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Abstract

Purpose: The directionality of the relationship between children’s physical activity and sleep
is unclear. This study examined the temporal and bidirectional associations between
objectively-measured physical activity, energy expenditure and sleep in primary school-aged
children.

Methods: A sub-group of children (n=65, aged 811 years) from the Fitness, Activity and
Skills Testing (FAST) Study conducted in Melbourne, Australia, had their sleep and physical
activity assessed using the SenseWear Pro Armband for eight consecutive days. Outcome
measures included time spent in light- (LPA), moderate- to vigorous-intensity physical
activity (MVPA), activity energy expenditure (AEE), time in bed, total sleep time and sleep
efficiency. Multilevel analyses were conducted using generalized linear latent mixed models
to determine whether physical activity on one day was associated with sleep outcomes that
night, and whether sleep during one night was associated with physical activity the following
day.

Results: No significant associations were observed between time in bed, total sleep time, and
sleep efficiency with LPA, MVPA and AEE in either direction.

Conclusion: This study found no temporal or bidirectional associations between objectively-
measured physical activity, AEE and sleep. Future research is needed to understand other
sleep dimensions that may impact on or be influenced by physical activity to provide

potential intervention targets to improve these outcomes.
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Introduction

Current recommendations state children should accumulate 60 minutes of moderate- to
vigorous-intensity physical activity (MVPA) per day (World Health Organization 2010) and
obtain a total sleep time of 9-11 h per night (National Sleep Foundation 2011). Not meeting
both of these recommendations is associated with increased cardio-metabolic risk (Andersen
et al. 2006; Spruyt et al. 2011) and overweight/obesity (Sekine et al. 2002; Taheri 2006;
Touchette et al. 2008). Over the last century, there have been consistent rapid declines in
children’s physical activity levels (Dollman et al. 2005) and sleep duration (Matricciani et al.
2012). Given the public health importance of sufficient physical activity, energy expenditure
and sleep (Hillman et al. 2013; Janssen and LeBlanc 2010; Levine 2003) a greater
understanding of the association and directionality of this relationship is needed for designing
interventions to improve both of these behaviours in children. For example, does increasing
daily physical activity benefit sleep, and/or does improving sleep duration enhance daily

physical activity levels?

A recent experimental study reported that children watched more television and had lower
daytime activity counts per epoch when sleep was decreased by 1.5h/night for 1 week
(compared with increased; Hart et al. 2016). However, perhaps not surprisingly total
accelerometer-measured activity counts while awake were higher when sleep was decreased
(i.e., children spent more time awake) than when sleep was increased (Hart et al. 2016).
However, observational studies that have utilised objective measures to examine temporal
and bidirectional relationships between children’s physical activity and sleep are equivocal
(Ekstedt et al. 2013; Krietsch et al. 2016; Mcneil et al. 2015; Pesonen et al. 2011; Sori¢ et al.
2015). Reduced total sleep time has been associated with higher light physical activity (LPA;

(Mcneil et al. 2015)) and MVPA (Pesonen et al. 2011; Sori¢ et al. 2015) the following day.
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Conversely, other research has observed no association between sleep and MVPA (Ekstedt et

al. 2013; Krietsch et al. 2016) or energy expenditure (Sori¢ et al. 2015) the following day.

The lack of consistent findings may be attributable to measurement issues, including
differences in device type, device location (wrist, upper arm, waist, and ankle) and
measurement periods (1-7 days). While appropriate measurement periods are device
dependent, which can also make comparisons between studies difficult, prior research
suggests that 3—4 days and 6—7 nights are required for valid accelerometry measured physical
activity and sleep outcomes, respectively (Acebo et al. 1999; Ridgers et al. 2016). In addition,
there is a lack of consistency concerning the physical activity and sleep outcomes assessed,
with some studies focusing solely on MVPA (Krietsch et al. 2016) while others examine all
physical activity intensities (Mcneil et al. 2015; Stone et al. 2013). Lastly, it is possible that
participant (e.g., age, sex, obesity status) and environmental (e.g., the built environment)
factors may influence physical activity and sleep variables. Where possible, these should be

controlled for in statistical analyses.

