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Abstract

The prevalence of obstructive sleep apnea (OSA) is on the rise,
driven by various factors, including more sensitive diagnostic
criteria, increased awareness, enhanced technology through
at-home testing enabling easy and cost-effective diagnosis, and
a growing incidence of comorbid conditions such as obesity.
Treating symptomatic patients with OSA syndrome to enhance
quality of life remains a cornerstone approach. However,
there is a lack of consensus regarding treatment to improve
cardiovascular disease (CVD) outcomes, particularly in light of
overall negative results from several randomized controlled trials
indicating no benefit of positive airway pressure therapy on
primary and secondary CVD events. These randomized
controlled trials were limited by suboptimal positive airway
pressure adherence, use of composite CVD outcomes, and
limited diversity and generalizability to sleep clinic patients.
As such, this workshop assembled clinical experts, as well as
researchers in basic and translational science, epidemiology,
clinical trials, and population health, to discuss the current state
and future research directions to guide personalized therapeutic

strategies and future research directions in OSA. There was
overall consensus among workshop participants that OSA
represents a heterogeneous disease with variable endotypes and
phenotypes and heterogeneous responses to treatment. Future
research should prioritize using multimodal therapeutic
approaches within innovative and adaptive trial designs, focusing
on specific subgroups of patients with OSA hypothesized to
benefit from a CVD perspective. Future work should also be
inclusive of diverse populations and consider the life course of
OSA to better comprehend treatment strategies that can address the
disproportionate impact of OSA on racially minoritized groups.
Furthermore, a more holistic approach to sleep must be adopted to
include broader assessments of symptoms, sleep duration, and
comorbid sleep and circadian disorders. Finally, it is imperative to
establish a sleep research consortium dedicated to collecting raw
data and biospecimens categorized by OSA subtypes. This will
facilitate mechanistic determinations, foster collaborative research,
and help bolster the pipeline of early-career researchers.
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Overview

Evidence from observational studies
demonstrates independent associations
between obstructive sleep apnea (OSA)
and cardiovascular disease (CVD) event
outcomes (1–5). However, randomized
controlled trial (RCT) data on the impact of
positive airway pressure (PAP) therapy for
OSA on composite CVD events have not
demonstrated CVD benefit (6–10). As a
result of this conflicting evidence between
findings from observational andmechanistic
studies versus RCTs, best practices for
treating patients with OSA for CVD risk
reduction remain controversial. Many
clinicians continue to treat asymptomatic
or minimally symptomatic patients across
the OSA severity spectrum to reduce CVD
risk. In contrast, others have shifted practice
to treating only those with symptoms
associated with OSA (11–13). It has become
increasingly evident that OSA encompasses
various subphenotypes, characterized by
distinct predominant mechanistic traits
linked to various outcomes and potentially
responsive to differing interventions (14).
It is therefore necessary to elucidate an
evidence-based OSAmanagement approach
that carefully considers individual patient
characteristics for clinical decision making.
This includes accounting for OSA-related
physiologic features, symptoms, comorbidities,
lifestyle, social determinants, CVD risk-
mitigating treatments, and individual CVD
endpoints.

To further this effort, there is need for
1) the identification of OSA endotypes and
phenotypes that confer an increased risk for
CVD; 2) understanding the impact of OSA-
specific interventions on CVD outcomes
within these endotypic and phenotypic
subgroups; and 3) developing a feasible
strategy across a variety of clinical and
research settings for identifying individuals
with OSA at high risk for CVDwho are
likely to respond to treatment. Furthermore,
as minoritized groups were not represented

in the existing RCTs, future research
endeavors must embrace diversity to achieve
health equity. In response to these pressing
gaps in our field, we organized this workshop
and extended invitations to major
stakeholders with expertise in OSA
epidemiology, clinical trials, CVD, precision
medicine, and health equity. The primary
objective of this workshop was to review the
current evidence regarding the role of OSA
treatment for CVD health benefits and
develop a strategic framework to generate the
data needed to address existing scientific
gaps and guide the field toward a precision
medicine approach for CVD risk reduction
in OSA. This American Thoracic Society
(ATS) workshop panel included
representation from various countries, and
research and clinical backgrounds. We
reviewed existing literature, synthesized
expert opinions, and identified crucial
research questions regarding OSA treatment
for cardiovascular benefit.

The workshop reports the following
agreed-on key conclusions among the
attendees and authors (Figure 1):

1. Identifying OSA endotypes and
phenotypes that most strongly contribute
to CVD and respond to intervention:
Given the high rates of OSA (defined
purely by apnea–hypopnea index
[AHI]) (15) and the high likelihood for
developing CVDwith age (16), it is often
the case that these two conditions are
comorbid. It remains unclear which
patients with OSA are at higher than
expected risk of CVD and whether that
risk is attributable to OSA-specific
physiology. Identifying OSA subtypes
and factors that contribute to CVD
should be the focus in an era of precision
medicine. Despite efforts to endotype and
phenotype OSA on the basis of the
anatomy and physiology of the upper
airway, ventilatory control measures,
event-related physiologic sequelae,
clinical features, and biomarkers, there is

uncertainty regarding which of these
investigative approaches are 1) most
feasible across diverse settings and
2) produce metrics that have sufficient
reproducibility, discrimination, and
predictive value for highest clinical and
scientific impact.

2. Symptom subtypes in OSA, including
patients with excessive daytime sleepiness
(EDS) and insomnia symptoms: Future
studies must consider enriching study
cohorts with participants who have OSA-
related symptoms such as EDS and
insomnia symptoms in clinical trials.
Including symptomatic patients in RCTs
may be achieved safely and ethically
through various strategies, such as
rigorous informed consent procedures,
external boards for close safety
monitoring, adaptive trial designs, and
active engagement of patients with OSA
as advisers (17).

3. PAP is not one size fits all: The current
evidence does not support the use of
PAP for all patients with OSA, especially
individuals with asymptomatic or
minimally symptomatic OSA. Although
several post hoc analyses suggest
potential CVD benefits among those
with putatively “adequate” PAP
adherence (greater than four hours per
night), a “healthy adherer” bias limits
meaningful interpretation. Notably,
however, there were workshop
members who believed that this signal
of benefit within those adherent to
therapy should not be minimized.
Moreover, caution must be exercised
when extrapolating current RCT
evidence to patients referred to sleep
clinics. Existing trials primarily
recruited patients with established CVD
who presented to cardiology clinics or
inpatient hospital units without
significant daytime sleepiness.

4. Targeting OSA treatment for primary
versus secondary CVD risk reduction:
Although panelists agreed that the
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current literature does not support
OSA treatment for secondary CVD
prevention among all patients with
elevated AHIs, there has been less
research addressing the role of OSA
treatment as a strategy for primary CVD
risk reduction. This is due to the
complexity and cost of conducting
larger and longer trials required for such
an investigation. A study by Barb�e and
colleagues (6) was one such primary
prevention trial with negative findings,
but the possibility remains that earlier
intervention (before the development of
irreversible damage to the vasculature
and other organs) might reveal
therapeutic benefit. Even so, the
feasibility of initiating and maintaining
lifelong OSA treatment in younger,
healthier patients for primary CVD
prevention is unclear and needs to be

further examined. This goes together
with the overarching need to better
understand the natural history of OSA,
including differences in the average age
of onset across population subgroups, as
well as the impact of these differences
on disease severity and timing of
therapy during the life course.

5. Investigating heterogeneity in treatment
effects with PAP: Until recently, PAP
had been considered a mostly benign
intervention. However, the net neutral
results from RCTs using PAP in OSA
for CVD outcomes may be a result of
balancing its favorable and unfavorable
effects. There is evolving preclinical
evidence to suggest that, especially at
higher pressures, there may be a
detrimental effect of PAP via alveolar
stretch and lung injury, resulting in
endothelial cell dysfunction and

inflammation (18). Furthermore,
eliminating the stimulus for ischemic
preconditioning and coronary collateral
formation (via intermittent hypoxemia)
through PAP therapy may block a
hypothesized teleological benefit of OSA
among certain patient subgroups. These
opinions were controversial and not
shared by all workshop attendees;
however, they should be considered in
future research.

6. Incorporation of comorbid sleep
disorders: Given that sleep and
circadian traits (e.g., short and long
sleep duration, sleep irregularity) have
been independently associated with
increased CVD mortality in
observational studies (19, 20), future
research should incorporate a more
holistic consideration of sleep-related
factors that may influence CVD risk

Figure 1. Key conclusions. CVD=cardiovascular disease; EEG=electroencephalography; OSA=obstructive sleep apnea; PAP=positive airway
pressure; SpO2

= oxygen saturation as measured by pulse oximetry.
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among those with OSA. Comorbid sleep
disorders, together with the sleep
environment and neighborhood-level
factors that disrupt sleep, have yet to be
adequately assessed and quantified in
the current OSA literature. Moreover,
RCTs to date have not gauged the
combined effects of OSA interventions
and treatment of comorbid sleep
disorders on CVD outcomes. It is
important to note that PAP cannot
rectify insufficient sleep duration and
may occasionally result in more sleep
disruption and awakenings, impairing
sleep quality in some patients. The
impact of these comorbidities and
factors must be considered in future
analyses of large datasets or clinical
trials that test the effectiveness of OSA
interventions on CVD risk. At a
minimum, future trials in OSA should
include robust objective measures of
sleep duration and sleep–wake timing.

