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SUMMARY

Sleep problems and mood difficulties can substantially impact adolescents’ lives. Yet, the
multiple interrelationships between physical activity, sleep, and mood make physical activity
interventions a viable option to prevent and treat these difficulties. This thesis aimed to explore if
sleep mediates the ‘physical activity - mood’ connection; through sleep onset latency (SOL), total
sleep time (TST), and sleep timing (chronotype and circadian rhythm timing). The mediations were

explored using different designs and measurements throughout the thesis.

The uniqueness of adolescent sleep, and the links between physical activity, sleep, and mood
are introduced in Chapter 1. The proposed TST mediation emulated the typical beneficial effect of
physical activity on sleep and mood; more physical activity — longer TST — better mood. As
evening physical activity is often considered detrimental to sleep, this was reflected in the proposed
models; more evening physical activity — worse sleep (longer SOL, later sleep timing) — worse

mood.

Initial support for the models was found in Chapter 2 in a large (N = 1,367) cross-sectional
sample of adolescents. The data fit the mediation models; more physical activity — better sleep
(longer TST, shorter SOL, earlier chronotype) — better mood. The models were significant for the
total sample and for girls, but not boys, highlighting potential sex differences. Unexpectedly, evening

physical activity (after 6 p.m.) was not linked with worse sleep or mood.

Temporal relationships were assessed in Chapter 3 with a sample of 19 adolescent girls.
Assessments took place over 1 week using objective actigraphy to measure sleep and physical
activity, and daily ecological momentary assessments of mood. Chronotype acted as a mediator; more
evening physical activity — earlier chronotype — better mood. TST mediations varied from day-to-
day. On Wednesday, Friday, and Sunday; more physical activity — shorter TST — mood change.
Mood improved on Friday and Sunday, but worsened on Wednesday. Again, evening physical activity

(within 3 hours of bedtime) was not detrimental to sleep.

In a laboratory setting, Chapter 4 assessed the impact of a 5-day physical activity
intervention in adolescent boys with a late chronotype. Eighteen boys were randomly allocated to 45
minutes light-intensity treadmill-walking, or 45 minutes sitting. Objective measures assessed sleep
(dim light melatonin onset via saliva assay) and physical activity (heart rate monitoring). In this
experimental study, the mediation models were not supported. Although morning activity advanced
the circadian rhythm (walking group 28-minute circadian advance; sitting group 19-minute delay),

mood was not significantly related to sleep or physical activity.

vii



This thesis found evidence that sleep mediates the relationship between physical activity and
mood through sleep timing, TST, and SOL. Notable sex differences were found. The mediations were
significant in girls, but not in boys. Physical activity’s beneficial effect on sleep and mood indicates
that it may prove helpful in the prevention and treatment of sleep and mood difficulties in adolescent
girls. The finding that evening physical activity was not detrimental to sleep and mood will be

instructive for clinicians providing physical activity recommendations to adolescents.
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CHAPTER 1 -
PHYSICAL ACTIVITY, SLEEP, AND MOOD IN
ADOLESCENCE: AN EXPLORATION OF COMPLEX
CONNECTIONS



1.1 Introduction

Adolescence is a period of dramatic development in a person’s life, and during this time
adolescents experience many changes (Towbin et al., 2015). Along with the myriad of new
experiences (learning to drive, first job, first romantic relationship) and increasing independence
which occurs during this time, the incidence of depression also begins to increase in this age group,
particularly in girls (Angold & Costello, 2006). A meta-analysis of depression prevalence (which
included studies ranging from current to lifetime prevalence) estimated that the worldwide-pooled
prevalence of depression in adolescents is 2.6% (Polanczyk et al., 2015), though in some countries
such as the United Kingdom and United States of America this is estimated to be much higher at 7.5%
and 11.3% over 12 months, respectively (Goodyer et al., 2017; Mojtabai et al., 2016; Wesselhoeft et
al., 2013). Depression - and depressed mood - have a substantial impact on many aspects of the lives
of adolescents who experience them. Longitudinal research, systematic reviews, and meta-analyses
have found detriments in academic achievement, future mental health, quality of life, and long-term
psychosocial outcomes (Bertha & Baléazs, 2013; Clayborne et al., 2019; Wickersham et al., 2021).
Adolescents also commonly experience sleep difficulties, including the length of time taken to fall
asleep (sleep onset latency; (Gradisar et al., 2011; Short, Gradisar, Gill, et al., 2013; Short, Gradisar,
Lack, et al., 2013)), not obtaining enough sleep (total sleep time; (Gariepy et al., 2020; Saxvig et al.,
2020; Sharman et al., 2017)), and falling asleep later and waking up later than expected by society
(late chronotype or delayed circadian rhythm; (Crowley et al., 2018; Roenneberg et al., 2004)). These
sleep difficulties also present negative consequences, such as academic difficulties, worse physical
health, and a higher likelihood of participating in risk-taking behaviours (Agostini & Centofanti,
2021; Shochat et al., 2014). Due to the substantial impact of depression and poor sleep on
adolescents’ lives, it is important that interventions and/or preventative measures are developed to
improve outcomes. One common protective factor for both sleep and mood is physical activity in
adolescents. Those who participate in more physical activity often have better sleep and report better
mood than adolescents who are less active (Brand et al., 2010b; Harris et al., 2017; Kalak et al.,
2012). Thus, there is potential for physical activity to be used as a novel prevention or intervention

measure for sleep and mood difficulties in adolescents.

In addition to the extensive research which has demonstrated strong connections between
physical activity, sleep, and mood (Buecker et al., 2021; Gariépy et al., 2019; Short et al., 2020;
Stubbs et al., 2018), there is also evidence within this research base to suggest a more complex model
of the ways in which physical activity and sleep can influence mood. The aim of this thesis is to test a
set of models, incorporating all three domains, in order to foster a greater understanding of the
mechanisms involved in these connections. Due to the unique nature of adolescent sleep (Crowley et
al., 2018; Tarokh et al., 2019), this introduction will begin by first exploring the main aspects of

adolescent sleep before guiding the reader through the connections between the three domains of



physical activity, sleep, and mood. The introduction will provide a more in-depth discussion of the
‘sleep — mood’ connection, before introducing the important relationships of physical activity with
both sleep and mood. In addition to discussion of the relationships between ‘sleep — mood’, “physical
activity —sleep’, and ‘physical activity — mood’, this introduction will also propose the set of models,
which will eventually be tested in the main body of the thesis.

1.2 Typical Sleep and Sleep Difficulties in Adolescents

Typical adolescent sleep looks notably different from that of children and adults. Many
biological, cognitive, emotional and social changes occur during adolescence and these changes have
a strong impact on their sleep (Owens & Weiss, 2017). Arguably, the most distinguishable change is
the slow emergence of a delay in the circadian rhythm (Hagenauer & Lee, 2012; Roenneberg et al.,
2004). The circadian rhythm is an endogenous system, which acts as the timekeeper for night and day
behaviour in humans (Refinetti & Menaker, 1992). It alters the body’s propensity for sleep and
wakefulness to ensure that humans sleep during the night and stay awake throughout the day
(Refinetti & Menaker, 1992). At the onset of puberty, the circadian rhythm has been shown to delay,
and adolescents’ bedtime and waketime preferences drift later (Carskadon, 2011; Hagenauer & Lee,
2012; Roenneberg et al., 2004). This delay in sleep timing makes it difficult for adolescents to fall
asleep at the time required by societal expectations, and when this physiological drive to sleep later
interacts with various behavioural (e.g., evening social activities), societal (e.g., school start times),
and psychosocial factors (e.g., increasing study load), this difficulty to fall asleep at a socially-

acceptable time is compounded (Crowley et al., 2007; Owens & Weiss, 2017).

Today’s adolescents are growing up in a technological landscape which offers challenges and
pressures not experienced by previous generations during this life stage (Uhls et al., 2017).
Electronics and social media play a large role in adolescents’ lives, and with the recent COVID-19
pandemic, adolescent technology use and screen time has increased worldwide (Carroll et al., 2020;
Lopez-Bueno et al., 2020; Pietrobelli et al., 2020), an increase which has been seen not only through
online learning, but also leisure screen time (Moore et al., 2020; Xiang et al., 2020). Early research
generally indicated that adolescents’ sleep may be negatively impacted by the use of electronics. A
review by Cain and Gradisar (2010) noted that different forms of technology, such as television
viewing, and the use of gaming devices and mobile phones, were found to negatively relate to
adolescent sleep in multiple ways, including later bedtimes, increased sleep latency, reduced sleep
duration, and daytime sleepiness. These same negative impacts on sleep have also been more recently
associated with adolescent night-time social media use (Garmy & Ward, 2018; Scott & Woods, 2018;
Twenge et al., 2017; van der Schuur et al., 2019). Further to this, a more recent review has also noted
connections between more social media use, worse sleep quality, and worse mental health in

adolescents (Alonzo et al., 2021). It is important not to dismiss how the late-night use of electronics



and social media, and continuing developments in technology, may combine with delayed circadian

rhythms to exacerbate adolescents’ sleep difficulties.

