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Abstract

Background: Obstructive sleep apnea (OSA) pathogenesis, clinical
manifestations, and consequences vary markedly among patients. Yet
OSA heterogeneity goes largely unaddressed in current management
pathways, which are characterized by high treatment failure rates of
�50%. Growing knowledge of OSA pathogenesis has stimulated new
lines of investigation for therapies targeted to specific underlying
mechanisms or “endotypes.” OSA endotypes include the primary
anatomic predisposition to pharyngeal collapse, as well as
“nonanatomic” mechanisms of low arousal threshold, unstable
control of breathing (high loop gain), and impaired pharyngeal
dilator muscle function. Identification of interindividual differences
in OSA endotypes and disease expression, or “OSA phenotypes,”
offers promise for a more targeted approach to OSA management
in which appropriate treatments are tailored to individual needs.
However, these concepts have largely been limited to the research
setting, and more evidence is needed to support clinical translation.

Goals: To outline the rationale for clinical use, challenges,
and key research priorities required to translate OSA
endophenotyping for delivery of a more tailored approach
to improve patient care and outcomes.

Methods: An international multidisciplinary working group
with expertise in OSA epidemiology, pathophysiology, diagnostics,
and treatments was convened. The group met at the American
Thoracic Society 2024 International Conference to discuss the
current state of OSA endophenotyping and required research
objectives. This research statement, authored with input from all
members, summarizes the group discussion, identified key areas,
and research priorities.

Results: The working group identified research priorities that
cover the spectrum from discovery to translation/implementation,
including technical standards, validation, establishment of clinical
cutoffs and minimal clinically important differences, generalizability
across diverse populations, stability and reproducibility of
measurement, prospective study design and conduct, clinical
utility, and impact analysis.

Conclusions: This research statement provides a road map of
the opportunities and key steps required to generate the evidence
necessary to translate OSA endophenotyping concepts into
clinical care at scale.
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Executive Summary

The objectives of this obstructive sleep
apnea (OSA) endophenotyping research
statement are to 1) concisely review the
latest knowledge on OSA pathophysiology
and the current evidence on the potential of
endophenotyping concepts to deliver a more
tailored approach to improve patient care
and outcomes, 2) identify knowledge gaps,
and 3) highlight what we need to know to
incorporate endophenotyping into the
clinical setting. To advance these objectives,
the working group identified four key areas
and 11 research priorities:

Key Areas
1. Technical standards and data sharing
2. External and prospective validation
3. Design and conduct of prospective

studies
4. Knowledge exchange and impact

analysis

Research Priorities
1. Examine the impact of variations

in scoring of sleep, arousal, and
respiratory events on the physiologic
and clinical utility of endotypes.

2. Establish standards for sleep study
signal quality and methods to assess
whether quality is sufficient for the
appropriate use of endophenotypic
metrics.

3. Establish large data repositories with
standard data formats for the
development of new and existing
endophenotypic metrics at scale.

4. Establish endophenotypic metric
thresholds on the basis of physiologically
or clinically important outcomes.

5. Examine the generalizability of
endophenotypic metrics across diverse
patient groups.

6. Examine changes in endophenotypic
metrics with aging, changing health
status, and treatments.

7. Investigate joint effects, including
interplay and interrelationships among
endotypes, patient clinical characteristics,
OSA disease severity metrics, and
downstream health effects.

8. Use precision medicine principles to
design studies of endophenotype-
informed therapeutic decisions.

9. Prespecify hypotheses, analysis
plans, and appropriate outcomes
in endophenotyping studies.

10. Establish a clinical registry for
collaborative OSA endophenotyping
knowledge exchange among researchers
and clinical decision makers.

11. Assess the potential clinical and
financial benefits and pitfalls of
endophenotype-informed treatment
selection with comparative effectiveness
research.

Introduction

Obstructive sleep apnea (OSA) is a common
chronic respiratory condition characterized
by repetitive upper airway collapse during
sleep (1). There is considerable interindividual
variation in the mechanisms that drive

repetitive upper airway collapse in OSA (2).
These mechanisms include an anatomic
predisposition to airway obstruction and
“nonanatomic” contributors such as
unstable ventilatory control, poor
pharyngeal dilator muscle function, and a
low respiratory arousal threshold (i.e.,
waking up too easily to minor airway
obstruction) (2). Whether driven by one
or a combination of these mechanisms,
repetitive airway collapse can produce
physiologic consequences that contribute
to downstream adverse health and safety
impacts that can differ markedly among
patients. For example, significant hypoxemia
accompanies respiratory events in some
but not all patients. Left untreated, airway
obstruction and the accompanying
physiologic disturbances contribute to
adverse health and safety consequences,
which also vary markedly among patients.
Indeed, some patients are sleepy and at
higher risk of attention and vigilance failure;
others are not. Some appear to be at elevated
risk of cardiovascular disease; others may not
be. Heterogeneity is thus observed in all three
domains: pathogenic mechanisms, physiologic
impacts, and disease expression. Figure 1
provides a conceptual schema.

Despite this multilevel heterogeneity, a
single frequency metric, the apnea–hypopnea
index (AHI), dominates diagnosis and
treatment decisions, though it has widely
acknowledged limitations (3, 4). Treatment is
currently limited to a handful of options that
principally address the anatomic mechanism:
continuous positive airway pressure (CPAP),
oral appliance therapy (OAT), various surgical
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Figure 1. Examples of the contributions of mechanistic endotypes (in the upper panel schematic, tan shading indicates an impaired endotype,
and blue shading indicates a favorable endotype) and OSA phenotypes to repetitive upper airway collapse during sleep. Midsagittal magnetic
resonance imaging slices compare a patient with apnea with impaired pharyngeal anatomy (crowded upper airway) versus a patient without
apnea: the patient with apnea demonstrates greater tongue volume, a larger and longer soft palate, narrower airway caliber, a retrognathic
mandible, and a lower hyoid position. A=airway caliber; AHI=apnea–hypopnea index; ArTH=arousal threshold; dHR=pulse-rate response;
H=hyoid position; HB=hypoxic burden; LG= loop gain; M=mandible; ORP=odds ratio product; OSA=obstructive sleep apnea; P=soft palate;
QoL=quality of life; T= tongue volume; T90= time below 90% oxygen saturation; UAMR=upper airway muscle response; VB=ventilatory burden.
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interventions, and supine avoidance devices
(5). Clear guidelines for how best to select
among these treatment options are lacking,
and a “one-size-fits-all” recommendation
for CPAP as first-line therapy remains
dominant (3, 4). Unfortunately, nearly
half of patients prescribed CPAP will
discontinue treatment within three years,
and considerable attempts to improve
adherence have had limited success (6, 7).
Novel emerging treatments for OSA, such
as medications to stimulate upper airway
musculature and stabilize ventilatory
control, or to reduce weight to improve
upper airway anatomy (8), promise to
expand the therapeutic armamentarium (5).
However, consistent with variable underlying
pathophysiology, substantial interindividual
variability in the therapeutic efficacy of OSA
pharmacotherapies is expected (9).

Helping patients and providers make
more informed treatment decisions is a
major goal of the emerging field of precision
sleep medicine, a process of leveraging a wide
variety of multimodal data to classify patients
into increasingly specific subpopulations
with distinct prognoses and treatment
needs (10, 11). Sleep metrics recently
developed under this precision principle are
intended to capture specific aspects of OSA
heterogeneity: the mechanisms underlying
respiratory events, the physiologic impact of
these events, or the variable susceptibility to
downstream physical andmental health
problems (disease expression) (12, 13). Once
limited to research settings, many of these
metrics are now, or are soon to be, derivable
from routine clinical data (14–20). Efforts to
study and ready these metrics for clinical
applications, a process often described
under the broad term “endophenotyping,”
have generated both excitement and
skepticism among sleep researchers and
clinicians (21–24). Although some have
highlighted the transformative potential of
endophenotyping in the clinical approach
to OSA, others have pointed to knowledge
gaps and resulting uncertainties in the
validity of endophenotyping.

We therefore convened an ad hoc
working group of leading experts in OSA
epidemiology, pathophysiology, and
treatment to identify knowledge gaps
limiting clinical use of OSA endophenotypes
and to define research priorities to close these
knowledge gaps. In this resulting research
statement, we provide a development
framework for an endophenotypic metric
from conception to clinical deployment, with

examples of existing metrics and their
approximate positions in this idealized
development process. Finally, we provide
recommendations to further the progress of
endophenotypic metrics toward translation
to clinical use.

Methods

Working group members were recruited
on the basis of their expertise in OSA
epidemiology, pathophysiology, diagnostics,
and/or treatments. Members disclosed
potential conflicts of interest, which were
managed in accordance with American
Thoracic Society (ATS) policies and
procedures. Working group discussions
occurred primarily during a hybrid in-person
and video teleconference meeting in May
2024. Before the meeting, the working group
co-chairs (D.J.E. and T.M.T.) solicited other
members on important topics to assemble a
preliminary meeting agenda. The agenda was
subsequently finalized in an iterative process
through electronic distribution for feedback.
During the meeting, a designated speaker
provided a brief overview of a selected
topic, and all members then participated
in discussion of the topic. Speakers were
early- or midcareer investigators. Each
speaker was paired with an established
investigator to develop the talk overview
before the meeting. At the conclusion of the
meeting, members agreed on an outline for
an idealized development framework for
OSA endophenotypic metrics, and key areas
of existing research gaps were identified for
the focus of the present statement.

