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1 | INTRODUCTION

Sleep and physical activity (PA) are both modifiable behavioural fac-
tors that are associated with better health (Buysse, 2014; Warburton

Abstract

Sleep and physical activity are both modifiable behavioural factors that are associ-
ated with better health and are potentially related. Following traumatic brain injury,
damage to the brain caused by an external force, sleep disturbances are common.
Exploring bidirectional relationships between sleep and physical activity might pro-
vide insight into whether increasing physical activity could decrease these sleep dis-
turbances. The current study, therefore, examined inter- and intra-individual temporal
associations between sleep and daytime physical activity in 64 people with traumatic
brain injury reporting sleep problems or fatigue (47 males; mean age, 40 years). Sleep
and physical activity were measured using actigraphy with corroborating sleep diaries
over 14 consecutive days. Multilevel models were used to examine inter- and intra-
individual associations between physical activity and sleep. Inter-individual variations
showed that earlier bedtimes, earlier wake-up times and lower sleep efficiency were
associated with more physical activity. Intra-individual temporal variations showed
no significant association of daytime physical activity with sleep duration or conti-
nuity. However, shorter sleep time and less wake after sleep onset than usual were
associated with more time spent in light-intensity activity the next day. Therefore,
sleep may have more of an influence on physical activity than physical activity has on
sleep in people with traumatic brain injury. In conclusion, the results do not confirm
a potential beneficial effect of physical activity on sleep but suggest that improving
sleep quality might be relevant to support of a physically active lifestyle in people

with traumatic brain injury. Further research is necessary to confirm these results.
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& Bredin, 2016). Epidemiological studies in the general population
found that people who are less physically active tend to have poorer
sleep and more sleep-related difficulties (Driver & Taylor, 2000;
Loprinzi & Cardinal, 2011). Furthermore, in community sample
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groups, treatment increasing PA was found to have beneficial effects
on sleep (Kredlow et al., 2015). This relationship between sleep and
PA is thought to be bidirectional, whereby poor sleep might be asso-
ciated with less PA, and lower PA levels may be associated with poor
sleep (Chennaoui et al., 2015; Kline, 2014).

People with traumatic brain injury (TBI) often report sleep
disturbances, with a meta-analysis indicating that 53% of people
with TBI have some form of objective sleep disturbance (Mathias
& Alvaro, 2012; Ponsford & Sinclair, 2014). Sleep disturbances are
strongly associated with high rates of fatigue and depression in in-
dividuals with TBI and may contribute to reduced activity in work,
social and leisure activities (Beaulieu-Bonneau & Morin, 2012;
Ponsford & Sinclair, 2014). Studies examining PA in people with
TBI are limited and PA has not been well described in this popula-
tion (Hamilton et al., 2015; Pawlowski et al., 2013). The few stud-
ies available have found that PA levels following TBI are lower than
recommended by the World Health Organization (i.e., <150 min of
moderate intensity exercise or 75 min of vigorous intensity exercise
throughout the week) (Driver et al., 2016; Hamilton et al., 2015).
Compared to the behaviour of the general population, however,
results are inconsistent; some studies report similar PA (Morris
et al., 2019), whereas others report reduced PA in people with TBI
(Pawlowski et al., 2013).

The presence of sleep disturbances following TBI may lead to
a tendency to rest more during daytime, and this may in turn lead
to the maintenance of sleep disturbances (Ouellet et al., 2012).
Because studies in the general population showed a positive asso-
ciation between PA and sleep (Driver & Taylor, 2000), increasing PA
might be beneficial for improving sleep in people with TBI. However,
to examine this we first need information about the bidirectional re-
lationships between physical activity and sleep in people with TBI.
Previous research in other populations often averaged sleep and PA
variables over multiple days, which ignores day-to-day variation and
restricts capacity to examine whether one behaviour may affect the
other from one day to the next (McGlinchey et al., 2014). The few
studies that did examine these day-to-day variations in populations
other than TBI found mixed results, suggesting that this relationship
might depend on the population examined (Bernard et al., 2016;
Best et al., 2019; Lambiase et al., 2013).

