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Abstract

Rationale: Insufficient sleep is associated with a number of negative health outcomes; as most 

adolescents obtain <7 hours of sleep per night, it is important to understand how sleep impacts 

asthma among adolescents.

Objectives: To examine the impact of sleep opportunity on asthma in adolescents.

Methods: Fifty-four adolescents with asthma (12–17 years, 69% female, 65% Caucasian) 

participated in a randomized, cross-over sleep manipulation trial, including a sleep stabilization 

week, 5 nights of a “Short” sleep opportunity (time in bed: 6.5 hours/night), and 5 nights of 

a “Long” sleep opportunity (time in bed: 9.5 hours/night). Wake times were consistent across 

all three study weeks. Primary outcomes were lung function (daily peak expiratory flow rate, 

weekly spirometry) and functional asthma outcomes (daily asthma symptoms, Asthma Control 

Questionnaire, PROMIS Asthma Impact Scale). Markers of inflammation were also explored.

Measurements and Main Results: Compared to the Long sleep week, during the Short sleep 

week, morning FEV1 was lower (p=0.006), while asthma symptoms and albuterol use was higher 

(p<0.05), and asthma showed a trend towards greater negative impact on daily life (p=0.07). No 

differences were found for weekly measures of lung function or inflammation.

Conclusions: An insufficient sleep opportunity negatively impacts objective and subjective daily 

symptoms of asthma in adolescents, as well as health related quality of life. As most adolescents 

are significantly sleep deprived, it is important to target sleep health in the treatment of asthma.
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Introduction

Asthma prevalence among adolescents has increased since 2001,1 resulting in 

hospitalization, emergency/urgent care visits, and missed school days.2–5 Along with the 

medical management of asthma, modifiable health behaviors such as sleep opportunity 

should be considered. Most studies of adolescents with asthma have focused on the 

associations between asthma and sleep quality or sleep-disordered breathing.6–10 Yet 

associations cannot provide information on causality. Thus, the purpose of the current study 

was to use an experimental manipulation of sleep opportunity to examine the causal impact 

of sleep opportunity on lung function and functional outcomes in adolescents with asthma.

The nocturnal worsening of asthma has been well established and attributed to multiple 

factors, including circadian rhythms and sleep posture.11–16 Early studies with adults with 

asthma found that acute total sleep deprivation (i.e., 1–2 nights with no sleep) decreased 

peak expiratory flow rate (PEFR).17;18 However, acute total sleep deprivation among 

adolescents is rare, while chronic partial sleep restriction (routinely sleeping less than 

required for optimal functioning) is quite common.

Although adolescents have an average biological need of over 9 hours of sleep per 

night,19;20 only 25% of adolescents in the United States obtain at least 8 hours of sleep 

on an average school night,21 resulting in chronic partial sleep restriction (i.e., insufficient 

sleep). Insufficient sleep among adolescents is so significant that increasing adolescent 

sleep duration is one of the Healthy People 2020 primary Sleep Health outcomes.22 

Known consequences of insufficient adolescent sleep include increased daytime sleepiness 

and poor school performance;23–26 inattention, poor impulse control, and mood problems 

(e.g., depression);27–30 more risk-taking behaviors;31;32 and increased risk for automobile 

crashes.33–35 Studies also suggest that insufficient adolescent sleep is a risk factor for 

hypertension, hypercholesterolemia, insulin resistance, and obesity.36–40 However, only one 

small pilot study (n=10) used an experimental protocol to examine the role of chronic 

partial sleep restriction on asthma in adolescents, finding that compared to a week of 

a sufficient sleep opportunity, during a week of partial sleep restriction adolescents had 

a significant decrease in overnight PEFR and reported greater asthma interference with 

daytime functioning.41

The current study extends that preliminary work with a larger sample and more 

comprehensive outcome measures. Using a similar sleep manipulation protocol, we 

hypothesized that compared to 5 nights of sufficient sleep opportunity (9.5 hours in bed/

night), adolescents with asthma would have worse lung function (i.e., daily peak expiratory 

flow rate, weekly spirometry) and report worse functional asthma outcomes (i.e., daily 

asthma symptoms, subjective asthma control, poorer health related quality of life) after 