7. Inclusion of women and diverse
populations: It is evident that there is a
marked lack of inclusion of women,
racially and ethnically diverse groups,
and other marginalized communities,
such as LGBTQ1 individuals, people
with disabilities, and socioeconomically
disadvantaged populations, in existing
OSA literature, especially within RCTs
investigating PAP for CVD outcomes.
The inclusion of these groups is crucial,
as observational evidence generally
demonstrates earlier onset and more
severe OSA at the time of clinical
diagnosis, higher percentages of
underdiagnosis, and lower rates of
adequate therapy (including modifiable
barriers to adherence) among racially
minoritized groups (21, 22). In addition,
these minoritized groups are at an
increased risk of resistant hypertension
and stroke/transient ischemic attack (23),
two CVD outcomes strongly tied to
OSA. However, observed disparities or
differences across groups can be social,
cultural, environmental, and/or
behavioral. Understanding the cause of
these disparities and differences across
groups can illuminate mechanisms of
pathogenesis and disease progression,
which can subsequently inform
interventions. As a field, we must better
identify and include social determinants
of health in future studies, as an
understanding of these factors is critical

to reduce the consequences of structural
racism and discrimination and to
promote health equity. Future research
must develop, support, and evaluate the
influence of system-level changes and
create community partnerships to
ensure that studies are developed and
interventions are implemented by the
community they serve.

8. Combine data collection efforts and
develop a unified sleep research
consortium: The National Sleep
Research Resource (NSRR) has
advanced the field of sleep research
tremendously by organizing data from
multiple sources (24, 25), providing
access to investigators. Further efforts
should be made to unify and combine
prospective data collection, including
clinical, physiologic, and biospecimen
(biomarkers and genetic specimen for
biobanking). This data collection and
repository approach could support
future evaluation of OSA endotyping
and phenotyping for CVD risk
reduction. In addition, such a unified
consortium could establish common
data elements and share protocols,
allowing improved data harmonization
and use. An in-depth review of the
cost–benefit balance of this type of effort
was not discussed as part of this workshop
and requires careful attention in a future
official ATS document. Ultimately,
collaboration will further advance the
field by leveraging local expertise and
extending that experience more globally
in an increasingly digital age.

Research Deliverables
1. Tailored PAP trials

� Design RCTs enriched with patients
with symptomatic OSA (i.e., those
with fragmented sleep, poor quality
sleep, nonrestorative sleep, and EDS)
recruited from sleep clinics with
both low and high CVD risk
categories to discern which
subgroups are most likely to derive
benefit from treatment. For example,
EDS with OSA has been associated
with systemic inflammation,
increased airway collapsibility, and
increased hypoxic burden and thus
may be a more PAP-responsive
subtype. Subgroup analysis by age
may be informative, given that

elderly individuals with preexisting
CVDmay have limited CVD benefit
from PAP.

2. Inclusive and comprehensive trials
Design trials that accomplish the
following aims:
� Holistically address sleep by

incorporating evaluations of insomnia,
objective sleep duration, circadian
rhythm disruption, and sleep patterns.
Trials assessing the impact of
interventions to improve insomnia,
sleep opportunity, and sleep timing
should be considered alongside
treatment of patients with OSA.

� Prioritize the inclusion of diverse
populations, with a focus on women
and historically and persistently
minoritized groups. This must be
accompanied by the collection of
data relating to social determinants
of health to identify factors that may
underlie such differences. In
addition, the field must develop
focused trials within minoritized
populations. These goals can be
achieved by addressing 1) system-
level barriers to equitable access to
clinical trials, 2) the use of health-
promoting resources, 3) diversifying
investigative research teams, and
4) partnering with community
organizations and community
advisory boards to ensure equitable
representation and to better
understand social determinants of
health to recognize and combat
structural biases.

3. OSA endotype and phenotype
standardization initiative with eventual
application of machine learning and
artificial intelligence approaches:
Launch a comprehensive initiative that
aims to reconcile and standardize the
diverse methodologies used in
endotyping and phenotyping OSA. This
could involve creating a centralized
database combining physiologic,
biomarker, patient-reported, and other
clinical data to identify subgroups and
direct specific treatments more clearly
by applying machine learning and
artificial intelligence approaches,
moving toward precision medicine.
These larger collaborative datasets with
multimodal data are necessary, as
artificial intelligence methods require
larger sample sizes for adequate model
training, testing, and external validation.
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The ultimate goal from such an initiative
would be to define and identify potentially
hidden but scalable measures that predict
CVD outcomes and treatment responses
in patients with OSA.

4. Comparative effectiveness of the broad
spectrum of therapeutic approaches for
CVD risk reduction: Initiate studies
that explore alternative OSA-targeted
therapeutic options beyond PAP (e.g.,
oral appliance therapy, positional
therapy, surgical approaches,
pharmacologic treatments), especially
for younger, healthier patients and those
without OSA-related symptoms, and
compare these approaches with
traditional PAP. This approach can
also include exploring the effects and
potential drawbacks of high-pressure
PAP to understand its wider
implications. Furthermore, the field
must understand the comparative
effectiveness of long-term medications
used for CVD risk reduction (e.g.,
antihypertensives and lipid-lowering
agent use) specifically for the reduction
of CVD risks attributed to OSA as
alternatives to OSA respiratory
event/upper airway targeted treatments.

5. Sleep research consortium and
physiologic biobank: Recognizing the
limitations of isolated national efforts in
translating research into clinical

practice, the expansion of the NSRR
into a global consortium is proposed.
This transformation would allow the use
of larger, more diverse datasets, essential
for applying advanced technologies such
as artificial intelligence in sleep
medicine and for comprehensively
addressing the influence of genetics,
culture, environment, and social
determinants of health. This global
collaboration would standardize
research protocols, harmonize existing
datasets, and reduce costs through
economies of scale, potentially
attracting significant international
funding. Furthermore, this consortium
would facilitate a unified approach to
data, enabling organizations such as the
ATS to convene researchers using a
common language and datasets,
reducing discrepancies in methodologies
that often hinder progress at scientific
meetings. By standardizing methods and
datasets, the consortium aims to
expedite scientific collaboration and
accelerate the understanding and
management of sleep disorders globally,
leveraging the proven track record of the
NSRR while significantly expanding its
reach and impact.

Ensuring the success of these research
deliverables will require that funding
agencies prioritize these initiatives by

releasing targeted funding announcement for
tailored RCTs, encouraging a pipeline of
early-career investigators to conduct this
work, incentivizing collaborations for
standardizing endotyping and phenotyping
methodologies, and investigation of novel
therapeutic avenues for OSA (Figure 2).

Introduction

OSA is characterized by repetitive collapse of
the upper airway during sleep, exerting
potentially deleterious cardiovascular effects
through a combination of mechanisms,
including intermittent hypoxia (IH),
mechanical load, autonomic dysregulation,
and inflammation, among others (26).
Recent modeling data estimate the global
burden of OSA at more than 400 million
persons globally (using a defining criterion of
AHI> 15 events/h) (27). Continuous PAP
therapy is the mainstay of OSA treatment,
and current guidelines recommend therapy
for all patients with OSA with sleep-related
symptoms or elevated blood pressure
(11, 12). These recommendations evolved
over the past decade in response to several
recent RCTs, which did not demonstrate a
benefit of PAP therapy on composite CVD
outcomes, including stroke and myocardial
infarction (MI) in nonsleepy or mildly sleepy
patients with moderate to severe OSA

Figure 2. Role of funding agencies. 1) Tailored randomized controlled trials (RCTs): Prioritize and release targeted calls for RCTs to encourage
the use of advanced trial designs, including enrichment and adaptive designs, phenotype-driven RCTs (with cardiovascular disease [CVD] risk
defined by clinical criteria and/or biomarkers), and sufficient sample size and duration to allow subgroup analyses and to detect clinically
important changes in hard outcomes. Cooperation between international funding sources and public and private sources would enable this
initiative. 2) Supporting early-career investigators: Encourage training and support for investigators to conduct these clinical trials in our field,
particularly those underrepresented. 3) Incentivize collaborations for standardizing endotyping and phenotyping methodologies: Funding bodies
can initiate special grants or funding mechanisms that incentivize researchers to apply advanced statistical methods, including machine
learning (ML) and artificial intelligence (AI) approaches, on existing data to systematically identify reproducible measures that have good
discrimination/prediction, understand their utility for relevant populations and outcomes, and ensure that the code is open source, and made
widely available. Furthermore, validating these measures within existing electronic health record data is a crucial step toward clinical translation,
and providing funding for these efforts is essential. 4) Encourage investigation of novel therapeutic avenues for CVD risk reduction in obstructive
sleep apnea (OSA): Release focused requests for proposals or requests for applications that push the envelope on alternative therapeutic
avenues beyond PAP for OSA. The risks and benefits of PAP therapy compared with these alternatives and in conjunction with CVD risk
reduction strategies (pharmacologic and behavioral) should be evaluated. Furthermore, such therapies should evaluate the effectiveness of
therapy within the variety of OSA endotypes and phenotypes (identified in point 3) and across diverse patient groups, including women,
low-income communities, and minoritized groups.
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(Epworth Sleepiness Scale scores as high as
15 were included) (6–10). The first major
study, published by Barb�e and colleagues (6),
showed no effect of PAP as a primary CVD
prevention (including hypertension) strategy
for nonsleepy patients with OSA. Subsequent
studies, including Randomized Intervention
with Continuous Positive Airway Pressure in
CAD and OSA (RICCADSA) (8), Sleep
Apnea Cardiovascular Endpoints Study
(SAVE) (7), and Impact of Sleep Apnea
Syndrome in the Evolution of Acute
Coronary Syndrome (ISAACC) (9),
evaluated the effect of PAP on secondary
prevention of CVD outcomes. These studies
also found that PAP did not affect composite
cardiovascular outcomes among nonsleepy
or mildly sleepy patients with moderate to
severe OSA and histories of either coronary
artery disease or acute coronary syndrome
(ACS). Given these findings, in 2021, the
Agency for Healthcare Research and Quality
(AHRQ) performed a comprehensive review
to address the effectiveness of PAP therapy
(28) and concluded that the “published
evidence mostly does not support that
[continuous PAP] prescription affects long-
term, clinically important outcomes.” In
response, some experts criticized the AHRQ
report, emphasizing that this conclusion does
not reflect the totality of available evidence
(29, 30) and that improvement of outcomes
such as EDS and blood pressure after PAP
were not considered. Neither were the
barriers to conducting RCTs (e.g., PAP
adherence, randomizing symptomatic
patients) or the lack of adequate
representation of women and racially
minoritized groups in existing RCTs.
Furthermore, the AHRQ report does not
account for the burgeoning evidence on OSA

heterogeneity with specific endotypes and
phenotypes at heightened CVD risk and,
more recently, the potential heterogeneity of
treatment effects (HTE) with PAP therapy
on CVD outcomes (31–35).