Terminology

Broadly, OSAmetrics developed using
precision principles share a common goal:
to provide information usable in a clinical
context to better inform clinical decision
making and improve outcomes for patients
(2, 11). Various terms have been used
(e.g., “endotypes,” “pathophysiological
phenotypes,” “phenotypes,” “traits,” and
“treatable traits”), but definitions and
distinctions among terms have not always
been clear. With the aim to provide useful
terminology comprehensible to a general
audience of researchers and clinicians, this
statement provides conceptual definitions
of “endotype,” “OSA phenotype,” and
“endophenotype.”

Conceptual Definition of “Endotype”
For the purposes of this statement,
“endotype” refers either to the physiologic
standard measurement of an underlying
pathogenic mechanism of repetitive airway
collapse during sleep or to any surrogate
metric intended to provide the same
clinically actionable information. That is, an
endotype either directly quantifies a specific
mechanism of repetitive airway collapse or
provides a sufficiently accurate estimate of
the mechanism of interest to add physiologic
insight that may inform clinical decision
making. Currently available endotypes
estimate one of several key mechanisms:
elevated upper airway collapsibility, low
arousal threshold (ArTH), high loop gain
(LG) (25), diminished upper airway dilator
muscle responsiveness (UAMR) (2), and
emerging potential endotypes such as site of
upper airway collapse (26, 27) and reduced
neural respiratory drive (28, 29). These
mechanisms were initially characterized
through extensive research in specialized
physiology laboratories using “physiologic
standard”measurements too cumbersome
for clinical care. For example, critical closing
pressure (Pcrit) is widely accepted as a
physiologic standard measurement for
upper airway collapsibility during sleep (30).
However, the complex apparatus and
maneuvers required to quantify Pcrit
preclude its use in clinical settings (30).
Accordingly, estimates of the upper airway
collapsibility endotype (17, 20, 31, 32) have
been developed with the goal of achieving
greater uptake and scalability for
quantifying collapsibility beyond the
physiology research laboratory.

Conceptual Definition of
“OSA Phenotype”
Historically, “phenotype” has been used
broadly to capture multiple demographic,
anthropometric, symptomatic aspects,
and comorbidities of a given patient with
OSA (e.g., “middle-aged man with obesity,
daytime sleepiness, and diabetes” vs. “an
otherwise healthy young woman with
snoring and insomnia”). The working
group extensively debated how to deploy
“phenotype” for the purpose of advancing
precision sleep medicine. Ultimately, the
consensus was to describe a narrow, intuitive
concept for operational use in research and
clinical settings, rather than to provide a
universally generalizable definition of
“phenotype.” This statement therefore
uses the term “OSA phenotype” to refer
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specifically to a metric or combination of
metrics that capture the physiologic impact
and/or disease expression resulting from
repetitive airway collapse during sleep (e.g.,
“elevated hypoxic burden,” “excessively
sleepy,” “excessively sleepy with elevated
hypoxic burden”). For example, the
physiologic impactmetric hypoxic burden
quantifies the disturbance to gas exchange (33),
while odds ratio product (ORP), an EEG-based
metric of sleep stability, shows promise
to more comprehensively quantify
sleep disturbance versus traditional
polysomnography metrics. Other
phenotype metrics capture disease
expression by grouping patients according
to known or suspected consequences of
repetitive obstructive respiratory events and
the accompanying physiologic disturbances.
For example, three to five “symptom subtypes”
have been identified using cluster analyses
of large cohorts and are expected to have
use in clinical diagnosis and decision
making (34–43).

Like “OSA phenotype,” the more general
“phenotype”may include downstream
consequences of OSA butmight also capture
aspects believed to be causally upstream
of OSA, such as patient-level risk factors.
“Phenotype”might also include aspects
without any clear causal relationship with
OSA but still useful for grouping patients in
clinical or research settings. Aging, male sex,
and weight gain, all common risk factors
for OSA, might all fall under a phenotype,
perhaps useful in some clinical contexts, of
“older man with elevated bodymass index
and OSAwho feels sleepy during the day.”

However, only the symptom of sleepiness
would fall under “OSA phenotype.”
Regardless, this statement’s use of “OSA
phenotype” as a narrow, pragmatic term
should not bemisconstrued as invalidating
the broader term “phenotype,” whichmay
be preferred in some settings.

Conceptual Definition of
“Endophenotype”
“Endophenotypes” refer collectively to
endotypes and OSA phenotypes, as
described above. However, the singular
“endophenotype”may be used to describe a
metric that is not clearly one or the other.
For example, LG can decrease after CPAP
therapy (44–46). This suggests that high LG
may be a reversible consequence of OSA
rather than a cause, at least in some patients
(44–48). An alternative interpretation is that
changes in the mechanisms that drive OSA
are expected given that OSA itself is known
to vary markedly from night to night in a
given patient (49). Similarly, ArTHmay also
decrease after CPAP therapy (44, 46, 50–52).
Referring to LG or ArTH as an endophenotype
acknowledges this uncertainty in cause and
effect. However, for the sake of conceptual
clarity, this statement considers LG and
ArTH endotypes.

In the clinical setting, no metric should
be interpreted in isolation. Even the best
validated endotype, OSA phenotype, or
endophenotype should not replace well-
reasoned clinician judgement but should be
interpreted in the context of the patient’s
background, concerns, comorbidities, and
goals of therapy. This statement therefore

uses the term “endophenotype-informed”
rather than “endophenotype-guided” when
describing treatment decisions that integrate
information from endophenotypes. In
principle, an effective therapy intended to
target a specific endotype should reduce the
burden of upper airway obstruction, and a
measurable improvement in one or more
physiologic disturbances and/or patient-
centered outcomes should result. The group
therefore agreed that physiologic impact
metrics and disease expression metrics
may be used to assess the effectiveness of
endotype-informed therapeutic decisions
(Figure 1).

Development Framework

Our idealized developmental process is
informed by the general precision medicine
framework described by K€onig and colleagues,
as well as established frameworks for the
development of clinical decision rules
(10, 53–55) and prediction models (56).
When appropriate, we highlight lessons
from efforts toward precision care in
oncology, rheumatology, and obstructive
airway disease, including the treatable traits
paradigm (57–60). As depicted in Figure 2,
metrics for clinical decision making
proceed through three overarching
processes: derivation/discovery, external
and prospective validation, and impact
analysis (55). However, these processes are
fluid: precision medicine is a continuous,
iterative process with feedback loops to
allow findings in one domain to inform

Figure 2. Idealized development framework for OSA endophenotypes. Three major domains are depicted corresponding to the research
priorities outlined in this statement: derivation/discovery, external and prospective validation, and impact analysis. Inset boxes in blue indicate
knowledge areas with existing or emerging data. Inset boxes in red indicate comparatively underexplored knowledge areas. Note that clinical
implementation is a vital domain that is not depicted in this figure given the current stage of endophenotyping knowledge. MCID=minimal
clinically important difference; OSA=obstructive sleep apnea; RCT= randomized controlled trial.
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investigations in another (10). Indeed, strict
adherence to the overall order is neither
expected nor required. Findings from
validation studies may influence refinement
in derivation studies, just as impact analysis
may suggest further steps needed in
validation (55, 56).

Derivation/Discovery
Endotypes. Based on established physiologic
principles, OSA endotypes have been
conceived and quantified according to
physiologic standard measurements in the
research laboratory (2). This usually involves
small samples using relatively invasive
techniques as the physiologic standard,
such as esophageal or epiglottic pressure,
end-tidal CO2 monitoring, diaphragm EMG,
and CPAP dial-down protocols. Recently
developed endotype metrics have focused on
scores or estimates that use clinical sleep
study data in lieu of technically complex
measurements from the physiology
laboratory. Accordingly, recent derivation
and discovery efforts for OSA endotypes
have involved direct comparison between
sleep study data and one or more standard
physiologic measurements. For “point-of-
care” endotypes, comparison between
simple, readily available metrics and the
physiologic standard has been used.
Examples include the fraction of respiratory
events that are hypopneas (Fhypopneas) as a
predictor of collapsibility measured by Pcrit
(17, 61), as well as a score using standard
sleep study parameters to estimate low
ArTH quantified using an epiglottic pressure
sensor (14). More complex sleep study–based
endotypes use advanced computational
analysis methods. For example, phenotyping
using polysomnography (PUP) involves
granular breath-by-breath analysis of sleep
study signals to produce estimates of
endotypes validated by direct comparison
with physiologic standard CPAP dial-
down measurements (15, 62–64). A
crucial point is that whether derivation is
straightforward or technically complex,
endotypes derived in this way provide
surrogates or estimates of physiologic
standard measurements, rather than
replacement of direct physiologic standards.