Another contributing factor to adolescent sleep difficulties is the ability to choose one’s own
bedtime. Adolescence is a time of increasing independence, and for most adolescents this means at
some point choosing their own bedtime. Meta-analytical evidence shows that adolescents who choose
their own bedtime select a later bedtime than their peers with parent-set bedtimes (Khor et al., 2021).
While this tendency to choose a later bedtime reflects the adolescents’ preference to sleep later in
accordance with their circadian rhythm (Roenneberg et al., 2004), it is ultimately detrimental, as
adolescents with later bedtimes are still required to wake at the same time in the morning as their
peers to attend school, resulting in a shorter sleep duration (Crowley et al., 2018). In this way, parent-
set bedtimes are protective for adolescent sleep, by ensuring an earlier bedtime and a greater sleep
opportunity (Short et al., 2011). For example, Bartel and colleagues’ (2015) meta-analysis of
protective and risk factors for adolescent sleep identified that parent-set bedtimes had the strongest
association with longer total sleep time than any other protective factors, with a mean weighted r of
.22. Although this association was small-to-moderate, it was stronger than the second strongest
protective factor, sleep hygiene (mean weighted r of .20), or the strongest risk factor, tobacco use
(mean weighted r of -.18). In short, the difficulties adolescents’ experience in falling asleep, appears
to be caused initially by their delayed circadian rhythms, and compounded by later bedtimes, but may
be influenced further by protective or risk factors. However, falling asleep is not the only aspect of

sleep which can cause issues for adolescents.

Adolescents can also experience difficulties waking up from sleep, as often societal
expectations do not permit adolescents to sleep-in later in order to compensate for their delayed sleep
onset. Specifically, there is a constant battle between the innate timing of the adolescent circadian
rhythm and school start times (Adolescent Sleep Working Group et al., 2014; Owens et al., 2017).
School start times vary worldwide, in one study, US adolescents’ school start times were 45 minutes
earlier than those for Australian adolescents (7:45 a.m. versus 8:30 a.m., respectively; Short et al.,
2013). In turn, Australian adolescents obtained 47 minutes more sleep on school nights compared to
their US counterparts. Studies also consistently show that adolescents have a longer sleep duration
during the school holidays than during the school term (Bei et al., 2014; Hansen et al., 2005; Shen et
al., 2021; Szymczak et al., 1993), which again highlights the restrictive impact of school start times on
adolescent sleep duration. Recent research has also shown that the move to online schooling during
the pandemic increased sleep duration due to the elimination of the time taken to travel to school
(Meltzer et al., 2021; Stone et al., 2021). Despite the recommendation that most adolescents need 8-10
hours of sleep, adolescents often obtain much less than this on school nights (Hirshkowitz et al., 2015;

Sharman et al., 2017). Indeed, the disparity between adolescent sleep need and their actual sleep



duration on school nights can result in attempts to catch up on this sleep on the weekend (Crowley et
al., 2018). However, this attempt to relieve sleep debt by sleeping-in on the weekends, although
helpful in the short term, becomes detrimental as it allows the circadian rhythm to drift later resulting
in even later sleep timing (Crowley & Carskadon, 2010).

In addition to a natural delay in the circadian rhythm, other aspects of typical adolescent sleep
also play arole in the sleep difficulties seen in this population. Despite the reductions in sleep
duration often seen in adolescents (Keyes et al., 2015), the average adolescent still requires a larger
amount of sleep than the average adult (Hirshkowitz et al., 2015). Experimental lab studies have
found that adolescents require at least 9 hours of sleep to avoid performance deficits (Carskadon &
Acebo, 2002; Lo & Chee, 2020; Short et al., 2018), and the National Sleep Foundation recommends
adolescents obtain 8-10 hours of sleep (Hirshkowitz et al., 2015). Despite this, adolescents frequently
obtain less hours of sleep than what is recommended (Gradisar et al., 2011; Saxvig et al., 2020;
Sharman et al., 2017). As discussed earlier, a number of other factors contribute to the actual hours of
sleep obtained by adolescents, and there are many risk factors for shorter adolescent sleep duration,
including the use of caffeine, tobacco, computers, phones, exposure to evening light, and negative

family environment (Bartel et al., 2015).

Further to this, there is also some research to indicate that the accumulation of homeostatic
sleep pressure is slower in adolescents. Similar to the circadian rhythm, homeostatic sleep pressure
also regulates sleep, however unlike the circadian rhythm, homeostatic sleep pressure is independent
of time of day (Borbély et al., 2016). In the homeostatic sleep pressure process, sleep propensity
increases in relation to the amount of time which has already been spent awake or asleep (Borbély et
al., 2016). That is, the longer a person is awake the stronger the drive is to sleep - and the longer a
person has been asleep, the stronger the drive is to wake (Borbély et al., 2016). There is evidence to
indicate that homeostatic sleep pressure may accumulate slower during mid-adolescence (Tanner
stage 5, 13.9+1.2 years), thus further contributing to the delayed onset of sleep in this population
(Agostini & Centofanti, 2021; Taylor et al., 2005).

The difficulties adolescents experience with their sleep can have serious consequences.
Research has shown a myriad of negative outcomes from obtaining insufficient sleep (Owens &
Weiss, 2017). Systematic reviews of the consequences faced by adolescents with inadequate sleep
find that it affects overall health, with reduced health-promoting behaviours and increased rates of
back pain, cardiovascular risk, and insulin resistance, it also increased body weight and caloric intake,
resulting in higher rates of overweight and obese adolescents (Agostini & Centofanti, 2021; Shochat
et al., 2014). Adolescents with insufficient sleep are also found to have a higher likelihood of
participating in risk-taking behaviours, including smoking, alcohol and drug use, sexual activity,

susceptibility to unintentional injuries, and serious suicidal ideation (Agostini & Centofanti, 2021;



Goldstein & Franzen, 2020; Shochat et al., 2014). There is also evidence that reduced adolescent sleep
duration negatively impacts school and academic performance (Agostini & Centofanti, 2021; Curcio
et al., 2006; Dewald et al., 2010; Shochat et al., 2014).

1.3 Sleep and Mood

One of the most common and potentially devastating consequences of insufficient sleep in
adolescents is an increase in depression symptoms. A review by Crouse et al. (2021) demonstrated
that depressive symptoms and depression diagnoses are often associated with delayed circadian
timing in adolescents and young adults. This circadian timing delay being one to which adolescents
are particularly biologically vulnerable, as previously discussed (Carskadon, 2011; Hagenauer & Lee,
2012; Roenneberg et al., 2004). It is therefore unsurprising that sleep problems and depression or low
mood are closely connected in adolescents (Clarke & Harvey, 2012). There is a higher likelihood of
developing a mood disorder in adolescence and adulthood if an individual has a history of poor sleep
(Scott et al., 2021). Although, the relationship between low mood and poor sleep has been well
established in the adult population (Baglioni et al., 2011; Harvey, 2011), there is less research into this
relationship in adolescents, nevertheless evidence can be seen in independent studies from around the
globe (Shochat et al., 2014). In Shochat’s systematic review, the relationship between poor sleep and
low mood in adolescents is consistently found across prospective and cross-sectional study designs

and in cohorts ranging in size from 280 to 100,000 adolescents.

Evidence for the association between sleep and mood appears to be bidirectional. For
example, a study of the daily associations between sleep and mood in 286 adolescents found that
worse mood (reduced positive affect and higher negative affect) during the day predicted worse sleep
guality that night, and poorer sleep quality also predicted worse mood (reduced positive affect and
higher negative affect) the next day (van Zundert et al., 2015). In 2014, Lovato and Gradisar
conducted a meta-analysis to investigate the directionality of the sleep-mood relationship. Upon
summarising the available causal research of the relationship between sleep and depressed mood in
adolescents, less evidence was found to suggest that depression occurs prior to poor sleep (3 studies),
and more evidence supported poor sleep predicting the onset of depression (7 studies; Lovato &
Gradisar). Indeed, a recent longitudinal study of 4,951 early adolescents (aged 9-10 years) found that
sleep disturbance predicted depression at 1 year follow-up (Goldstone et al., 2020). Similar results
have also been seen on a temporal level, Reddy and colleagues (2017) found just one night of short

sleep significantly reduced positive affect the next day in a sample of 42 adolescents (13-17 years).

