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Abstract

Purpose Continuous positive airway pressure (CPAP) is the primary therapy for obstructive sleep apnea (OSA); however
the effectiveness of CPAP remains suboptimal. We describe the Novel Phys/ologiC prEdictors of Positive Airway Pres-
sure Effectiveness (NICEPAP) study. Its purpose is to determine whether physiological traits of OSA contribute to CPAP
effectiveness.

Methods NICEPAP (NCT05067088) is a prospective, observational cohort study conducted at an academic sleep center.
Adults newly diagnosed with OSA (n=267) are assessed for OSA traits of loop gain, arousal threshold, pharyngeal collaps-
ibility, and muscle compensation from baseline polysomnography. We perform a comprehensive assessment of covariates
relevant to CPAP adherence, efficacy, and patient-centered outcomes. Participants are followed for 12 months. Primary out-
comes include (1) CPAP adherence (hours/night), (2) CPAP efficacy (apneas-hypopneas/hour), and (3) quality of life at six
months measured by objective CPAP data and Functional Outcomes of Sleep Questionnaire. Secondary outcomes include
sleep quality, sleepiness, insomnia, and neurocognitive function.

Results Data on covariates, including demographics, sleep symptoms, medical history, medications, sleep quality, OSA and
treatment self-efficacy, decisional balance, and socio-economic and social and partner support, are collected using validated
instruments. The analysis for primary outcomes includes a generalized linear mixed model for an outcome (e.g., CPAP
adherence) with OSA traits as exposures followed by the addition of relevant covariates.

Conclusion The findings of the NICEPAP study will inform research aimed to enhance CPAP effectiveness. Understanding
the role of physiological OSA traits in CPAP effectiveness is a crucial step toward a precision medicine approach to OSA.
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Adherence
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Introduction

Obstructive Sleep Apnea (OSA) affects over 950 million
individuals worldwide [1]. It is associated with hyperten-
sion, diabetes, stroke, heart failure and morbidity and
mortality from these conditions [2]. Continuous Positive
Airway Pressure therapy (CPAP) is prescribed to 80% of
people diagnosed with OSA [3]. Most, however, do not
receive effective treatment for several reasons. First, only
about 50% of patients adhere to CPAP long-term, [4] and
therefore are unable to reap the benefits of therapy. Second,
approximately 20-40% of patients experience residual OSA
on CPAP therapy (poor efficacy), defined as a high residual
apnea-hypopnea index (AHI) [5]. Improvements in symp-
toms are inconsistent even among those who adhere and
have low residual AHI [6]. Taken together, poor adherence,
imperfect efficacy, and variable response to CPAP limit the
effectiveness of this therapy.

Sleep medicine experts have worked towards making
CPAP a more effective treatment. Psychological and social
factors, such as treatment self-efficacy and peer support, are
key predictors of CPAP adherence (Fig. 1) [7]. However,
the behavioral interventions addressing these barriers show
limited benefits [8, 9] and have not translated to clinical
care due to feasibility and cost [10]. Moreover, these fac-
tors explain only a fraction (11-58%) of variance in CPAP
adherence [7]. Technological advances such as new masks,
auto-titrating CPAP, and remote monitoring have not sig-
nificantly improved CPAP efficacy, sleepiness, or quality of
life [11]. Therefore, novel approaches are needed to address
the effectiveness of CPAP therapy, including adherence to
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treatment, and improvements in symptoms, function, and
quality of life.

Study rationale

CPAP addresses a major cause of OSA, the anatomic sus-
ceptibility of the upper airway to collapse. However, it is
now recognized that the interplay of anatomic and non-ana-
tomic traits plays a key role in OSA pathogenesis. These
non-anatomic or physiologic traits include easy arousability,
unstable ventilatory control, and poor pharyngeal muscle
compensation [12]. For example, a low arousal threshold
(ArTH, the propensity to awaken easily) and loop gain (LG,
a metric of ventilatory control instability) that is higher than
that in controls occur in up to 50% and 40% of OSA patients,
respectively [13]. In addition to predisposing to OSA, these
traits may also affect response to treatment. For instance, a
low ArTH contributes to lighter and less continuous sleep
and may affect a patient’s ability to tolerate and adhere to
CPAP. Recent retrospective analyses show that a low ArTH
is associated with reduced (45—120 min/night) CPAP adher-
ence (Fig. 1) [14, 15]. In addition to a low ArTH, very high
or very low muscle compensation is reported as associated
with poor adherence [15] while a high LG is associated with
longer CPAP use [16]. Similarly, high LG can cause treat-
ment-emergent central apneas, contributing to poor CPAP
efficacy (high residual AHI) [17].

