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Abstract

Study Objectives: Sleep is an important dimension in the care of chronic obstructive pulmonary disease (COPD), but its relevance to exacerbations is unclear. We 

wanted to assess whether sleep quality as measured by the Pittsburgh Sleep Quality Index (PSQI) is associated with an increased risk of COPD exacerbations and 

does this differ by socio-environmental exposures.

Methods: We included 1647 current and former smokers with spirometrically confirmed COPD from the SPIROMICS cohort. We assessed incidence rate ratios for exacerbation 

using zero-inflated negative binomial regression adjusting for demographics, medical comorbidities, and multiple metrics of disease severity, including respiratory 

medications, airflow obstruction, and symptom burden. Our final model adjusted for socio-environmental exposures using the Area Deprivation Index, a composite measure of 

contemporary neighborhood quality, and Adversity–Opportunity Index, a composite measure of individual-level historic and current socioeconomic indicators. We used a pre-

determined threshold of 20% missingness to undertake multiple imputation by chained equations. As sensitivity analyses, we repeated models in those with complete data 

and after controlling for prior exacerbations. As an exploratory analysis, we considered an interaction between socio-environmental condition and sleep quality.

Results: After adjustment for all co-variates, increasing PSQI scores (range 0–21) were associated with a 5% increased risk for exacerbation per point (p = .001) in 

the imputed dataset. Sensitivity analyses using complete cases and after controlling for prior exacerbation history were similar. Exploratory analysis suggested less 

effect among those who lived in poor-quality neighborhoods (p-for-interaction = .035).

Conclusions: Poor sleep quality may contribute to future exacerbations among patients with COPD. This represents one target for improving disease control.

Clinical Trial Registration: Subpopulations and Intermediate Outcome Measures in COPD Study (SPIROMICS). ClinicalTrials.gov Identifier# NCT01969344. Registry 

URL: https://clinicaltrials.gov/ct2/show/.
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Statement of Significance

Exacerbations are one of the important outcomes in chronic obstructive pulmonary disease, but prior evidence about the influence of sleep 

is conflicting. In this study, which includes both the largest number of participants and the most extensive longitudinal follow-up of any to 

consider this question, we demonstrate a significant link between current poor sleep quality and future risk of exacerbations.
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Introduction

Sleep is increasingly recognized as an important factor in 

chronic obstructive pulmonary disease (COPD) [1]. Patients may 

experience significant sleep disturbances, and aspects of their 

sleep are also thought to influence the disease itself. However, 

the relationship of sleep to COPD exacerbations remains poorly 

understood, with major studies offering conflicting evidence [2, 

3]. This represents an important gap in the literature, as exacer-

bations are associated with accelerated lung function decline, 

worse quality of life, and increased mortality [4]. Due to the 

marked heterogeneity of their triggers and considerable vari-

ance in year-to-year occurrence [5], this question is difficult to 

study, but may be well addressed through the use of longitu-

dinal cohorts.

A major concern is appropriate adjustment for social and 

structural determinants of health. In both its incidence and 

mortality, socio-environmental exposures have a strong gra-

dient effect on COPD [6–8]. Sleep has been similarly character-

ized. There are marked disparities in sleep metrics by social 

status in contemporary studies [9], and longer-term evidence 

that sleep behavior is profoundly influenced by human social 

structure [10]. Both alterations in sleep quality and adverse 

socio-environmental exposures are also convergent in pos-

tulating increased inflammation as a mechanism of action [2, 

11]. To better understand the complicated relationship between 

these factors that may modify the course of COPD, we studied 

the relationship between sleep quality and risk of COPD exacer-

bations, giving particular focus to the potential modifying role of 

socio-environmental exposures.

Methods

The Subpopulations and Intermediate Outcome Measures in 

COPD Study (SPIROMICS) is a multicenter US longitudinal co-

hort designed to study subpopulations and intermediate out-

come measures in COPD that is described in detail elsewhere 

[12]. In brief, participants with current and/or former tobacco 

exposure with and at risk for COPD from 12 clinical centers 

across the United States had their natural history recorded in 

a combination of annual in-person visits and bridging phone 

interviews. All research was conducted in compliance with the 

Helsinki Principles and under the approval of local institutional 

review boards.

