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Study Objectives: Treatment of obstructive sleep apnea with positive airway pressure (PAP) devices is limited by poor long-term adherence. Early identification

of individual patients’ probability of long-term PAP adherence would help in their management. We determined whether conventional polysomnogram (PSG)

scoring and measures of sleep depth based on the odds ratio product would predict adherence with PAP therapy 12 months after it was started.

Methods: Patients with obstructive sleep apnea referred to an academic sleep center had split-night PSG, arterial blood gases, and a sleep questionnaire.

Multiple linear regression analysis of conventional PSG scoring and the odds ratio product both during diagnostic PSG and PAP titration provided an “Adherence

Index,” which was correlated with PAP use 12 months later.

Results: Patients with obstructive sleep apnea (n = 236, apnea-hypopnea index 72.2 ± 34.1 events/h) were prescribed PAP therapy (82% received continuous

PAP, 18% received bilevel PAP). Each patient’s adherence with PAP therapy 12 months later was categorized as “never used,” “quit using,” “poor adherence,”

and “good adherence.” PSG measures that were most strongly correlated with PAP adherence were apnea-hypopnea index and odds ratio product during

nonrapid eye movement sleep; the additional contribution of nocturnal hypoxemia to this correlation was confined to those with chronic hypoventilation treated

with bilevel PAP. The Adherence Index derived from these measures, during both diagnostic PSG and PAP titration, was strongly correlated with PAP adherence

12 months later.

Conclusions: Long-term adherence with PAP therapy can be predicted from diagnostic PSG in patients with severe obstructive sleep apnea, which may facilitate

a precision-based approach to PAP management.
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BRIEF SUMMARY
Current Knowledge/Study Rationale: The efficacy of positive airway pressure (PAP) therapy for obstructive sleep apnea is limited by poor long-term
adherence. Early prediction of long-term adherence with PAP therapy would enable health care providers to identify patients with obstructive sleep apnea
who require more support in their management.
Study Impact: Long-term PAP adherence can be predicted from the “Adherence Index,” based upon analysis of conventional sleep measures and the
odds ratio product in the diagnostic polysomnogram. The availability of this information, before PAP therapy is started, can facilitate a personalized
approach to PAP management.

INTRODUCTION

Obstructive sleep apnea (OSA) is common and is estimated to

occur in 38% of the world’s population.1 Untreated OSA is asso-

ciated with immediate and long-term complications, including

unrefreshing sleep and excessive daytime sleepiness,2 road traf-

fic accidents,3 cognitive impairment,4 reduced work productiv-

ity,5 and increased health care costs.6 In addition, OSA is a risk

factor for cardiovascular disease,7 metabolic syndrome,8 chronic

kidney disease,9 and dementia.10 Both OSA and associated

symptoms can be treated effectively with continuous positive air-

way pressure (CPAP), which can also reduce the risk of

long-term complications.11 The limitation of CPAP therapy is

that a significant proportion of patients are unable to use it effec-

tively; long-term adherence with CPAP therapy is estimated to

be 25%–60% depending on the population assessed and the time

over which adherence is measured.11–13

Multiple factors have been proposed to influence CPAP

adherence, including patient demographics, severity of OSA

and associated symptoms, medical comorbidities, psychologi-

cal factors, financial status, social support, and specific issues

related to claustrophobia, upper airway symptoms, and issues

with the interface.14–17 However, 2 potential determinants of

long-term adherence have received relatively little attention: the
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improvement in sleep depth and the relief of sleep hypoventila-

tion and/or hypoxemia associated with positive airway pres-

sure (PAP) therapy. Complaints of nonrestorative sleep are a

common and troubling symptom of severe OSA. Although the

primary objective of PAP therapy is to relieve upper airway

obstruction, it is the downstream effect on sleep depth that is

most likely to improve symptoms and determine long-term

adherence with this treatment. Furthermore, given the negative

impact of hypercapnia on cognitive function,18,19 it may be

expected that patients with OSA-related hypoventilation would

sustain additional symptomatic benefit from PAP therapy.

Some previous studies have correlated polysomnography

(PSG) changes during both diagnostic PSG and CPAP titration

with subsequent adherence.20–23 However, these studies have

been limited by small sample size22 and short-term follow-

up.20–23 Further, the PSG index that was correlated with good

CPAP adherence has differed between studies and has included

a decrease in oxygen desaturation index and increased deep

sleep,20 increased sleep efficiency,23 and decreased stage 2 non-

rapid eye movement (NREM) sleep and increased rapid eye

movement (REM) sleep.22 The challenge of using conven-

tional, manually scored indices of sleep quality is that they are

subject to scorer bias24–26 and reflect different, specific features

of sleep that may not change harmoniously.27 Under such con-

ditions, it is difficult to determine whether sleep improved or

not, and consequently the change in conventional PSG indices

of sleep quality during CPAP titration is not used in clinical

practice to predict long-term adherence.

The odds ratio product (ORP) is a validated28–32 continuous

index of sleep depth with a range from 0 (very deep sleep) to

2.5 (full wakefulness). This index provides a more detailed and

specific assessment of sleep depth than conventional PSG scor-

ing, and both the depth of sleep and the change with CPAP can

be expressed numerically on a continuous scale. Furthermore,

in contrast to conventional PSG indices of sleep quality, ORP is

a single metric that is objectively obtained by automated

analysis.

We hypothesized that patients with OSA who have improve-

ment of sleep depth (reflected by a decrease in sleep ORP) and/

or relief of OSA-related hypoventilation with PAP therapy will

have better long-term PAP adherence than those in whom sleep

depth and/or sleep hypoventilation does not improve during

PAP titration. In our sleep center, patients who show severe

OSA during the diagnostic PSG are routinely titrated on PAP

(CPAP and/or bilevel positive airway pressure [BPAP]) as dis-

cussed in the latter part of the study. The current data were

obtained from these single split-night PSGs.