5 nights of partial sleep restriction (6.5 hours in bed/night). Finally, there are known 

associations between insufficient sleep and inflammatory markers associated with asthma 

(i.e., FeNO, CRP, IL-6, TNF-α),42;43 as well as known associations between asthma and 

obstructive sleep apnea due to overlap in airway inflammation.44;45 However, no study has 

considered the association between sleep, inflammation, and asthma in adolescents without 
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obstructive sleep apnea. Thus, we also explored the relationship between sleep opportunity 

and inflammatory markers.

Methods

This study was approved by the Institutional Review Board at National Jewish Health 

(NJH, HS# 2860). Informed parental consent and adolescent assent were obtained for all 

participants.

Participants

Adolescents (ages 12–17 years) with asthma were recruited from either a tertiary medical 

center or community advertisements (e.g., radio, Facebook) between May 2015 and July 

2017. An experienced Clinical Research Coordinator with specialized training in pediatric 

asthma screened for inclusion criteria and verification of asthma diagnosis, symptoms, 

and medications. Inclusion criteria were (a) age 12.0 – 17.9 years at time of summer 

participation; (b) evidence of active asthma in the last year, defined as presence of recurrent 

daytime OR nighttime symptoms (cough, wheeze, chest tightness, shortness of breath) 

OR asthma exacerbations that required an urgent care visit, hospitalization or systemic 

corticosteroids in the past year, OR the use of inhaled or oral medications for asthma; 

(c) average weekday sleep opportunity (bedtime to wake time) of 7.5 to 9 hours. Asthma 

diagnoses were confirmed through an in-person evaluation with an allergist, pulmonologist, 

or physician assistant with extensive experience with pediatric asthma.

Exclusion criteria were (a) presence of another significant chronic illness or diagnosed sleep 

disorder; (b) parent report of professionally diagnosed psychiatric disorder or developmental 

disorder (e.g., autism, ADHD); (c) suspicion of recurrent illegal substance use, (d) a history 

of neurologic illness or injury; (e) currently pregnant; (f) use of a medication or supplement 

(e.g., melatonin) with known effects on sleep or daytime alertness; g) obligations that 

would require a bedtime later than 10 p.m. or waking prior to 6 a.m. during the study; 

(h) obligations that would require driving, using heavy machinery, or otherwise engaging 

in activities that would be dangerous during the deficient sleep opportunity week; (i) daily 

consumption of more than 1 coffee or “energy drink” or more than 2 caffeinated sodas; (j) 

obesity (BMI > 98th percentile); and (k) cigarette smoking or smokeless tobacco product use 

in the past year.

All participants had a single night of in-lab polysomnography (PSG) at National Jewish 

Health to ensure there was no obstructive sleep apnea or periodic limb movements in sleep. 

The PSG included a standard montage recommended by a Task Force of the American 

Academy of Sleep Medicine, and was scored using the recommended pediatric scoring 

criteria.46;47

Sleep Manipulation Protocol

The study protocol was similar to that of Meltzer and colleagues.41 Participants were asked 

to select a consistent wake time for all three study weeks that would limit within-subject 

circadian variation and allow them to attend their weekly morning appointment. Participants 

were also instructed not to nap during the study. During the sleep stabilization week (and 
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on weekends), participants were allowed to self-select a bedtime that allowed 7.5 to 8.5 

hours in bed per night trying to sleep (“time in bed” or TIB), allowing for the stabilization 

of their sleep schedule, and to ensure both an increase and decrease in sleep opportunity. 

For the insufficient or “Short” sleep week, participant bedtime was set to restrict their 

time in bed to 6.5 hours per night, while during the sufficient or “Long” sleep week, 

participant bedtime was set to allow for 9.5 hours in bed per night trying to sleep (TIB). 

