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Abstract
Background Research has demonstrated a correlational relationship between sleep and physical activity, though this work has
been largely cross sectional and fails to demonstrate temporal relationships. The purpose of this study was to test the daily,
bidirectional relationships between sleep and physical activity, and whether this varied between weekdays and weekend days.
Method Fifty-four healthy, young adults wore a Fitbit Flex to measure sleep and physical activity during a 6-day study period.
Results Mixed linear models revealed that physical activity did not predict subsequent night’s sleep. However, on nights when
participants had longer than their own average total sleep time, and greater than their own average wake after sleep onset, this
predicted less physical activity the following day.
Conclusion Results suggest that, in healthy young adults, physical activity may not promote healthier subsequent sleep, but sleep
duration and continuity influence physical activity in their own way. Young adults may respond differently to health promotion
efforts, and a greater understanding of these temporal associations can enhance the efficacy of these efforts.
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Introduction

Both insufficient sleep and low physical activity are associat-
ed with poor health outcomes [1, 2], and individuals who are
more physically active tend to have healthier sleep [3–5]. In
fact, physical activity may lead to better sleep quality, and
sleep may promote more physical activity, but the direction
of these relationships is not well established [6–8]. Meta-
analyses have demonstrated that exercise training programs
subsequently improve sleep [9, 10], but prospective studies
testing the effects of sleep interventions on subsequent phys-
ical activity are rare, and the few studies to date have not

demonstrated that sleep interventions promote greater physi-
cal activity levels [3]. More recently, research has begun to
examine how daily fluctuations in physical activity and sleep
may relate to one another. Measuring daily fluctuations of
physical activity and sleep over multiple days provides a more
effective framework for examining temporal relationships be-
tween physical activity and sleep. In fact, Irish et al. [11]
proposed a 24-h health behavior framework that allows re-
searchers to more effectively examine the daily, temporal re-
lationships between waking health behaviors (i.e., physical
activity) and sleep. They posit that by collecting daily data
over an extended period of time, it allows researchers to use
statistical analyses that test temporal relationships between
sleep and waking health behaviors. While this framework
does not allow the testing of causal relationships, it provides
a greater understanding of how health behaviors may influ-
ence one another. Studying these temporal relationships can
identify facilitators and barriers to behavior change and main-
tenance, providing insight that can improve the efficacy of
behavioral interventions.

While this framework provides an opportunity to better un-
derstand temporal relationships between physical activity and
sleep, the research on this topic is limited. Two studies have
tested and found significant, bidirectional relationships between
sleep and physical activity. A study of middle-aged women
found actigraphy-assessed sleep efficiency, which is the percent
of time spent asleep while trying to sleep at night, predicted
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more daily activity counts and moderate to vigorous intensity
physical activity (MVPA) minutes. Further, while smaller in
magnitude, physical activity was associated with a shorter sleep
duration that night [12]. In another sample of older adults,
Dzierzewski et al. [13] found that MVPA did not lead to greater
sleep duration, but did reduce time spent awake during the
night. Further, better sleep quality was associated with more
MVPA the following day. Two additional studies have assessed
bidirectional relationships between physical activity and sleep,
but only found significant associations between sleep and next
day physical activity. A study of patients with chronic pain
found that greater subjective sleep quality, and not actigraphy-
assessed sleep, was associated with more participation in exer-
cise the following day [14], and a study conducted among older
adults with insomnia reported that longer sleep onset latency
predicted shorter exercise duration the following day [15].
Lastly, two studies conducted in middle-aged women did not
find any significant, daily relationships between physical activ-
ity and sleep [11, 16].

Taken together, these findings demonstrate some support
for the 24-h health model, but the research has several limita-
tions. First, the majority of these studies do not differentiate
within- and between-person differences in their statistical
models. Not differentiating these effects does not allow re-
searchers to determine whether changes in health behavior
are determined by intra-individual (daily fluctuations within
each person) or inter-individual (differences in mean level
study variables) factors. Identifying whether physical activity
and sleep are determined by stable or state factors can improve
health promotion efforts by identifying targets for behavior
change. To our knowledge, only two studies have used this
approach to examine the relationships between sleep and
physical activity [13, 14].

