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Abstract

Purpose: Physical activity has been associated with several individual dimensions of sleep.
However, the association between physical activity and sleep health, a construct that emphasizes
the multidimensional nature of sleep, has not been explored. This analysis examined the
relationship between physical activity and a composite measure of sleep health.

Methods: 114 adults (66% female, 60.3+9.2 yr) were included in analyses. Participants reported
daily light-intensity physical activity (LPA) and moderate- and vigorous-intensity physical activity
(MVPA) via diary, while wearing a pedometer (Omron HJ-7201TC) to measure daily steps. Sleep
health was measured using the RU_SATED questionnaire, which addresses regularity of sleep
patterns, satisfaction with sleep, daytime alertness, and sleep timing, efficiency, and duration.
Multiple linear regression, binary logistic regression, and analysis of covariance (ANCOVA) were
utilized for analyses.

Results: Mean sleep health score was 9.6+2.4 (0 [poor]-12 [good]). Participants reported
62.9+66.0 and 51.2+51.2 min/day of LPA and MVPA, respectively, and took 5585.5+2806.7 steps/
day. Greater MVPA was associated with better sleep health (£=.27, P=.005) and sleep health
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scores differed between those reporting <30 min/day and =60 min/day of MVPA (P=.004). Greater
MVPA was associated with higher odds of having good sleep satisfaction (OR=1.58 [1.14-2.20],
£<.01), timing (OR=2.07 [1.24-3.46], /<.01), and duration (OR=1.48 [1.02-2.18], P=.04).
Pedometer-based physical activity and LPA were not related to sleep health or its individual
dimensions.

Conclusions: In middle- to older-aged adults, higher intensity activity, but not lower intensity or
volume of activity, was associated with greater sleep health. These data suggest that physical
activity intensity may be important for sleep health.

Keywords

Sleep Health; Physical Activity; Sleep; Pedometer

INTRODUCTION

Many dimensions of sleep, including duration, timing, regularity, continuity, and
satisfaction, have been shown to be important for optimal health and functioning. Sleep
health is a construct that emphasizes the multidimensional nature of sleep and can be defined
as a pattern of sleep-wakefulness that promotes health and is impacted by environmental,
social, and individual factors [1]. Emerging research shows that composite profiles of poor
sleep health are associated with metabolic disease, depression, and chronic disease burden
[2-4], often demonstrating better predictive ability than individual sleep dimensions [5,6].
As such, identifying behaviors that are associated with better sleep health are important
potential targets for future intervention efforts.

Although many daytime behaviors are promoted (e.g., seeking exposure to appropriately
timed light) or discouraged (e.g., limiting caffeine intake) to facilitate better sleep, none are
recommended as often as physical activity [7,8]. Physical activity has been consistently
shown to be related to individual dimensions of sleep, including longer duration, greater
depth, higher efficiency, and better daytime alertness [9-11]. However, sleep is a multi-
dimensional behavior and the relationship between physical activity and a composite
measure of sleep health remains to be explored.

In the present study, we examined whether physical activity, measured by self-report and
objective methods, was related to a composite measure of sleep health. A secondary aim
involved exploring whether physical activity was associated with individual components of
sleep health. Based on the multiple reports linking physical activity to better sleep, we
hypothesized that greater amounts of physical activity would be associated with better sleep
health and that those associations would be present across both self-report and objective
measurement methods.

METHODS
Study Population

This sample comprised middle- to older-aged adults recruited for a study on depression,
sleep, and cardiometabolic risk [5,12]. Participants were recruited from four separate studies
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previously conducted at the University of Pittsburgh between 1982 and 1999. One study
(MH024652) examined sleep in adults without personal or first-degree family history of
psychiatric disorders, while the other three studies examined sleep in adults with major
depressive disorder (MH029618, MH049115, MH041884). Of the 339 participants re-
contacted from 2010-2014 to participate in the current study, 177 consented. As part of the
primary study, consented individuals participated in polysomnographic recording of sleep
and assessments of psychiatric disorders and cardiometabolic risk. Details of the primary
study are published elsewhere [12]. The University of Pittsburgh Institutional Review Board
approved the study and informed consent was collected from all participants before
beginning the study.

