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SUMMARY

Physical activity (PA) is widely considered to improve sleep, but a comprehensive review of the
research on this topic has not been performed. In this umbrella review, conducted initially for the
2018 Physical Activity Guidelines for Americans Advisory Committee and updated to reflect
more recent research, we examined whether PA enhances sleep outcomes across the lifespan as
well as among individuals with sleep disorders. Systematic reviews and meta-analyses were
utilized to assess the evidence. We also examined dose-response considerations and whether the
association between PA and sleep was moderated by various factors (e.g., timing,
sociodemographic characteristics). We found strong evidence that both acute bouts of PA and
regular PA improved sleep outcomes. Moderate evidence indicated that longer bouts of PA (both
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acute and regular) improved sleep, and that the effects of PA on sleep outcomes were generally
preserved across adult age groups and sex. Finally, moderate evidence demonstrated that PA
improved sleep in adults with insomnia symptoms or obstructive sleep apnea. Several important
areas in need of future research were also identified. Overall, the review supported the claim that
PA improves sleep, but highlighted gaps that need to be addressed to facilitate more widespread
utilization of PA for improving sleep.
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INTRODUCTION

Sleep is an essential behavior that is important for a broad range of functions including
neural development, learning, memory, emotional regulation, immune function, and
cardiovascular and metabolic health [1,2]. As such, sleep is a key determinant of health and
well-being across the lifespan, with a multitude of health consequences associated with
insufficient or poor sleep (e.g., impaired daytime function, cardiovascular disease, obesity)

[3].

Despite its biological necessity, insufficient and/or poor sleep is widespread. Over 50% of
children and adolescents [4] and 35% of adults [5] report obtaining too little sleep on a
regular basis compared to age-specific recommendations. Approximately 20% of children
and adults report sleep complaints that occur often or = 3 nights/week, respectively [6,7].
Moreover, sleep disorders are observed from childhood through older adulthood, with
insomnia and obstructive sleep apnea (OSA) the most prevalent [8-10]. With its high
prevalence and associated adverse health consequences, poor sleep constitutes a high public
health burden [11]; thus, it is important to identify and promote ways to improve sleep that
are safe and easily accessible.

Physical activity (PA) is often endorsed as a non-pharmacologic way to improve sleep [12—
14], and multiple reviews have recently summarized the literature examining the impact of
PA on specific sleep problems (e.g., insomnia, OSA) [15,16] or its impact on groups among
whom disturbed sleep is prevalent (e.g., older adults, cancer patients) [17,18]. However, a
review providing an overview of the current evidence on the relationships between PA and
sleep across the lifespan, including individuals with and without sleep complaints, remains
needed. This information is essential to inform public health recommendations, guide future
research, and identify how PA may be optimally prescribed to improve sleep.

To support the development of the 2018 Physical Activity Guidelines for Americans [19],
the Physical Activity Guidelines Advisory Committee (PAGAC) reviewed the scientific
literature regarding the impact of PA on sleep [20]. This review serves to update the review
conducted by the PAGAC. In addition to examining the evidence base regarding the
associations between PA and sleep, the current review aims to address the following
questions: 1) Is there a dose-response relationship for either acute bouts of PA or regular
PA? If yes, what is the shape of the relationship?; 2) Does the relationship between PA and
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sleep vary by age, sex, race/ethnicity, socioeconomic status, or weight status?; and 3) Does
the relationship between PA and sleep exist for individuals with impaired sleep behaviors or
disorders? If yes, for which sleep disorders? [20].

METHODS

This umbrella review is reported according to the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses guidelines [21]. The protocol for this review was prospectively
registered at PROSPERO (#CRD42018096732).

Search Strategy and Inclusion Criteria

An overview of the methods used to conduct the systematic reviews that informed the
PAGAC Scientific Report have been described in detail elsewhere [20,22]. Briefly, a
literature search was conducted using the Cochrane, Cumulative Index of Nursing and Allied
Health Literature (CINAHL), and PubMed electronic databases. The original search
included papers published from 2006 to July 24, 2017 (i.e., for informing the PAGAC
report); the search was expanded to include literature published through May 6, 2020, for
this updated review.

Inclusion criteria were predefined and papers were considered potentially eligible if: 1) they
were systematic reviews, meta-analyses, or pooled analyses of experimental or observational
studies; 2) were published in English; 3) reported on studies with PA as the intervention/
exposure and sleep as the outcome. The PA intervention/exposure could be any type or
intensity of PA and either acute or regular PA. A variety of sleep variables, including sleep
quality, sleep architecture (e.g., slow-wave sleep), and sleep disorder symptoms (e.g., apnea-
hypopnea index for OSA), were included as outcomes. Healthy people, people with
psychiatric disorders or cognitive impairment, and people with impaired sleep or sleep
disorders of all ages were included. Reviews focused on people with chronic conditions
(other than psychiatric conditions or cognitive impairment), people living in long-term care,
hospitalized patients, athletes, or animals were excluded. The full search strategy is provided
in Table S1.

Article Selection Process

The titles and abstracts of papers identified in the original and updated literature searches
were independently screened by two reviewers (CHH, KEP, RFM, or CEK). Full texts of
relevant articles were reviewed to identify papers meeting the inclusion criteria.
Disagreement between reviewers was resolved by discussion or by a third person (KIE).
Figure 1 depicts the search strategy and article review process for the original and updated
searches. Table S2 provides a list of articles excluded following abstract screening or full-
text review.

Data Extraction and Methodological Study Quality Assessment

Study characteristics from the selected articles (e.g., number of studies, types of studies
included, whether dose-response relationships were addressed, effect sizes) were extracted
by trained abstractors. The quality of the selected articles was assessed using a tailored
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version of A Measurement Tool to Assess Systematic Reviews (AMSTAR) [23] previously
used to evaluate the methodological quality of meta-analyses focused on exercise and blood
pressure (AMSTAREXBP) [24]. Table S3 provides a quality assessment of each included
study.