Some endotype estimates do not use
sleep study data but have also been validated
against physiologic standard measurements.
Examples include awake breath holding to
estimate LG (65) and awake chemosensitivity
testing (66). However, direct comparison
with physiologic standards may not be

strictly necessary. Twometrics to infer high
LG—a simple point-of-care estimate (16)
and the advanced computational method of
“self-similarity” (18, 19)—were developed
without direct comparison with a physiologic
standard. In principle, any surrogate measure
that is “guided by scientifically based, a priori
knowledge about the possibly biologically
relevant variables”may prove acceptable (10).

Like endotypes, OSA phenotypes that
capture the physiologic impact of upper
airway collapse may initially be derived from
detailed physiology sleep studies, as in the
development of the AHI (3). More recently
developed metrics use computational signal
processing methods to quantify specific
physiologic perturbations from sleep study
data, such as hypoxic burden, ventilatory
burden, andORP (33, 67, 68). Disease
expression OSA phenotypes may arise from
clinical experience, as in the straightforward
observation that some people with OSA report
excessive daytime sleepiness whereas others do
not. The symptom clusters provide examples
of disease expressionOSA phenotypes derived
frommore sophisticated examination of
multimodal data in large cohorts.

These examples of different methods
to derive and establish the face validity of
endotypes and OSA phenotypes should not
be considered exhaustive. Newer methods
that leverage increasingly rich multimodal
data are expected to provide clinically
feasible inferences into the mechanisms
that drive OSA and its consequences. For
example, machine learning approaches that
use clinical characteristics and sleep study
data have recently been developed to derive
endotypes potentially predictive of non-
CPAP treatment responses (20, 69). Unlike
many machine learning approaches that
involve “black box” predictions, the
techniques used in these studies provide
insight into how the predictions are
performed to allow greater clinical oversight
to inform decisionmaking (20, 69). Regardless
of themethod used for derivation/discovery,
use in clinical care requires prospective
validation and impact analysis (53–55).

External and Prospective Validation
In the research setting, endophenotypes can
help stratify patients into more homogeneous
groups and enhance knowledge of the
underlying pathogenic mechanisms of OSA
and its associated adverse consequences.
However, in the context of clinical
translation, external and prospective
validation is required to demonstrate that

a candidate endophenotype is clinically
“relevant, detectable, and treatable” (59, 60).
That is, through validation in cohorts
distinct from the derivation cohort and
through prospective clinical studies, an ideal
endophenotype needs to be 1) clinically
relevant, in that it is predictive of an
important clinical outcome; 2) detectable
from available clinical data using validated
measurement methods; and/or 3) treatable,
in that an available therapy can target the
endophenotype to affect a clinically important
outcome. We elaborate on each of these
criteria in the below key areas briefly.

A clinically relevant endophenotype has
predictive value to identify, among the wide
variety of patients with OSA, those who
will physiologically respond to a specific
treatment or treatments and/or those
who will benefit from treatment through
improvement in disease expression. Any
candidate endophenotype therefore requires
a defined distribution with sufficient variance
to reliably stratify patients into groups with
different needs. Examination against
outcomes data can help determine thresholds
for “normal” versus “abnormal” or “high”
versus “low.” Even if a metric is intended as a
continuous parameter without categorical
thresholds, clinicians need some sense of
what is high and/or what is low.

A detectable endophenotype has
established technical standards for
measurement in the clinical setting. That is,
can the metric derived in the research setting
be measured in the clinical setting with
adequate accuracy to be useful? The metric
should also have sufficient reproducibility
(reliability and agreement) to provide
confidence in its value. For example, does a
metric consistently stratify or rank patients
relative to one another (reliability)? Also, to
what extent does the metric change if it is
measured at two points in the same patient,
and what is the meaning of this change
(agreement)? Such questions are complicated
by potentially different testing circumstances,
night-to-night physiologic variability,
biological changes across the lifespan,
duration of disease, and a history of prior
treatment. Ideally, an endophenotype should
have comparable or better reproducibility
than conventional measures such as the AHI.

A treatable endophenotype is
manipulable through an intervention, and
such manipulation has a measurable effect
on a clinically important outcome (70).
Examination of change in the metric
vis-�a-vis a patient-centered or clinically
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important outcome helps establish the
minimal clinically important difference
(MCID), the minimum change in the metric
necessary to produce a nonnegligible change
in outcome (71). Note that some disease
expression OSA phenotypes (e.g., daytime
sleepiness) may be viewed as patient-
centered outcomes in and of themselves.

Each of the aforementioned
characteristics—clinical relevance,
detectability, and treatability—may first be
examined through secondary analysis of
observational cohorts or existing clinical
trials. Ultimately, however, prospective
clinical validation is needed to demonstrate
that an endophenotype can truly inform
clinical decision making. For example, study
designs that stratify patients into groups
according to endophenotype are required to
demonstrate improved patient-centered
outcomes relative non–endophenotype-
informed “usual care.” Thus, prospective
endophenotype-informed clinical trials are
a priority, and initial attempts toward this
objective have commenced (55, 72, 73).

Impact Analysis and Implementation
Even with the addition of well-designed
prospective trials, further steps are
required to demonstrate that a candidate
endophenotype can meaningfully affect
outcomes in “real world” clinical settings,
beyond the optimal conditions in research
studies (74). Furthermore, the impact of
any given endophenotype may evolve over
time with growing knowledge of OSA
pathophysiology and consequences and
the emergence of new therapeutic options.
A continuous, iterative process of impact
analysis is needed to assess and monitor
effects on clinical decision making and
patient-centered outcomes during and
after adoption of an endophenotype into
clinical use (55).

Finally, an endophenotype-informed
approach that demonstrates a robust impact
on outcomes will require efforts toward
clinical implementation, in part through
knowledge translation and dissemination
to clinical providers (e.g., via incorporation
into clinical guidelines). Currently,
endophenotyping remains in research
stages, without demonstrated impacts
on key clinical outcomes, and as such,
widespread clinical implementation is
premature. However, steps can be taken now
to lay the groundwork for impact analysis
and to anticipate and address barriers to
clinical implementation.

Knowledge Gaps and
Research Priorities
No currently available endophenotypic
metric has met every milestone of this
idealized development framework. Table 1
provides a nonexhaustive list of the handful
that have demonstrated promise in small
physiology studies, cross-sectional studies, or
secondary retrospective analyses of cohort or
clinical trial data. Many have been examined
in cohorts distinct from derivation cohorts,
providing insight into their distributions
and potential connections to outcomes.
Reproducibility has been examined for
several metrics, but MCIDs have yet to be
reported. Indeed, beyond subjective daytime
sleepiness (75), MCIDs for key OSAmetrics
(including the AHI) are lacking. As noted,
the use of endophenotypes to guide
prospective clinical trials is in its infancy,
and the potential barriers and impact of
endophenotyping in real-world clinical
settings has not been extensively examined.

With a view toward addressing these
knowledge gaps, the remainder of this
statement provides research priorities
grouped into four key areas: technical
standards and data sharing, external and
prospective validity, study design, and
knowledge exchange and impact analysis.

Key Area I: Technical Standards and
Data Sharing
Many proposed endotypes and OSA
phenotypes do not require diagnostics or
instrumentation beyond routine clinical care.
However, sleep study–based endophenotypes
are at least somewhat contingent on
human or automated sleep staging, arousal
scoring, and/or respiratory event scoring.
Furthermore, any metric that analyzes sleep
study signals (e.g., computationally advanced
endotypes such as PUP and physiologic
impact metrics such as hypoxic burden
and ORP) is at least somewhat reliant on
adequate signal quality. Variations in scoring
and signal quality both contribute to data
heterogeneity (76), which creates barriers to
two major goals:

1. Maintaining validity and supporting
scalability of endophenotypes in a
clinical setting (60).

2. Collaborative data sharing among
researchers and clinicians to support
endophenotype discovery, cross-
laboratory validation, and eventual
implementation and monitoring.

With the objective of achieving these goals,
this key area focuses on knowledge gaps in
the technical aspects of endophenotypes and
research priorities to address them.

Research priority 1: Examine the
impact of variations in scoring of sleep,
arousal, and respiratory events on the
physiologic and clinical utility of endotypes.
Any endotype has two distinct but likely
overlapping characteristics: 1) physiologic
merit, or whether and to what extent the
endotype is truly representative of the
corresponding physiologic standard, and
2) clinical utility, or whether an endotype
can meaningfully inform clinical decision
making. Variations in scoring and unreliable
signal data pose potential threats to each of
these. That is, the estimate produced by
the endotype may “break down” if scoring
does not adhere to methods used during
validation research. However, for all current
endotypes, there are limited data on the
degree to which scoring may vary before
physiologic validity or clinical utility is
compromised. Studies should therefore
examine the impact of variations in
definitions and scoring of sleep stages,
respiratory events, and arousals on endotype
physiologic validity and clinical utility.

SLEEP SCORING. Variations in manual
scoring of sleep versus wake and non-REM
(NREM) versus REM sleep may affect some
sleep study–based endotypes (e.g., PUP
endotypes are derived fromNREM sleep in
accordance with the physiologic standard
CPAP dial-downs). Little research has
investigated whether endotype estimates
are robust to differences in scoring.