The relationship between sleep and mood in adolescents is complex, as there are numerous
situations in which the unique characteristics of adolescent sleep interact with the challenges of their

life stage to impact their sleep. There are variety of ways in which this can happen, some of which



will be explored in more detail later in the chapter. However, the ‘sleep — mood’ connection is notable
as the relationship between restricted sleep and low mood can be seen in many studies, through
general mood disturbance (Shochat et al., 2014; Sullivan & Ordiah, 2018), and in worsened mood
following a night of short sleep (Fuligni et al., 2019; Reddy et al., 2017; Short & Louca, 2015). This is
concerning, as in addition to this increase in low mood, adolescents with restricted sleep also find it
more difficult to regulate negative emotions (Baum et al., 2014; Watling et al., 2017). As such, not
only are adolescents with insufficient sleep experiencing a greater amount of negative emotions, they

are also at a disadvantage when attempting to control them - thus compounding the issue.

One of the aims of this thesis is to test the ‘sleep — mood’ relationship using a range of
research designs. Based upon the directionality found by Lovato and Gradisar’s meta-analysis (2014),
and further corroborated by other studies (Goldstone et al., 2020; Reddy et al., 2017), it is predicted
that there is a greater likelihood of sleep influencing mood. The study in Chapter 2 will use a cross-
sectional design to establish the presence and strength of the sleep-mood relationship, this will be
followed by a prospective study which will use ecological momentary assessment (EMA) measures
over a period of one week to analyse the sleep-mood relationship on a daily scale (Chapter 3). The
final design is experimental, and the directionality of the sleep-mood relationship will be tested in a
sleep laboratory, also over the course of one week (Chapter 4). This thesis will also consider how
physical activity is associated with the relationship between sleep and mood in adolescents. As will be
discussed next, physical activity has been shown to be associated both with mood and with sleep.

1.4 Physical Activity and Mood

Mood is impacted not only by sleep, but also by physical activity, and the interrelationship
between physical activity and depressed mood has been demonstrated across the lifespan. From
children to the elderly, participation in physical activity displays a dose-response relationship with
mood. Evidence from a meta-analysis in children (Ahn & Fedewa, 2011), and a longitudinal cohort
study of 6,500 US adults aged 20-88 years (Galper et al., 2006) illustrate that greater levels of
fitness/physical activity are related to lower depression scores. Although less research has been
conducted in adolescent samples, this same relationship has been demonstrated. Multiple meta-
analyses of adolescent studies have indicated that physical activity has a small-to-medium effect on
mood in this population, with higher levels of participation in physical activity being related to lower
levels of depressive mood (Biddle & Asare, 2011; Brown et al., 2013; Carter et al., 2016; Das et al.,
2016; Larun et al., 2006). A notable contributor to the range of effect sizes found between the meta-
analyses are the many differences in physical activity interventions between the studies analysed
(Biddle & Asare, 2011). There are many components to the design of a physical activity intervention,

including:



Q) intensity of physical activity (e.g., light vs vigorous),

(i) duration of physical activity session (e.g., 15 minutes versus 1 hour),
(iii)  frequency of physical activity (e.g., daily vs weekly),

(iv) type of physical activity (e.g., aerobic vs anaerobic),

(v) the activity itself (e.g., cycling vs weightlifting vs football), and

(vi)  variation in the length of interventions (e.g., 1 day vs 3 months).

The high variability of physical activity interventions between studies (particularly when
restricted to adolescent cohorts) can make it challenging to directly compare results, however the
results of the meta-analyses support the general premise that adolescents who participate in more

physical activity have a better mood profile than adolescents who participate in less physical activity.

One of the most important and fundamental components of a physical activity intervention is
the intensity (listed above as point (i)). The intensity of physical activity is categorised as sedentary,
light, moderate, and vigorous, and there are multiple methods through which this is measured (Innerd,
2020a). This thesis includes physical activity measurement through both self-report questions and
accelerometry. Accelerometry provides an objective and ecologically-valid intensity measure
(Eslinger et al., 2011; LaMunion et al., 2020) - whereas self-report questions offer a subjective
comparison point and enable larger sample sizes due to the lower financial cost and labour required
(Innerd, 2020b). Measurement of physical activity intensity using accelerometry involves wearing a
monitoring device, similar to a smart watch (e.g., FitBit), which continuously measures movement.
The data from the device are analysed by software which applies validated cut-off points for the
different intensities (vigorous, moderate, light, sedentary) of physical activity, thus producing output
of the amount of time a participant spent in each intensity of physical activity during the day (Innerd,
2020c; Migueles et al., 2019).

1.5 Physical Activity and Sleep

The interrelationships between physical activity, sleep, and mood are complex. Variations in
adolescents’ physical activity and sleep can both impact mood. It is therefore notable that physical
activity and sleep are also related to each other. Similar to the previous discussion of the connection
between physical activity and mood, there are difficulties when comparing research studies of the
impact of physical activity on sleep, as physical activity interventions vary widely between research
designs. Physical activity interventions vary in length and frequency, with variation in the type of
activity, duration and intensity of the exercise session (see previous Section 1.4 Physical Activity and
Mood for examples). Due to this high variability, it is difficult to discern a precise picture of the
extent to which physical activity affects different elements of sleep - although commonalities between

the results of different studies do indicate that physical activity does indeed impact sleep.



A meta-analysis of adult studies by Kredlow and colleagues (2015) looked at the impact of
physical activity on sleep variables in both between-subject and within-subject studies (comparing a
control group to a physical activity group, or comparing physical activity days to control days).
Participating in a physical activity intervention, regardless of overall duration (range: 30 minutes to 1
year), resulted in longer sleep duration, shorter sleep onset latency (SOL), and increased sleep
efficiency®. Interventions lasting less than a week also afforded the benefits of less time awake during
the night. Further to this, exercise bouts of a longer duration moderated the effect of physical activity
on SOL, resulting in a stronger effect where more physical activity shortened SOL. For interventions
lasting less than a week, longer bouts of physical activity had stronger effects leading to longer sleep

duration.

Similar results have been found in adolescents, where those who participate in more physical
activity have better sleep than those who participate in less physical activity. A number of studies with
adolescent samples have found that adolescents who engage in more hours of physical activity per
week have a shorter SOL, experience longer total sleep time, and have less time awake during the
night than adolescents who engage in less hours of physical activity (Baldursdottir et al., 2017; Brand
et al., 2010a, 2010b; Harris et al., 2017; Kalak et al., 2012; Lang et al., 2013; Lang et al., 2016; Patte
etal., 2018).

1.6 Complex Interrelationships

Clearly physical activity, sleep, and mood are interconnected with each variable exhibiting a
direct relationship with the others, however it is possible that there could also be a more complex
relationship pattern involved. The Lovato and Gradisar (2014) meta-analysis demonstrated that more
often poor sleep proceeds low mood. As physical activity is associated with both sleep and mood, and
sleep has been shown to often precede mood, it is possible that the mechanism by which physical
activity is associated with higher or lower mood is via sleep. For instance, participating in more
physical activity may result in improved sleep parameters, and this improved sleep results in better
mood - or participating in less physical activity results in worse sleep, which in turn results in lower
mood. The possibility of sleep acting as a mediating mechanism has been suggested previously. In a
longitudinal study of physical activity and mood in adolescents by Langguth and colleagues (2016), it
was found that participating in moderate-to-vigorous physical activity (measured objectively with
accelerometers) for an hour longer than the individual’s average length of physical activity

participation, resulted in an improved mood score the next day (50% lower depressed mood). The

! Sleep efficiency refers to the percentage of time a person is asleep versus awake during the time in
which they were trying to sleep. E.g., a person who tries to fall asleep at 10 p.m. and wakes up in the morning at
8 a.m. (10 hours trying to sleep) and who has slept for 8 hours, has a sleep efficiency of 80%. Higher sleep
efficiency is generally associated with better outcomes (Schutte-Rodin et al., 2008).



authors discussed that there seemed to be a mediating mechanism, and although they did not measure
sleep they posited that sleep may have mediated the relationship between physical activity and mood.
At this stage, no research has tested this mediational model. If indeed sleep is a mediator in the
physical activity-mood connection there are multiple aspects of sleep through which this model might
be evident. This thesis will address how the relationship between physical activity and mood in
adolescents may be mediated by sleep onset latency (Chapter 2), total sleep time (Chapter 2,
Chapter 3), and chronotype (Chapter 2, Chapter 3, Chapter 4).