Understanding the physiologic determinants of an indi-
vidual’s OSA may inform a precision medicine approach
by (1) identifying those at high risk for CPAP failure and
(2) incorporating adjunctive therapies with CPAP to modify
an individual’s physiologic traits. For example, individuals
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Fig. 1 Biopsychosocial model of CPAP adherence. Each domain (e.g.
“Social” with examples of factors influencing PAP use on three levels:
P- person; I- Illness; T-Treatment). Our proposal is focused on the fac-
tors in biomedical domain that have not been explored prospectively
and in context of the psychological and social domains: physiologic
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OSA traits. Adapted from Crawford et al., Sleep Med Rev. 2014. The
variables and instruments assessing factors in each of the bio-psycho-
social domains of CPAP adherence are noted in Table 4. PAP — positive
airway pressure, OSA — obstructive sleep apnea
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with low a ArTH may be at higher risk of CPAP non-adher-
ence. Targeting those individuals for treatment with a sed-
ative-hypnotics which increase ArTH, [18]may improve
CPAP adherence [19]. Similarly, acetazolamide attenuates
LG [20] and reduces AHI [21] which may be particularly
useful in those with high LG undergoing CPAP treatment
[22] Such approaches may improve treatment for those who
are not responding to CPAP, or to proactively ensure the
effectiveness of CPAP therapy from the start.

However, data supporting the targeting physiologic traits
in CPAP therapy are limited by (1) retrospective designs,
(2) failure to account for critical psychosocial covariates
known to impact CPAP adherence (e.g., insomnia, self-effi-
cacy, partner support), and (3) failure to consistently assess
patient-centered outcomes [23]. To understand whether the
OSA traits are relevant for clinical outcomes it is critical
to address these gaps. For example, retrospective analyses
show disparate results, with ArTH and pharyngeal muscle
compensation associated with CPAP adherence [14, 15] in
some studies, while others show associations with LG and
pharyngeal collapsibility [16]. These finding may be due
to disparate populations in the studies like patients with
stroke (n=60) or coronary artery disease (n=249) [14, 15]
vs. sleep clinic (n=87), [16] inconsistent and incomplete
adherence covariates, differing analytic approaches (con-
tinuous [14, 15] vs. dichotomized traits), [16] and objective
[14, 15] vs. subjective assessments of CPAP adherence [16].
Likewise, while meta-analyses [21] and retrospective inter-
ventional studies [22] in those with putative high LG show
improvements in AHI with acetazolamide, baseline high LG
however does not consistently predict AHI reduction [20,
24].

The objective of the NICEPAP study is to overcome
these limitations by gathering detailed, prospective data to
evaluate the role of physiologic traits in the effectiveness of
CPAP therapy (Fig. 2).

Exposures: OSA Traits Outcomes / Aims

» UA Collapsibility
* UA Muscle Compensation

. PAP Adherence
. PAP Efficacy

3. Quality of life, patient
reported symptoms, and
function

* Arousal Threshold

* Loop Gain

Fig. 2 Aims of the NICEPAP study, including exposures and out-
comes. PAP — positive airway pressure, OSA — obstructive sleep apnea,
UA — upper airway

Study aims

Aim 1 Determine whether physiologic traits explain vari-
ability in CPAP adherence independently of established
psychological and social predictors. We hypothesize that
low ArTH will be associated with poor CPAP adherence
independently of the established psychological and social
covariates such as insomnia, self-efficacy, outcome expec-
tancy, and social support.

Aim 2 Evaluate whether physiologic traits are associated
with CPAP efficacy. We hypothesize that individuals with
high LG will exhibit poor CPAP efficacy after accounting
for known covariates such as age, sex, pharyngeal collaps-
ibility, sleep position, atrial fibrillation, and heart failure.

Aim 3 Ascertain the contribution of physiologic traits to
sleep quality, residual symptoms of sleepiness, insomnia,
daytime function, and quality of life in patients on CPAP
therapy. We hypothesize that low ArTH and high LG will be
associated with subjective poor sleep quality, worse residual
symptoms, and lower quality of life.