Methods

In light of these developments, the field has
reached an important crossroads in the
management of OSA, specifically, the need to
leverage new developments in clinical
phenotyping to maximize the cardiovascular
benefit by personalizing therapy when most
appropriate and to highlight the path ahead
for future research in this area. A workshop
proposal was submitted to the ATS Assembly
on Sleep and Respiratory Neurobiology in
August 2022 and funded in January 2023.
Workshop participants were recruited from
around the world to represent a diverse
range of professional backgrounds and
expertise; included were OSA and CVD
content experts from various disciplines,
including fundamental preclinical and
translational research, clinical trials,
epidemiology, data science, health outcomes,
and diversity, equity, and inclusion research.
All participants served as speakers,
moderators, panelists, or specific content
experts, contributing their expertise and
unique perspectives.

These key stakeholders were tasked
with reviewing and critically appraising the
current state of the literature and addressing
several key overarching objectives that were
predetermined to guide the discussion:

1. Discuss and understand current
opinions and limitations relating to
existing evidence from RCTs of OSA

treatment for composite CVD
outcomes.

2. Conduct a focused discussion on
phenotypes of OSA that predict CVD
risk. Discuss evidence from large RCTs,
post hoc analyses of RCTs, and other
independent studies that have identified
novel phenotypes of OSA with
enhanced CVD risk and how this
evidence can be applied effectively in
clinical and research settings. We will
also discuss strategies for future
investigations to discover novel
phenotypes.

3. Review critical gaps in the current
evidence, emphasize new directions and
methodology that can be adopted to
advance cardiovascular risk prediction,
and provide definitive evidence on
whether OSA treatment results in CVD
risk reduction in predefined OSA
subgroups, with an emphasis on
underrepresented populations that are
disproportionately affected by OSA and
not included in trials to date.

The live workshop meetings were held
in two parts, with the first being a hybrid
meeting during the ATS Annual
International Conference inWashington,
D.C., onMay 23, 2023. A second virtual
meeting took place on July 6, 2023. As
outlined in Table 1, the agenda included
lectures and discussions moderated by
the co-chairs and guided by specific
predetermined questions for each panelist.
The co-chairs developed this document
using notes and recordings from the live
meetings. All participants could submit edits
and revisions and ultimately approved the
final workshop report. All participants’

Table 1. Workshop agenda (abridged)

May 23, 2023: Hybrid in-person/virtual meeting at the ATS Annual International Conference

Lecture: Understanding existing literature: randomized controlled trials of OSA treatment on CVD outcomes: Vaishnavi Kundel
Moderated discussion (by co-chairs: Oren Cohen, Vaishnavi Kundel, Henry K. Yaggi, and Neomi A. Shah)

Panelists: Ferran Barb�e, Y€uksel Peker, Doug McEvoy, Susan Redline, Manuel S�anchez-de-la-Torre, Daniel J. Gottlieb, and
T. Douglas Bradley

Lecture: OSA endotypes and phenotypes with increased CVD risk: Andrey Zinchuk and Ali Azarbarzin
Moderated discussion (by co-chairs: Oren Cohen, Vaishnavi Kundel, Henry K. Yaggi, and Neomi A. Shah)

Panelists: Andrey Zinchuk, Ali Azarbarzin, Atul Malhotra, Helena Schotland, David Gozal, Sanja Jelic, Alberto R. Ramos, Susan
Redline, and Jennifer L. Martin

July 6, 2023: Virtual meeting

Lecture: Moving the needle on OSA treatment for CVD risk reduction in at risk groups: Sushmita Pamidi and Dayna A. Johnson
Moderated discussion (by co-chairs: Oren Cohen, Vaishnavi Kundel, Henry K. Yaggi, and Neomi A. Shah)

Panelists: Reena Mehra, Virend Somers, Camilla Hoyos, Chandra L. Jackson, Carmela Alcantara, Martha E. Billings, and
Sanjay R. Patel

Definition of abbreviations: ATS=American Thoracic Society; CVD=cardiovascular disease; OSA=obstructive sleep apnea.
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conflicts of interest were submitted to and
reviewed by the ATS Conflicts of Interest
Department.

Workshop Report

Section 1: Understanding Findings
and Limitations of the Major RCTs of
PAP for CVD Benefit
Summary of findings. Workshop attendees
discussed current evidence for using PAP
for cardiovascular benefit on the basis of
four RCTs published over the past decade.
These RCTs, Barb�e and colleagues (6),
RICCADSA (8), SAVE (7), and ISAACC (9),
each showed no significant benefit of PAP in
the primary analyses. Although post hoc
subgroup analyses from two of the four trials
demonstrated a benefit of PAP for CVD risk
reduction among participants using PAP for
.4 hours per night, and post hoc analysis
from the SAVE trial showed a lower risk
of stroke among those adherent to PAP,
secondary subgroup analyses must be
interpreted cautiously, as they are subject to
potential healthy adherer bias and residual
confounding, limiting the ability to draw
causal inference from these results. Taken
together, the current evidence does
not support the use of PAP among
asymptomatic patients with OSA to reduce
CVD risk. However, there is an absence of
prospective RCT data regarding CVD
outcomes after treatment of OSA among
symptomatic patients. Last, emerging
secondary data analyses from these trials may
support treatment in specific high-risk
subgroups (33–35).

EXPLANATION OF FINDINGS. This lack of
demonstrable CVD benefit can be attributed
to several factors:

� Despite an abundance of data from
observational epidemiology studies of
OSA-related CVD risk, it remains
possible that these studies have inflated
the CVD risk of OSA because of residual
confounding. Potential unmeasured
confounders in these studies could
include sedentary lifestyles, visceral
adiposity, atherogenic diets, comorbid
illness, other sleep disorders, short sleep
duration, poor sleep quality, and other
unknown factors. Most workshop
participants believed that this was
unlikely, as this would not explain the
results of mechanistic studies. Another
possibility may be that there is, in fact,

no effect of PAP in improving CVD
outcomes among patients with OSA
and that quasiexperimental studies
(comparing those on PAP with those
not using PAP) may have overestimated
the benefit of PAP in mitigating
OSA-related CVD risk. Such
quasiexperimental studies are also
susceptible to the healthy adherer
effect by comparing PAP adherers to
nonadherers (36, 37). Although PAP
may be effective in reducing CVD risk in
isolation, its benefits may not provide
further risk reduction beyond that
provided by adjunctive therapies for
CVD, which have been proved effective
in CVD risk reduction. Most patients in
secondary CVD prevention trials are
already being actively treated with
therapies to reduce CVD risk, which
may also treat the downstream effects of
OSA. For example, b-blockers may
counteract sympathetic activation (38),
antihypertensives may counteract the
effects of OSA on 24-hour blood
pressure (39), implantable pacemakers
and defibrillators counteract life-
threatening arrhythmias, and statins
may improve endothelial dysfunction
(40) and coronary artery disease–related
events (41). In the setting of these
therapies, PAP may provide only modest
benefit, and trials with large samples
would be required to ascertain any PAP-
specific benefits.

� PAP therapy might exhibit favorable and
potentially deleterious effects across
various patient subgroups, resulting in
an overall net neutral influence on
cardiovascular outcomes. For example,
the expected benefits of PAP in reducing
IH and arousals may be counteracted by
mechanical effects of PAP, such as lung
distention in a subset of patients, as
suggested by results from recent studies
(40, 42). In addition, among those with a
preexisting burden of CVD, untreated
OSA in a subgroup of patients may be
cardioprotective by way of ischemic
preconditioning, as suggested by prior
research (43–46).

� Another possible explanation is that the
association between OSA and CVD is
bidirectional. Schiza and colleagues (47)
previously demonstrated that the
prevalence of OSA was remarkably high
in patients with ACS, but this high
prevalence did not persist six months

later. The ISAACC trial specifically
enrolled participants during index
hospitalization for ACS. It is possible
some of those randomized to usual care
did not have OSA at long-term follow-
up. A preliminary report from the
RICCADSA trial also supported a
natural decline in the AHI among half
the untreated participants and resolution
of OSA among 11% (48). These studies
highlight the notion that OSA in the
setting of ACS may be transient and can
improve with cardiovascular recovery
after acute events. Perhaps focusing on
this patient population in future RCTs is
not advisable, as OSA is likely to
improve over time in such patients
without OSA-specific interventions.

