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Abstract

Rationale

Despite the high prevalence of obstructive sleep apnea (OSA) and concurrent use of opioid

therapy, no large-scale population studies have investigated whether opioid use and pre-

existing OSA may interact synergistically to increase the risk of adverse health conse-

quences. To address this knowledge gap, we conducted a retrospective cohort study using

provincial health administrative data to evaluate whether the combined presence of opioid

use and OSA increases the risk of adverse health consequences, such as mortality, hospi-

talizations, and emergency department (ED) visits; and if it does, whether this co-occur-

rence has synergistic clinical relevance.

Methods

We included all adults who underwent a diagnostic sleep study in Ontario, Canada, between

2013 and 2016. Individuals were considered exposed to opioids if they filled a prescription

that overlapped with the date of their sleep study (Opioid+). Individuals with at least a 50%

probability of having a diagnosis of moderate to severe OSA (OSA+) were identified using a

previously externally validated case-ascertainment model. The primary outcome was all-

cause mortality; secondary outcomes were all-cause or ischemic heart disease hospitaliza-

tions, all-cause ED visits, and motor vehicle collisions (MVC) requiring hospital or ED visit.

We used multivariable Cox regression models to compare hazards between four mutually
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exclusive groups: (1) Opioid+ OSA+; (2) Opioid+ OSA-; (3) Opioid- OSA+, and (4) OSA-

Opioid- (reference for comparison). Relative excess risks due to interaction (RERI) were cal-

culated to test for additive interaction.

Results

Of 300,663 adults who underwent a sleep study, 15,713 (5.2%) were considered as Opioid+

and 128,351 (42.7%) as OSA+. Over a median of two years, 6,223 (2.1%) died from any

cause. Regardless of OSA status, opioid use at the date of the sleep study was associated

with an increased hazard for all-cause mortality with the greatest hazard associated with

Opioid+ OSA- (adjusted hazard ratio [aHR]: 1.75, 95% CI 1.57–1.94), but not Opioid+ OSA

+ (aHR: 1.14, 95% CI 1.02–1.27) as hypothesized. Regardless of OSA status, opioid use at

the date of the sleep study was associated with an increased hazard for all secondary out-

comes. Opioid+ OSA+ was associated with the greatest hazards of all-cause hospitaliza-

tions (aHR 1.55, 95% CI 1.49–1.61) and MVC (aHR of 1.39; 95% CI 1.09–1.77); however,

no statistically significant synergistic effects were observed.

Conclusions

Adults referred for sleep disorder assessment who used opioids had a significantly

increased hazard of adverse health outcomes than those who did not, regardless of whether

they had a high probability of moderate to severe OSA. The use of opioids and OSA was

associated with the greatest hazard of all-cause hospitalizations and MVC requiring hospital

or ED visit. The interaction of opioids and OSA did not confer a synergistic risk for poor

outcomes.

Introduction

The ongoing opioid epidemic in North America [1] has led to an increased frequency of

adverse opioid-related outcomes, such as higher rates of emergency department (ED) visits,

hospitalization, and mortality [2, 3]. Although the current epidemic and adverse outcomes are

no longer being driven by prescribed opioids for therapeutic use [4, 5], safe prescribing of opi-

oids is still important [6]. Despite an overall decline in prescribed opioids over time, in some

populations, prescriptions of long-term opioids increased as well as rates of a high-dose opioid

use [7, 8]; thus, increasing the risk of complications associated with opioids, including altered

sleep architecture, sleep quality, respiratory function during sleep, and increased daytime

tiredness [9]. Nonfatal opioid-related outcomes, such as ED visits and hospitalizations, have

been reported, even when opioids were used as directed [10]. Recent data also suggest the

potential harm of commonly used opioids among individuals with cardiovascular disease [11].

Therefore, it is essential to understand the factors contributing to such outcomes, particularly

in sub-populations with a higher risk.

Obstructive sleep apnea (OSA) is the most common reason for referral for sleep clinic

assessment, and is one of the most prevalent sleep disordered breathing, with an estimated

global prevalence of nearly one billion people [12]. OSA is characterized by repeated episodes

of upper airway obstruction during sleep and requires an overnight sleep study for the diagno-

sis [13]. Individuals with untreated OSA have poorer quality of life, increased cardiovascular
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and metabolic risk, and make greater and more costly use of the healthcare system than the

general population [14–19]. Societal impacts of OSA through daytime sleepiness include an

increased risk of motor vehicle collisions (MVC), workplace accidents, and lost productivity

[20–23].

It is estimated that 36% to 85% of individuals taking opioids may have sleep disordered

breathing, including OSA [24–27]. We demonstrated a higher prevalence of chronic opioid

use with a large proportion on long-acting opioids and higher opioid dosages among adults

referred for a sleep disorder assessment than the general population [28]. This high prevalence

is important because plausible pathogenetic mechanisms exist suggesting that opioids may not

only be a risk factor for OSA, but may also adversely impact respiratory function among indi-

viduals with OSA [27, 29] through a decrease in airway muscle tone, the output of the respira-

tory pacemaker, and central respiratory drive [30]. However, the current evidence on the

effects of opioids on OSA is inconsistent [31–33]. Previous studies suggested that only a subset

of OSA patients may be at increased risk for opioid-induced ventilatory compromise. Despite

the high prevalence of OSA and concurrent use of opioid therapy, no large-scale population

studies have investigated whether opioid use and pre-existing OSA may interact synergistically

to increase the risk of adverse health consequences [31].

To address this knowledge gap, we evaluated whether the combined presence of opioid use

and OSA increases the risk of adverse health consequences, such as mortality, hospitalizations,

and ED visits; and if it does, whether this co-occurrence has synergistic clinical relevance.

Methods

Study design

We conducted a retrospective longitudinal population-based cohort study utilizing provincial

health administrative data in Ontario, the most populous province in Canada. The use of data

in this project was authorized under section 45 of Ontario’s Personal Health Information Pro-

tection Act, which does not require review by a Research Ethics Board.

Data sources. ICES is an independent, non-profit research institute whose legal status

under Ontario’s health information privacy law allows it to collect and analyze health care and

demographic data, without consent, for health system evaluation and improvement. Since

1991, high-quality administrative databases [34] on publicly funded services provided by phy-

sicians and hospitals for all Ontario residents are housed at ICES, including individual-level

information on outpatient and outpatient visits, including procedures [35]. A description of

databases is available at https://datadictionary.ices.on.ca/Applications/DataDictionary/. In this

study, we used the Registered Persons Database (RPDB); Same Day Surgery Database (SDS);

the National Ambulatory Care Registry System (NACRS); the Ontario Health Insurance Plan

(OHIP) database; the Canadian Census; the ICES Physician Database (IPDB), and ICES-

derived disease-specific databases. We also used the Narcotics Monitoring System (NMS)

database to capture data on dispensed prescriptions for controlled substances and other moni-

tored drugs such as opioids, benzodiazepines/zolpidem, barbiturates, and stimulants since July

1, 2012. Furthermore, for all insured Ontario residents who underwent an overnight sleep

study in a sleep laboratory setting and have been diagnosed with OSA by a sleep physician reg-

istered with the Assistive Devices Program (ADP), partial funding is provided for positive air-

way pressure (PAP) systems, recommended treatment for individuals with moderate to severe

OSA [36–42], and documented in the ADP database [43]. Funding eligibility does not depend

on OSA severity or PAP therapy use. Details on eligibility criteria are available at www.ontario.

ca/page/respiratory-equipment-and-supplies and www.ontvep.ca/about-us. These databases

were linked using unique encoded identifiers at ICES.
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Study population. All adults aged 18 years and older who underwent a diagnostic sleep

study from July 2013 to June 2016 were included. We chose this time to ensure (i) a one-year

lookback window to identify opioid users through the NMS and (ii) more than one year of fol-

low-up for each included subject. The index date was the date of the diagnostic sleep study.

Each included individual was followed forward from the index date until the end of the follow-

up period (March 31, 2018), emigration from Ontario, or until death, whichever came first.

We excluded individuals who: (1) were in long-term care [44] or received palliative care

[45] in the year prior to the index date; (2) were already on PAP at the index date or underwent

a therapeutic sleep study during the last five years preceding the index date; or (3) at the index

date, were taking opioids which are rarely used and/or with not well-defined morphine equiva-

lencies, such as intranasal, injectable, or rectal suppositories. Details on definitions and exclu-

sion criteria are also provided in the Data Supplement (S1 Table).

Primary exposures

Case-ascertainment model to identify individuals with moderate to severe OSA. We

used the previously validated case-ascertainment model against a diagnostic sleep study (gold

standard) to identify individuals with moderate to severe OSA [46]. This model contained six

variables in relation to an index sleep study: an outpatient visit for OSA from a specialist physi-

cian, a repeated sleep study and a PAP treatment claim within 1 year of the index sleep study,

patient sex and age at the index sleep study and hospitalizations with hypertension in the last 3

years prior to the sleep study [46]. On the external cohort, this definition yielded a sensitivity

of 59% (95% CI: 58–60), specificity of 87% (95% CI: 0.87–0.88), a positive predictive value of

0.79 (95% CI: 0.78–0.80) and negative predictive value of 0.73 (95% CI: 0.72–0.74) to identify

individuals with an estimated probability of 0.5 or greater of moderate to severe OSA [46].

For the primary analysis, all individuals with an estimated probability of 0.5 or greater using

the case-ascertainment models were classified as having OSA. For the secondary analyses, the

probability of moderate to severe OSA was considered as a continuous variable ranging

between 0 and 1.

Opioid use at the index date. All opioids dispensed between July 2012 and March 2018
were identified through the NMS database, including oral formulations of morphine, codeine,

oxycodone, meperidine, hydromorphone, pentazocine, tramadol, tapentadol, and opium, as

well as transdermal fentanyl, and buprenorphine patches.

Individuals were considered on opioids at the index date if an opioid prescription duration

overlapped the index date. We calculated the average morphine equivalent daily dose on the

index date based on the number of tablets dispensed, the strength of the medications and the

number of days’ supply.

Outcomes

Our primary outcome was all-cause mortality. As secondary outcomes, we considered any hos-

pital admission or hospitalization for ischemic heart disease (IHD) [47] any ED visit, and

MVC requiring hospitalization or ED visits in which an individual was a driver of the motor

vehicle [48].

Risk adjustment covariates

The following factors were considered as potential confounders or risk factors in the statistical

model prior or at the index date: (i) demographics: age, sex, place of residence, and neighbor-

hood income quintile as a measure of socioeconomic status [49]; (ii) receipt of benzodiaze-

pines within the year prior to the index date [50]; (iii) separate prevalent comorbidities
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(hypertension, diabetes, psychiatric comorbidities, arthritis, asthma, COPD [including severe

COPD which may require an opioid prescription], cancer, cardiovascular, liver and kidney

diseases); (iv) Charlson comorbidity index, a weighted index of comorbidities for predicting

mortality [51]; (v) any outpatient or inpatient surgical intervention in the last year; (vi) sub-

stance use disorder [52] (including opioid use) and neuromuscular disorder in the last five

years; and (vii) number of the primary care office visit in the last year prior to the index date as

a measure of the prior health care exposure. Where relevant, we used validated algorithms to

ascertain specific conditions [53–60]. Details on definitions and diagnostic codes used are pro-

vided in the Data Supplement (S1 Table).