METHODS

This study included a subset of patients (n = 236) enrolled in the

multicenter Canadian Sleep and Circadian Network OSA obser-

vational cohort study of adults referred to participating academic

sleep centers for suspected OSA.4 Patients from a single center

(Sleep Centre, Foothills Medical Centre, Calgary, Alberta, Can-

ada) who underwent split-night PSG for assessment of OSA and

PAP therapy and in whom we had long-term objective PAP

adherence data were included in the study. Participants also com-

pleted a sleep questionnaire before their PSG. This study was

performed according to the Declaration of Helsinki and was

approved by the Conjoint Health Research Ethics Board of the

University of Calgary (REB16-0211).

Sleep questionnaire
The sleep questionnaire included patient demographics, medi-

cal history, comorbidities, medications, sleep schedule, symp-

toms of restless legs syndrome, and insomnia, reflected by the

Insomnia Severity Index.33 The Epworth Sleepiness Scale34

and the Pittsburgh Sleep Quality Index35 were used to assess

daytime sleepiness and sleep quality. Additional details, includ-

ing the criteria for diagnosis and severity of restless legs syn-

drome, are provided in the supplemental material and a recent

publication.4

PSG and arterial blood gases
All patients underwent split-night PSG that included electroen-

cephalogram (C3, C4, M1, M2, O1, O2), left and right electroo-

culograms, submental electromyograms, airflow using nasal

pressure (Braebon; Ottawa, ON, Canada) and oral thermistor

(Protech; Philips Respironics, Murraysville, PA), thoracic and

abdomen respiratory excursions (Respitrace; Ambulatory Mon-

itoring, Ardsley, NY), finger pulse oximetry (NATUS Embla

Systems; Tonawanda, NY), and continuous measurement of the

transcutaneous partial pressure of CO2 (TCM4; Radiometer

Medical, Copenhagen, Denmark; details in supplemental mate-

rial). All data were continuously recorded and stored electroni-

cally (Sandman; Tyco Healthcare, Kanata, ON) for subsequent

scoring. Awake arterial blood gas tensions were measured in

204 patients immediately before the PSG (details in supplemen-

tal material).

Once the diagnosis of OSA was established on the diagnostic

portion of the PSG, a standardized protocol for PAP titration

was followed as previously described.36 This protocol required

CPAP titration to a maximum of 18 cm H2O, with conversion

to BPAP for persistent hypoxemia (oxygen saturation [SpO2] <

85% for 5 consecutive minutes), uncontrolled OSA in the

absence of mask leak, or an increase in the transcutaneous par-

tial pressure of CO2 by 10 mm Hg from the baseline awake

value. Once BPAP was initiated, expiratory PAP was titrated to

control OSA and inspiratory PAP was titrated to achieve tidal

volumes of 6–8 mL/kg of ideal body weight. If tidal volume

was sufficient and hypoxemia persisted, then supplemental O2

was added to maintain an SpO2 > 85%.

PAP therapy and adherence
All patients who were prescribed CPAP or BPAP after the inter-

pretation of their PSG by a sleep physician were referred to a

respiratory home care provider in the community for a trial of

therapy. The PAP settings were left to the discretion of the pre-

scribing sleep physician who interpreted the sleep study. The

interface was determined by a respiratory therapist at the home

care provider company who continued to see the patient for

ongoing support and management of any technical issues with
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PAP therapy. Patients who received treatment with BPAP were

followed up both by the home care provider in the community

and at the Foothills Medical Centre Sleep Centre. Adherence

with PAP therapy was obtained 1, 3, 6, and 12 months after the

PAP trial started and included the following indices of PAP

use: number of days PAP was used, number of hours PAP was

used per day, number of days that PAP was used for > 4 hours/

day expressed as the percentage of days PAP was monitored,

and estimated apnea-hypopnea index (AHI) events/h.

Data analysis
Sleep duration was quantified from the Pittsburgh Sleep Quality

Index question 4 (“How many hours of actual sleep do you get

at night?”). Patients were categorized as having short sleep

duration if they reported < 6 hours of sleep per night.37

Self-reported medications were categorized according to their

drug classification.38 For clinical relevance, we have reported

only medications known to impact sleep39 (antidepressants, atyp-

ical antipsychotics, benzodiazepines, cannabinoids, dopaminer-

gics, gabapentinoids, nonbenzodiazepines, and opioids).

Automated digital scoring of the PSG (Michele Sleep Scor-

ing, Winnipeg, Canada) provided conventional indices of OSA

and sleep architecture according to the American Academy of

Sleep Medicine criteria.40 An obstructive apnea was defined as

a decrease in respiratory airflow amplitude by ≥ 90% for at

least 10 seconds with continued respiratory efforts. An obstruc-

tive hypopnea was defined as a decrease in respiratory airflow

amplitude of ≥ 30% lasting for at least 10 seconds followed by

a decrease in SpO2 of ≥ 3% or an arousal from sleep. The

Michele Sleep Scoring system also provided measurements of

ORP, as previously described.28 Average ORP was calculated

for wake time (ORPW), NREM sleep (ORPNREM), and total

recording time (ORPTRT). Differences in ORPW reflected dif-

ferences in fractions of wake epochs with full wakefulness and

wake epochs with sleep features (eg, some theta activity, micro-

sleep periods). The ORP in the 3 stages (W, NREM, and TRT)

was calculated separately for the diagnostic and PAP sections

of the PSG and differences between the 2 sections were used to

determine associations between change in sleep quality with

PAP and adherence data.