The 3 hour gap between Short and Long sleep opportunities was determined based on the 

recommended sleep amount and the actual sleep amount obtained by adolescents, including 

adolescents with asthma.7;48 Each study week was 5 nights, simulating a typical school 

week. Following successful completion of the sleep stabilization week, adolescents were 

randomized to either the Short or Long sleep week first. Block randomization was used, with 

a computer-generated randomized number list. Only the study PI had access to the random 

allocation sequence that was used to assign participations to the Long or Short sleep week 

first. The full trial protocol can be obtained from the first author (LJM).

Measurements – Daily Assessments

Actigraphy.—To ensure adherence to the study protocol (i.e., following the required 

bedtimes, required wake times, and ensure no napping), participants wore a Motionlogger 

Sleep Watch (Ambulatory-Monitoring, Inc., Ardsley, NY) on the non-dominant wrist for 

the full three weeks of the study, removing the devices for bathing, swimming, or if the 

watch could be damaged (e.g., sports practice). An event marker, in combination with the 

daily sleep diary, provided required information for scoring the actigraphy. Study outcomes 

included time in bed (reported bedtime to reported wake time), sleep period (actigraphic 

sleep onset to actigraphic sleep offset), total sleep time (number of minutes of actigraphy 

identified sleep between reported bedtime and reported wake time), and sleep efficiency 

(total sleep time/time in bed, expressed as a percent).

Daily Sleep and Asthma Diary.—A daily diary was sent via email through REDCap 

(Research Electronic Database Capture) at the University of Colorado Denver, a secure, 

web-based application designed to support data capture for research studies, providing: 1) 

an intuitive interface for validated data entry; 2) audit trails for tracking data manipulation 

and export procedures; 3) automated export procedures for seamless data downloads to 

common statistical packages; and 4) procedures for importing data from external sources.49 

Participants were asked to complete the diary within one hour of waking. If the diary was 

not completed by 10:00 a.m., a member of the study team contacted the participant to 

remind them to complete the diary.

Diary questions for sleep included bedtime (tried to fall asleep), wake time (time of final 

waking in the morning), subjective sleep quality, napping, caffeine use, and subjective 

daytime sleepiness. Asthma symptoms were assessed with the Pediatric Asthma Diary.50;51 

Specifically, participants were asked “Yesterday did you have any coughing, wheezing, 

shortness of breath, or chest tightness?” (daytime asthma symptoms); “How many puffs 

of albuterol did you use yesterday” (daytime albuterol use); “Did you have any coughing, 

wheezing, shortness of breath, or chest tightness last night?” (nighttime asthma symptoms); 

and “How many puffs of albuterol did you use during the night last night?” (nighttime 
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albuterol use). Finally participants were asked if both morning and evening peak flow meter 

assessments had been completed.

Peak Expiratory Flow Meter.—Participants used an electronic peak flow meter (PF100, 

Microlife, Clearwater, FL) every morning and evening to measure peak expiratory flow 

(PEF) and FEV1 (forced expiratory volume-1 second). Participants were instructed to 

complete their measurements before scheduled or rescue inhaler, and within one hour of 

waking and approximately 12 hours later. Data were downloaded at each of the weekly visits 

and reviewed for adherence.

Weekly Objective Measures.—At the end of each study week participants had a set 

visit time (to limit within-subject circadian variance) at NJH. During these visits adolescents 

completed spirometry (using ATS Standardization of Spirometry 1994 Guidelines) and 

exhaled nitric oxide (with the NiOx Mino or NiOx Vero, Circassia Pharmaceuticals Inc., 

Morrisville, NC) assessments. In addition, venous blood sampling was performed by a 

trained phlebotomist. Cytokine levels (IL-1β, TNF-α, and IL-6) were analyzed by ELISA 

and CRP by the latex-enhanced turbidimetric immunoassay method.