Therefore, this study examined the daily bidirectional relation-
ships between daytime PA and sleep in people with TBI. Through a
secondary analysis of historical baseline datasets examining treat-
ments for sleep or fatigue, inter- and intra-individual variations be-
tween sleep and PA were examined in people with TBI with sleep
problems or fatigue by corroborating a sleep diary with wrist actigra-
phy. Based on the premise that PA has a positive effect on sleep and
this effect might be bidirectional (Kline, 2014), it was hypothesized
that for inter-individual variations, higher average levels of PA, indi-
cated by greater activity counts and more time spent in light activity,
would be associated with better sleep, indicated by longer total sleep
time (TST), higher sleep efficiency (SE), shorter sleep onset latency
(SOL) and less wake after sleep onset (WASO). For intra-individual

temporal variations, it was hypothesized that higher levels of PA

during the day would be followed by better sleep at night, and that
better sleep would be followed by more PA the next day. Because
both sleep and physical activity are associated with levels of depres-
sion and have been shown to change with age, these variables were
controlled for (Ponsford & Sinclair, 2014; Ramsey et al., 2018).

2 | METHODS
2.1 | Participants

This study aggregated a subset of 64 participants with TBI using
baseline data from three studies with similar methodologies examin-
ing sleep and treatment for sleep problems and fatigue in patients
with acquired brain injury (Grima et al., 2018; Sinclair et al., 2014).
Participants with TBI were recruited through a rehabilitation pro-
gramme or via referral by healthcare professionals at Epworth
Healthcare, Melbourne, Australia. The inclusion and exclusion cri-
teria were similar across the studies. Participants with a medically
documented mild-severe TBI defined as a history of a blunt head
trauma with loss of consciousness and post-traumatic amnesia, and
with clinically significant self-reported sleep problems, daytime
sleepiness or fatigue were included (Pittsburgh Sleep Quality Index
[PSQI] >5; Epworth Sleepiness Scale [ESS] 210 or Fatigue Severity
Scale [FSS] 24). Participants were excluded if they had: a pre-injury
history of sleep problems, fatigue or a neurological condition other
than TBI; recent shift work or travel across more than one time zone;
a high risk of sleep apnea; or current use of sleep medications. The
protocols for two of the studies can be found in the original papers
(Grima et al., 2018; Sinclair et al., 2014).

2.2 | Procedure

All study protocols received hospital and university ethics approval
and all participants provided informed consent. Demographic char-
acteristics were collected at the start of the studies. Both PA and
sleep were measured by corroborating a sleep diary with wrist actig-
raphy. Participants were asked to wear the actiwatch continuously
for 2 weeks except when bathing or showering. Concurrent with
wearing the actiwatch, participants completed a sleep diary. When
receiving or after wearing the actiwatch, participants answered
guestionnaires about their subjective sleep, fatigue and mood.

2.3 | Sleep measurement

Actiwatch 2 and Actiwatch Spectrum (Mini-Mitter/Respironics
Inc.) devices were used to measure both sleep and PA and were
worn around the non-dominant wrist. This non-invasive device has
been well validated to measure sleep in people with TBI (Kamper
et al., 2016). The actiwatch was set to 60-s epochs and a medium

sensitivity was used to define the sleep parameters extracted with
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Actiware software version 6.0.9 (Philips, Respironics). Bedtime and
wake-up time from the sleep diaries were used to define the rest in-
terval for the sleep analyses and adjustments were made consistent
with other studies (Grima et al., 2018; Sinclair et al., 2014). In addition,
the sleep dairies were used to define the nap periods in the actiwatch
data. Participants were asked to report their bedtime, wake-up time
and naps during the previous day each morning. Sleep outcome vari-
ables were bedtime, wake-up time, TST, SE, SOL and WASO.

2.4 | Physical activity measurement

Although the actiwatches used in this study were primarily de-
signed to measure sleep, multiple studies support the use of these
device to measure overall physical activity (Lambiase et al., 2014;
Lee & Tse, 2019). To determine overall level of activity per partici-
pant, the raw activity counts per minute of the actiwatch from the
wake periods (i.e., time between rising and retiring to bed) were
averaged per day and over the total sampling period. To examine
the effect of activity before bedtime, average activity counts in
the 5 h before bedtime over the total sample period were calcu-
lated. Activity for the first and last day of the registration period
were omitted because these did not include a complete 24-h win-
dow. Intensity of activity during the wake period was calculated
using cut-off points, sedentary (<100 AC/min), inactive (100-
500 AC/min), light activity (500-2,020 AC/min), moderate activity
(2,020-5,999 AC/min) and vigorous activity (>5,999 AC/min), in
line with previous research in people with TBI (Driver et al., 2016).
The primary physical activity outcomes were overall level of activ-
ity and time spent in light activity. Time spent in light activity was
included in the analyses because time spent in moderate to vigor-
ous activity was very limited for this group. Data were included if
there were at least 4 days with more than 10 h of daytime activity
data available (Migueles et al., 2017).