Exacerbations

We defined exacerbations as short-term increases in symptom 

severity that resulted in a healthcare visit and required the use of 

antibiotics or systemic corticosteroids. Events were self-reported 

by participants during annual follow-up visits and quar-

terly bridging phone calls with study staff. We also considered 

whether exacerbation resulted in a hospitalization as a marker 

of severity of exacerbation. All exacerbations were managed by 

participants’ local providers without input from SPIROMICS.

Pittsburgh Sleep Quality Index

The Pittsburgh Sleep Quality Index (PSQI) is a self-report survey 

instrument for measuring sleep quality [13]. It has been widely 

used in prior studies of COPD and other medical conditions [14]. 

Possible scores range from 0 to 21, with higher scores repre-

senting worse sleep quality and a suggested cut point by Buysse 

et al. [13] that a total score greater than 5 indicated “poor” sleep. 

While subscales exist, for comparability to previous studies, we 

only considered the total PSQI score. We were also influenced 

by previous work suggesting that meaningfulness of subscales 

can vary across populations and are not well studied in COPD, 

limiting their generalizability [15]. As PSQI responses are based 

on a 1-month recall [13], we included as a co-variate the nu-

merical change on this instrument over time to capture the 

dynamic nature of this instrument, distinguishing persistently 

poor sleepers from those whose sleep quality improved or wors-

ened over time. To limit missingness from our rolling recruit-

ment strategy, we assessed only changes between the first and 

second annual study visit.

Socio-environmental exposures

To interrogate the individual socio-environmental context of 

our participants, we selected a composite index, which may 

better capture gestalt effects than individualized metrics of 

socioeconomic status [16, 17]. Our index was developed for the 

SPIROMICS cohort by equally weighting five measures impactful 

to long-term pulmonary health [18]. In utero smoke exposure 

was record as yes, no, and unsure/declined to answer [19]. 

Access to fresh food was measured dichotomously as within 1 

mile for urban participants or 10 miles for rural participants, per 

US Department of Agriculture statistics [20–22]. Occupational re-

spiratory exposure was recorded as never, ever, or unsure [23, 

24]. Maximal educational attainment [25] was recorded as less 

than high school diploma, greater than higher school diploma, 

or high school diploma. Household income was reported as 

high, low, or unreported, with a threshold set at $50 000/year to 

approximate 200% of the federal poverty line for a family of four 

[26, 27]. The overall range of this Adversity–Opportunity Index 

(AOI) is from 1 to 8, with lower scores representing more adver-

sity and higher scores more favorable circumstances (Table 1). 

Through this design, we hoped to capture socio-environmental 

influences over the life course, focused primarily at the in-

dividual level. To measure contemporary area-level socio-

environmental exposures, we used the Area Deprivation Index 

Table 1. Scoring table for the AOI

Category Score

In utero smoke exposure 0 Yes 

1 Unsure/declines

2 No

Access to fresh/healthy food 0 Not within 1 mile urban or 10 

miles rural

2 Within 1 mile urban or 10 miles 

rural

Maximum educational 

 attainment

0 High school diploma or less

2 Beyond high school diploma

Job with respiratory exposures 0 Yes

1 Unsure/declines

2 No

Household income 0 ≤$50 000/year

1 Unreported

2 >50 000/year
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(ADI), a composite measure of neighborhood quality previously 

demonstrated to influence exacerbation risk.[8]

Additional co-variates

We constructed a directed acyclic graph to model exacerba-

tion risk based on literature review to identify factors that exert 

plausible, significant influence on both sleep quality, and ex-

acerbation risk [28]. Self-identified race [8] was coded as non-

Hispanic White, African American, or Other; this last category 

was aggregated due to small sample size and included 2.9% 

Latinx, 1.2% Asian, 0.3% Native American, 1.3% Mixed, and 

0.6% who declined to self-identify. Biological sex [29] was re-

corded as male or female. Age [30] was measured continuously. 

