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Summary

Background—Data regarding the effect of positive airway pressure (PAP) therapy for 

obstructive sleep apnoea (OSA) on all-cause mortality are inconsistent. We aimed to conduct a 

systematic review and meta-analysis to test the hypothesis that PAP therapy is associated with 

reduced all-cause and cardiovascular mortality in people with OSA.

Methods—For this systematic review and meta-analysis, we searched PubMed, Embase, and 

the Cochrane Central Register of Controlled Trials, from database inception to Aug 22, 2023 

(updated Sept 9, 2024), with no language or geographical restrictions. Reference lists of eligible 

studies and recent conference abstracts (2022–23) were also reviewed. We included outpatient 

studies (randomised controlled trials [RCTs] or confounder-adjusted, non-randomised controlled 

studies [NRCSs]) assessing the incidence of all-cause mortality, cardiovascular mortality, or both 

in adults (aged ≥18 years) with OSA who were treated versus not treated with PAP; other study 

types and studies that evaluated only PAP adherence were excluded. Abstracts of all retrieved 

publications were independently screened by two of three researchers (BS, SRB, and KCW), with 

disagreements resolved by adjudication from another researcher (SHM). The AutoLit feature of 

the Nested Knowledge platform was used for the review and data-extraction phases. We analysed 

each log-transformed hazard ratio (HR) and SE using a linear random-effects model to estimate 

overall HRs and 95% CIs. To evaluate the risk of bias, we used the Cochrane Risk of Bias tool for 

RCTs and the Newcastle–Ottawa Scale for NRCSs. This study was registered with PROSPERO, 

CRD42023456627.
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Findings—Of 5484 records identified by our search, 435 were assessed for eligibility and 30 

studies were included in the systematic review and meta-analysis (ten RCTs and 20 NRCSs). 

These studies included 1 175 615 participants, of whom 905 224 (77%) were male and 270 391 

(23%) were female (SE 1.9), with a mean age of 59.5 (SE 1.4) years and a mean follow-up 

of 5.1 (0.5) years. The risk of bias was low to moderate. The risk of all-cause mortality (HR 

0.63, 95% CI 0.56–0.72; p<0.0001) and cardiovascular mortality (0.45, 0.29–0.72; p<0.0001) was 

significantly lower in the PAP group than in the no-PAP group, and the clinically relevant benefit 

of PAP therapy increased with use.

Interpretation—Our results are consistent with a potentially beneficial effect of PAP therapy on 

all-cause and cardiovascular mortality in patients with OSA. Patients should be made aware of 

this effect of their treatment, which could result in greater acceptance of treatment initiation and 

greater adherence, leading to a higher likelihood of improved outcomes.

Funding—ResMed.

Introduction

Obstructive sleep apnoea (OSA) has been estimated to affect up to 1 billion people 

aged 30–69 years worldwide.1 The condition is defined by the repetitive occurrence of 

pharyngeal collapse during sleep, leading to intermittent hypoxaemia, which results in 

catecholamine surges and sleep fragmentation.2 OSA has major health consequences, 

including neurocognitive and cardiometabolic sequelae.3–5 Observational study data and 

a meta-analysis of observational studies suggest that OSA is associated with increased 

incidence of mortality and major cardiovascular and cerebrovascular events.6–8

Positive airway pressure (PAP) is an effective treatment for OSA and is the recommended 

first-line treatment.9,10 PAP therapy reduces the apnoea–hypopnoea index and symptom 

burden, such as excessive daytime sleepiness, and improves quality of life;11 however, 

currently available data from randomised controlled trials (RCTs) are inconsistent regarding 

the effect of PAP therapy for OSA on all-cause mortality and major cardiovascular and 

cerebrovascular events. In addition, a report prepared for the Agency for Healthcare 

Research and Quality stated that the standard of available evidence (up to March, 2021) was 

low and that PAP did not appear to affect all-cause mortality or cardiovascular outcomes.12

Reasons for the discrepancy between the observed major clinical benefits of PAP and 

the equivocal results from RCTs are speculative. Some research clinicians have argued 

that clinic-based patients enrolled in non-randomised studies differ considerably from 

those participating in RCTs. For example, individuals with severe OSA—including those 

with profound sleepiness—could be at higher cardiovascular risk than those in whom 

the condition is less severe, but were often excluded from RCTs on ethical grounds.8 

Additionally, many of the reported studies could be underpowered for detecting differences 

in event (eg, mortality) rates, providing a sound rationale for pooled data analyses and larger 

clinical trials.