Another limitation of the current literature is the lack of
research examining potential moderators of the daily associa-
tions between physical activity and sleep. For instance, sched-
ule demands may differ during weekdays when compared
with weekend days. Specifically, individuals are more likely
to follow their rhythms during the weekend when there are
fewer schedule constraints, while on weekdays they may be
restrained by work and social demands [17]. Thus, these dif-
ferences may lead to different patterns of sleep and physical
activity on the weekend when compared with weekdays. For
example, if an individual feels rested on weekdays, they still
may not have time to be physically active due to work, social,
or school obligations. In contrast, feeling rested on weekend
days may lead to more physical activity because they have the
energy for it and have the time to do so. Thus, individuals may
have more time to obtain adequate exercise and sleep during
the weekend. To our knowledge, this has not yet been tested as
a moderating influence between daily physical activity and
sleep. Lastly, research has yet to examine daily associations
of sleep and physical activity among healthy, young adults. To

date, this research has only been conducted in clinical and/or
older populations. As noted by Irish et al. [11], it is important
to replicate this research in other populations, as it is unclear
whether the daily associations between physical activity and
sleep would differ between various populations.

The present study extends the current literature in several
ways. We evaluated the daily, bidirectional relationship be-
tween physical activity and sleep using objective assessment
in a sample of healthy, young adults. We also tested whether
the relationships between sleep and physical activity differ
between weekdays and weekend days. Lastly, we teased apart
the between-subject and within-subject effects to determine
whether the bidirectional influences exist at an inter-
individual or intra-individual level. A significant between-
subject effect would indicate that individuals who, on average,
are more physically active would experience better sleep than
individuals who are less physically active. In contrast, a sig-
nificant within-subject effect would indicate that, within an
individual, a day with greater physical activity would be
followed by a better night of sleep compared with days of less
physical activity. It was hypothesized that days of greater
physical activity would be significantly associated with longer
total sleep time and shorter wake after sleep onset that night,
and that longer total sleep time and shorter wake after sleep
onset would be significantly associated with higher levels of
physical activity the next day. Lastly, it was hypothesized that
physical activity and sleep would be more strongly related on
the weekend.

Methods

Participants

Participants were recruited from a Midwestern university
through an undergraduate subject pool and were eligible to
participate if they were non-smokers, were not currently being
treated for a sleep disorder, had any medical conditions (e.g.,
migraines, diabetes, rheumatoid arthritis, hypertension) that
could affect sleep or engaging in physical activity, did not
have shift work, and self-reported that they were able to en-
gage in physical activity.

Procedure

The present studywas part of a larger project that also examined
the relationships between sleep and academic performance, and
was approved by the university IRB. Participants were recruited
throughout the fall and spring semesters of an academic school
year, and scheduled an appointment with a research assistant
through an online research scheduling system. During this ini-
tial lab session, participants provided written informed consent
and completed a questionnaire assessing sociodemographics.
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Following this, participants were instructed on the proper use
and care of the Fitbit Flex device, and were told to sync their
Fitbit each night to ensure complete collection of sleep and
physical activity data. If participants failed to sync data on
any study day, they received an email reminder from the re-
search team to sync their Fitbit. After completing this in home
assessment for 1 week, participants returned to the lab and their
data was downloaded from the Fitbit website. Sleep and phys-
ical activity from the final day of the study were not used in
present analyses due to parent study procedures that could in-
fluence participant behaviors, and therefore the present study
was based on the first 6 days and nights of data collection.

Measures

Sleep Fitbit Flex devices were used to assess objective sleep
each night of the study period. This commercially available
wrist-worn accelerometer uses movement to infer sleep and
wake states. Sleep was measured with both total sleep time
and wake after sleep onset. Total sleep time is the amount of
minutes spent asleep, and wake after sleep onset is the number
of minutes spent awake after initially falling asleep. Fitbits are
a cost-effective tool for estimating sleep measurement, partic-
ularly among healthy sleepers [18], and have been found to
accurately measure sleep duration and continuity when com-
pared with polysomnography [19]. Fitbit provides other sleep
parameters (i.e., number of nighttime awakenings) but total
sleep time and wake after sleep onset were chosen prior to
analyses because they are the best measures of sleep duration
and continuity.