As recommended by the Global Initiative for Obstructive Lung 

Disease (GOLD), we measured post-bronchodilator percentage 

predicted forced expiratory volume in one second (FEV
1
) and 

COPD Assessment Test (CAT) score to assess COPD [4]. To align 

with major comparator studies, we included records of broncho-

dilator prescriptions. Our review identified multiple important 

medical comorbidities. Most comorbidities were assessed using 

a previously validated simple count of comorbidities count in 

COPD as a proxy measure [31] as we were less interested in char-

acterizing their individual effect than the cumulative impact of 

multiple comorbidities worsening sleep quality. This instrument 

was specially developed to assess COPD-relevant outcomes and 

included coronary heart disease, diabetes, congestive heart 

failure, stroke, or transient ischemic attack (TIA), osteoarthritis, 

osteoporosis, hypertension, gastro-esophageal reflux disease 

(GERD), obesity, obstructive sleep apnea, or allergic rhinitis. In 

SPIROMICS, all these diagnoses were determined by self-report 

of previous physician diagnosis except body mass index (BMI), 

which was measured directly. Additionally, we considered self-

reported diagnosis of asthma [32], mood symptoms as meas-

ured by the Hospital Depression and Anxiety Scale [33], BMI 

[34], and pack-years smoking history [4]. In addition to studies 

suggesting its negative impact on COPD exacerbations, sleep 

apnea has been associated with high PSQI scores, so we sep-

arately considered this single component of the comorbidity 

count for effect modification [35, 36]. Pack year smoking history 

was also assessed for interaction as it is both fundamental to 

the underlying disease process in developed economies and can 

influence sleep quality [4, 37].

Analysis

To account for the high fraction of participants who never re-

ported an exacerbation in their entire period of follow-up [5], we 

used a zero-inflated negative binomial model to predict exacer-

bation count. We model the probability of never reporting an ex-

acerbation using CAT scores and post-bronchodilator FEV
1
. This 

is consistent with GOLD guidelines for measuring COPD severity 

and predicting exacerbation risk [4]. To account for the rolling 

recruitment strategy, years in follow-up was used as an offset. 

We set a threshold for imputation if overall missingness in the 

dataset exceeded 20%. We used iterative chained equations for 

multiple imputation, prespecifying 10 cycles of imputation per 

previous recommendation [38]. We used 10 cycles for each of the 

10 iterations, and the estimated missing values averaged from 

across all 10 iterations were employed in our regressions [39]. 

In our analysis, we assumed missingness was at random be-

cause the majority of co-variates are about reporting incident 

diseases; the presence of any one is strongly influenced by other 

particular pathologies that are present or absent. As sensitivity 

test, we repeated our analysis controlling for retrospective ex-

acerbation history in the year prior to study enrollment. We only 

considered co-variate data for imputation. All analyses were 

performed on Stata Version 16. We set the threshold for signifi-

cance at α = .05 for all associations.

Results

45% of SPIROMICS participants eligible for our analysis 

were considered to have missing data because they had 

spirometrically confirmed COPD, a recorded baseline PSQI 

score, and a reported count of exacerbations from their time in 

the study but were missing data for at least one co-variate. The 

greatest source of missingness was missing data for inter-visit 

change in PSQI score, which was unavailable for 28% of eli-

gible participants (Figure 1). This was followed by diagnosis of 

sleep apnea or hay fever (both components of the comorbidity 

count), with 12.2% of eligible participants missing data. The 

majority of remaining missingness in our eligible dataset had 

a variety of patterns, each one totaling no more than 1%. In 

comparison to participants without missing data (complete 

cases), excluded individuals had higher mean CAT scores (16.9 

vs 14, p < .001), more adverse socio-environmental conditions 

as measured by the AOI (5.2 vs 5.3, p  =  .03) and poorer sleep 

quality (7.1 vs 6.2, p < .001), but not a higher comorbidity count 

(2.35 vs 2.34, p = .95). The missingness in our dataset triggered 

our use of imputation.

As a group, our participants were predominantly male, re-

ported moderate airway obstruction, heavy COPD symptom 

burden, poor sleep quality, and reported scores on the AOI 

within that scale’s interquartile range (Table 2). 54% of the study 

population met or exceeded the “poor” sleep quality threshold 

of ≤5 set by Buysse. The highest observed value of the PSQI was 

19 (Median 6/Standard deviation 3.9/IQR 5) and subscales were 

not normally distributed.