Of the 177 enrolled participants, those with significant bipolar or psychotic features (n7= 20)
were excluded from analyses. Participants missing diary or sleep health data (7= 37) and
covariate data (7= 6) were additionally excluded. As a result, 114 individuals were included
in the present report. For analyses involving pedometer physical activity data, 11 additional
participants (/7= 103) were excluded who failed to provide = 3 days of pedometer data (i.e.,
considered the minimum acceptable threshold for analysis [13]). No differences in physical
activity, sleep health, or covariates were observed between included (n7=114) and excluded
(n = 63) participants with the exception of those in the included sample having lower body
mass index than the excluded participants (29.4 + 5.7 vs. 31.9 £ 9.7; P=.04).

Measurement of Physical Activity

Physical activity was assessed daily with a self-report diary for 5 to 14 days (mean: 9.8 + 1.8
days). At the end of each day, participants were instructed to record their time (in minutes)
spent in different intensity categories of physical activity: light (LPA) (i.e., light effort,
causes small increases in heart rate like walking at one’s normal pace), medium (i.e.,
moderate increases in breathing and heart rate like brisk walking or swimming), and heavy
(i.e., fargeincreases in breathing and heart rate such as running). Moderate- to vigorous-
intensity physical activity (MVPA) was calculated as the sum of medium- and heavy-
intensity physical activity. Mean daily LPA and MVPA were used for analyses.

Physical activity was also objectively assessed each day with a pedometer (HJ-7201TC;
Omron Healthcare, Bannockburn, 1L) [14,15]. Participants were instructed to wear the
pedometer on the hip of their dominant leg during all waking hours and report times of non-
wear in the daily diary. Included participants provided 6.6 + 0.9 days of pedometer data;
mean daily number of steps were retained for analyses.

Measurement of Sleep Health

Sleep health was assessed with the 6-item RU_SATED questionnaire [1]. This questionnaire
assesses six different sleep health dimensions: regularity (getting in and out of bed at similar
times each day), satisfaction (feeling satisfied with one’s sleep), alertness (ability to stay
awake during the day without dozing), timing (sleeping between 2:00 am and 4:00 am),
efficiency (being awake for less than 30 minutes each night after trying to fall asleep), and
duration (obtaining between 6 and 8 hours of sleep per night). Participants indicated how
often over the past month they met the criteria for each dimension (0 = rarely/never, 1 =
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sometimes, 2 = usually/always). Individual items were summed to provide a total score
(range: 0-12); higher scores indicated better sleep health. A Portuguese language version of
the RU_SATED questionnaire has been shown to be psychometrically valid and shows
convergent validity with the Pittsburgh Sleep Quality Index, a common measure of sleep
quality [16].

Indices of mental and physical health were considered as covariates due to their possible
relationship with physical activity and/or sleep health. Age, sex, existing cardiovascular
disease, depression history, and ability to pay for basic financial needs were self-reported.
Due to a limited number of nonwhite participants (< 6%), race was not included as a
covariate. As a measure of socioeconomic status, one’s ability to pay for basic financial
needs was dichotomized into ‘not at all” or ‘somewhat/very hard’. Participant’s height and
weight were measured for calculation of body mass index (kg/m?2). Existing cardiovascular
disease was categorized as a dichotomous variable based on self-report of any of the
following conditions: angina, angioplasty, myocardial infarction, bypass surgery, coronary
artery disease, heart failure, heart surgery, stroke, or transient ischemic attack. Depression
history was also dichotomized and determined by structured clinical interviews performed in
earlier research study participation (1982-1999) and the current study; those with a history
of major depressive disorder at either time point were considered to have a history of
depression. Sleep-disordered breathing was assessed using a single night of
polysomnography; the apnea-hypopnea index (AHI), defined as the number of apnea and
hypopnea events per hour of sleep, was used as a measure of sleep-disordered breathing
severity.

Statistical Analysis

Data were analyzed using SAS (v. 9.4; SAS Institute, Cary, NC), with statistical significance
set at A< .05. Normality distributions of variables were tested via histogram and the
Shapiro-Wilks test. The RU_SATED score was skewed; thus, Box-Cox analyses were used
to calculate the following transformation to achieve normality: (y24 - 1)/2.4 [17]. However,
results were similar when using the untransformed and transformed variable; therefore,
analyses using the untransformed RU_SATED score are presented.