POTENTIAL LIMITATIONS. Several
limitations of these trials that may explain
the null findings should be considered
(Table 2):

� Limited PAP adherence: A major
limitation of the existing RCTs, often
cited as the primary criticism, was the
lack of adequate adherence to PAP
therapy, with an average of 3–5 hours
per night. This impairment in the
“enactment fidelity” of existing clinical
trials limits our ability to fully
understand PAP’s efficacy in reducing
cardiovascular outcomes (49). To
complicate matters further, adherence to
PAP is often confounded by a multitude
of issues, including comorbid sleep
disorders (e.g., insomnia, short sleep)
not assessed in these trials, which
themselves are associated with both low
PAP use and an independent risk of
cardiometabolic and CVD (50–55). In
addition, the trials recruited patients
with nonsleepy OSA, and rates of PAP
use among asymptomatic patients are
generally lower than those with OSA and
symptoms of sleepiness (56). However, it
is important to note that the benefit of
behavioral interventions (e.g.,
motivational enhancement) to
encourage PAP adherence has been
demonstrated in clinical trials settings
and could potentially be deployed in
future trials (57).

� PAP for secondary CVD prevention:
Most RCTs focused on PAP for
secondary prevention of CVD,
recruiting patients with existing CVD
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from cardiology clinics or inpatient
cardiac units with minimal sleepiness
symptoms. This population is also often
treated with other medical cotherapies
that directly address CVD risk (e.g.,
statins, antihypertensives). Therefore,
among patients with preexisting CVD
and those without sleep difficulties, PAP
may play a limited role in CVD risk
reduction (58). Most workshop
attendees (although not all) agreed that
future studies should focus on recruiting
patients from ambulatory sleep clinics
who typically present with sleep
difficulties to evaluate the role of OSA
therapy and that benefit may be more
pronounced for primary CVD

prevention, assuming optimal use and
sufficient duration of treatment.

� Use of composite cardiovascular
outcomes: The assessment of composite
CVD outcomes after PAP helps improve
our ability to detect a significant effect
by reducing the required sample size to
determine a treatment effect. However,
OSA’s pathobiological mechanisms may
differ for the various CVD outcomes
measured (i.e., CVDmortality,
hospitalization for ACS/MI, cardiac
arrhythmia, heart failure, stroke, or
transient ischemic attack). A recent
meta-analysis using per protocol data
(i.e., comparing control subjects with
PAP-adherent participants)

demonstrated a protective effect of PAP,
particularly for cerebrovascular
outcomes, but not for coronary
outcomes and heart failure (59). In
addition, these large RCTs did not assess
certain CVD outcomes, such as atrial
fibrillation. As such, composite events
limit our ability to understand specific
relationships and outcomes. Although
not unanimous, most attendees agreed
on the need to evaluate individual CVD
outcomes in future research including
mechanistic studies.

� Lack of generalizability
� Inclusion of women and racially

minoritized populations: Fewer than
20% of the RCT populations were

Table 2. Limitations of RCTs of PAP for CVD risk reduction among nonsleepy to mildly sleepy patients with OSA and future
directions

Limitation Consideration Future Directions

PAP adherence Low adherence to therapy biases treatment
effects toward the null. Post hoc analysis
by adherence is confounded by the healthy
adherer effect.

Develop adherence optimization strategies and
multimodal treatment algorithms that incorporate
any available therapy to achieve a balance
between ability to eliminate obstructive respiratory
events and tolerability of treatment.

PAP for secondary
CVD prevention

In the setting of preexisting comorbid disease
and disease-modifying treatments (e.g.,
statins, antihypertensives, b-blockers),
elimination of OSA may or may not exert a
significant effect.

Understand the effects of existing cardiovascular
medical therapies on OSA-associated physiologic
responses and cardiovascular risk. Continue to
focus on PAP for improvement of quality of life
and functional outcomes.

Composite cardiovascular
outcomes

Physiologic responses to OSA-associated
respiratory events are variable and may be
linked to differential CVD outcomes.
Composite events are helpful in RCTs to
meet sample size requirements but detract
from the scientific understanding of OSA
and its relationship to specific CVD
subtypes (e.g., coronary heart disease,
heart failure, stroke, arrhythmia).

Examine the relationship between OSA and
individual CVD events. Although this will require
larger sample sizes, modern statistical techniques
may help reduce the requisite sample size.
Consider integrating objective sleep
measurements into larger CVD trials to assess
the impact of sleep on CVD outcomes, in
accordance with the American Heart
Association’s Life’s Essential 8 requirement.

Lack of generalizability Participants were recruited from non–sleep
clinic settings, but these data are being
applied most commonly to patients seeking
sleep medicine consultation. Furthermore,
studies did not adequately represent the
diverse racial and ethnic U.S. population
and had limited inclusion of women.

Direct future trials to recruit patients presenting to
sleep medicine clinics, potentially including
symptomatic patients. Note that this was
discussed in a prior ATS workshop report (17). In
addition, future trials must be more inclusive in
terms of race, ethnicity, and gender.

Heterogeneity within OSA Current understanding suggests that OSA is
an umbrella diagnosis that represents a
variety of subtypes. These have been
described by studies exploring OSA
endotypes and phenotypes. Post hoc data
suggest that there are subgroups that
exhibit heterogeneous effects of PAP
therapy.

Develop better classification schemes for OSA and
prospective testing of OSA treatment among
these subgroups to evaluate effect on CVD
outcomes. Embracing machine learning and
artificial intelligence methods in our field is
crucial, as their application to existing sleep data
will open up new avenues for precision medicine
research and personalized treatment for CVD risk
reduction in OSA. This includes investigating
potential adverse impact of PAP or excessive
PAP pressures in OSA subgroups.

Definition of abbreviations: ATS=American Thoracic Society; CVD=cardiovascular disease; OSA=obstructive sleep apnea; PAP=positive
airway pressure; RCT= randomized controlled trial.
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women. Furthermore, participants from
racially and ethnically minoritized and
underrepresented communities, which
are disproportionately affected by OSA
(21), were also not represented in these
trials. As discussed in SECTION 3, future
research must be intentional in its
approach to promote diversity, equity,
and inclusion among study participants
and research teams, and account for
social determinants of health.

� Inclusion of symptomatic patients
with OSA: Exclusion criteria within
each RCT limits generalizability to
many patients encountered in a
clinical setting, such as symptomatic
patients and those with significant
medical comorbidities. Among this
excessively sleepy/symptomatic
group, PAP has improved quality of
life–related functional outcomes (60).
Furthermore, sleepiness can predict
PAP adherence, especially in
combination with more severe disease
(61). Therefore, excluding these
groups limits the generalizability of
these results to many patients seeking
OSA care. Moreover, although men
are more often believed to have
“typical” OSA symptoms, presenting
with EDS as the main symptom,
women may present with different
symptoms, such as fatigue and mood
disruption (62). Future studies should
make a concerted effort to include
patients with all OSA-related
symptoms, including those noted in
the International Classification of
Sleep Disorders – Third Edition,
Text Revision (13) (i.e., sleepiness,
nonrestorative sleep, fatigue,
insomnia symptoms, and awakenings
with breath holding, gasping, or
choking), to improve generalizability
in both men and women. A
discussion on including symptomatic
patients in research was the topic of
an ATS workshop by Donovan and
colleagues (17). That report described
important considerations regarding
this patient population, including
equipoise, adequate informed consent
processes, and monitoring for
pathologic sleepiness.

� PAP as “one size fits all”: Finally,
workshop attendees discussed the
heterogeneity within OSA and the
possibility that a one-size-fits-all
approach for PAP in OSAmay be a

major limiting factor resulting in the
lack of a demonstrable CVD benefit.
Recent exploration into endotypes and
phenotypes of OSA suggests that some
subgroups may be more susceptible to
the protective effects of PAP treatment,
whereas other subpopulations may be
experiencing harm from PAP. For
example, studies on pulse rate response
(33) and hypoxic burden (34) in patients
with OSA have shown that subgroups
categorized by these metrics exhibit
varying responses to PAP treatment.
Other works have demonstrated the
utility of machine learning in identifying
such subgroups experiencing
heterogeneous treatment effects using
baseline predictors (35). Further
identifying patients with increased CVD
risk and heterogeneous treatment effects
is addressed in the next section.

In summary, the workshop attendees
agreed that the next most important step was
identifying those at the highest risk for CVD
fromOSA and targeting these patients for
OSA treatment within an RCT. A definitive
conclusion from these trials is that
asymptomatic patients with elevated AHIs
recruited outside of the sleep clinic setting do
not, on average, experience secondary CVD
benefits from assignment to receive PAP.