Grading of Evidence

Following the original literature search and data extraction, the PAGAC evaluated the
evidence. Given the diversity of topics considered by the PAGAC and the diverse bodies and
types of literature available for the many topics, the PAGAC chose not to develop a specific
point system for the evaluation process. Instead, PAGAC members considered the following
criteria to determine the general strength of the evidence, guided by a standardized rubric
(see Table 1 of [22]): a) applicability of the study sample, exposures, and outcomes to the
research question, b) generalizability to the population of interest, ¢) risk of bias/study
limitations, d) quantity and consistency of findings across studies, and e) magnitude and
precision of the effect. The evidence was examined and discussed first by, in this case, three
members of the PAGAC Brain Health Subcommittee, then by the full Subcommittee (5
members, 2 consultants), and, finally, by the full 17-member PAGAC. Through these
discussions, final evidence grades and conclusion statements for each research question were
developed. Consensus by the full PAGAC was required, and all concerns were resolved by
discussion. For the updated search, the new information was reviewed by the entire
authorship team to determine whether the evidence grades and conclusions made in the 2018
PAGAC report should be revised.

RESULTS

Description of the Evidence

Overview.—A total of 34 articles were included in this review; 15 of these were included
in the 2018 PAGAC report, and additional 19 were identified in the updated search. Table 1
presents a summary of the characteristics of the articles. The evidence base comprised 19
meta-analyses [16,25,27-29,35,37,39-41,43,45-47,49,51,53-55] and 15 systematic reviews
[15,17,26,30-34,36,38,42,44,48,50,52]. Most reviews included adult samples (7= 23)
[15,16,25,28,30-32,35-40,42-44,46-48,51,52,54,55]; however, some focused on children (n
=2) [27,41], adolescents and young adults (7= 3) [29,33,45], middle-aged adults (n7= 2)
[49,53], older adults (n=3) [17,26,50], or all ages (r7= 1) [34]. The majority of reviews
focused on sleep without regard to a specific disorder, but others focused on samples with
OSA (n=8) [16,25,31,35,37,39,40,47], insomnia or sleep complaints (r7=5)
[15,26,28,48,53], restless legs syndrome (n7= 2) [38,52], shift workers (7= 2) [32,36], or jet
lag (n=1) [30]. Most reviews included only experimental studies (s7= 25); others included
both observational (i.e., cross-sectional and longitudinal) and experimental studies (7= 7)
[27,30,32-34,41,54] or only observational studies (n7= 3) [29,45,50] in their reviews. The
number of studies in each review that were relevant (i.e., with PA as the exposure and sleep
as the outcome) ranged from two to 63, though most reviews included between five and 15
studies (median number of studies = 6). The 34 reviews included a total of 295 unique
studies; 46 of these studies were cited in two reviews, seven were cited in three reviews, and
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nine were cited in four or more reviews. In particular, three experimental studies focused on
exercise and OSA were cited across six or more reviews.

Exposures.—Most articles focused on PA; only three examined sedentary behavior
[33,41,54]. Reviews of experimental studies often included studies that featured supervised
moderate-to-vigorous intensity aerobic and/or resistance exercise; only one review focused
exclusively on resistance exercise [42]. Most reviews of experimental studies only
considered regular PA interventions (i.e., = 2 wk); only five reviews examined the impact of
acute (< 1 wk) exercise [28,34,42,43,51], with one exclusively focused on acute evening
exercise (e.g., < 4 h before bedtime) [51]. Reviews of studies that included observational
data often utilized self-reported or accelerometer-based measures of PA or sedentary
behavior.

Outcomes.—The majority of reviews included self-reported measures of sleep as
outcomes, using diary-based reports of various sleep parameters (e.g., sleep duration) or a
wide variety of locally derived or validated questionnaires [15,17,27,29,30,32-34,36,41—
46,48,50,51,53-55]. In particular, questionnaires were commonly used to assess sleep
quality (e.g., Pittsburgh Sleep Quality Index [PSQI])
[15,17,26,28,32,34,36,42,44,46,48,49,53-55], daytime sleepiness (e.g., Epworth Sleepiness
Scale [ESS]) [32,34,54], insomnia severity (Insomnia Severity Index [ISI])
[15,28,32,42,46,49,54,55], and restless legs symptoms (International Restless Legs Scale
[IRLS]) [38,52]. Many of the reviews also included studies that utilized accelerometry
[15,17,27-30,34,42,43,48,51,54]. Fewer reviews included studies that used
polysomnography (PSG) [15,17,27-29,34,42,43,45,48,51,53], which permitted evaluation of
sleep stages. Each of the eight reviews focused on OSA included the apnea-hypopnea index
(AHI) as an outcome, with most of these reviews also assessing other measures of OSA
severity (e.g., oxygen desaturation index) [31,40], PSG-assessed sleep parameters (e.g.,
sleep efficiency) [31,39,40], and self-reported daytime sleepiness (via the ESS)
[16,25,31,37,39,40,47].

Review of the Evidence: Sleep Outcomes Across Age Groups

Overall, there was strong evidence that acute bouts of PA and regular PA improve sleep
outcomes among adults. However, evidence was somewhat mixed among older adults, and
there was insufficient evidence available to examine relationships between PA and sleep in
children and adolescents (Table 2).

Adults.—Of the 26 reviews focused on adults or without regard to age group, 10 of these
reviews focused on common sleep outcomes (i.e., not in relation to a specific sleep
complaint or disorder) [34,42-44,46,49,51,53-55]. In general, these reviews all reported
beneficial effects of PA on one or more aspect of sleep. The strongest evidence comes from
analyses of 66 controlled intervention studies involving 2863 community-dwelling adults
ranging from 18 to 88 y of age, with a wide range of PA modes and intensities represented
[43]. The findings from this meta-analysis indicated consistently small-to-moderate sized
benefits of both acute bouts of PA and regular PA on multiple sleep outcomes (Figure 2),
including total sleep time (TST; both acute and regular), sleep efficiency (both acute and
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regular), sleep onset latency (SOL; both acute and regular), and sleep quality (regular;
insufficient information regarding acute). In addition, because many of the studies that
investigated the effect of acute exercise on sleep utilized PSG, acute exercise was found to
reduce time spent in stage 1 non-REM (NREM) sleep (&= —0.35; 95% confidence interval
[CI]: =0.52, -0.18) and increase slow-wave sleep (SWS) (d= 0.19; 95% CI: 0.02, 0.35) [43].
Acute exercise also was found to reduce rapid eye movement (REM) sleep (d= -0.27; 95%
Cl: -0.45, —0.08), an effect with uncertain physiological significance [43]. Although the
magnitude of these effects may be viewed as small as a whole, the vast majority (89%) of
the studies in the meta-analysis did not recruit individuals with sleep complaints; as a result,
many participants presumably had little room for improvement in their sleep [56]. With that
in mind, these results also suggest that PA does not disturb sleep among normal sleepers.