1.7 Evening Physical Activity and Sleep Onset Latency

Further examination of the effect of physical activity on sleep onset latency (SOL) has
identified the potential impact of time of day. Some adult studies have noted that physical activity in
the evening or close to sleep is associated with increased SOL (Tworoger et al., 2003; Youngstedt et
al., 1997). In a meta-analysis by Youngstedt and colleagues (1997), an acute burst of physical activity
did not have a significant effect on SOL unless the time of day of physical activity participation was
taken into account. It was found that physical activity 4-8 hours prior to bedtime decreased SOL
compared to controls, whereas physical activity < 4 hours prior to bedtime increased SOL compared
to controls. Similarly, another study found that older adults who spent longer per week participating in
morning exercise had less difficulty falling asleep than those who participated in less morning
exercise (Tworoger et al., 2003). However, those with a longer duration of evening exercise had more

difficulty falling asleep than those who participated in less evening exercise (Tworoger et al.).

Furthermore, participation in physical activity prior to bedtime has been shown to delay the
circadian rhythm. The vast majority of research into the impact of physical activity on the circadian
rhythm has been conducted in adult participants, however amongst adults, the findings are robust that
physical exercise conducted in a single bout or a daily routine can phase delay the circadian rhythm
(Atkinson et al., 2007; Yamanaka et al., 2006). Due to the variability of physical activity interventions
there is some uncertainty regarding the “dose” of physical activity required to delay or advance the
circadian rhythm at different times of day (Mistlberger & Skene, 2005; Richardson et al., 2017,
Youngstedt et al., 2019). However a comprehensive experiment by Youngstedt, Elliot, and Kripke
(2019) has identified a phase response curve of the circadian rhythm to physical activity and it is
notable that physical activity creates large phase delays when undertaken between 7-10 p.m. Research
into the impact of evening physical activity on sleep has been conducted in adults and young adults,
but not in adolescents (Brand et al., 2014; Mistlberger & Skene, 2005; Richardson et al., 2017; Stutz
et al., 2019; Weinert & Waterhouse, 2007; Yamanaka et al., 2006). Considering the natural delay in
circadian rhythm experienced during adolescence which occurs even independent of other
contributing factors (Roenneberg et al., 2004), it is important to consider how evening physical

activity may further affect this vulnerable population (Richardson et al., 2017).
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During physical activity, small but important changes occur within the body’s sympathetic
nervous system and core body temperature which result in a physiological-arousing effect (Silverman
& Deuster, 2014; Wenger, 1995). This physiological arousal is purported to negatively impact sleep,
and initial sleep hygiene recommendations discouraged participating in physical activity in the
evening to avoid a negative impact on sleep (1990), a recommendation which often persists today
(Krishnan & Patel, 2022; Shriane et al., 2020). There is however contention over this issue, because
although the timing of exercise is one of the most consistent moderators of the impact of physical
activity on sleep (Driver & Taylor, 2000), the results of the impact of evening physical activity on

sleep are mixed.

Few studies have specifically evaluated the impact of evening physical activity on sleep
parameters. The majority of studies in this area have considered whether physical activity is
comparable to bright light in its effect on sleep, and to this end, study designs often result in
unrealistically timed physical activity manipulations (Barger et al., 2004; Buxton et al., 2003;
Eastman et al., 1995; Miyazaki et al., 2001; van Reeth et al., 1994). Within the small number of
research studies which have considered the impact of late-night physical activity on sleep, some have
found support for a detrimental effect. For instance, Bonnet and Arand conducted multiple studies
(1998, 2000, 2005) in groups of 12-13 participants to compare the impact of a 5-minute walk versus
10-15 minute bedrest on participants’ sleep onset latency (SOL). Each study was conducted in a
controlled sleep laboratory environment using objective measures of sleep latency (i.e., EEG from
polysomnography - described in more detail later in Section 1.10 The Role of Total Sleep Time). In
all three studies, a significant increase in SOL was found following the 5-minute walk, and although
the increase itself was only 5-6 minutes, it was notable that this occurred following a short duration of
light intensity physical activity. Possibly another way of interpreting this finding, is that for every
minute of physical activity, it took 1 minute longer to fall asleep. Furthermore, Bonnet and Arand also
noted that following the 5-minute walk condition participant’s heart rates were significantly higher for

at least 90 minutes following the walk.

Conversely, there has also been research to indicate that evening physical activity can either
be beneficial or has no effect on sleep (Brand et al., 2014; O’Connor et al., 1998; Stutz et al., 2019).
Stutz and colleagues (2019) conducted a systematic review of the physiological arousing effect of
physical activity on sleep in adults. They found that evening exercise (ceasing anywhere from 10
minutes to 4 hours before bedtime) had a small beneficial effect on sleep, and no impact on sleep
onset latency. They did find however that body temperature and exercise intensity moderated the
physical activity to sleep relationship - with higher temperature and greater intensity resulting in
lower sleep efficiency and more time awake after sleep onset. The authors posited that although the

main analysis did not show a relationship between evening physical activity and SOL, when studies
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were considered categorically as whether physical activity concluded more or less than 1 hour before
sleep, the pattern of results indicated it is plausible that intense physical activity ceasing less than 1
hour before bedtime may be detrimental to sleep.

Conversely, in two further studies focused on young adult samples it was found that evening
physical activity had a beneficial or non-existent effect on sleep onset latency. Brand and colleagues
(2014) analysed 52 young adults who ceased exercise only 90 minutes prior to bed and found
correlations between participants’ reports of higher physical exertion during their regular exercise
(60-90 minutes, 2-3 nights a week) and higher subjective sleep quality, higher objective sleep
efficiency, and reduced wake after sleep onset (WASOQ). Interestingly, higher physical exertion was
associated with a reduction in SOL. Miller and colleagues (2020) used a crossover design to test the
effect of 30 minutes of evening physical activity in 12 young adult males and found no significant
effect of physical activity condition (control, resistance, or aerobic) on SOL, TST, WASO, or sleep
efficiency. Although core temperature rose during both physical activity interventions it fell to the

same level as the control condition during the 90 minutes before sleep.

Whilst it makes conceptual sense that evening physical activity would increase heart rate,
elevate core body temperature (via heat production), and that this physiological alertness would
translate to a longer time taken to fall asleep, the research in this area is not entirely consistent. Given
the pervasive nature of the sleep hygiene recommendation to avoid evening physical activity, early
studies by Bonnet and Arand, as well as Youngstedt et al.’s meta-analysis finding an effect of evening
exercise on SOL, this thesis will consider the impact of evening physical activity on adolescents’
sleep in Chapters 2, 3, and 4. However, there is emerging evidence that whilst physical activity may
raise physiological arousal to affect sleep and mood, there may also be a meaningful contribution

from a cognitive component.

1.8 The Role of Repetitive Negative Thinking

Repetitive negative thinking refers to the experience of repeatedly, and seemingly
uncontrollably, having thoughts about negative content (Ehring & Watkins, 2008). Although the
specific content of the thoughts may vary (e.g., worries about future problems or rumination on past
events), the negative aspect of the thoughts in addition to the recurring and uncontrollable nature of
the thoughts are persistent features (Ehring & Watkins, 2008). If indeed evening physical activity
prolongs sleep onset latency it is possible that this extra time before sleep onset provides more
opportunity for adolescents to experience repetitive negative thinking (RNT). Adolescents who spend
a longer amount of time trying to fall asleep are subject to a longer amount of time lying in bed with
minimal-to-no-distractions (i.e., lack of visual and auditory stimulation). This lack of distraction

afforded by a dark and quiet bedroom provides these adolescents with much more opportunity to
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begin to worry and engage in RNT. Evidence has been found for an association of RNT with bedtime
and SOL in adolescents and young adults (Nota & Coles, 2015; Stewart et al., 2020; Takano et al.,
2014). Both Stewart et al. (2020) and Takano et al. (2014) found that a longer SOL was associated
with more repetitive thoughts. In a sample of 1,021 adolescents (aged 11-17 years), Stewart and
colleagues found that RNT was associated with longer SOL and a later bedtime. Further to this,
Takano and colleagues assessed RNT throughout the day in a sample of 43 undergraduate students. It
was found that longer SOL was significantly associated with evening repetitive thoughts, but not
repetitive thoughts in the morning or afternoon - thus indicating a link between evening RNT and
SOL. This preliminary evidence indicates a link between RNT and SOL in this population, and further

research indicates that SOL may be linked to mood with RNT as the linking mechanism.