Methods
Study design

The Novel physlologiC prEdictors of Positive Airway Pres-
sure Effectiveness (NICEPAP) is a prospective, observa-
tional study that is integrated with the clinical structure at
an American Academy of Sleep Medicine (AASM) accred-
ited academic practice. Research contacts occur at baseline
(prior to PAP initiation), at 1 week, then at 1-, 3-, 6- and
12-months post PAP start date. The study is approved by
Yale University’s Human Investigations Committee (HIC #
2,000,024,615).

Study population

The NICEPAP study will include patients referred for OSA
evaluation at the Yale New Haven Hospital (YNHH) Sleep
Center. The YNHH sleep center is in the New Haven met-
ropolitan area. It is representative of the U.S. as a whole
based on age, education, race, and ethnicity, [25] ensuring a
diverse patient population. Patients are screened for initial
eligibility (inclusion criteria 1-2 and no exclusion criteria)
as noted in Table 1.
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Table 1 Inclusion and exclusion criteria for the NICEPAP study Educational interventions in clinical care
Inclusion Exclusion

1. Age> 18 years 1. Need for supplemental oxygen

2. Naive to PAP 2. Central Apnea index > 50% of total AHI
therapy (no use in

Variability in the educational interventions in clinical set-
tings may influence CPAP adherence. The research team

last 3 years) provides OSA and CPAP education sessions to minimize
3.AHI>5/houron 3. Treatment recommendation with non- the potential confounding of this phenomenon. Each lasting
PSG or HSAT CPAP or non-AutoPAP modality 45 min, these sessions are conducted by trained personnel
4. Referred for PAP 4. Referral for sleep disorder other than OSA (MD or MD-trained research associate). They are com-
?;ngﬁemem at 5. Unstable medical or mental health condi- pleted before PAP initiation and include education about
tion (e.g,, decompensated heart failure, end- OSA, a visual review of participants’ sleep study data, and a
stage chronic obstructive pulmonary disease, . . .
end stage renal disease, psychosis) description of PAP therapy and its benefits. Participants are
6. Inability to participate in informed consent also instructed on the operation of PAP, conducting a virtual
7. Pregnancy mask fitting and monitoring using cloud-based systems (e.g.
8. Non-English language as only means of AirView™ for ResMed devices and CareOrcestrator© for
communication Philips devices).
Each participant undergoes CPAP/APAP pressure selec-
Screening, recruitment, enroliment and follow-up tion, assessment of residual AHI, and mask leak assessment

by the clinicians caring for the patients (participants in our
Patients referred for polysomnography (PSG) or Home  study). If the research team observes pressure intolerance,
Sleep Apnea Test (HSAT) using a type III device at YNHH  elevated residual AHI, or mask leak, research staff will
Sleep Center are screened for eligibility. This approach  encourage participants to address these issues with their
avoids selection bias by test type, as individuals with a high  clinical provider and durable medical equipment company
pre-test probability of OSA typically undergo HSAT. If ini-  and will notify the clinical provider if permitted by the par-
tially eligible (Fig. 3), potential participants are offered the  ticipant. Physical visits with durable medical equipment
consent process during or after their diagnostic sleep study ~ company for mask fitting will be completed as part of clini-
encounter. Participants are enrolled after diagnosis of OSA  cal care as deemed necessary by sleep medicine providers.
and CPAP prescription (Table 1, AHI> 5/hour and referred
for CPAP management). At enrollment, participants com-
pleted baseline measures. Research staff complete each fol-
low-up visit virtually (video or phone call) or in person for
participant convenience at 1-, 3-, 6- and 12-months.