Statistical analysis
The primary outcome was adherence with PAP therapy 12

months after it was started, calculated over the last 6 months of

follow-up. Accordingly, we classified each patient into 1 of the

following 4 groups: (1) never used PAP therapy despite the fact

that it was prescribed (“never”), (2) quit using PAP therapy

within 12 months despite the fact that a PAP trial was per-

formed (“quit”), (3) using PAP therapy at 12 months with poor

adherence (defined as an average of < 4 hours per night for 70%

of nights over the previous 6 months; “poor adherence”), and

(4) using PAP therapy at 12 months with good adherence

(defined as an average of > 4 hours per night for 70% of nights

over the previous 6 months; “good adherence”).

Demographic data, Epworth Sleepiness Scale score, comorbid-

ities, medications, smoking history, self-reported sleep com-

plaints, and OSA severity, along with conventional indices of

sleep architecture and ORP-based indices in the diagnostic and

PAP titration parts of the PSG and the difference in these variables

between the 2 parts of the study, were tabulated for the 4 adher-

ence groups and compared using 1-way analysis of variance.

Pearson regression coefficients were used to evaluate (1) the

relationship between changes in different conventional varia-

bles (change in sleep efficiency, change in AHI, change in stage

1 NREM sleep, change in stage 3 NREM sleep, change in REM

sleep) on PAP, (2) the relationship between OSA severity

(AHI) in the diagnostic study and the various ORP measures,

and (3) the relationship between selected variables in the diag-

nostic part of the PSG and their change on PAP therapy.

Associations between changes in conventional PSG indices

and ORP metrics with PAP adherence were determined by mul-

tiple regression analyses with backward elimination. Elimina-

tion continued until P values for all remaining variables were

< .10. The dependent variable was PAP adherence (1 = never,

2 = quit, 3 = poor adherence, and 4 = good adherence). Indepen-

dent variables included 3 ORP indices (ORPW, ORPNREM, and

ORPTRT) and 8 conventional indices (sleep efficiency [SE],

stage 1 NREM sleep [%TRT], stage 3 NREM sleep [%TRT],

REM sleep [%TRT], AHI, arousal/awakening index, periodic

limb movement index, and mean SpO2 during sleep) measured

in the diagnostic portion of the PSG. A second multiple regres-

sion analysis was done using the changes in these 11 variables

on PAP as independent variables. A third multiple regression

analysis was done using the significant variables identified in

the first 2 multiple regression analyses to determine whether

prediction models are improved by combining variables from

the diagnostic and PAP titration portions of the PSG.

Next, the coefficients of the significant PSG variables in the

first analysis were used to calculate prediction values for PAP

adherence (Adherence Index) in each patient. In addition, logis-

tic regression (XLSTAT, Kovach Computing Services, Angle-

sey, Wales, UK) was used to determine the probability of

different categories of PAP adherence (1–4, as described in the

paragraph above) in each patient using the significant variables

in the third analysis (n = 236).

RESULTS

Two hundred thirty-six patients were recruited, of whom 121

(51%) had good PAP adherence 12 months after starting ther-

apy (Table S1 in the supplemental material). Participants were

predominantly White, obese, with a median age of 55 yrs and

interquartile range of 44-64 yrs. Sleep symptoms were com-

mon, reflected by a high prevalence of poor sleep quality, short

sleep duration, insomnia, and daytime sleepiness. Patients with

good adherence tended to be younger, more obese, and with

higher Insomnia Severity Index and Epworth Sleepiness Scale

scores, but the differences between groups were not significant.

Although the prevalence of restless legs syndrome was lower in

those with good adherence, the difference was only marginally

significant (P= .04) and the severity of restless legs syndrome

was not different (Table S1). Relatively few participants were

active smokers, and there was no difference in smoking history
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or pulmonary function tests between the groups (Table S2 in

the supplemental material). The prevalence of comorbidities

was high and similar between the groups, and medication use

was not different (Table S2). Overall, these data reflect a sleep

clinic population with severe, symptomatic OSA and a high

prevalence of medical comorbidities.

By study design, adherence with PAP therapy differed signifi-

cantly between the 3 groups for whom it was prescribed (Table

S3 in the supplemental material). The majority of patients who

were started on PAP received treatment with fixed or auto-CPAP

(n =178, 82%; Table S3). Of these, 33 (19%) quit, 57 (32%) had

poor adherence, and 88 (49%) had good adherence (Table S3).

Of 38 BPAP users, only 1 patient quit and 33 (87%) had good

adherence (Table S3). Adherence was significantly higher in the

BPAP group (x2 test, P= .0002). The level of CPAP was slightly

higher in the good-adherence group. Although the estimated AHI

was normalized by PAP therapy in all patients, there was a

marked difference in how much it was used between those with

good and poor adherence (Table S3). Finally, 10 patients

received supplemental O2 at the start of their PAP therapy, but

only 3 continued to require it 12 months later, all of whom were

in the good-adherence group. The hours of PAP use per night

over 12 months in the 3 groups showed an early decline in PAP

use that continued in those who quit and those who had poor

adherence, in contrast to those with good adherence, in whom it

continued to improve (Figure 1). The exclusion of patients who

received BPAP did not alter the PAP adherence results.

Most patients who were prescribed PAP therapy had severe

OSA, although AHI was higher and SpO2 was lower in those

with good adherence (Table 1). Conventional scoring of the

diagnostic PSG showed a higher frequency of arousals and

awakenings in the patients with good adherence but no other

differences between groups (Table 1). Digital scoring showed

that ORPNREM was higher in those with good adherence. Arte-

rial blood gas analysis preceding the PSG showed a signifi-

cantly higher bicarbonate level in the good-adherence group

(Table 1). Conventional scoring of the PAP titration part of the

split-night PSG showed that SpO2was lower and the proportion

of REM sleep was slightly higher in those with good adherence

but showed no other differences in sleep architecture between

the groups (Table S4 in the supplemental material). Digital

scoring showed no differences in ORP values between the 4

adherence groups (Table S4).