Reviews that focused on specific subgroups reported similar sleep-promoting benefits of PA.
For instance, a meta-analysis of eight randomized controlled trials (RCTs) conducted in
adults with mental illness found that PA led to a moderate-sized improvement in sleep
quality (Hedges’ g=0.73; 95% CI: 0.18, 1.28) [46]. Similarly, PA significantly improved
the sleep quality of pregnant women (based on seven RCTSs) [55], middle-aged women
(based on five RCTs) [49], and family caregivers (based on two experimental studies) [44].
Every individual study (n=21) included in these reviews focused on self-reported sleep
quality as the outcome.

Other reviews focused on the relationship between specific modes or domains of PA and
sleep. Noting that most research (and reviews) have focused on aerobic exercise, Kovacevic
and colleagues reviewed 13 trials that included resistance exercise [42]. They concluded that
regular resistance exercise was effective at improving self-reported sleep outcomes, with
greater effects on sleep quality than sleep duration; the effects of an acute bout of resistance
exercise remained unclear [42]. In particular, regular resistance exercise that was higher
intensity and performed = 3 times per week seemed to be most effective at improving sleep.
Finally, while other reviews focused exclusively on moderate-to-vigorous PA, Yang and
colleagues examined the association between sedentary behavior and sleep [54]. In a meta-
analysis of 12 cross-sectional and four cohort studies with sample sizes ranging from 300 to
7880 adults per study, they found greater amounts of sedentary behavior were associated
with increased risk of sleep disturbance (odds ratio = 1.38; 95% CI: 1.28, 1.49). However,
most of these studies relied upon self-reported sedentary behavior, with unclear findings as
to whether specific domains of sedentary behavior (e.g., television viewing) were associated
with greater risk for poor sleep. Because it did not examine PA, the meta-analysis was
unable to consider the potential interaction of PA and sedentary behavior on sleep [54].

Older Adults.—Due to the high prevalence of sleep disturbance among older adults (i.e.,
age = 65 y) [57], two reviews focused exclusively on the relationship between PA and sleep
in this age group. A review of five prospective observational studies found mixed evidence
that PA was a protective factor against the development of sleep disturbance in older adults
[50]. In contrast, a review of 14 experimental studies reported that exercise programs
significantly improved multiple sleep outcomes among healthy older adults (e.g., self-
reported sleep duration, difficulty falling back to sleep), with PSQIl-assessed sleep quality
the most commonly improved outcome [17]. Specifically, Vanderlinden and colleagues
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concluded that studies which featured moderate-intensity exercise programs performed 3
times/week for = 12 weeks were most likely to report significant improvements in sleep
outcomes [17].

Children/Adolescents.—In contrast to the reviews focused on adults and older adults,
the five reviews focused on the relationship between PA and sleep in children and
adolescents included mostly cross-sectional studies, with few experimental or longitudinal
observational studies included [27,29,33,41,45]. Thus, while the available evidence suggests
a more equivocal association between PA and sleep in children and adolescents compared to
adults, the evidence was deemed insufficient due to a lack of experimental research in this
age group.

A review of 31 studies focused on children ages 0 to 4 y found a consistent association
between sedentary behavior and poor sleep; specifically, higher levels of total daily screen
time, evening screen time, and total sedentary time were each associated with unfavorable
sleep outcomes (e.g., shorter duration, later bedtime, greater night awakenings) [41].
However, evidence was mixed regarding an association between PA and sleep; some studies
suggested that outdoor play and moderate-to-vigorous PA were associated with better sleep
in toddlers (1-2 y) and preschoolers (3-4 y), while other studies found null or even negative
associations [41]. Similarly, in a review of 47 studies of children ages 3 to 13y, Antczak and
colleagues found a negligible association between PA and sleep (r=0.02; 95% CI: —0.03,
0.07); sleep duration was the sleep outcome examined most often. In moderator analyses,
they found that the association between moderate-to-vigorous PA and sleep strengthened
with increasing age of the sample [27].

The relationship between PA and sleep seems to be more robust among adolescents than
children, albeit based on observational data. In a meta-analysis of 12 cross-sectional studies
of 12,604 individuals ages 14 to 24 y, Lang and colleagues reported a large overall effect of
PA on sleep (d= 0.89; 95% CI: 0.48, 1.31) when individual PA and sleep outcomes were
aggregated. Notably, they observed medium- to large-sized effects regardless of the
measurement approach (i.e., device-based, self-report) for either PA or sleep; unfortunately,
the analyses did not examine which dimensions of PA and sleep had the most robust
associations [45]. Another meta-analysis of 11 cross-sectional studies with (ages 12-18 y)
reported a relationship between greater PA and earlier bedtime (r= -0.14; 95% CI: —0.26,
-0.02), with weaker (and nonsignificant) associations observed with SOL (r= -0.08; 95%
Cl: -0.29, 0.13) and TST (r=0.12; 95% CI: —-0.07, 0.30) [29]. Similarly, a review of
observational studies focused on adolescent females reported that greater screen-based
sedentary time was associated with greater sleep problems [33].

Review of the Evidence: Sleep Disorders

Overall, there was moderate evidence that greater amounts of moderate-to-vigorous PA
improves sleep in adults who report sleep problems, though this applies primarily for adults
with insomnia or obstructive sleep apnea (OSA) (Table 2).