Fig. 3 Overview of patient recruitment from the YNHH
Centers for Sleep Medicine population. CPAP — continu- Referred to YNHH for

Sleep Evaluation and

ous positive airway pressure, HSAT — home sleep apnea

test, PSG — polysomnography, YNHH — Yale New Haven
Health 1. 18 years or older

2. No PAP use in the last 3 years

Exclusion Criteria

* Need for supplemental
oxygen
Referral for a disorder
other than OSA

» Unstable medical or

mental health condition
« Inability participate in
1 informed consent

» Pregnancy
e . . » Non-English as prima
Initially Eligible ,anguag% prmaly

v

Undergo HSAT or PSG and

1. AHI 2 5 per hour

2. Referred for PAP management . e
at YNHH Exclusion Criteria

Central Apnea Index
2 50% of total AHI

» Treatment with non-
CPAP or non-Auto-
CPAP modality

Eligible for Enroliment
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Study measurements
Outcomes

Study outcomes and their measurement are noted in Table 2.
Primary outcomes include nightly CPAP use data (Aim 1),
ascertained from the cloud-based remote monitoring adher-
ence systems (e.g., CareOrchestrator© AirView ™), CPAP
adherence will be determined by daily measures of CPAP
use (hours/night) from the date of initiating CPAP use to the
end of follow-up at six months. Daily average CPAP use is
the during this period is the primary outcome. Daily CPAP
usage will be monitored for 6 months, using a dichotomized
metric of >4 h/ night for 70% of nights. Those that are miss-
ing CPAP usage for 1 <week due to reasons other than lack
of supplies, medical condition or death will be encoded as

Table 2 NICEPAP study outcomes

Outcome Primary Secondary Measurement
outcome outcome
CPAP Daily aver- CPAP use at 1 Data abstracted
Adherence  age CPAP month and a from cloud-based
use over 6  dichotomized met- services includ-
months ric of >4 h anight ing CareOr-
for >70% of nights chestrator©,
at 3 months and 6  AirView™, and
months. iCode Connect™
Card downloads
are used for
those not on the
cloud.
CPAP Daily Dichotomized As above
Efficacy average of  Residual AHI> 10/
residual hour
AHI over 6
months of
use
Patient- Quality of  Sleep Quality Quality of life:
centered life over 6  Residual symptoms FOSQ scores,
outcomes months of  (anxiety, depres- Sleep Quality:
use sion, daytime PROMIS® sleep
sleepiness, insom-  disturbance
nia etc.) scores,
Neurocognitive Residual symp-
function toms: ESS, ISI,
HADS scores
Neurocognitive
function: DANA
Brain Vital
Testing

median reaction
time and mean
slowest 10%
reaction time.

Abbreviations CPAP- Continuous Positive Airway Pressure,
FOSQ- Functional Outcomes of Sleep Questionnaire, PROMIS®-
Patient- Reported Outcomes Measurement Information System,
ESS- Epworth Sleepiness Scale, ISI- Insomnia Severity Index,
HADS- Hospital Anxiety and Depression Scale, DANA- Defense
Automated Neurobehavioral Assessment

“0”. Residual AHI data (Aim 2) is measured analogously.
Quality of life, the primary outcome for Aim 3, is measured
by the Functional Outcomes of Sleep Questionnaire (FOSQ)
short form, a validated metric sensitive to CPAP treatment
and adherence.

Secondary outcomes (Table 2) include sleep quality and
residual symptoms (e.g., insomnia, sleepiness, depression,
and anxiety). Neurocognitive function is assessed using a
3-min smartphone-based psychomotor vigilance test [26]
with participants’ median reaction time and mean slowest
10% reaction time as key outcome metrics.

Polysomnographic recordings

For individuals undergoing clinical in-laboratory PSG
(Nihon Kohden, Irvine CA, USA) this data is used to collect
the polysomnographic metrics (e.g., total sleep duration,
apnea hypopnea index, arousal index etc.) and exposures (see
below) in our study. Acquisition is performed according to
the AASM standards. Individuals diagnosed with OSA via a
clinical HSAT undergo a NOX Self-Applied Somnography
(SAS, NOX Medical, Suwanee, GA, USA) at home prior
to PAP initiation. This is a validated alternative for collect-
ing sleep data in participant’s home while obtaining a valid
sleep assessment [27]. The SAS uses 8 frontal electrodes to
capture frontal electroencephalography (EEG) and right and
left electrooculograms (EOG). SAS also collects data from
frontalis muscle electromyogram (EMG), the electrocardio-
gram, nasal canula airflow, oxygen saturation, chest, and
abdominal respiratory inductance plethysmography bands,
and right and left anterior tibialis EMG. Acquisition is per-
formed for one night, assisted by a research associate who
provides instructions, including a video demonstration for
the SAS device set-up. All studies are manually scored by
an AASM certified sleep technologist. NOX-SAS has been
used for in-home polysomnography assessments in a large
clinical cohort with good interscorer reliability for sleep
stages, arousal and respiratory events (ICC of 0.86—0.99)
with lowest reliability of REM arousals (ICC 0.68) [27].
The manual scoring of sleep stages using SAS montage data
compared to conventional polysomnography shows a high
accuracy (0.82 [NREM 2] — 0.96 [REM]) [28]. We define
the SAS adequacy criteria which includes a minimum of 3 h
of sleep with artifact-free signals in at least 2 EOGs, 2 EEG,
pulse oximetry, nasal pressure, and 1 EMG. The NOX SAS
has been used to determine the physiological traits of OSA
[29].