2.5 | Questionnaires

Subjective sleep quality, daytime sleepiness and fatigue were as-
sessed using the PSQI (Buysse et al., 1989), ESS (Johns, 1991) and
FSS (Krupp et al., 1989) respectively. Anxiety and depression were
assessed with the Hospital Anxiety and Depression Scale (HADS;
Zigmond & Snaith, 1983). For all questionnaires, higher scores rep-
resent more symptoms/problems. Details of the TBI were collected

with participant consent from the hospital database.

2.6 | Data Analyses

To assess relationships between sleep and PA (averaged over the whole
sample period), and personal characteristics such as age, time since in-
jury, post-traumatic amnesia (PTA) and scores on the HADS, FSS, PSQI

and ESS, Pearson correlation analyses were used. Due to non-normality,

SOL was log transformed. These analyses confirmed that depression
and age are the variables most associated with sleep and physical activ-
ity levels following TBI and they were therefore added as covariates in
the multilevel models. To examine the relationship between physical
activity in the 5 h before bedtime and SOL, multiple linear regression
analysis was used with age and depression as covariates.

To assess inter- and intra-individual associations between the
sleep variables and daytime PA, multilevel linear models (MLM) with
the restricted maximum likelihood estimation method were used. An
autoregressive error variance structure was used to take into account
that consecutive sleep and physical activity observations might be
correlated more highly than non-consecutive observations. Two
sets of MLM were performed. In the first set of models, daytime PA
variables (daily activity counts and time spent in light activity) were
the independent variables and subsequent sleep variables (bedtime,
wake-up time, TST, SE, WASO and SOL) were dependent variables,
with depression, age, weekday (weekend versus week) and TST of
the naps during the day added as covariates (naps were not added in
the model including wake-up time). In the second set of MLM, sleep
variables were the independent variables and next-day PA the de-
pendent variables, with depression, age, weekday (weekend versus
week) added as covariates. As independent variables, PA and sleep
were divided into inter-individual and intra-individual variables in
line with previous research (Bernard et al., 2016; Best et al., 2019).
Inter-individual (between-person) variables were calculated as the
average level of PA over the whole sample period for each person.
Intra-individual (within-person) variables were centred at the person
mean representing daily variations of physical activity, where posi-
tive values indicated higher scores than the person's own average.
Twelve different models were created. Analyses were performed in
R version 3.5.1 with the nlme package (Pinheiro et al., 2018).

3 | RESULTS
3.1 | Sample characteristics

The main participant characteristics and average of the sleep and
physical activity variables are presented in Table 1. The mean age
was 40 years (standard deviation [SD], 12.9), with a range of 19 to
68 years. The causes of TBI were traffic accidents (81.3%), falls
(15.6%) and assault (1.6%, N = 63). Based on PTA duration, TBI was
severe (PTA > 7days) in most cases (75%), moderate (PTA 1-7 days)
in 13% and mild (PTA < 1 day) in 12% of cases (N = 60). Over 90% of
participants reported clinically significant fatigue, 67% had at least
mild symptoms of depression and 62% had at least mild symptoms
of anxiety (Table 1). Almost 40% had at least mild excessive day-
time sleepiness and over 80% reported poor sleep quality (Table 1.)
Participants wore the actiwatch on average for 12 days (SD, 1.3; me-
dian, 13; 95% confidence interval, 12.0-12.6 days) and 13 nights (SD,
1.7; median, 14; 95% confidence interval, 12.4-13.2 nights). There
was no correlation between the number of days or nights the par-

ticipant wore the actiwatch and the sleep or activity variables. On
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TABLE 1 Demographic characteristics, questionnaire results
and average sleep and activity variables. If data were missing, the
number of participants that data were available for is reported

Variable
Age (years)
Gender (male)

Time since injury
(months)

PTA duration (days)

Current employment
(ves)

Education (years)

Living independently
or with family

Current medication
use

Pain medication
Antidepressants
Anti-epileptic drugs
Questionnaires

PSQI global (sleep
problems)

Clinically significant
(>5)

ESS (daytime
sleepiness)

Clinically significant
(211)

HADS - depression

Clinically significant
(28)

HADS - anxiety

Clinically significant
(28)

FSS (fatigue)

Clinically significant
(4)

Sleep variables

Bedtime (clock time
24 h; h)