Table 2 shows the changes in conventional and ORP indices

of sleep between the diagnostic and PAP titration parts of the

PSG. AHI and the arousal/awakening index decreased substan-

tially more (P=7.E-05 and 3.E-04, respectively) and SE

increased more (P=4.E-03) on PAP in the good-adherence group

than in the other groups. The increase in stage 3 NREM sleep in

the good-adherence group was marginally significant, and there

were no significant intergroup differences in stage 1 and 2 NREM

sleep. As expected, AHI decreased in almost all patients (94%).

There were no significant intergroup differences in ORPW. How-

ever, ORPNREM and ORPTRT improved significantly more in the

good-adherence group (3.E-05, and 3.E-04, respectively).

Figure 2 illustrates the difficulty of using conventional sleep

architecture indices to evaluate the improvement of sleep on

PAP therapy. In many patients a conventional index improved

while another worsened, and the number of patients in whom

all conventional PSG metrics improved was only 58 (24.6%).

Furthermore, while correlations between changes in the differ-

ent indices were mostly significant, they were quite weak with

r2 being < 0.25 except for the relationship between the change

in arousal index and the change in stage 1 NREM sleep percent-

age, where it was 0.44 (Figure 2, panel F). The strength of this

correlation was partly because of the conventional scoring crite-

ria, which require a change to stage 1 NREM sleep whenever an

arousal occurs until the reappearance of a spindle or a K com-

plex40; consequently, a reduction in arousals will reduce the

number of epochs scored as stage 1 NREM sleep.

Figure 3, top, shows the relationship between OSA severity

(AHI) and ORP indices during diagnostic PSG. As reported pre-

viously,32 increasing OSA severity was associated with lower

ORPW (because of more microsleep features in epochs scored

awake), higher ORPNREM (lighter sleep), and higher ORPTRT.

However, at any given AHI, ORP metrics were highly variable.

For example, at an AHI of 60 events/h, ORPNREM ranged from

�0.8, which indicates stable sleep,32 to �1.4, which is a transi-

tional state with a mix of wake and sleep features.32 A similarly

wide range was seen for ORPW and ORPTRT. Figure 3, bottom,

shows that these abnormalities tended to reverse during PAP

titration, but the changes were also highly variable among indi-

viduals, with the change being undesirable inmany (points below

zero in ORPW and above zero in ORPNREM and ORPTRT).

Figure 4 shows scatter plots of the relationship between

selected variables. There were highly significant correlations

between diagnostic PSG values of ORPNREM, AHI, and mean

SpO2 and the changes in these variables during PAP titration

(Figure 4, panels A–C) but the correlation was considerably

weaker for SE, where the changes on PAP were bidirectional

across the entire range of SE (Figure 4, panel D).

PSG variables associated with PAP adherence
Multiple regression analysis between PAP adherence (catego-

ries 1–4) and all 11 conventional and ORP indices during

Figure 1—Adherence with PAP therapy over 12 months in

patients categorized into PAP adherence groups.

PAP = positive airway pressure.
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diagnostic PSG identified 3 significant variables with the fol-

lowing equation (n = 236; r2 = 0.12, F ratio = 10.8, P= 1E-06):

Adherence Index 5 5:51 1 0:51 ORPNREM1 0:005 AHI

2 0:037 mean SpO2
Eq. 1

Multiple regression between PAP adherence (categories

1–4) and the changes in 11 conventional and ORP indices on

PAP yielded the following equation (n = 236; r2 = 0.13, F

ratio = 11.4, P= 1E-06):

Adherence Index 5 3:02 2 0:68DORPNREM

1 0:009DSE 1 1:46DORPW

Eq. 2

Finally, multiple regression between PAP adherence (cate-

gories 1–4) and the 6 significant variables in Equation 1 and

Equation 2 yielded the following equation (n = 236; r2 = 0.16,

F ratio = 10.9, P= 1E-07):

Adherence Index 5 5:82 1 0:56 ORPNREM

20:038 mean SpO21 0:011DSE11:30DORPW

Eq. 3

Figure 5 shows the relationship between the Adherence Index

calculated for each patient according to Equation 1 and the prob-

ability for each of the 4 adherence categories to occur in the same

patient, as calculated by logistic regression. Because the

Adherence Index increased, the probability of good adherence

(category 4) increased monotonically (r2=0.98) whereas the

probabilities of the other 3 adherence outcomes (categories 1–3)

decreased monotonically (r2=0.81, 0.95, and 0.84, respectively).

At an Adherence Index of 4.0, the probability of good adherence

was approximately 90%.

Comparison of BPAP and CPAP users
As indicated above, BPAP users had significantly better adher-

ence. BPAP users had significantly lower mean SpO2 during

diagnostic PSG than CPAP users (82.7 ± 4.3 vs 87.7 ± 3.9%;

P= 1E-11) and, as a result, a higher Adherence Index

(3.37 ± 0.37 vs 3.22 ± 0.34; P= .02), predicting better adher-

ence. However, the proportion of BPAP users with good adher-

ence was above the predicted value for an Adherence Index of

3.37 (87% [from Table S3] vs 60% from Figure 5).

To determine whether the superior PAP adherence resulted

from the use of BPAP per se or to other differences that might

encourage greater adherence, and which lead to BPAP selection

in the first place, we matched every BPAP user with a CPAP

user who had a similar or the nearest available mean SpO2 during

the diagnostic PSG and compared several variables that were not

included in the multiple linear regression analysis. Thirty-seven

of 38 BPAP users and 35 of the 38 matched CPAP users had

awake arterial blood gas data, and these were included in the

Table 1—Respiratory measures, arterial blood gases, conventional indices of sleep architecture, and ORP during diagnostic PSG.