Given the dose response between physical activity and health (Janssen and LeBlanc 2010;
Ruiz et al. 2006), it is not surprising that studies investigating the bidirectional relationships
between physical activity and sleep have focussed on MVPA. However, few studies have
examined the associations between LPA and sleep outcomes (Mcneil et al. 2015) despite
LPA accounting for more daily physical activity than MVPA (Owen et al. 2014). Similarly,
little research has focused on activity energy expenditure (AEE), which results from all
activities of daily living (volitional and structured; Levine 2003). Recent research has shown
the health benefits of engaging in LPA and suggest that LPA may provide an initial avenue

for sedentary individuals to increase activity on course to meeting physical activity
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recommendations (Carson et al. 2013). Consequently, further research is needed to examine
the relationship between LPA and sleep outcomes, as LPA may also be an appropriate and
feasible target for interventions in youth. This study aims to contribute to the literature
concerning the association between LPA and sleep outcomes. The overall objective of this
study was to examine the temporal and bidirectional associations between objectively-
measured physical activity (of different intensities), AEE and sleep in primary school-aged

children.

Methods

Sample

Primary schools located within a 30km radius of Deakin University were identified and
randomly invited to participate in the Fitness, Activity and Skills Testing (FAST) Study. In
brief, FAST aimed to examine how children’s fitness and fundamental movement skills
(FMS) influence their day-to-day patterns of physical activity and sedentary time (Ridgers et
al. 2016). Six schools located in high socioeconomic status areas (based on the Socio-
Economic Index for Areas; Australian Bureau of Statistics 2011) provided informed written
Principal consent to participate in the study. Ethical approvals were provided by the Deakin
University Human Ethics Advisory Group (Health) and the Catholic Education Office

Archdiocese of Melbourne.

All children (n=458) in Years 4 and 5 (aged 811 years) were invited to participate. One-
hundred and thirty-eight children (68 boys, 70 girls; response rate=30%) returned informed
written parental consent to participate in the primary outcome assessments (accelerometry,

surveys, fitness, and FMS). A sub-sample of 102 children (51 boys, 51 girls) also provided
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informed written parental consent to wear a SenseWear Armband (BodyMedia Inc,
Pittsburgh, USA). In Australia it is an ethical requirement that informed consent is provided,
therefore no information was obtained concerning non-responders within schools. Data were

collected July to November 2014 (mid-winter to late spring).

Measures

Anthropometry: At each school, participant’s height (to the nearest 0.1cm) and weight (to the
nearest 0.1kg) were measured by trained research staff using a portable stadiometer (SECA
model 2.17; SECA, Germany) and calibrated digital scales (Tanita BC-351; Tanita, Japan),
respectively. Children wore light clothing and no shoes. Waist circumference (to the nearest
cm) was measured using a flexible steel tape at the narrowest point between the bottom rib
and the iliac crest, in the mid-axillary plane. Two measures were taken and in the event of a
discrepancy of 0.lcm, 0.lkg or lcm for stature, body mass and waist circumference,
respectively, a third measure was taken and the average of the two closest measurement
recorded. BMI was calculated and converted to BMI z-scores based on the WHO

international growth reference charts (de Onis et al. 2007).

Physical activity and sleep: Free-living physical activity and sleep were objectively-assessed
using the SenseWear Pro Armband (BodyMedia Inc., Pittsburgh, USA). The SenseWear is a
multi-sensor monitor (triaxial accelerometer, heat flux, galvanic skin response, skin
temperature, and near-body ambient temperature sensors) and is worn on the left upper arm
over the triceps muscle. The SenseWear is currently the only device that has been validated
against gold standard measures of both physical activity (doubly-labelled water and indirect
calorimetry in free-living and laboratory conditions; Calabro et al. 2013; Lee et al. 2016) and

sleep (polysomnography for total sleep time; Roane et al. 2015; Soric et al. 2013). Each
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monitor was configured with the child’s date of birth, sex, handedness, stature and body mass
using proprietary software (SenseWear Professional v7, BodyMedia Inc). Physiological data
were sampled at a frequency of 32 Hz. Children were instructed to wear the SenseWear
Armband for 24hr/day for eight consecutive days and were provided information about the
correct wear and care of the monitor according to manufacturer guidelines. In this sample,
monitors were removed for an average of 47 minutes per day for water-based activities (e.g.

showering, bathing) and contact sport (e.g. football).