Incident rate ratio of COPD exacerbation

We observed a significant association between PSQI score 

and total and mean exacerbations in the unadjusted analysis 

(incidence rate ratios [IRR] 1.09, 95% confidence interval [CI] 

1.05–1.13, Figure 2). This association was similar in effect size 

and significance after adjustment for demographics, medical 

comorbidities, disease severity, medication usage, and socio-

environmental exposures (IRR 1.08, 95% CI: 1.03–1.13). In this 

multivariable model, increased pack-years, previous diag-

nosis of asthma, long-acting muscarinic antagonist (LAMA) 

or long-acting beta-2 agonist with inhaled corticosteroid 

(LABA-ICS) prescription, a greater number of comorbidities, 

and increasing CAT or change in serial PSQI score were also 

associated with an increased risk of exacerbation (Table 3). 

Other self-identified race, as well as increasing FEV
1
, AOI, 

and BMI were associated with a decreased risk of exacerba-

tion (Table 3). Sensitivity testing by complete case analysis 

and after controlling for prior exacerbation history yielded 

similar results (Table 3).
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Risk of hospitalization from COPD exacerbation

PSQI score was independently associated with an increased risk 

of hospitalization (Table 4) and remained significant in the full 

model with a 7% increase in risk of hospitalization with each 

1-point increase in PSQI.

Interaction testing

Our exploratory analysis did not suggest a uniform impact of 

PSQI on the risk of exacerbation across levels of the ADI. Instead, 

in the presence of high neighborhood deprivation as indicated 

by a high ADI, baseline sleep bore little relationship to risk for 

exacerbations (Figure 3). By contrast, in the presence of more fa-

vorable levels of ADI (i.e., a low ADI), exacerbation risk increased 

as PSQI increased (p-for-interaction  =  .035). There was no evi-

dence of effect modification for AOI (p-for-interaction  =  .34), 

smoking pack-years (p-for-interaction = .70), or diagnosis of ob-

structive sleep apnea (p-for-interaction  =  .32). Sensitivity ana-

lyses were similar (data not shown).

Discussion

In a multicenter cohort of 1647 participants with spirometrically 

confirmed COPD, we found sleep quality as measured by the 

PSQI to be an important risk factor independently associated 

with both total exacerbations, and the subset resulting in hos-

pitalization. Our study contributes to the literature by better 

outlining the nuances in which sleep quality is a predictor of 

COPD exacerbation.

These results align with two previous reports identifying 

poor sleep quality as measured by the PSQI as associated with 

an increased exacerbation risk [2, 40]. The earlier of these 

was notable for its consideration of socioeconomic status but 

limited by small sample size, use of now-outdated metrics for 

COPD severity, and limited consideration of comorbidities [40]. 

Shorofsky et al. [2] addressed many of these concerns in a co-

hort of 480 individuals with COPD in a multicenter Canadian 

cohort, where he found a decreased time to first exacerbation 

with reports of poor sleep after adjustment for demographics, 

COPD severity, comorbidities, and medication usage. By con-

trast, a secondary analysis of 1117 participants in a study on the 

utility of azithromycin for frequent COPD exacerbations found 

that unadjusted associations between sleep quality and exacer-

bation rate were largely explained by comorbidities and medi-

cation usage [3]. This last study had several similarities to our 

own, including overall sample size, event definition, and statis-

tical model employed. However, their population of interest was 

enriched for frequent exacerbators: the reported annual exacer-

bation rate among the original trial’s placebo group is several 

times our own (1.83/yr vs 0.5/yr).

Our study has several strengths, including that it is one of 

few studies [40] to collect more than 1 year of follow-up data. 

The lack of serial measurements in prior studies may have con-

tributed to misestimate of the association between PSQI score 

and exacerbation risk. Additionally, we, similar to Omachi et al. 

[40], include metrics of socio-environmental condition. This is 

an important consideration, as important influences in longi-

tudinal sleep quality have been documented in both adults and 

adolescents [41, 42].

Consistent with past literature, we found that socio-

environmental exposures were an important factor in charac-

terizing participants’ experience of COPD [43]. In the present 

study, more favorable exposures appeared to be associated with 

reduced exacerbation risk. Previous work demonstrates a longi-

tudinal association of improved sleep quality with proximity to 

built features of the neighborhood environment that improve liv-

ability and investment value [44]. Contemporary neighborhood 

exposures have also been identified as an important contributor 

to outcome disparities in COPD [8]. Multiple mechanisms are 

likely at work. Adverse neighborhood conditions can create bar-

riers to needed care through diminished social capital, limiting 

local information networks, and negatively influencing individ-

uals’ sense of self-efficacy [45–47]. These would understandably 

yield worse outcomes. While these social dynamics represent an 

urgent priority for the healthcare system, mechanisms for direct 

biological impact on disease outcome are increasingly described: 

one of the most widely studied in this regard is allostatic load. 

