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Abstract

The purpose of this multinational and cross-sectional study was to investigate whether nighttime
sleep duration was associated with physical activity (PA) and sedentary time (SED) the following
day, whether daytime PA/SED were associated with sleep duration the subsequent night, and
whether the associations were modified by sex and study sites. Data from 5779 children aged
9-11 years were analyzed. A waist-worn Actigraph GT3X+ accelerometer was used to assess
children’s 24-h movement behaviours for 7 days, i.e. sleep duration, total SED, light-intensity
physical activity (LPA), and moderate- to vigorous-intensity physical activity (MVPA). Multilevel
linear regression models were used to account for the repeated measures nested within participants
(there were up to 7 sleep — PA/SED and PA/SED — sleep pairings per participant) and schools,
and adjusted for covariates. To facilitate interpretation, all sleep and PA/SED variables were
standardized. Results showed that the relationship between sleep and PA/SED is bi-directional

in this international sample of children. Specifically, for each one standard deviation (SD) unit
increase in sleep duration, SED the following day decreased by 0.04 SD units, while LPA and
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MVPA increased by 0.04 and 0.02 SD units, respectively. Sleep duration decreased by 0.02

SD units and increased by 0.04 SD units for each one SD unit increase in SED and MVPA,
respectively. Sleep duration was not affected by changes in LPA. These associations differed
across sex and study sites in both directions. However, since the observed effect sizes are subtle,
public health initiatives should consider the clinical and practical relevance of these findings.

Child health; 24-Hour movements; Within-subject effects; Multilevel modelling; Population health

Introduction

Recently, the Canadian 24-Hour Movement Guidelines for Children and Youth provided
evidence-informed recommendations for a healthy day, comprising an integration of sleep,
physical activity (PA) and sedentary time (SED) (Tremblay et al., 2016). For instance,
longer sleep duration is associated with an array of positive health outcomes among school-
aged children, such as lower adiposity indicators, better emotional regulation, academic
achievement and quality of life/well-being (Chaput et al., 2016). Sufficient PA, including
light-intensity physical activity (LPA) and moderate- to vigorous-intensity physical activity
(MVPA), is also associated with better mental and physical health outcomes (Janssen and
LeBlanc, 2010; Biddle and Asare, 2011; Kwon et al., 2011); while excess SED is associated
with unfavorable health indicators (Biddle and Asare, 2011; Carson et al., 2016). However,
in recent decades, there has been declines in sleep duration and PA levels, and increases in
SED among children worldwide (Matricciani et al., 2012; Dollman et al., 2005; Hallal et al.,
2012).

There is a growing interest to determine whether there is a virtuous/vicious cycle

between children’s nighttime sleep duration and daytime PA/SED in the context of

the 24-hour lifestyle recommendations. Thus far, research examining the possible bi-
directional connection between sleep duration and PA/SED within the pediatric population
has produced inconsistent findings. Studies have reported that nighttime sleep duration
positively (Hart et al., 2016), negatively (Soric et al., 2015; Pesonen et al., 2011), or did not
(Ekstedt et al., 2013; Vincent et al., 2017) predict the next day’s PA. Similarly, studies have
reported that PA/SED during the day positively (Nixon et al., 2008), negatively (Pesonen et
al., 2011), or did not (Ekstedt et al., 2013; Vincent et al., 2017; Nixon et al., 2008; Dworak
et al., 2008) predict the subsequent night’s sleep duration. Reasons for these inconsistency
remain unclear. Also, research surrounding the association between sleep duration and SED
is limited to only one study (Nixon et al., 2008). More epidemiological inquiry is clearly
needed based on the available equivocal evidence.

Furthermore, existing research has been mainly conducted in developed countries (Sori¢ et
al., 2015; Pesonen et al., 2011; Ekstedt et al., 2013; Vincent et al., 2017; Nixon et al., 2008;
Nixon et al., 2009), with only one study from a developing country (Soric et al., 2015). The
role of higher-order environmental correlates of children’s daily lifestyle behaviours are not
well understood due to the limited socio-cultural variability. The present multinational study
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is unique in its international diversity and provides an opportunity to determine whether the
relationships of interest differ across countries and socio-cultural settings. Such information
is key to informing the development of interventions that can be culturally adapted for
implementation around the world.

The objective of this study was to examine the temporal and bidirectional associations
between sleep duration and PA/SED in children from 12 countries representing a wide range
of geographic and social contexts. Specifically, this study examined whether sleep duration
the preceding night was associated with total SED/LPA/MVPA accumulated the following
day, and whether SED/LPA/MVPA during the day were associated with sleep duration the
subsequent night. We hypothesized that longer sleep duration would be temporally and
bi-directionally associated with less SED and more LPA/MVPA. Based on the available
evidence, we also hypothesized that the associations of interest would differ across sex
(Sori¢ et al., 2015; Pesonen et al., 2011) and study sites (Soric et al., 2015; Pesonen et al.,
2011; Vincent et al., 2017).

Methods

2.1. Study design and setting

2.2.

The International Study of Childhood Obesity, Lifestyle and the Environment (ISCOLE)

is a cross-sectional, multinational study designed to determine the relationships between
lifestyle behaviours and obesity in 12 study sites located in Australia, Brazil, Canada, China,
Colombia, Finland, India, Kenya, Portugal, South Africa, UK and USA. These countries
represent a wide range of economic development (low to high income) (Katzmarzyk et al.,
2013). By design, the within-site samples were not intended to be nationally representative.
Rather, the primary sampling frame was urban/suburban schools, which were typically
stratified by an indicator of socioeconomic status to maximize variability within sites
(Katzmarzyk et al., 2013). A standardized protocol was used to collect data across all

sites, and all study personnel underwent rigorous training and certification to ensure the
data quality (Katzmarzyk et al., 2013). The Institutional Review Board at the Pennington
Biomedical Research Center in Baton Rouge, USA (coordinating center) approved the
ISCOLE protocol, and the Ethics Review Boards at each participating institution also
approved the local protocol. Written informed consent was obtained from parents or legal
guardians, and children before participation in the study. Data were collected during the
school year at each study site between September 2011 and December 2013.