Previous meta-analyses have had notable limitations. For instance, the study by Feng 

and colleagues13 primarily included RCTs and a few observational studies, resulting in 
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a smaller sample size (13 832 participants) than in larger, real-world cohorts. Yang and 

colleagues14 focused specifically on patients with OSA and coronary artery disease, limiting 

the generalisability of their findings to OSA populations more generally. Furthermore, 

Fu and colleagues15 included patients with heart failure and central sleep apnoea treated 

with adaptive servo-ventilation, potentially confounding the results owing to the distinct 

pathophysiology and treatment responses in these populations.

We aimed to conduct a systematic review and meta-analysis of existing RCTs and 

confounder-adjusted, non-randomised controlled studies (NRCSs) to test the hypothesis that 

PAP is effective in reducing both all-cause and cardiovascular mortality in patients with 

OSA.

Methods

Search strategy and selection criteria

For this systematic review and meta-analysis, we searched PubMed, Embase, and the 

Cochrane Central Register of Controlled Trials, from database inception to Aug 22, 2023 

(updated Sept 9, 2024), with no geographical or language restrictions and using advanced 

search methods such as wildcard truncation. Lists of search terms for PubMed (p 25), 

Embase (pp 25–26), and the Cochrane Register (p 26) are available in the appendix. 

Literature reviews and reference lists of eligible studies were manually searched to identify 

additional studies that might have been eligible. We also reviewed conference abstracts 

from major sleep and respiratory conferences—the American Thoracic Society International 

Conference, SLEEP (Associated Professional Sleep Societies), the European Respiratory 

Society Congress, the Sleep Europe Congress (European Sleep Research Society), and the 

World Sleep Congress (World Sleep Society)—held in 2022 and 2023 and, where relevant, 

authors of conference abstracts were contacted to identify completed studies that had not yet 

been published in full.

Identified records were combined and duplicates removed using AutoLit in Nested 

Knowledge (Nested Knowledge; St Paul, MN, USA); this software platform was used for 

the review and data extraction phases. Abstracts of all publications were independently 

screened by two of three researchers (BS, SRB, and KCW) to identify those to be advanced 

to full-text review; disagreements were resolved by adjudication from another researcher 

(SHM). Articles that assessed PAP therapy for sleep apnoea and had a follow-up duration 

of at least 12 months underwent full review, as did abstracts with insufficient detail to 

ascertain whether study criteria were met. Full reviews were done independently by two 

of three researchers (BS, SRB, and KCW), with adjudication by another researcher (SHM) 

in the case of any disagreements. Where necessary, study authors were contacted to obtain 

the information needed to reach a decision. Google Translate, review by a native-language 

speaker, or both were used for publications not written in English.

Studies were eligible if they were blinded, placebo-controlled RCTs or NRCSs that 

adjusted for confounding bias using techniques such as regression or propensity score 

matching; enrolled adult outpatients (aged ≥18 years) with a diagnosis of OSA; included 

an intervention group receiving PAP therapy (continuous PAP, automatically titrating CPAP, 
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or bilevel PAP without a back-up rate) for at least 1 h/night and a control group who were 

untreated, sham-treated, used PAP for less than 1 h/night, or tried PAP for any duration but 

discontinued use (the no-PAP group); and had all-cause mortality, cardiovascular mortality, 

or both as an endpoint.

We excluded preclinical studies, meta-analyses, systematic literature reviews, other reviews, 

editorials, consensus statements, guidelines or protocols, case–control studies, case reports 

or case series, cross-sectional studies, crossover studies, and studies with a pre–post design. 

Studies were also excluded if any participants were pregnant or had central sleep apnoea, 

obesity hypoventilation syndrome, or neuromuscular diseases at baseline or if the studies 

compared only low versus high PAP adherence, evaluated features designed to improve 

comfort or PAP adherence, or evaluated PAP titration methods. A full list of excluded 

studies with reasons is provided in the appendix (pp 26–40).

This study adhered to PRISMA-P16 and PRISMA 2020 guidelines and the protocol was 

registered in PROSPERO (CRD42023456627); the full protocol can be found in the 

appendix (pp 2–15). The study did not require any ethics committee approval or informed 

consent because of its non-experimental design.

Study quality assessment

Two of three independent researchers (BS, SRB, and KCW) individually reviewed articles 

to determine bias; another researcher (SHM) resolved grading conflicts until consensus was 

reached.