Never Quit Poor Adherence Good Adherence P

n 20 34 61 121

OSA severity

AHI (events/h) 45.6 ± 29.2 65.6 ± 32.3 68.5 ± 33.8* 80.3 ± 32.8* < .01

Mean SpO2 (%) 89.2 ± 2.6 86.9 ± 4.4 88.2 ± 3.5 85.8 ± 4.7* < .01

Arterial blood gases

PaO2 (mm Hg) 65.6 ± 8.3 63.4 ± 11.5 65.2 ± 9.8 64.4 ± 10.3 .85

PaCO2 (mm Hg) 40.7 ± 4.8 40.6 ± 3.7 40.7 ± 4.5 41.9 ± 4.6 .52

pHa 7.43 ± 0.03 7.42 ± 0.03 7.43 ± 0.03 7.43 ± 0.03 .24

Bicarbonate (mEq/L) 26.4 ± 2.3 26.3 ± 2.1 26.8 ± 2.4 27.8 ± 2.8† .01

Sleep architecture

N1 (% TRT) 18.7 ± 13.2 16.0 ± 15.1 15.6 ± 13.2 19.7 ± 13.6 .22

N2 (% TRT) 37.0 ± 12.0 38.6 ± 15.2 39.9 ± 15.8 35.7 ± 15.0 .34

N3 (% TRT) 11.9 ± 15.5 9.0 ± 10.3 10.0 ± 12.8 8.3 ± 12.5 .62

REM sleep (% TRT) 5.2 ± 5.3 5.7 ± 7.2 3.1 ± 5.0 3.3 ± 6.0 .09

Sleep efficiency (%) 73.2 ± 11.3 69.9 ± 17.1 69.5 ± 18.6 67.5 ± 18.7 .55

Arousal/awakening index (/h) 45.7 ± 25.9 42.1 ± 23.0 44.7 ± 24.8 56.5 ± 28.3†¶ < .01

ORP measures

ORPW 2.17 ± 0.10 2.10 ± 0.18 2.14 ± 0.15 2.11 ± 0.18 .29

ORPNREM 0.97 ± 0.26 0.98 ± 0.28 1.07 ± 0.29 1.17 ± 0.31*† < .01

ORPTRT 1.32 ± 0.22 1.34 ± 0.32 1.40 ± 0.34 1.48 ± 0.34 .06

Mean ± SD; P value = ANOVA. *P ≤ .05 vs never; †P ≤ .05 vs quit; ¶P ≤ .05 vs poor adherence. AHI = apnea-hypopnea index, ANOVA = analysis of variance,
mean SpO2 =mean arterial oxyhemoglobin saturation during sleep, N1 = stage 1 NREM sleep, N2 = stage 2 NREM sleep, N3 = stage 3 NREM sleep,
NREM = nonrapid eye movement, ORP = odds ratio product, ORPNREM =ORP during NREM sleep, ORPTRT =ORP total recording time, ORPw =ORP at wake
stage, OSA = obstructive sleep apnea, PaCO2 = partial pressure of arterial carbon dioxide, PaO2 = partial pressure of arterial oxygen, pHa = arterial pH,
PSG = polysomnography, REM = rapid eye movement, SD = standard deviation, TRT, total recording time.
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Table 2—Change in respiratory measures, conventional indices of sleep architecture, and ORP between diagnostic and treatment

PSG.

Never Quit Poor Adherence Good Adherence P

n 20 34 61 121

OSA severity

AHI (events/h) –25.9 ± 31.9 –51.0 ± 34.4 –44.6 ± 39.2 –61.7 ± 33.4*¶ < .01

Mean SpO2 (%) 1.5 ± 2.2 3.7 ± 4.2 2.9 ± 2.7 3.9 ± 3.3* < .01

Sleep architecture

N1 (% TRT) –8.1 ± 12.6 –7.0 ± 14.5 –4.7 ± 11.8 –10.0 ± 12.1 .06

N2 (% TRT) –5.8 ± 18.6 –0.2 ± 14.5 –0.5 ± 18.3 0.3 ± 17.1 .54

N3 (% TRT) –4.1 ± 12.1 –4.6 ± 7.9 –4.4 ± 11.9 0.5 ± 13.2¶ .02

REM sleep (% TRT) 11.0 ± 17.7 14.3 ± 14.6 11.6 ± 14.3 17.4 ± 14.2 .05

Sleep efficiency (%) –7.4 ± 20.4 1.9 ± 17.7 0.4 ± 17.7 8.3 ± 22.2* < .01

Arousal/awakening
index (/h)

–12.2 ± 31.3 –18.9 ± 26.0 –13.9 ± 24.9 –31.7 ± 31.8*¶ < .01

ORP measures

ORPW –0.06 ± 0.18 –0.02 ± 0.16 –0.01 ± 0.12 0.02 ± 0.15 .16

ORPNREM –0.05 ± 0.28 –0.16 ± 0.28 –0.14 ± 0.26 –0.30 ± 0.28*†¶ < .01

ORPTRT 0.06 ± 0.36 –0.09 ± 0.34 –0.08 ± 0.32 –0.24 ± 0.34*¶ < .01

Mean ± SD; P value = ANOVA. *P ≤ .05 vs never; †P ≤ .05 vs quit; ¶P ≤ .05 vs poor adherence. AHI = apnea-hypopnea index, ANOVA = analysis of variance,
mean SpO2 =mean arterial oxyhemoglobin saturation during sleep, N1 = stage 1 NREM sleep, N2 = stage 2 NREM sleep, N3 = stage 3 NREM sleep,
NREM = nonrapid eye movement, ORP = odds ratio product, ORPNREM =ORP during NREM sleep, ORPTRT =ORP total recording time, ORPw =ORP at wake
stage, OSA = obstructive sleep apnea, PSG = polysomnography, REM = rapid eye movement, SD = standard deviation, TRT, total recording time.