Analyses

Descriptive statistics were used to characterize the study population overall and by exposures

at the index date. Unadjusted Kaplan-Meier survival curves for the primary outcome and all-

cause mortality were plotted by exposure status and compared between groups using the log-

rank test. For secondary outcomes, we estimated incidence with the cumulative incidence

function, which accounts for competing risks [61], and compared between groups using

Gray’s test.

Primary analyses. To quantify interaction on the additive scale [62, 63], we followed a

recommended analytic approach, which involves constructing one categorical variable

with four levels that combines two dichotomous determinants (primary exposures). Spe-

cifically, to investigate the combined effect of opioid use and moderate to severe OSA on

outcomes of interest, using univariate and multivariable Cox regression model with all

covariates defined above, hazards of each outcome, separately, were compared between

four mutually exclusive groups: (1) individuals with at least 50% probability of moderate

to severe OSA who were exposed to opioids (Opioid+ OSA+); (2) individuals with less

than 50% probability of moderate to severe OSA who were exposed to opioids (Opioid

+ OSA–); (3) individuals with at least 50% probability of moderate to severe OSA who are

not exposed to opioids (Opioid–OSA+), and (4) individuals with less than 50% probability

of moderate to severe OSA who are not exposed to opioids (Opioid–OSA–; reference

group). Caused-specific multivariable Cox regression models to adjust for all-cause mor-

tality as a competing event were used to investigate the relationship between four groups

of interest and secondary outcomes.

Based on obtained adjusted hazard ratios (aHRs), we calculated three measures of biological

interaction on the additive scale: (i) the relative excess risk due to interaction (RERI), (ii) the

attributable proportion due to interaction (AP), and (iii) the synergy index (S) (S1 Text) [62,

64]. A RERI of zero indicates no interaction, a RERI greater than zero indicates a synergetic
interaction, and a RERI less than zero indicates a negative interaction.

Secondary analyses. To check the robustness of our findings, we included a statistical

interaction term between opioid prescription on the index date and probability of moderate to

severe OSA (range between 0 and 1). To account for nonlinearity, we transformed the continu-

ous probability of moderate to severe OSA via a 5-knot restricted cubic spline (knot place-

ments: 5th, 27.5th, 50th, 72.5th, 95th percentiles). Adjusted HRs and 95% CI comparing

Opioid+ vs. Opioid- were computed and visualized at incremental OSA probability thresholds

(from 0 to 1 by 0.1 units) [65, 66].

Finally, we tested the effect of prescribed opioids and a high probability of OSA as separate

independent variables in the statistical model adjusting for confounders.

All statistical analyses were performed in the secure environment at ICES following Ontario

privacy standards using SAS 9.3 (SAS Institute Inc., Cary, NC).
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Results

Description of population characteristics

We found that in Ontario between 2013 and 2016, a total of 300,663 adults (median age of 51

years; 169,309 [56.3%] male; 55,575 [18.5%] reside at the lowest neighbourhood income quin-

tile) were referred to a sleep clinic for a sleep disorder assessment, underwent an initial diag-

nostic sleep study and met our inclusion criteria (Table 1).

As exposures of interest, 15,713 (5.2%) were active opioid users and 128,351 (42.7%) had at

least 50% probability of moderate to severe OSA. Among active opioid users, 5,699 (36.3%)

were on long-acting opioids and 2,458 (15.6%) were on total daily dose�200 mg of morphine

or equivalent [29]. Most often prescribed opioids were codeine (4,323 [27.5%]), hydromor-

phone (2,155 [13.7%]), and oxycodone (1,620 [10.3%]).

Table 1. Baseline characteristics at the date of the diagnostic sleep study for the entire cohort and by active opioid prescription (being on opioids at the date of the

diagnostic sleep study [index date]) and at least a 50% probability of moderate to severe obstructive sleep apnea (OSA)�.

Characteristics Opioid- OSA- Opioid- OSA+ Opioid+ OSA- Opioid+ OSA+ TOTAL

N = 163,657 N = 121,293 N = 8,655 N = 7,058 N = 300,663

Demographics at the index date
Age, years; Median (IQR) 48 (37–58) 55 (45–64) 52 (43–61) 57 (50–65) 51 (41–61)

Sex: Male 78,767 (48.1) 82,853 (68.3) 3,530 (40.8) 4,159 (58.9) 169,309 (56.3)

Neighbourhood Income Quintile 1 (lowest) 29,900 (18.3) 21,392 (17.6) 2,391 (27.6) 1,892 (26.8) 55,575 (18.5)

2 32,409 (19.8) 24,163 (19.9) 1,973 (22.8) 1,601 (22.7) 60,146 (20.0)

3 32,911 (20.1) 24,898 (20.5) 1,676 (19.4) 1,383 (19.6) 60,868 (20.2)

4 33,664 (20.6) 25,044 (20.6) 1,441 (16.6) 1,165 (16.5) 61,314 (20.4)

5 (highest) 34,389 (21.0) 25,574 (21.1) 1,149 (13.3) 1,007 (14.3) 62,119 (20.7)

Rurality: Yes 15,849 (9.7) 13,944 (11.5) 1,263 (14.6) 1,181 (16.7) 32,237 (10.7)

Comorbidities, primary health care exposure, surgical interventions and controlled substances use in the last year
Charlson Comorbidity Index (CCI) None (CCI

score = 0)

157,851 (96.5) 113,930 (93.9) 7,666 (88.6) 6,014 (85.2) 285,461 (94.9)

Low (CCI

score = 1)

2,604 (1.6) 3,075 (2.5) 457 (5.3) 412 (5.8) 6,548 (2.2)

Moderate (CCI

score = 2)

1,838 (1.1) 2,551 (2.1) 280 (3.2) 323 (4.6) 4,992 (1.7)

High (CCI

score� 3)

1,364 (0.8) 1,737 (1.4) 252 (2.9) 309 (4.4) 3,662 (1.2)

Number of Primary Care Visits, Median (IQR) 4 (2–8) 4 (2–8) 9 (5–15) 8 (5–13) 5 (2–8)

Surgery/Intervention Indicator 5,362 (3.3) 5,639 (4.6) 634 (7.3) 662 (9.4) 12,297 (4.1)

Benzodiazepine Dispensed 24,073 (14.7) 15,299 (12.6) 3,626 (41.9) 2,527 (35.8) 45,525 (15.1)

Cannabinoids Dispensed 481 (0.3) 250 (0.2) 445 (5.1) 219 (3.1) 1,395 (0.5)

Stimulants Dispensed 2,925 (1.8) 1,181 (1.0) 251 (2.9) 132 (1.9) 4,489 (1.5)

Prior comorbidities
Chronic heart failure 4,382 (2.7) 6,309 (5.2) 554 (6.4) 687 (9.7) 11,932 (4.0)

Chronic obstructive pulmonary disease 14,684 (9.0) 16,079 (13.3) 2,278 (26.3) 2,105 (29.8) 35,146 (11.7)

Coronary artery disease 13,202 (8.1) 17,149 (14.1) 1,246 (14.4) 1,507 (21.4) 33,104 (11.0)

Diabetes 23,581 (14.4) 28,227 (23.3) 2,292 (26.5) 2,431 (34.4) 56,531 (18.8)

Hypertension 51,881 (31.7) 60,104 (49.6) 4,001 (46.2) 4,452 (63.1) 120,438 (40.1)

Non-psychotic Mood and Anxiety Disorders 45,667 (27.9) 25,960 (21.4) 3,885 (44.9) 2,595 (36.8) 78,107 (26.0)

Cancer 7,618 (4.7) 8,434 (7.0) 573 (6.6) 632 (9.0) 17,257 (5.7)

�Unless otherwise specified, results were presented as numbers and percentages per column in a bracket.

CCI, Charlson Comorbidity Index; IQR, interquartile range; OSA, obstructive sleep apnea

https://doi.org/10.1371/journal.pone.0269112.t001
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Over a median follow-up of 22.4 months (IQR: 7.8–34.6), 2.1% of the cohort (6,223/

300,663) died from any cause, 21.0% (63,208/300,663) were hospitalized for any cause, 2,8%

(8,549/300,663) had an IHD-related hospitalization, 55.5% (166,997/300,663) visited an ED for

any cause, and 0.6% (1,942/300,663) were hospitalized or went to ED for MVC.

The combined effect of opioid use and OSA

Characteristics of individuals by four levels of exposures are presented in Table 1. 7,058 (2.3%)

were considered as Opioid+ OSA+; 8,655 (2.9%) as Opioid+ OSA–; 121,293 (40.3%) as Opi-

oid–OSA+; and 163,657 (54.4%) as Opioid–OSA–. As compared to other groups, individuals

in the Opioid+ OSA+ group were more likely to be older, reside in a rural area, have a higher

Charlson comorbidity index and surgical interventions in the last year, and have prevalent cor-

onary artery disease, COPD, diabetes, and hypertension.

For the primary outcome, unadjusted Kaplan-Meier survival curves (Fig 1) and univariate

Cox regression (Table 2) demonstrated worse survival associated with the combined presence

of opioid use and OSA in a hypothesized order: Opioid+ OSA+, Opioid+ OSA–, Opioid–OSA

+, Opioid–OSA–. Controlling for confounders, opioid use at the date of the sleep study was

associated with an increased hazard for all-cause mortality, regardless of OSA status. However,

the highest hazard was associated with Opioid+ OSA- (adjusted hazard ratio [aHR]: 1.75, 95%

CI 1.57–1.94), but not Opioid+ OSA+ (aHR: 1.14, 95% CI 1.02–1.27) as hypothesized. The

synergistic effect was not confirmed (Table 2; Fig 2). Contrastingly, a possible protective effect

of OSA was noted; aHR for Opioid- OSA+ vs. Opioid- OSA- of 0.80 (95% CI: 0.75–0.84) with

RERI suggestive of a negative interaction: -0.41 (-0.62 to -0.20).