Participants

The sample included 9-11-year-old children from the 12 ISCOLE sites. A total of 7372
children participated in ISCOLE, of which 5779 remained in the present analytical sample.
Participants without any valid sleep/PA/SED data were excluded (n7=1214). Participants
without covariate information were also excluded, including diet (r7= 129), parental
education (7= 247), and body mass index (BMI) z-score (7= 3). Participants who were
excluded due to missing data consisted of more males, with significantly higher BMI
z-scores, but did not differ in age (data not shown). Within the 5779 participants, several
nights and days were removed because of insufficient (invalid) data to determine sleep
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and/or PA/SED. The final number of pairings were 7 =31,019 for the analyses where
nighttime sleep duration predicted the subsequent day’s PA/SED and 1= 31,408 for the
analyses where daytime PA/SED predicted the subsequent night’s sleep duration.

2.3. Measurements

Sleep duration, SED, LPA and MVPA were all objectively assessed using 24-h
accelerometry. An Actigraph GT3X+ accelerometer (ActiGraph LLC, Pensacola, FL, USA)
was worn at the waist on an elasticized belt at the right mid-axillary line. Participants

were encouraged to wear the accelerometer 24 h per day (removing only for water-based
activities) for at least 7 consecutive days, including 2 weekend days. The minimal amount
of daytime data considered acceptable for inclusion in the sample was at least 10 h of

wake wear time per day. Data were collected at a sampling rate of 80 Hz, downloaded

in 1-s epochs with the low frequency extension filter using the ActiLife software version
5.6 or higher (ActiGraph LLC, Pensacola, FL, USA), and later reintegrated to 15-s and
60-s epochs for the different analyses. Nocturnal sleep duration (h/night) was estimated
from the accelerometry data using 60-s epochs and a fully automated algorithm for 24-hour
waist-worn accelerometers that was developed and validated for ISCOLE (Tudor-locke et
al., 2014; Barreira et al., 2015). Sleep data were considered valid if daily total sleep period
time was =160 min/night and > 90% estimated wear time. After exclusion of total sleep
period time and awake non-wear time (any sequence of >20 consecutive minutes of 0
activity counts), SED was defined as all movement <25 counts per 15-s, LPA between 26
and 573 counts, and MVPA =574 counts (Barreira et al., 2015), which is consistent with the
widely used Evenson cut-offs (Evenson et al., 2008). Daily values of sleep duration, SED,
LPA and MVPA were exported into datasets with multiple observations for each participant
(e.g., one row per day), with each participant having up to 7 repeated sleep duration and
SED/LPA/MVPA measures.

2.4. Covariates

Age, sex, parental education, BMI z-score, unhealthy dietary pattern, daily awake wear time
of accelerometer, and type of day (weekday or weekend day) were included as covariates

in statistical models. Age was computed from birth and observation dates and sex was
self-reported on a questionnaire. Parental education was coded into three categories based
on the highest level of education attained by either parent: “did not complete high school”,
“completed high school or some college”, or “completed bachelor’s or postgraduate degree”.
Body mass was measured using a portable Tanita SC-240 Body Composition Analyzer
(Arlington Heights, IL) without outer clothing, heavy pocket items, shoes and socks
(Katzmarzyk et al., 2013). Height was measured using a Seca 213 portable stadiometer
(Hamburg, Germany) without shoes, with the participant’s head in the Frankfort plane, fully
erect, feet together, and at the end of a deep inhalation (Katzmarzyk et al., 2013). BMI
[body mass (kg)/height (m?)] was calculated, and BMI z-scores were computed using age-
and sex-specific reference data from the World Health Organization (De Onis et al., 2007).
Computation of the unhealthy dietary pattern scores was explained in detail elsewhere
(Mikkil& et al., 2015; Chaput et al., 2015). Most of the strongly loaded food items were
common for all 12 countries (Fardet and Boirie, 2014), with positive loadings for fast food,
hamburgers, soft drinks, sweets, fried food etc. (Mikkila et al., 2015; Chaput et al., 2015)
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Finally, for each day of observation, awake wear time (minutes per day) was obtained
through the accelerometer data reduction process, and “weekend day” was coded as “1”
while “week day” as “0”.

2.5. Datasets

To study the relationships of interest, two datasets were created. Each dataset had up to 7
repeated sleep — PA/SED or PA/SED — sleep pairings for each participant; each pairing
represented a unique row of observation in the dataset. The first dataset was used to explore
the relationship between sleep duration the preceding night (exposure) and SED/LPA/MVPA
the following day (outcome). The first row of data for each participant contained sleep
duration on day 1 (e.g., 10:00 p.m. on Monday to 7:00 a.m. on Tuesday) and SED/LPA/
MVPA on day 2 (e.g., 07:00 a.m. to 10:00 p.m. on Tuesday). The second dataset was used
to explore the relationship between daytime SED/LPA/MVPA (exposure) and sleep duration
at the subsequent night (outcome). The first row of data for each participant contained
SED/LPA/MVPA on day 2 (e.g., 07:00 a.m. to 10:00 p.m. on Tuesday) and sleep duration
on day 2 (e.g., 10:00 p.m. on Tuesday to 7:00 a.m. on Wednesday). The sleep — PA/SED
or PA/SED — sleep pairing continued for the remaining 6 rows for each participant within
each dataset. Covariate data were repeated for all 7 rows for each participant within each
dataset, with the exception of awake wear time and type of day, which varied for each row.