The Cochrane Risk of Bias tool17 was used to assess RCTs (appendix pp 16–23). This 

tool examines study methodology by assessing potential bias arising from five domains: the 

randomisation process, deviations from the intended intervention, missing outcome data, the 

measurement of outcomes, and the selection of reported results. Judgements about risk of 

bias in each domain were categorised as low risk, some concerns, or high risk. The overall 

bias judgement was determined by combining assessments across the five domains.

The quality of NRCSs was assessed using the Newcastle–Ottawa Scale (appendix p 

24).18 Each study was judged on three criteria: selection of study groups (four items), 

comparability of groups (one item), and ascertainment of the outcome of interest (three 

items). A study can be awarded a maximum of one star for each item within the selection 

and outcome categories, whereas a maximum of two stars can be given for comparability. 

The total score is obtained by adding the number of stars (to a maximum of nine), with 

higher scores indicating better study quality. Funnel plots were constructed, then analysed 

using Begg’s test and Egger’s test, to assess potential publication bias.

Data analysis

Outcomes of interest were all-cause mortality and cardiovascular mortality in the PAP group 

versus the no-PAP group. We also conducted subgroup analyses in which RCTs and NRCSs 

were assessed separately.
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We compared differences in patient populations between RCTs and NRCSs—in terms of 

demographics, comorbidities, PAP adherence, and follow-up duration—using mixed-effects 

models, which account for within-study correlations. The exception was follow-up duration, 

for which we compared differences using a two-sample t-test because, for most studies, 

the within-study variability for this attribute was zero or missing. Normality was assessed 

with residual plots. The mean and SE of demographic variables for RCTs and NRCSs were 

estimated in the mixed-effects models. Meta-analysis model fit statistics are shown in the 

appendix (p 40).

In general, an intention-to-treat (ITT) principle was used for data analysis. In two RCTs19,20 

and two NRCSs,21,22 results for two different subpopulations were presented (appendix pp 

43–45). Our primary analysis conservatively used the least compliant subgroups of each of 

these studies, specifically the ITT rather than the compliant population in the RCTs and the 

non-compliant rather than the compliant population for the NRCSs. The results for the more 

compliant subgroups of these studies were included in the adherence analyses.

All NRCSs used statistical techniques to adjust for potential confounders. Most studies 

adjusted for age, sex, and baseline comorbidities. The covariates used for confounder 

adjustment are presented for each NRCS in the appendix (p 41).

The log-transformed hazard ratio (HR) from each study and its SE were analysed in a linear 

random-effects model to estimate an overall HR and 95% CI. Study was treated as a random 

effect (normally distributed). A model with a moderator of study type (RCT or NRCS) was 

also run; this model has study type as a fixed effect and study as a random effect. When 

only the 95% CI for the HR was reported, this value was converted to an SE by dividing the 

difference in the log-transformed confidence limits by two times the 97.5th percentile of the 

standard normal distribution.

All HR values are presented using the control group as the reference group. In studies 

presenting the treatment group as the reference, the HR and associated 95% CI values 

were inverted for analysis. For studies in which HR values were presented across multiple 

subgroups that did not present the desired comparison of PAP versus no PAP, the desired HR 

was calculated as a contrast of subgroup HR values (eg, if the HRs of group 1 vs group 0 

[HR10] and group 2 vs group 0 [HR20] were presented and the desired HR was group 1 vs 
group 2, this value was calculated as HR10/HR20).

In RCTs or propensity-matched NRCSs in which HR values were not estimated and only 

mortality rates were reported, the HR was estimated using the odds ratio (OR). When the 

proportional hazards assumption holds and the follow-up time is not long, the HR can be 

estimated with the OR.23 For studies with no deaths in one or both of the PAP and no-PAP 

groups, a factor of 0.5 was added to each cell of the OR calculation, which yields an 

estimate that performs well in terms of bias and mean-squared error.24

Because a single study25 contributed approximately 75% of the total sample size, we 

conducted a sensitivity analysis in which it was excluded to investigate the influence of 

this study on the HR estimates.
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For mortality analyses, we conducted a stepwise, multivariate meta-analysis regression 

selection with predictor variables (study type, mean age, proportion of male participants, 

mean BMI, and follow-up duration). Specifically, the meta-analysis model was run with 

fixed study type and each demographic variable (one at a time); these results are presented 

in the appendix (p 42). In addition, we did a secondary multivariate meta-analysis regression 

analysis using studies that reported average PAP adherence to establish whether this variable 

had an influence on the effect size of PAP therapy on all-cause mortality and cardiovascular 

mortality. This model used log-transformed HRs as the dependent variable, study type as a 

fixed effect, study as a random effect, and average PAP adherence as a linear fixed effect. 

The linearity of PAP adherence was assessed with residual plots.