Physical Activity Fitbit Flex devices were also used to collect
objective physical activity data. Physical activity was mea-
sured by number of steps taken during the day, total minutes
active during the day (metabolic equivalents at or above 3 for
at least 10 consecutive minutes), and total calories burned
during the day. Fitbit Flex devices are an acceptable tool for
measuring step counts and energy expenditure [20, 21]. Fitbit
provides other measures of physical activity, but these three
were chosen prior to analyses because they best represent
levels of physical activity and energy expenditure.

Data Analysis

Using SPSS version 22, mixed linear models were conducted
to test the daily influences of both physical activity on subse-
quent night’s sleep and sleep on next day’s physical activity.
Eight participants were removed from all analyses due to hav-
ing incomplete study data. All remaining participants had 6
consecutive days and nights of objectively assessed physical
activity and sleep data. All physical activity and sleep vari-
ables were tested separately as predictors, resulting in 12 main

effect models and 12 interaction models. Age and gender were
included as covariates in every model. Within-subject (partic-
ipant’s mean subtracted from their daily score) and between-
subject (sample mean subtracted from participant’s mean) ef-
fects for each predictor variable were entered as fixed effects
into the same model. Thus, each main effect model had four
predictors (e.g., age, gender, steps between subject, steps with-
in subject). A binary variable of weekday vs. weekend day
(this will be referred to as “day type”) was tested as a moder-
ator of the relationships between the physical activity and
sleep variables. Given recommendations for multilevel
modeling [22], we were adequately powered to detect both
level 1 (within-person) and level 2 (between-person) effects.

Results

Demographics

Sample characteristics for the participants (N = 54) are
displayed in Table 1. The majority of participants were white
(77.4%), were female (70.4%), and were on average
19.35(1.5) years old. Participants were, on average, moderate-
ly active and obtained at least 7 h of sleep per night.

Models Testing Bidirectional Effects

Between-Subject Effects The intraclass correlation coefficients
indicated that 17% of the variance in steps, 38% in total mi-
nutes active, 74% in calories burned, 23% in total sleep time,
and 34% in wake after sleep onset existed between partici-
pants. There were no significant between-subject associations
between physical activity and sleep (see Tables 2 and 3). Days
on which participants varied from sample mean steps, calories
burned, and total minutes active did not significantly predict
subsequent night’s sleep, and variation from sample mean

Table 1 Demographic and health characteristics (N = 54)

Gender, n (%)

Male 16 (29.6%)

Female 38 (70.4%)

Age, mean (SD), years 19.35 (1.52)

Race, n(%)

White 41 (75.9%)

American Indian 6 (11.1%)

Other 6 (13%)

Steps, mean (SD) 9768.19 (2694.29)

Calories burned, mean (SD) 2446.90 (396.38)

Total minutes active, mean (SD) 258.03 (65.44)

Total sleep time, mean (SD), min 439.43 (64.41)

Wake after sleep onset, mean(SD), min 24.47 (11.13)
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total sleep time and wake after sleep onset did not significantly
predict next day physical activity. Thus, inter-individual dif-
ferences in physical activity did not predict sleep and inter-
individual differences in sleep did not predict physical
activity.

Within-Subject Effects The intraclass correlation coefficients
indicated that 83% of the variance in steps, 62% in total mi-
nutes active, 26% in calories burned, 77% in total sleep time,
and 66% in wake after sleep onset existed between days and
within participants. There was one significant, within-subject
effect of physical activity on subsequent night’s sleep (see
Table 2); days on which participants spent more time active

than they do on average predicted greater wake after sleep
onset that night (p = .03). There were significant, within-
subject main effects of sleep on next day’s physical activity
(see Table 3). Nights in which participants had longer than
their average total sleep time predicted fewer next day steps
(p = .001), fewer calories burned (p = .004), and fewer total
minutes active (p = .007). Nights in which participants had
longer than their average wake after sleep onset predicted
fewer steps (p = .004) and fewer calories burned (p = .006)
the following day.

Interaction Models

Day type did not moderate any of the relationships between
physical activity and sleep (see Tables 4 and 5).

Discussion

The current study sought to examine the temporal relation-
ships between sleep and physical activity in healthy, young
adults, and also explore how these relationships differ on
weekdays versus weekend days. It was hypothesized that
greater physical activity would promote healthier sleep that
night, and that greater total sleep time and shorter wake after
sleep onset would predict more physical activity the following
day. It was also hypothesized that these relationships would be
moderated by day type, in that the associations between phys-
ical activity and sleep would be stronger over the weekend.