RESPIRATORY EVENT SCORING. Variable
definitions of “hypopnea” are of particular
concern for endotype estimates (77). Metrics
validated in cohort studies in which any
period of significant airflow reduction was
considered a hypopnea (i.e., regardless of
desaturation or arousal), might produce
different results when used under a more
stringent definition. For example, Landry
and colleagues demonstrated that a hypopnea
definition requiring at least 4% desaturation
weakened the potential value of PUP-
estimated LG in predicting treatment
response to upper airway surgery (78).
This issue is not limited to computationally
advanced sleep study–based endotypes. For
example, Fhypopneas is also clearly dependent
on hypopnea scoring. Derivation and
external validation studies of any candidate
endotype should therefore report the
specific hypopnea definition used as well as
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the potential effects of variable
hypopnea definitions.

An approach used in several large
cohort studies (e.g., the Multi-Ethnic Study
of Atherosclerosis, the Sleep Heart Health
Study, Osteoporotic Fractures in Men)
would be helpful to test an endotype under
different hypopnea definitions: all discrete
periods of sufficient airflow reduction are
marked as candidate hypopneas. These
candidate hypopneas can then be tagged as
“true” hypopneas depending on the degree
of accompanying desaturation and/or
arousal, allowing efficient investigation
under different definitions. The extent to
which central versus obstructive hypopneas
influence key metrics, which are not well
differentiated with current clinical diagnostic
tools, also requires investigation (79, 80).

AROUSAL SCORING. Computationally
advanced endotypes that rely on arousal
scoring depend not only on the presence
of a scored arousal but also on accurate
identification of start and end times of each
arousal, a degree of accuracy beyond current
routine clinical practice. Even point-of-care
endotype surrogates that do not require such
a degree of precision may still be affected
by variable arousal scoring. The fraction of

respiratory events terminating in arousal is a
point-of-care surrogate used to infer a low
ArTH. This is likely to be largely robust to
event type and precise timing but may suffer
frommarked interindividual heterogeneity
or arousal scoring differences.

BODY POSITION. Physiologic mechanisms
are affected by changes in body position,
including the head and neck (81, 82). Small
studies have examined the effects of body
position on some endotypes, but assessing
these effects at scale is complicated by the lack
of a consistent coding scheme (i.e., for supine,
left, right, prone, and upright) and a paucity
of head and neck position data due to a lack
of clinically feasible monitoring technology.

INTERSCORER VARIATION AND AUTOMATED

VERSUS MANUAL SCORING OF SLEEP, RESPIRATORY

EVENTS, AND AROUSALS. Even under consistent
definitions of sleep stages, respiratory events,
and arousals, differences in manual scoring
between individuals may produce variable
endotype estimates. Studies are therefore
needed to examine the impact of interscorer
variation. The development of automated
scoring algorithms with sufficient accuracy to
ensure metric accuracy could obviate manual
scoring altogether and is a priority for the
field (83). However, automated scoring

algorithms will not altogether bypass these
issues without consistent event definitions.
Studies are also needed to determine whether
endotype estimates significantly differ under
different automated scoring algorithms.

A final point is that the foregoing
issues are not limited to endotypes. OSA
phenotypes that incorporate physiologic
impact metrics dependent on manual scoring
(e.g., AHI, hypoxic burden) may also be
affected by variable event definitions and
interscorer variation. Some physiologic
impact metrics (e.g., ORP) have “built-in”
automated scoring of sleep, respiratory
events, and arousals, a feature that may
improve consistency in metric output but
does not necessarily imply robust physiologic
validity or improved clinical utility.

Research priority 2: Establish standards
for sleep study signal quality and methods
to assess whether quality is sufficient for the
appropriate use of endophenotypic metrics.
Like variations in scoring, variable signal
quality may affect physiologic validity and
clinical value. The technical complexity
and corresponding “tolerance” of poor
signal quality can vary widely among
endophenotypic metrics. For example,
Fhypopneas, fraction of respiratory events

Table 2. Four Key OSA Endotypes and Examples of Associations with Treatment Success or Failure to Current and Emerging
Therapies and Knowledge Gaps

Treatment Intervention

Endotype

High Upper Airway
Collapsibility

Low Arousal
Threshold

High Loop
Gain

Poor Upper
Airway Muscle
Responsiveness

Combinations
of Endotypes

Continuous positive airway pressure 1 (89) 2 (87, 91, 178) 1 (89) ? ?
Oral appliance therapy 2 (166) 2 (141) 2 (166) 1 (140) 1 (140)
Upper airway surgery ? 2 (109) 2 (109, 111, 179) 2 (180) 1 (109, 179, 180)
Supine avoidance therapy ? ? ? ? ?
Hypoglossal nerve stimulation 1 (90) 2 (90) 2 (90) 2 (90) 1 (90)
Emerging pharmacotherapies to target

nonanatomic endotypes (e.g.,
noradrenergic/antimuscarinic agents,
carbonic anhydrase inhibitors,
potassium channel blockers)

2 (168) ? 1 (181)
2 (182)

1 (183) ?

Weight loss, pharmacological or
surgical

? ? ? 1 (184) ?

Weight loss, lifestyle interventions
(i.e., through diet and/or physical
activity) (185)

? ? ? ? ?

Supplemental O2 therapy 2 (85) ? 1 (186, 187) 2 (85) 1 (85)

Definition of abbreviation: OSA=obstructive sleep apnea.
The table provides conceptual examples derived from current proof-of-concept studies on specific baseline OSA endotypes and their ability to
help predict treatment success or failure, noting that emerging research highlights the superior predictive potential of incorporating multiple
endotypes (and other relevant metrics). Question marks indicate cases for which there are either no data or uncertainty/disparate findings as to
whether the highlighted endotype is associated with treatment success or failure (i.e., these are areas for future research), negative signs
indicate that the endotypes as defined in the title are associated with treatment failure, and positive signs indicate that the endotypes as defined
in the title are associated with treatment success. Refer to the text for further detail.
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terminating in arousal, and other point-of-
care endotypes are derivable from data
already immediately available from patient
characteristics or traditional sleep study
indices (14, 16, 17, 20). In contrast, more
complex endotypes (e.g., PUP, self-
similarity) and physiologic impact metrics
(e.g., hypoxic burden, ventilatory burden,
ORP) require additional, computer-based
signal processing (84). It has not been
established whether the ostensible additional
accuracy produced by these advanced
analyses is necessary or if simpler endotypes
will suffice for clinical care. Regardless,
clinical settings will vary in their capacity to
both capture high-quality data and process
it with advanced computational methods
(60, 84). Therefore, future studies to discover
new endophenotypic metrics or to validate
existing ones should fully and transparently
report the signals used, their quality, and
any preprocessing steps (56). An indication
of a metric’s sensitivity to signal quality
compromise is needed. One approach is to
“stress test” with simulated conditions of
compromised signal quality by starting with
high-quality data and artificially introducing
issues common to clinically acquired signals.

Although technically complex, the
methods used in the derivation of PUP
endotypes are publicly available, providing
examples of issues raised by signal quality
and potential steps to address them. PUP
derives ventilation from a nasal pressure
signal and uses a model-fitting parameter
approach to estimate ventilatory drive
during scored obstructive respiratory
events (15, 62, 63). Many publications have
used PUP to analyze sleep studies with
high-quality nasal pressure recordings
(15, 63, 85–89). However, other studies have
used nasal pressure recordings that suffered
from artifacts common to in-laboratory
clinical data (62, 83, 90). Ongoing research
seeks to quantify the robustness of PUP
estimates to signal quality issues like filtering
artifacts or to patient-related circumstances
such as mouth breathing. Details of these
and other examples are provided in the data
supplement.

Research priority 3: Establish large
data repositories with standard data formats
for the development of new and existing
endophenotypic metrics at scale. At every
step in endophenotype development, from
conception to use in clinical care, multimodal
data in large numbers of individuals improves
the robustness of findings.Well-characterized
clinical cohorts with outcomes tracked at

several time points (at diagnosis before
treatment, while on treatment, and after
years of follow-up) would greatly enhance
the understanding of endophenotype-
informed clinical decision making. Leading
sleep investigators have made strides
toward building rich data sources through
collaborative data sharing, including the
National Sleep Research Resource (NSRR).
National and international collaborations
should augment these efforts by making
raw sleep study data, processed data, and
relevant code available while respecting
data privacy policies. Launching, developing,
and maintaining repositories requires
considerable effort and sustained
commitment to collaboration among
researchers. Within the field of sleep
research, the NSRR, together with the
European Sleep Apnea Database, provide
models for success. Researchers should also
look to non–sleep-focused databases, such as
The Cancer Imaging Archive (https://www.
cancerimagingarchive.net) and the Human
Reference Atlas (https://humanatlas.io), as
successful projects bringing together
complex, multimodal data.