Research across multiple life-stages has also identified a relationship between RNT and mood
(Watkins & Roberts, 2020). A study of 81 undergraduate students found that repetitive negative
thinking predicted depression symptoms 3 years later (Raes, 2012). In another study of 188 adults, it
was found that ruminative self-focus - a subtype of RNT - was highest in the morning and evening,
and was strongly associated with negative affect (Moberly & Watkins, 2008). Indeed, there is
evidence to indicate the presence of a bidirectional relationship between RNT and mood. Moberly and
Watkins (2008) measured ruminative self-focus and affect 8 times a day for 7 days and found that
increased levels of a measure at one time point predicted increased levels of the other measure at the
following time point (i.e., more ruminative self-focus predicted more negative affect, and vice versa).
A bidirectional relationship has also been identified in a study of 408 early adolescents (10-14 years
old) (Krause et al., 2017). In girls, rumination at baseline predicted depression symptoms 6 months
later, and equally depression symptoms predicted rumination 6 months later. There is an identifiable
link between RNT and mood, where the presence of RNT predicts negative affect in the short term

and depression symptoms in the long term.

Despite the links between sleep, RNT, and mood, minimal research has been conducted to
establish the interconnections between all three variables in the adolescent/young adult population. In
one study of 165 undergraduates, Slavish and colleagues (2015) considered a model where rumination
mediated the relationship between depressed mood and sleep quality. Using measurements from
baseline and 2-month follow-up, depressed mood was associated with higher levels of rumination
which was in turn associated with poorer sleep quality. Although not causal, these findings provide
evidence for an interrelationship between sleep, mood, and RNT, where RNT may explain the path
between sleep and mood. In another study of 1,713 adolescents (16-18 years old), Danielsson and
colleagues (2013) tested the relationships between sleep disturbance, depressive symptoms, and
catastrophic worry at three time points over 3 years. It was found that greater sleep disturbance

predicted more depressive symptoms at the following time point (1 year apart), and that this
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relationship was partially mediated by the presence of more catastrophic worry. These studies present
further support to indicate that SOL may be linked to mood by repetitive negative thinking. It is also
important to consider, that as individuals may have higher or lower levels of RNT, RNT may
moderate the relationship between SOL and mood. It is important that more research into the links
between SOL, RNT, and mood is conducted in adolescents, as this population is distinct from other
cohorts in both the factors contributing to and influencing their sleep (e.g., changes in circadian
rhythm, school start times) and the unique challenges of their life stage that may race through their
mind at night (e.g., dramatic cognitive, emotional, and social changes). Further research in this area
will not only corroborate the initial connections found between sleep, RNT, and mood, but also

provide insights on how to intervene early before this pattern continues into adulthood.

This leads to this thesis’ first model (Figure 1.1), and introduces the first research questions:
does evening physical activity affect mood via a lengthened sleep onset latency? And if so, is the link

between sleep onset latency and mood moderated by repetitive negative thinking?

Figure 1.1

Evidence for the Predicted Association Between Physical Activity, Sleep Onset Latency, Repetitive
Negative Thinking, and Mood for the Present Thesis.

Physical Activity = Sleep Onset Latency # Repetitive Negative Thinking # Mood

Alley, etal (2015) Clancy, et al. (2020)~ Danielsson, et al. (2013)
Bonnet & Arand (2005 Harvey (2000)" Dawson, et al. (2022
Bonnet & Arand (2000)™ Hiller, et al. (2014) Ehring & Watkins (2008)"
Bonnet & Arand (1998)" Huang, etal (2020) Hiller, et al. (2014)

Miller, etal (2017)* Nota & Coles (2015)* Huang, etal (2020)
Tworoger, et al. (2003)™ Richardson & Gradisar (2022 Moberly & Watkins (2008)™
Youngstedt, et al (1997)" Richardson, et al (2019) Raes (2012)
Slavish & Graham-Engeland (2015) Richardson & Gradisar (2022
Stewart, et al. (2020) Segerstrom, et al. (2000)
Takano, et al. (2014) Slavish & Graham-Engeland (2015)
Watkins & Roberts (2020)~ Watkins & Roberts (2020)~

Wicklow & Espie (2000)"

Note. All studies in this figure were conducted with adolescent/young adult cohorts unless otherwise
indicated.

Bold = review or meta-analysis. ~ = adult cohort. ~ = all ages. * = relationship between bedtime and
repetitive thinking.

1.9 The Role of an Adolescent’s Chronotype

Upon considering the first research question - that evening exercise may prolong the time
taken to fall asleep — it is feasible that a late sleep onset time may mean one needs to also wake late to
obtain their full complement of sleep. Thus, evening exercise may be related to a delay in the timing
of sleep. Where ‘circadian rhythm’ refers to the intrinsic sleep/wake cycle, chronotype refers to the
actual timing of sleep (Roenneberg et al., 2003). Measurement of chronotype is much less costly and

labour intensive than the arduous process required for the measurement of the circadian rhythm
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(Bauducco et al., 2020) and their similarity can allow for chronotype to be used as a substitute

measurement in some instances (Roenneberg, 2012).

Chronotype is measured by calculating the ‘midpoint’ of sleep on ‘free days’ (Roenneberg et
al., 2003). A free day refers to a day when the individual has no commitments the morning/day after
the night of sleep. This ensures that the measure more accurately reflects the individual’s intrinsic
sleep timing without being confounded by other social or work commitments. The midpoint of sleep
is the clock time in the middle of the sleep period - between sleep onset and waking up. For example,
if an individual fell asleep at 10 p.m. and woke up at 6 a.m., their sleep midpoint would be 2 a.m. as
this is the time in the middle of their sleep period. Chronotype is deemed early, intermediate/neither,
or late, depending on when an individual would normally fall asleep and wake up (e.g., falling asleep
close to midnight and waking late in the morning is a late chronotype). As a result of the delay in
adolescent circadian rhythms, many adolescents are categorised as having a late chronotype, due to

their falling asleep late and waking up late (Roenneberg et al., 2004).

Substantial research has been conducted in adult samples to demonstrate the ability of
physical activity to both advance and delay the timing of the circadian rhythm (Mistlberger & Skene,
2005; Richardson et al., 2017; Yamanaka et al., 2006; Youngstedt et al., 2019). However there has
been relatively less research conducted into the relationship between evening physical activity and
timing of chronotype. One study into this relationship by Glavin and colleagues (2020) found that
evening exercisers had a later bedtime than morning exercisers. Another study of the association
between the timing of physical activity and the timing of sleep found that, although evening physical
activity (after 7 p.m.) was not significantly associated with sleep measures, morning physical activity
(before midday) was associated with an earlier bedtime, risetime, and chronotype (as measured by
activity levels) (Quante et al., 2019). These studies provide some evidence for the potential impact of
physical activity on chronotype, and given the ability of physical activity to alter the timing of the
circadian rhythm (Atkinson et al., 2007; Barger et al., 2004; Miyazaki et al., 2001), and the previously
discussed physiological arousal which results from physical activity (Bonnet & Arand, 2005;
Tworoger et al., 2003), it is possible that physical activity conducted in the evening could impact
chronotype by pushing sleep timing later.

There is also limited research on the relationship between chronotype and mood in adolescent
populations, however some cross-sectional studies have identified an association between late/evening
chronotypes (measured via sleep midpoint) and lower mood. For example, in a large-scale study of
almost 30,000 adolescents Gariépy and colleagues (2019) found that a later chronotype was
associated with more emotional problems (e.g., how often felt low/depressed in last 6 months, how
often felt helpless). Similarly, in a specific assessment of depression symptoms using the Beck

Depression Inventory in a sample of 351 adolescents, de Souza and Hidalgo (2014) also found that
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later chronotype was associated with higher levels of depression. Longitudinal studies also
substantiate these cross-sectional relationships between late chronotype and lower mood. In a study
which followed 3,843 adolescents over 5 years (McGlinchey & Harvey, 2015), late bedtime at age 16
years increased the odds at age 21 of emotional distress (e.g., feeling depressed, bothered by things
that normally wouldn’t bother you, not being able to shake the blues for the past week). Likewise,
another longitudinal study of 255 adolescents also found that eveningness? predicted an increase in
depressive symptoms 1 year later (Haraden et al., 2017). It is evident that there is a relationship
between late chronotype and lower mood in adolescents, and although to date there is minimal causal
research in adolescent populations, there is evidence to suggest that a late chronotype can lead to

lower mood.