Exposures

Physiological OSA traits (LG, ArTH, pharyngeal collaps-
ibility [V, ], and V) differentially contribute to the

passive
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causation of OSA in each individual (Table 3) [13]. LG
reflects ventilatory control stability (elevated LG signifies
an exaggerated ventilatory drive response to reduced airflow
and the associated hypoxia and hypercapnia). ArTH reflects
the amount of ventilatory drive required to cause arousal
from sleep (a small rise in the ventilatory drive to terminate
sleep represents a low ArTH). V.. reflects the ventilation
at the eupneic ventilatory drive (higher values reflect lower
pharyngeal collapsibility). Finally, the V,,, is determined
by calculating the difference between the ventilation at the
maximum and eupneic ventilatory drives (higher values

reflect better pharyngeal muscle compensation).

Table 3 Exposures in the NICEPAP study: OSA traits
Trait name

Abbreviation Description

A measurement of the
sensitivity of the respiratory
system. Higher values indi-
cate increasing sensitivity of
ventilatory system to disrup-
tion and are correlated with
poor CPAP adherence. Loop
gain is measured by calculat-
ing gain, time constant, and
delay quantified by Vg, *
response to a ventilatory dis-
turbance at 1 s frequency.

Loop gain LG

A measurement of how eas-
ily a patient is aroused from
a sleep state. Low arousal
threshold is negatively cor-
related with CPAP Adher-
ence. Calculated using the

V 4rive immediately preceding
an arousal.

Arousal threshold ArTH

A measurement of how
easily a patient’s upper
airway (pharyngeal muscles
and surrounding tissue.)
collapses during sleep. This
is calculated from y a plot

of breath-by-breath values
for the duration of sleep
(excluding breaths taken in
awake, arousal, or REM) and
measuring Vi,give: Vpassive 1
calculated through measuring
ventilation at eupneic V ;.
and lower V. values rep-
resent greater collapsibility.

Upper airway 1/V. passive
collapsibility

Upper air- Vcomp A measurement of how
way muscle strongly a patients ventila-
compensation tory muscles compensate for

respiratory events. This is

calculated through the dif-

ference between ArTH V ;.

and V
* Ventilatory drive, V., a measurement of the strength of a patient’s
respiratory response. This is estimated using a regression model pre-
dicting ventilation (specifically, the overshoot between obstructive
respiratory events) based on previous ventilation values

passive
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The OSA physiologic traits are measured using a
validated method from polysomnography as previously
described [15]. Median trait values across non-REM sleep
are used for each individual. Respiratory events are identi-
fied using AASM standards, including a definition of hypop-
nea as a decrement in nasal flow of 30-90% associated with
a 3% oxygen desaturation or an arousal. The traits obtained
by this method are related to clinical outcomes, including
PAP adherence [15]. An AASM-accredited scorer scores all
studies and a more detailed description of physiologic trait
assessment is available in the Online Resource 1.

Covariates

A comprehensive collection of covariates and their mea-
surement tools are shown in Table 4 and Online Resource
2. These include psychosocial factors influencing adherence
and patient-centered outcomes such as demographics, OSA
and CPAP knowledge, outcome expectancy, self-efficacy,
decisional balance, bed-partner status, partner-specific sup-
port, lifestyle factors, anxiety, depression, claustrophobia
among others (Table 4). The covariates will be used to cre-
ate a model using established predictors for each primary
outcome to assess the impact of physiologic traits above and
beyond established factors (see Statistical Analysis below).

Survey instruments

Surveys are completed over the phone, in person, or using
electronic-surveys per patient preference. Each survey
instrument is a validated tool as shown in Online Resource
2.