Insomnia.—Moderate evidence indicates a beneficial impact of PA on sleep parameters
among adults with insomnia. These conclusions were based on five reviews, encompassing a
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total of 17 individual studies, that focused on the impact of PA on sleep among individuals
with insomnia symptoms or diagnosed with insomnia disorder. The PA interventions in these
studies were primarily supervised programs in which the participants accumulated
approximately 120-150 min/wk of moderate-intensity aerobic PA, yoga, or tai chi.

Two systematic reviews of RCTs concluded that exercise training programs led to significant
improvements in sleep parameters among adults with insomnia, including SOL and sleep
quality [15,48]; results were most prominent for self-reported sleep outcomes, though some
studies also observed improvements in objective sleep parameters [15]. Passos and
colleagues noted that the improvements in sleep following exercise training among adults
with insomnia compare favorably to those observed following hypnotic medication use [48],
whereas Lowe and colleagues found that the effects of exercise on sleep were stronger for
adults with insomnia symptoms compared to those with insomnia disorder [15].

Two meta-analyses provided similar conclusions regarding self-reported sleep outcomes. In
a meta-analysis of six RCTs (/= 305) that focused on middle- and older-aged adults with
insomnia symptoms, Yang and colleagues observed improvements in overall sleep quality
(utilizing the PSQI; standardized mean difference [SMD] = 0.47; 95% CI: 0.08, 0.86) and
the PSQI subscales of sleep latency (SMD = 0.58; 95% CI: 0.08, 1.08) and sleep
medications (SMD = 0.44; 95% CI: 0.14, 0.74) but no change in other PSQI subscales (e.g.,
sleep duration, daytime functioning; each SMD < 0.35) [53]. Similarly, in a meta-analysis of
nine RCTs (/N =557) of adults with insomnia symptoms or insomnia disorder, exercise
programs improved sleep quality (i.e., 2.9-point PSQI reduction [95% CI: -3.9, -1.8]) and
reduced insomnia severity (i.e., 3.2-point ISI reduction [95% CI: -5.4, —1.1]), but did not
significantly impact objectively-assessed sleep efficiency [28].

Each of the above-noted reviews focused on adult samples, with most studies focusing on
middle- to older-aged adults. None of the reviews reported on insomnia symptoms among
children or adolescents. Only one systematic review focused on insomnia in older adults. On
the basis of two individual studies, Alessi and Vitiello concluded that exercise may improve
sleep in older adults with insomnia; however, the evidence was deemed weak [26].

Multiple reviews noted limitations of the existing evidence [15,28,53]. Many studies had
methodological issues (e.g., small sample sizes, inconsistent operationalization of insomnia,
infrequent reporting of adverse events), while none explored the impact of different exercise
parameters (e.g., mode, duration, intensity) on sleep among adults with insomnia. Despite
the many methodological limitations of the studies described in this section, the consistency
of associations and conclusions across reviews provide moderate evidence for PA to improve
sleep in adults with insomnia.

Obstructive sleep apnea.—Moderate evidence indicates that PA is associated with a
significant improvement in the severity of obstructive sleep apnea (OSA), typically assessed
using the apnea-hypopnea index (AHI; calculated as the mean number of apneic plus
hypopneic events per hour of sleep). In addition, PA leads to reduced daytime sleepiness and
improved sleep efficiency among adults with OSA. These conclusions were based on eight
reviews, encompassing a total of 17 unique studies, that focused on the impact of PA on
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OSA severity and/or sleep outcomes of adults with OSA. The PA interventions in these
studies were primarily supervised exercise training programs in which the participants
accumulated approximately 150 min/wk of moderate-intensity PA.

Multiple reviews concluded that exercise training results in moderate-sized reductions in
OSA severity [16,25,31,35,39,47]. Across five meta-analyses that examined the impact of
exercise training on AHI, 14 experimental studies were included; however, each meta-
analysis included between four and eight trials based on their publication date and inclusion/
exclusion criteria. Four of these meta-analyses reported the impact of exercise on AHI in
terms of absolute AHI reduction, ranging from —6.3 events/h (95% CI: -8.5, -4.0) to -11.4
events/h (95% CI: -13.4, -9.4) following exercise training [16,35,39,47]; these equated to a
28-32% reduction in AHI from baseline [16,39]. The remaining meta-analysis found that
exercise training led to a medium-sized AHI reduction (SMD = -0.54; 95% CI: -0.87,
-0.21) relative to control [25]. Although the magnitude of AHI reduction from exercise
training across these meta-analyses would likely be characterized as modest, each meta-
analysis noted that the AHI reduction was achieved without a significant reduction in body
mass index (BMI) [16,25,35,39].

Some meta-analyses directly compared exercise to common OSA treatments, such as weight
loss, mandibular advancement devices (MAD), and positive airway pressure (PAP), for its
ability to reduce OSA severity. Edwards and colleagues compared lifestyle interventions that
included only exercise, only diet, or diet and exercise [35]. They found similar reductions in
AHI across the three different types of interventions: —8.1 events/h (95% CI: -15.7, —0.4)
for exercise-only, —8.6 events/h (95% CI: —15.9, —1.3) for diet-only, and —8.2 events/h (95%
Cl: -12.1, -4.2) for diet and exercise. However, the similar AHI reduction was achieved
despite substantially lower BMI reduction in the exercise-only trials (diet-only: —4.0 kg/m?2
[95% CI: -5.8, —2.2]; diet and exercise: —2.3 kg/m? [95% Cl: —4.8, 0.3]; exercise-only: —0.5
kg/m?2 [95% CI: 1.0, 0.0) [35]. Iftikhar and colleagues performed a network meta-analysis
that included 80 RCTs (N = 4325) in which they compared aerobic exercise training (five
RCTs; n=72) with diet-induced weight loss, MAD, and PAP [40]. The AHI reduction for
exercise training (—17.2 events/h [95% CI: —25.8, —8.6]) was not significantly different from
the AHI reductions observed for diet-induced weight loss (—12.3 events/h [95% CI: —18.8,
-5.8]), MAD (-15.2 events/h [95% CI: —19.5, —10.9]), or PAP (-25.3 events/h [95% CI:
-28.5, —22.0]). In contrast, another network meta-analysis of 89 RCTs (/N = 6346) that
compared 18 different types of OSA interventions found that exercise training (four RCTs; n
= 110) reduced AHI to a lesser extent than MAD or PAP (-5.6 events/h [95% CI: -13.1, 2.0]
vs —13.3 events/h [95% CI: —-17.7, —8.9] and -23.3 events/h [95% CI: -27.4, -19.2],
respectively) when compared against no treatment [37].