Our study revealed that, overall, physical activity was not
associated with subsequent night’s sleep. Given the consensus
of previous research and the plausible mechanisms in which
physical activity could promote healthy sleep, this finding was
somewhat unexpected. While unexpected, several other stud-
ies have similar results, demonstrating that today’s physical

Table 2 Physical activity predicting sleep

Total sleep time Wake after sleep onset

Predictor B SE t B SE t

Steps

Age − 3.37 7.44 − .45 2.03 1.13 1.80

Gender 14.32 24.19 − .45 .95 3.68 .26

Within − .00 .00 − .22 .00 .00 1.20

Between − .00 .003 − 1.69 − .00 .00 − 1.26
Calories burned

Age .03 7.5 .00 2.29 1.14 2.00

Gender 25.83 26.91 .92 1.01 4.09 .25

Within − .00 .03 − .06 .00 .00 1.06

Between − .04 .03 − 1.18 − .00 .00 − .20

Total minutes active

Age 1.54 7.26 .21 2.22 1.13 1.96

Gender 4.16 4.16 .17 1.11 3.74 .30

Within .12 .12 1.22 .03 .01 2.23*

Between − .39 − .39 − 2.37 .02 .03 .72

*p < .05

Table 3 Sleep predicting physical activity

Steps Calories burned Total minutes active

Predictor B SE t B SE t B SE t

Total sleep time

Age − 317.51 277.47 − 1.44 33.48 34.48 .97 5.32 6.36 .84

Gender − 109.37 913.68 − .12 325.33 113.60 2.86** − 23.17 20.92 − 1.12
Within − 9.44 2.86 − 3.31** − .58 .20 − 2.94** − .15 .05 − 2.75**
Between − 3.06 6.46 − .29 − .46 .80 − .58 − .28 .15 − 1.86

Wake after sleep onset

Age 212.47 304.82 − .70 19.89 38.11 .52 2.65 7.24 .37

Gender − 273.74 919.72 − .30 298.56 114.63 2.61* − 27.95 21.80 − 27.96
Within − 60.32 20.58 − 2.93** − 4.00 1.43 − 2.79** − .64 .39 − 1.62
Between − 40.09 41.67 − .96 4.17 5.20 .80 .91 .99 .92

*p < .05; **p < .01

Int.J. Behav. Med. (2019) 26:562–568 565



activity may not significantly influence subsequent night’s
sleep [11, 14–16]. While our sample was predominately white
and female, and thus may not generalize to other populations,
our results suggest that the positive influence of physical ac-
tivity on subsequent sleep is complex and may not be as ben-
eficial for young, healthy adults. This study objectively mea-
sured both physical activity duration and energy expenditure,
but there were aspects that were not measured and could in-
fluence this relationship, such as intensity or activity type [4].

We found that the within-subject effects of sleep on next
day exercise were significant (with the only exception of wake
after sleep onset predicting next day total minutes active),

whereas the between-subject effects were not. This suggests
that sleep predicts next day physical activity when individuals
deviate from their own mean level total sleep time and wake
after sleep onset. Specifically, when participant total sleep
time was longer than their average night, they had fewer steps,
fewer calories burned, and fewer minutes active the following
day. This finding contradicted our study hypotheses, but while
unexpected, the effect sizes were subtle and may not be clin-
ically significant (e.g., 566 fewer steps for every 1 h of total
sleep time greater than their average). It may indicate that
certain health behaviors, such as physical activity, may be
sacrificed when negotiating a demanding schedule [6]. For
instance, an individual may decide to sleep in 1 day instead
of getting up early to exercise. Moreover, spending more time
asleep naturally reduces the time available during the day to be
physically active. Consistent with our hypotheses, greater than
an individual’s average wake after sleep onset was associated
with fewer steps and calories burned the following day, and
these effects were of greater clinical significance (e.g., for
every 15 min of greater than an individual’s average wake
after sleep onset, 900 fewer steps the next day). These findings
parallel previous research [12–15], which demonstrated that
healthier sleep is associated with more physical activity the
following day. Perceived fatigue may play a mediating role
between sleep fragmentation (wake after sleep onset) and
physical activity, though the current study did not measure
fatigue and is therefore unable to test this. The discrepant
findings that total sleep time and wake after sleep onset have
on physical activity highlight that different components of
sleep may hold different relationships with subsequent phys-
ical activity, and encourage multidimensional assessment
methods. It is possible that in order for young, healthy adults
to obtain adequate physical activity, sleep may have to be
sacrificed, but total sleep time does not strongly influence next
day physical activity. In contrast, greater wake after sleep on-
set is more predictive of lower physical activity levels than
total sleep time.