Figure 2—Relationship between the changes in conventional PSG indices during PAP titration compared to their diagnostic

values.

AHI = apnea-hypopnea index, N1 = stage 1 NREM sleep, N3 = stage 3 NREM sleep, PAP = positive airway pressure, PSG = polysomnography, REM = rapid eye
movement (expressed as percentage of TRT), TRT = total recording time.
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comparison (Table 3). At a similar mean SpO2, BPAP users con-

tinued to represent a significantly higher proportion of patients

with good adherence (P < .01; Table 3) despite no difference in

the Adherence Index, in variables included in the Adherence

Index, or in other variables included in Equation 1 (ORPWAKE,

ORPTRT, arousal/awakening index, periodic leg movement

index). However, BPAP users had significantly higher awake

partial pressure of arterial carbon dioxide and serum bicarbonate

(HCO3) HCO3
2, consistent with compensated respiratory acido-

sis. Interestingly, when the multiple regression analysis using the

11 variables derived from diagnostic study was repeated after

excluding BPAP users (n= 197), there was no longer an associa-

tion between mean SpO2 and the adherence category (1–4).

ORPNREM and AHI remained the only variables to show signifi-

cant associations with adherence with similar predictive power

before excluding BPAP data (P=2E-07):

Adherence Index 5 1:78 1 0:83 � ORPNREM1 0:005 � AHI

Eq. 4

In the entire group of CPAP users, awake blood gas analysis

showed a normal acid balance (partial pressure of arterial CO2=

40.2±4.0mmHg, pH=7.40±0.03, HCO3
2 =26.5±2.4mmol/L).

These results suggest that the association between mean SpO2

and adherence is limited to patients who met our PSG criteria

for BPAP use and who showed evidence of chronic hypoventi-

lation (Table 3).

DISCUSSION

We investigated whether a validated index of sleep depth

(ORP) and a surrogate index of sleep hypoventilation (mean

nocturnal SpO2) and their change with PAP therapy predicted

long-term adherence with this treatment. We found that the

combination of these 2 objective metrics with conventional

measures of sleep quality provided a composite index (the

Adherence Index) that was robustly associated with the proba-

bility of good long-term adherence to PAP therapy. Further-

more, Adherence Indices determined from diagnostic PSG

alone (Equation 1) were only marginally inferior to those

obtained during PAP titration (Equation 2 and Equation 3),

indicating that PAP adherence can be predicted from diagnostic

PSG data before the initiation of PAP therapy in most patients.

However, adherence was clearly superior to what was predicted

from the first analysis (diagnostic PSG variables) in a subgroup

of patients with hypoxemia associated with chronic hypoventi-

lation, who were identified during PAP titration and were

treated with BPAP.

Variables used to predict PAP adherence
In this study, we investigated 2 PSG variables not previously

explored in studies of PAP adherence—ORP and mean noctur-

nal SpO2—based on our hypothesis that a collapsible upper

Figure 3—AHI and ORP in the diagnostic PSG.

Top: Relationship between AHI and ORP in the diagnostic PSG. Bottom: Relationship between AHI in the diagnostic PSG and change in ORP on PAP therapy.
ORP during wake stage (ORPW), NREM sleep stage (ORPNREM), and total recording time (ORPTRT). Note that at AHI < 40 events/h, the changes in all ORP
metrics with PAP (Bottom) are bidirectional and predominantly undesirable (negative for ORPW and positive for ORPNREM and ORPTRT). AHI = apnea-hypopnea
index, NREM = nonrapid eye movement, ORP = odds ratio product, PAP = positive airway pressure, PSG = polysomnography.
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airway may impair sleep quality by disrupting sleep and/or by

resulting in hypoventilation, depending on the arousal threshold

and the ventilatory response to asphyxia.41 Because both high

sleep ORP (light sleep) and hypercapnia can result from causes

other than upper airway collapse, the other condition we

imposed was that these abnormalities should be reversed by

PAP titration. We reasoned that if these conditions are met,

then sleep quality should improve on PAP to the point where

the clinical benefits outweigh the challenges of using this ther-

apy, resulting in good long-term adherence.

In developing the prediction model, we included all varia-

bles, conventional and ORP-related, that are readily available

during routine diagnostic and PAP titration PSG and potentially

contribute to nocturnal and daytime symptoms such that their

improvement on PAP may facilitate PAP acceptance. Of the 1

such variables available in the diagnostic PSG studies, the 3

that were most strongly associated with PAP adherence were

ORPNREM, AHI, and mean nocturnal SpO2 (from the first

analysis).

Figure 4—Relationship between selected variables in the diagnostic PSG and their change during PAP titration.

AHI = apnea-hypopnea index, NREM = nonrapid eye movement, ORP = odds ratio product, PAP = positive airway pressure, PSG = polysomnography, SE = sleep
efficiency, SpO2 = oxy-hemoglobin saturation.

Figure 5—Probability of each adherence outcome based

on the Adherence Index.

MLR = multiple linear regression.
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It is plausible that improvement in objective measures of

sleep depth (reflected by a decrease in ORPNREM) would be

accompanied by improvement in perceived sleep quality and

thereby promote PAP adherence. The continued association of

AHI with PAP adherence after controlling for changes in sleep

depth indicates that the frequency of obstructive events is

important whether sleep is light or deep. In the case of light

sleep and, given that light sleep is not restricted to OSA, a high

AHI increases the likelihood of the light sleep being OSA-

related and hence likely to improve on PAP. On the other hand,

when OSA occurs during deep sleep, ORP often increases at the

end of the respiratory event, and this increase may or not be

sufficient to be scored as a conventional arousal (Figure S1 in

the supplemental material, panel A). Regardless, such brief

decreases in sleep depth represent transient interruptions of

deep sleep, and this would be eliminated with the relief of

obstructive respiratory events.