Wake-up time
(clock time 24 h; h)

Time in bed (h)
Total sleep time (h)

Sleep onset latency
(min)

Sleep efficiency (%)

Wake after sleep
onset (min)

Mean SD
40.0 12.9
54.92 56.4
29.9¢ 29.7
14.7 3.0

9.6 4.1
8.2 4.4
8.7 4.5
8.0 4.3
5.4 1.3

23:41 1.44

7:45 1.24

8.0 1.1
7.0 1.0
28.7 229
79.2 71
60.1 22.2

Min-max/N
(%)

19.1-68.7
47 (73.4)
3.2-250.7

0.0-150.0
18(28.1)

8-19°
63 (100)°

39 (61.9)°

18 (28.6)°
24 (38.1)°
7 (11.1)°

2.0-21.0
52(81.2)
0.0-18.0
25(39.1)

0-22°
42 (66.7)°

0-16°
39 (61.9)°

0-18

58 (90.6)

21:04-03:31

05:47-11:00

5.1-10.3
4.5-9.6
3.3-129.8

58.0-91.3
16.3-135.5

(Continues)

TABLE 1 (Continued)
Min-max/N
Variable Mean SD (%)
Number of 32(50.0)
participants taking
anap
Number of naps 5.5 4.1 1.0-16.0
Average nap 63.3 36.8 14.5-156.3
duration (min)
Activity variables
Overall activity 296.2 102.5 114.1-544.2
(counts)
Activity counts in 221.3 96.6 73.7-460.2
the 5 h before
bedtime
Sedentary (min) 350.2 121.5 156.7-800.1
Inactive (min) 340.6 69.3 189.9-462.4
Light activity (min) 179.9 89.2 42.4-404.1
Moderate activity 3.8 5.7 0.0-24.8
(min)
Vigorous activity 0.1 0.2 0.0-1.5
(min)
Average number of 14.6 1.1 12.5-18.0

hours per day

Abbreviations: ESS, Epworth Sleepiness Scale; HADS, Hospital Anxiety
and Depression Scale; PTA, post-traumatic amnesia; PSQI, Pittsburgh
Sleep Quality Index; SD, standard deviation; TBI, traumatic brain injury.
#Missing data for two participants.

bMissing data for one participant.

“Missing data for four participants.

average, participants spent 180 min in light activity per day, had a
sleep duration of 7 h per night and an average sleep efficiency of
79%.

3.2 | Sleep and activity in correlation
with covariates

There were no significant correlations between the sleep variables
and time since injury, PTA duration, HADS anxiety score, fatigue
(FSS) or daytime sleepiness (ESS). Significant low to moderate cor-
relations were found between age and sleep, as well as depressive
symptoms (HADS) and sleep. Older age was associated with ear-
lier bedtimes (r = -.37, p = .002), earlier wake-up times (r = -.30,
p = .015), shorter SOL (r = -.34, p = .007) and better SE (r = .25,
p = .047). Higher HADS depression scores were associated with
later bedtimes (r = .33, p = .009) and later wake-up times (r = .28,
p =.029). Worse subjective sleep quality (PSQI) was associated with
later wake-up times (r = .34, p = .007). There were no significant cor-
relations between the PA variables and age, time since injury, PTA
duration, HADS anxiety score, fatigue (FSS), sleep quality (PSQI)

or daytime sleepiness (ESS). Higher HADS depression scores were
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associated with lower overall activity (r = -.31, p = .01) and less time
spent in light activity (r = -.39, p = .02). Based on these correlation
analyses the HADS depression score and age were added as covari-
ates in the MLM analyses to examine the association between day-
time PA and sleep. There was no association between activity in the
5 h before bedtime and SOL (5 = .00, p = .46).

3.3 | Inter- and intra-individual associations
between PA and sleep

The HADS depression score was missing for one participant; there-
fore, the inter- and intra-individual variation analyses included 63
participants.

3.3.1 | Daytime physical activity as a
predictor of sleep

The MLM examining inter- and intra-individual associations be-
tween daytime PA and sleep the following night only showed sig-

nificant relationships between PA and the timing of sleep (Table 2).

Inter-individual variations in overall activity counts were significant
predictors of bedtime and wake-up time, indicating that participants
with higher average overall activity went to bed earlier and woke
up earlier. Intra-individual variations showed the opposite pattern;
on days that participants spent more time in light activity then their
average they went to bed later. A 1-h increase in light activity was
associated with a 7-min later bedtime. There were no significant as-
sociations between PA and following night TST, SE, WASO and SOL.