As highlighted by recent reporting from
the NSRR, a lack of standard formatting
produces heterogeneity in several aspects
of sleep study data: differences in sensor
hardware and signal processing; ambiguous
signal labeling; and a lack of standard
annotations of sleep stages, arousals,
respiratory events, and positions. This data
heterogeneity reduces the efficiency of
collating and analyzing sleep studies on
the large scales necessary for precision sleep
research (76). Practical lessons from the
NSRR can inform efforts to improve data
compatibility at both the clinic level and
throughout the wider sleep field. These
include adherence to federal data sharing
requirements, such as the “findable, accessible,
interoperable, and reusable” principles and
the NIH’s DataManagement and Sharing
Policy. Use of the European Data Format
eases the burden of data harmonization,
but further standardization is needed
across multiple data levels, including signal
preprocessing, scoring annotations, and
metadata.

Importantly, endophenotypes do not
arise from signal data in isolation but are
increasingly the products of coded algorithmic
analyses of these data. Development and
validation of computer-based endophenotypes
naturally involves the interrogation and
optimization of coding language, and

heterogeneity of endophenotypes may
result from coding differences. Therefore,
sharing should not be limited to clinical
information and signals but should also
include documentation of any coded
algorithms used to analyze these data in
language understandable to unaffiliated
researchers, either as annotated computer
code or in the form of readable “pseudocode”
detailing methodological steps. Best practices
to enhance readability and reproducibility
include specifying formats for input data,
providing sufficient documentation (e.g.,
read-me files and workable examples),
and transparent version tracking. When
processed data are deposited into repositories
such as the NSRR, applicable code or
pseudocode can be provided as part of
study documentation or via links to online
platforms (e.g., http://www.github.com,
http://www.zenodo.org).

Key Area II: External and
Prospective Validation
Clinician confidence in the validity,
reproducibility, andmeaning of
endophenotypes is needed for use in the
clinical setting. This requires external
validation (i.e., beyond derivation cohorts)
of endophenotypes in representative
populations, as well as prospective validation
in well-designed studies. Challenges and
research priorities in external and prospective
validation are discussed in this key area.
Considerations include the following:

1. Clinicians will need a sense of when
an endophenotype might be clinically
actionable according to whether it is
normal or abnormal or high or low.
Investigations are needed to determine
whether and how endophenotypes
differ across patient subgroups and
demographics (88, 91). Measurement
and interpretation of these metrics
should be free from technological (92)
or other systemic biases to avoid
worsening current health disparities.

2. Better understanding of how
endophenotypes vary over the lifespan
(e.g., from childhood to adolescence to
adulthood, during pregnancy, or through
menopause) is needed. Similarly, the
impact of evolving health status on
endophenotypes requires investigation
(e.g., whether comorbidities and/or a
history of OSA treatment influence

AMERICAN THORACIC SOCIETY DOCUMENTS

American Thoracic Society Documents 1571

D
ow

nloaded from
 academ

ic.oup.com
/ajrccm

/article/211/9/1562/8300610 by R
eykjavik U

niversity user on 02 O
ctober 2026

https://www.cancerimagingarchive.net
https://www.cancerimagingarchive.net
https://humanatlas.io
http://www.github.com
http://www.zenodo.org


OSA endophenotypes and treatment
predictions).

3. In isolation, a given endophenotypic
metric may be inadequate to informing
clinical decisions because of complex
interactions with other aspects of OSA
(including other endophenotypic metrics)
and patient characteristics. Investigations
of this potential interplay are needed
to determine when and how to use
endophenotypes alone or in combination.

Research priority 4: Establish
endophenotypic metric thresholds on the
basis of physiologically or clinically important
outcomes. A clinically relevant endophenotype
should have predictive value in one or more
of three domains: 1) risk of adverse sequelae,
2) physiologic response to a specific treatment
or treatments, or 3) benefit from treatment.
To some extent, these domains overlap: a
hypothetical metric that predicts resolution of
respiratory events with OAT and reduces the
risk of stroke would cover all three domains.
However, the domains are not equivalent. An
elevated risk of long-term sequelae does not
necessarily translate to treatment benefit (93).
For example, some studies (35, 38, 42, 94), but
not all (43, 95, 96), suggest that the excessively
sleepy symptom subtype is associated with
increased risk of future cardiovascular events.
Similarly, the sleep apnea–specific hypoxic
burden (33, 97, 98) has shown promise with
respect to differentiating patients at increased
cardiovascular risk (33, 43, 97, 99, 100).
However, findings are mixed as to whether
treatment mitigates the increased risk in these
individuals (95, 96, 98, 101, 102). Similarly,
some patients might show apparent
physiologic resolution of OSA with a
specific treatment but without any
appreciable patient-centered or other
key clinically important benefits.

Even a metric robustly associated with a
clinically important outcome may be of little
use as a clinical decision support tool if its
interpretation is not straightforward.
Defining the distribution of metrics and
establishment of thresholds (normal vs.
abnormal and/or low vs. high) would make
metrics more viable as clinical decision
tools and would help stratify patients in
prospective trials. Threshold levels have been
proposed for physiologic standard metrics
such as Pcrit, and data are available that
show comparable or greater performance
characteristics of physiologic standards
compared with traditional metrics such as
the AHI (2, 20, 103, 104). However, these

detailed physiologic data were derived from
relatively small cohorts, and physiologic
standards methodology are too cumbersome
for wide clinical deployment. It is plausible
that threshold for “normality”may vary by
age, sex, and other characteristics that have
not been yet addressed.

In contrast, PUP-estimated endotypes
have been examined across multiple large
cohorts, producing distributions that
might reasonably serve as reference ranges
(88, 105, 106). A growing number of studies
attest to the potential for PUP-estimated
endotypes to predict physiologic response to
specific treatments. Indeed, PUP and other
algorithm-based estimates of low ArTH have
been associated with treatment failure for a
variety of treatment modalities, including
CPAP (87, 91, 107, 108), hypoglossal nerve
stimulation therapy (90), and other surgical
interventions in some (109) but not all (110)
studies. High PUP-estimated LG has also
been associated with surgical treatment
failure (111). However, consensus thresholds
for PUP endotype values are lacking.
Studies often report statistical differences
in an endotype between responders and
nonresponders to a given therapy but do not
provide thresholds to categorize patients into
normal versus abnormal or low versus high
groups on the basis of the endotype of
interest (112). For example, Op de Beeck
and colleagues demonstrated significantly
lower baseline PUP-estimated LG in
responders to oral appliance therapy
relative to nonresponders but did not
specify a cutoff for distinguishing low and
high LG categories (86, 90). Furthermore,
PUP estimates are not possible in the absence
of respiratory events, so at least some degree
of elevation in the AHI is needed to calculate
PUP-derived endotypes. Therefore,
establishing normal values for PUP
endotypes (i.e., in individuals without OSA)
may not be possible, though this does not
preclude establishing high and low values
among patients with OSA.

Research priority 5: Examine the
generalizability of endophenotypic
metrics across diverse patient groups.
A hypothetical “perfect” endophenotype is
usable for any patient with OSA who
presents to a sleep practitioner, whether
young or elderly, male or female, and
independent of ethnic descent or of the
presence of comorbidities such as obesity.
Testing a metric under the myriad
combinations of each of these characteristics
may not always be feasible, but clinicians

need at least some degree of confidence that
the metric is applicable to the patient in front
of them.

Conceptually, if a test measures the true
underlying mechanisms that contribute to
OSA and the measurement tools are free
from biases specific to certain populations
(e.g., oximetry in people with different skin
tones) then findings should be generalizable
across demographic groups. For example,
even if a metric is more common in one
group versus another (e.g., a low ArTH is
more common in people without vs. with
obesity [91]), the accuracy of the metric’s
estimates should be equivalent across
groups, assuming the metric accurately
reflects underlying physiology free of bias.
Endophenotyping tools require careful
testing across diverse populations to ensure
that this condition is met. A pertinent and
underexplored example is whether the
accuracy of hypoxic burden determined from
pulse oximetry is affected by differences in
skin pigmentation (113).

Similarly, the physiologic validity of
endotype estimates in groups that were not
well represented in initial derivation studies
is difficult to determine. PUP-estimated
endotypes were initially derived in comparison
with physiologic reference standard
measurements in cohorts consisting
predominantly of White men (15).
Subsequent studies have suggested
differences in PUP estimates across sex and
in individuals of Asian descent consistent
with known differences in physiologic
standards. However, differing roles for
collapsibility have been observed for Black
andWhite individuals using Pcrit (114)
compared with PUP-estimated collapsibility
(88). Comparison across such studies is
difficult given population andmethodological
inconsistencies, but any apparently
discordant findings between physiologic
standard measurements and endotype
estimates warrant reexamination of both
methods together (e.g., in the physiology
laboratory) for the populations in question.
In general, unexpected or counterintuitive
findings using endophenotypic estimates
should motivate a return to the derivation/
discovery stage for reexamination and
confirmation.