Additionally, several reviews examined the impact of PA on sleep outcomes and daytime
sleepiness among adults with OSA, as OSA often worsens sleep quality and daytime
function [58]. A meta-analysis of eight experimental trials reported significantly improved
sleep quality, as indicated by a mean 2.0-point reduction (95% CI: —-3.6, —0.5) on the PSQI
global score, and significantly reduced daytime sleepiness, as indicated by a mean 3.7-point
reduction (95% CI: —6.1, —1.2) on the ESS, following exercise training relative to baseline
[47]. Other meta-analyses observed a similar magnitude of ESS reduction among patients
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with OSA following exercise training [16,39], while another reported a large-sized reduction
in ESS score following exercise training (SMD = -1.25; 95% CI: -2.40, -0.10) [25]. A
meta-analysis of five trials found that exercise training increased sleep efficiency by 5.8%
(95% ClI: 2.5, 9.0) in adults with OSA [39]. Finally, in a network analysis conducted by
Iftikhar and colleagues, the magnitude of reduction in daytime sleepiness following exercise
training (mean 3.1-point reduction on the ESS [95% CI: -5.5, -0.7]) was similar to that
observed for weight loss (2.1 points [95% CI: -4.2, —0.0]), PAP (=2.4 points [95% CI:
-3.0, —-1.9]), and MAD (-2.7 points [95% CI: -3.6, —1.8]) [40]. Likewise, exercise led to an
improvement in sleep efficiency (4.8% improvement [95% CI: 1.4, 8.1]) similar to MAD
(+4.3% [95% ClI: 2.2, 6.4]) and PAP (+3.0% [95% CI: 2.0, 3.9]) [40].

Collectively, these findings provide moderate strength evidence for a consistent relationship
between greater PA and clinically significant improvements in OSA severity and sleep
outcomes for adults with OSA. However, multiple reviews stressed that their findings were
based on small (e.g., V< 50) and relatively brief (e.g., < 12 wk) exercise trials; larger studies
with longer intervention duration and exploration into the influence of duration, intensity,
and mode on OSA severity and sleep outcomes are needed [25,39,47].

Other Sleep Disorders.—Beyond OSA and insomnia, there is insufficient evidence
regarding relationships between PA and sleep for other sleep and circadian disorders. Across
two reviews of non-pharmacological therapies for restless legs syndrome (RLS) [38,52],
only two trials involving PA were able to be reviewed. While increased PA reduced RLS
severity and improved sleep quality in these individual studies, both reviews emphasized the
need for additional research to verify these preliminary findings [38,52].

Similarly, one review focused on non-pharmacological strategies to alleviate jet lag [30], a
condition characterized by fatigue and daytime impairment due to transient circadian
misalignment following travel across multiple time zones. They found minimal evidence that
PA reduces jet lag severity based on the five studies included in the review [30]. Finally,
although shift work per se is not a sleep disorder, it frequently leads to circadian
misalignment and significant sleep disturbance. Across two reviews focused on this topic
[32,36], a total of seven studies examined the association between PA and sleep among shift
workers. Based on this limited evidence, the reviews cited preliminary support for the use of
PA to improve sleep and reduce sleep-related impairment in shift workers [32,36].

Evidence of a Dose-Response Relationship

Moderate evidence indicates a dose-response relationship between the length in minutes
(i.e., duration), but not the intensity, of an acute bout of PA and sleep outcomes (Table 2). In
adults, this evidence is primarily supported by analyses from Kredlow and colleagues [43],
as no other reviews examined dose-response relations between PA and sleep outcomes. In
their meta-analysis (59 controlled studies, /= 2863 participants), they found that a longer
duration of an acute bout of PA led to greater decreases in SOL and REM sleep and greater
increases in TST and SWS [43]. However, exercise intensity (light, moderate, or vigorous)
did not impact the effect of an acute bout of PA on any sleep outcomes [43].
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In terms of regular PA, limited but concordant evidence (again from Kredlow and
colleagues) suggests that longer individual bouts of moderate-to-vigorous PA lead to greater
decreases in SOL, but have no impact on other sleep outcomes (Table 2) [43]. Regarding
other PA dose parameters, Kredlow and colleagues found that the frequency of regular PA
(i.e., number of days per week) did not differentially impact sleep. However, increased
duration (i.e., number of weeks) of the PA intervention led to a slightly smaller improvement
in TST, but had no impact on other sleep outcomes [43].

Evidence on Moderating Factors

Few reviews have examined the potential impact of various moderating factors (e.g., age,
exercise mode) on the relationship between PA and sleep, likely because few individual
studies have probed these factors. The most comprehensive examination of moderating
factors was undertaken in the meta-analysis by Kredlow and colleagues [43], with
significant findings highlighted below. However, it is noteworthy that moderating factors did
not influence the relationship between PA and the majority of sleep outcomes [43].

Age.—In adults, moderate evidence indicates that relationships between PA and sleep
outcomes are consistent in their effects across young, middle-aged, and older adults
[17,34,43,45,53]. The notable exception may be among children and adolescents, as reviews
provided mixed evidence on the association between PA and sleep (Table 2) [27,41]. Meta-
analytic evidence from Kredlow and colleagues indicated a reduced beneficial effect of
regular exercise on SOL with aging, consisting of a 0.15 standard deviation lower benefit for
every 10-y increase in mean age in the studies they evaluated, in which the age range was 18
— 88y [43]. In contrast, age did not moderate the relationship between acute PA and sleep or
between regular PA and any other sleep outcomes [43].