3.3.2 | Sleep as a predictor of daytime
physical activity

The MLM examining inter- and intra-individual associations between
the sleep variables and next day physical activity revealed a similar
inter-individual relationship between sleep timing and PA (Table 3).
Participants who went to bed earlier and woke up earlier were more
physically active, indicated by greater activity counts and more
time spent in light activity. Inter-individual variations indicated that
participants with better SE had fewer overall activity counts. Intra-
individual variations in wake-up time showed a similar pattern; on

days the participants woke up earlier then their average they were

TABLE 3 Results from multilevel

Overall activity (counts per min) Light activity (min) models of inter- and intra-individual
Predictors Estimates C1(95%) Estimates Cl(95%) associations between night-time sleep and
Bedtime thsicaI .acti.vity during tl.'le following day,
) while adjusting for covariates

Inter-individual -19.34 -38.34t0 -0.33 -12.94 -30.12t0 4.24

Intra-individual -1.79 -7.19 to 3.61 -2.76 -7.01 to 1.49
Wake-up time

Inter-individual -29.99 " -50.60 to -9.38 -28.85" -46.97 to

-10.73

Intra-individual -572" -10.85 to -0.58 -12.55 *** -16.49 to -8.61
Total sleep time

Inter-individual -0.23 -0.62t00.17 -0.31 -0.65to 0.04

Intra-individual -0.04 -0.12 t0 0.04 -0.11 *** -0.18 to -0.05
Sleep efficiency

Inter-individual -415° -7.91t0 -0.38 -2.95 -6.34 to 0.45

Intra-individual 0.16 -0.60to 0.91 0.10 -0.50 to 0.69
Wake after sleep onset

Inter-individual 0.97 -0.15to 2.09 0.57 -0.44to 1.58

Intra-individual -0.12 -0.34t0 0.10 -0.23° -0.40 to -0.05
Sleep onset latency

Inter-individual 0.14 -1.06 to 1.35 0.02 -1.05 to 1.09

Intra-individual -0.05 -0.24 t0 0.15 -0.10 -0.25t0 0.06

Note: All models were adjusted for age, depression scores and weekday (weekend versus weekday).
The bold values indicate the significant associations.

706 daily observations were clustered in 63 participants.
Abbreviation: Cl (95%), 95% confidence interval.

*p < .05.
**p < .01
***p<.001.
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more physically active, indicated by greater activity counts and more
time spent in light activity. Intra-individual variations in TST and
WASO revealed that when participants had shorter TST than their
average or had less WASO than their average, they spent more time
in light activity the next day. There were no significant associations

between nightly changes in bedtimes, SE or SOL, and next day PA.

4 | DISCUSSION

This study examined the inter- and intra-individual daily relation-
ship between PA and sleep in people with TBI. At the inter-individual
level, results showed that earlier bedtimes, earlier wake-up times
and lower SE were associated with more physical activity. Intra-
individual daily variations in PA were not associated with the fol-
lowing night's sleep duration or continuity, implying that more PA
during the day did not improve sleep the following night. However,
intra-individual nightly variations in sleep revealed that shorter TST
and less WASO predicted more time spent in light activity the next
day. Therefore, sleep might have a stronger influence on next day PA
than PA has on the following night’s sleep.

Sleep timing is associated with the timing of the endogenous
circadian rhythm (i.e., later bed and wake times indicate later circa-
dian timing). Our finding that earlier bedtimes and wake-up times
are associated with higher levels of PA, in conjunction with previ-
ous research showing that later bed and wake times are associated
with less PA, indicates that there is likely to be an underlying cir-
cadian mechanism driving this relationship after TBI (Shechter &
St-Onge, 2014). Contrary to our expectations, higher levels of PA
were not associated with better sleep in this sample of people with
TBI; rather, more PA was associated with lower SE. This differs from
previous research in breast cancer patients with insomnia, which
indicated a positive association between SE and PA at the inter-
individual level (Bernard et al., 2016), and from studies in other pop-
ulations that did not find a relationship between SE and PA (Atoui
et al., 2020). There were no significant associations between day-
time PA and other sleep variables such as TST, SOL and WASO at
the inter-individual level, which were expected. This could be due to
the large heterogeneity in people with TBI or to the fact that other
potential relevant characteristics of PA were not taken into account,
such as type of PA or the cognitive load, which varies across types
of PA (Horne, 2013). Furthermore, although relationships have been
demonstrated in previous research (Kredlow et al., 2015), associa-
tions were often small-to-medium and results inconsistent (Atoui
et al., 2020). Therefore, these findings are unsurprising.