The negative association between mean nocturnal SpO2 and

PAP adherence was only evident when BPAP users, who had

evidence of chronic hypoventilation (Table 3), were included

in the regression analysis. This finding is in keeping with previ-

ous reports that chronic hypercapnia in the setting of OSA is an

important determinant of impaired cognitive function and

excessive sleepiness.18,19 The coexistence of hypoventilation in

the BPAP group would be expected to result in greater symp-

tomatic relief and, by extension, better adherence following the

relief of OSA. Whether the use of BPAP per se accounted for

better adherence, eg, because it is better tolerated or is more

effective in managing hypoventilation, cannot be determined in

this study.

Analysis of the association between the change in PSG varia-

bles during PAP titration and PAP adherence showed that the

change in both SE and ORPWAKE (Equation 2 and Equation 3)

were associated with better adherence. It is not surprising that

an improvement in SE would improve cognitive function and

thereby promote PAP adherence.37,42,43 What was unexpected

was the improvement in SE with PAP in most patients with low

SE in the diagnostic study (Figure 4, panel D) because a recent

study found that excessive wake time in patients with OSA is

not the result of OSA.30 However, OSA in the latter study was

only mild/moderate (AHI [mean, 5–95 percentile] 21 events/h;

3–75), whereas it was very severe in the current study (AHI 73

events/h; 19–127). This finding implies that excessive wake

time may be directly related to OSA when OSA is severe.

We reported previously that ORPWAKE decreases as a func-

tion of OSA severity,32 and this was confirmed in the current

study (r2 = 0.059, P < .0002; Figure 3, panel A). Low ORP dur-

ing the wake stage indicates the presence of sleep features

within epochs scored as awake by conventional criteria.32 One

such sleep feature is the presence of microsleep episodes (sleep

intrusions) during which ORP is below the usual wake range

(> 1.75; Figure S1, panel B).32 Although frequent microsleep

periods are nonspecific, they are commonly seen in patients

with very severe OSA where obstructive events occur as the

Table 3—Adherence and other variables in BPAP and CPAP users matched for nocturnal hypoxemia.

BPAP CPAP P

n 38 38

Adherence category

Good adherence, n (%) 33 (86.9) 20 (52.6) < .01

Poor adherence, n (%) 4 (10.5) 6 (15.8)

Quit, n (%) 1 (2.6) 12 (31.6)

Adherence Index

Adherence Index (model 1) 3.37 ± 0.37 3.44 ± 0.36 .38

ORPNREM 1.06 ± 0.36 1.18 ± 0.30 .14

AHI (events/h) 74.7 ± 35.3 83.9 ± 34.7 .26

Mean SpO2 (%) 82.6 ± 4.3 82.7 ± 4.1 .93

Other variables

ORPW 2.12 ± 0.16 2.08 ± 0.20 .35

ORPTRT 1.36 ± 0.42 1.40 ± 0.34 .67

Arousal/awakening index (/h) 50.1 ± 29.3 51.5 ± 26.6 .83

PLM index (/h) 13.1 ± 27.4 9.0 ± 10.9 .40

PaO2 (mm Hg) 58.2 ± 11.3 63.8 ± 11.4 .04

PaCO2 (mm Hg) 45.1 ± 4.1 40.9 ± 3.8 < .01

pHa 7.42 ± 0.03 7.43 ± 0.03 .80

Bicarbonate (mEq/L) 29.3 ± 2.5 26.8 ± 2.2 < .01

Number (%), (P value =x2); mean ± SD (P value = t test). AHI = apnea-hypopnea index, BPAP = bilevel positive airway pressure, CPAP = continuous positive
airway pressure, ORP = odds ratio product, ORPNREM = ORP during NREM sleep, ORPTRT =ORP total recording time, ORPw =ORP at wake stage,
PaCO2 = partial pressure of arterial carbon dioxide, PaO2 = partial pressure of arterial oxygen, pHa = arterial pH, PLM = periodic limb movements,
SD = standard deviation, SpO2 = oxyhemoglobin saturation, TRT = total recording time.

MK Younes, AE Beaudin, JK Raneri, et al. Prediction of long-term PAP adherence

Journal of Clinical Sleep Medicine, Vol. 18, No. 8 1941 August 1, 2022

D
o
w

n
lo

ad
ed

 f
ro

m
 j

cs
m

.a
as

m
.o

rg
 b

y
 K

ir
st

en
 T

ay
lo

r 
o
n
 A

u
g
u
st

 3
1
, 
2
0
2
2
. 
F

o
r 

p
er

so
n
al

 u
se

 o
n
ly

. 
N

o
 o

th
er

 u
se

s 
w

it
h
o
u
t 

p
er

m
is

si
o
n
. 

C
o
p
y
ri

g
h
t 

2
0
2
2
 A

m
er

ic
an

 A
ca

d
em

y
 o

f 
S

le
ep

 M
ed

ic
in

e.
 A

ll
 r

ig
h
ts

 r
es

er
v
ed

. 



patient drifts toward sleep but progression to sleep is aborted by

the obstructive event (Figure S1, panel B). ORPWAKE in the

diagnostic PSG was not associated with better PAP adherence

(Equation 1), which likely reflected the nonspecific nature of

low ORPWAKE. However, an increase in ORPWAKE on PAP

suggested that sleep intrusions during wake epochs are in part

related to OSA. The fact that reversal of these intrusions, as

indicated by a higher ORPWAKE on PAP, was associated with

improved PAP adherence to CPAP (Equation 2 and Equation

3) suggests that sleep intrusions during the wake stage

adversely impact sleep quality.