Substantial research has established the relationship between physical activity timing and
circadian rhythm timing in adults, and similarly in the last decade numerous studies have investigated
the relationship between chronotype and mood in adolescents. Much less research, however, has
addressed the relationships between physical activity timing and chronotype, and circadian rhythm
and mood. Figure 1.2 and Figure 1.3 demonstrate evidence for the links between physical activity,
sleep, and mood, when considering chronotype and the circadian rhythm. Although less research has
considered the relationship between evening physical activity and late chronotype, there is ample
evidence of the association between late chronotype and low mood in adolescents (Figure 1.2).
Although circadian rhythm measurement is not the same as chronotype measurement, the evidence for
the relationship between late physical activity and late circadian rhythm (Figure 1.3) when taken with
the evidence for the relationship between late chronotype and lower mood (Figure 1.2), suggests that
it is possible that chronotype acts as a mediator between physical activity and mood. Where late
physical activity results in late chronotype which in turn results in low mood (see Figure 1.2). Thus,
this thesis’ second model shows the framework for the next research question: does evening physical

activity affect mood via later sleep timing?

2 “eveningness” refers to the preference for performing activities (e.g., work and study) during
the evening, as opposed to morning (Bauducco et al., 2020; Horne & Ostberg, 1976).
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Figure 1.2

Evidence for the Predicted Association Between Physical Activity, Chronotype, and Mood for the
Present Thesis.

Physical Activity »  Chronotype > Mood
Bartel, et al. (2015) Au & Reece (2017)"
Glavin, etal (20200 Baroni, etal (2018)
Quante, et al (2019)" Baunducco, et al. (2020)"
Thomas, et al (20200 Chiu, et al (2017)
Wendt, et al. (2020) Dagys, etal (2012)

de Souza & Hidalgo (2014)
Diaz-Morales, et al. (2015)
Gariépy. etal. (2019)
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Richardson & Gradisar (2022
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Simon, etal (2020)
Wilson, etal (2019)

Note. All studies in this figure were conducted with adolescent/young adult cohorts unless otherwise
indicated.
Bold = review or meta-analysis. ~ = adult cohort.

Figure 1.3

Evidence for the Predicted Association Between Physical Activity, Circadian Rhythm, and Mood for
the Present Thesis.

Physical Activity » Circadian Rhythm » Mood

Asarnow, et al. (2013)" Dolsen & Harvey (2018)
Atkinson, et al. (2007)* Wilson. etal (2019)
Baehr, et al. (2003)*
Barger, etal (2004)™
Buman & King (2010)*
Buxton, et al. (2003)"
Buxton, et al (1997)"
Driver & Taylor (2000)*
Eastman, etal (1995)"
Mistlberger & Skene (2005)"
Miyazaki, etal (20010
Montaruli, et al. (2017)"
Richardson, etal. (2017)
Rubio-Sastre, etal (2014)"
Thomas, etal (2020)™
Tranel, et al. (2015)*
Van Reeth, et al. (1994)™
VanSomeren (2000)*
Yamanaka,_ et al. (2006)"
Youngstedt, et al. (2019)™
Youngstedt, et al. (2001)"

Note. All studies in this figure were conducted with adolescent cohorts unless otherwise indicated.
Bold = review or meta-analysis. ~ = adult cohort.

17



1.10 The Role of Total Sleep Time

A recent systematic review and meta-analysis have shown the consistent evidence that more
participation in physical activity is associated with a longer sleep duration in adult samples (Dolezal et
al., 2017; Kredlow et al., 2015). Although comparatively less research has been conducted within
adolescent populations, the available research indicates that more participation in physical activity is
also associated with a longer sleep duration in young people. Many large-scale studies have found
evidence for this association using subjective sleep measures. Such self-report measures include sleep
diaries, where the times of sleep onset and offset are recorded by the participant each night, or
validated questionnaires to measure specific facets of sleep, or direct questions such as “How many
hours did you sleep last night?” (Ji & Liu, 2016; Spruyt & Gozal, 2011). These large-scale studies
(with sample sizes ranging from 15,000 to 177,000) have repeatedly found that adolescents with
higher levels of physical activity are more likely to report > 8 hours sleep than those with lower levels
of physical activity (Foti et al., 2011; Kim et al., 2016; Patte et al., 2018; Tambalis et al., 2019).

The relationship between physical activity and sleep duration can also be seen in studies with
objective measures in smaller cohorts. Objective measures of sleep include polysomnography and
actigraphy (Sadeh, 2011). Polysomnography (PSG) measures brain, eye, and muscle activity
(electroencephalography, electrooculography, and electromyography, respectively) allowing for exact
measurement of sleep onset/offset, waking time during sleep, and sleep stages (Berry et al., 2015).
PSG provides a more detailed picture of sleep, however it is expensive and labour intensive to collect
and interpret the data (Hirshkowitz, 2016). As mentioned previously, actigraphy measures activity
patterns via an accelerometer, commonly worn on the wrist like a watch (Ancoli-Israel et al., 2003).
Obijective evidence, using both PSG and actigraphy, of the relationship between physical activity and
sleep duration can be seen in a study of 40 adolescents by Mendelson and colleagues (2016). At
baseline healthy weight adolescents had a longer total sleep time (TST) than overweight adolescents,
however after the overweight adolescents participated in a 12-week physical activity intervention they
had a longer TST (~ 1 hour longer) than the healthy weight adolescents (who did not participate).
Similarly, a temporal study by Master et al. (2019) found that in a cohort of 417 15-year-olds,
adolescents had a longer TST on nights after they had participated in more moderate-to-vigorous
physical activity. Indeed, a 1-hour increase in physical activity was associated with a 10-minute
increase in TST. Furthermore, the same relationship was also demonstrated from the perspective of
sedentary activity in the Master et al.’s study, wherein adolescents with more sedentary time (1 hour)
had less TST (11 minutes) than adolescents with less sedentary time. Within the available adolescent
research, evidence for the association between physical activity and total sleep time can be seen
across studies with different sized cohorts, different study designs, and objective and subjective

measures.
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As previously discussed, sleep difficulties and poor sleep are closely associated with lower
mood in adolescents (Lovato & Gradisar, 2014; Shochat et al., 2014). Further to this, there is also
evidence for a relationship between TST and mood in adolescents (Fuligni & Hardway, 2006; Ojio et
al., 2016; Short et al., 2020). Indeed, in a recent meta-analysis of 73 adolescent studies, Short and
colleagues (2020) found that adolescents with shorter TST had a higher likelihood of reduced positive
affect, increased depression, and increased negative affect. This relationship between shorter sleep
duration and lower mood is also seen longitudinally (Orchard et al., 2020; Roberts & Duong, 2014).
In a birth cohort study Orchard and colleagues (2020) found cross-sectional and longitudinal
associations between reduced TST and depression in a subsample of 5,033 adolescents. At age 15, the
adolescents with depression reported falling asleep 35 minutes later than those without depression on
both weekdays and weekends. Those with depression also reported having significantly less TST on
weekdays (42 minutes) and weekends (31 minutes) than adolescents without depression. Most
notably, shorter TST at age 15 was a significant predictor of depression symptoms at all follow-ups
(ages 17, 21, and 24). Thus, in addition to the evidence for an association between physical activity
and sleep duration, there is also evidence for the association between sleep duration and mood, with
longitudinal research indicating that shorter sleep results in lower mood.

However, the relationship between TST and mood is complex. Previous research has noted a
variability in results due to individual differences (Fuligni et al., 2019). Indeed, in one study (Baum et
al., 2014) some adolescents reported reduced levels of negative mood when they obtained a longer
sleep duration, meanwhile other adolescents reported reduced levels of negative mood after a shorter
sleep duration. Although further details of individual differences in the links between sleep duration
and mood are still being determined, it is nonetheless evident that sleep duration and mood are related

within this population.