This approach aims to quantify the effect of prolonged exposure 

to heightened levels of stress-related biomarkers [48]. Allostatic 

load is a framework that has previously been used to capture 

the physiologic consequences of environmental stressors like 

poverty and minority/marginalized status [49]. Redline et al. [50] 

Figure 1. CONSORT flow diagram demonstrating the differences between the 

total SPIROMICS cohort and the subset of participants whose data were utilized 

in the present analysis.
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Table 2. Baseline characteristics of participants with spirometrically confirmed COPD in SPIROMICS

 All

Total n 1647

Age, mean ± SD 65.2 ± 8.0

Male sex, n (%) 942 (57.2%)

Race/ethnicity, n (%) Non-Hispanic White 1314 (79.8%) 

African American 234 (14.4%)

Other 47 (5.8%)

BMI (kg/m2), mean ± SD 27.4 ± 5.2

Obstructive sleep apnea, n (%) 289 (18.8%)

Ever diagnosed with asthma, n (%) No 1177 (73.1%)

Yes 367 (22.8%)

Unsure 66 (4.1%)

Hospital Depression Scale score, mean ± SD 4.5 ± 3.4

Hospital Anxiety Scale score, mean ± SD 5.5 ± 3.7

COPD Assessment Test (CAT) score, mean ± SD 15.2 ± 7.9

Percentage predicted post-bronchodilator FEV
1
, mean ± SD 61.4 ± 23.0

LAMA usage, n (%) 615 (38.4%)

LABA-ICS usage, n (%) 689 (43.1%)

Household income, n (%) <$50k/year 808 (49.5%)

Unreported 295 (18.1%)

>$50k/year 530 (32.5%)

Maximal educational attainment, n (%) Less than high school 209 (12.7%)

High school diploma 412 (25.1%)

Any post-high school 1020 (62.2%)

In utero smoke exposure, n (%) Yes 827 (51.7%)

Uncertain/not disclosed 494 (30.9%)

No 277 (17.3%)

Insufficient access to fresh food, n (%) 536 (33.1%)

Occupational respiratory exposure, n (%) Yes 702 (42.7%)

Uncertain 164 (10.0%)

No 778 (47.3%)

Comorbidity count, mean ± SD 2.4 ± 1.6

Adversity–Opportunity Index (AOI), mean ± SD 5.4 ± 2.0

Area Deprivation Index (ADI), mean ± SD 4.8 ± 2.9

Pittsburgh Sleep Quality Index (PSQI), mean ± SD 6.6 ± 3.9

Time in follow-up (years), mean ± SD 4.1 ± 1.7

COPD exacerbations per follow-up year, mean ± SD 0.5 ± 0.9

COPD exacerbations requiring hospitalization per follow-up year, mean ± SD 0.2 ± 0.5

Bolded values significant at α < .05. Insufficient Access to fresh food is grocer at 1 mile in urban area or 10 miles in rural area from known residence. AOI is a com-

posite metric of individual-level historic and current socio-environmental indicators.

Figure 2. Association between Pittsburgh Sleep Quality Index (PSQI) score and total and mean annualized exacerbations in the unadjusted analysis. Scatter plot of 

exacerbations during study participation versus baseline PSQI score. (A) Demonstrates total annualized exacerbations, while (B) displays mean per 1-point PSQI score. 

A linear regression of the trend of B and zero-inflated negative binomial regression of A is super-imposed.
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previously reported that sleep problems were associated with 

increased allostatic load, independent of socioeconomic status. 

At the same time, neighborhood poverty as measured by the ADI 

is associated with high allostatic load [51]. We might therefore 

postulate that while worsened sleep quality as represented by 

increased PSQI increases the allostatic load for all individuals, 

its relative effect is dependent on background conditions. Where 

there are other reasons for high allostatic load, such as socio-

environmental adversity, the impact of poor sleep is relatively 

smaller because there is already a strong propensity toward ex-

acerbation. By contrast, in those with better living conditions, 

this contribution might be more influential in that it is more 

likely to push them across a threshold to exacerbation. This 

interaction also adds nuance to previously reported findings 

that social conditions can influence PSQI score [52, 53]. Overall, 

these points highlight the importance of factors outside of med-

ical care in determining disease outcomes.