On return, SenseWear data were downloaded and processed in 1 minute epochs using
algorithms within the proprietary software. The epoch length is determined by the
manufacturer and therefore cannot be changed. Non-wear criteria were not required as the
SenseWear Armband can directly identify periods of non-wear through the skin sensors
(Johannsen et al. 2010). For the purpose of this study, the following physical activity
variables were calculated for each valid day: time spent in light- (LPA; 1.5-3.99 METs),
moderate- (MPA; 4-5.99 METs) and vigorous-intensity (VPA; >6 METs), and AEE
(kcal/day). A threshold of 4 METs was chosen to represent MPA as brisk walking has been
associated with an energy cost of 4 METs in calibration studies with children (Trost et al.
2011). MPA and VPA were also summed to obtain time spent in MVPA. Physical activity
data were included if children wore the monitor for a minimum of 12 h on at least 5 days.
This provides reliable estimates of all physical activity variables at a reliability of 0.7
(Ridgers et al. 2016). The sleep variables obtained were total sleep time (min/night), time in
bed (min/night), and sleep efficiency ((total sleep time/time in bed)*100). A night was scored
as valid when overnight data were recorded (Ridgers et al. 2016), with data included if

children wore the monitor for 7 nights. These criteria for sleep also provide reliability
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estimates of 0.7 (Ridgers et al. 2016). Children who provided complete valid data for both

physical activity and sleep outcomes were included in the analyses.

Statistical Analyses

Statistical analyses were conducted using Stata 12.0 (Stata Corporation, Texas, USA).
Initially, descriptive statistics (mean = SD) were calculated for all measured variables.
Independent t-tests were conducted to examine differences between children with complete
and incomplete SenseWear data, and those provided with a SenseWear compared to those
that were not. The main analysis consisted of multilevel models that were conducted using
the generalised linear latent and mixed models (GLLAMM) procedure. Multilevel models are
the most appropriate technique for analysing hierarchical data that are not independent of
each other (Twisk 2006). The analyses examined the temporal associations between physical
activity and sleep using a three-level model, namely day (Level 1), child (Level 2) and school
(Level 3). In all models, the random structure considered random intercepts at the school and
child level and random slopes for the outcome variable identified. All analyses were adjusted
for age, sex, waist circumference, day, and daily wear time. The first set of analyses
examined whether physical activity on any given day was temporally associated with sleep
outcomes the following night (307 data points). The second set of analyses examined whether
sleep during any given night was temporally associated with physical activity the following
day (384 data points). Separate analyses were conducted for each physical activity and sleep
outcome for the whole sample. Analyses were conducted on MPA and VPA separately but no
significant findings were observed (data not shown), thus combined MVPA is reported. The
final parameter estimates are reported in-text as B coefficient, confidence interval and p

value. Statistical significance was set at p < 0.05.
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Results

The subsample of children provided with a SenseWear were significantly taller (3.4 cm; p <
0.05), and had a higher body mass (4.4kg; p < 0.01) and BMI z-score (0.56; p < 0.01)
compared to those that did not receive the monitor. Sixty-five children (31 boys, 34 girls) had
complete physical activity and sleep data and were included in the main analyses. Missing
data were attributable to the requirement for 7 nights of sleep data, which provides reliable
estimates for both outcomes. There were no significant differences in demographic, physical
activity, AEE, and sleep data between children who were included and excluded from the
analyses. Demographic information, physical activity levels and sleep outcomes of the
children are presented in Table 1. The majority of the sample (88%) met the physical activity
guidelines at least 60 minutes of MVPA per day (average day method). Three children (4.6%)
met the average total sleep time recommendation of 9-11 h per night (National Sleep

Foundation 2011).

Associations between daily physical activity and nocturnal sleep
When adjusting for participant-level covariates, day, and daily wear time, no significant
associations were observed between MVPA and nocturnal sleep outcomes (time in bed, total

sleep time, sleep efficiency) (Table 2). Similar findings were observed for LPA and AEE.

Associations between nocturnal sleep and physical activity the following day

When adjusting for participant-level covariates, day, and daily wear time, no associations

were observed for nocturnal sleep on next day physical activity and AEE across the whole

sample (Table 2) for all assessed outcomes.