With physical activity modeled as a continuous variable, multiple linear regression models
were used to examine the relationship between physical activity and sleep health. The
different physical activity indices (self-reported LPA, MVPA, pedometer physical activity)
were examined in separate models following covariate adjustment for age, sex, body mass
index, existing cardiovascular disease, depression history, and socioeconomic status. We also
evaluated whether sleep health was associated with categorical indices of physical activity to
aid interpretation of the data and to observe potential threshold effects. We classified LPA
into tertiles for analyses (< 27 minutes, 27 to < 60 minutes, = 60 minutes). Time spent in
MVPA was grouped into clinically relevant categories of < 30 minutes, 30 to < 60 minutes,
and = 60 minutes [18]. Pedometer physical activity was grouped according to previously
established thresholds: inactive (< 5000 steps/day), insufficiently active (5000 to < 7500
steps/day), and active (= 7500 steps/day) [19]. Analysis of covariance (ANCOVA) was used
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to evaluate differences in sleep health across categories of LPA, MVPA, and pedometer
physical activity, utilizing the same covariates as previously mentioned. Tukey adjustment
was used to examine pairwise comparisons if a significant between-group difference was
found in each ANCOVA model. Partial eta squares were calculated to evaluate effect size;
values of .01, .06, and .14 indicated small, medium, or large effects, respectively [20].
Finally, we evaluated the relationship between physical activity and individual sleep health
components with binary logistic regression models. Individual items of the RU_SATED
questionnaire were dichotomized into low (i.e., ‘never/rarely’ or ‘sometimes’) or good (i.e.,
‘usually’) categories. Analyses examined the likelihood of meeting ‘good’ criteria for each
sleep health dimension according to physical activity, expressed as odds per 30-min increase
in LPA or MVPA and 1000-step increase in pedometer physical activity.

Because the participant sample comprised adults with and without a history of depression,
and because depression has been bidirectionally associated with lower physical activity and
poor sleep [21-23], we also explored depression history as an interaction term in analyses.
The physical activity x depression interaction term was not significant in any analyses (P

> .26 in each model); as a result, the interaction term was not included in any final models.
Additionally, to examine whether results were dependent on different sample sizes between
the self-reported physical activity (7= 114) and pedometer step analyses (7= 103), we
performed sensitivity analyses where the sample size for LPA and MVPA analyses were
reduced to 7= 103. Lastly, because sleep-disordered breathing may be related to worse sleep
health and low physical activity levels, we explored whether adjusting for sleep-disordered
breathing severity influenced the results in a subsample who had valid AHI data (MVPA and
LPA: n=110; pedometer steps: 7= 100). Because the AHI was skewed, AHI was
transformed by natural logarithm values (plus a constant of 1) to achieve normality.

RESULTS

Sample characteristics are displayed in Table 1. Participants were primarily female (65.8%),
had a mean age of 60.3 £ 9.2 y, and 57% had a lifetime history of major depressive disorder.
Participants reported 62.9 + 66.0 min/day of LPA. The mean self-reported time spent in
MVPA was 51.2 + 51.2 min/day; 38.6%, 28.9%, and 32.5% of participants reported < 30
min, 30 to < 60 min, or = 60 min of MVVPA per day, respectively. Participants took an
average of 5585.5 + 2806.7 steps/day (77 = 103); 48.5%, 30.1%, and 21.4% of adults were
categorized as being inactive, insufficiently active, and active, respectively. Among those
with self-reported and pedometer physical activity data (7= 103), MVVPA (min/day) was
significantly correlated with pedometer physical activity (steps/day) (r= .20, P=.04) and
LPA (r=.29, P=.003), but LPA (min/day) was not significantly correlated with pedometer
physical activity (r=.10, P=.31).