We hypothesized that day type would moderate the daily
associations between physical activity and sleep, in that the
relationships would be stronger over the weekend. However,
our analyses did not support this and all interaction effects
were non-significant. We hypothesized that day type would
have a moderating effect due to a participant’s schedule being
less busy over the weekend, but it is possible that weekday
and weekend schedules did not significantly differ in this
sample. These results suggest that day type may not influence
daily associations between physical activity and sleep, but
further research is needed to clarify these relationships.
Specifically, future studies could test this in a sample with
homogenous schedules (i.e., 9am–5pm, Monday through
Friday) or measure participants’ 7-day schedules.

There were several strengths to this study. First, we collect-
ed six consecutive days of both physical activity and sleep

Table 4 Physical activity predicting sleep, moderated by day type

Total Sleep Time Wake After Sleep Onset

Predictor B SE t B SE t

Steps

Age − 3.41 7.37 − .46 2.05 1.14 1.80

Gender 11.62 23.72 .49 .80 3.70 .22

Within − .00 .00 − .14 .00 .00 .92

Between − .00 .00 − 1.80 − .00 .00 − 1.27
Day type 35.86 15.48 2.32* 1.80 2.09 .86

Day type*steps .00 .00 .29 − 3.71 .00 − .06
Within

Day type*steps .00 .00 .40 .00 .00 .28
Between

Calories burned

Age − .00 7.51 − .00 2.31 1.15 2.31

Gender 22.13 26.73 .83 .87 .87 .21

Within − .0 .04 − .03 − .00 .01 .85

Between − .02 .03 − .65 − 4.58 .01 − .01
Day type 34.23 15.20 2.25* 1.53 2.07 .74

Day type* .02 .06 .38 .00 .01 .04
Calories burned

Within

Day type* − .06 .04 − 1.38* − .00 .01 − .56
Calories burned

Between

Total minutes active

Age 1.60 7.20 .23 2.26 1.15 1.97

Gender 2.00 23.42 .09 1.03 3.75 .28

Within .07 .15 .48 .03 .02 1.43

Between − .41 .18 − 2.31* .02 .03 .57

Day type 32.90 15.59 2.11* 1.08 2.10 .51

Day type*total .05 .23 .20 − .00 .03 − .13
Minutes active

Within

Day type*total .08 .24 .31 .01 .03 .34
Minutes active

Between

*p < .05
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data. As noted by Youngstedt and Kline [6], a limitation to the
physical activity and sleep literature is that a majority of stud-
ies record only a couple days’ worth of data, which greatly
limits the internal validity of daily models. Our data sampling
allowed us to more effectively model the daily, bidirectional
relationships between physical activity and sleep. Our study
also utilized objective data collection for both physical activity
and sleep. Fitbit is a moderately valid, cost-effective tool com-
pared with the polysomnography, and is most accurate in the
study of healthy sleepers [18, 19]. While Fitbit is a cost-
effective tool for measuring objective sleep parameters, it is
not the gold standard for objective sleep measurement and
future studies should util ize either actigraphy or
polysomnography. To our knowledge, there is one study to
date that has used actigraphy in multilevel modeling to test
the daily relationship between sleep on next day physical ac-
tivity, while also parsing apart within- and between-subject
effects [14]. An additional limitation to this study is that we
were unable to include some of the more nuanced factors in
our models, such as timing and intensity of exercise, and
timing of sleep [23]. Moreover, while our study focused on
the relationships between physical activity and sleep, there are
a number of other behaviors to consider in future research. For
instance, research has demonstrated that health behaviors are
related to one another [24], and future studies should consider

how other health behaviors (e.g., diet, alcohol, and nicotine
use) interact with sleep and physical activity.