For secondary outcomes, in univariate analysis, the highest hazards associated with Opioid

+ OSA+ were noted for all-cause and IHD-related hospitalizations, with a potential synergetic

effect noticed for all-cause and IHD-related hospitalizations, as well as MVC-related ED visit

or hospitalization (S1–S4 Figs; Table 2). Controlling for confounders, regardless of OSA sta-

tus, opioid use at the index date was associated with an increased hazard for all secondary out-

comes. The highest hazard associated with Opioid+ OSA+ was noted for all-cause

Fig 1. Unadjusted Kaplan-Meier survival curves by exposures of interest: at least a 50% probability of moderate to

severe obstructive sleep apnea (OSA+) and active opioid use (Opioid +). The numbers at risk are presented above

the x-axis: from top to bottom, Opioid+ OSA+; Opioid+ OSA-; Opioid- OSA+; Opioid- OSA-.

https://doi.org/10.1371/journal.pone.0269112.g001
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hospitalization (aHR 1.55, 95% CI 1.49–1.61) and MVC-related ED visit or hospitalization

(aHR of 1.39; 95% CI 1.09–1.77). A potential but not significant synergetic effect was noted for

MVC-related outcome only: RERI = 0.18 (-0.23 to 0.58) (Table 2; Fig 2).

Details on the effect of other covariates are presented in S2 Table. Controlling for other

covariates, living in lower neighbourhood income or rural area, alcohol use disorder/intoxica-

tion, neuromuscular disease, and prevalent coronary artery disease were significantly associ-

ated with all outcomes of interest. Benzodiazepine use at any time in the last year prior to the

index date and higher Charlson Comorbidity Index were both significantly associated with all-

Table 2. Hazard ratios of all-cause mortality, all-cause emergency department (ED) visits, ischemic heart disease (IHD)-related hospitalizations, motor vehicle col-

lision (MVC) related ED visits and/or hospitalizations and RERI, AP, synergy index, multiplicative measure of Interaction by four levels of exposures.

Outcomes

Exposures

All-cause Mortality

(N = 6,204)

All-cause ED Visit

(N = 166,997)

All-cause Hospitalization

(N = 63,208)

IHD-related Hospitalization

(N = 8,549)

MVC related ED Visit or

Hospitalization (N = 1,942)

Unadjusted Hazard Ratios (95% Confidence Interval)

Opioid+ OSA+ 3.59 (3.23–4.00) 1.56 (1.51–1.60) 2.72 (2.62–2.83) 3.76 (3.42–4.13) 1.63 (1.30–2.05)

Opioid+ OSA- 3.31 (2.99–3.67) 1.67 (1.63–1.72) 2.34 (2.26–2.43) 2.35 (2.12–2.61) 1.75 (1.43–2.14)

Opioid- OSA+ 1.55 (1.47–1.64) 0.99 (0.98–1.00) 1.26 (1.24–1.28) 1.88 (1.80–1.97) 0.78 (0.70–0.85)

Opioid- OSA- Reference Reference Reference Reference Reference

Measures of Interactions�

RERI -0.27 (-0.75 to 0.21) -0.11 (-0.17 to -0.05) 0.13 (0.00 to 0.26) 0.52 (0.12 to 0.93) 0.11 (-0.39 to 0.61)

AP -0.08 (-0.22 to 0.06) -0.07 (-0.11 to -0.03) 0.05 (0.00 to 0.09) 0.14 (0.04 to 0.24) 0.07 (-0.23 to 0.36)

Synergy Index 0.90 (0.76 to 1.08) 0.83 (0.75 to 0.92) 1.08 (1.00 to 1.17) 1.23 (1.05 to 1.45) 1.21 (0.50 to 2.91)

Adjusted# Hazard Ratios (95% Confidence Interval)

Opioid+ OSA+ 1.14 (1.02–1.27) 1.11 (1.08–1.15) 1.55 (1.49–1.61) 1.33 (1.21–1.47) 1.39 (1.09–1.77)

Opioid+ OSA- 1.75 (1.57–1.94) 1.17 (1.14–1.20) 1.53 (1.47–1.59) 1.38 (1.24–1.54) 1.26 (1.02–1.55)

Opioid- OSA+ 0.80 (0.75–0.84) 1.01 (1.00–1.02) 1.06 (1.05–1.08) 0.99 (0.95–1.04) 0.95 (0.86–1.06)

Opioid- OSA- Reference Reference Reference Reference Reference

Measures of Interactions�

RERI -0.41 (-0.62 to -0.20) -0.07 (-0.11 to -0.03) -0.05 (-0.13 to 0.03) -0.04 (-0.23 to 0.14) 0.18 (-0.23 to 0.58)

AP -0.36 (-0.56 to -0.16) -0.06 (-0.10 to -0.02) -0.03 (-0.08 to 0.02) -0.03 (-0.17 to 0.11) 0.13 (-0.14 to 0.40)

Synergy Index 0.25 (0.10 to 0.62) 0.62 (0.45 to 0.86) 0.92 (0.80 to 1.05) 0.88 (0.52 to 1.48) 1.86 (0.41 to 8.50)

Adjusted# Hazard Ratios (95% Confidence Interval): each exposure was considered as a separate independent variable

Opioid+ vs.

Opioid-

1.58 (1.46–1.71) 1.14 (1.12–1.16) 1.49 (1.45–1.53) 1.36 (1.26–1.46) 1.34 (1.13–1.58)

OSA+ vs.

OSA-

0.78 (0.74–0.82) 1.01 (1.00–1.02) 1.06 (1.04–1.08) 0.99 (0.95–1.03) 0.97 (0.88–1.07)

�Relative Excess Risk of Interaction (RERI) can range from − infinity to + infinity. RERI = 0 means no interaction or exact additivity; RERI > 0 means positive

interaction or more than additivity; RERI < 0 means negative interaction or less than additivity. For example, RERI [62] was calculated using the following formula: HR

for the combined estimated effect (Opioid + OSA+) minus the effects (HR) of each exposure considered individually (Opioid+ OSA–, Opioid–OSA+) plus one

(reference) [62].

Attributable Proportion (AP) can range from −1 to +1. AP = 0 means no interaction or exactly additivity; AP > 0 means positive interaction or more than additivity;

AP < 0 means negative interaction or less than additivity

Synergy Index (S) can range from 0 to infinity. S = 1 means no interaction or exactly additivity; S > 1 means positive interaction or more than additivity; S < 1 means

negative interaction or less than additivity

# Hazard Ratios are adjusted for: baseline demographics (age, sex, income quintiles), location of residence (rural vs. urban), benzodiazepine dispensed within last year,

alcohol use disorder, cancer, separate prevalent comorbidities (heart diseases, COPD, diabetes, hypertension, mental health conditions, osteoarthritis, neuromuscular

diseases), number of primary care visits, Charlson Comorbidity Index, and surgical interventions in the last year.

AP, Attributable Proportion; ED, emergency department; IHD, ischemic heart disease; MVC, motor vehicle collision; OSA, obstructive sleep apnea; RERI, Relative

Excess Risk of Interaction

https://doi.org/10.1371/journal.pone.0269112.t002
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cause mortality and ED visits and with all-cause and IHD-related hospitalizations. The effect

of age, sex and other separate comorbidities differed depending on the outcome.

We confirmed our findings in the secondary analysis (S5–S9 Figs; S3 Table). Specifically,

prescribed opioids were associated with increased hazards of outcomes at any probability of

OSA. For all outcomes but not all-cause mortality, hazard ratios for the opioid effect remained

relatively similar across different probabilities of OSA. An increase in hazards was noted for

all-cause mortality at lower OSA probability (<0.4).

Discussion

Despite the high prevalence of OSA and concurrent use of opioids, no large-scale population

studies have investigated whether opioid use and pre-existing OSA may interact synergistically

to increase the risk of adverse health consequences. In this population-based study among

adults who underwent a diagnostic sleep study, individuals who used opioids had a signifi-

cantly increased risk of all-cause mortality, hospitalizations, ED visits, IHD-related hospitaliza-

tion and MVC related ED visit or hospitalization, compared to those who did not, regardless

of whether they had a high probability of OSA. The combined effect of active opioid use and

high probability of OSA was associated with the greatest hazard of all-cause hospitalization,

and hospitalization or ED visit for MVC, but not with all-cause mortality, all-cause ED visits,

and IHD-related hospitalization. The interaction of opioids and OSA did not confer a syner-

gistic risk for poor outcomes. Although we did not confirm the hypothesis on the synergistic

clinical relevance on the combined effect of opioid use and OSA, importantly, we demon-

strated that in the adult population with a high pre-test probability of sleep disordered breath-

ing, prescribed opioid use was significantly associated with all outcomes of interest, suggesting

safe prescribing of opioids is still vital, especially in this population.

Fig 2. The effect of the presence of opioid use (Opioid +) and at least a 50% probability of moderate to severe

obstructive sleep apnea (OSA+) on outcomes compared to a reference group (Opioid-OSA-) controlling for

confounders. Effects expressed as adjusted hazard ratios and 95% confidence intervals.

https://doi.org/10.1371/journal.pone.0269112.g002
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While a higher prevalence of moderate to severe OSA was expected among individuals

referred for a sleep disorder assessment (43% in our study population vs. 18% of the estimated

population prevalence [12]), in our study, the proportion of individuals with a high probability

of moderate to severe OSA was not considerably higher among active opioid users (7,058/

15,713; 45%). This confirms the results of our previous study when the pooled prevalence of

sleep disordered breathing among individuals with chronic pain on opioid therapy was not

significantly different compared to those not on opioid therapy with or without pain [26]. Fur-

ther, in our recent systematic review and meta-analysis, we did not demonstrate a significant

relationship between opioid use and the severity of OSA [33].

Opioid use may affect breathing during sleep through a decrease in airway muscle tone, the

output of the respiratory pacemaker, and/or central respiratory drive [30]. Individuals with

OSA may be more vulnerable to the respiratory depressant effects of opioids compared to

those without OSA [67], which may lead to adverse health outcomes in this population. Con-

versely, among individuals with OSA, the sedating effect of opioids may stabilize airway

patency and breathing [68]. Acute administration of 40 mg controlled-release oral morphine

did not worsen OSA [69], or systematically impair airway collapsibility, pharyngeal muscle

responsiveness or the arousal threshold among individuals with moderate to severe OSA [70].

A large inter-individual variability noted in those studies suggests that only a subset of individ-

uals with OSA with specific clinical phenotype and genotype may be at increased risk for opi-

oid-induced ventilatory compromise, and consequently, contribute to the synergetic clinical

relevance [69, 70]. These findings may explain why we have not found greater hazards associ-

ated with the combined effect of OSA and opioid use for all outcomes, and why we have not

confirmed the synergetic effect. The potential survival advantage of OSA was previously

hypothesized through ischemic preconditioning resulting from the nocturnal cycles of hyp-

oxia-reoxygenation as a possible explanation for the age decline relative mortality in sleep

apnea [71, 72], and the morbidity-mortality paradox of obesity [73]. However, we could not

exclude the risk of the statistical model overcontrolling, misclassification bias and unmeasured

confounding (for example, information on body mass index was not available) impacting our

results. Another explanation is confounding by PAP treatment, as the risk of death from respi-

ratory suppression is lowered by PAP therapy [74]. However, at the same time, we cannot

exclude a healthy user effect, i.e., those who are in better health claimed PAP and live longer,

or a survival bias as some individuals may not live long enough to get PAP therapy. Finally,

two years of follow-up for some individuals may be inadequate for all-cause mortality as an

outcome.