Section 2: Identifying Patients with
OSA at Increased Risk of CVD and
Potential to Respond to PAP
OSA is a heterogeneous disorder. Using the
AHI alone to infer the risk of CVD and
identify which patients benefit from therapy
does not capture this heterogeneity,
potentially resulting in neutral results in
prior RCTs. Although some studies have
shown an increase in cumulative mortality
with increasing OSA severity by AHI (63),
emerging evidence demonstrates that
physiologic OSA-related factors other than
the AHI can predict composite CVD
outcomes (31, 64) and differentiate responses
to PAP (33, 34). The AHI does not effectively
capture physiologic disturbances that occur
with respiratory events. For any given AHI,
there is also wide variability in respiratory
event duration and depth, burden of oxygen
desaturation, pulse rate changes, and
cortical activity (26). Such variability may
differentially contribute to the mechanisms
linking OSA to CVD, including autonomic
and endothelial dysfunction, inflammation,
andmetabolic dysregulation (32). As a result,

current RCTs of PAP for CVD risk reduction
might have been underpowered because of
the inclusion of all patients with moderate to
severe OSA, determined solely by AHI. This
dilution of risk and HTE within RCTs was
discussed in a critical care perspective review
by Iwashyna and colleagues (65). By
integrating additional factors, we can
enhance our understanding of treatment
responses and outcomes. The workshop
attendees discussed several recently identified
OSA subgroups extrapolated from
observational studies and RCT data that may
be at increased risk of CVD. These at-risk
endotypes and phenotypes can be identified
by 1) physiologic responses, 2) symptom
subtypes and comorbid sleep disorders, and
3) advanced statistical modeling approaches
for the enrichment of future trials for
targeted therapy, as discussed below.

Features of polysomnography (PSG)
and physiologic responses that predict CVD
risk include the following:

� PSG-based physiologic signals:
Ventilatory burden, hypoxic burden,
and arousal burden are three physiologic
consequences of respiratory events in
OSA (66). The ventilatory burden is the
area under the ventilation signals related
to respiratory events. Similarly, the
hypoxic burden is defined as the area
under the desaturation curves. Arousal
burden has been described as a
normalized duration of arousal. In
recent work, OSA-related hypoxic
burden strongly predicted CVD and all-
cause mortality (unlike the AHI) in two
separate cohorts (67). Another study
demonstrated that both hypoxic and
ventilatory burden were significantly
associated with incident CVD (68).
Parekh and colleagues (69) developed an
automated ventilatory burden measure
to effectively assess OSA severity as an
alternative to the AHI, which was found
to be predictive of all-cause and CVD
mortality in three separate cohorts. On
the other hand, arousal burden has not
been shown to predict CVD outcomes
(68). Although a high arousal index is a
marker of sleep fragmentation, a low
arousal index is associated with higher
risk of cerebral white matter disease (70)
and atrial fibrillation (71). Across three
cohorts, the inclusion of arousals in the
definition of AHI weakened associations
with CVD incidence (72). Moreover, in
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this study, a higher baseline AHI was
associated with a reduction of arousal
index over time. The authors suggested
that there may be adaptation of
untreated OSA resulting in reduced
arousability, challenging the
conventional assumption that arousal
data improves risk stratification.

� Pulse-rate response (DHR) and pulse
wave amplitude drops (PWADs):
Sympathetic surges in response to OSA
respiratory events were initially
described by Somers and colleagues
(73) decades ago. OSA activates the
sympathetic nervous system through IH,
hypercapnia, and arousals. It is plausible
that OSA-specific DHR encapsulates key
aspects of the autonomic response to
respiratory events, making it a
potentially useful prognostic marker for
OSA-related CVD risk. Recent work by
Azarbarzin and colleagues (74) showed a
U-shaped relationship between DHR
and CVDmortality, whereby those with
low and high DHR have increased CVD
mortality. An advantage to DHR
response is the ease of assessment,
especially with lower tech wearables.
Importantly, it does not create the same
potential issue of racial bias and inequity
that currently surrounds oximetry (75).
However, the variations in normal DHR
on the basis of age or specific
demographics and comorbidities are
unknown, as is the influence of negative
chronotropic medications such as
b-blockers and PAP, which may also
affect this metric (76). Another measure
of autonomic responsiveness and
vascular reactivity is PWADs. This
metric quantifies drops in the amplitude
of the pulse oximetry–based
photoplethysmography signal, where a
low number of PWADs per hour of
sleep among patients with OSA has been
associated with higher CVD risk (77).
Enhancing our comprehension of
metrics such as DHR, PWADs, and
other innovative indicators of
sympathetic activity in OSA can
contribute to our knowledge about
autonomic balance and various CVD
consequences.

� OSA respiratory event duration: Yet
another predictor of mortality is short
respiratory event duration (78), which
predicts all-cause mortality in both men
and women. Event duration also

correlates with arousal threshold (79).
Individuals with shorter respiratory
events may be predisposed to
augmented autonomic nervous system
responses because of more frequent
awakenings and sympathetic surges,
potentially increasing the likelihood of
adverse health outcomes. Both women
and Black adults have shorter respiratory
event duration than White men,
suggesting both the value of this marker
in understudied groups and the
ramifications and underlying
mechanisms associated with this marker
of CVD risk. Given the correlation
between event duration and low arousal
threshold and the association between
low arousal threshold and poorer PAP
adherence, individuals with shorter
events may be better suited to non-PAP
treatments. Additional research
disentangling phenotypes on the basis of
these physiologic measures will be
important as the field enters an era of
precision medicine in OSA.

� Rapid eye movement (REM)–related
OSA: Last, REM-specific OSA may be a
key factor in predicting OSA-related
CVD risk. OSA events during REM sleep
are typically more frequent and are
associated with greater oxygen
desaturation than events during non-
REM sleep. REM sleep is also associated
with hemodynamic variability, increased
sympathetic activity, and myocardial
demand. Mokhlesi and colleagues (80)
demonstrated that REMOSA is
longitudinally associated with 24%
higher odds of hypertension. Aurora and
colleagues (81) reported that severe OSA
occurring primarily during REM sleep is
associated with a higher incidence of
composite cardiovascular events, but
only among those with prevalent CVD.

Features of PSG physiologic responses
that predict PAP response include the
following:

� Several factors noted above may affect
treatment responsiveness, particularly
hypoxic burden, DHR, and OSA event
duration.
� For example, in the ISAACC study,

those with high hypoxic burden had a
reduction in CVD events with PAP
(34). Zinchuk and colleagues (82) also
reported that patients with severe
OSA and marked hypoxemia

exhibited an increased risk of incident
CVD or death and may benefit from
PAP, whereas those who have severe
OSA without significant hypoxemia
exhibited a lower rate of PAP
adherence without a significant
reduction in CVD or death with PAP
use. As such, assessing the burden of
physiologic responses to OSA could
provide valuable insights for tailoring
therapeutic approaches.

� Using data from the RICCADSA
study, Azarbarzin and colleagues (33)
demonstrated that those with higher
DHR treated with PAP exhibited
CVD risk reduction with PAP in
contrast to those with lower DHR
who had no response.

� Another post hoc analysis of the
ISAACC RCT applying machine
learning recently identified short
average OSA event duration as a
predictor of improved CVD outcomes
among participants randomized to
PAP compared with usual care (35).

These novel physiologic measures
should be considered for incorporation for
patient selection in future prospective RCTs
to determine the CVD response to PAP
among subgroups. However, it is vital that
these physiology-based OSA subtypes be
shown in observational studies to predict
PAP response before carrying them forward
to designing future RCTs. Although some of
these phenotypes may be markers of
underlying disease and physiology unrelated
to a specific OSA subtype (e.g., it is possible
that high pulse rate responses may reflect
cardiac reserve), others may reflect a specific
OSA endotype (e.g., event duration or
hypoxic burden which may reflect a high
arousal threshold and increased
collapsibility). Furthermore, determining
how to collect these novel signals in a clinical
setting and leveraging the signals for a
precision medicine strategy to mitigate CVD
risk is a pressing challenge. In addition, the
algorithms used to generate these metrics
must be made publicly available. Efforts
made through ongoing research to define
clinically relevant thresholds for each will be
required before they are ready for integration
into clinical practice. Last, it is imperative to
consider potential undiscovered physiologic
measures or “hidden features.” For instance,
numerous variables—including social
determinants of health, obesity, gender, PAP
pressure, hours of PAP use, machine type,
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and others—might play an unidentified role
in this complex equation. The task is to
continue to explore existing datasets for new
features to understand how they all
intertwine to predict CVD response to
continuous PAP.

Subtypes based on symptoms,
comorbidities, demographics, and genetics
include the following:

� Symptom subtypes: Patients with OSA
can be classified into different symptom-
based subtypes. Mazzotti and colleagues
(83) identified four OSA symptom
subtypes, labeled minimally
symptomatic, moderately sleepy,
excessively sleepy, and disturbed sleep.
The excessively sleepy subtype was
associated with a threefold increased risk
of prevalent heart failure and an
increased risk of incident CVD. This is
precisely the symptom subtype that has
been excluded from previous RCTs
assessing PAP treatment of OSA for
CVD outcomes. Similar findings were
reported by Labarca and colleagues (84),
with a significant association between an
excessively sleepy subtype and increased
cardiovascular mortality in a Hispanic
population from South America. EDS is
associated with inflammatory
biomarkers, including higher C-reactive
protein concentrations (85, 86), and
these findings, including those of
Mendelian randomization studies (87),
suggest that OSA with EDS is a more
inflammatory phenotype and that
genetic risk for inflammation is
associated with OSA–EDS. The
prevalence of this symptom phenotype
was very low in clinical trials to date, as
only those with nonsleepy or minimally
sleepy OSA (Epworth Sleepiness Scale
scores<15) were recruited. On the
other hand, however, after applying an
inverse probability of treatment
weighting (a propensity score method
that mimics randomization), the
RICCADSA investigators found no
significant difference in adverse
cardiovascular outcomes among patients
with versus without EDS when untreated
or nonadherent to treatment (88). In
fact, PAP use, at least 4 hours per night,
was associated with reduced
cardiovascular outcomes in participants
without EDS. These findings challenge
the notion that sleepiness is a marker of

favorable cardiovascular outcomes in
patients treated with PAP. They also
highlight the importance of measuring
sleep duration, timing, and quality in
addition to PAP adherence to capture
non-OSA etiologies that contribute to
EDS and are not fixed by PAP alone.
Reliable methods to identify such
patients are needed for prospective
testing of this subtype’s implications for
CVD and PAP response.