Asthma Control Questionnaire (ACQ).—The ACQ52 is one of two asthma control 

instruments designated as core measures of NIH-initiated clinical research.53 The ACQ 

includes 6 questions that assess symptom frequency, rescue therapy use, and activity 

limitation, as well as clinically measured FEV1. The ACQ was completed by participants at 

each of the weekly visits. A score of ≤ 0.75 was considered well-controlled asthma, and a 

score of ≥ 1.5 was considered inadequately controlled asthma.54

PROMIS Asthma Impact Scale (PAIS).—The PAIS addressed how a child’s life is 

affected by asthma.55 The PAIS is a self-report measure with 8 items and a 7-day recall 

period, and was completed by participants at each of the weekly visits.

Data Analysis

For weekly measures, Short and Long sleep weeks were compared using paired t-tests, 

pairing within subject based on the crossover design. For daily measures (actigraphy, 

measures from peak flow meters, symptoms), linear mixed models (LMM) were used 

for continuous measures, and generalized linear mixed models (GzLMM) were used for 

binary outcomes (logistic regression) or counts (Poisson regression). For both modeling 

approaches, a random intercept was included for subjects in addition to a spatial power 

structure for errors. Pseudo-likelihood methods were employed for the GzLMM’s to allow 

fitting of both components. Predictors in the longitudinal models included treatment (Short, 

Long), day, and the treatment*day interaction. When appropriate, covariates were added in 

some preliminary models, such as when testing for adequacy of randomization by inclusion 

of sequence or other demographic variables. Sample sizes were selected based on our pilot 

data41 that suggested 49 participants would provide adequate (at least 90%) power to detect 

mean differences between the Short and Long sleep weeks for peak flow variables.
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Results

Participant Characteristics

Ninety-two adolescents consented to participate in the study, with 54 completing the full 

three-week study protocol (Figure 1). Eight adolescents were diagnosed with obstructive 

sleep apnea (OSA) by overnight polysomnography (PSG), 19 dropped out prior to summer 

enrollment (i.e., before PSG, before start of summer), 7 were non-compliant prior to 

randomization, and 4 were non-compliant after randomization. There were no significant 

differences between adolescents who completed the study and those who did not in terms 

of age, gender, grade, race, or ethnicity; adolescents diagnosed with OSA had a higher 

body mass index percentile (mean=90.0, SD=10.8) compared to adolescents who completed 

(mean=62.0, SD=27.5), were non-compliant (mean=37.0, SD=22.6), or who dropped out of 

the study (mean=58.3, SD=30.0), F(3,88)=4.51, p=0.005.

Table 1 provides demographic information for adolescents who completed the study; the 

study sample included more females than males, but was more racially diverse than the 

Colorado population.56 There were no significant demographic differences by randomization 

group, with similarities in gender, race, age, grade or BMI between adolescents randomized 

first to the Short or Long sleep. PSG variables are also presented in Table 1; means for these 

variables were similar between randomization groups. There were no significant associations 

between any PSG variable and outcome variables, including actigraphy and lung function.

Adherence to Sleep Schedule

Table 2 provides mean values for the sleep characteristics of study completers 

by randomization sequence. No significant differences were found between the two 

randomization sequences for sleep opportunity, sleep period, total sleep time, sleep 

efficiency, bedtime or wake time. In addition, participants were adherent to the required 

sleep conditions, averaging a sleep opportunity of 8.2 hours during the sleep stabilization 

week, 6.7 hours during the Short sleep week, and 9.4 hours during the Long sleep week, 

with a rise time close to 7:30 a.m. for all three study weeks.