In sum, our study makes several important contribu-
tions. We provide more support for a 24-h model of health
behavior, in that both total sleep time and wake after sleep
onset are associated with next day physical activity.
Moreover, it was deviation from one’s average total sleep
time and wake after sleep onset that predicted next day
physical activity. The finding that more sleep does not
always lead to higher physical activity indicates that
healthy, young adults may respond to interventions
targeting 24-h health behavior differently than other pop-
ulations. For instance, these results suggest that increasing
physical activity levels would not necessarily promote
healthier sleep, and that targeting sleep duration may not
lead to greater physical activity levels. Instead, promoting
behaviors that enhance sleep continuity may be a more
effective avenue for health promotion. Lastly, these re-
sults demonstrate that daily associations between physical
activity and sleep may vary between different populations,
and future research should utilize the 24-h health behavior
model to examine these relationships. A greater under-
standing of the daily relationships between physical activ-
ity and sleep can improve the efficacy of behavioral
interventions.

Table 5 Sleep predicting physical activity, moderated by day type

Steps Calories Burned Total minutes Active

Predictor B SE t B SE t B SE t

Total sleep time

Age − 301.21 279.04 − 1.08 34.37 34.82 .99 5.24 6.41 .82

Gender − 84.79 919.75 − .09 325.18 114.78 2.83** − 24.38 21.11 − 1.16
Within − 12.05 3.85 − 3.13** − .77 .27 − 2.85** − .17 .07 − 2.38*
Between 1.24 7.08 .18 − .15 .83 − .18 − .19 .16 − 1.17
Day type − 1587.74 557.32 − 2.85** − 74.55 38.49 − 1.94 4.47 11.18 .40

Day type* TST 8.01 5.81 1.38 .56 .41 1.35 .08 .11 .74
Within

Day type* TST − 16.01 9.28 − 1.72 − 1.19 .65 − 1.84 − .32 .19 − 1.67
Between

Wake after sleep onset

Age − 188.02 303.91 − .62 20.55 38.15 .54 2.64 7.24 .37

Gender − 213.95 916.37 − .23 302.77 114.70 2.64* − 28.42 21.81 − 1.30
Within − 78.17 29.58 − 2.64** − 4.09 2.12 − 1.92 − .93 .58 − 1.59
Between − 70.11 44.85 − 1.56 2.30 5.33 .43 .48 1.04 .46

Day type − 1532.06 573.28 − 2.67** − 72.11 39.61 − 1.82 3.45 11.54 .30

Day type* 48.39 43.75 1.11 .78 3.19 .24 .51 .87 .58
WASO within

Day type* 92.99 51.73 1.80 5.78 3.57 1.62 1.34 1.04 1.20
WASO Between

*p < .05; **p < .01

TST total sleep time, WASO wake after sleep onset

Int.J. Behav. Med. (2019) 26:562–568 567



Funding This work was financially supported by NSF EPSCoR
Infrastructure Improvement Track-1 Cooperative Agreement Award
OIA-1355466.

Compliance with Ethical Standards

Ethical Approval All procedures performed in studies involving human
participants were in accordance with the ethical standards of the institu-
tion and with the 1964 Helsinki declaration and its later amendments or
comparable ethical standards.

Conflict of Interest The authors declare that they have no conflict of
interest.

References

1. Blair SN, Brodney S. Effects of physical inactivity and obesity on
morbidity and mortality: current evidence and research issues. Med
Sci Sports Exerc. 1999;31:646–62.

2. Cappuccio FP, D’Elia L, Strazzullo P, Miller MA. Sleep duration
and all-cause mortality: a systematic review and meta-analysis of
prospective studies. Sleep. 2010;33:585–92.

3. Kline CE. The bidirectional relationship between exercise and
sleep: implications for exercise adherence and sleep improvement.
Am J Lifestyle Med. 2014;8:375–9.

4. Chennaoui M, Arnal PJ, Sauvet F, Léger D. Sleep and exercise: a
reciprocal issue? Sleep Med Rev. 2015;20:59–72.

5. Lang C, Kalak N, Brand S, Holsboer-Trachsler E, Pühse U, Gerber
M. The relationship between physical activity and sleep from mid
adolescence to early adulthood. A systematic review of methodo-
logical approaches andmeta-analysis. SleepMed Rev. 2016;28:32–
45.