Mechanistically, these findings complement a larger body of 

work demonstrating the negative health consequences of im-

paired sleep. Animal models suggest the lung is especially sen-

sitive to such insults, demonstrating the most extensive DNA 

damage of multiple organ systems after a trial of partial sleep 

deprivation in rats [54]. Multiple studies have demonstrated 

sleep disturbance, including those measuring sleep quality with 

the PSQI, to be correlated with a variety of deranged immuno-

logic functions including a pro-inflammatory cytokine envir-

onment and vaccination response [55–58]. These immunologic 

perturbations may be particularly impactful given the import-

ance of infectious triggers in COPD exacerbation. They also ra-

tionalize the diminished impact of sleep quality among those 

we would expect to have high background inflammation.

This study has several important limitations. Measures of 

subjective sleep quality do not necessarily correlate with ob-

jective measures and could produce different results. As a group, 

our Other self-identified race participants were too heteroge-

neous to allow generalization from these data. Imputation is a 

well-validated approach in data analysis, but a complete dataset 

would yield the most accurate estimates. Though we compared 

baseline sleep quality to prospective exacerbations, we cannot 

entirely exclude the possibility that our reported association be-

tween PSQI and exacerbation risk was a reflection of the known 

negative impact of respiratory symptoms on sleep quality. 

Table 3. Change in annual rate of COPD exacerbation per 1-point increase in PSQI and co-variates in SPIROMICS, final models

 

Complete cases 

model (n = 915) p 

Complete 

cases model, 

controlling for 

exacerbation 

history (n = 915) p 

Imputed model 

(n = 1647) p 

Imputed model, 

controlling for 

exacerbation 

history (n = 1647) p 

Pittsburgh Sleep Quality 

Index (PSQI)

1.08 (1.03–1.13) .001 1.06 (1.01–1.11) .01 1.05 (1.01–1.09) .006 1.04 (1.01–1.08) .02

Inter-visit change in PSQI 1.06 (1.01–1.11) .01 1.04 (1.00–1.09) .07 1.05 (1.01–1.09) .02 1.03 (1.00–1.08) .08

Age 0.83 (0.71–0.97) .01 0.86 (0.74–1.00) .048 0.91(0.82–1.02) .14 0.93 (0.84–1.04) 0.23

Sex 1.04 (0.78–1.37) .79 0.96 (0.72–1.26) .75 1.24 (1.00–1.53) .03 1.14 (0.92–1.40) .22

BMI 0.78 (0.67–0.91) .002 0.78 (0.67–0.91) .002 0.83 (0.74–0.94) .001 0.83 (0.74–0.93) .001

Race         

 Non-Hispanic White Referent Referent Referent Referent

 Black 1.36 (0.87–2.11) .18 1.37 (0.88–2.12) .16 1.02 (0.75–1.38) .98 1.04 (0.76–1.41) .79

 Other 0.44 (0.22–0.90) .03 0.46 (0.23–0.94) .03 0.55 (0.34–0.9) .01 0.57 (0.35–0.91) .02

Asthma         

 No Referent Referent Referent Referent

 Uncertain 1.62 (0.81–3.26) .17 1.60 (1.16–2.21) .35 1.03 (0.63–1.68) .92 0.93 (0.57–1.51) .76

 Yes 1.66 (1.20–2.30) .002 1.39 (0.70–2.75) .004 1.48 (1.17–1.89) .001 1.37 (1.08–1.74) .001

Hospital Depression score 1.01 (0.96–1.07) .59 1.01 (0.96–1.07) .63 1.00 (0.97–1.04) 0.97 1.00 (0.97–1.04) 1

Hospital Anxiety score 1.01 (0.96–1.06) .71 1.01 (0.96–1.05) .78 1.00 (0.96–1.03) 0.97 0.99 (0.95–1.02) .47

Smoking pack-years 1.19 (1.02–1.40) .003 1.19 (1.02–1.38) .03 1.05 (0.94–1.18) 0.43 1.06 (0.95–1.19) 1

Percentage predicted post- 

bronchodilator FEV1

0.64 (0.55–0.76) <.001 0.68 (0.57–0.80) <.001 0.62 (0.55–0.71) <.001 0.65 (0.58–0.75) <.001