When evaluated as a continuous variable, greater MVPA was significantly associated with
better sleep health (8= .27, P=.005). In contrast, neither LPA (8= .07, P=.47) nor
pedometer physical activity (8= .09, P=.41) were associated with sleep health. When
physical activity was evaluated categorically, we observed a significant difference in sleep
health across MVPA categories (/105 = 5.49, £=.005; Figure 1A) with a medium effect
size (72 = .10). Those who reported = 60 min/day of MV/PA had significantly greater sleep
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health than those who reported < 30 min/day of MVPA (adjusted means * standard error:
10.3 £ 0.4 vs. 8.6 + 0.5; P=.004). No differences in sleep health were observed across
tertiles of LPA (/105 = 0.26, P= .77, 77 = .01; Figure 1B) or categories of pedometer-based
physical activity (/94 = 0.58, P=.56, 77 =.01; Figure 1C).

Table 2 provides a summary of the analyses examining the association between physical
activity indices and individual sleep health dimensions. Greater self-reported MVPA
(expressed per 30-min increase in MVVPA) was associated with greater odds of reporting
good ‘satisfaction’ (odds ratio [OR] = 1.58, 95% confidence interval = 1.14-2.20; P=.007),
good ‘timing’ (OR =2.07 [1.24-3.46]; P=.006), and good ‘duration’ (OR = 1.49 [1.02—
2.18]; P=.04). Self-reported MVPA was not associated with other sleep health dimensions.
Neither LPA nor pedometer physical activity was associated with any individual sleep health
dimensions.

When all analyses were restricted to a sample size of 7=103, results were unchanged from
those observed in the full sample with one exception: greater MVPA was no longer
associated with greater odds of reporting good ‘duration’ (OR = 1.34 [0.91, 1.97]; P=.14).
Results were unchanged when AHI was included as an additional covariate in analyses (data
not shown).

DISCUSSION

The present study evaluated the association between sleep health and three indices of
physical activity: self-reported MVPA, LPA, and objectively measured pedometer steps. We
hypothesized that greater levels of physical activity would be associated with better sleep
health. Overall, we found that greater levels of self-reported MVPA—but not LPA or
pedometer-based physical activity—were associated with better sleep health. Additionally,
when exploring the association between MVPA, LPA, and pedometer physical activity with
individual sleep health items, we found that higher amounts of MVVPA were related to better
self-reported sleep satisfaction, sleep timing, and sleep duration. LPA and pedometer
physical activity, on the other hand, were not associated with any individual RU_SATED
items.

Our primary finding—that MVPA is significantly associated with a composite measure of
sleep health—accords with the existing literature, which has consistently observed a
relationship between greater physical activity and better sleep. Many of these studies utilized
the Pittsburgh Sleep Quality Index, which assesses several different dimensions of sleep that
together provide a measure of global sleep quality. In meta-analyses of randomized
controlled trials utilizing moderate-intensity exercise interventions, exercise training led to
moderate-sized improvements in global PSQI scores compared to non-exercise control
conditions [10,24]. Additionally, Yang and colleagues performed a meta-analysis in which
they found that exercise interventions significantly improved global PSQI scores, but not the
individual dimensions of sleep duration, sleep disturbance, daytime alertness, or sleep
efficiency [11]. These agree with our results utilizing the RU_SATED survey, as we found a
global measure of sleep health and some (but not all) individual items to be independently
associated with more physical activity.
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Our results also suggest a potential dose-response effect, as participants who engaged in =
60 min/day of MVPA had better sleep health than those who reported < 30 min/day of
MVPA.. The dose-response relationship suggested by the linear regression and ANCOVA
analyses is consistent with the limited experimental research on this topic. When evaluating
changes in self-reported sleep quality following a 6-month intervention that compared
exercise doses equating to 50%, 100%, and 150% of public health guidelines, Kline and
colleagues observed greater improvements in sleep quality with increasing exercise dose
[25].