2.6. Statistical analysis

Statistical analyses were conducted using SAS version 9.4 (SAS Institute, Cary, NC, USA).
Means and standard deviations (SD) of descriptive characteristics were computed by sex
and study site. Generalized linear mixed model (PROC GLIMMIX) with a first-order
autoregressive matrix (Soric et al., 2015; Pesonen et al., 2011; Ekstedt et al., 2013) was
used to examine the associations of interest and to properly account for the hierarchical
nature of the data. Study sites were considered to have fixed effects, schools nested

within study sites were viewed as having random effects, and repeated observations of
sleep — PA/SED or PA/SED — sleep pairings nested within participants were treated

as random effects. The denominator degrees of freedom for statistical tests pertaining

to fixed effects were calculated using the Satterthwaite’s approximation (Wang et al.,
2011). In analyses testing sleep — PA/SED associations, sleep duration represented the
within-person independent variable and SED/LPA/MVPA the within-person dependent
variables. In analyses testing PA/SED — sleep associations, SED/LPA/MVPA represented
the within-person independent variables and sleep duration the within-person dependent
variable. To facilitate interpretation of the bi-directional associations, all sleep duration and
PA/SED variables were standardized. Therefore, the coefficients in the regression models
represent the change per each SD unit, which allowed us to compare the effect sizes of the
associations. Age, sex, highest parental education, BMI z-score, unhealthy dietary pattern
score, daily accelerometer awake wear time and type of day were included as covariates

in all models. Finally, differences across sex and study sites in the associations were
examined using interaction terms; site-by-sex, site-by-sleep or site-by-PA/SED interactions
were retained when p < 0.05. The level of statistical significance was set at p < 0.05.
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3. Results

Descriptive characteristics of the sample are shown in Table 1. The average (SD) age was
10.4 (0.6) years and approximately 45.0% of the sample were boys. The average awake
wear time was 14.9 (1.5) hours per day. The average sleep duration was 8.8 (1.5) hours per
night, below the National Sleep Foundation’s recommendation (Hirshkowitz et al., 2015) of
9-11 h of sleep per day for school-aged children (58.9% of kids were below this threshold,
data not shown). The average sleep efficiency was 96.2% (1.9%), while wake time after
sleep onset of the ISCOLE sample has been reported elsewhere with an average of 0.6 (0.4)
minute per night (Tudor-Locke et al., 2015). The average MVPA was 60.0 (33.9) minutes
per day; however, 55.9% of the children were below the World Health Organization’s
recommendation (World Health Organization, 2017) of at least 60 min of MVPA daily (data
not shown).

For sleep predicting PA/SED, sleep duration the preceding night was significantly associated
with SED, LPA and MVPA the following day (Table 2). Specifically, for each one SD unit
increase in sleep duration the preceding night, SED the following day decreased by 0.04 SD
units, while LPA and MVPA increased by 0.04 and 0.02 units, respectively. That is, for each
1-hour increase in sleep duration, SED decreased by 3 min, LPA increased by 2 min and
MVPA increased by < 1 min (data not shown).

For PA/SED predicting sleep, SED and MVPA were significantly associated with sleep
duration the subsequent night, while LPA did not predict sleep duration (Table 3).
Specifically, for each one SD unit increase in SED and MVPA, sleep duration decreased

by 0.02 SD units and increased by 0.04 units, respectively. That is, for each 1-hour increase
in SED and MVPA, sleep duration decreased by 1 min and increased by 6 min, respectively
(data not shown).

Results also revealed that bi-directional associations between sleep duration and PA/SED
were different across sexes and study sites (Tables 2 and 3). Child’s sex moderated the
sleep — PA/SED associations (with stronger effects among girls) and the PA/SED — sleep
relationships (with stronger LPA — sleep effects in boys and stronger MVPA — sleep
effects in girls). Regarding the study site interactions, the sleep — SED/LPA associations
were more consistent and stronger in high-income countries (except for UK) when compared
with low-and middle-income countries (except for Kenya), while the sleep — MVPA
relationship was only observed in Portugal and India. For the other direction, the SED/
MVPA — sleep association was more consistent and stronger in low-and middle-income
countries (except for Kenya and South Africa), while Canada was the only high-income
country that observed a significant and positive PA/SED — sleep association.

4. Discussion

To our knowledge, this study was the first to examine the associations between sleep
duration and PA/SED in children from 12 countries in five major geographic regions
of the world (Europe, Africa, the Americas, South-East Asia and the Western Pacific).
We also used objective tools to measure sleep duration, PA and SED, and the statistical
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analyses allowed us to examine the temporal and bi-directional associations between sleep
duration and PA/SED. Collectively, our results showed that sleep duration predicted PA/SED
the following day, and PA/SED in turn also predicted sleep duration, but not consistent
between sexes or countries. Interventions aimed at increasing sleep duration may also

help to influence PA and SED in children, and vice versa. Considering the statistically
significant small effect sizes, the clinical and practical implications of our findings is
however questionable.

On one hand, the sleep duration — PA/SED relationship observed is in line with our
hypothesis, such that longer sleep duration the preceding night was associated with lower
SED and higher LPA and MVPA the following day. Our results somewhat support the idea
that in-adequate sleep could lead to physical inactivity the following day through feelings
of sleepiness and tiredness (Carskadon et al., 1981). Our results are also consistent with a
randomized crossover trial (Hart et al., 2016), wherein children were slightly more active
(4% increase in average activity counts) in the days following a 1.5 hour increase in time in
bed versus the days following a 1.5 hour decrease in time in bed. However, in our study, the
average activity counts only increased by 0.5% following a 3-hour increase in sleep duration
(data not shown). The difference in effect sizes may be due to the difference between
experimental and observational studies. That is, when compared to the 3-hour difference in
sleep duration in Hart et al.”s experimental trial (Hart et al., 2016), only 13% of our sample
had nightly variations of sleep duration =3 h (data not shown).