Furthermore, it has also been shown that general physical activity participation and mood are
related. Evidence from systematic reviews and meta-analyses using adolescents has shown that
physical activity participation and interventions can improve low mood and reduce depression
symptoms in this population (Carter et al., 2016; Das et al., 2016). Research since has further
confirmed these associations, with decreases in physical activity over a 2-year period significantly
related to an increase in symptoms of depression (Raudsepp & Vink, 2019). These findings illustrate
that an adolescent’s physical activity impacts mood in two ways. First, participating in physical
activity can improve mood. Second, non-participation in physical activity can worsen mood. More
research into the relationship between adolescents’ physical activity and mood is needed, as the
current research has been identified as both limited in number, and sometimes, quality (Biddle &
Asare, 2011; Das et al., 2016).
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This thesis aims to add to the currently narrow pool of research into the links between

physical activity, total sleep time, and mood in adolescents. It is possible, given the existing

relationships between these three factors, that sleep duration is one of the mediating mechanisms

through which physical activity is related to mood. Given the impact of physical activity on TST (e.g.,

more physical activity leads to longer TST) and the impact of TST on mood (e.g., more TST leads to

better mood), this thesis’ third and final model and research question is: does physical activity affect

mood via total sleep time? (see Figure 1.4).

Figure 1.4

Evidence for the Predicted Association Between Physical Activity, Total Sleep Time, and Mood for the

Present Thesis.

Physical Activity

==p- Total Sleep Time

Chennaoui, et al. (2015)~
Dolezal, et al. (2017)~
Foti, etal. (2011)
Galland. et al. (2020)
Gong, et al. (2017)
Harris, et al. (2017)
Johnson, et al. (2020)
Kim, et al. (2016)
Kredlow, et al. (2015)*
Lang, et al. (2013)
Master. et al. (2019)
Mendelson, et al (2016)
Patte, et al. (2018)
Saidi, et al. (2020)
Tambalis, et al (2019)

> Mood

Armitage, etal (2001)
Condén, etal. (2013)
Conklin. etal (2018)
Cousins, et al. (2011)
Fuligni. et al. (2019)
Fuligni & Hardway (2006)
Garria, efal. (2014)
Harvey (2011)
Konjarski, et al. (2018)~
Kouros, et al. (2022
Lovato, et al. (2017)
Ogawa, et al. (2019)
Ojio. et al. (2016)
Orchard, et al. (2020)
Palmer, et al. (2018)
Reddy. etal (2017)
Roberts & Duong (2014)
Shochat, et al. (2014)
Short, et al. (2020)
Short & Chee (2019)
Warner, et al. (2008)

Note. All studies in this figure were conducted with adolescent cohorts unless otherwise indicated.
Bold = review or meta-analysis. ~ = adult cohort. * = all ages across the lifespan. Italics = relationship
in opposite of hypothesised direction (i.e., mood impacts total sleep time).

1.11 Aims and Outline of Thesis

Although it is clear that physical activity, sleep, and mood are closely interrelated, the
mechanisms through which all three are connected are less well established, and research into these
connections is lacking in adolescent samples. It is important that more research is conducted in
adolescent cohorts as adolescence marks a unique and sensitive period of a person’s life (Towbin et
al., 2015). As discussed in Sections 1.1 and 1.2, adolescents undergo many physiological and social
changes during this time, and the interaction of these changes makes adolescent sleep distinct from
the sleep of children and adults (Crowley et al., 2018). Adolescence also marks a crucial stage of life
where events can have far reaching consequences. The development of sleep and/or mood difficulties

can impact many areas of an adolescent’s future, including academic achievement (Owens & Weiss,
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2017; Wickersham et al., 2021), health (Shochat et al., 2014), mental health (Bertha & Balazs, 2013),
risk taking behaviours such as substance use (Owens & Weiss, 2017), and long term psychosocial
outcomes (Bertha & Balazs, 2013). Conducting research in adolescents allows for the development of
appropriate interventions and preventions to mitigate the long-term impact of problems during this life

stage.

Current research into the connections between physical activity, sleep, and mood in
adolescents shows that more or less physical activity can improve and worsen both sleep and mood.
Yet, sleep has a similar relationship with mood, where better or worse sleep can also improve or lower
mood. Thus, one possible explanation for the close relationships between physical activity, sleep, and
mood is that sleep acts as a mediator between physical activity and mood. Within this thesis, three
mechanisms of interest are tested in order to understand how sleep might mediate the link between

physical activity and mood. The aspects of sleep include:

i.  sleep onset latency,
ii.  chronotype,

iii.  and total sleep time;

all of which have been shown to be impacted by physical activity, and in turn, have their own
impact on mood. If it is determined that these aspects of sleep are mechanisms through which physical
activity impacts mood, this will inform the use of physical activity and sleep interventions for
adolescents with sleep and/or mood difficulties. Indeed, the assessment of whether evening physical
activity is detrimental to sleep will inform recommendations for sleep and mood difficulties and the

timing of adolescent/school physical activity and sports practice.

Understanding the mediational role of sleep on the relationship between physical activity and
mood can be accomplished via different study designs, each of which presents certain benefits. In
Chapter 2 the mediational models are considered in a population-based cross-sectional study
conducted in Helsinki, Finland, where every adolescent in the city aged 16-17 years was invited to
participate (valid responses N = 1,367 adolescents). This study was able to assess the presence of the
associations between physical activity, sleep and mood in adolescents within a large sample. Although
this study was unable to determine causality due to the cross-sectional study design, it provided a

basis for continuing investigation with more rigorous study methods.

This is followed by a temporal assessment of the possible mechanisms by which sleep
mediates the relationship between physical activity and mood using in an ecological momentary
assessment (EMA) study in Chapter 3. This EMA study of 19 female adolescents (aged 17-20 years)
allowed assessment of the relationships between physical activity, sleep, and mood on a temporal

scale, and consideration of the associations on a much smaller daily basis.
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A final assessment of the mediational models takes place in Chapter 4 with an experiment.
18 adolescents (aged 15-18 years) spent 1 week in a sleep laboratory to assess the effect of physical
activity (45 minutes treadmill walking) vs sedentary activity on sleep and mood. This experiment
allowed for direct analysis of the mediation of physical activity and mood via sleep, while controlling
for other notable variables (e.g., light). It also offered an opportunity consider this relationship over

time and infer causality.

Discussion and synthesis of the research findings is presented in Chapter 5. Within this
section, the role of sleep as a mechanism between physical activity and mood is discussed in addition

to how this information can be used clinically to improve adolescents’ lives.
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CHAPTER 2 -

SLEEP, MEDIATES THE RELATIONSHIP BETWEEN
PHYSICAL ACTIVITY AND MOOD IN FINNISH
ADOLESCENT GIRLS: A CROSS-SECTIONAL
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2.1 Abstract

Obijectives: To identify initial evidence for the mediating effect of sleep (via sleep onset latency, total

sleep time, and chronotype) on the impact of physical activity on depressed mood.
Design: A population based cross-sectional study conducted in Helsinki, Finland.
Participants: 1,367 adolescents (aged 15-17 years, 33% males).

Measurements: A self-report 30-minute online survey on sleep, health, and behaviour. Measures
included Beck Depression Inventory-I1, items from the Adolescent Sleep Hygiene Scale and School

Sleep Habits Survey.

Results: In adolescent girls the mediation models were significant (all p’s <.04): more physical
activity overall and during free time were associated with longer total sleep time, which was
associated with better mood. Further, although we expected that more evening physical activity would
be detrimental to sleep, more physical activity after 6 p.m. was associated with shorter sleep onset
latency and earlier chronotype, which were both associated with better mood. These mediation models

were not significant for adolescent boys.

Conclusions: Our results provide initial support for the relationship between physical activity and
mood occurring via sleep, and provide support for the development of physical activity interventions

to improve adolescent sleep and mood.
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2.2 Introduction

Worldwide it is estimated that the prevalence of depression in adolescents is 2.6% (Polanczyk
et al., 2015). Depression has a substantial impact on many aspects of adolescent life, including
academic achievement, social relationships, and quality of life (Bertha & Balazs, 2013; Wesselhoeft
etal., 2013). Yet, adolescents are less likely to have depression and low mood if they regularly
participate in physical activity (Brown et al., 2013; Kalak et al., 2012). Indeed, physical activity has
also been shown to be a beneficial treatment for adolescent depression (Brown et al., 2013; Carter et
al., 2016).

Adolescent depression is not only altered by physical activity, many studies have also
demonstrated a strong connection between sleep and mood in young people. Depression is associated
with poorer sleep, typified by longer sleep onset latency (SOL), longer wake time after sleep onset
(WASOQ), a greater number of awakenings during sleep, lower sleep efficiency, and lighter sleep
(Kouros & El-Sheikh, 2015; Lovato & Gradisar, 2014). A meta-analysis by Lovato and Gradisar
(2014) found that research supports the existence of sleep difficulties prior to depressed mood.
Despite popular beliefs, they found less evidence suggesting that depression occurs prior to poor

sleep.