� Comorbid sleep disorders and
sleep/circadian traits: Another OSA
phenotype that has recently gained
attention is patients with OSA and
comorbid sleep disorders and variable
sleep and circadian traits, including
short sleep duration and irregular sleep
schedules. In addition to OSA, short
sleep duration, sleep irregularity, and
comorbid insomnia and sleep apnea
have independently been associated
with increased CVDmortality in
observational studies (5, 20, 54, 89–92).
Furthermore, OSA is believed to be a
risk factor for the development of
insomnia (93). However, RCTs studying
OSA have not systematically measured
total sleep time or insomnia diagnoses.
The impact of OSA treatment on the
overall duration and quality of sleep
remains unexplored, and there is an
absence of treatment strategies that
integrate the management of both
coexisting OSA and insomnia. In
addition, insomnia often limits
adherence to PAP, and therefore,
insomnia treatment is an imperative part
of PAP adherence interventions (94).
This represents an important OSA
phenotype that may be at increased
CVD risk. This requires additional
exploration, particularly among patients
with sleepy versus nonsleepy comorbid
insomnia and sleep apnea. Furthermore,
exclusion criteria that limit patients with
comorbid sleep diagnoses may be
perpetuating biases within our RCTs as
rates of insomnia are particularly high
among women (95) and minoritized
groups (96).

� Demographics
� Sex: An important factor when

considering these new subgroups of
OSA is the exploration of sex-specific
differences between and within
subgroups and the role of sex in
response to OSA events. For example,
women generally have a lower OSA

event–related arousal threshold (97),
less airway collapsibility, and shorter
OSA event duration (98) and are
more likely to have insomnia (99).
These endotypic and phenotypic
features may manifest with an
elevated DHR to obstructive events, a
marker or mediator of increased
CVD, especially in women (74). May
and colleagues (100) found
differential sex-specific responses to
PAP therapy among circulating
inflammatory biomarkers, setting the
stage for future validation studies and
biochemical pathway elucidation to
inform sex-specific personalized
treatment approaches. Several
observational studies have
demonstrated important sex
differences in the relationship
between OSA and CVD, often with
women demonstrating significantly
greater risk (1, 101–103). However,
women constituted less than 20% of
the previous prospective RCTs. The
inclusion of women must be
prioritized before releasing definitive
statements regarding the effect of
OSA treatment on outcomes for all
patients.

� Age of onset: Cross-sectional studies
show that OSA prevalence increases
approximately 17-fold between young
adulthood and 60–65 years of age,
with a possible plateau with advanced
age (104, 105). However, OSA may
differ by age both with regard to
disease mechanisms (obesity and
male sex are stronger risk factors in
middle compared with older age)
(104) and in association with CVD
risk (generally stronger associations
with CVD outcomes in individuals
less than 65 years of age compared
with older individuals) (2). There are
scant longitudinal data regarding
longitudinal trajectories across the life
course. However, Black children and
young adults have more severe OSA
than their White counterparts
(105, 106), suggesting that an earlier
age of disease onset and potential for
greater cumulative burden among
minoritized people may contribute
to CVD disparities. To better
understand these findings the field
must incorporate a life-course
approach to the study of OSA. For
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example, Spilsbury and colleagues
found that after adjusting for race,
adverse neighborhood conditions,
which are known to differ by race
and disproportionately burden
minoritized groups, were significantly
associated with OSA (107). Collecting
long-term longitudinal data and
incorporating social and structural
determinants of health will be
necessary to fully understand the
effect of disease duration on
outcomes and the optimal timing of
therapy. The observed racial and
ethnic disparity in disease incidence
and prevalence highlights the need to
better understand the broader
determinants of healthcare inequities
to avoid misleading conclusions.
These investigations are paramount to
promote a more accurate and
comprehensive understanding of
health disparities as well as social and
environmental factors that precipitate
and perpetuate the earlier age of onset
and increased severity of OSA among
minoritized people.

� Race, ethnicity and social
determinants of health: The interplay
of race, ethnicity, social (e.g.,
socioeconomics), and environment-
level (e.g., neighborhood) factors on
sleep health, OSA, and CVD should
be included in assessments (108).
Previous research has demonstrated
that racially minoritized groups
generally have a higher prevalence
and severity of OSA and CVD
compared with their White
counterparts in the United States
(109). Notably, disparities are also
evident in underdiagnosis of OSA
(96) and PAP treatment adherence
(110), with minoritized populations
generally having lower adherence
compared with their White
counterparts (22, 111). These
differences and vulnerability to
disease are rooted in preventable
and multifactorial social factors,
including racism and other forms
of discrimination, contextual
factors/sleep environment, differential
access to culturally appropriate
healthcare (112), and shift work and
limited sleep opportunities (109, 113).
In particular, the neighborhood and
its environment are key contributors

to these disparities, with pollution
concentrations, heat intensity, and
community violence due to lower
socioeconomic circumstances
negatively affecting sleep quality,
insomnia symptoms, sleep
opportunity, and OSA (109, 114). As
such, addressing disparities linked to
residential racial segregation and
adverse social and environmental
factors is crucial for understanding
and improving the CVD outcomes
associated with OSA.

� Obesity: Obesity is highly comorbid
with OSA, and the growing obesity
epidemic in the United States (115)
has resulted in an increased
occurrence of obesity-related
outcomes. Excess body weight is
estimated to be responsible for more
than half of moderate to severe OSA
and more than a third of mild OSA
(116, 117). A recent meta-analysis
assessed the relationship between
weight reduction and improvement in
OSA severity (combining results from
27 studies investigating bariatric
surgery, lifestyle intervention, and
pharmacotherapy for weight loss in
OSA) (118). The results suggest that a
20% reduction in body mass index
(BMI) yields a 57% reduction in OSA
severity (by AHI). As such, weight
loss interventions including
comprehensive lifestyle intervention
programs, as well as antiobesity
pharmacotherapy and bariatric
surgery, are associated with
significant improvements in OSA
severity and cardiometabolic
comorbidities and are recommended
in the routine management of
patients with OSA (119). Importantly,
GIP (glucose-dependent
insulinotropic polypeptide) and GLP1
(glucagon-like peptide 1) agonist
pharmacotherapy, initially developed
for type 2 diabetes, has recently
gained approval from the Food and
Drug Administration for the
management of obesity. Moreover,
these medications have demonstrated
significant reductions in major
adverse cardiovascular events (120).
For example, in an RCT among
patients with preexisting CVD and
obesity without diabetes, weekly
semaglutide was superior to placebo

in reducing the incidence of death
from cardiovascular causes, nonfatal
acute MI, and nonfatal stroke (121). It
is therefore imperative for future
research to prioritize targeted weight-
loss strategies among overweight and
obese patients with OSA and
investigate the therapeutic
effectiveness of these drugs for CVD
risk reduction in OSA by targeting an
underlying etiology (122).

� Genetic factors: The understanding of
genetics of OSA is less developed than
other complex disorders, but it is clear
that OSA has a strong familial basis,
with some traits (event duration)
more heritable than the AHI (123). A
heterogeneous basis for OSA is
supported by variation in the reported
genetic associations for OSA by both
sex and REM/non-REM state
(124–126). Although identifying
genetic loci for OSA would benefit
from improved OSA phenotyping,
likewise, a better understanding of the
genetic heterogeneity in OSA would
likely inform the understanding of
pathways that mediate OSA-related
CVD risk and treatment responses.
For example, genetic risk for
inflammation was shown to predict
an OSA subtype associated with
sleepiness (86) (an endophenotype
characterized by increased
collapsibility, hypoxemia, and CVD
risk). Genetic correlations between
OSA-related and cardiometabolic
traits were reported to be stronger for
women than men in a large Hispanic
U.S. population (127), suggesting
biological factors that mediate sex
differences in OSA-related CVD.

Advanced analytical approaches.
Advanced analytical approaches and
machine learning techniques, such as
unsupervised clustering methods, supervised
risk prediction models, and HTE analyses,
may be used in sleep research to uncover
relevant features (128). For example, to
identify the aforementioned symptom
subtypes, Mazzotti and colleagues (83) used
latent class analysis to organize
predominantly symptom features, shedding
light on how factors coalesce to inform
important symptom-based OSA phenotypes
at risk of incident CVD. Zinchuk and
colleagues (31) applied a similar approach to
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determining polysomnographic phenotypes
that heighten cardiovascular risk. Xu and
colleagues (129) used latent class analysis and
supervised feature selection tools to identify
multidimensional subgroups using
demographics, comorbidities, and PSG
measures. PAP was most protective among a
specific cluster of younger, obese patients
with high AHIs and sleep time with oxygen
saturation, 90%. Cohen and colleagues (35)
used a form of HTE analysis (model-based
recursive partitioning) to identify subgroups
within a training set of the ISAACC study
with differential responses to PAP on the
basis of OSA event duration and
hyperlipidemia status. This study suggests
that instead of relying on a single risk factor,
a combination of risk factors and physiologic
sleep signals may help identify high-risk and
treatment-responsive subgroups and should
be an important consideration in future
research. Unsupervised analytical methods
such as clustering and latent class analysis
can elucidate patterns, while supervised
learning tasks assist in identification of
important features in predictive modeling.
Moreover, other analyses of HTE and causal
inference techniques based on treatment
response–driven subgroup selection offer
innovative and robust means to extract
valuable insights from existing data, aiding in
personalized interventions and improving
health outcomes (65, 130–132). As with
discerning the utility of any predictive
metric, validation in independent cohorts is
necessary. Other unique challenges to such
analyses include 1) the need for large sample
sizes and 2) the lack of insight into causality
and potential amplification of biases,
resulting in difficulty disentangling the
effects of each component that makes up
various subgroups. Despite these challenges,
using advanced analytic methodology will
help uncover novel directions for future trials
by enhanced predictive modeling for
treatment-responsive subgroups in patients
with OSA.