On the other hand, we observed positive SED/MVPA — sleep duration associations,
which is also in line with our hypothesis. Our results somewhat contradict Dworak et

al.’s experimental study, where the authors observed no association between moderate-
and vigorous-intensity physical exercise and sleep duration among children (Dworak et al.,
2008). Given the small effect sizes, our findings could result from a sufficient power to
detect a statistically significant association in large sample of children. Nevertheless, our
findings are in line with the results from the extensive laboratory studies conducted among
adult populations. As summarized in a recent meta-analysis, the adult literature indicates
that PA has small but beneficial acute effects on sleep duration (Kredlow et al., 2015).
Also, our SED — sleep duration result is somewhat consistent with an observational study
conducted by Nixon et al., wherein more SED predicted shorter sleep duration (< 9 h) in a
sample of 7-year-old children (Nixon et al., 2008).

However, our findings of the favorable sleep duration — PA/SED and SED/MVPA — sleep
duration relationships contradict most of the other observational studies that used a similar
study design and objective measurements in pediatric populations (Pesonen et al., 2011;
Ekstedt et al., 2013; Vincent et al., 2017; Nixon et al., 2009). For instance, while Ekstedt et
al. (2013) and Vincent et al. (2017) found non-significant associations, Sori¢ et al. (2015)
and Pesonen et al. (2011) observed negative findings. Reasons for this inconsistency remain
unclear but can include unmeasured modifying factors, such as externally set schedules that
pre-empt bodily-driven need for sleep/PA/SED. With regard to the null association, daytime
PA may be more dependent on motivation and scheduled time for activity than on sleep per
se (Ekstedt et al., 2013). Regarding the negative association, children who have shorter sleep
durations might also be more physically active during the day due to their inherent activity
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level, which manifests itself during both night and day, in both directions (Pesonen et al.,
2011). Difference in these results may also be caused by discrepancies between average
sleep duration and PA levels between study samples (Vincent et al., 2017), which was
addressed in the present study. Another possible explanation would be the fact that there are
only a certain number of hours in a day, and sleeping longer produces an overall time deficit,
thereby reducing time in other activities, and vice versa (Olds et al., 2012).

For interaction terms, in line with the literature, we found sex differences with stronger
associations observed mostly among girls (Sori¢ et al., 2015; Pesonen et al., 2011).
Although the mechanism is unclear and has never been discussed in previous studies,

one possible explanation we postulate is the floor and ceiling effects in sleep research
(Youngstedt, 2003). That is, for instance, MVPA might benefit more for girls because they
have shorter sleep duration (8.0 h) than boys (9.4 h), and vice versa. Consistent with our
hypothesis, we also observed different associations across study sites. More consistent and
stronger sleep duration — PA/SED associations were observed in high-income countries,
and SED/MVPA — sleep duration relationships in low- and middle-income countries.
This discrepancy highlights the need for a better understanding of the relationships before
generalizing findings, and emphasizes that interventions that have shown success in one
country may not necessarily be replicated in another setting.

Findings from this study have several important public health implications. First, we
observed that over 50% of the children did not meet the sleep or PA recommendations.
Given the health importance of these behaviours among children, future initiatives targeting
the improvement of sleep and PA, and decreasing of SED, are needed. Second, since

we observed positive sleep duration — PA/SED and SED/MVPA — sleep duration
relationships, it is likely that a positive side effect of interventions aimed at increasing

sleep duration would have a concurrent positive effect on PA and SED levels, and vice versa.
Again, these effects might resemble null findings in public health practice, since there is
only minute-change of the respondent behaviour after hour-change of the predictors. Third,
given the observed interaction terms, our study results imply that pooling data from different
sexes and socio-cultural contexts may not be the optimal strategy while investigating the
associations of interest.

An important strength of this study is the large multinational sample of children from

low- to high-income countries across several regions of the world. Highly standardized
measurement protocol, the use of objective measurements whenever possible, and a rigorous
quality control program also ensure high-quality data across all sites (Katzmarzyk et al.,
2013). However, our results need to be interpreted in light of the following limitations.
First, waist-worn accelerometers have been shown to overestimate sleep duration compared
with wrist-worn devices (Hjorth et al., 2012). This non-differential misclassification might
have diluted the associations of interest. Accelerometers may also be limited in their ability
to properly distinguish between sleep and waking states, as they are based on movement
detection. However, the use of one single device is less cumbersome for children and still
provides valid proxy measurements of both sleep and PA/SED (Hjorth et al., 2012; Tudor-
Locke et al., 2015). Second, the present study focused on sleep duration only and other
sleep characteristics such as sleep quality would be relevant to investigate in future studies.
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Given the ceiling effect (Youngstedt, 2003) observed for sleep efficiency in ISCOLE, it
was not possible to use this variable for analysis. Future studies should examine this

aspect in samples of individuals having larger inter-individual variability in sleep quality/
efficiency. Third, ISCOLE was not designed to provide nationally representative data and
therefore the degree to which the results are generalizable to the studied countries are not
known. Fourth, residual confounding by unmeasured variables is always a possibility in
observational studies. Moreover, the present study only considered the acute effect between
sleep duration and PA/SED within 24 h. It is possible that these behaviours could impact
each other within a longer exposure time window. Finally, although we investigated the
relationships temporally, temporality on its own does not equate to causality.

5. Conclusions

The current study provides evidence that nocturnal sleep duration is temporally and bi-
directionally associated with daytime PA/SED in children from around the world, generally
in a positive (health promoting) fashion. It is important to acknowledge, however, that the
magnitude of the association is questionable for clinical and practical relevance. In addition
to sex differences, discrepancies in the reported relationships between study sites suggest
that the geographic area in the world and socio-cultural variability are important factors

to consider in future research and public health interventions. More work is needed to
confirm the limited research results in low- and middle-income countries, and to further
elucidate the mixed findings observed. Further studies are also needed to better investigate
the relationships between various sleep characteristics (including sleep quality) and PA/SED.