All statistical analyses were conducted using R software (version 4.4.0); for meta-analyses 

we used the metafor package26 and CIs for ORs were calculated in the epitools package.27

Role of the funding source

Representatives of ResMed, the study sponsor, were involved in study design, data 

collection, data analysis, data interpretation, and writing of the report.

Results

5484 records were identified from PubMed (n=1609), Embase (n=3243), the Cochrane 

Central Register of Controlled Trials (n=536), and conference presentations or reference lists 

of relevant articles (n=96); of these, 4670 were screened, 435 were assessed for eligibility, 

and 30 studies (ten RCTs and 20 NRCSs) were included in the systematic review and 

meta-analysis (figure 1). These studies included 1 175 615 participants, of whom 905 224 

(77%) were male and 270 391 (23%) were female (SE 1.9), with a mean age of 59.5 

(SE 1.4) years. Of these 30 studies, ten RCTs19,20,28–35 (5685 participants; appendix p 43) 

and 17 NRCSs21,22,25,36–49 (1 166 471 participants; appendix pp 44–45) were included 

in the all-cause mortality analysis and six RCTs19,20,28,33–35 (5223 participants; appendix 

p 46) and five NRCSs7,36,42,50,51 (20 559 participants; appendix p 47) were included in 

the cardiovascular mortality analysis; the mean follow-up duration for all studies was 5.1 

(SE 0.5) years. In the all-cause mortality analysis, the mean age of participants was 61.7 

(SE 2.3) years in the RCTs and 59.6 (1.8) years in the NRCSs, there were 4474 male 

participants and 1023 female participants in RCTs and 862 338 male participants and 

302 040 female participants in NRCSs, and the corresponding mean proportion of male 

participants was 81.4% (18.6% female; SE 2.9) in the RCTs and 74.1% (25.9% female; 2.1) 

in the NRCSs (table 1). In the cardiovascular mortality analysis, the mean age of participants 

was 60.8 (2.8) years in the RCTs and 55.2 (2.8) years in the NRCSs, there were 4097 male 

participants and 938 female participants in RCTs and 15 960 male participants and 4599 

female participants in NRCSs, and the corresponding mean proportion of male participants 

was 81.4% (18.6% female; 4.8) in RCTs and 77.6% (22.4% female; 4.7) in NRCSs (table 2).

Participants in the all-cause mortality analysis were most likely to be White males and 

had a mean BMI that indicated overweight or obesity (table 1). Sex, race, BMI, and the 

baseline apnoea–hypopnoea index did not differ significantly between participants in the 

RCTs and the NRCSs included in the all-cause mortality analysis; however, mean follow-up 
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duration was significantly longer, proportion of males significantly lower, and mean PAP 

adherence significantly higher in NRCSs than in RCTs (table 1). Characteristics of the 

cardiovascular mortality analysis population were similar to those of the all-cause mortality 

analysis population: the mean duration of follow-up was significantly longer and PAP 

adherence was significantly higher in NRCSs than in RCTs (table 2).

Four of the RCTs19,28,32,34 had a low risk of bias, three20,29,35 had some concerns regarding 

bias, and three30,31,33 were at high risk of bias (appendix p 48). Of a maximum score 

on the Newcastle–Ottawa Scale of 9, six of the NRCSs25,42,44,45,47,51 had a score of 7, 

seven7,22,36,38,39,41,48 had a score of 6, four21,40,49,50 had a score of 5, two37,46 had a score 

of 4, and one43 had a score of 3 (appendix p 49).

In Begg’s rank correlation test, the estimated value of Kendall’s tau rank correlation 

coefficient was −0.322 (p=0.018), indicating potential publication bias. However, the 

regression test for funnel-plot asymmetry was not significant (Z=−1.258; p=0.21) overall but 

was significant when study type was included as a moderator (Z=−2.513; p=0.012; appendix 

p 50). Analysing data separately by study type showed no funnel-plot asymmetry for RCTs 

(Z=−0.309; p=0.76) or for NRCSs (Z=−1.202; p=0.23; appendix p 51).

The overall all-cause mortality risk was significantly lower in the PAP group than in the 

no-PAP group (HR 0.63, 95% CI 0.56–0.72; p<0.0001; figure 2). Data from only NRCSs 

also showed a significantly lower risk of all-cause mortality in the PAP group than in the 

no-PAP group (0.60, 0.52–0.70; p<0.0001), whereas the risk reduction based on only RCT 

data did not reach significance (0.87, 0.65–1.16; p=0.35; figure 2). In stepwise multivariate 

regression, only study type was retained in the model, and this factor had a modest influence 

on mortality effect size (p=0.072).