While prescribed opioid use has been shown to be associated with increased mortality, hos-

pitalizations, and ED visits [3, 4], the effect on cardiovascular outcomes remains controversial

[11]. In our study, we demonstrated an increased hazard of IHD-hospitalizations associated

with prescribed opioids regardless of OSA status. The potential for interactions of opioids for

pain management and medications used to treat cardiovascular disease on outcomes has

recently been investigated [11]. For example, it has been shown that morphine may delay clo-

pidogrel absorption, decrease plasma levels of clopidogrel active metabolite, and delay and

diminish its effects, which can lead to treatment failure among susceptible individuals [75].

Use of morphine either alone or in combination with nitroglycerin for individuals presenting

with non–ST-segment elevation acute coronary syndromes has been shown to be associated

with higher mortality [76]. Current limited evidence along with our findings suggests potential

harm for these individuals, and the need for more evidence-based research on the effect of opi-

oids among individuals with cardiovascular disease.

Despite that opioids, as centrally-acting medications, may interfere with the ability to drive

a motor vehicle safely [77, 78], studies evaluating the impact of opioids on driving-related
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psychomotor skills report contradictory findings. This is likely due to heterogeneity in the

study design, assessment tools, and diverse study populations. A recent systematic review did

not identify impaired simulated driving performance when individuals with chronic pain or

chronic breathlessness took regular therapeutic opioid agonists for symptom control [79]. The

hazard of an ED visit for injuries related to an MVC was shown to be similar for opioid and

nonsteroidal anti-inflammatory drug recipients after initiation of analgesic therapy [80]. Our

study demonstrated an increased hazard of MVC-related outcomes associated with prescribed

opioids among individuals referred for sleep disorder assessment. Importantly, we also showed

a higher hazard associated with combined OSA and opioid use, as well as a potential synergetic

effect. The 2021 Canadian Council of Motor Transport Administrators (CCMTA) recognizes

severe OSA as a factor that increases collision risk and suggests that a driver is eligible for a

licence “if [she or he] has untreated obstructive sleep apnea with an apnea-hypopnea index

(AHI) < 30 and does not admit to daytime sleepiness” [81]. If our findings are confirmed in

future studies with known information on daytime sleepiness, a lower AHI threshold needs to

be considered among individuals with both OSA and prescribed opioids, even in the absence

of daytime sleepiness.

Notably, in addition to comorbidities, living in lower neighbourhood income or rural area,

alcohol use disorder/intoxication, and benzodiazepine prescription were associated with

adverse health outcomes in our study, confirming the results from previous studies [82–85]

and identifying vulnerable populations.

Our study has several strengths, including the use of real-world, population-level data, with

nearly complete follow-up and access to high quality definitions of outcomes and validated

definition of OSA, which allow us to examine the combined effect of opioid use and the high

probability of OSA on adverse health outcomes on the population level.

It is important to mention several limitations associated with our health administrative

data-based study, such as predisposition for misclassification bias and unmeasured confound-

ing, given that health administrative data are not primarily collected for research purposes.

However, validation studies demonstrate that the information on which our main measures

rely (i.e., physician billing data, vital statistics, healthcare resource use, prescription data) are

valid and accurate [34]. Next, since the Narcotics Monitoring System does not capture opioids

provided in prisons or hospitals, we were also unable to account for illicit opioid exposure.

However, these misclassification rates are likely low among a primarily community-based

sample. While sleep studies can be accurately identified from health administrative data given

the current management of OSA in Ontario, information on the severity of OSA and level of

daytime sleepiness was not available. To address this limitation, we have previously externally

validated the definition for OSA used in this study [46]: Our case-ascertainment models for

identifying moderate/severe OSA using health administrative data had relatively low sensitivity

but high specificity and good discriminative ability. To address this limitation, we considered

a probability of OSA as a continuous variable with a wide range of sensitivities and specificities

(measurement properties for OSA probability thresholds from 0 to 1 by 0.1 units presented in

S1 Table and were reported previously [46]. Misclassification of OSA status would likely bias

our results towards a reduced difference between hazards associated with the combined pres-

ence of opioids use and OSA vs. opioid use only, and may prevent us from seeing the greater

hazards associated with the combined effect. Our model performed poorly while including a

measure of daytime sleepiness [46], highlighting the challenge of using health administrative

data to identify OSA clinical subtypes due to high heterogeneity in clinical OSA presentation.

We were also not able to identify individuals with central sleep apnea (CSA), with an estimated

prevalence in chronic opioid users of 24% [86]. However, there is no direct evidence of any

major clinical consequence from CSA among chronic opioid users [87]. Finally, although the
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information on PAP therapy use was not available in our study, it is usually poor in the general

population [88], and specifically among individuals with OSA and prescribed opioids [89].

PAP therapy use may be additionally affected by opioid use, as opioids may complicate under-

lying sleep apnea and make PAP therapy less effective [90].

Conclusion

Our population-based study suggests a significantly increased hazard of adverse health out-

comes among adults referred for sleep disorder assessment who used opioids compared to

those who did not, regardless of whether they had a high probability of moderate to severe

OSA. These findings highlight the importance of safe prescribing of opioids in this population.

The use of opioids and OSA was associated with the greatest hazard of all-cause hospitaliza-

tions and MVC requiring hospitalization or ED visit. The interaction of opioids and OSA did

not confer a synergistic risk for poor outcomes. Future studies are required to further explore

individual and opioid characteristics associated with the greatest risk for adverse health

outcomes.

Supporting information

S1 Fig. Cumulative incidence plot for all-cause hospitalizations.

(TIF)

S2 Fig. Cumulative incidence plot for ischemic heart disease-related hospitalizations.

(TIF)

S3 Fig. Cumulative incidence plot for all-cause emergency department visits.

(TIF)

S4 Fig. Cumulative incidence plot for motor vehicle collision-related emergency depart-

ment visits and hospitalizations.

(TIF)

S5 Fig. The effects of active opioid use on all-cause mortality at different probabilities of

obstructive sleep apnea expressed as adjusted hazard ratios and 95% confidence intervals.

(TIF)

S6 Fig. The effects of active opioid use on all-cause emergency department visits at differ-

ent probabilities of obstructive sleep apnea expressed as adjusted hazard ratios and 95%

confidence intervals.

(TIF)

S7 Fig. The effects of active opioid use on all-cause hospitalizations at different probabili-

ties of obstructive sleep apnea expressed as adjusted hazard ratios and 95% confidence

intervals.

(TIF)

S8 Fig. The effects of active opioid use on ischemic heart disease-related hospitalizations at

different probabilities of obstructive sleep apnea expressed as adjusted hazard ratios and

95% confidence intervals.

(TIF)

S9 Fig. The effects of active opioid use on motor vehicle collision-related emergency

department visits and hospitalizations at different probabilities of obstructive sleep apnea

PLOS ONE The combined effect of OSA and opioid use on adverse health outcomes

PLOS ONE | https://doi.org/10.1371/journal.pone.0269112 June 28, 2022 12 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0269112.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0269112.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0269112.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0269112.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0269112.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0269112.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0269112.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0269112.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0269112.s009
https://doi.org/10.1371/journal.pone.0269112


expressed as adjusted hazard ratios and 95% confidence intervals.

(TIF)

S1 Table. Details on the cohort creation and variable definitions.

(DOCX)

S2 Table. The effects of all variables included in the final model on outcomes of interest

expressed as adjusted hazard ratios (HRs) and 95% confidence intervals (CI).

(DOCX)

S3 Table. The effects of active opioid use on outcomes of interest at different probabilities

of obstructive sleep apnea (OSA) expressed as adjusted hazard ratios (HRs) and 95% confi-

dence intervals (CI).

(DOCX)

S1 Text. Measures of biological interactions: formulas and interpretation.

(DOCX)

S1 File. References.

(DOCX)

S1 Appendix. SAS code for cohort creation.

(SAS)

S2 Appendix. SAS code for exposure definition.

(SAS)

S3 Appendix. SAS code for outcomes definition.

(SAS)

S4 Appendix. SAS code for covariates definition.

(SAS)

S5 Appendix. SAS code for models.

(SAS)

Acknowledgments

Parts of this material are based on data and information provided by Ontario Health (OH),

Canadian Institute for Health Information (CIHI), and adapted from Statistics Canada (Cen-

sus). We thank IQVIA Solutions Canada Inc. for use of their Drug Information File.

Author Contributions

Conceptualization: Tetyana Kendzerska, Tara Gomes, Atul Malhotra, Andrea S. Gershon,

Marcus Povitz, Gregory L. Bryson, Michael Godbout, Peter Tanuseputro.

Data curation: Tetyana Kendzerska, Robert Talarico, Peter Tanuseputro.

Formal analysis: Robert Talarico.

Funding acquisition: Tetyana Kendzerska, Tara Gomes, Atul Malhotra, Andrea S. Gershon,

Marcus Povitz, Daniel I. McIsaac, Shawn D. Aaron, Frances Chung, Gregory L. Bryson,

Peter Tanuseputro.

PLOS ONE The combined effect of OSA and opioid use on adverse health outcomes

PLOS ONE | https://doi.org/10.1371/journal.pone.0269112 June 28, 2022 13 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0269112.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0269112.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0269112.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0269112.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0269112.s014
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0269112.s015
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0269112.s016
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0269112.s017
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0269112.s018
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0269112.s019
https://doi.org/10.1371/journal.pone.0269112


Investigation: Tetyana Kendzerska, Tara Gomes, Atul Malhotra, Marcus Povitz, Daniel I.

McIsaac, Shawn D. Aaron, Frances Chung, Gregory L. Bryson, Michael Godbout, Peter

Tanuseputro.

Methodology: Tetyana Kendzerska, Tara Gomes, Atul Malhotra, Andrea S. Gershon, Marcus

Povitz, Daniel I. McIsaac, Shawn D. Aaron, Frances Chung, Gregory L. Bryson, Robert

Talarico, Peter Tanuseputro.

Project administration: Tetyana Kendzerska, Tahmid Ahmed.

Resources: Tetyana Kendzerska, Frances Chung, Tahmid Ahmed.

Supervision: Shawn D. Aaron.

Validation: Tetyana Kendzerska, Tara Gomes, Atul Malhotra, Andrea S. Gershon, Marcus

Povitz, Daniel I. McIsaac, Frances Chung, Gregory L. Bryson, Robert Talarico, Michael

Godbout, Peter Tanuseputro.

Visualization: Tetyana Kendzerska, Marcus Povitz, Frances Chung, Gregory L. Bryson, Rob-

ert Talarico, Tahmid Ahmed, Peter Tanuseputro.

Writing – original draft: Tetyana Kendzerska.

Writing – review & editing: Tara Gomes, Atul Malhotra, Andrea S. Gershon, Marcus Povitz,

Daniel I. McIsaac, Shawn D. Aaron, Frances Chung, Gregory L. Bryson, Robert Talarico,

Tahmid Ahmed, Michael Godbout, Peter Tanuseputro.