Comparison of Weekly Outcomes

Mean values for both objective and subjective weekly outcomes can be found in Table 3. No 

significant differences were found between the Short and Long sleep weeks on objective 

measures of lung functioning, including FEV1 (p=0.70), FVC (p=0.70), FEV1/FVC 

(p=0.73), or exhaled nitric oxide (p=0.27). Similarly, no significant differences were found 

between the Short and Long sleep weeks for any of the serum cytokines (all p’s > 0.25). For 

subjectively reported asthma control, no differences were found between the Short and Long 

sleep weeks (p=0.32), however during the Short sleep week adolescents reported that asthma 

had a greater impact on their daily functioning, with marginal significance (PAIS average 

T-score=41.82 in Short week, 40.37 in Long; p=0.07).

Comparison of Daily Outcomes

Table 4 shows mean estimates for Short and Long sleep weeks from lung function 

longitudinal models averaged over days within treatment weeks, i.e., main effects for 
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treatment. Although greater overnight drops occurred during the Short sleep week for both 

FEV1 and PEF compared to the Long sleep week, differences were not significant. Morning 

mean FEV1 was significantly lower in the Short sleep week than Long (2.66L vs. 2.73L, 

respectively; p=0.006). Both subjectively reported daily and nightly asthma symptoms were 

greater during the Short sleep week (p=0.002 and p=0.04, respectively), as was nighttime 

albuterol usage (p<0.0001).

Figure 2 shows estimates of average FEV1 by day in Short and Long sleep weeks, which 

demonstrates the greatest differences between Short and Long sleep early in the week 

(mean=2.73 L for Long sleep on both Day 1 and 2; mean=2.62 L for Short sleep on both 

Day 1 and 2; p=0.03 and p=0.02 for differences on Day 1 and 2, respectively). For daytime 

asthma symptoms (Figure 3), the greatest difference in probability of symptoms between 

Short and Long sleep weeks occurred on Day 3 (probability=0.48 for Short, 0.05 for Long; 

p<0.0001 for difference); on Days 2 and 4 differences were marginally significant. As with 

lung function, differences between the Short and Long sleep weeks for daytime symptoms 

started to drop later in the week.

Sensitivity and Per Protocol Analyses

To help assess adequacy of randomization, models for sleep duration and sleep efficiency 

were fit including predictors for randomization sequence (Short sleep first or Long sleep 

first), treatment*sequence, as well as subject height, weight, age, gender and race. As 

expected, the added predictors were not significant in these models and were thus dropped 

from further analyses.

Additional models were fit for subsets of subjects that did not meet protocol or with unusual 

sleep characteristics. Specifically, 3 subjects averaged greater than 7.5 hours of duration 

in bed during the Short sleep week (7.67, 7.76, and 8.01), and 6 subjects randomized to 

the Short sleep week first had relatively short sleep amounts in the weekend preceding the 

Short sleep week (range 6.13 to 7.20 hours). Models were fit without these subjects in 

two separate analyses, and results were similar to the main results reported, and thus not 

included here.

Observational models

Additional models were also fit that were more observational in nature, predicting average 

changes in outcomes based on increases or decreases in sleep amount, regardless of 

treatment. We found that an hour increase in sleep was associated with 24 mL average 

increase in FEV1 the following morning (p=0.008).

Discussion

This study is one of the first to examine the impact of sleep opportunity on daily and weekly 

asthma outcomes in a relatively large sample of adolescents. While previous studies have 

established an association between nocturnal asthma and sleep quality, few studies have used 

an experimental, prospective study design that is able to directly compare five nights of 

partial sleep restriction (6.5 hours) to five nights of a healthy sleep opportunity (9.5 hours). 

In sum, this study found that insufficient sleep has a negative impact on both objective and 
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subjective daily symptoms of asthma, as well as a negative impact on health related quality 

of life (i.e., impact of asthma on daily functioning). However, no differences were found in 

weekly measures of lung function or inflammation. The following will review these different 

findings, and propose some areas for future study.