Research priority 6: Examine changes
in endophenotypic metrics with aging,
changing health status, and treatments.
OVERVIEW ON “CHANGE” AND REPRODUCIBILITY.
It is important for both the detectability and
treatability of a metric that clinicians
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understand the meaning of differences
among patients, as well as apparent change
in a metric over time. Good reproducibility
requires both high reliability and good
agreement (112, 115, 116). Reliability
describes how consistently a metric stratifies
different individuals relative to one another:
a reliable metric will consistently rank an
individual with a high value above an
individual with a low value (117).Agreement
refers to the degree to which a metric may
change whenmeasured at different time
points in a given individual because of
measurement noise alone (118). A metric
may consistently stratify individuals yet
suffer from poor agreement because of high
variation on repeat measurement in a single
individual. Acceptable reproducibility
metrics include the intraclass correlation
coefficient (ICC) for reliability (117) and
the smallest real difference (SRD) for
agreement (119).

MEASUREMENT ERROR VERSUS OTHER

SOURCES OF CHANGE. Change in sleep
study–based endophenotypes across
consecutive nights in the absence of any
intervention or changes in conditions (e.g.,
change in the amount of supine sleep, in
head and neck positions, or in sleep
architecture) might reasonably be attributed
to measurement noise, permitting the
calculation of ICC and SRD (112, 120).
However, other non-noise sources of change
include environmental factors (e.g.,
acclimation to testing or the “first-night
effect”), variable sleep architecture, and
night-to-night variability in OSA itself, which
can be substantial in some cases (49).
Variations in the proportions of NREM and
REM sleep are of particular interest, as
endotypes have largely been derived from
NREM sleep, potentially limiting the
understanding of variable REM duration on
pathophysiologic mechanisms (14, 121), as
well as the applicability to REM-predominant
OSA (122). Sources of night-to-night change
also raise the underexplored question of
whether testing on one occasion (single-night
testing) is adequate or if repeated, multinight
testing is needed for optimal predictive
performance. Indeed, variability inmetrics
across multiple nights may, in itself, be an
important predictor of outcomes (123).

Over longer intervals, change is likely to
reflect a combination of measurement noise
and intercurrent biological changes due to
aging or other sources of evolving health
status, such as developing comorbidities or a
history of therapeutic interventions (124).

Recent studies comparing men and women
have suggested distinct interactions of PUP-
estimated endotypes with health status and
aging. For example, obesity may distinctly
influence endotypes across sexes (125).
Aging also appears to have different effects
on endotypes in men and women (126), and
the role of menopause remains an important
but underexplored question (127). In general,
further investigations are needed to determine
if changes in endophenotypes across the
lifespan are distinct in different groups.

INFLUENCE OF TREATMENTS. In the context
of targeted therapy, a key question is to what
extent a metric needs to change to sufficiently
alter key outcomes (i.e., the MCID). The
distribution and agreement (SRD) of a metric
has implications for clinical interpretability:
ideally, the MCID is narrow relative to the
range of the distribution but greater than the
SRD (128). If the SRD of a metric is greater
than its MCID, the metric may fail to detect a
clinically important change.

In general, extensive reproducibility
data, MCID values, and prospective clinical
validation studies are lacking for most
endophenotypes. Such studies are urgently
needed. Furthermore, reliability, agreement,
andMCID are not intrinsic properties of a
metric itself but may vary depending on the
characteristics of the study population and
the outcomes of interest (128). Change in a
metric must therefore be evaluated across
diverse groups of individuals, including those
traditionally underrepresented in OSA studies.

PUP-estimated endotypes have
demonstrated moderate to good within-
night (124) and short-term (night-to-night
[120, 112]) reliability. This is generally better
for PUP-estimated collapsibility, ArTH, and
LG (ICCs of 0.80 or greater) but modest
for UAMR (ICCs of 0.59–0.67) (112, 120).
Data on night-to-night agreement are less
favorable (112, 120, 129–131). The SRDs
suggest that an individual’s endotype
estimate on the basis of PUP could change
by as much as 20–30% of the observed
range of values because of measurement
noise alone, which may limit the ability
of these estimates to establish endotype
manipulability.

Over longer periods (i.e., years), greater
variation is observed in PUP estimates.
A longitudinal cohort study showed a
significant decrease in PUP-estimated
ArTH and an increase in PUP-estimated
UAMR by repeating analyses in the same
individuals across a 6.5-year time span (124).
Sex-specific differences in older versus

younger individuals were reported in a recent
cross-sectional study (126).

Several proof-of-concept studies have
demonstrated changes in physiologic
standard and sleep study–based endotypes
with various treatments. Collapsibility
assessed using Pcrit improves with weight
loss (132), surgery (133), OAT (134), and
body position changes (81). LG determined
by CPAP drops decreases with supplemental
oxygen (135) and acetazolamide (136).
Like physiologic standard assessment,
PUP-estimated LG also decreases with
supplemental oxygen (62, 85) and
acetazolamide (62). Conversely, most
attempts to increase the ArTH with
hypnotics have yielded either neutral
effects or only modest benefit (137, 138).
Regarding outcomes, most intervention
studies that have incorporated OSA
endotypes conducted to date have assessed
AHI reduction as the primary outcome.
Thus, the minimal changes needed for
reduction in obstructive respiratory events
are calculable, but further study is needed to
establish MCID values for truly “clinically
important” outcomes, recognizing that OSA
may influence multiple outcomes.

Physiologic standard and sleep
study–based endotypes may also be
informative to understand important
mechanistic changes with emerging
therapies, for example, whether reductions
in AHI with GLP-1 agonist therapy are
attributable solely to anatomy (i.e., reduced
pharyngeal collapsibility, reduction in the
size of the pharyngeal soft tissue structures)
or whether nonanatomic endotypes also play
a role (8). There is also the potential to
investigate age at onset of OSA (139) and the
relationship with disease severity and other
outcomes. Investigating these key questions
in different patient populations is important
to allow appropriate interpretation of
intervention studies.

Research priority 7: Investigate
joint effects, including interplay and
interrelationships among endotypes, patient
clinical characteristics, OSA disease severity
metrics, and downstream health effects. As
summarized in Table 2, there is accumulating
evidence frommultiple proof-of-concept
studies that endotypes derived directly by
physiologic assessment or by estimates from
standard polysomnography can help better
predict treatment outcomes across a range of
modalities compared with current standard-
of-care approaches (5). However, given the
different pathophysiologic pathways to OSA,
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several recent findings indicate that
knowledge of the interplay among
endotypes as well as OSA phenotypes and
clinical characteristics, rather than any
single metric alone, is required for optimal
treatment prediction (72).

Joint effects among physiologic standard
endotypes have long been acknowledged (2),
and the interplay among PUP estimates is an
area of active investigation. For example, in
the context of mild upper airway collapsibility,
the combination of high LG and preserved
UAMR has been associated with reductions
in AHI using oxygen therapy (85). Endotype
treatment predictors for oral appliance
therapy includemild to moderate airway
collapsibility, lower LG, higher ArTH, and
poor UAMR (86, 140, 141).

Accruing evidence suggests that
nonanatomic endotypes (ArTH, LG, and
UAMR) need to be considered in the context
of low or high collapsibility. Patients with
highly collapsible pharyngeal airways are
expected to not benefit from therapies
directed toward nonanatomic endotypes,
regardless of whether nonanatomic
endotypes are abnormal. For example,
targeting high LG in a patient with a highly
collapsible upper airway may have little
physiologic effect unless the collapsibility
is targeted first. Thus, testing for high LG
may not be useful in this context. A long
proposed but largely untested “triage”

approach suggests using a simple collapsibility
metric (31, 32, 142) to decide which patients
should receive anatomy-directed therapy (e.g.,
CPAP) without further evaluation and which
patients may benefit frommore advanced
precision testing (2, 30) (Figure 3). The
PALM scale (Pcrit, ArTH, LG andmuscle
response) is a version of this approach
based on concepts derived from physiologic
standard testing (2). The PALM scale was
recently investigated prospectively (72, 73),
but further validation is needed, and the
requirement for physiologic standard
measures precludes widespread use in clinical
settings. Still, investigations of the concept
usingmore clinically feasible methods are
warranted, for example, testing whether
the upper airway collapsibility index (31)
successfully triages patients to CPAP versus
further assessment with PUP-estimated
ArTH, LG, and UAMR (15) to direct
alternative therapies.

Like endotypes, OSA phenotypes may
interact with one another, as suggested by
findings that hypoxic burden is associated
with excessive sleepiness and recent data
linking ventilatory burden to sleepiness
(143). Furthermore, early evidence suggests
joint effects among endotypes and OSA
phenotypes, as in the observation that high
PUP-estimated LG is predictive of blood
pressure response to CPAP therapy (95).
Studies are needed to better characterize

the interplay among endophenotypes with
the potential for use in the clinical setting,
including PUP endotypes, respiratory effort
metrics (e.g., mandibular movements) (144),
hypoxic and ventilatory burdens (33, 67),
simple CPAP interventions or therapeutic
pressure (32, 145), and algorithms that use
standard clinical sleep study report metrics
(14, 69).

Key Area III: Design and Conduct of
Prospective Studies
As summarized in the previous key areas,
considerable retrospective data indicate that
endophenotypes (or their combinations) may
predict treatment response. However, most
analyses are from existing observational and
interventional studies without specified
a priori hypotheses or analysis plans, raising
concern for type I errors. In addition, a
diverse patient population was not always
investigated, and key patient-centered
outcomes were frequently not available. As
such, well-designed prospective studies in
diverse patient populations are needed to
investigate the ability of endophenotypes to
guide treatment selection for improved
outcomes (73).