References
1. Gomes T, Mamdani MM, Paterson JM, Dhalla IA, Juurlink DN. Trends in high-dose opioid prescribing in

Canada. Canadian family physician Medecin de famille canadien. 2014; 60(9):826–32. PMID:

25217680; PubMed Central PMCID: PMC4162700.

2. Gomes TG S.; Martins D., et al. Latest trends in opioid-related deaths in Ontario: 1991 to 2015.

Toronto: Ontario Drug Policy Research Network 2017. https://doi.org/10.1590/0100-69912017001003

PMID: 28489206

3. Alsabbagh MW, Chang F, Cooke M, Elliott SJ, Chen M. National trends in population rates of opioid-

related mortality, hospitalization and emergency department visits in Canada between 2000 and 2017.

A population-based study. Addiction. 2021. Epub 2021/06/26. https://doi.org/10.1111/add.15571 PMID:

34170044.

4. Gomes T, Khuu W, Martins D, Tadrous M, Mamdani MM, Paterson JM, et al. Contributions of pre-

scribed and non-prescribed opioids to opioid related deaths: population based cohort study in Ontario,

Canada. BMJ. 2018; 362:k3207. Epub 2018/08/31. https://doi.org/10.1136/bmj.k3207 PMID:

30158106; PubMed Central PMCID: PMC6113771 at www.icmje.org/coi_disclosure.pdf (available on

request from the corresponding author) and declare: TG received grant funding from the Ontario Minis-

try of Health and Long-Term Care to support this work; MMM has received personal fees from Celgene,

NovoNordisk, and Allergan outside the submitted work; no other relationships or activities that could

appear to have influenced the submitted work.

5. Lovegrove MC, Dowell D, Geller AI, Goring SK, Rose KO, Weidle NJ, et al. US Emergency Department

Visits for Acute Harms From Prescription Opioid Use, 2016–2017. American journal of public health.

2019; 109(5):784–91. Epub 2019/03/22. https://doi.org/10.2105/AJPH.2019.305007 PMID: 30896999;

PubMed Central PMCID: PMC6459659.

6. Kurteva S, Abrahamowicz M, Gomes T, Tamblyn R. Association of Opioid Consumption Profiles After

Hospitalization With Risk of Adverse Health Care Events. JAMA Netw Open. 2021; 4(5):e218782. Epub

2021/05/19. https://doi.org/10.1001/jamanetworkopen.2021.8782 PMID: 34003273; PubMed Central

PMCID: PMC8132136.

7. Schieber LZ, Guy GP Jr., Seth P, Young R, Mattson CL, Mikosz CA, et al. Trends and Patterns of Geo-

graphic Variation in Opioid Prescribing Practices by State, United States, 2006–2017. JAMA Netw

Open. 2019; 2(3):e190665. Epub 2019/03/16. https://doi.org/10.1001/jamanetworkopen.2019.0665

PMID: 30874783; PubMed Central PMCID: PMC6484643.

PLOS ONE The combined effect of OSA and opioid use on adverse health outcomes

PLOS ONE | https://doi.org/10.1371/journal.pone.0269112 June 28, 2022 14 / 19

http://www.ncbi.nlm.nih.gov/pubmed/25217680
https://doi.org/10.1590/0100-69912017001003
http://www.ncbi.nlm.nih.gov/pubmed/28489206
https://doi.org/10.1111/add.15571
http://www.ncbi.nlm.nih.gov/pubmed/34170044
https://doi.org/10.1136/bmj.k3207
http://www.ncbi.nlm.nih.gov/pubmed/30158106
http://www.icmje.org/coi_disclosure.pdf
https://doi.org/10.2105/AJPH.2019.305007
http://www.ncbi.nlm.nih.gov/pubmed/30896999
https://doi.org/10.1001/jamanetworkopen.2021.8782
http://www.ncbi.nlm.nih.gov/pubmed/34003273
https://doi.org/10.1001/jamanetworkopen.2019.0665
http://www.ncbi.nlm.nih.gov/pubmed/30874783
https://doi.org/10.1371/journal.pone.0269112


8. Gomes T, Pasricha S., Martins D., Greaves S., et al Behind the Prescriptions: A snapshot of opioid use

across all Ontarians. Toronto: Ontario Drug Policy Research Network 2017.

9. Rosen IM, Aurora RN, Kirsch DB, Carden KA, Malhotra RK, Ramar K, et al. Chronic Opioid Therapy

and Sleep: An American Academy of Sleep Medicine Position Statement. J Clin Sleep Med. 2019; 15

(11):1671–3. Epub 2019/11/20. https://doi.org/10.5664/jcsm.8062 PMID: 31739858; PubMed Central

PMCID: PMC6853382.

10. Frood J, Paltser G. Types of Opioid Harms in Canadian Hospitals: Comparing Canada and Australia.

Healthc Q. 2019; 22(2):10–2. Epub 2019/09/27. https://doi.org/10.12927/hcq.2019.25912 PMID:

31556372.

11. Chow SL, Sasson C, Benjamin IJ, Califf RM, Compton WM, Oliva EM, et al. Opioid Use and Its Relation-

ship to Cardiovascular Disease and Brain Health: A Presidential Advisory From the American Heart

Association. Circulation. 2021; 144(13):e218–e32. Epub 2021/08/20. https://doi.org/10.1161/CIR.

0000000000001007 PMID: 34407637.

12. Benjafield AV K.; Ayas N.; Eastwood P.R.; Heinzer R.C.; Ip M.S.; Patel S.R.; Peppard P.E.; et al. Global

Prevalence of Obstructive Sleep Apnea in Adults: Estimation Using Currently Available Data. American

Journal of Respiratory and Critical Care Medicine 2018; 197:A3962.

13. Fleetham J, Ayas N, Bradley D, Ferguson K, Fitzpatrick M, George C, et al. Canadian Thoracic Society

guidelines: diagnosis and treatment of sleep disordered breathing in adults. Canadian respiratory jour-

nal: journal of the Canadian Thoracic Society. 2006; 13(7):387–92. Epub 2006/10/13. https://doi.org/10.

1155/2006/627096 PMID: 17036094; PubMed Central PMCID: PMC2683294.

14. Moyer CA, Sonnad SS, Garetz SL, Helman JI, Chervin RD. Quality of life in obstructive sleep apnea: a

systematic review of the literature. Sleep medicine. 2001; 2(6):477–91. Epub 2003/11/01. https://doi.

org/10.1016/s1389-9457(01)00072-7 PMID: 14592263.

15. Hla KM, Young T, Hagen EW, Stein JH, Finn LA, Nieto FJ, et al. Coronary heart disease incidence in

sleep disordered breathing: the Wisconsin Sleep Cohort Study. Sleep. 2015; 38(5):677–84. Epub 2014/

12/18. https://doi.org/10.5665/sleep.4654 PMID: 25515104; PubMed Central PMCID: PMC4402672.

16. Kendzerska T, Gershon AS, Hawker G, Leung RS, Tomlinson G. Obstructive sleep apnea and risk of

cardiovascular events and all-cause mortality: a decade-long historical cohort study. PLoS Med. 2014;

11(2):e1001599. Epub 2014/02/08. https://doi.org/10.1371/journal.pmed.1001599 PMID: 24503600.

17. Kendzerska T, Gershon AS, Hawker G, Tomlinson G, Leung RS. Obstructive sleep apnea and incident

diabetes. A historical cohort study. Am J Respir Crit Care Med. 2014; 190(2):218–25. Epub 2014/06/05.

https://doi.org/10.1164/rccm.201312-2209OC PMID: 24897551.

18. Kendzerska T, Mollayeva T, Gershon AS, Leung RS, Hawker G, Tomlinson G. Untreated obstructive

sleep apnea and the risk for serious long-term adverse outcomes: a systematic review. Sleep medicine

reviews. 2014; 18(1):49–59. Epub 2013/05/07. https://doi.org/10.1016/j.smrv.2013.01.003 PMID:

23642349.

19. Albarrak M, Banno K, Sabbagh AA, Delaive K, Walld R, Manfreda J, et al. Utilization of healthcare

resources in obstructive sleep apnea syndrome: a 5-year follow-up study in men using CPAP. Sleep.

2005; 28(10):1306–11. Epub 2005/11/22. https://doi.org/10.1093/sleep/28.10.1306 PMID: 16295216.

20. Tregear S, Reston J, Schoelles K, Phillips B. Obstructive sleep apnea and risk of motor vehicle crash:

systematic review and meta-analysis. J Clin Sleep Med. 2009; 5(6):573–81. PMID: 20465027; PubMed

Central PMCID: PMC2792976.

21. Hillman DR, Murphy AS, Pezzullo L. The economic cost of sleep disorders. Sleep. 2006; 29(3):299–

305. Epub 2006/03/24. https://doi.org/10.1093/sleep/29.3.299 PMID: 16553015.

22. Streatfeild J, Smith J, Mansfield D, Pezzullo L, Hillman D. The Social And Economic Cost Of Sleep Dis-

orders. Sleep. 2021. Epub 2021/05/21. https://doi.org/10.1093/sleep/zsab132 PMID: 34015136.

23. Sullivan F. Hidden health crisis costing America billions. Underdiagnosing and undertreating obstructive

sleep apnea draining healthcare system2016.

24. Webster LR, Choi Y, Desai H, Webster L, Grant BJ. Sleep-disordered breathing and chronic opioid ther-

apy. Pain Med. 2008; 9(4):425–32. https://doi.org/10.1111/j.1526-4637.2007.00343.x PMID:

18489633.

25. Lee-Iannotti J, Parish JM. The epidemic of opioid use: implications for the sleep physician. J Clin Sleep

Med. 2014; 10(6):645–6. https://doi.org/10.5664/jcsm.3790 PMID: 24932144; PubMed Central PMCID:

PMC4031405.

26. Mubashir T, Nagappa M, Esfahanian N, Botros J, Arif AA, Suen C, et al. Prevalence of sleep-disordered

breathing in opioid users with chronic pain: a systematic review and meta-analysis. J Clin Sleep Med.

2020; 16(6):961–9. Epub 2020/02/28. https://doi.org/10.5664/jcsm.8392 PMID: 32105208; PubMed

Central PMCID: PMC7849655.