Data management

To optimize data quality and completeness, the study pro-
cedures include: (1) a detailed data dictionary, (2) quality
assurance within the data management system, (3) qual-
ity assurance of key variables within the case report forms
(CRF) and (4) regular written and video training for research
staff. An audit is conducted on cases quarterly. A HIPPA-
compliant database software, Research Electronic Data
Capture (RedCap, captures all participant data. To facilitate
participant stipends, a Yale internal clinical trials manage-
ment system, “OnCore” (Advarra System, Columbia, MD,
USA) is used to track study progress and issue payments as
a debit card.
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Table 4 Metrics, follow-up Metric Role When Data and acquisition
schedule and assessments in performed
NICEPAP study PAP settings Covariate BL, 1-, Durable medical equipment company, device make,

3-, 6- and Auto-PAP vs. CPAP modality, pressures, humidification,

12-mo expiratory relief, mask type, ramp.

Data obtained from Cloud services, EMR, and patient
contact.

Anthropometrics  Covariate BL, 3-, Age, sex, height, weight, BMI, neck circumference,

and demographics 6-mo resting blood pressure, heart rate, oxygen saturation, and
respiratory rate.
Source: EMR medical record at the time of initial evalu-
ation in the sleep center or in-person by the research
team at enrollment.

Sleepiness, other ~Covariate BL, 6-and  Epworth sleepiness scale

symptoms and /Outcome  12-mo for  Symptom Survey including primary complaint for

sleep schedule (ESS,Aim  Symptom sleep evaluation (e.g., snoring, insomnia, sleepiness),

3) Survey. symptoms at presentation (e.g., difficulty rising, morn-

BL, 1-, ing headaches, nocturia, pain affecting sleep), sleep

3-, 6- and schedule (weekend and weekday), family history of

12-mo for  sleep problems.

ESS. Source: EMR medical record at the time of initial evalu-
ation in the sleep center or in-person by the research
team at enrollment.

Social factors Covariate BL, 6-and  Race/ethnicity, primary language, marital status, occupa-
12-mo tion, income, insurance, education level, bed-sharing
status, sleep location, and social support (Social support
survey .
Psychological Covariate /  BL, 3-, 6- SEMSA including Perceived Risk, Outcome Expec-
factors (Outcome:  and 12-mo. tancy, and (treatment) Self-Efficacy.
ISI, HADS BL, 1-, Decisional balance survey, ISI, HADS.
scores) 3-, 6- and
12-mo for
ISI
PAP tolerance Covariate 1-, 3-, 6- Tolerance and Side Effects Questionnaire
and side effects and 12-mo
Polysomno- Covariate BL Includes total sleep time, sleep latency, wake after sleep
graphic measures onset, sleep stages, AHI, Arousal index, desaturation
indices, PLMI, arterial oxygen saturation nadir, time
spent below 90% oxygen saturation, hypoxic burden and
other metrics.
OSA traits measured using validated tools [39] ( Table 2)
Source: clinical in-laboratory polysomnography or NOX
SAS.
Medical history ~ Covariate BL, 6-and  Medical history includes 50 medical conditions (e.g.,
and medications 12-mo rhinitis, hypertension, diabetes, anemia, angina).
Medications include 36 categories (e.g., antidepressants,
sedative hypnotics, narcotics, stimulants, beta-adrenergic
BL — baseline, prior to initia- blockers).
tion of PAP, OSA — obstructive Source: EMR medical record at the time of evaluation in
slgep apnea, PAP — positive the sleep center confirmed with participants.
airway pressure, CPAP' Con- Adherence, Outcomes BL, I-, See Table 3 ,for details
tmuou; pdosmve a}r\(;vay %T/[S}S{ure, residual AHI, 3-. 6 and
gxiror?icymrzzisse:lnrei);rd ESS- patient-outcomes 12-mo . . .
epworth sleepiness scale é AS OSA and PAP Education/ BL Education about OSA, a visual review of participants’
. education training sleep study data, and a description of PAP therapy and
— self-applied somnography, .
SEMSA- self-Efficacy Measure o ) its beneﬁts. )
for Sleep Apnea, AHI — apnea PAP .1n1t1at10n and Ed.uc.atlon/ CPAP Instruction on the operation of PAP, mask ﬁt, PAP
hypopnea index, PLMI — peri- training training arrival troubleshooting and therapy monitoring using cloud-

odic limb movement index

based systems
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Statistical analysis
Sample size

The sample size assessment is based on the most conser-
vative outcome: CPAP adherence. We define a clinically
meaningful change in CPAP use as one hour/night [8].
Based on our preliminary data [15] and generalized linear
mixed models (GLMM) with Monte-Carlo simulations (R
package simR), we estimate a sample size of 245. This sam-
ple will allow us to detect a change of on hour/night (slope
of 0.024 h/night/%ArTH) in adherence with 80% power at
a=0.05. Allowing for 10% patient loss (conservative esti-
mate in observational studies at our center) we estimate that
the final sample will be 267 participants.