Research priority 8: Use precision
medicine principles to design studies of
endophenotype-informed therapeutic
decisions. Experience in precision medicine
study design from other fields (e.g., oncology,

Figure 3. A flow diagram of the PALM scale (Pcrit, arousal threshold, loop gain and muscle responsiveness) categorization concepts and an example of
a potential treatment triage decision tree according to 1) the extent of anatomic versus 2) nonanatomic endotype impairment. Percentage estimates are
derived from Eckert and colleagues (2), and the figure has been adapted with permission from Eckert (30). Refer to the text for further detail. Note that
although this conceptual framework has been applied in small prospective and retrospective treatment intervention trials, further validation is required to
translate these concepts into clinical practice. OSA=obstructive sleep apnea; Pcrit= critical closing pressure of the upper airway during sleep.
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rheumatology) should inform the approach
to trials in precision sleep medicine.
Although oncology and rheumatology
trials typically target molecular markers,
endophenotype-informed OSAmanagement
shares a common goal: to match the right
patient with the appropriate therapy or
therapies in expectation of associated
benefits to patient-centered outcomes
(57–59). Precision efforts in oncology
and rheumatology have recognized that
conventional randomized controlled trials,
while the “gold standard” for establishing
therapeutic efficacy and risk–benefit profile
of experimental therapies, may fail to
account for heterogeneity in disease
mechanisms and reasons for therapeutic
failure (58). “Biomarker-driven” trial designs
are intended to overcome these barriers. As
conceptually depicted in Figure 4, similar
endophenotype-informed trial designs are
needed for OSA.

For example, a currently ongoing pilot
trial, TOP-CPAP (Endotype-targeted
Therapy to Rescue OSA Patients Struggling
with CPAP Adherence), is recruiting patients
with low adherence to CPAP therapy to test
whether the addition of eszopiclone will
improve adherence (NCT 05951023).
Randomization is stratified on the basis of
ArTH similar to Figure 4B to test the
hypothesis that low ArTH predicts greater
improvement in adherence than normal or
high ArTHwith the addition of eszopiclone.

Research priority 9: Prespecify
hypotheses, analysis plans, and appropriate
outcomes in endophenotyping studies.
Although prospective, randomized,
interventional trials are needed, observational,
nonrandomized, or noncontrolled studies can
be an important source of evidence as well.
To leverage such data, researchers should
consider design and analysis plans that
attempt to emulate a randomized trial design.
A recent nonrandomized interventional
study, for example, demonstrated the use of
physiologic standard endotypes to guide
adjuvant therapies in patients without a full
response to OAT (72, 73). The NICEPAP
(Novel Physiologic Predictors of Positive
Airway Pressure Effectiveness) study is a
prospective, observational study to examine
whether endotypes are predictive of CPAP
adherence, efficacy, and quality of life, in
addition to multiple secondary outcomes
(146). Like NICEPAP, analytic plans for
future OSA endophenotyping studies at the
validation/impact analysis stages should be
made publicly available a priori.

Performance characteristics of the
endophenotype of interest (reliability,
agreement, MCID) should inform trial
size and statistical power considerations.
Efficacy targets may vary depending on the
stage of development (Figure 2). At the
derivation/discovery stage, demonstrating
successful mechanism targeting (e.g.,
improved airway collapsibility by Pcrit),
relief of physiologic impact (e.g., reduced
AHI or hypoxic burden), or a combination
of both may provide a physiologic rationale
for the tested therapy. For example, Sands
and colleagues recently conducted a double-
blind, randomized, crossover trial to
investigate the response to drug therapy (147).
AHI was the primary outcome; hypoxic
burden and arousal index were secondary.
These drugs may therefore be considered
“rational” in that they have been shown to
alter the OSA disease process.

Ultimately, however, further stages of
development require demonstration of
improvement in important clinical endpoints,
as addressing physiologic impact does not
necessarily imply patient-centered benefits.
Accumulating evidence indicates that
reduction of the AHI does not necessarily
translate to improvement in patient-centered
outcomes (53, 148–152). A truly effective
treatment should alter the OSA disease
process and symptom burden, improve
quality of life, and/or reduce the risk of long-
term sequelae. Accordingly, for prospective
validation or impact analysis, studies testing
endophenotype-informed therapeutic
decisions should include at least one metric
from each of the following two categories:

1. Altered OSA disease process by reduced
adverse physiologic impact
� Current: AHI, time below 90%

oxygen saturation, sleep quality
(e.g., sleep efficiency).

� Emerging: Hypoxic burden, ventilatory
burden, heart-rate response, ORP.

� Wherever possible, a physiologic
impact metric should be accompanied
by or integrate a measurement of
therapeutic adherence to demonstrate
a true reduction in the burden of
physiologic perturbation. For example,
the “effective AHI” (153, 154) combines
the AHI and adherence to capture
both the efficacy of a treatment and
the actual use of treatment, thus
also facilitating fair comparisons
across adherence-dependent and

adherence-independent (e.g., upper
airway surgery) therapies.

2. Therapeutic effect according to
improved OSA disease expression
� Patient-reported outcomes

� Subjective sleepiness (e.g.,
Epworth Sleepiness Scale, Patient-
reported Outcomes Measurement
Information System [PROMIS]
sleep-related impairment item)

� Fatigue (e.g., PROMIS fatigue
item, Fatigue Severity Scale)

� Insomnia symptoms (e.g., Insomnia
Severity Index)

� Subjective sleep quality: PROMIS
sleep disturbance item (155),
Pittsburgh Sleep Quality Index

� Quality of life (e.g., Sleep Apnea
Quality of Life Index, Functional
Outcomes of Sleep Questionnaire),
Patient Generated Index

� Other symptoms (e.g., nocturnal
gasping/choking, nocturia, brain
fog, depressed mood, bothersome
snoring, erectile dysfunction)

� Objective outcomes (established or
suspected):
� Blood pressure
� Metabolic markers (blood glucose

handling parameters, glycated
hemoglobin)

� Neurocognitive (objective sleepiness/
vigilance, attention, learning,
memory, executive function)

� Motor vehicle accident risk
� Disorders: hypertension,

myocardial infarction, heart
failure, metabolic syndrome,
nonalcoholic fatty liver disease,
mild cognitive impairment,
dementia, etc.

Key Area IV: Knowledge Exchange
and Impact Analysis
Previous key areas highlighted research
needed to address current knowledge
gaps before clinical implementation of
endophenotyping tools. However, even when
these gaps are closed, there is no guarantee
that endophenotyping will enter routine
clinical practice (53). Translation of research
knowledge to the clinical space is a complex
process requiring the involvement of
multiple stakeholders, including knowledge
creators (i.e., researchers) and knowledge
users (i.e., clinical sleep medicine providers,
patients, industry, and policymakers).
Thus far, OSA endophenotyping has been
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the focus of knowledge creators with limited
involvement of the ultimate knowledge users.
The gap between these two groups raises
potential barriers to eventual implementation
of endophenotypes in real-world clinical
settings (157). In addition to a simple lack of
awareness, clinicians may choose not to use
an endophenotype for a variety of reasons:

� Their patients and/or practice settings
differ substantially from those in whom
the endophenotype was validated (11).

� The endophenotype is viewed as
unnecessary in light of a perceived
intuition for making clinical
decisions (54).

� The endophenotype is too difficult to
incorporate and efficiently use in a
clinical setting (11).

� The costs of employing the endophenotype
may outweigh expected benefits, especially
in resource-limited settings (60).

This key area focuses on initial steps
available to close the gap between knowledge
creators and knowledge users. Promoting
knowledge exchange between researchers
and clinical decision makers early and
throughout the process can help codevelop
strategies to reduce barriers like those listed
above and incorporate effective mitigation
strategies (158). Specifically, knowledge
exchange “involves collaborative problem-
solving between researchers and decision
makers and results in mutual learning
through the process of planning, producing,
disseminating, and applying existing or new
research in decision-making” (157).