PLOS ONE The combined effect of OSA and opioid use on adverse health outcomes

PLOS ONE | https://doi.org/10.1371/journal.pone.0269112 June 28, 2022 15 / 19

https://doi.org/10.5664/jcsm.8062
http://www.ncbi.nlm.nih.gov/pubmed/31739858
https://doi.org/10.12927/hcq.2019.25912
http://www.ncbi.nlm.nih.gov/pubmed/31556372
https://doi.org/10.1161/CIR.0000000000001007
https://doi.org/10.1161/CIR.0000000000001007
http://www.ncbi.nlm.nih.gov/pubmed/34407637
https://doi.org/10.1155/2006/627096
https://doi.org/10.1155/2006/627096
http://www.ncbi.nlm.nih.gov/pubmed/17036094
https://doi.org/10.1016/s1389-9457%2801%2900072-7
https://doi.org/10.1016/s1389-9457%2801%2900072-7
http://www.ncbi.nlm.nih.gov/pubmed/14592263
https://doi.org/10.5665/sleep.4654
http://www.ncbi.nlm.nih.gov/pubmed/25515104
https://doi.org/10.1371/journal.pmed.1001599
http://www.ncbi.nlm.nih.gov/pubmed/24503600
https://doi.org/10.1164/rccm.201312-2209OC
http://www.ncbi.nlm.nih.gov/pubmed/24897551
https://doi.org/10.1016/j.smrv.2013.01.003
http://www.ncbi.nlm.nih.gov/pubmed/23642349
https://doi.org/10.1093/sleep/28.10.1306
http://www.ncbi.nlm.nih.gov/pubmed/16295216
http://www.ncbi.nlm.nih.gov/pubmed/20465027
https://doi.org/10.1093/sleep/29.3.299
http://www.ncbi.nlm.nih.gov/pubmed/16553015
https://doi.org/10.1093/sleep/zsab132
http://www.ncbi.nlm.nih.gov/pubmed/34015136
https://doi.org/10.1111/j.1526-4637.2007.00343.x
http://www.ncbi.nlm.nih.gov/pubmed/18489633
https://doi.org/10.5664/jcsm.3790
http://www.ncbi.nlm.nih.gov/pubmed/24932144
https://doi.org/10.5664/jcsm.8392
http://www.ncbi.nlm.nih.gov/pubmed/32105208
https://doi.org/10.1371/journal.pone.0269112


27. Chung F, Wong J, Bellingham G, Lebovic G, Singh M, Waseem R, et al. Predictive factors for sleep

apnoea in patients on opioids for chronic pain. BMJ Open Respir Res. 2019; 6(1):e000523. Epub 2020/

01/08. https://doi.org/10.1136/bmjresp-2019-000523 PMID: 31908788; PubMed Central PMCID:

PMC6936992.

28. Kendzerska T, Gomes T, Gershon AS, Hogan M, McIsaac DI, Talarico R, et al. Opioid use and initiation

of positive airway pressure treatment in adults referred for sleep disorder assessment: An explanatory

population-based study. Canadian Journal of Respiratory, Critical Care, and Sleep Medicine 2020; 4

(3):194–204. https://doi.org/10.1080/24745332.2019.1684856.

29. Busse JW, Craigie S, Juurlink DN, Buckley DN, Wang L, Couban RJ, et al. Guideline for opioid therapy

and chronic noncancer pain. CMAJ: Canadian Medical Association journal = journal de l’Association

medicale canadienne. 2017; 189(18):E659–E66. https://doi.org/10.1503/cmaj.170363 PMID:

28483845; PubMed Central PMCID: PMC5422149 Canada during the conduct of the study. Jason

Busse received grants from the Canadian Institutes of Health Research (CIHR) during the conduct of

the study. D. Norm Buckley reports grants from Purdue Pharma and Janssen Inc. outside the submitted

work. Chris Cull received personal fees from Indivior. David Juurlink reports grants from CIHR and from

the Ontario Ministry of Health and Long-Term Care, and personal fees outside the submitted work. Sol

Stern was a member of advisory boards for Astra Zeneca, Bristol-Myers Squibb and Johnson and John-

son; received fees for expert opinions from the Canadian Medical Protective Association; received con-

sulting fees from mdBriefCase.com, Ethypharm and Sea Courses; and received honoraria for

Continuing Medical Education presentations from Purdue Pharma and Paladin. No other competing

interests were declared.

30. Pattinson KT. Opioids and the control of respiration. British journal of anaesthesia. 2008; 100(6):747–

58. https://doi.org/10.1093/bja/aen094 PMID: 18456641.

31. Ahmad A, Ahmad R, Meteb M, Ryan CM, Leung RS, Montandon G, et al. The relationship between opi-

oid use and obstructive sleep apnea: A systematic review and meta-analysis. Sleep medicine reviews.

2021:101441. https://doi.org/10.1016/j.smrv.2021.101441 PMID: 33567395

32. Mason M, Cates CJ, Smith I. Effects of opioid, hypnotic and sedating medications on sleep-disordered

breathing in adults with obstructive sleep apnoea. The Cochrane database of systematic reviews. 2015;

(7):CD011090. https://doi.org/10.1002/14651858.CD011090.pub2 PMID: 26171909.

33. Ahmad A, Ahmad R, Meteb M, Ryan CM, Leung RS, Montandon G, et al. The relationship between opi-

oid use and obstructive sleep apnea: A systematic review and meta-analysis. Sleep medicine reviews.

2021; 58:101441. Epub 2021/02/11. https://doi.org/10.1016/j.smrv.2021.101441 PMID: 33567395.

34. Juurlink D, Croxford R, Chong A, Austin P, Tu J, Laupacis A. Canadian Institute for Health Information

Discharge Abstract Database: A Validation Study Toronto: Institute for Clinical Evaluative Sciences,

2006.

35. Improving health care data in Ontario. ICES investigative report Toronto: Institute for Clinical Evaluative

Sciences. 2005.

36. Marin JM, Agusti A, Villar I, Forner M, Nieto D, Carrizo SJ, et al. Association between treated and

untreated obstructive sleep apnea and risk of hypertension. JAMA: the journal of the American Medical

Association. 2012; 307(20):2169–76. Epub 2012/05/24. https://doi.org/10.1001/jama.2012.3418 PMID:

22618924.

37. Rizzi CF, Ferraz MB, Poyares D, Tufik S. Quality-adjusted life-years gain and health status in patients

with OSAS after one year of continuous positive airway pressure use. Sleep. 2014; 37(12):1963–8.

Epub 2014/10/18. https://doi.org/10.5665/sleep.4250 PMID: 25325505; PubMed Central PMCID:

PMC4548506.

38. Povitz M, Hanly PJ, Pendharkar SR, James MT, Tsai WH. Treatment of Sleep Disordered Breathing

Liberates Obese Hypoxemic Patients from Oxygen. PloS one. 2015; 10(10):e0140135. Epub 2015/10/

10. https://doi.org/10.1371/journal.pone.0140135 PMID: 26451835; PubMed Central PMCID:

PMC4599852.

39. Campos-Rodriguez F, Queipo-Corona C, Carmona-Bernal C, Jurado-Gamez B, Cordero-Guevara J,

Reyes-Nunez N, et al. Continuous Positive Airway Pressure Improves Quality of Life in Women with

Obstructive Sleep Apnea. A Randomized Controlled Trial. Am J Respir Crit Care Med. 2016; 194

(10):1286–94. Epub 2016/05/18. https://doi.org/10.1164/rccm.201602-0265OC PMID: 27181196.

40. Interventions for the Treatment of Obstructive Sleep Apnea in Adults: A Health Technology Assess-

ment. CADTH Optimal Use Report, No. 6.1b: Ottawa (ON): Canadian Agency for Drugs and Technolo-

gies in Health; 2017.

41. Tregear S, Reston J, Schoelles K, Phillips B. Continuous positive airway pressure reduces risk of motor

vehicle crash among drivers with obstructive sleep apnea: systematic review and meta-analysis. Sleep.

2010; 33(10):1373–80. https://doi.org/10.1093/sleep/33.10.1373 PMID: 21061860; PubMed Central

PMCID: PMC2941424.

PLOS ONE The combined effect of OSA and opioid use on adverse health outcomes

PLOS ONE | https://doi.org/10.1371/journal.pone.0269112 June 28, 2022 16 / 19

https://doi.org/10.1136/bmjresp-2019-000523
http://www.ncbi.nlm.nih.gov/pubmed/31908788
https://doi.org/10.1080/24745332.2019.1684856
https://doi.org/10.1503/cmaj.170363
http://www.ncbi.nlm.nih.gov/pubmed/28483845
https://doi.org/10.1093/bja/aen094
http://www.ncbi.nlm.nih.gov/pubmed/18456641
https://doi.org/10.1016/j.smrv.2021.101441
http://www.ncbi.nlm.nih.gov/pubmed/33567395
https://doi.org/10.1002/14651858.CD011090.pub2
http://www.ncbi.nlm.nih.gov/pubmed/26171909
https://doi.org/10.1016/j.smrv.2021.101441
http://www.ncbi.nlm.nih.gov/pubmed/33567395
https://doi.org/10.1001/jama.2012.3418
http://www.ncbi.nlm.nih.gov/pubmed/22618924
https://doi.org/10.5665/sleep.4250
http://www.ncbi.nlm.nih.gov/pubmed/25325505
https://doi.org/10.1371/journal.pone.0140135
http://www.ncbi.nlm.nih.gov/pubmed/26451835
https://doi.org/10.1164/rccm.201602-0265OC
http://www.ncbi.nlm.nih.gov/pubmed/27181196
https://doi.org/10.1093/sleep/33.10.1373
http://www.ncbi.nlm.nih.gov/pubmed/21061860
https://doi.org/10.1371/journal.pone.0269112


42. Beebe DW, Byars KC. Adolescents with obstructive sleep apnea adhere poorly to positive airway pres-

sure (PAP), but PAP users show improved attention and school performance. PloS one. 2011; 6(3):

e16924. Epub 2011/03/26. https://doi.org/10.1371/journal.pone.0016924 PMID: 21437285; PubMed

Central PMCID: PMC3060091.

43. Assistive Devices Program. Continuous/Autotitrating/BiLevel Positive Pressure Systems http://www.

health.gov.on.ca/en/public/programs/adp/publications/cpap.aspx [cited 2016 July 30, 2016].

44. Tanuseputro P, Hsu A, Kuluski K, Chalifoux M, Donskov M, Beach S, et al. Level of Need, Divertibility,

and Outcomes of Newly Admitted Nursing Home Residents. Journal of the American Medical Directors

Association. 2017; 18(7):616–23. https://doi.org/10.1016/j.jamda.2017.02.008 PMID: 28377155.

45. Tanuseputro P, Budhwani S, Bai YQ, Wodchis WP. Palliative care delivery across health sectors: A

population-level observational study. Palliative medicine. 2017; 31(3):247–57. https://doi.org/10.1177/

0269216316653524 PMID: 27317412; PubMed Central PMCID: PMC5347353.

46. Kendzerska T, van Walraven C, McIsaac DI, Povitz M, Mulpuru S, Lima I, et al. Case-Ascertainment

Models to Identify Adults with Obstructive Sleep Apnea Using Health Administrative Data: Internal and

External Validation. Clinical epidemiology. 2021; 13:453–67. Epub 2021/06/26. https://doi.org/10.2147/

CLEP.S308852 PMID: 34168503; PubMed Central PMCID: PMC8216743.