Three of the six individual indices of the RU_SATED sleep health score were related to
MVPA.. Specifically, greater MVPA was associated with greater odds of having good sleep
satisfaction, timing, and duration. This is valuable as it elucidates which individual domains
may be driving the positive association between physical activity and sleep health. Sleep
satisfaction (i.e., sleep quality) has been frequently reported to be positively impacted by
MVPA and exercise [9]. Our finding that greater MVPA was associated with obtaining
‘good’ sleep duration (6-8 hours) in the full sample is consistent with prior research, as well.
Experimental research indicates that acute and chronic exercise has beneficial effects on
increasing sleep duration [9,26,27] while epidemiologic research has found that MVPA is
associated with lower odds of short (< 6 h) or long (> 8 h) sleep duration [28]. Greater
amounts of physical activity have been shown to be associated with longer sleep duration on
the following night, as well [29]. We also found that greater amounts of MVPA were
associated with a greater likelihood of ‘good’ sleep timing (i.e., usually sleeping between
2:00 and 4:00 am). Other cross-sectional studies have found similar results [30,31]. For
instance, Shechter and St-Onge, after adjusting for sleep duration, found that delayed
bedtimes and waketimes were associated with less MVPA [31]. In contrast to these
associations, no relationships were found between MVPA and other sleep health dimensions,
including sleep efficiency, sleep regularity, and daytime alertness. These results conflict with
previous studies that have indicated beneficial effects of exercise and MVPA on objectively
assessed sleep efficiency and reductions in daytime sleepiness [9]. Although little research
has examined the association between MVPA and sleep regularity, secondary analyses of
randomized controlled trials have found that exercise interventions lead to decreased night-
to-night variability of sleep efficiency and wake after sleep onset [32,33], as well as self-
rated time to fall asleep [34]. These conflicting results could be due to the differences in the
measurement of alertness, efficiency, and regularity between previous studies (i.e.,
actigraphy, Pittsburgh Sleep Quality Index subscale) compared to the single-item categorical
indices used in the RU_SATED questionnaire.

Although MVPA was associated with sleep health, neither LPA nor pedometer-assessed
physical activity were associated with the individual sleep health dimensions or the
composite measure of sleep health. This finding could reflect that the intensity of physical
activity may be an important factor in the positive relationship between physical activity and
sleep health. LPA is, by definition, lower-intensity activity. Because pedometers are unable
to assess intensity and are primarily used to quantify total physical activity volume [35], they
could be objectively measuring the accumulation of lower-intensity physical activity and not
purposeful higher-intensity activity like exercise. Previous studies have indicated that
incidental lower-intensity activities may not be as beneficial to sleep as purposeful exercise
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[36-38]. In a sample of midlife women, Kline and colleagues found that higher levels of
sport and exercise participation were associated with multiple self-reported and objectively
measured indices of better sleep; however, no associations were found between sleep and
participation in active living, caregiving, or household activities [36]. Similar findings were
found in an acute exercise study by Wang and Youngstedt, where older participants
completed either low- or moderate-intensity exercise of the same duration; only moderate-
intensity activity elicited significant reductions in wake after sleep onset and nighttime
awakenings relative to a non-exercise condition [37]. Lastly, Chen and colleagues explored
the association between baseline walking characteristics and sleep quality measured 2 years
later [38]. They found that slower self-reported walking speed was the only predictor of
worse sleep following adjustment for walking duration and frequency [38]. Overall, these
studies corroborate our finding that lower intensity physical activity, as captured by the self-
reported LPA or pedometer-based physical activity, may not be as strongly associated with
better sleep.

This study is the first to directly examine the association between physical activity and a
composite measure of sleep health. Additionally, we utilized both subjective and objective
measures of physical activity and included multiple covariates which could have confounded
the relationship between physical activity and sleep health. Despite these strengths, this
study has limitations. One limitation is the measurement of physical activity and sleep. LPA,
MVPA, and the RU_SATED questionnaire were based on self-report. This could elicit
measurement bias as the significant relationship between MVPA and sleep health could be
due to the shared construct of the measures. However, this chance of bias may be reduced
since LPA, a self-reported measure, was not found to be significantly related to sleep health.
MVPA could have been under-or overestimated due to its self-report nature [39], while
pedometers are unable to capture physical activity modalities outside of walking/running
such as swimming or resistance training. In addition, our self-reported physical activity data
do not provide information on the timing or types of activities undertaken. Due to evidence
that exercise timing may impact circadian timing [40] and that different modes of exercise
could impact sleep differently [26], future research should assess these variables. Out of 339
individuals eligible for enrollment, only 177 consented to participate in the study; this could
potentially indicate a sampling bias in which those who decided to participate had better
sleep health than those who declined participation. Additionally, there is a potential bias in
the subjective measurement of sleep health since the concordance between the self-reported
sleep health dimensions in RU_SATED and their objective measures is unknown. However,
Brindle and colleagues found that childhood trauma was related to both subjectively and
objectively derived sleep health, which suggests compatibility between different derivations
of sleep health [5]. A prior study also demonstrated that the SATED questionnaire (identical
to RU_SATED aside from the regularity domain) has stronger linear relationships with self-
rated health status than sleep duration alone, which provides support for its validity [2].
Additionally, recent papers have operationalized sleep health with a variety of objective and
self-reported sleep indices [3,5,6].