Discussion
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This study is one of the first to examine the temporal and bidirectional relationships between
LPA, MVPA and AEE and sleep outcomes in children. Our results indicate that the total
daily volume of LPA and MVPA undertaken on one day was not associated with sleep
outcomes. Additionally, no association was observed for AEE on one day and nocturnal sleep
outcomes. Similarly, nocturnal time in bed, total sleep time and sleep efficiency were not
associated with the total volume of LPA, MVPA, or AEE the following day. This is one of
the few studies that have objectively measured physical activity and sleep outcomes using the

same device.

The present study observed no associations between MVPA and sleep outcomes, consistent
with other studies (Ekstedt et al. 2013; Sori¢ et al. 2015). Additionally, we observed no
association between nocturnal sleep outcomes and MVPA the following day, also consistent
with other research (Ekstedt et al. 2013; Krietsch et al. 2016). The non-significant
associations between AEE and sleep is also consistent with previous research (Sori¢ et al.
2015). In contrast to a recent study (McNeil et al. 2015), no significant temporal or
bidirectional associations were observed for LPA and sleep outcomes. McNeil and colleagues
(2015) noted negative associations between LPA with total sleep time as well as greater LPA
in participants with the shortest sleep durations. The difference in these results may be caused
by discrepancies between average physical activity and sleep duration levels between
samples. Participants in this study were nearly twice as active as those studied by McNeil and
colleagues (2015). Further, the average total sleep time in the current study was 1.1 h less
than obtained by those children studied by McNeil and colleagues (2015). More studies are

needed to determine the directionality of the relationship between LPA and sleep duration.

10
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In this study, children were highly active (average of 2hr/day of MVPA) and nearly all
participants (88%) met the physical activity recommendations. However, only three
participants (5%) in the sample met the national sleep recommendations of 9-11 h of sleep
per night. This finding is of concern, as meta-analyses have found that children who sleep
less than the recommended daily amount are at a 58% increased risk of being overweight or
obese (Chen et al. 2008). Previous research has shown that screen time affects sleep onset
(Foley et al. 2013), which may in turn be displaced by opportunities provided to engage in
structured sports (Hohepa et al. 2009). This may be one explanation for the high levels of
activity yet reduced total sleep time in this sample. Sleep efficiency (the percentage of total
time in bed actually spent asleep) gives a general estimation of sleep quality (Shrivastava et
al. 2014). In the current study, child sleep efficiency was low (81.9%). This may indicate that
children had a long sleep latency and/or long sleep offset to lights on time. More accurate
measures of sleep quality are required to further explore the reason for the low sleep

efficiency observed.

There is some evidence to suggest that physical activity may improve sleep quality over and
above total sleep time (Dworak et al. 2008). To determine sleep quality, the gold standard
method, polysomnography, measures brain activity (electroencephalogram) to identify
periods of sleep and wake, as well as the individual sleep stages (Kushida et al. 2005).
However, to the authors’ knowledge no research to date has assessed the impact of daily
physical activity on sleep quality. While polysomnography is appropriate for evaluating sleep
in laboratory studies, traditional techniques are difficult to employ in free-living
environments, as the measurement setup is relatively intrusive, arduous, and usually requires
an on-site sleep technician (Ancoli-Israel et al. 2003). Other research has suggested that

alternative sleep-related domains such as regularity of a child’s sleep schedule (Stone et al.

11
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2013) and sleep timing (Ekstedt et al. 2013; Krietsch et al. 2016) may be more strongly
related to children’s physical activity the following day than total sleep time. For example,
Krietsch and colleagues (2016) noted that later sleep onset times but not total sleep time was
the strongest predictor of group-level decreases in physical activity in overweight and obese
children. Collectively, these findings suggest that future research should focus on measures of
sleep quality, the regularity of sleep patterns and sleep timing (as opposed to total sleep time)

across the weight continuum in children and how these impact next day physical activity.