47. Tu K, Mitiku T, Lee DS, Guo H, Tu JV. Validation of physician billing and hospitalization data to identify

patients with ischemic heart disease using data from the Electronic Medical Record Administrative data

Linked Database (EMRALD). The Canadian journal of cardiology. 2010; 26(7):e225–8. https://doi.org/

10.1016/s0828-282x(10)70412-8 PMID: 20847968; PubMed Central PMCID: PMC2950731.

48. Redelmeier DA, Yarnell CJ, Thiruchelvam D, Tibshirani RJ. Physicians’ warnings for unfit drivers and

the risk of trauma from road crashes. The New England journal of medicine. 2012; 367(13):1228–36.

https://doi.org/10.1056/NEJMsa1114310 PMID: 23013074.

49. Pampalon R, Hamel D, Gamache P. A comparison of individual and area-based socio-economic data

for monitoring social inequalities in health. Health reports / Statistics Canada, Canadian Centre for

Health Information = Rapports sur la sante / Statistique Canada, Centre canadien d’information sur la

sante. 2009; 20(4):85–94. Epub 2010/01/30. PMID: 20108609.

50. Gomes T, Juurlink DN, Antoniou T, Mamdani MM, Paterson JM, van den Brink W. Gabapentin, opioids,

and the risk of opioid-related death: A population-based nested case-control study. PLoS Med. 2017;

14(10):e1002396. https://doi.org/10.1371/journal.pmed.1002396 PMID: 28972983; PubMed Central

PMCID: PMC5626029.

51. Deyo RA, Cherkin DC, Ciol MA. Adapting a clinical comorbidity index for use with ICD-9-CM administra-

tive databases. Journal of clinical epidemiology. 1992; 45(6):613–9. https://doi.org/10.1016/0895-4356

(92)90133-8 PMID: 1607900.

52. Gomes T, Juurlink DN, Mamdani MM, Paterson JM, van den Brink W. Prevalence and characteristics of

opioid-related deaths involving alcohol in Ontario, Canada. Drug and alcohol dependence. 2017;

179:416–23. https://doi.org/10.1016/j.drugalcdep.2017.07.008 PMID: 28867560.

53. Schultz SE, Rothwell DM, Chen Z, Tu K. Identifying cases of congestive heart failure from administra-

tive data: a validation study using primary care patient records. Chronic diseases and injuries in Can-

ada. 2013; 33(3):160–6. PMID: 23735455.

54. Gershon AS, Wang C, Guan J, Vasilevska-Ristovska J, Cicutto L, To T. Identifying individuals with

physcian diagnosed COPD in health administrative databases. Copd. 2009; 6(5):388–94. Epub 2009/

10/30. https://doi.org/10.1080/15412550903140865 PMID: 19863368.

55. Gershon A WC, Vasilevska-Ristovska J, Guan J, Cicutto L, To T. Identifying patients diagnosed with

asthma using health administrative data. Canadian Respiratory Journal. 2009; 16:183–8. https://doi.

org/10.1155/2009/963098 PMID: 20011725

56. Jaakkimainen RL, Bronskill SE, Tierney MC, Herrmann N, Green D, Young J, et al. Identification of Phy-

sician-Diagnosed Alzheimer’s Disease and Related Dementias in Population-Based Administrative

Data: A Validation Study Using Family Physicians’ Electronic Medical Records. J Alzheimers Dis. 2016;

54(1):337–49. https://doi.org/10.3233/JAD-160105 PMID: 27567819.

57. Hux JE, Ivis F, Flintoft V, Bica A. Diabetes in Ontario: determination of prevalence and incidence using

a validated administrative data algorithm. Diabetes care. 2002; 25(3):512–6. Epub 2002/03/05. https://

doi.org/10.2337/diacare.25.3.512 PMID: 11874939.

58. Tu K, Campbell NR, Chen ZL, Cauch-Dudek KJ, McAlister FA. Accuracy of administrative databases in

identifying patients with hypertension. Open medicine: a peer-reviewed, independent, open-access

journal. 2007; 1(1):e18–26. PMID: 20101286; PubMed Central PMCID: PMC2801913.

59. Austin PC, Daly PA, Tu JV. A multicenter study of the coding accuracy of hospital discharge administra-

tive data for patients admitted to cardiac care units in Ontario. American heart journal. 2002; 144

(2):290–6. https://doi.org/10.1067/mhj.2002.123839 PMID: 12177647.

PLOS ONE The combined effect of OSA and opioid use on adverse health outcomes

PLOS ONE | https://doi.org/10.1371/journal.pone.0269112 June 28, 2022 17 / 19

https://doi.org/10.1371/journal.pone.0016924
http://www.ncbi.nlm.nih.gov/pubmed/21437285
http://www.health.gov.on.ca/en/public/programs/adp/publications/cpap.aspx
http://www.health.gov.on.ca/en/public/programs/adp/publications/cpap.aspx
https://doi.org/10.1016/j.jamda.2017.02.008
http://www.ncbi.nlm.nih.gov/pubmed/28377155
https://doi.org/10.1177/0269216316653524
https://doi.org/10.1177/0269216316653524
http://www.ncbi.nlm.nih.gov/pubmed/27317412
https://doi.org/10.2147/CLEP.S308852
https://doi.org/10.2147/CLEP.S308852
http://www.ncbi.nlm.nih.gov/pubmed/34168503
https://doi.org/10.1016/s0828-282x%2810%2970412-8
https://doi.org/10.1016/s0828-282x%2810%2970412-8
http://www.ncbi.nlm.nih.gov/pubmed/20847968
https://doi.org/10.1056/NEJMsa1114310
http://www.ncbi.nlm.nih.gov/pubmed/23013074
http://www.ncbi.nlm.nih.gov/pubmed/20108609
https://doi.org/10.1371/journal.pmed.1002396
http://www.ncbi.nlm.nih.gov/pubmed/28972983
https://doi.org/10.1016/0895-4356%2892%2990133-8
https://doi.org/10.1016/0895-4356%2892%2990133-8
http://www.ncbi.nlm.nih.gov/pubmed/1607900
https://doi.org/10.1016/j.drugalcdep.2017.07.008
http://www.ncbi.nlm.nih.gov/pubmed/28867560
http://www.ncbi.nlm.nih.gov/pubmed/23735455
https://doi.org/10.1080/15412550903140865
http://www.ncbi.nlm.nih.gov/pubmed/19863368
https://doi.org/10.1155/2009/963098
https://doi.org/10.1155/2009/963098
http://www.ncbi.nlm.nih.gov/pubmed/20011725
https://doi.org/10.3233/JAD-160105
http://www.ncbi.nlm.nih.gov/pubmed/27567819
https://doi.org/10.2337/diacare.25.3.512
https://doi.org/10.2337/diacare.25.3.512
http://www.ncbi.nlm.nih.gov/pubmed/11874939
http://www.ncbi.nlm.nih.gov/pubmed/20101286
https://doi.org/10.1067/mhj.2002.123839
http://www.ncbi.nlm.nih.gov/pubmed/12177647
https://doi.org/10.1371/journal.pone.0269112


60. Widdifield J, Bernatsky S, Paterson JM, Tu K, Ng R, Thorne JC, et al. Accuracy of Canadian health

administrative databases in identifying patients with rheumatoid arthritis: a validation study using the

medical records of rheumatologists. Arthritis care & research. 2013; 65(10):1582–91. https://doi.org/10.

1002/acr.22031 PMID: 23592598.

61. Gray R. A class of K-sample tests for comparing the cumulative incidence of a competing risk. Annals of

Statistics. 1988; 16:1141–54.

62. Rothman KJ. Modern epidemiology. 1st ed. Boston; Toronto: Little, Brown and Company; 1986. xiii,

358 p. p.

63. Hosmer DW, Lemeshow S. Confidence interval estimation of interaction. Epidemiology. 1992; 3

(5):452–6. Epub 1992/09/01. https://doi.org/10.1097/00001648-199209000-00012 PMID: 1391139.

64. Li R, Chambless L. Test for additive interaction in proportional hazards models. Annals of epidemiology.

2007; 17(3):227–36. Epub 2007/02/27. https://doi.org/10.1016/j.annepidem.2006.10.009 PMID:

17320789.

65. Greenland S. Dose-response and trend analysis in epidemiology: alternatives to categorical analysis.

Epidemiology. 1995; 6(4):356–65. Epub 1995/07/01. https://doi.org/10.1097/00001648-199507000-

00005 PMID: 7548341.

66. Harrell FE. Regression Modeling Strategies: With Applications to Linear Models, Logistic and Ordinal

Regression, and Survival Analysis ( 2nd Ed). New York, NY: Springer Science2015.

67. Lam KK, Kunder S, Wong J, Doufas AG, Chung F. Obstructive sleep apnea, pain, and opioids: is the rid-

dle solved? Curr Opin Anaesthesiol. 2016; 29(1):134–40. https://doi.org/10.1097/ACO.

0000000000000265 PMID: 26545144; PubMed Central PMCID: PMC4927322.

68. Wang D, Somogyi AA, Yee BJ, Wong KK, Kaur J, Wrigley PJ, et al. The effects of a single mild dose of

morphine on chemoreflexes and breathing in obstructive sleep apnea. Respiratory physiology & neuro-

biology. 2013; 185(3):526–32. https://doi.org/10.1016/j.resp.2012.11.014 PMID: 23207373.

69. Rowsell L, Wong KKH, Yee BJ, Eckert DJ, Somogyi AA, Duffin J, et al. The effect of acute morphine on

obstructive sleep apnoea: a randomised double-blind placebo-controlled crossover trial. Thorax. 2018.

https://doi.org/10.1136/thoraxjnl-2018-211675 PMID: 30166422.

70. Martins RT, Carberry JC, Wang D, Rowsell L, Grunstein RR, Eckert DJ. Morphine alters respiratory

control but not other key obstructive sleep apnoea phenotypes: a randomised trial. The European respi-

ratory journal: official journal of the European Society for Clinical Respiratory Physiology. 2020; 55(6).

Epub 2020/03/14. https://doi.org/10.1183/13993003.01344–2019 PMID: 32165399.

71. Lavie P, Lavie L. Unexpected survival advantage in elderly people with moderate sleep apnoea. J Sleep

Res. 2009; 18(4):397–403. Epub 2009/08/12. JSR754 [pii] https://doi.org/10.1111/j.1365-2869.2009.

00754.x PMID: 19663998.

72. Lavie L, Lavie P. Ischemic preconditioning as a possible explanation for the age decline relative mortal-

ity in sleep apnea. Medical hypotheses. 2006; 66(6):1069–73. Epub 2006/03/04. https://doi.org/10.

1016/j.mehy.2005.10.033 PMID: 16513285.

73. Ozeke O, Ozer C, Gungor M, Celenk MK, Dincer H, Ilicin G. Chronic intermittent hypoxia caused by

obstructive sleep apnea may play an important role in explaining the morbidity-mortality paradox of obe-

sity. Medical hypotheses. 2011; 76(1):61–3. Epub 2010/09/09. https://doi.org/10.1016/j.mehy.2010.08.