The findings from this study replicated our previously published pilot study.41 However, 

the current study had a much larger sample (n=54 vs n=10), utilized validated subjective 

measures of asthma severity and asthma quality of life, and explored the role of serum 

cytokines. The current study found lower average daily morning FEV1 during the Short 

sleep week (measured by home peak flow), suggesting that insufficient sleep resulted in 

poorer lung function. However, sleep opportunity did not significantly impact spirometry 

or exhaled nitric oxide. One possible explanation for this finding is that daily peak flow 

and spirometry are effort dependent measures. If sleepy, an adolescent may not give his 

or her best effort on the home peak flow meters, whereas in a clinical setting, there will 

be someone who is pushing the youth to full effort. However, these findings should not be 

discounted, as some asthma treatment decisions may be based on peak flow readings, which 

could potentially lead to unnecessary treatment.

Another possible explanation for average daily, but not weekly, differences is found in the 

observational results. Daily FEV1 was significantly worse on the first two days of the Short 

sleep week, but then began to improve, with smaller differences between the Short and Long 

sleep week found for the last three days. This suggests that insufficient sleep may cause 

an immediate negative response in lung function, with compensation or adjustment to the 

sleep deprivation occurring over the last three days. More research is needed to clarify this 

potential dose dependent response.

While objective symptoms of asthma increased over the first two days, it was notable that 

subjective asthma symptoms also began to increase on day two, with a very significant 

difference found on the third day. This parallel response in subjective symptoms to the 

changes in FEV1 provides further evidence for a dose-dependent response to sleep loss 

rather than simply poor effort following Short sleep. In addition, the impact of asthma on 

quality of life was greater in the Short week. As the PROMIS Asthma Impact Scale uses 

a 7-day recall period, this finding may be a reflection of the changes over the week of 

insufficient sleep.

Although several early studies in adults reported an association between deficient sleep and 

low-level systemic inflammation,42 and animal models have demonstrated that sleep loss 

may lead to non-eosinophilic/Th1 like airway inflammation,57;58 this study did not find any 

differences in systemic inflammation (serum cytokines), airway eosinophilic/Th2 (exhaled 

nitric oxide), or neutrophilic/Th1 inflammation (TNF-α). Our findings are more consistent 

with a systematic review (published after this study began) that found an association 

between inflammatory markers and both sleep disturbance and long sleep duration, but not 

short sleep duration.43 Other potential reasons for the lack of findings in the current study 

was the single weekly assessment of these outcomes, rather than serial assessments over a 

24-hour period. In addition, although the weekly assessments were conducted at the same 

time for individual participants (e.g., 10:00 a.m. all three weeks), the samples were collected 
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between 8:00 a.m. and 12:00 p.m. across participants. Finally, this study was powered to 

detect differences in peak flow variables, and may have been underpowered for the serum 

cytokines.

Although this study provides novel insights into the relationship between sleep duration 

and asthma in adolescents, there are several limitations that should be noted. First, overall 

the study sample had good asthma control, thus changes to asthma may not have been as 

noticeable as in a population with more variable asthma control. Second, we were unable 

to collect data during the school year due to ethical concerns about the known impact of 

deficient sleep on school performance; thus the study was conducted over the summer, when 

asthma control tends to be better. Additional research is needed to examine the impact of 

insufficient sleep on adolescents with asthma during the winter. Third, although results were 

consistent regardless of first sleep condition (Short vs. Long), it is possible that the two 

nights of recovery after the Short sleep week was not sufficient, attenuating differences 

between the two sleep weeks. Fourth, daytime activity could impact asthma, and as the 

study was conducted during the summer it is possible participants were engaging in a 

higher (or lower) than average level of activity. This is an important area for follow-up in 

future research. Fifth, although there were no significant differences in participants who 

completed the study and those who did not, the study sample may not be representative 

of all adolescents with asthma. Finally, as participants were not blinded to condition, their 

subjective reports and possibly even their peak flow effort may have been biased.