Other demographic factors and weight status.—Limited evidence suggests that an
acute bout of PA provides a nominally greater benefit for men than women on a few sleep
outcomes (i.e., stage 1 NREM sleep, wake time after sleep onset), but the relationship
between PA and the majority of sleep outcomes is not significantly different for men and
women [43]. Insufficient data were available to determine whether the relationship between
PA varied by race/ethnicity, socioeconomic factors, or body weight.

Physical activity habits/fitness level.—According to analyses by Kredlow and
colleagues, regular PA levels influence the response to an acute bout of PA on SWS.[43]
Among individuals with high baseline PA, an acute bout of PA significantly increased SWS
the next night, whereas an acute bout of PA did not increase SWS among those with low
baseline PA levels [43]. However, the amount of regular PA did not alter the effect of an
acute bout on other sleep outcomes [43]; thus, most of the beneficial effects of acute bouts of
PA on sleep seem to be similar regardless of their regular PA.

Time of day.—It is often speculated as to whether there is an optimal timing of PA to
improve sleep and, conversely, whether PA close to bedtime is harmful to sleep. However,
the time of day at which an acute bout of moderate-to-vigorous PA is performed appears
unrelated to most aspects of sleep. In the meta-analysis by Kredlow and colleagues, they
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compared the effect of acute bouts of moderate-to-vigorous PA performed > 8 h before
bedtime, 3-8 h before bedtime, and < 3 h before bedtime on subsequent sleep; they found no
detectable difference on SOL, TST, sleep efficiency, SWS, NREM stage 2 sleep, or REM
sleep latency [43]. In fact, PA bouts performed < 3 h before bedtime were associated with
reduced wake time after sleep onset and stage 1 NREM sleep, suggesting slightly deeper and
more consolidated sleep following evening exercise. In contrast, PA bouts performed 3-8 h
before bedtime were associated with reduced REM sleep [43]. A more recent meta-analysis
focused on 23 experimental studies that examined the effect of evening exercise (i.e., <4 h
before bedtime) on sleep [51]. Evening exercise decreased stage 1 NREM sleep (-0.9%;
95% Cl: —1.5, —0.4%) and increased SWS (+1.3%; 95% CI: 0.1, 2.6%) compared to a non-
exercise control condition, suggesting a modest increase in sleep depth following evening
exercise. However, subgroup analyses suggested that vigorous-intensity exercise ending < 1
h prior to bedtime might impair sleep by increasing SOL [51]. Thus, available research
indicates there is unlikely an optimal time of day to perform PA to improve sleep, and that
evening exercise generally does not impair sleep. An important limitation regarding the
evidence base on exercise timing and sleep is that very few studies have directly compared
multiple times of day of exercise against each other; in particular, we are unaware of any
studies that have compared more than two times of day (e.g., morning vs. afternoon).
Another key limitation is that available research has only included healthy adults who were
good sleepers [43,51]; whether these results are similar for sleep-disturbed adults is
unknown. For instance, it is plausible that adults with insomnia may be more reactive to late-
night exercise than those without sleep complaints [51].

Mode.—Most of the existing research on PA has utilized aerobic modes of PA, and few
studies have directly compared modes of PA for their impact on sleep. Nevertheless, the
available evidence suggests that the effect of moderate-to-vigorous PA on sleep outcomes
does not seem to differ much across different types of PA. In the meta-analysis by Kredlow
and colleagues, no differences in sleep outcomes were found between an acute bout of
aerobic or anaerobic PA or between regular mind-body exercise (e.g., tai chi, yoga) and
traditional PA [43]. In contrast, Rubio-Arias found that studies utilizing aerobic exercise led
to larger improvements in sleep quality in middle-aged women than studies utilizing yoga,
though this difference could be attributed to differences in intensity [49]. Although Kredlow
and colleagues found that an acute bout of cycling increased SWS to a greater extent than
running, the specific exercise type did not impact any other sleep parameters [43]. Similarly,
upon reviewing studies focused on resistance exercise, Kovacevic and colleagues reported
that the effect of resistance exercise on sleep quality was similar to that commonly observed
for aerobic exercise [42].

Future Research Directions

This review identified several areas of research in need of future inquiry, which are
described in greater detail below. Many of these future research needs were originally
identified under the broader umbrella of ‘brain health’ (i.e., cognitive development, quality
of life, anxiety and depression, sleep) in the 2018 PAGAC Scientific Report [20]; these
needs have been updated for the purpose of this review.
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1. Conduct high-quality RCTs of moderate-to-vigorous PA in multiple age groups,
especially youth, to better understand its effects on multiple dimensions of sleep.

A large amount of research has focused on the importance of PA on sleep,
especially in adults; however, the quality of this research has often been
suboptimal. Multiple reviews commented on the low quality, small sample sizes,
and/or limited sleep measures of the studies included in their reviews, and
recommended more rigorously conducted and large-scale RCTs to provide more
definitive conclusions [15,17,25,39,42,46,47,49,51,55].

2. Conduct RCTs that manipulate the timing and/or dose of PA in a systematic
fashion to improve the understanding of the time-of-day and dose-response
relationships between PA and sleep. These studies should be performed in
multiple age groups (i.e., healthy children, adults, and older adults) and among
those with mild or subclinical sleep complaints and in sleep-disordered samples.

To date, little evidence exists from empirical studies to draw definitive
conclusions about the optimal timing, intensity, duration, and frequency of PA to
improve sleep. This work is critically needed to better inform the public,
clinicians, and policymakers about how PA can be utilized to improve sleep
outcomes among healthy individuals with subclinical sleep complaints and in
individuals with sleep disorders.

3. Conduct RCTs of both light and moderate-to-vigorous PA in individuals with
sleep disorders to better understand its effects on sleep and daytime impairment
in these conditions. Further, conduct observational and experimental studies with
individuals at different levels of severity or impairment, including studies in
individuals with physical (e.g., obesity, pregnancy) and/or mental (e.g., anxiety,
depression) health conditions that increase risk for sleep problems, to examine
whether PA delays or prevents sleep disorder onset and progression. In addition,
conduct RCTs to better understand how PA compares against, interacts with, and
augments common treatments used by individuals with sleep disorders.