COPD Assessment Test 

score

1.03 (1.01–1.05) .01 1.02 (1.00–1.05) .04 1.04 (1.02–1.06) <.001 1.04 (1.02–1.06) <.001

LAMA usage 1.44 (1.07–1.93) .02 1.26 (0.94–1.70) .11 1.28 (1.02–1.59) .06 1.17 (0.94–1.45) .16

LABA-ICS usage 2.14 (1.60–2.87) <.001 1.87 (1.40–2.50) <.001 1.51 (1.21–1.89) <.001 1.42 (1.14–1.77) .002

Comorbidity count 1.20 (1.03–1.40) .02 1.20 (1.03–1.39) .02 1.17 (1.03–1.33) .01 1.18 (1.04–1.34) .01

Exacerbation in year 

prior–enrollment

NA 1.50 (1.28–1.76) <.001 NA 1.45 (1.31–1.61) <.001

Area Deprivation Index 

(ADI)

0.95 (0.82–1.12) .56 0.99 (0.85–1.15) .90 1.07 (0.95–1.20) .24 1.09 (0.97–1.22) .13

Adversity–Opportunity 

Index

0.97 (0.91–1.04) .46 0.98 (0.92–1.05) .58 0.94 (0.89–0.99) .03 0.96 (0.91–1.01) .12

This model suggests that for every 1-point increase in baseline Pittsburgh Sleep Quality Index (PSQI) score, holding all other values equal, the risk of prospective 

COPD exacerbation is increased by 5% in the follow-up year. Or for every additional 1 standard deviation change in post-bronchodilator FEV1 at baseline, the risk of 

exacerbation is decreased by 36% in the follow-up year.

Bolded values statistically significant at α < 0.05. Co-variates are presented per 1-point change for scaled instruments, and per 1 standard deviation change for con-

tinuous variables. All results are presented as “point estimate (95% CI)”.
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Alternative study designs could have more firmly established the 

direction of causality. While we controlled for respiratory medi-

cations, previous reports noted associations to non-respiratory 

medications unavailable in our dataset including anti-psychotics 

and opiates, which might have influenced results. Though we 

accounted for medication prescriptions, data on usage or com-

pliance were not available. Similarly, adjustment for severity ra-

ther than mere presence of obstructive sleep apnea might also 

yield additional insights. The ADI captures some important di-

mensions of neighborhood quality but is far from comprehen-

sive [59]. In particular, it does not address several that might 

impact sleep quality including ambient light, noise pollution, 

and violent crime rate. More generally, we encourage future 

research in sleep medicine to give greater emphasis to social 

conditions, which can have a demonstrably powerful influence. 

Though the current analysis suggests their importance, dedi-

cated analyses designed to produce unconfounded estimates of 

impact of social conditions would yield higher quality estimates 

[60]. More generally, the significance of all co-variates should be 

interpreted with caution, given the possible issue of multiple 

comparison in addition to possible confounding. Like previous 

studies of the relationship between sleep quality and COPD ex-

acerbations, we did not control for healthcare access. However, 

together with prior literature, there are now positive results 

across both Canadian and American samples, despite very dif-

ferent roles for governmental payers [61]. By contrast, disease 

severity or treatment compliance are likely important consid-

erations for comorbidities like asthma and obstructive sleep 

apnea, but we were unable to account for this level of nuance 

in our analysis. Treatment adherence for COPD itself presents a 

similar challenge.

Conclusion

In this prospective, longitudinal, multicenter cohort of 1647 

participants with spirometrically confirmed COPD, worse sleep 

quality was associated with an increased risk of both overall 

Table 4. Change in annual rate of COPD exacerbation resulting in hospitalization per 1-point increase in PSQI and co-variates in SPIROMICS, 

full models

 

Model A: 

complete cases 

(n = 915) p 

Model B: 

complete cases, 

controlling for 

exacerbation 

history (n = 915) p 

Model C: imputed model 

(n = 1647)

Model D: imputed 

model, controlling for 

exacerbation history 

(n = 1647)

Pittsburgh Sleep Quality 

Index (PSQI)

1.08 (1.01–1.16) .03 1.07 (1.00–1.15) .05 1.07 (1.02–1.13) .01 1.06 (1.01–1.12) .02 