Potentially detrimental effects of PAP.
� Reversal of ischemic preconditioning:

All previous studies identifying OSA
endotypes and phenotypes have
assumed that PAP treatment would
result in either neutral or beneficial
impacts on CVD outcomes. However,
there has been little discussion on the
potential teleological benefits of OSA.
How did OSA develop in our population
(i.e., does it confer survival benefits

among certain subgroups)? A body of
literature may answer these questions by
assessing the effects of ischemic
preconditioning in OSA. Human studies
have demonstrated that among patients
with acute MI, those with OSA have an
augmented coronary collateral
circulation compared with those without
OSA (44). Moreover, sleep apnea has
also been associated with increased
proliferation and angiogenic capacity of
endothelial progenitor cells during acute
MI (133) and elevated plasma VEGF
concentrations, which are suppressed by
treatment of intermittent hypoxemia
with PAP (134). Furthermore, multiple
studies have shown that a higher AHI is
associated with lower peak troponin
concentrations during acute nonfatal MI
(43, 135). These studies may suggest
answers to possible benefits of OSA,
demonstrating potentially positive
effects of ischemic preconditioning in
OSA (43, 46), an effect that PAP would
prevent or reverse.

� Biomarker assessments and risk scores:
Recent work casts doubt on the
assumption that PAP itself is entirely a
benign intervention. These works
explore the effects of OSA and PAP on
Ang-II (angiopoietin-2), an endothelial
growth factor released from pulmonary
endothelial cells. Ang-II modulates a
vascular inflammatory response to lung
injury (136) and is associated with
adverse CVD outcomes (137).
Intermittent hypoxemia promotes
degranulation of Weibel-Palade bodies,
which release Ang-II (138). It stands to
reason that PAP, which eliminates the
hypoxemic burden, would decrease
Ang-II. Contrary to this theory,
however, a recent study demonstrated
that there was an increase in circulating
concentrations of Ang-II after PAP
(40, 42). Interestingly, a follow-up
study in patients with recent coronary
revascularization and nonsleepy OSA
showed that Ang-II remained elevated in
the PAP group. Higher concentrations
of Ang-II and higher degrees of PAP
were associated with greater mortality
and worse cardiovascular outcomes. In
contrast, Ang-II declined and VEGF-A
remained elevated in the usual-care
group (18). Such a response attributed to
PAP may vary across populations and
subgroups and add to the HTE in PAP,
requiring further investigation.

� Adverse socioeconomic consequences:
One must also take into consideration
the potential adverse consequences of
“overprescribing” PAP to all patients
with OSA and subgroups that may not
derive direct benefit. The associated
costs, operational inconvenience, time
commitment, disruption of sleep, and
bureaucratic complexities of insurance
claims may collectively constitute a
burdensome undertaking for numerous
patients and sleep providers. In addition,
the broader concerns surrounding
recent PAP recall events and the
potential harm arising from off-gassing
of particulate matter further accentuate
the need for a comprehensive evaluation
of PAP prescription practices, limited to
groups that would derive the most
benefit (139, 140).

In summary, it is imperative to
understand the measures and outcomes tied
to OSA from a pathophysiological
standpoint to move the needle for CVD risk.
We must also grasp how disease progression
affects the optimal timing of therapeutic
interventions. Ultimately, OSA and CVD are
both highly prevalent conditions andmay
often coexist in subgroups without being
directly related. Identifying indicators that
signify a true link between OSA and CVD is
essential. Enriching the data collected in
RCTs and observational studies with
detailed physiologic measures, symptoms,
comorbidities, and novel biomarkers and
analyzing such data with robust machine
learning and artificial intelligence techniques
will be crucial for directing the next wave of
research in OSA and CVD to tailor OSA
therapies to reduce CVD burden.

Section 3: Advancing the Science on
the Treatment of OSA for CVD
Benefit: Gaps and Future Directions
The key research gaps can be summarized
within four arenas (Figure 3): OSA
characterization, timing of intervention, type
of intervention, and CVD outcome. Below,
we outline key components to incorporate in
future research:

OSA endotypes and phenotypes and
HTE. Given the emerging data on the
various OSA endotypes and phenotypes,
these innovative metrics must be
incorporated into the design and data
collection of forthcoming OSA trials.
A prudent next step entails the inclusion of
participants characterized by these metrics
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that may acquire the most benefit from
treatment for CVD risk reduction.
This approach includes those with increased
hypoxic burden (33),DHR (74), shorter OSA
respiratory event duration (35, 78), and an
excessive sleepiness phenotype (83) willing to
engage in long-term use of PAP. Although
there are potential ethical considerations tied
to withholding treatment from symptomatic
patients, in light of 1) cumulative evidence
showing no benefit of PAP from RCTs
including those with at least mild sleepiness
(SAVE trial) and 2) emerging evidence on
the potential adverse effects linked to PAP
(18, 40, 42), there is equipoise in withholding
the prescription of PAP even among this
group. A robust data safety monitoring
board, close oversight and clear rules for
early termination of trials in those with
symptoms will help alleviate concerns for
equipoise. Furthermore, any theoretical
harms of PAP are balanced against its
potentially small relative effect size on CVD
outcomes, especially compared with other
interventions such as statins, antidiabetic
agents, smoking cessation, and
antihypertensives. The field must understand
the effects of each of these on OSA
pathophysiology and how they work in
concert with OSA treatment. Another
important consideration of subgroup-
focused trials (beyond symptoms) is the
holistic approach to sleep health in patients
with OSA. Additional measures such as
actigraphy and insomnia metrics to assess for
comorbid sleep disorders and treatment with
behavioral interventions should be an
integral part of trial protocols. Although this
introduces another layer of complexity to
trial design, it may ultimately enable a more

precise and comprehensive approach to sleep
care by including all dimensions of sleep
health. Last, in light of emerging data, it is
equally crucial to discern subsets of patients
with OSA for whom PAPmight yield harm
and explore the concept of ischemic
preconditioning—or potentially identify
those for whom PAP could lead to
unfavorable outcomes using machine
learning and advanced multiomics
analyses (141–143).

Cardiovascular outcomes and primary
versus secondary prevention. To date, RCTs
have relied on composite CVD events.
Although the field aims to differentiate the
influence of OSA on distinct cardiovascular
outcomes such as stroke andMI, composite
endpoints are most feasible because of
statistical power. However, ultimately, they
amalgamate a broader spectrum of CVD
risks. We must balance our intention to
assess the impacts of PAP (our most effective
therapy) and patient-centered outcomes.
Emerging statistical techniques such as
differentially weighting individual
components within a composite outcome
(144) might strike this equilibrium by
assigning varied importance to each
endpoint type within an RCT. This
adjustment could reduce the required
sample size and enhance patient centricity,
as it considers the perceived severity of
each outcome.

For the use of PAP in the setting of
existing CVD as secondary disease
prevention, the field needs to better
understand the effect of adjunctive therapies
of CVD (e.g., concomitant use of statins,
antihypertensives, and b-blockers) among
patients with OSA. Some of these therapies
might already target specific OSA-related

pathophysiologic effects (such asDHR),
thereby mitigating the influence of OSA on
CVD by reducing endothelial damage,
elevated blood pressure, and sympathetic
activation (76). Furthermore, applying PAP
after the development of CVDmay be too
late to affect recurrent CVD events. As
other cardiovascular therapies such as
antihypertensive agents (145), b-blockers,
and statins (146) are already quite effective in
secondary disease prevention, PAPmay have
only a marginal effect, if any. It is also
plausible that this effect could vary on the
basis of the specific CVD process, as
exemplified by atrial fibrillation, where
treatment efficacy could be meaningful to
reduce disease progression (147) but not in
later stages. Exploring existing longitudinal
studies can offer insights into the natural
progression of OSA across different age
groups and its repercussions on CVD,
thereby aiding in identifying the optimal
timing for interventions. This involves
determining the point at which the
pathophysiological consequences of OSA
become irreversible.

In addition, future cardiovascular
outcome trials are encouraged to capture
basic information about sleep duration as
well as presence or absence of a diagnosis of
OSA, at a minimum. Given that
cardiovascular organizations such as the
American Heart Association consider sleep
as one of Life’s Essential 8 measures to
improve cardiovascular health (148),
there is momentum for this sort of change.
Such information becomes even more
important as drugs that lead to marked
weight reduction, such as GLP-1 agonists
and dual incretins, gain widespread use as

Figure 3. Key research gaps. ASCVD=atherosclerotic cardiovascular disease; CVD=cardiovascular disease; OSA=obstructive sleep apnea;
PAP=positive airway pressure.
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cardiovascular risk reducing agents that can
also favorably affect conditions such as OSA.