4, Conduct RCTs of PA in multiple age groups and across the spectrum of sleep
complaints that examine participant characteristics (e.g., brain imaging, blood
biomarkers) and plausible mechanisms underlying the link between PA and sleep
in order to identify individuals whose sleep might benefit the most from PA and
better understand how PA improves sleep.

Minimal research has attempted to identify participant characteristics or
attributes that are associated with a greater improvement in sleep with PA [59].
Moreover, although multiple pathways have been postulated (e.g., improved
thermoregulation, increased brain-derived neurotrophic factor, increased
parasympathetic activity) [60-62], there has been little systematic research
conducted in humans regarding the mechanisms by which PA improves sleep.
Complicating matters further is the likelihood that these underlying mechanisms
may differ for acute versus regular PA [60].
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5. Conduct observational studies to examine the association between sedentary
behavior and sleep and conduct RCTs that systematically reduce sedentary
behavior to improve the understanding of the impact of varying contexts,
patterns, and durations of sedentary behavior (including its potential interaction
with PA) on sleep outcomes in multiple age groups.

Minimal research has focused on the impact of sedentary behavior on sleep [54];
however, as with other health outcomes (e.g., mortality) [63], sedentary behavior
may also moderate how PA is associated with sleep and vice versa. In addition,
current research has focused on whether the duration of sedentary behavior is
related to sleep, but the pattern of sedentary behavior (e.g., duration in prolonged
bouts, frequency of sit-to-stand transitions) may be important.

6. Conduct appropriate analyses to examine effect modification by demographic
factors. Such analytical approaches require studies that include large samples and
substantial variation in sample characteristics (e.g., race, ethnicity,
socioeconomic status).

7. Conduct more rigorously designed and longer-term RCTs and prospective
observational studies that will improve understanding of the latency, time course,
and persistence of the improvements in sleep following both acute and regular
PA. These studies should be accompanied by larger sample sizes, longer follow-
up periods, and a broader range of sleep assessment methods and measures of
daytime impairment. To extend our knowledge past the highly controlled settings
of most of the current experimental research, studies are also needed that attempt
to disseminate this research into more generalizable settings.

8. Conduct RCTs and prospective observational research on the impact of muscle-
strengthening exercise (e.g., resistance training), mind-body activity (e.g., yoga,
tai chi, gigong), and other modes of activity on sleep outcomes. In addition,
research is needed to examine the impact of different domains of PA (e.g.,
leisure-time, occupational, household) on sleep, as most research described
herein focused on leisure-time PA.

DISCUSSION

The original scientific report accompanying the Physical Activity Guidelines for Americans,
first published in 2008 and citing 31 individual studies, concluded that “a small number of
observational, population-based studies provides initial evidence supporting a positive
association of regular participation in physical activity with lower odds of disrupted or
insufficient sleep, including sleep apnea” [64]. The report also concluded that “a small
number of RCTSs supports the conclusion that regular participation in physical activity has
favorable effects on sleep quality and is a useful component of good sleep hygiene” [64].
The current review, which includes and updates the 2018 PAGAC Report, considerably
expands these findings by including a significantly larger body of evidence (i.e., 31 studies
in 2008 compared with 295 unique studies across 34 reviews for the current review), the
results of which indicate that consistent evidence now shows positive effects of both acute
and regular PA on numerous sleep outcomes. This review also extends the 2008 PAGAC
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findings by providing a more explicit focus on the evidence base regarding PA and the sleep
disorders of OSA and insomnia.

This umbrella review provides, for the first time, a comprehensive evaluation of the body of
evidence on the association between PA and sleep using available systematic reviews and
meta-analyses. This is especially relevant given the heightened interest and activity in this
area of research over the past 10 years, likely driven by an increased appreciation of sleep as
an important health outcome [3]. In a recent bibliometric analysis of research focusing on
exercise and sleep from 1979 through 2018, the authors found that > 80% of the papers had
been published in 2009 or later [65]. Indeed, this is highlighted by the articles selected for
this umbrella review: 19 of the 34 articles included in the umbrella review were not included
in the 2018 PAGAC scientific report [20], as they were published between mid-2017 and
mid-2020.

Our strongest conclusions concerned the general relationship between PA and sleep among
healthy individuals. Most prominently, there was strong evidence that both acute bouts of PA
and regular PA improved sleep outcomes (Table 2). This reflected our appraisal that the
evidence base was large, consistent in its findings, generalizable, and with low risk of bias
[22]. Although this conclusion was based heavily on the findings from the meta-analysis led
by Kredlow and colleagues [43], other reviews reported similar findings [17,34,42,49]. In
addition, there was moderate evidence to support each of the following statements: 1) that
longer duration acute bouts of PA and regular PA improve sleep outcomes, with these effects
being independent of PA; and 2) that the effects of PA on sleep outcomes in adults are
preserved across age and sex, with the exception of SOL. These conclusions provide
important insight into moderators of the relationship between PA and sleep and suggest that,
despite somewhat limited evidence, the impact of PA on sleep is similar across a variety of
potential moderators.

We also concluded that there was moderate evidence that PA improves sleep in adults who
report symptoms of insomnia or who have OSA (Table 2). Given the high prevalence of
these two sleep disorders [8,9] and the significant limitations (e.g., side effects, availability)
associated with their primary treatment options [66—68], this conclusion suggests that PA
could potentially play a prominent role in the management of these disorders. Currently,
though, PA is rarely considered as a stand-alone or adjunct treatment option for these
disorders [69,70]. In particular, while PA is recommended as a means to achieve weight loss
for the treatment of OSA [71], multiple reviews described herein indicated that the effects of
PA on OSA are independent of weight change [16,25,35,39]. Future research should address
the prominent limitations in this area of research so that PA can be formally evaluated for its
appropriateness as a treatment option for insomnia and OSA.