Acknowledgments

ISCOLE was funded by the Coca-Cola Company. The funder had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

References

Barreira TV, Schuna JM, Mire EF, et al. , 2015. Identifying children’s nocturnal sleep using 24-h
waist accelerometry. Med. Sci. Sports Exerc 47 (5), 937-943. 10.1249/MSS.0000000000000486.
[PubMed: 25202840]

Barreira TV, Schuna JM, Tudor-Locke C, et al. , 2015. Reliability of accelerometer-determined
physical activity and sedentary behavior in school-aged children: a 12-country study. Int. J. Obes.
Suppl 5, S29-S35. 10.1038/ijosup.2015.16. [PubMed: 27152181]

Biddle SJH, Asare M, 2011. Physical activity and mental health in children and adolescents: a
review of reviews. Br. J. Sports Med 45 (11), 886-895. 10.1136/bjsports-2011-090185. [PubMed:
21807669]

Carskadon MA, Harvey K, Dement WC, 1981. Sleep loss in young adolescents. Sleep 4 (3), 299-312.
[PubMed: 7302461]

Carson V, Hunter S, Kuzik N, et al. , 2016. Systematic review of sedentary behaviour and health
indicators in school-aged children and youth: an update. Appl. Physiol. Nutr. Metab 41 (6), 240—
265. 10.1139/apnm-2015-0630.

Chaput J, Gray CE, Poitras VJ, et al. , 2016. Systematic review of the relationships between sleep
duration and health indicators in school-aged children and youth. Appl. Physiol. Nutr. Metab 41,
S266-S282. [PubMed: 27306433]

Prev Med. Author manuscript; available in PMC 2022 April 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Linetal.

Page 10

Chaput J-P, Katzmarzyk P, Leblanc A, et al. , 2015. Associations between sleep patterns and lifestyle
behaviors in children: an international comparison. Int. J. Obes. Suppl 5 (10), 59-65. 10.1038/
ijosup.2015.21.

De Onis M, Onyango AW, Borghi E, Siyam A, Nishida C, Siekmann J, 2007. Development of a
WHO growth reference for school-aged children and adolescents. Bull. World Health Organ 85 (9),
660-667. 10.2471/BLT.07.043497. [PubMed: 18026621]

Dollman J, Norton K, Norton L, 2005. Evidence for secular trends in children’s physical activity
behaviour. Br. J. Sports Med 39 (12), 892-897. 10.1136/bjsm.2004.016675. [PubMed: 16306494]

Dworak M, Wiater A, Alfer D, Stephan E, Hollmann W, Striider HK, 2008. Increased slow wave sleep
and reduced stage 2 sleep in children depending on exercise intensity. Sleep Med. 9 (3), 266-272.
10.1016/j.5leep.2007.04.017. [PubMed: 17644426]

Ekstedt M, Nyberg G, Ingre M, Ekblom O, Marcus C, 2013. Sleep, physical activity and BMI in six to
ten-year-old children measured by accelerometry: a cross-sectional study. Int. J. Behav. Nutr. Phys.
Act 10 (82), 1-10. 10.1186/1479-5868-10-82. [PubMed: 23281722]

Evenson KR, Catellier DJ, Gill K, Ondrak KS, McMurray RG, 2008. Calibration of two
objective measures of physical activity for children. J. Sports Sci 26 (14), 1557-1565.
10.1080/02640410802334196. [PubMed: 18949660]

Fardet A, Boirie Y, 2014. Associations between food and beverage groups and major diet-related
chronic diseases: an exhaustive review of pooled/meta-analyses and systematic reviews. Nutr. Rev
72 (12), 741-762. 10.1111/nure.12153. [PubMed: 25406801]

Hallal PC, Andersen LB, Bull FC, et al. , 2012. Global physical activity levels: surveillance progress,
pitfalls, and prospects. Lancet 380 (9838), 247-257. 10.1016/S0140-6736(12)60646-1. [PubMed:
22818937]

Hart CN, Hawley N, Davey A, et al. , 2016. Effect of experimental change in children’s sleep duration
on television viewing and physical activity. Pediatr Obes. 14, 1-6. 10.1111/ijpo.12166.

Hirshkowitz M, Whiton K, Albert SM, et al. , 2015. National sleep foundation’s sleep time
duration recommendations: methodology and results summary. Sleep Heal. 1(1), 40-43. 10.1016/
j.sleh.2014.12.010.

Hjorth MF, Chaput JP, Damsgaard CT, et al. , 2012. Measure of sleep and physical activity by a single
accelerometer: can a waist-worn Actigraph adequately measure sleep in children? Sleep Biol.
Rhythms 10 (4), 328-335. 10.1111/j.1479-8425.2012.00578.x.

Janssen |, LeBlanc AG, 2010. Systematic review of the health benefits of physical activity
and fitness in school-aged children and youth. Int. J. Behav. Nutr. Phys. Act 7 (40), 1-7.
10.1186/1479-5868-7-40. [PubMed: 20145731]

Katzmarzyk PT, Barreira TV, Broyles ST, et al. , 2013. The International Study of Childhood Obesity,
Lifestyle and the Environment (ISCOLE): design and methods. BMC Public Health 13 (1), 900.
10.1186/1471-2458-13-900. [PubMed: 24079373]

Kredlow MA, Capozzoli MC, Hearon BA, Calkins AW, Otto MW, 2015. The effects of
physical activity on sleep: a meta-analytic review. J. Behav. Med 38 (3), 427-449. 10.1007/
510865-015-9617-6. [PubMed: 25596964]

Kwon S, Janz KF, Burns TL, Levy SM, 2011. Association between light-intensity physical activity and
adiposity in childhood. Pediatr. Exerc. Sci 23 (2), 218-229. 10.1016/j.str.2010.08.012.Structure.
[PubMed: 21633134]