Predictions based on diagnostic PSG variables vs
changes in PSG variables on PAP
We had expected that the changes in PSG variables associated

with PAP titration would be more predictive than diagnostic

PSG measures of sleep. However, predictions based on diag-

nostic PSG measures were almost as strong as those based on

PAP-induced changes (Equation 1 vs Equation 2). The reason

for this welcome finding is that changes in the relevant PSG

variables on PAP were directly correlated with the diagnostic

PSG measures (Figure 4, panels A–D). Thus, ORPNREM or

AHI cannot decrease much if they are already low at baseline,

and SpO2 and SE cannot increase much if they are already high.

It is also possible that split-night PSG studies, representing the

first and brief exposure to PAP, do not indicate the full benefit

of PAP when the patient has not been acclimated to it. Notwith-

standing this limitation, it appears that predictions of PAP

adherence based on diagnostic PSG measures may be adequate

in most patients. This may be useful in patients who are treated

with auto-CPAP without a PAP titration PSG. It would also be

of interest to determine whether patients with OSA and chronic

hypoventilation do as well on CPAP as on BPAP given more

time on CPAP to allow for the slower adjustment of the acid-

base balance in the presence of chronic respiratory acidosis.

The Adherence Index and its clinical implications
The Adherence Index provides an indication of the likelihood

that a patient diagnosed with OSA will be adherent with PAP

therapy. The exact probabilities were derived using logistic

regression and are shown in Figure 5. The likelihood of good

adherence increases progressively as the index increases from

2.5 (16% probability) to 4.2 (> 90% probability). At the same

time, the index gives quantitative information about how dis-

ruptive OSA is to the patient’s sleep quality. Thus, an index

of 2.5 using Equation 1 means that sleep is quite deep (low

ORPNREM) and that there is no significant sleep hypoventilation

despite OSA, whereas a value of 4 indicates serious disturbance

in both variables. This information can add to a precision

medicine–based approach in the management of an individual

patient’s sleep-disordered breathing. For example, a high

Adherence Index increases the likelihood that PAP therapy will

improve sleep quality, whereas a low Adherence Index makes a

good response to PAP less likely and should prompt re-

evaluation of the relevance of OSA to the patient’s sleep symp-

toms. On the other hand, a patient who has difficulty using PAP

despite a high Adherence Index may require evaluation of new

medical or environmental factors that may be responsible. The

use of a low Adherence Index obtained from a diagnostic PSG

may be valuable both in patients with mild to moderate OSA,

for whom alternative therapies to PAP may be considered, and

in patients with severe OSA, for whom additional support may

be required to improve their ability to use PAP therapy.

Limitations
The study has a number of limitations. First, this was a retrospec-

tive analysis of PSGs from a single center. Although this was a

sleep clinic population referred for investigation of OSA, the pro-

portion of female patients in each of our 4 PAP adherence groups

was 40% or higher (Table S1). The predominance of White

patients reflects the demographics of the community we serve.

Although the sample size was relatively small (n= 236), it com-

pares favorably to previous publications that have addressed this

topic.15,16,20–23 Furthermore, a strength of our cohort is the

detailed clinical and PSG data in addition to arterial blood gas

analysis and nocturnal transcutaneous PCO2 monitoring, which

were not included in previous publications. Second, the Adher-

ence Indices were derived from only a few hours of PSG record-

ings in split-night studies. Although split-night PSG studies have

their limitations, they provided the opportunity to compare the

strength of the Adherence Index on and off PAP therapy in a sin-

gle night without the potential for confounding variables that

may arise between 2 separate nights to influence our results.

Third, most patients had severe OSA, which limits the generaliz-

ability of our findings to all patients with OSA. However, poor

PAP adherence was not limited to those with mild and moderate

OSA, reflected by the fact that the AHI was not significantly dif-

ferent between the 4 PAP adherence groups (Table S4); conse-

quently, patients with different OSA severity who had poor PAP

adherence were included in our analysis. Fourth, we did not mea-

sure all of the multiple additional factors that can influence PAP

adherence, including potential differences in how patients were

followed up once they were started on PAP therapy. Conse-

quently, these results need to be validated in prospective studies

utilizing full-night PSG with and without PAP titration and

including patients with a broader spectrum of OSA severity.

However, this limitation should not detract from the main find-

ings of the current study, which highlights the importance of

improved sleep quality and the correction of nocturnal hypox-

emia as significant determinants of long-term adherence with

PAP therapy. Furthermore, the study provides a general template

for obtaining the probability of good PAP adherence that can be

implemented in future studies.

CONCLUSIONS

In summary, we have shown that combining conventional sleep

measures and an index of sleep depth, based on the ORP, in the

diagnostic PSG provides an Adherence Index that predicts

long-term adherence with PAP therapy. This added value of the

diagnostic PSG is available before PAP therapy is started and

can provide an early indication of whether individual patients

require additional resources in their management. Future
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prospective studies are required to determine whether the use of

this index will improve long-term adherence with PAP therapy

and its impact on clinical outcomes.

ABBREVIATIONS

AHI, apnea-hypopnea index

BPAP, bilevel PAP

CPAP, continuous PAP

NREM, nonrapid eye movement

ORP, odds ratio product

ORPNREM, ORP during NREM sleep

ORPTRT, ORP total recording time

ORPW, ORP during wake stage

OSA, obstructive sleep apnea

PAP, positive airway pressure

PSG, polysomnography

REM, rapid eye movement

SE, sleep efficiency

SpO2, arterial oxyhemoglobin saturation measured by pulse

oximetry
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