Despite these limitations, sleep duration is an important variable to consider in the 

management of asthma, especially as the majority of adolescents in the United States 

are chronically sleep deprived. It is thus important to optimize the sleep opportunity 

of adolescents with asthma and increase education for patients and families about the 

importance of sleep duration in health outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Daily lung function is worse when adolescents with asthma only have 6.5 h to 

sleep

• A short sleep opportunity results in more reported daily asthma symptoms

• Adolescents with asthma report poor health-related quality of life with short 

sleep
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Figure 1: 
CONSORT flow diagram of participant recruitment, randomization, and analysis.
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Figure 2: 
(a) Mean morning FEV1 by treatment and day (bars), with 95% confidence intervals (error 

bars). Estimates were derived from longitudinal models discussed in the text. (b) Mean 

difference in morning FEV1, Long versus Short, by day, with 95% confidence intervals. 

Results show that the biggest mean differences occurred on Days 1 and 2.
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Figure 3: 
(a) Probability of daytime asthma symptoms by treatment and day (bars), with 95% 

confidence intervals (error bars). Estimates were derived from longitudinal models discussed 

in the text. (b) Estimated odds ratios for Short versus Long, by day, with 95% confidence 

intervals. Results show that the biggest mean difference occurred on Day 3.
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Table 1.

Demographic characteristics [mean (SD)] of participants who completed study by randomization sequence

Total (n=54) Short Sleep First (n=28) Lona Sleep First (n=26)

Female: % (n) 68.5 (37) 60.7 (17) 76.9 (20)

White/Caucasian: % (n) 64.8 (35) 57.1 (16) 73.1 (19)

Black/African American: % (n) 14.5 (8) 17.9 (5) 11.5 (3)

Multi-racial: % (n) 14.5 (8) 21.4 (6) 7.7 (2)

Other: % (n) 5.5 (3) 3.6 (1) 7.6 (2)

Hispanic: % (n) 26.9 (14) 21.4 (6) 32.0 (8)

Age: mean (SD) 14.7 (1.6) 14.7 (1.5) 14.7 (1.8)

Grade: mean (SD) 10.0 (1.7) 10.0 (1.5) 10.0 (1.9)

BMI: mean (SD) 22.3 (4.1) 22.8 (4.8) 21.7 (3.1)

BMI Percentile: mean (SD) 62.0 (27.5) 62.3 (30.0) 61.8 (25.0)

Baseline ACQ Well Controlled: % (n) 72.2 (39) 82.1 (23) 61.5 (16)

Baseline ACQ Inadequate Control: % (n) 9.3 (5) 7.1 (2) 11.5 (3)

Medications: % (n)

 Short-Acting Bronchodilator 70.4 (38) 75.0 (21) 65.4 (17)

 Inhaled Corticoid Steroid 35.2 (19) 35.7 (10) 34.6 (9)

 Combination (ICS plus LABA) 16.7 (9) 17.9 (5) 15.4 (4)

 Leukotriene Modifier 9.3 (5) 7.1 (2) 11.5 (3)

 Biologics 1.9 (1) 0.0 (0) 3.8 (1)

 Antihistamines 22.2 (12) 25.0 (7) 19.2 (5)

Polysomnography: mean (SD)

 Sleep Efficiency 89.7 (8.2) 89.95 (6.5) 89.5 (9.8)

 Percent of N1 Sleep 4.9 (3.6) 4.7 (3.2) 5.1 (4.1)

 Percent of N2 Sleep 57.9 (8.1) 56.0 (8.9) 60.0 (6.7)

 Percent of N3 Sleep 21.6 (8.7) 23.5 (9.4) 19.4 (7.6)

 Percent of REM Sleep 15.6 (4.3) 15.7 (4.7) 15.4 (3.9)

 Obstructive Apnea Index 1.1 (0.9) 1.3 (1.1) 0.9 (0.6)

 Total RDI* 2.1 (1.6) 2.4 (2.0) 1.9 (1.1)

 SpO2 92.9 (1.2) 92.8 (1.4) 93.0 (1.1)

*
1 subject with missing value; ACQ: Asthma Control Questionnaire
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Table 2.