In a sensitivity analysis that excluded the largest study,25 the overall all-cause mortality risk 

was similar to that in the primary analysis (HR 0.64, 95% CI 0.56–0.74; p<0.0001). The 

analysis of only NRCSs also yielded similar results (0.60, 0.51–0.71; p<0.0001).

Eight RCTs19,20,28,30–34 and four NRCSs21,22,45,47 with data for all-cause mortality reported 

the average PAP adherence of the participants. In a mixed-effects model with repeated 

measures to account for studies that reported results for multiple subgroups, neither study 

type (p=0.095) nor PAP adherence (p=0.19) was a significant moderator of the treatment 

effect of PAP versus no PAP. However, treatment effects tended to be smaller in RCTs than 

in NRCSs and greater in studies in which PAP adherence was higher (appendix p 52). The 

magnitude of the reduction in all-cause mortality risk with PAP versus no PAP increased as 

the duration of PAP therapy use increased (table 3).

Overall cardiovascular mortality risk was significantly lower in the PAP group than in the 

no-PAP group (HR 0.45, 95% CI 0.29–0.72; p<0.0001; figure 3). Combined data from only 

NRCSs also showed significantly lower cardiovascular mortality risk in the PAP group than 

in the no-PAP group (0.35, 0.21–0.58; p<0.0001), whereas risk reduction based on RCT data 

only did not reach significance (0.87, 0.53–1.41; p=0.57; figure 3). Comparing RCTs and 

NRCSs did not yield a significant difference in treatment effects (p=0.059).
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Five RCTs19,20,28,33,34 and three NRCSs7,50,51 with data for cardiovascular mortality 

risk reported the average PAP adherence of the participants. In a mixed-effects model 

with repeated measures, study type was a significant moderator (p=0.020), with lower 

HR values for NRCSs than for RCTs. PAP adherence was not a significant moderator 

(p=0.96), but treatment effects tended to be greater in studies in which PAP adherence was 

higher (appendix p 53). As with all-cause mortality risk, the magnitude of reduction in 

cardiovascular mortality risk with PAP versus no PAP increased as the duration of PAP use 

increased (table 3).

To address the concern of sparse data bias for the overall mortality analysis, we conducted a 

sensitivity analysis that excluded the study, by Ou and colleagues,43 with a very small HR; 

no effect of this study on the overall estimate of the HR was found. For the cardiovascular 

mortality analysis, we did a similar sensitivity analysis in which the study by Parra and 

colleagues,33 which also had a small HR, was excluded. In this sensitivity analysis, the 

overall HR increased slightly to 0.46 (95% CI 0.28–0.75).

Discussion

This study is, to our knowledge, the largest meta-analysis of the effect of PAP therapy 

on mortality and has several important findings. First, the aggregated RCT and NRCS 

data showed an association between the use of PAP therapy and lower all-cause mortality. 

The HR values for all-cause mortality were in favour of PAP for both RCTs and NRCSs, 

although overall significance was driven by NRCS data, as has been noted previously.12 We 

also saw numerically greater reductions in all-cause mortality risk with PAP versus no PAP 

as nightly PAP use increased. Second, our assessment of the risk of bias was rigorous. The 

observed asymmetry was most likely due to true heterogeneity in NRCS data, meaning that 

the likelihood of the overall result being driven by study design bias is low. Finally, we also 

found an association between PAP use and lower cardiovascular mortality risk, based on 

aggregated data from both RCTs and NRCSs. These data add to available evidence showing 

that OSA is a major modifiable risk factor for both all-cause death and cardiovascular death, 

and update and extend the results of previous meta-analyses.15,52

Several factors are relevant when considering the differences in findings based on data from 

RCTs and NRCSs. The duration of follow-up was generally longer in NRCSs than in RCTs, 

meaning that hard clinical outcomes such as all-cause death were more likely to be identified 

in NRCSs. Nevertheless, the direction of the effect was similar in RCTs and NRCSs. The 

fact that differences between the PAP and no-PAP groups reached significance with data 

from NRCSs but not with data from RCTs could relate to a lack of statistical power in the 

RCT data (ie, a smaller number of events occurring during follow-up, with a total number of 

deaths in RCTs of 192 vs 139 430 in NRCSs) rather than a lack of benefit of PAP therapy. 

We calculated that a single RCT would need to include 23 785 participants to achieve 80% 

power for showing a significant effect of PAP on all-cause mortality based on a HR value of 

0.87 and an event rate of 3.34% (the values from RCTs included in this analysis).