While this umbrella review was able to make several conclusions about PA and sleep, it also
pointed out several needs for future research to advance our current understanding of this
relationship. While several prominent research gaps were identified, most were related to the
need to more accurately characterize how various types, intensities, doses, and patterns of
PA and sedentary behavior impact multiple sleep dimensions across a range of samples (e.g.,
in multiple age groups, among sleep-disordered individuals) and in more generalizable
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settings. In particular, there is a need to better understand how PA impacts sleep among
those who are at especially high risk for sleep problems (e.g., pregnant women, individuals
with anxiety or depression). Due to a scarcity of high-quality research in this area, we were
unable to make many conclusions regarding these specific parameters and populations.
However, this information is greatly needed for us to understand how PA may be optimally
prescribed to improve sleep.

This review has several significant advantages, including a transparent literature search
process involving three electronic databases, broad inclusion criteria to allow for a
comprehensive examination of the relationship between PA and sleep, an updated search to
reflect the most recent findings, and a focused description of existing knowledge gaps.
However, several limitations should be noted. The biggest limitation is the reliance on
existing systematic reviews and meta-analyses. The PAGAC did not conduct its own review
of individual studies and did not perform its own meta-analysis; as a result, we were reliant
upon published reviews. As a result, this made it more difficult to make conclusions on
specific parameters of interest (e.g., dose-response issues, moderators) when available
reviews did not focus on these parameters. In addition, the heterogeneity of PA exposures
and sleep outcomes (including their measurement) across different reviews complicated our
ability to make conclusions about how these factors influenced the association between PA
and sleep. Finally, given that many reviews cited poor quality evidence as a key factor that
limited their conclusions [15,17,25,39,42,46,47,49,51,55], our umbrella review is likewise
limited by the current body of evidence.

In summary, our review found that PA exerts a positive influence on multiple parameters of
sleep. We were able to make several conclusions regarding the influence of both acute and
regular PA with sleep, with these effects generally preserved across adulthood. We also
observed accumulating evidence regarding the impact of PA on insomnia and obstructive
sleep apnea, two prominent sleep disorders. In general, though, the evidence base needs
higher quality research that incorporates larger sample sizes, a wider variety of modes,
intensities, and patterns of PA and sedentary behavior, and more rigorous assessment of
sleep outcomes. There is a strong need for these studies to be conducted in child/adolescent
samples and among sleep-disordered individuals. Our hope is that these findings and
identification of research gaps will facilitate additional research that leads to greater
utilization of PA as a behavioral approach to improve sleep and, thereby, the health of
society.
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ABBREVIATIONS
AHI apnea-hypopnea index
AMSTAREXBP A Measurement Tool to Assess Systematic Reviews
(Exercise and Blood Pressure)
BMI body mass index
Cl confidence interval
CINAHL Cumulative Index of Nursing and Allied Health Literature
ESS Epworth Sleepiness Scale
IRLS International Restless Legs Scale
ISI Insomnia Severity Index
MAD mandibular advancement devices
NREM non-rapid eye movement
OSA obstructive sleep apnea
PA physical activity
PAP positive airway pressure
PAGAC Physical Activity Guidelines Advisory Committee
PSG polysomnography
PSQI Pittsburgh Sleep Quality Index
RCT randomized controlled trial
REM rapid eye movement
RLS restless legs syndrome
SMD standardized mean difference
SWS slow-wave sleep
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PRACTICE POINTS

. Both acute bouts of physical activity and regular physical activity improve a
variety of sleep outcomes in healthy adults, with the effects typically small to
moderate in magnitude.

. Physical activity reduces the severity of insomnia and obstructive sleep apnea.

. The effects of physical activity on sleep outcomes are generally consistent
across age and sex.

. While most physical activity characteristics (e.g., mode, intensity) do not
seem to differentially impact sleep, a longer duration of physical activity
(both acute and regular) leads to greater improvements in sleep.
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Future research should strive to:

. Conduct high-quality randomized trials of physical activity to examine its
impact on multiple dimensions of sleep, in samples of healthy individuals and
those with sleep disorders, and across multiple age groups (i.e., children/

RESEARCH AGENDA

adolescents, adults, older adults).

. Perform randomized trials that examine the impact of the timing and/or dose

of physical activity on sleep outcomes.

. Examine plausible physiological mechanisms to better understand how
physical activity improves sleep and analyze demographic factors to identify
whether the effect of physical activity on sleep is generalizable.

. Conduct studies that examine the impact of sedentary behavior on sleep.

. Examine the influence of muscle-strengthening exercise, mind-body exercise,
and other domains of physical activity (e.g., occupational, household) on

sleep.
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Figure 1. Flow diagram of literature search strategy and article selection.
The original literature search was conducted on July 24, 2017; the updated search was

conducted on May 6, 2020. CINAHL: Cumulative Index of Nursing and Allied Health
Literature.
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Figure 2. The effect of acute and regular exercise on sleep outcomes in adults.
Cl: confidence interval; SE: sleep efficiency; SOL.: sleep onset latency; TST: total sleep

time. Effect sizes are presented so that positive values represent an improvement in the
specific sleep variable. The effect size defines the strength of the relationship, with = 0.20
indicating a small, d= 0.50 a medium, and = 0.80 a large magnitude of effect. Data are
adapted from Kredlow et al. [43], with permission from Springer Nature.
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Table 2.

Committee-assigned grades for the effects of physical activity on sleep outcomes.
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Outcome Grade
Acute bouts of physical activity and regular physical activity improve sleep outcomes Strong
Longer duration acute bouts of physical activity and regular physical activity improve sleep outcomes, with the positive Moderate
effects being independent of exercise intensity

The effects of physical activity on sleep outcomes in adults are preserved across age and sex, with the exception of sleep onset Moderate

latency, which declines with age

Insufficient evidence to examine relationships between physical activity and sleep in children and adolescents and whether the
relationships vary according to race/ethnicity, socioeconomic status, or weight status

Greater amounts of moderate-to-vigorous physical activity improves sleep in adults who report sleep problems, primarily
symptoms of insomnia, and for obstructive sleep apnea

Not assignable

Moderate
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