Matricciani L, Olds T, Petkov J, 2012. In search of lost sleep: secular trends in the sleep
time of school-aged children and adolescents. Sleep Med. Rev 16 (3), 203-211. 10.1016/
j.smrv.2011.03.005. [PubMed: 21612957]

Mikkil& V, Vepséldinen H, Saloheimo T, et al. , 2015. An international comparison of dietary patterns
in 9-11-year-old children. Int. J. Obes. Suppl 5, S17-S21. 10.1038/ijosup.2015.14. [PubMed:
27152179]

Nixon GM, Thompson JMD, Han DY, et al. , 2008. Short sleep duration in middle childhood: risk
factors and consequences. Sleep 31 (1), 71-78. [PubMed: 18220080]

Nixon GM, Thompson JMD, Han DY, et al. , 2009. Falling asleep: the determinants of sleep latency.
Arch. Dis. Child 94, 686-689. 10.1136/adc.2009.157453. [PubMed: 19633062]

Prev Med. Author manuscript; available in PMC 2022 April 28.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Linetal.

Page 11

Olds T, Ferrar KE, Gomersall SR, Maher C, Walters JL, 2012. The elasticity of time: associations
between physical activity and use of time in adolescents. Health Educ. Behav 39 (6), 732-736.
10.1177/1090198111429822. [PubMed: 22467635]

Pesonen A-K, Sjostén NM, Matthews KA, et al. , 2011. Temporal associations between daytime
physical activity and sleep in children. PLoS One 6 (8), 1-6. 10.1371/journal.pone.0022958.

Sori¢ M, Starc G, Borer K, et al. , 2015. Associations of objectively assessed sleep and physical
activity in 11-year old children. Ann. Hum. Biol 42 (1), 31-37. 10.3109/03014460.2014.928367.
[PubMed: 25007958]

Tremblay MS, Carson V, Chaput J-P, et al. , 2016. Canadian 24-hour movement guidelines for children
and youth: an integration of physical activity, sedentary behaviour, and sleep. Appl. Physiol. Nutr.
Metab 41, S311-S327. 10.1139/apnm-2016-0151. [PubMed: 27306437]

Tudor-Locke C, Barreira TV, Schuna JM, Katzmarzyk PT, 2015. Unique contributions of ISCOLE
to the advancement of accelerometry in large studies. Int. J. Obes. Suppl 5, S53-S58. 10.1038/
ijosup.2015.20. [PubMed: 27152186]

Tudor-locke C, Barreira TV, Schuna JM, Mire E, Katzmarzyk PT, 2014. Fully automated waist-worn
accelerometer algorithm for detecting children’s sleep period time separate from 24-h physical
activity or sedentary behaviors. Appl. Physiol. Nutr. Metab 39 (1), 53-57. [PubMed: 24383507]

Tudor-Locke C, Mire EF, Barreira TV, et al. , 2015. Nocturnal sleep-related variables from 24-h
free-living waist-worn accelerometry: International Study of Childhood Obesity, Lifestyle and the
Environment. Int. J. Obes. Suppl 5, S47-S52. 10.1038/ijosup.2015.19. [PubMed: 27152185]

Vincent GE, Barnett LM, Lubans DR, Salmon J, Timperio A, Ridgers ND, 2017. Temporal and
bidirectional associations between physical activity and sleep in primary school-aged children.
Appl. Physiol. Nutr. Metab 42 (3), 238-242. 10.1139/apnm-2016-0424. [PubMed: 28151690]

Wang J, Xie H, Fisher JF, 2011. Multilevel Models: Applications Using SAS. Higher Education Press
and Walter de Gruyter, Berlin, Germany.

World Health Organization, 2017. Physical Activity and Young People: Recommended Levels
of Physical Activity for Children Aged 5-17 Years. http://www.who.int/dietphysicalactivity/
factsheet_young_people/en/, Accessed date: 16 October 2017.

Youngstedt SD, 2003. Ceiling and floor effects in sleep research. Sleep Med. Rev 7 (4), 351-365.
10.1053/smrv.2001.0239. [PubMed: 14505601]

Prev Med. Author manuscript; available in PMC 2022 April 28.


http://www.who.int/dietphysicalactivity/factsheet_young_people/en/
http://www.who.int/dietphysicalactivity/factsheet_young_people/en/

Page 12

3SIMIBYI0 SS3jun (UOITRIASP pJepuE)S) UBaW Se UMOoYS aJe ereq ‘ANAIde [eaisAyd Alisuaiul-snosobiA 0} -ajelapowl ‘WdAIN ‘AliAnoe [eaisAyd Aisusiul-lybi] ‘vd ‘awn Arejuspss [e10} ‘a3s “mco:w_w,_www_ﬂﬁw
(8'€€) T°€9 (z1n)¥'s 118 (02) 196 w1 ze 0S'T) 9T (Lo)eor (9'8€) G9€  (umolL adeD) edLV UyINos
(Lov) 9L T1Ls 1es (02) 6'56 1) 98 (ST) TSt (L0) g0t (5'sp) esv (19011eN) BAUSY
(9°92) 8'8¥ (1) LS (1) 98 (£'1) 996 1) 98 1) T'ST (o) g0t (T'5¥) 9¢5 (su01eBueg) BlpU
(8'5€) 2'89 (z1) 96 nes (6'T) 6'36 (L1) 88 (91) 06T (90) g0t (z'6v) 028 (ey06og) e1qwojod
(Te) zsy (1) 6¥ (CRIRA (6'1) 596 (z1) 88 (eT)T'ST (50)6'6 (2'18) 09v (ufuer]) euyd
(5'9¢) ¥'65 (1) LS Lnvs (6'1) 9'56 (L1) 98 (9T) T'ST (o) g0t (5'8¥) Gev (o1ned oes) 11zeig
$914]UN0J SWOJUI-3|PPIW pue -MOT]
(9'82) 9°'16 (tmes (VR IWA: (8T) T'96 (91) 678 (91) 8¥T (90) 00T (rov) Tey (sfnoy uoreg) vsn
(19s18W0S
(5€€) 7’59 (on) 8y (g1 es (6'T) 2'S6 (e ve w1zt (s0) 60T (8'2y) L€ 1se3 YMON pue yieg) MN
(r0€) €26 (T1os (CRIRA (eT)TL6 (sTes (1) TSt (e'0) 501 (9'TY) €95 (om0d) [ebnyod
(eejueA pUE
(8'28) ¥'69 (on6v (L1) 88 (#'1) 6'96 (91) 58 (ST) 67T (o) g0t (e'sv) ey oods3 ‘PUIS|aH) pueluld
('82) 0°95 ToTs (1) 98 (8'1) 7’96 F1T6 1) 9T (#'0) 50T (6'01) 96v (emeno) epeued
(8'7€) €99 (T1ezs (1) 08 (6'T) 56 (eT)v'6 W) evt (s0) g0t (L'9v) egv (oprejdpy) elfesny