Inter-visit change in PSQI 1.03 (0.96–1.11) .34 1.02 (0.95–1.09) .65 1.04 (0.98–1.11) .14 1.03 (0.97–1.09) 0.34

Age 0.94 (0.75–1.17) .57 1.02 (0.82–1.27) .89 0.91 (0.77–1.08) .29 0.95 (0.81–1.12) .55

Sex 1.05 (0.69–1.61) .81 1.04 (0.69–1.58) .84 1.12 (0.82–1.53) .49 1.06 (0.78–1.44) .73

BMI 0.79 (0.62–1.01) .06 0.80 (0.63–1.01) .06 0.84 (0.71–1.00) .055 0.84 (0.70–1.00) .05

Race         

 Non-Hispanic White Referent Referent Referent Referent

 Black 3.49 (1.81–6.73) <.001 3.55 (1.84–6.85) <.001 2.13 (1.37–3.31) .001 2.29 (1.47–3.56) <.001

 Other 0.60 (0.21–1.74) .35 0.65 (0.23–1.82) .42 0.66 (0.33–1.31) .24 0.69 (0.35–1.35) .28

Asthma         

 No Referent Referent Referent Referent

 Uncertain 0.26 (0.08–0.89) .03 0.28 (0.09–0.87) .03 0.44 (0.20–0.96) .04 0.44 (0.20–0.95) .04

 Yes 1.07 (0.65–1.76) .79 1.02 (0.63–1.66) .93 1.51 (1.07–2.15) .02 1.36 (0.96–1.93) .08

Hospital Depression Scale 

score

0.98 (0.90–1.07) .71 1.00 (0.92–1.08) .92 1.01 (0.96–1.07) .63 1.03 (0.97–1.09) 0.32

Hospital Anxiety Scale 

score

1.03 (0.96–1.11) .41 1.02 (0.95–1.09) .61 0.99 (0.94–1.05) .76 0.98 (0.93–1.03) 0.41

Smoking pack-years 1.25 (0.97–1.62) .08 1.26 (0.98–1.60) .07 1.18(0.99–1.42) .07 1.19(1.00–1.42) .05

Percentage predicted post- 

bronchodilator FEV
1

0.62 (0.47–0.82) .001 0.64 (0.48–0.84) .002 0.57 (0.46–0.70) <.001 0.59 (0.48–0.73) <.001

COPD Assessment Test 

score

1.03 (0.99–1.07) .15 1.02 (0.99–1.06) .21 1.02 (0.99–1.05) .15 1.02 (0.99–1.05) .17

LAMA usage 1.19 (0.77–1.84) .43 0.96 (0.62–1.49) .87 1.13 (0.81–1.55) .47 1.03 (0.75–1.42) .86

LABA-ICS usage 2.79 (1.79–4.43) <.001 2.43 (1.57–3.77) <.001 1.50 (1.07–2.10) .02 1.39 (1.00–1.94) .049

Comorbidity count 1.40 (1.12–1.76) .003 1.39 (1.11–1.) .004 1.22 (1.01–1.47) .04 1.23 (1.02–1.48) .03

Exacerbations in year prior 

to enrollment

NA 1.64 (1.31–2.05) <.001 NA 1.43 (1.24–1.66) <.001

Area Deprivation Index 

(ADI)

0.90 (0.72–1.14) .39 1.00 (0.93–1.08) .93 0.98 (0.83–1.16) .85 1.02 (0.86–1.20)

Adversity–Opportunity 

Index

0.98 (0.87–1.09) .70 0.99 (0.88–1.10) .82 0.94 (0.86–1.03) .15 0.96 (0.88–1.04) .34

This model suggests that for every 1-point increase in baseline Pittsburgh Sleep Quality Index (PSQI) score, holding all other values equal, the risk of prospective 

COPD exacerbation is increased by 7% in the follow-up year. Or for every additional standard deviation change in post-bronchodilator FEV
1
 at baseline, the risk of 

exacerbation is decreased by 38% in the follow-up year.

Bolded values statistically significant at α < 0.05. All results are presented as “point estimate (95% CI)”. Co-variates are presented as per 1-point change for scaled in-

struments, and per 1 standard deviation change for continuous variables.
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COPD exacerbations and the subset of exacerbations resulting 

in hospitalization. These findings highlight the importance of 

life circumstances in influencing disease control.
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