Primary analysis aim 1 example: CPAP adherence First,
we will build a “physiologic CPAP adherence model” using
OSA traits. Then we will assess whether trait associations
with CPAP adherence are independent of other covariates.

Step (1) Physiologic CPAP adherence model. We will use
general linear mixed model (GLMM) with auto-re-
gressive covariance matrix of repeated measures. The
GLMM will account for the correlation of repeated ad-
herence measures within an individual over time [30].
CPAP adherence is measured in (hours/night). For par-
ticipants who are lost to follow-up, CPAP use will be
imputed as 0 h/night from the last contact [31]. Traits are
used as continuous variables. The primary prespecified
analysis is an adherence model over 6 months of follow-
up. Statistical significance is defined as p < 0.05.

Step (2) Physiologic traits and “established” adherence
factors. Relevant predictors will be identified using vari-
able selection from each covariate domain using signifi-
cant factors on bivariate associations and Bayesian In-
formation Criterion in domains with > 10 factors (e.g.,
OSA PSG metrics) [14]. The significant factors from
each domain will be added to create the adherence mod-
el based on “established” predictors. Finally, we will
add the factors from Step 1 (physiologic model) to the
above model to assess whether the traits are associated
with adherence independently of the established factors.
We will use a likelihood ratio test to assess whether the
traits significantly improve the fit of the “established”
CPAP adherence model [32]. Analogous analyses will
be performed for CPAP efficacy (Aim 2) and patient-
centered outcomes (Aim 3).

@ Springer

Results
Study population

Through March 1, 2024, 169 participants are enrolled in this
study with a mean age of 52.1 +/- 14.2 years. 46% of par-
ticipants are women, 67% are White, 20% are Black, 6% are
Asian, 5% are more than one race. 11% are Hispanic.

Transparency and dissemination of results

Thisstudyisregistered at ClinicalTrials.gov (NCT05067088)
and the protocol can be obtained for review by contact of
the principal investigator. The study is designed and will be
reported according to the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) guide-
lines as shown in Online Resource 3. The study is funded
by the NIH (1K23HL159259-01). The data gathered for
this study will be available to other investigators after de-
identification. In the short-term, those who wish to use the
data will be asked to sign a data use agreement. Ultimately,
the study team plans to incorporate the data set into The
National Sleep Research Resource (NSRR). NSRR is an
NIH-funded resource designed to host and share data from
major sleep cohort studies and clinical trials.

Discussion

A greater understanding of the factors that affect CPAP
effectiveness (adherence, efficacy, and improvement in
outcomes) will allow clinicians to make better decisions
in caring for the millions of patients suffering from OSA.
The goal of the NICEPAP study is to determine whether the
novel, physiological factors that combine in different ways
to cause OSA in each individual (ArTH, LG, pharyngeal col-
lapsibility and compensation) contribute to CPAP effective-
ness. This knowledge may enable clinicians to predict PAP
adherence, efficacy, and improve patient-centered outcomes
such as residual sleepiness, insomnia, daytime function and
to intervene based on the traits of OSA in each individual.
Such a precision medicine approach to CPAP therapy can
help shift OSA treatment away from the “one size fits all”
paradigm. For example, if physiological traits such as a low
ArTH are associated with poor adherence, the ArTH can
then be used to predict which patients are at risk. Targeting
those individuals with proven interventions, such as moti-
vational enhancement therapy [8] prior to initiating CPAP
may help people succeed with treatment. Moreover, the
physiological traits are modifiable and may be targeted for
individualized treatments. For example, patients with a low
ArTH at risk of non-adherence, may benefit from using a
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sedative-hypnotic in conjunction with their CPAP treatment
[19]. Alternatively, those with high LG, a potential deter-
minant of high residual AHI, may benefit from incorporat-
ing acetazolamide to reduce LG and improve CPAP efficacy
[22]. Implementing such strategies can be a first step in pre-
cision medicine approach to OSA management.