The possibility of a healthy-user effect is well recognised,53,54 whereby individuals who are 

adherent to PAP therapy might have better outcomes than those who are non-adherent. For 
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example, a 2010 study by Platt and colleagues55 showed that statin use was more common 

in people with OSA who used their PAP therapy than in those who were non-adherent. 

Conversely, a more recent study, by Sterling and colleagues in 2022,56 did not find any 

evidence for the influence of a healthy-user effect (based on statin adherence) on PAP 

device use in the first year of therapy. Individuals with good PAP adherence in the NRCSs 

might have better education and health literacy than those who were non-adherent, but the 

healthy-user effect could still occur in RCTs given that randomly assigned patients might 

or might not be adherent to their assigned therapy. We also appreciate that randomisation 

allows for balancing of known and unknown confounders between groups, which is less 

feasible in non-randomised studies.

We acknowledge other potential issues and considerations regarding the literature included 

in our meta-analysis. The first is selection bias, which can occur if study participants are 

not representative of the general population. For example, as is common,57,58 individuals 

with low socioeconomic status and those from racially minoritised groups were not well 

represented in most studies. These populations could include people without good access 

to health care, who are unlikely to be adequately represented in the included studies. In 

addition, these populations might have higher rates of untreated sleep apnoea and have 

a lower average life expectancy than those represented in the studies, high lighting the 

importance of understanding the benefits of PAP therapy in these settings. Another potential 

issue is participation bias, which can occur when individuals who lack trust in the health-

care system refuse to participate in a trial. One of the benefits of a meta-analysis compared 

with individual trials is that data from a large number of countries and health-care systems 

are pooled, which maximises the generalisability of the results. However, the possibility of 

these types of bias still exists with respect to our overall findings.

Why RCTs of PAP therapy have not found any benefit regarding the risk of death and major 

cardiovascular and cerebrovascular events has been the topic of considerable discussion,59 

and several potential explanations have been proposed.10 First, as we have mentioned, 

these studies could have been underpowered, highlighting a need for larger studies and meta-

analyses. Poor PAP adherence could also contribute to a lack of power in some studies.19,34 

One meta-analysis of individual patient data showed a robust benefit of PAP with respect 

to lower risk of recurrent major cardiovascular and cerebrovascular events in individuals 

who had good adherence (device use ≥4 h/night).60 Second, OSA has marked phenotypic 

and endotypic variability, and only a subset of individuals with OSA are at increased risk 

of cardiovascular events.25,61 In particular, some of the RCTs to date have included people 

with mild OSA, those with minimal daytime sleepiness, or both, and such individuals might 

be least likely to obtain cardiovascular benefits during PAP therapy. In addition, participants 

enrolled in the RCTs had already had a cardiovascular event and might therefore be too late 

in the disease course for PAP to have a significant effect. Conversely, observational studies 

have included individuals without overt cardiovascular disease, in whom PAP might have a 

greater effect. Another issue is that individuals with more severe OSA, daytime sleepiness, 

or both might be less likely to be excluded from NRCSs than from RCTs, supporting the 

suggestion that the lack of these individuals in many RCTs is one factor driving the lack of 

benefit of PAP therapy in individual studies and the smaller effect size for RCT data in our 

meta-analysis.
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The duration of follow-up in RCTs might have been inadequate to detect the full 

cardiovascular and mortality benefits of PAP therapy in people with OSA. Therefore, future 

studies investigating the effects of PAP therapy on cardiovascular and mortality endpoints 

should focus specifically on the subsets of people with OSA who are at high cardiovascular 

risk at baseline based on known risk markers (eg, hypoxic burden,62 delta heart rate,63 and 

pulse wave amplitude drops64) and should include a sufficient follow-up duration to enable 

the number of outcome events detected to provide adequate statistical power.

Our study has several key strengths, including the large sample size and comprehensive 

assessment of bias in included studies. However, several limitations also need to be 

acknowledged. Our analyses relied on published literature and, therefore, the findings can 

be generalised only to populations and health-care settings that match those applicable to 

the trials providing the source data. For example, we are not aware of major publications 

or adequate representation from much of the world, especially Africa and southeast Asia. 