Temporal intra-individual associations showed that on days when
TBI participants spent more time in light activity than usual, they
went to bed later that night. In contrast with expectations, more PA
during the day did not improve the following night's sleep. However,
shorter TST and less WASO were associated with more light activ-
ity the next day. In line with previous research, this suggests that
intra-individual variability in sleep quality predicted next day PA
but not vice versa (McGlinchey et al., 2014; Tang & Sanborn, 2014).

Furthermore, this intra-individual association between shorter TST
and more PA the next day has also been found in previous studies
(Bernard et al., 2016; Lambiase et al., 2014). Nonetheless, a meta-
analysis did not indicate consistent unidirectional associations be-
tween PA and sleep (Atoui et al., 2020). These results, together with
the small associations that we found, suggest that the association
between sleep and PA might differ across individuals with TBI. Very
recent research has suggested this might also be the case in the gen-
eral population (Atoui et al., 2020). In addition, it might be mediated
by other factors such as light exposure, timing of the physical activ-
ity, season or physical fitness, which we did not control for (Atkinson
& Davenne, 2007). Furthermore, the different study populations and
diverse range of measurements and devices used, make compari-
sons between studies difficult. Therefore, standardized procedures
for the assessment, analysis and reporting of this type of data are
needed.

In both patient and non-patient samples, PA is associated with
better health (Booth et al., 2012; Loprinzi & Cardinal, 2011). People
with TBI who exercise regularly have better general health and are
less depressed (Gordon et al., 1998). In addition, positive effects
of PA treatment have been found on sleep, cognitive functioning,
mood and quality of life in individuals with TBI (Hoffman et al., 2010;
Vanderbeken & Kerckhofs, 2017). These studies indicate that PA has
positive effects in multiple domains in people with TBI. In line with
previous studies, the results of this study showed that more PA was
related to fewer depressive symptoms; however, the direction and

causality could not be examined with this study.

4.1 | Limitations

This study has strong ecological validity, as participants were exam-
ined in their own environment, and recall bias was limited because
of the use of objective measures of both sleep and PA. Nonetheless,
there were some limitations. Although actigraphy is often used
to measure sleep and activity in the field, and studies comparing
the Actiwatch 2 with devices commonly used to measure activity,
such as the ActiGraph WGT3X-BT and the ActiGraph GT1M, show
strong correlations between the devices, limitations with actigraphy
measures in general remain (Lambiase et al., 2014; Lee & Tse, 2019).
Most notably, actigraphy is not able to distinguish between differ-
ent types of activity and the level of exertion required. Additionally,
there are activities for which the device cannot be worn (e.g.,
swimming) and, due to its location, the device may not register the
activity (e.g., cycling). Although measures of sleep timing can be ob-
tained from actigraphy, it cannot provide insight into how PA may
impact sleep architecture. A further limitation of this study is the
use of historical datasets. There were no specific questions regard-
ing PA and only people with TBI with clinically significant fatigue
or sleep disturbances were included. This may limit the general-
izability of these findings to the wider TBI population. However,
sleep disturbances are common following TBI and especially for this

group it is important to examine whether sleep disturbances might
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be associated with decreased physical activity. Finally, the results
are from observational data examining whether PA during the day
predicts sleep that night and vice versa and are therefore limited
in providing insight into the underlying mechanisms. Future stud-
ies geared towards exploring the causal link between PA and sleep,
such as randomized-controlled intervention studies, may shed light
on the impact of PA on sleep.

5 | CONCLUSION

The results suggest an association between PA and timing of sleep, but
more physically active TBI participants did not sleep better. Therefore,
these results do not suggest a beneficial effect of physical activity on
sleep following TBI. However, the lack of this association might be
related to individual differences. The TBI population is known to be
a particularly heterogeneous group in terms of neuropathology, and
in cognitive and behavioural symptoms, and therefore PA treatment
for sleep disturbances following TBI might need to be individually tai-
lored. Furthermore, day-to-day variations showed that sleep may have
more of an influence on physical activity than physical activity has on
sleep in people with TBI. Therefore, improving sleep quality may be
an important first step to encourage a more physically active lifestyle
and potentially improve health and quality of life after TBI. However,
further studies are necessary to confirm these results.
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