In conclusion, we found an association between self-reported MVPA and a composite
measure of sleep health as well as the individual components of sleep satisfaction, sleep
timing, and sleep duration. In contrast, no association was observed between LPA and
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pedometer-assessed physical activity with sleep health. Future studies should include
accelerometer-based measurement of physical activity or questionnaires focused on mode of
activity to examine whether objectively assessed physical activity intensity or type is
associated with sleep health. Additionally, this analysis was in a sample with relatively good
sleep health; as a result, it is important to explore the strength of association between
physical activity and sleep health and the use of MVVPA as a potential therapy among those
with poor sleep health.
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Fig.1. Sleep health across different measures of physical activity
Y-axis values for each panel represent mean RU_SATED values following covariate

adjustment. Panel A: x-axis indicates categories of moderate- to vigorous-intensity physical
activity; Panel B: x-axis indicates categories of light-intensity physical activity; Panel C: x-
axis indicates categories of pedometer-assessed steps/day. Abbreviations: LPA = light-
intensity physical activity; MVPA = moderate- to vigorous-intensity physical activity; PA =
physical activity; SE = standard error.
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Participant characteristics.

Characteristic Total (N =114)
Female sex, 77 (%) 75 (65.8)
White race, 17 (%) 108 (94.7)
Existing CVD, n (%) 16 (14.0)
Depression history, 77 (%) 65 (57.0)
Difficulty paying for basics, 77 (%) 29 (25.4)
Age (years), mean (SD) 60.3 (9.2)
BMI (kg/m?2), mean (SD) 293 (5.7)
LPA (min/day), mean (SD) 62.9 (66.0)
MVPA (min/day), mean (SD) 51.2 (51.2)
Pedometer PA (steps/day), mean (SD)*  5985.5  (2806.7)
AHI, mean (SD) > 70 (102
RU SATED total (0-12), mean (SD) 96 (24)
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AHI: apnea-hypopnea index; BMI: body mass index; CVD: cardiovascular disease; LPA: light-intensity physical activity; MVVPA: moderate-

vigorous physical activity; PA: physical activity; SD: standard deviation.

*
n =103,

*ok

n = 110.
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Table 2.

Odds of ‘good’ individual sleep health dimensions according to different measures of physical activity.

‘Good’ sleep health

LPA (min/day)

MVPA (min/day)

Pedometer PA (steps/day)*

RU_SATED Item n (%) OR (95% ClI) OR (95% CI) OR (95% ClI)

Regularity 85 (74.6) 0.94(0.77,1.14)  1.24 (0.91, 1.68) 1.09 (0.89, 1.33)
Satisfaction 63 (55.3) 0.93(0.77,1.13) 158 (1.14, 2.20) 0.98 (0.82, 1.16)
Alertness 82 (71.9) 1.02 (0.84,1.24)  0.91(0.70, 1.17) 0.99 (0.83, 1.17)
Timing 89 (78.1) 1.25(0.96,1.63)  2.07 (1.24, 3.46) 1.10 (0.90, 1.35)
Efficiency 90 (78.9) 1.03 (0.83,1.28)  1.09 (0.80, 1.49) 1.06 (0.87, 1.29)
Duration 85 (74.6) 1.13(0.89,1.42)  1.49 (1.02, 2.18) 1.08 (0.89, 1.31)
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Cl=confidence interval; LPA=light-intensity physical activity; MVPA=moderate-vigorous physical activity; OR=odds ratio; PA=physical activity.
Odds ratios are expressed as the odds per 30-min increase in LPA or MVVPA and 1000-step increase in pedometer steps. Bolded values indicate
significant odds ratios (P< .05).

*
n=103 for analyses.
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