Improving generalizability. INCREASING
DIVERSITY AND INCLUSION OF MINORITIZED

GROUPS. Historically and persistently
minoritized groups exhibit a heightened
prevalence of OSA and experience more
severe forms of disease and underdiagnoses
(21). Furthermore, disparities in disease
management follow-up and other social
factors contribute to lower PAP adherence
(22). Many of the same factors that result in
these sleep health disparities (e.g.,
discrimination, limited access to health care,
neighborhood-level features) (107, 149) have
also been shown to increase the risk of CVD,
type 2 diabetes, obesity, and stroke. It is
therefore imperative to include racially
minoritized groups in future studies and to
account for social determinants of health
throughout the research process (e.g.,
study design, data collection, analysis,
interpretation), as they are linked to both
exposure and outcomes. An illustration of
this issue was provided by Jean-Louis
colleagues (150), demonstrating the use of
tailored sleep health education that engages
the community and reflects the notion that
interventions need to originate within a
specific community to resonate effectively.
Our studies must be designed collaboratively
with interventions aligned with the
community’s needs, reaching participants in
their homes and communities to establish an
inclusive research environment. Neglecting
proper screening and disregarding social
determinants of health can inadvertently
propagate bias in research.

PAP alternatives and multimodal
therapies. Several non-PAP therapies are
available or on the horizon for the
management of OSA (151). Mandibular
advancement devices (MADs) offer a
noninvasive option for those who struggle
with PAP, especially in cases of mild to
moderate OSA. Although PAP therapy has
better efficacy in treating OSA,MADs have a
better adherence profile compared with PAP
(152), with the most favorable response in
younger patients with lower BMIs (153). In
addition,MADs have also been shown to be
noninferior to PAP in reducing CVD risk
factors such as 24-hourmean arterial blood
pressure in patients with hypertension (154).
Surgical approaches for modifications of the
upper airway soft tissue, or hypoglossal
nerve stimulation, a surgical procedure that
increases pharyngeal dilator muscle tone, may

also be appropriate for certain patients with
symptomatic OSAwho are intolerant of PAP
therapy, typically most suitable in patients
with a lower BMIs (155). Pharmacologic
therapies targeting upper airway dilator
muscles to increase muscle tone (156),
increase ventilatory drive, or raise arousal
threshold are also being studied (151). The
efficacy and success of these alternative
therapies in the treatment of patients with
OSA can be variable and is dependent on
appropriate patient selection. In addition,
the impact of these alternative therapies on
CVD risk reduction in OSA has not yet
been studied.

Given the significant overlap between
OSA and obesity, the new GLP-1/GIP
medications, recently approved by the Food
and Drug Administration for obesity, will be
instrumental in the management of obesity-
related OSA. Notably, a recent phase III RCT
evaluated the efficacy of tirzepatide (a dual
GLP-1/GIP agonist) in patients with
moderate to severe OSA and obesity (157).
This study byMalhotra and colleagues
comprised two trials, one with patients
unwilling or unable to use PAP therapy and
the other with patients who were stable on
PAP therapy for at least 3 months. At 1 year,
there was a 16–17% reduction in body
weight, resulting in a 48–56% reduction in
AHI (a decrease of 20–24 events/h)
compared with placebo. In addition, there
were significant improvements in systolic
blood pressure, C-reactive protein, hypoxic
burden, and patient-reported outcomes
(improvements in sleep disturbance and
sleep-related impairment). The impact of this
drug on CVD events and long-term efficacy
outcomes in OSA are not yet known.

Last, the Adaptive Servo Ventilation on
Survival and Hospital Admissions in Heart
Failure (ADVENT-HF) trial (158) recently
evaluated the effects of an alternative PAP-
based therapy, specifically peak flow–triggered
adaptive servoventilation (ASVPF), on CVD
outcomes among patients with heart failure
with reduced ejection fraction and sleep-
disordered breathing, 73% of whom hadOSA.
In this study, Bradley et al. found that ASVPF

had several benefits not previously described
with PAP. Participants randomized to ASVPF

experienced small but statistically significant
improvements in quality-of-life measures and
sleepiness, as well as changes in sleep
architecture with increases in slow-wave sleep
and REM sleep and reductions in arousal
frequency and stage N1 sleep. However, as

with other PAP trials, this therapy did not
result in reductions in CVD events or
mortality.

These alternatives to traditional PAP
represent the beginning of a new era in OSA
therapy, one that is increasingly moving
toward personalized and multimodal
treatment strategies to achieve the best
patient-centered outcomes. Future research
should incorporate and compare multiple
therapeutic options using novel trial
designs to understand the impact of these
treatments on CVD outcomes among
patients with OSA.

Trial designs and collaborative
research. ADAPTIVE TRIAL DESIGNS. Adaptive
trial designs offer a means to determine the
optimal treatment choice from available
alternatives for individual patients on the
basis of unique participant characteristics.
For example, biomarker-driven adaptive
designs might use the physiology-based
biomarkers outlined previously, multiomics
profiling, or patient-reported measures
(i.e., EDS) to tailor treatments for each
patient. This notion demands expanding the
validation of biomarkers predicting
responses to OSA treatment or establishing a
causal link between OSA and CVD. This
concept encompasses a variety of design
types, such as basket trials, biomarker
adaptive trials, covariate-adjusted response
adaptive trials, population enrichment trials
(prioritizing the inclusion of women and
racially minoritized groups), and umbrella
trials (159). Adaptive trials can also increase
efficiency, reduce cost, and test multiple
therapies (160, 161). Nonetheless, these trials
can be intricate, necessitating a collaborative
team-science approach that involves close
consultation with statisticians, data scientists,
and bioinformatics experts, as statistical
inference in such trials can be complex. In
addition, each design comes with its
limitations and potential biases, particularly
those involving unblinding andmidtrial
treatment reallocation. However, they
contribute valuable insights into treatment
effects within specific subgroups and have
found utility in diverse fields (e.g., oncology
[162, 163], and coronavirus disease
[COVID-19] research [164, 165]). These
novel trial designs represent a new frontier in
the field of OSA with treatment algorithms
(including medications) based on various
OSA endotypes and phenotypes.

COLLABORATIVE RESEARCH CONSORTIUMS

IN THE SLEEP MEDICINE SETTING. To enhance
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the applicability of our findings to the
broader sleep community, it is imperative
to shift OSA trials from cardiology settings
to sleep medicine clinics. Furthermore, to
facilitate progress, the field can draw lessons
from other disciplines and establish a
collaborative research consortium akin to
the Acute Respiratory Distress Syndrome
Network (ARDSNet) and the Clinical Trials
Network for the Prevention and Early
Treatment of Acute Lung Injury (PETAL
Network) in critical care research. This
approach would enable local experts to apply
advanced data processing and analysis
techniques remotely, thereby propelling the
field forward, similar to strides made with
the creation of the NSRR and collaborative
efforts of the lead authors from the SAVE,
RICCADSA, ISAACC, and ADVENT-HF
trials. Aligned with current national
imperatives to share research data,
investigators should be encouraged to
deposit data in repositories such as the
NSRR, enabling both pooling of data for
additional power and generalizability
and encouraging novel questions to be
addressed by the international community.
Furthermore, collaborative efforts to
establish large and diverse prospective
multicenter trials are needed to increase the
generalizability of results.

Finally, future complex trial designs
must involve collaboration with all
stakeholders, including patients with OSA, to
conduct trials effectively. Although the
concept of the healthy adherer effect has
been considered in those who use PAP, it is
equally vital to understand PAP acceptance
and acknowledgment among those who
refrain from therapy because of mistrust in the
healthcare system. Comparative effectiveness
(166) and pragmatic RCT (167) designs present
an opportunity to safely incorporate these
often excluded populations into future trials.

Conclusions

There was consensus among the workshop
participants that OSA is not a homogeneous
disease. It manifests as a multifaceted
interplay of risk factors, encompassing
endotypic, behavioral, environmental, and
genetic elements. This complexity is further
compounded by phenotypic variability
in individual physiologic responses to
OSA-related respiratory events, such as
autonomic responses and hypoxic burden.
This has the potential to yield differing

cardiovascular repercussions to OSA-specific
treatments. This lack of specificity in
defining OSA subtypes is compounded by a
lack of diversity in existing RCTs. The
aforementioned null trials include a lower
proportion of women and have not been
conducted among racially minoritized
populations disproportionately made
more vulnerable to CVD. This collective
perspective underscores the limitations of
our current trials in effectively understanding
the effects of OSA treatment on CVD
outcomes. Consequently, it is impossible to
draw firm conclusions about the presence or
absence of cardiovascular benefits for most
individuals presenting to sleep medicine
clinics given the RCTs to date. The path
forward necessitates augmented sample sizes,
diverse groups of participants with various
clinical symptoms, standardized endotyping
and phenotyping approaches, robust support
for recruitment and adherence, andmodern
study designs accounting for interactions
between OSA and other sleep conditions.
Finally, establishing a comprehensive
taxonomy of sleep apnea that seamlessly
integrates social determinants of health,
endotypic and phenotypic variations,
cardiovascular risk profiles, and treatment
response is imperative. Such a taxonomy
would yield a more meaningful and
impactful categorization of OSA, thereby
paving the way for future RCTs to evaluate
interventions from a patient-centered
perspective.�
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