030 PMID: 20822856.

74. Pepin JL, Bailly S, Rinder P, Adler D, Benjafield AV, Lavergne F, et al. Relationship Between CPAP Ter-

mination and All-Cause Mortality: A French Nationwide Database Analysis. Chest. 2022. Epub 2022/

02/18. https://doi.org/10.1016/j.chest.2022.02.013 PMID: 35176275.

75. Hobl EL, Stimpfl T, Ebner J, Schoergenhofer C, Derhaschnig U, Sunder-Plassmann R, et al. Morphine

decreases clopidogrel concentrations and effects: a randomized, double-blind, placebo-controlled trial.

Journal of the American College of Cardiology. 2014; 63(7):630–5. Epub 2013/12/10. https://doi.org/10.

1016/j.jacc.2013.10.068 PMID: 24315907.

76. Meine TJ, Roe MT, Chen AY, Patel MR, Washam JB, Ohman EM, et al. Association of intravenous mor-

phine use and outcomes in acute coronary syndromes: results from the CRUSADE Quality Improve-

ment Initiative. American heart journal. 2005; 149(6):1043–9. Epub 2005/06/25. https://doi.org/10.1016/

j.ahj.2005.02.010 PMID: 15976786.

77. Kress HG, Kraft B. Opioid medication and driving ability. Eur J Pain. 2005; 9(2):141–4. Epub 2005/03/

02. https://doi.org/10.1016/j.ejpain.2004.05.010 PMID: 15737803.

78. Gomes T, Redelmeier DA, Juurlink DN, Dhalla IA, Camacho X, Mamdani MM. Opioid dose and risk of

road trauma in Canada: a population-based study. JAMA internal medicine. 2013; 173(3):196–201.

Epub 2013/01/16. https://doi.org/10.1001/2013.jamainternmed.733 PMID: 23318919.

79. Ferreira DH, Boland JW, Phillips JL, Lam L, Currow DC. The impact of therapeutic opioid agonists on

driving-related psychomotor skills assessed by a driving simulator or an on-road driving task: A

PLOS ONE The combined effect of OSA and opioid use on adverse health outcomes

PLOS ONE | https://doi.org/10.1371/journal.pone.0269112 June 28, 2022 18 / 19

https://doi.org/10.1002/acr.22031
https://doi.org/10.1002/acr.22031
http://www.ncbi.nlm.nih.gov/pubmed/23592598
https://doi.org/10.1097/00001648-199209000-00012
http://www.ncbi.nlm.nih.gov/pubmed/1391139
https://doi.org/10.1016/j.annepidem.2006.10.009
http://www.ncbi.nlm.nih.gov/pubmed/17320789
https://doi.org/10.1097/00001648-199507000-00005
https://doi.org/10.1097/00001648-199507000-00005
http://www.ncbi.nlm.nih.gov/pubmed/7548341
https://doi.org/10.1097/ACO.0000000000000265
https://doi.org/10.1097/ACO.0000000000000265
http://www.ncbi.nlm.nih.gov/pubmed/26545144
https://doi.org/10.1016/j.resp.2012.11.014
http://www.ncbi.nlm.nih.gov/pubmed/23207373
https://doi.org/10.1136/thoraxjnl-2018-211675
http://www.ncbi.nlm.nih.gov/pubmed/30166422
https://doi.org/10.1183/13993003.01344%26%23x2013%3B2019
http://www.ncbi.nlm.nih.gov/pubmed/32165399
https://doi.org/10.1111/j.1365-2869.2009.00754.x
https://doi.org/10.1111/j.1365-2869.2009.00754.x
http://www.ncbi.nlm.nih.gov/pubmed/19663998
https://doi.org/10.1016/j.mehy.2005.10.033
https://doi.org/10.1016/j.mehy.2005.10.033
http://www.ncbi.nlm.nih.gov/pubmed/16513285
https://doi.org/10.1016/j.mehy.2010.08.030
https://doi.org/10.1016/j.mehy.2010.08.030
http://www.ncbi.nlm.nih.gov/pubmed/20822856
https://doi.org/10.1016/j.chest.2022.02.013
http://www.ncbi.nlm.nih.gov/pubmed/35176275
https://doi.org/10.1016/j.jacc.2013.10.068
https://doi.org/10.1016/j.jacc.2013.10.068
http://www.ncbi.nlm.nih.gov/pubmed/24315907
https://doi.org/10.1016/j.ahj.2005.02.010
https://doi.org/10.1016/j.ahj.2005.02.010
http://www.ncbi.nlm.nih.gov/pubmed/15976786
https://doi.org/10.1016/j.ejpain.2004.05.010
http://www.ncbi.nlm.nih.gov/pubmed/15737803
https://doi.org/10.1001/2013.jamainternmed.733
http://www.ncbi.nlm.nih.gov/pubmed/23318919
https://doi.org/10.1371/journal.pone.0269112


systematic review. Palliative medicine. 2018; 32(4):786–803. Epub 2018/01/05. https://doi.org/10.1177/

0269216317746583 PMID: 29299954.

80. Guan Q, McCormack D, Juurlink DN, Bronskill SE, Wunsch H, Gomes T. New Opioid Use and Risk of

Emergency Department Visits Related to Motor Vehicle Collisions in Ontario, Canada. JAMA Netw

Open. 2021; 4(11):e2134248. Epub 2021/11/12. https://doi.org/10.1001/jamanetworkopen.2021.34248

PMID: 34762109; PubMed Central PMCID: PMC8586904.

81. National Safety Code. Standard 6: Determining Driver Fitness in Canada. Part 1: A Model for the

Administration of Driver Fitness Programs Part 2: CCMTA Medical Standards for Drivers In: Administra-

tors CCoMT, editor. February 2021 ed2021.

82. James PD, Wilkins R, Detsky AS, Tugwell P, Manuel DG. Avoidable mortality by neighbourhood income

in Canada: 25 years after the establishment of universal health insurance. Journal of epidemiology and

community health. 2007; 61(4):287–96. Epub 2007/03/21. https://doi.org/10.1136/jech.2006.047092

PMID: 17372287; PubMed Central PMCID: PMC2652935.

83. Gong G, Phillips SG, Hudson C, Curti D, Philips BU. Higher US Rural Mortality Rates Linked To Socio-

economic Status, Physician Shortages, And Lack Of Health Insurance. Health Aff (Millwood). 2019; 38

(12):2003–10. Epub 2019/12/04. https://doi.org/10.1377/hlthaff.2019.00722 PMID: 31794316.

84. Hulme J, Sheikh H, Xie E, Gatov E, Nagamuthu C, Kurdyak P. Mortality among patients with frequent

emergency department use for alcohol-related reasons in Ontario: a population-based cohort study.

CMAJ: Canadian Medical Association journal = journal de l’Association medicale canadienne. 2020;

192(47):E1522–E31. https://doi.org/10.1503/cmaj.191730 PMID: 33229348

85. Xu KY, Hartz SM, Borodovsky JT, Bierut LJ, Grucza RA. Association Between Benzodiazepine Use

With or Without Opioid Use and All-Cause Mortality in the United States, 1999–2015. JAMA Netw

Open. 2020; 3(12):e2028557. Epub 2020/12/10. https://doi.org/10.1001/jamanetworkopen.2020.28557

PMID: 33295972; PubMed Central PMCID: PMC7726637.

86. Correa D, Farney RJ, Chung F, Prasad A, Lam D, Wong J. Chronic opioid use and central sleep apnea:

a review of the prevalence, mechanisms, and perioperative considerations. Anesthesia and analgesia.

2015; 120(6):1273–85. Epub 2015/05/20. https://doi.org/10.1213/ANE.0000000000000672 PMID:

25988636.

87. Wang D, Yee BJ, Grunstein RR, Chung F. Chronic Opioid Use and Central Sleep Apnea, Where Are

We Now and Where To Go? A State of the Art Review. Anesthesia and analgesia. 2021; 132(5):1244–

53. Epub 2021/04/16. https://doi.org/10.1213/ANE.0000000000005378 PMID: 33857966.

88. Wolkove N, Baltzan M, Kamel H, Dabrusin R, Palayew M. Long-term compliance with continuous posi-

tive airway pressure in patients with obstructive sleep apnea. Canadian respiratory journal: journal of

the Canadian Thoracic Society. 2008; 15(7):365–9. Epub 2008/10/25. https://doi.org/10.1155/2008/

534372 PMID: 18949106; PubMed Central PMCID: PMC2679572.

89. Jaoude P, Lal A, Vermont L, Porhomayon J, El-Solh AA. Pain Intensity and Opioid Utilization in

Response to CPAP Therapy in Veterans with Obstructive Sleep Apnea on Chronic Opioid Treatment.

Journal of Clinical Sleep Medicine. 2016; 12(8):1105–11. https://doi.org/10.5664/jcsm.6046 PMID:

27250815.

90. Mogri M, Khan MIA, Grant BJB, Mador MJ. Central sleep apnea induced by acute ingestion of opioids.

Chest. 2008; 133(6):1484–8. https://doi.org/10.1378/chest.07-1891 PMID: 18574293.

PLOS ONE The combined effect of OSA and opioid use on adverse health outcomes

PLOS ONE | https://doi.org/10.1371/journal.pone.0269112 June 28, 2022 19 / 19

https://doi.org/10.1177/0269216317746583
https://doi.org/10.1177/0269216317746583
http://www.ncbi.nlm.nih.gov/pubmed/29299954
https://doi.org/10.1001/jamanetworkopen.2021.34248
http://www.ncbi.nlm.nih.gov/pubmed/34762109
https://doi.org/10.1136/jech.2006.047092
http://www.ncbi.nlm.nih.gov/pubmed/17372287
https://doi.org/10.1377/hlthaff.2019.00722
http://www.ncbi.nlm.nih.gov/pubmed/31794316
https://doi.org/10.1503/cmaj.191730
http://www.ncbi.nlm.nih.gov/pubmed/33229348
https://doi.org/10.1001/jamanetworkopen.2020.28557
http://www.ncbi.nlm.nih.gov/pubmed/33295972
https://doi.org/10.1213/ANE.0000000000000672
http://www.ncbi.nlm.nih.gov/pubmed/25988636
https://doi.org/10.1213/ANE.0000000000005378
http://www.ncbi.nlm.nih.gov/pubmed/33857966
https://doi.org/10.1155/2008/534372
https://doi.org/10.1155/2008/534372
http://www.ncbi.nlm.nih.gov/pubmed/18949106
https://doi.org/10.5664/jcsm.6046
http://www.ncbi.nlm.nih.gov/pubmed/27250815
https://doi.org/10.1378/chest.07-1891
http://www.ncbi.nlm.nih.gov/pubmed/18574293
https://doi.org/10.1371/journal.pone.0269112