Therefore, we would encourage further study of the global burden of OSA and its optimal 

treatment in a diverse range of locations and populations. Another limitation is that, 

owing to our study design, important details for many of the individuals and cohorts 

included in the meta-analysis are missing. For example, medical history and demographic 

data, sleep studies, objective PAP device data, and information about symptoms are 

incomplete or absent for some participants, emphasising the need for further mechanistic 

and individualised research. Although we have included only NRCSs that controlled for 

potential confounders using statistical adjustments such as propensity score matching or 

regression analysis, some confounding factors still might not have been accounted for 

in some studies. Most studies used a Cox proportional hazards model, which enables 

a combined analysis of studies with varying follow-up periods. However, this model 

necessitates the assumption of proportional hazards across all timepoints. HR values could 

vary over time for several reasons, including selection bias of period-specific HR values. 

This assumption was investigated in some studies through Schoenfeld residuals and found to 

be reasonable.

A potential limitation in this analysis is the sparse data bias;65 however, given the results of 

our sensitivity analyses, we believe this limitation is not substantial. Finally, we recognise 

the issue of competing risks and deaths; eg, cancer mortality could be protective against 

cardiovascular death. However, we doubt that competing risk would have a major effect on 

cardiovascular mortality or any effect on all-cause mortality.

Despite these limitations, we believe that our findings are robust, but await further high-

quality trial data about the effect of PAP therapy on all-cause mortality and cardiovascular 

mortality. In addition, we believe that our findings are highly clinically relevant given that 

the reduction in all-cause mortality risk with PAP therapy for OSA (HR 0.63, 95% CI 0.56–

0.72; p<0.0001) exceeds that reported in a systematic review and meta-analyses of statin use 

(0.72, 0.66−0.76).66

In conclusion, the findings of this systematic review and meta-analysis support the benefits 

of PAP therapy with respect to all-cause mortality and cardiovascular mortality across a 

range of populations with OSA. Physicians and their patients need to be aware of our 
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findings to understand the magnitude of benefit that can be obtained from PAP therapy and 

to help with informed decision making in health care. Future research should explore causal 

pathways for the reported associations between PAP therapy and reductions in all-cause 

and cardiovascular mortality, methods to achieve health equity, and variables that might 

contribute to or influence the observed benefits of PAP therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research in context

Evidence before this study

Existing data regarding the effect of positive airway pressure (PAP) therapy for the 

treatment of obstructive sleep apnoea (OSA) on all-cause and cardiovascular mortality 

are inconsistent—especially the findings of randomised controlled trials (RCTs), which 

have largely reported neutral findings, and non-randomised controlled studies (NRCSs), 

which generally support a beneficial effect of PAP therapy. We searched PubMed, 

Embase, and the Cochrane Central Register of Controlled Trials, from database inception 

to Aug 22, 2023 (updated on Sept 9, 2024), with no geographical or language restrictions 

(appendix pp 25–26). To identify additional eligible studies, we also manually searched 

literature reviews and the reference lists of eligible studies and reviewed conference 

abstracts from major sleep and respiratory conferences held in 2022 and 2023. This 

search identified a gap in the literature regarding an up-to-date systematic review and 

meta-analysis that included both RCTs and NRCSs and fully evaluated the bias of 

included studies.

Added value of this study

This systematic review and meta-analysis is, to our knowledge, the largest and most 

comprehensive on this topic to date, including data from more than 1.1 million 

individuals and incorporating a comprehensive assessment of bias. Analysis of the 

aggregated data showed a significant overall benefit of PAP therapy versus no 

PAP therapy for OSA on all-cause mortality; a positive effect of PAP therapy on 

cardiovascular mortality was also seen on the basis of data from studies that reported 

this endpoint. Furthermore, available data showed a clinically relevant dose–response 

effect for the effect of PAP on all-cause mortality.

Implications of all the available evidence

The aggregated evidence suggests that the use of PAP therapy in a diverse 

clinical population of individuals with OSA has a beneficial effect on all-cause 

and cardiovascular mortality. Future studies should identify causal pathways for the 

association between treatment of OSA with PAP therapy and reduced all-cause and 

cardiovascular mortality, variables that might contribute to or influence the observed 

benefits of PAP therapy, and methods to achieve health equity in this setting. This 

evidence further supports the current clinical practice and policy of treating OSA.
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Figure 1: Study selection
OSA=obstructive sleep apnoea. PAP=positive airway pressure.
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Figure 2: Forest plot showing the risk of all-cause death in the PAP vs no PAP therapy groups
Black squares indicate the point estimate and horizontal bars indicate 95% CI. Black 

diamonds indicate the effect estimate in study groups and overall. HR=hazard ratio. 

NRCS=non-randomised controlled study. PAP=positive airway pressure. RCT=randomised 

controlled trial.
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Figure 3: Forest plot showing the risk of cardiovascular death in the PAP vs no PAP therapy 
groups
Black squares indicate the point estimate and horizontal bars indicate 95% CI. Black 

diamonds indicate the effect estimate in study groups and overall. HR=hazard ratio. 