6. Youngstedt SD, Kline CE. Epidemiology of exercise and sleep.
Sleep Biol Rhythms. 2006;4:215–21.

7. Kline CE, Irish LA, Krafty RT, Sternfeld B, Kravitz HM, Buysse
DJ, et al. Consistently high sports/exercise activity is associated
with better sleep quality, continuity and depth in midlife women:
the SWAN sleep study. Sleep. 2013;36:1279–88.

8. Irish LA, Kline CE, Gunn HE, Buysse DJ, Hall MH. The role of
sleep hygiene in promoting public health: a review of empirical
evidence. Sleep Med Rev. 2015;22:23–36.

9. Yang PY, HoKH, ChenHC, ChienMY. Exercise training improves
sleep quality in middle- aged and older adults with sleep problems:
a systematic review. J Physiother. 2012;58:157–63.

10. Kredlow MA, Capozzoli MC, Hearon BA, Calkins AW, Otto MW.
The effects of physical activity on sleep: a meta-analytic review. J
Behav Med. 2015;38:427–49.

11. Irish LA, Kline CE, Rothenberger SD, et al. A 24-hour approach to
the study of health behaviors: temporal relationships between wak-
ing health behaviors and sleep. Ann Behav Med. 2013;47:189–97.

12. Lambiase MJ, Gabriel KP, Kuller LH, Matthews KA. Temporal
relationships between physical activity and sleep in older women.
Med Sci Sports Exerc. 2013;45:1–14.

13. Dzierzewski JM, BumanMP, Giacobbi PR, et al. Exercise and sleep
in community-dwelling older adults: evidence for a reciprocal rela-
tionship. J Sleep Res. 2014;23:61–8.

14. Tang NK, Sanborn AN. Better quality sleep promotes daytime
physical activity in patients with chronic pain? A multilevel analy-
sis of the within-person relationship. PLoS One. 2014;9:1–9.

15. Baron KG, Reid KJ, Zee PC. Exercise to improve sleep in insom-
nia: exploration of the bidirectional effects. J Clin Sleep Med.
2013;9:819–24.

16. Mitchell JA, Godbole S, Moran K, et al. No evidence of reciprocal
associations between daily sleep and physical activity. Med Sci
Sports Exerc. 2016;48:1950–6.

17. Wittmann M, Dinich J, Merrow M, Roenneberg T. Social jetlag:
misalignment of biological and social time. Chronobiol Int.
2006;23:497–509.

18. Dickinson DL, Cazier J, Cech T. A practical validation study of a
commercial accelerometer using good and poor sleepers. Health
Psychol Open. 2016;3:1–10.

19. Mantua J, Gravel N, Spencer R. Reliability of sleep measures from
four personal health monitoring devices compared to research-
based actigraphy and polysomnography. Sensors. 2016;16(5):646.

20. Diaz KM, Krupka DJ, Chang MJ, Peacock J, Ma Y, Goldsmith J,
et al. Fitbit®: an accurate and reliable device for wireless physical
activity tracking. Int J Cardiol. 2015;185:138–40.

21. Sushames A, Edwards A, Thompson F, McDermott R, Gebel K.
Validity and reliability of Fitbit Flex for step count, moderate to
vigorous physical activity and activity energy expenditure. PLoS
One. 2016;11(9):1–14.

22. Newsom J, Jones RN, Hofer SM. Longitudinal data analysis: a
practical guide for researchers in aging, health, and social sciences.
New York, NY: Routledge; 2013.

23. Youngstedt SD, O’connor PJ, Dishman RK. The effects of acute
exercise on sleep: a quantitative synthesis. Sleep. 1997;20:203–14.

24. Johnson SS, Paiva AL, Cummins CO, Johnson JL, Dyment SJ,
Wright JA, et al. Transtheoretical model-based multiple behavior
intervention for weight management: effectiveness on a population
basis. Prev Med. 2008;46(3):238–46.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

568 Int.J. Behav. Med. (2019) 26:562–568


	Daily Associations Between Sleep and Physical Activity
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Methods
	Participants
	Procedure
	Measures

	Data Analysis
	Results
	Demographics
	Models Testing Bidirectional Effects
	Interaction Models

	Discussion
	References