Sleep characteristics [mean (SD)] of study participants by randomization sequence

Total (n=54*) Short Sleep First (n=28*) Long Sleep First (n=26)

Sleep Stabilization Week

 Time in bed (TIB), hours
† 8.21 (0.47) 8.16 (0.53) 8.26 (0.39)

 Sleep period, hours
† 7.79 (0.63) 7.65 (0.63) 7.94 (0.60)

 Total sleep time (TST), hours 7.20 (0.78) 7.06 (0.86) 7.35 (0.67)

 Efficiency (TIB/TST) 0.88 (0.07) 0.86 (0.07) 0.89 (0.06)

 Bedtime, time of day
‡ 11:22 pm (1.01) 11:32 pm (1.21) 11:11 pm (0.75)

 Wake time, time of day
‡ 7:34 am (0.95) 7:41 am (1.11) 7:26 am (0.75)

Short Sleep Week

 Time in bed (TIB), hours
† 6.71 (0.34) 6.69 (0.32) 6.73 (0.37)

 Sleep period, hours
† 6.32 (0.51) 6.32 (0.41) 6.31 (0.61)

 Total sleep time (TST), hours 5.99 (0.50) 5.97 (0.46) 6.00 (0.55)

 Efficiency (TIB/TST) 0.89 (0.06) 0.89 (0.05) 0.89 (0.06)

 Bedtime, time of day
‡ 12:55 am (0.88) 1:05 am (0.99) 12:45 am (0.72)

 Wake time, time of day
‡ 7:37am (0.95) 7:46 am (1.11) 7:28 am (0.72)

Long Sleep Week

 Time in bed (TIB), hours
† 9.38 (0.24) 9.35 (0.23) 9.41 (0.25)

 Sleep period, hours
† 8.57 (0.59) 8.53 (0.58) 8.61 (0.61)

 Total sleep time (TST), hours 7.78 (0.81) 7.75 (0.85) 7.82 (0.77)

 Efficiency (TIB/TST) 0.83 (0.08) 0.83 (0.08) 0.83 (0.08)

 Bedtime, time of day
‡ 10:07pm (0.89) 10:17pm (1.03) 9:58 pm (0.69)

 Wake time, time of day
‡ 7:29 am (0.91) 7:36 am (1.04) 7:21 am (0.76)

*
For Sleep Stabilization week, n=27

†
Time in bed is scored from reported bedtime to wake time, sleep period is scored from actigraphic sleep onset to actigraphic sleep offset

‡
SD in hours
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Table 4.

Estimates for outcomes in Long and Short sleep weeks from longitudinal models. Values are composite 

estimates (i.e., main effects) for treatment, averaged over days, with 95% confidence intervals. [Peak Flow 

Meter variables are continuous, symptoms is binary, and albuterol use is a count; consequently estimates are 

odds for symptoms and means for other variables (see text for more detail on the methods).]

Long Sleep Short Sleep L vs. S, p

Peak Flow Meter

 FEV1, mean overnight change, L −0.04 (−0.09, 0.02) −0.07 (−0.13, −0.01) 0.31

 FEV1, morning mean, L 2.73 (2.53, 2.94) 2.66 (2.46, 2.87) 0.006

 PEF, mean overnight change, L/min −16.2 (−24.0, −8.3) −20.1 (−28.3, −12.0) 0.30

 PEF, morning mean, L/min 400.2 (370.9, 429.6) 397.1 (367.8, 426.5) 0.40

Odds of Symptoms

 Daytime 0.11 (0.06, 0.22) 0.26 (0.14, 0.48) 0.002

 Nighttime 0.033 (0.017, 0.067) 0.060 (0.031, 0.113) 0.004

Mean albuterol use

 Daytime 0.17 (0.10, 0.30) 0.20 (0.11, 0.34) 0.23

 Nighttime 0.004 (0.002, 0.012) 0.009 (0.004, 0.24) <0.0001
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