The research priorities described here
are intended to address two key unanswered
questions:

1. Will clinicians use endophenotypes to
inform clinical decision making?

2. Will their use significantly affect clinical
decisions and patient outcomes?

Research priority 10: Establish a
clinical registry for collaborative OSA
endophenotyping knowledge exchange
among researchers and clinical decision
makers. Researchers have speculated that
the physiologic concepts underlying
endophenotypic metrics are already
influencing clinicians in treatment
selection for patients with OSA (21). This
is in contrast with guidelines, which base

Figure 4. Conceptual endophenotype-informed trial designs. A conventional randomized controlled trial (RCT) stratifies patients with diagnoses
of obstructive sleep apnea (OSA) to treatment or control without regard for underlying heterogeneity in pathogenic mechanisms (endotypes) or
physiologic impacts and disease expression (OSA phenotypes). In contrast, endophenotype-informed RCTs can test the role of endophenotypes in
clinical decision making. (A) An endophenotyping strategy RCT assigns patients to either conventional assessment (e.g., clinical evaluation and
polysomnography) or conventional assessment plus endophenotyping. Patients in each arm receive the treatment or control intervention depending on
the findings of the assessments. Such a study design may determine whether use of an endophenotype can identify a treatment-responsive subgroup.
For example, conventional assessment for hypoglossal nerve stimulation therapy includes drug-induced sleep endoscopy (DISE). Conventional DISE
could be compared with DISE plus endotyping to identify patients with high arousal threshold and adequate upper airway muscle response to test
whether endotyping patients better identifies responders (90). (B) An endophenotyping stratification RCT ensures equal distributions of endophenotype-
positive and endophenotype-negative patients in treatment and control arms. Such a study design is appropriate to test whether the presence of an
endophenotype is associated with differential responses to a specific treatment. For example, the ongoing TOP-CPAP (Endotype-targeted Therapy to
Rescue OSA Patients Struggling with CPAP Adherence) pilot trial stratifies the randomization of patients with low continuous positive airway pressure
(CPAP) adherence on the basis of arousal threshold to test whether low arousal threshold predicts greater improvement in CPAP adherence than
normal or high arousal threshold (NCT 05951023). (C) An endophenotyping enrichment RCT focuses on endophenotype-positive patients to test
whether the endophenotype is predictive of response to a specific treatment. Such a study design could be used to test the “triage approach”
suggested in Figure 3: patients with low collapsibility and one or more “nonanatomic” endotypes could be randomized to a non-CPAP treatment or
control, while patients with high collapsibility receive CPAP. Adapted from Pitzalis and colleagues (58) with permission. R= randomization. Adapted by
permission from Reference 156.
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treatment decisions largely on the
presence and severity of OSA according to
the AHI, clinician and patient preferences,
and/or the failure of a trial of CPAP
therapy (159–161). Whether clinician
preferences are or should be influenced
by physiologic reasoning is not specified.
Nor is it known whether knowledge of
underlying physiology would meaningfully
change treatment decisions or patient-
centered outcomes.

Registries created for other chronic
respiratory conditions, such as pulmonary
fibrosis (Pulmonary Fibrosis Foundation)
and sarcoidosis (Sarcoidosis Advanced
Registry for Cures), offer patients and
providers the opportunity to advance
knowledge and track outcomes at scale.
The creation of OSA registries accessible to
researchers, clinicians, and patients would lay
the groundwork for collaborative knowledge
exchange. Researchers could speak to the
potential benefits of endophenotyping and
provide education on appropriate use,
while clinicians and patients could feedback
their observations and experience of
endophenotypic metrics to the research
world. This effort would acknowledge that
endophenotyping methods may not yet
have a sufficient evidence base for integration
into treatment guidelines while engaging
clinicians and patients in ongoing efforts to
use and assess endophenotyping methods.

A registry would also help support
many of the priorities identified in other key
areas by providing longitudinal data at a
larger scale that could be shared in a
collaborative manner. No less important,
knowledge exchange would open channels
for needed education on endophenotyping,
including the underlying pathophysiologic
concepts, potential limitations, and the
necessary steps that remain to be completed
before widespread clinical uptake. For
example, a sufficiently validated sleep
study–based endotype will require training
of sleep specialists and technicians in the
relevant technical aspects before and during
clinical implementation.

To an extent, a clinical registry would
conceptually overlap with the research
databases discussed in research priority 3
of this document. However, knowledge
exchange between researchers and clinical
decision makers faces barriers distinct from
those of research collaboration, and tailored
approaches specific to the “end user” are
needed to encourage clinician involvement
in translating endophenotyping. Sharing of

PUP’s underlying source code has generated
fruitful collaborations among researchers,
but the lack of a graphical user interface
limits uptake in the clinical setting. Broad
success of a clinical registry incorporating
PUPmetrics is unlikely in the absence of
interactive user-friendly software to engage
clinical decision makers. Relatively simple
tools may be paired with correspondingly
intuitive graphical user interfaces, as in
Automatic Blood Oxygen Saturation
Analysis, a free MATLAB-based software
package (162). More complex tools require
ongoing end-user support and software
maintenance. As research funding
mechanisms do not typically provide
resources beyond the investigational period,
continuous user support often requires
partnership with industry, potentially at the
cost of code transparency. Cerebra ORP
and hypoxic burden software from the
Siesta Group provides user-friendly
interfaces, but the underlying algorithms
are proprietary. Ideally, an endophenotyping
tool strikes a balance between these
development philosophies by providing
both transparent methods sharable among
researchers and a user-friendly design
enabling seamless integration into clinical
care. The field should advocate for
mechanisms to better support the latter.

Research priority 11: Assess the
potential clinical and financial benefits
and pitfalls of endophenotype-informed
treatment selection with comparative
effectiveness research. The highly controlled,
“optimal” conditions in research trials are not
necessarily reflective of real-world clinical
settings. Nor is it known to what extent
use of endophenotypes will meaningfully
change clinician preferences and behaviors.
Assuming that high-quality prospective
validation studies are reported, they will attest
to the potential benefits of endophenotype-
informed care under optimal conditions
(“efficacy”) (74). However, the performance
of endophenotyping in actual clinical settings
(“effectiveness”) remains to be established by
comparative effectiveness research (CER),
defined by the U.S. Department of Health
and Human Services as “research comparing
the benefits and harms of different
interventions and strategies to prevent,
diagnose, treat and monitor health
conditions in ‘real world’ settings” (74). A
previous ATS research statement provided
guidance on the use of CER in pulmonary,
critical care, and sleep medicine (74).
Ultimately, CER studies that address the

clinical and cost-effectiveness of care using
OSA endophenotype-informed approaches
versus usual care in specific scenarios are
needed for translation. The rising prominence
of home sleep testing evokes pertinent
examples: emerging evidence suggests that
PUP-estimated endotypes can be derived
from home sleep tests and have the potential
to influence treatment (64, 163, 164).
However, PUP requires a nasal cannula
airflow signal, which is not included in
many current and emerging home sleep
testing devices, such as “wearable” wrist
and/or finger sensors, as well as devices
that do not come into contact with patients
(bed-based “nearables” and audio- or
video-based “airables”) (165). A practicing
sleep clinician who routinely tests for OSA
using such a device would need to balance
the potential utility of PUP-estimated
endotypes against the cost of deviating
from usual practice for a test that includes
a nasal cannula. Broadly, the large burden
of undiagnosed OSA and the trend toward
testing with devices that use limited
and/or varying signals suggest a “tiered
endophenotyping approach”may be
necessary for metrics that require more
extensive and costly data (e.g., in-laboratory
polysomnography, drug-induced sleep
endoscopy). That is, endophenotyping may
be best reserved (initially) for certain subsets
of patients (e.g., those who fail to respond to
or decline the standard treatment approach
with CPAP, patients considering surgical
therapies) rather than applying such an
approach to all patients with newly diagnosed
OSA. In general, the costs and benefits of
endophenotyping are expected to change
with evolving practice paradigms, and CER
is needed to help clinicians balance advantages
and drawbacks.

Summary and Conclusions

The pathogenesis, clinical manifestations,
and consequences of OSA vary markedly
among patients. Yet OSA heterogeneity goes
largely unaddressed by current diagnostic
and treatment practices. Instead, most
patients are diagnosed on the basis of AHI
from a single-night sleep study followed by
a trial of CPAP therapy. This clinical model
yields high failure treatment rates of�50%.
“Second-line” non-CPAP therapies such as
oral appliances, upper airway surgery,
hypoglossal nerve stimulation, and supine
avoidance therapy are typically reserved for
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those who do not respond or adhere to
CPAP. Variable and largely unpredictable
efficacy and treatment uptake and adherence
characterize this trial-and-error approach,
risking confusion, frustration, and
unaddressed burdens of untreated and
undertreated OSA. Growing knowledge of
OSA pathogenesis has stimulated new lines
of investigation for targeted therapy. GLP-1
agonists for weight loss likely directly affect
the primary anatomic predisposition to
pharyngeal collapse. Emerging OSA
pharmacotherapies and combination
therapies are intended to target specific
underlying mechanisms or “endotypes”
beyond the primary anatomic predisposition
to pharyngeal collapse. These include low

ArTH, unstable control of breathing (high
LG), and impaired pharyngeal dilator
muscle function. In the research setting,
interindividual differences in OSA endotypes
and clinical manifestations between patients
or “OSA phenotypes” offer promise for
a more targeted approach to OSA
management in which the appropriate
treatment or treatments are tailored to
individual needs. Yet these concepts have
been limited largely to the research setting.
Accordingly, the current research statement
has attempted to outline the challenges
and the potential to translate OSA
endophenotyping to deliver a more tailored
approach to care to improve outcomes.
Specifically, a research road map from

discovery to impact analysis is provided that
covers a range of priority areas for clinical
translation, including technical standards,
validation, establishment of clinical cutoffs,
determination of MCIDs, generalizability
across diverse populations, stability of
measurement, and the design and conduct
of prospective studies. Meeting these needs
will provide the evidence required to
implement these concepts into clinical
care at scale.�
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