 016 —i——
-20,00 -10,00 0,00 10,00 20,00
Test for heterogeneity: I°=0%; Cochran's Q Test: p=0.521 Decrease in HR reserve * Increase in HR reserve *
*IPD data were adjusted for age, sex, body mass index and treated hypertension before pooling in meta-analysis
Study name Statistics for each study Difference in means and 95% CI
Difference Lower Upper Relative
inmeans limit limit p-Value weight
Hargens [30] -10.60 -19.13  -2.07 0.01 — 7.81
Rizzi [32] 470 -3.15 1255 0.24 h— 9.21
Kline [33] -5.00 -9.54 -046 0.03 _ 27.56
Gepeda [34] 070 -460 3.20 0.72 —{— 37.40
Berger [46] -420 981 141 0.14 = 18.02
Overall 279 518 -0.41 0.02 -
-20.00 -10.00 0.00 10.00 20.00
e ity 12=55%: g - =
Test for heterogeneity: 1°=55%; Cochran's Q Test: p=0.062 Decrease in HRR-1*  Increase in HRR-1 *
*IPD data were adjusted for age, sex, body mass index and treated hypertension before pooling in meta-analysis
Study name Statistics for each study Difference in means and 95% CI
Difference Lower Upper Relative
inmeans  limit limit p-Value weight
Hargens [30] -1,00 -338 138 0.41 n 1447
Rizzi [32] 080 -181 341 0,55 Ia! 1283
Kline [33] 080 -073 193 0,38 — 25,97
Cepeda [34) 0,80 -234 074 031 {F 23,10
Berger [46] 200 050 350 0,01 23,63
Overall 040 -073 153 0,49 e
-4,00 -2,00 0,00 2,00 4,00
Test for heterogeneity: I’=51%; Cochran’s Q Test: p=0.086 Decrease in 02 pulse * Increase in O2 pulse *

*IPD data were adjusted for age, body mass index, sex and treated hypertension before pooling in meta-analysis




Figure 7.

A.  study name Statistics for each study Difference in means and 95% CI
Difference Lower Upper Relative
in means limit  limit p-Value weight
Hargens [30] -400 -30.35 22.35 0.77 = 11.07
Rizzi [32] -450 -22.04 13.04 0.62 {} 25.00
Kline [33] -400 -1840 1040 0.59 {? 37.06
Berger [46] 10.00 -6.92 26.92 0.25 {7} 26.87
Overall 036 913 841 094 ———
-35.00 -17.50 0.00 17.50 35.00
Test for heterogeneity: 1*=0%; Cochran's Q Test: p=0.578 Decrease in peak SBP * Increase in peak SBP *
*IPD data were adjusted for age. sex. body mass index and treated hypertension before pooling in meta-analysis
B Study name Statistics for each study Difference in means and 95% CI
Difference Lower Upper Relative
inmeans  limit limit p-Value weight
Hargens [30] -220 -1332 892 0.70 {3 17.92
Rizzi [32] -1.60 -12.66 9.46 0.78 it 18.12
Kline [33] 210 597 1047 061 {} 34.01
Berger [46] -3.60 -12.20 5.00 0.41 {} 20.95
Overall 105 576 366  0.66 e —
=15.00 -7.50 0.00 7.50 15.00
Test for heterogeneity: P=0%; Cochran’s Q Test: p=0.808 Decrease in peak DBP * Increase in peak DBP *

*IPD data were adjusted for age, sex, body mass index and treated hypertension before pooling in meta-analysis