NRCS=non-randomised controlled study. PAP=positive airway pressure. RCT=randomised 

controlled trial.
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Table 1:
Baseline characteristics of participants included in the all-cause mortality analysis

Number of 
studies

Number of patients Value p value (RCT vs 
NRCS)

Age, years

RCT 9 5497 61.7 (2.3) ..

NRCS 14 1138989 59.6 (1.8) 0.48*

Sex

RCT 9 5497 (4474 male, 1023 
female)

81.4% male, 18.6% female 
(2.9)

..

NRCS 15 1164 378 (862 338 male, 302 
040 female)

74.1% male, 25.9% female 
(2.1)

0.041*

Race

RCT 2 2965 (1792 White, 1173 non-
White)

60.4% White, 39.6% non-
White (25.0)

..

NRCS 2 912 077 (752 920 White, 159 
157 non-White)

82.6% White, 17.5% non-
White (25.0)

0.53*

BMI, kg/m 2 

RCT 9 5497 29.1 (0.9) ..

NRCS 7 12 728 30.5 (1.0) 0.31*

Baseline apnoea–hypopnoea 
index, events per h

RCT 7 5093 32.5 (2.6) ..

NRCS 9 14029 34.8 (2.3) 0.50*

Follow-up, years

RCT 10 5685 3.0 (0.5) ..

NRCS 17 1166471 5.8 (0.7) 0.0033†

PAP adherence, h/night

RCT 8 2717 3.6 (0.5) ..

NRCS 4 18500 6.0 (0.2) 0.0013†

Values are n or mean (SE). NRCS=non-randomised controlled study.

PAP=positive airway pressure. RCT=randomised controlled trial.

*
Calculated from a random-effects model.

†
Calculated from a two-sample t-test.
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Table 2:
Baseline characteristics of participants included in the cardiovascular mortality analysis

Number of 
studies

Number of patients Value p value (RCT vs 
NRCS)

Age, years

RCT 5 5035 60.8 (2.8) ..

NRCS 5 20559 55.2 (2.8) 0.15*

Sex

RCT 5 5035 (4097 male, 938 
female)

81.4% male, 18.6% female 
(4.8)

..

NRCS 5 20 559 (15 960 male, 4599 
female)

77.6% male, 22.4% female 
(4.7)

0.58*

Race

RCT 1 2687 (677 White, 2010 non-
White)

25.2% White, 74.8% non-
White (0.8)

..

NRCS 1 389 (276 White, 113 non-
White)

71.0% White, 29.0% non-
White (2.3)

..

BMI, kg/m 2 

RCT 5 5035 29.5 (1.2) ..

NRCS 4 6007 31.4 (1.4) 0.31*

Baseline apnoea–hypopnoea 
index, events per h

RCT 4 4909 33.2 (3.8) ..

NRCS 4 6007 31.4 (3.8) 0.75*

Follow-up, years

RCT 6 5223 3.8 (0.4) ..

NRCS 5 20559 6.9 (1.0) 0.031†

PAP adherence, h/night

RCT 5 2511 3.8 (0.6) ..

NRCS 3 1579 6.2 (0.2) 0.011†

Values are n or mean (SE). NRCS=non-randomised controlled study.

PAP=positive airway pressure. RCT=randomised controlled trial.

*
Calculated from a random-effects model.

†
Calculated from a two-sample t-test.
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Table 3:
Risk of all-cause and cardiovascular mortality in the PAP and no-PAP groups based on average PAP device use

Hazard ratio (95% CI); PAP vs no PAP p value (RCT vs NRCS)

PAP use 2 h/night PAP use 4 h/night PAP use 6 h/nigh

All-cause mortality

NRCS 0.57 (0.34–0.95) 0.50 (0.33–0.76) 0.44 (0.30–0.65) ..

RCT 0.95 (0.60–1.50) 0.84 (0.55–1.28) 0.74 (0.46–1.19) 0.19

Cardiovascular mortality

NRCS 0.25 (0.06–1.09) 0.24 (0.10–0.60) 0.24 (0.14–0.40) ..

RCT 0.79 (0.31–2.01) 0.78 (0.44–1.35) 0.76 (0.36–1.63) 0.96

p value indicates the linear effect of PAP use on the log-transformed hazard ratio.

NRCS=non-randomised controlled study. PAP=positive airway pressure.

RCT=randomised controlled trial.
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