The current study is one of few that have used valid objective measurement of physical
activity and sleep in a free-living environment for multiple days using the same device in
primary school-aged children. The diverse range of measurement devices employed when
evaluating child physical activity and sleep makes comparisons between studies difficult.
Thus, standardized measurement practices are warranted for assessment, cleaning and
reporting of such data. Future research could benefit from compositional analyses, which
recently have been shown to be superior to traditional linear regression techniques as 24-h
behavioural data (sleep, sedentary time and physical activity) are intrinsically co-dependent,
finite and subject to collinearity (Carson et al. 2016; Chastin et al. 2015). The present
findings are limited to Australian children aged 8-11 years old who attended high-
socioeconomic schools in the Melbourne region. This may limit the generalizability of these
results to low/mid-socioeconomic and younger primary school children. In the current study,
child and/or parental reported sleep onset and offset times were not collected. Such
information could have been beneficial to corroborate or guide identification of sleep periods
(as opposed to periods of quiescent wakefulness), as well as identify artefacts in the
SenseWear output (Meltzer et al. 2012). Secondly, this study did not examine these

associations for weekdays and weekend days separately due to the small sample sized

12
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retained. Future studies should determine whether such associations are consistent for
weekdays and weekend days given the variability in waking and sleeping times across these
periods of the week. Finally, temporal associations using cross-sectional data does not equate

to causality.

The current study objectively assessed the temporal and bidirectional relationships between
physical activity, AEE and sleep. No significant associations were observed between physical
activity, AEE and sleep in either direction. Future research is needed to understand whether
other sleep dimensions (e.g., quality, regularity, timing) may be impacted by or may

influence physical activity.
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Table 1: Descriptive, physical activity, and sleep characteristics of included children

Whole sample
(n=65)
Age (y) 10.4£0.6
Stature (cm) 143.0+ 7.6
Body mass (kg) 36.9+7.3
z-BMI 0.54 (0.86)
Waist circumference (cm) 65.6 7.8
Total LPA (min/day) 378.5+70.7
Total MPA (min/day) 92.3+37.5
Total VPA (min/day) 29.6 £23.6
Total MVPA (min/day) 121.9+55.3

Activity energy expenditure (kcal/day)
Total sleep time (min/night)

Time in bed (min/night)

Sleep efficiency (%)

Wear time (min/day)

1003.4 £229.1
4755+ 354
580.5+33.6

81.9+4.3

1392.7 (39.1)

Data are presented as mean + SD.
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Table 2. Within-participant associations between (a) daily physical activity and

nocturnal sleep and (b) nocturnal sleep and physical activity the following day (n=65)

b (95% CI) p value

(a) Associations between daily physical

activity and sleep
MVPA (min) — TIB (min) -0.06 (-0.13 to 0.03) 0.26
LPA (min) — TIB (min) -0.04 (-0.11 to 0.03) 0.23
AEE (kcal) — TIB (min) -0.02 (-0.04 t0 0.01) 0.07
MVPA (min) — TST (min) -0.05 (-0.14 to 0.03) 0.20
LPA (min) — TST (min) 0.01 (-0.06 to 0.07) 0.87
AEE (kcal) — TST (min) -0.01 (-0.04 t0 0.01) 0.18
MVPA (min) — SE (%) -0.01 (-0.01 to 0.1) 0.98
LPA (min) — SE (%) 0.01 (-0.01 to 0.01) 0.17
AEE (kcal) — SE (%) 0.01 (-0.01 to 0.01) 0.73

(b) Associations between nocturnal sleep and

physical activity the following day
TIB (min) — MVPA (min) -0.08 (-0.23 t0 0.10) 0.41
TIB (min) — LPA (min) 0.05 (-0.14 t0 0.19) 0.77
TIB (min) — AEE (kcal) -0.22 (-0.93 t0 0.49) 0.54
TST (min) — MVPA (min) -0.09 (-0.22 to 0.04) 0.19
TST (min) — LPA (min) 0.04 (-0.23 t0 0.12) 0.53
TST (min) — AEE (kcal) -0.34 (-0.99 t0 0.32) 0.32
SE (%) —  MVPA (min) 0.11 (-1.02 to 1.26) 0.83
SE (%) — LPA (min) -0.69 (-2.08 to 0.69) 0.13
SE (%) —  AEE (kcal) -1.04 (-5.9 to 3.8) 0.68
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Adjusted for age, sex, waist circumference, day, and daily wear time.
Abbreviations: TIB, time in bed; TST, total sleep time; SE, sleep efficiency; LPA, light-

intensity physical activity, MVPA, moderate-vigorous intensity physical activity.
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