There are several key strengths of the NICEPAP study. It
will be the first prospective, observational cohort to assess
the relationship between physiological factors that cause
OSA and CPAP effectiveness. The NICEPAP study uses a
non-invasive signal analysis tool to measure the OSA traits
from sleep studies obtained in real-world clinical care. This
will allow implementation across clinical settings. The
NICEPAP study will for the first time determine whether
the physiologic traits associated with CPAP effectiveness,
such as ArTH and LG, affect CPAP outcomes independently
of the established psychological (e.g., self-efficacy, claus-
trophobia) and social factors (e.g., education, bed-partner
status). This is critical if physiological traits are to be used
for effective prediction of CPAP adherence or efficacy. Sim-
ilarly, to our knowledge, the NICEPAP study will for the
first time examine the relationship between OSA traits and
patient-centered outcomes, such as sleep quality, psycho-
motor function, and quality of life. Knowing whether OSA
traits influence these outcomes is vital to success of CPAP
therapy. In summary, the study should rigorously evaluate
whether the traits that cause OSA in each individual, also
affect the effectiveness of CPAP.

There are limitations of the NICEPAP study. First, while
the research design includes a sample of patients recruited
from the Yale New Haven Hospital (YNHH) Sleep Center,
which are reflective of the sociodemographic average U.S.
city on-average [25], the findings may not extend to other
populations, including those with predominantly Black,
LatinX populations or those outside of the U.S. Addition-
ally, insomnia, a known predictor of CPAP use, may be a
stronger predictor of OSA adherence than physiologic traits.
It is not known whether low ArTH leads to insomnia, or the
ArTH is a manifestation of insomnia. Addressing causality
is critical for developing interventions.

There are a multitude of potential psychosocial deter-
minants of CPAP adherence and other studies focusing on
metrics not measured in our study (e.g., home-work con-
flict, mindful awareness) complement this work [33]. While
we aim to collect representative determinants of the biopsy-
chosocial model of adherence to determine whether OSA
traits are independently related to CPAP adherence, we do
not measure all potential confounders. Our study uses PAP
device derived indices of CPAP efficacy (machine generated
residual AHI, Aim 2 outcome). This metric exhibits a high
correlation with the AHI derived from PSG (r=0.82-0.92),
[34, 35] reliability (ICC 0.79) [36] and is a feasible outcome

in our relatively large observational study integrated into the
clinical structure of a sleep medicine practice. A limitation
of this measure is that both under- [37] and overestimation
[36] of the AHI by the PAP device algorithm occurs. Thus,
in addition to our secondary outcome cut-off of AHI> 10/
hour, we will assess the impact of higher and lower AHI
cut-offs on associations with the traits. Our study focuses
on the four OSA traits as potential predictors of CPAP effec-
tiveness. These four traits may not capture all physiology
relevant for CPAP outcomes that can be extracted from a
polysomnography. Future studies focusing on factors such
as arousal intensity, ventilatory and hypoxic burden rep-
resent a natural continuation of this line of research. It is
also plausible that anatomic traits of OSA (e.g., tongue fat,
pharyngeal airway volume) may be important determinants
of CPAP effectiveness, not measured in our study. Such
measures require tools like Magnetic Resonance Imaging,
the use of which is beyond the scope of this study. Future
work on CPAP effectiveness should incorporate anatomic
measures once less intrusive and costly metrics of anatomi-
cal determinants of OSA become available for use in clini-
cal studies. Lastly, due to the study’s longitudinal design,
participant attrition is expected, which could diminish the
statistical power of the analysis. To mitigate this, the study
procedures mimic the current recommendations for man-
agement of patients with OSA and accounts for this partici-
pant attrition in our sample size.

The results obtained from this study will provide
vital insights for the development of precision medicine
approaches to treat the millions of patients burdened by
OSA. This research will provide valuable data to identify
the vulnerable patients at risk for poor CPAP effectiveness
prior to therapy initiation. Tailoring intervention strategies
to the individual’s determinants of CPAP therapy effective-
ness, including physiological traits, is imperative to improve
the patient-centered health outcomes of those suffering from
OSA.
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