$3113UN0Y BWOodUI-YBIH

(sms) Anunoo Aq paiyiens

(8'82) €28 (z1)Zs (CRIPAS] (81) €96 (sT) 08 (1) 89T (90) ot (0'0) 8L1€ SHID
(1°28) €69 (z1n)¥'s LMD (6'T) 0'96 (ST v'6 (ST) 67T (90) g0t (0'00T) T09Z skog
xas Aq paiyiens
(6°€€) 0°09 (z1)es 198 (6'1) 2'96 (1) 88 (ST)6YT (90) ot (0'sv) 612G SaMs ||V
(ybiu (Repyy) (sfoq
(Repyuiw) VdAIN - (Rep/y) vd1 - (Repiy) @3S (%) ooy desis /u) uolleunp dBIS  Bwi) feamadem  (S1eak) by % ‘u) sivedpiied

Linetal.

‘(621G =) swuedionued Jo sonsualoeteyd aAndiIosaq

T alqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

available in PMC 2022 April 28.

Prev Med. Author manuscript



Page 13

Linetal.

‘Aep Jo adA) pue awil Jeam axeme JalawoIa|adde Ajlep ‘a109s ulaned Arelaip Auyifeayun ‘uoieanpa [ejuaied ‘8109s-z xapul ssew Apog ‘xas ‘abe 1oj paisn .8<u

"a)1s Apnis pue Aep Jo adA ‘awiy Jeam ayeme Ja1aw0la]adde Ajrep ‘9109s uianed Aseiaip Ayieayun ‘uoreanpa Jeuased ‘9109s-z Xapul ssew Apoq ‘abe 1oy paisnipy

q

"a)1s Apnis pue ‘Aep Jo adAl ‘il Jeam axeMe 18]1aL018]ad9e Ajrep ‘9109s uianed Aleiaip Ayljeayun ‘uoneanpa [eluased ‘8103s-z xapul ssew Apog ‘xas ‘abe 1o} paisn ._u<m

‘A1Anoe [eaisAyd Ajisuaiul-snolobin 0} -aresapowl ‘Yd AN ‘Alanoe [eaisAyd Ausuaiui-1ybi| ‘wd ‘awil Areiuapas [e10] ‘g3sS ‘[eAlaiul 8dUspIiUu0d ‘1D :SUOIRINSIGOY

1€€0  (090'0'0200-) 0200 G8T'0 (0900 'CT00-)  ¥20°0 6vT0  (800°0'9S00-) %200 - (umoL aded) edLyy Ynos
T¢T0 (€80°0°'0TO0-)  [€00  T000> (¥TT°0'v€00)  ¥.00 1T000> (6200-'20T0-) S90°0- (1g01reN) eAuay
¥100  (990°0°2000) €00 v/2’0 (9500 '9T00-) 0200 0800  (€00'0'8500-) L20°0- (2101eBUeg) BIPU]
9010 (5000 '¥500-) 200 - €800 (9v0'0'€000-) 2200 ¥950  (9T0°0°'0€00-) 2000 - (e0609) e1qWOI0D
2ST0  (600°0'8500-) G200 - 1960 (2v0'0'0v00-)  TO00 8v9'0  (¥70'0'8200-) 8000 (ufuerl) euyd
0870 (€20°0'6¥00-) €T00-— orT0 (850°0'8000-) G200 v.€0  (9T0°0'€¥00-) €T00- (o1ned oeg) 1zeig
$8113UN0J AWOJUI-3|PPIW pue -MOT]
9TT0 (090°0°2000-) 1200 L£00  (0L0°0°2000)  9€0°0 9200 (¥00'0-'G900-) GEO'O - (sfnoy uoreg) vsn
Gey'o  (1€0°0'2L00-) 0200 - 798'0 (9€0°0'2v0'0-) €000 - 2190  (1v0'0'82000-)  0T00  (19s19Wo0S s YUON pue yred) N
8200  (1200'¥000) 8800 T000>  (I€T0'TL00)  TOT'O T000> (/500-'€TT0-) S80°0- (omod) ebnyod
0690 (S50°0'.€00-) 6000 G000 (0800 'ST00) Ly0'0 ¥200  (S000-'0L00-) LE0'0-  (eelueA pue 00ds3 ‘IUIS|OH) puejuld
G0T'0 (€90°0'9000-) 6200 T000> (€60'0'820°0) 0900 T000> (€20°0-'2800-) 2S0°0- (emenQ) epeued
2T0  (€L00'€T00-) 0800 2000 (16000 °‘2e00) 9500 ¥000 (9700 - ‘2800-) 600 - (eprejepy) erensny
$8113un0J awodul-ybiH
,(8us) Anunoo Aq paynens
7000>  (L€000°€T000) G200 7T000> (9900 ‘T¥O'0) €500 7TO00> (GE00-'8500-) 9¥00- sHIo
9600 (¥€0'0'€000-)  GI00  T000> (ev0'0'v1000) 8200 1000> (2T0'0-'6€00-) S2Z00- skog
P Aq paynens
7000>  (0£0°0'0TO'0) 0200 7T000>  (¥SO'0'SE0'0)  v¥0'0 TO00> (0€00-'Z¥0'0-) 6E00- PP IV
aneA-d 1D %56 d enpead 1D %56 g onead 1D %56 d
VAW vd ass

“(sBunired TO'TE pue suedidiued 677G =) Aep Buimoj|o) ayl swin Areluapas/AlAnde [eaisAyd pue uoneinp des|s awmybiu usamiag SUOIRIIOSSY

Author Manuscript

Author Manuscript

¢ 9lqeL

Author Manuscript

Author Manuscript

Prev Med. Author manuscript; available in PMC 2022 April 28.



Page 14

Linetal.

‘Aep Jo adA) pue awil Jeam axeme JalawoIa|adde Ajlep ‘a109s ulaned Arelaip Auyifeayun ‘uoieanpa [ejuaied ‘8109s-z xapul ssew Apog ‘xas ‘abe 1oj paisn .8<u

"a)1s Apnis pue Aep Jo adA ‘awiy Jeam ayeme Ja1aw0la]adde Ajrep ‘9109s uianed Aseiaip Ayieayun ‘uoreanpa Jeuased ‘9109s-z Xapul ssew Apoq ‘abe 1oy paisnipy

q

"a)1s Apnis pue ‘Aep Jo adAl ‘il Jeam axeMe 18]1aL018]ad9e Ajrep ‘9109s uianed Aleiaip Ayljeayun ‘uoneanpa [eluased ‘8103s-z xapul ssew Apog ‘xas ‘abe 1o} paisn ._u<m

‘A1Anoe [eaisAyd Ajisuaiul-snolobin 0} -aresapowl ‘Yd AN ‘Alanoe [eaisAyd Ausuaiui-1ybi| ‘wd ‘awil Areiuapas [e10] ‘g3sS ‘[eAlaiul 8dUspIiUu0d ‘1D :SUOIRINSIGOY

vET'0  (0L00°6000-)  0E0°0 8900 (€000 '1800-) 68070 - GIy0  (L900'8200-) 0200 (umoL aded) edLyy Ynos
vET'0  (290°0'6000-) 6200 9820  (020'0'/900-) €200- 6280  (S500'v¥00-) G000 (1g01reN) eAuay
1000 > (TeT0'or0'0) 9800 6120  (2v0'0'620°0 -) L00°0 w10 (TT00'v.00-) 2€00- (2101eBUeg) BIPU]
1000>  (¥60°0°'82000) 1900 v0T'0  (890°0'9000-)  TEOO 9000 (LT00-'8600-) 8500 - (e0609) e1qWOI0D
1000 > (LzT0'9v00) 9800 2590  (9€0°0'220°0-) L00°0 2ITo  (L000'€900-) 8200 - (ufuerl) euyd
2000  (FIT°0'S20°0) 6900 €200 (6600 '2000) €500 €000 (820'0-'TET'0-) 0800 - (o1ned oeg) 1zeig
$8113UN0J AWOJUI-3|PPIW pue -MOT]
20T0 (960°0'6000-) Y00 6.0  (9500'0v00-) 8000 26e0  (2e00'7800-) #2000 - (sfnoy uoreg) vsn
8vy'0  (€20°0'7S00-) V100 - ¥€0'0  (¥00'0-'680°0-) 9¥0'0 - 8y0'0  (S60'0'T00'0-)  8Y0'0  (19s19WOS Ise YHON pue yred) SN
L6500 (€80°0'T000-)  TYO'O 6.¢0  (810°0'1900-) 2200- 0580 (1500 ‘2v00-)  ¥000 (omod) ebnyod
ve8'0 (8€0°0 'L¥00-) %000 - 8620  (¥0'0'¥900-) 6000 - 8.0  (8900'6¥Y00-)  0T00 (eelueA pue 0ods3 ‘BjUIS|OH) puejuld
6v00  (180°0°0000)  T¥00 €100 (6800 'TT00) 0500 9000 (8TO'0-'80T'0-) €900 - (emenQ) epeued
vle0 (€50°0'ST00-)  6T0°0 ¥600 (9000 ‘'T.00-) €00 - 1070 (0900 '¥200-) 8100 (eprejepy) erensny
$8113un0J awodul-ybiH
,(8us) Anunoo Aq paynens
1000>  (1200°'GE00) €500 €980  (810°0'GT00-)  T00O €€00 (2000-'6€00-) 1200 - sHIo
1000 > (8v0'0'8T0°0)  €€0°0 lee0  (9200'6000-) 6000 6000 (9000-'S¥00-) G200 - skog
P Aq paynens
1000>  (2500°8200)  O¥00 vIr'0  (L100°2000-)  S000 1000 (6000-'9€00-) €200 - PP IV
anead 1D %56 g enead 1D %56 g onead 1D %56 d
VdAIN vd ass

‘(sBunired gor'TE pue syuedioiued 6776 =) 1ybiu 1eyl uoneinp das)s pue awil Areluapas/Aliange [ealsAyd swinAep usamiag suoIRId0SSY

Author Manuscript

€ 9lqeL

Author Manuscript

Author Manuscript

Author Manuscript

Prev Med. Author manuscript; available in PMC 2022 April 28.



	Abstract
	Introduction
	Methods
	Study design and setting
	Participants
	Measurements
	Covariates
	Datasets
	Statistical analysis

	Results
	Discussion
	Conclusions
	References
	Table 1
	Table 2
	Table 3