Previous research has demonstrated that both sleep and physical activity have a meaningful
role in determining mood. It is therefore of note that a relationship also exists between physical
activity and sleep. Studies have found that adolescents who engage in more hours of physical activity
per week have a shorter SOL, experience longer total sleep time (TST), obtain more deep sleep, and
have less WASO than adolescents who engage in less hours of physical activity (Brand et al., 2010a,
2010b; Patte et al., 2018).

Physical activity, sleep, and mood may be complexly interrelated. For example, it is plausible
that physical activity does not directly affect mood, but indirectly affects mood through its effect on
sleep. Our objective is to look for evidence indicating that the effect of physical activity on depressed

mood could be mediated by sleep via three mechanisms (Figure 2.1).

2.2.1 Longer Total Sleep Time (TST)

Some studies of the relationship between physical activity and sleep in adolescents suggest
that more physical activity results in a longer TST (Kim et al., 2016; Patte et al., 2018). In addition,
shorter TST in adolescents has been associated with lower mood, and poorer emotional regulation
(McKnight-Eily et al., 2011; Shochat et al., 2014). We propose that less physical activity during the
day will be associated with shorter TST and lower mood in the adolescents, and that the effect of

physical activity on mood will be mediated by TST.
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2.2.2 Longer Sleep Onset Latency (SOL)

Engagement in physical activity instigates changes to the sympathetic nervous system and
core temperature which ultimately result in physiological arousal in the body (Silverman & Deuster,
2014; Wenger, 1995). Evidence suggests that if physiological arousal occurs too close to the sleep
attempt that this may cause difficulty falling asleep, and for this reason sleep hygiene
recommendations suggest not participating in physical activity close to bedtime (Bonnet & Arand,
2005; Tworoger et al., 2003). The increase in physiological arousal caused by physical activity could
result in longer SOLs, thus providing adolescents with time to ruminate about their day, and in turn
resulting in overall lower mood (Danielsson et al., 2013; Krause et al., 2017; Lovato & Gradisar,
2014). We propose that more physical activity in the evening will be related to longer SOL and lower
mood for the adolescents, and that the effect of physical activity on mood will be mediated by SOL.
Additionally, we propose that the mediating effect of SOL between evening physical activity and
mood will be moderated by repetitive negative thinking which takes place during the time that the

adolescents are trying to fall asleep.

2.2.3 Later Chronotype

Physical activity has been shown to impact the circadian rhythm, and exercising later in the
day can have a phase delaying effect resulting in later sleep timing (Miyazaki et al., 2001; Richardson
etal., 2017). In turn, later sleep timing in adolescents has also been connected with lower mood (Au
& Reece, 2017; Glozier et al., 2014; Miller & Haag, 2018). We finally propose that more physical
activity in the evening will be related to later chronotype and lower mood in the adolescents, and that

the effect of physical activity on mood will be mediated by chronotype.

Figure 2.1

Proposed Mediating Relationships of Sleep Variables Between Physical Activity and Mood
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2.3 Method

2.3.1 Participants

In September 2016 the Finnish Population Register Centre was used to identify 7,539
adolescents (50% registered as male sex) born between 1/1/1999 and 31/12/2000, with a home
address in Helsinki, Finland. Adolescents were invited to participate in a 30-min online survey
targeting mainly sleep, health and behaviour. The survey was completed in Finnish, the native
language of the participants. Valid responses were received from 1,367 participants (18% of the initial
cohort). Each adolescent’s sex was taken from their information at the Finnish Population Register
Centre, 33% were registered as male. The mean age of the valid respondents was 16.84 years (SD =
0.58). All respondents signed an electronic consent form. Ethical permission was obtained from The
Hospital District of Helsinki and Uusimaa Ethics Committee for gynaecology and obstetrics,
paediatrics and psychiatry (Decision number: 50/13/03/03/2016). The SleepHelsinki! study was
registered on ClinicalTrials.gov (Identifier: NCT02964598).

2.3.2 Measures

2.3.2.1 Depressive Symptoms
The Beck Depression Inventory-11 (BDI-11) summary score was composed of 20 items scored
from O (low score) to 3 (high score) (Beck et al., 1996). The question about sleep problems was

excluded from analyses so as to not incorrectly inflate correlations between sleep and the BDI-II.

2.3.2.2 Repetitive Negative Thinking (RNT)

The RNT variable was the mean of three items from the Adolescent Sleep Hygiene Scale
(ASHS) (LeBourgeois et al., 2005). “I go to bed and think about things I need to do”’, “I go to bed
and replay the day’s events over and over in my mind”, and “I go to bed and worry about things

happening at home or at school”. Response categories were from 0 = Never, to 5 = Always.

2.3.2.3 Sleep

Sleep variables were collected via questions derived from the School Sleep Habits Survey
(Wolfson et al., 2003). Collection of sleep data via online questionnaire is correlated with objective
measures of sleep in child and adolescent samples (Matricciani, 2013), and was the most resource
effective way to collect this data in a large sample size. Total sleep time during the week and on
weekends was computed by subtracting sleep onset latency time from time spent in bed. Time spent in
bed was counted as the time from ‘lights off” to waking time. Weekdays data were chosen as these are
susceptible to restricted sleep (Shochat et al., 2014). Chronotype was derived from sleep midpoint on
weekends, which was defined as the clock-time in the middle of the sleep period (Roenneberg et al.,
2004). The variable was computed by dividing the total sleep time variable by two and subtracting it

from the waking time.
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2.3.2.4 Physical Activity

The ‘exercise in free time’ variable was composed of two items: “How often do you exercise
or play sports in your free time?” (from 0 = None, to 6 = Every day), and “What is the average
duration of one exercise occasion?” (from 0 = | do not exercise, to 4 = Two hours or longer). The
‘exercise in free time’ variable was computed by multiplying the reported exercise frequency with the
average duration variable, resulting in an estimation of the average time spent (in hours) exercising in

free time over the period of a month.

The ‘physical activity after 6 p.m.” variable was item 5 from the ASHS, “After 6:00 in the

evening | do some kind of physical activity” (0 = Never, 5 = Always).

A physical activity composite score was comprised of three components: the physical activity
after 6 p.m. variable, the exercise in free time variable, and ASHS item 10 “During the 1 hour before
bedtime | am very active” (0 = Never, 5 = Always). These were rescaled by ranking the participants

based on their physical activity into 6 equal categories (values from 0 to 5).

2.4 Results

2.4.1 Descriptive Statistics

Analysis of the descriptive statistics using independent t-tests and chi-squares for key
variables showed largely normative results (Table 2.1). There were similar levels of physical activity
between boys and girls. The mean BDI-I1 scores for both girls and boys were in the minimal range
(less than 13), although it should be noted that the boys had a significantly lower mean BDI-II score

(less low mood) than girls.
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Table 2.1

Descriptive Statistics for the Key Variables by Sex

N Range Female Male All t/y2
M (SD) M (SD) M (SD)

Age 1367 15.75-17.88  16.84 (0.59) 16.86 (0.57) 16.84 (0.58) -0.70
Current education* 17.55 **

Comprehensive school 58 33 (3.6) 25 (5.5)

Vocational school 169 92 (10.1) 77 (16.9)

High school 1115 770 (84.9) 345 (75.7)

Other 21 12 (1.3) 9 (2.0)
Bedtime (hh:mm)

Weekday 1367 0:00-23:50  22:23(1:00) 22:45 (1:00) 22:30 (1:01) -6.59 ***

Weekend 1367 0:00-23:59  23:34 (1:20) 0:27 (1:32) 23:52 (1:28)  -10.85 ***
Total Sleep Time (hours)

Weekday 1367 2:10-13:50 7:13 (1:11) 7:23 (1:09) 7:11 (1:11) -2.40*

Weekend 1367 3:30-14:30 9:16 (1:13) 9:14 (1:19) 9:15 (1:15) 0.33
Midpoint of sleep (hh:mm)

Weekday 1367  1:30-9:30 3:09 (0:43) 3:26 (0:50) 3:15 (0:46) -6.76 ***

Weekend 1367 2:02-11:30 5:30 (1:16) 5:59 (1:28) 5:40 (1:21) -6.06 ***
Sleep Onset Latency (hours)

Weekday 1367 0-3:20 0:20 (0:18) 0:17 (0:17) 0:19 (0:17) 2.46 *

Weekend 1367 0-3:00 0:15 (0:14) 0:13 (0:14) 0:15 (0:14) 240*

Physical Activity
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In free time (h/month) 1355 0:00-56:00 16:40(16:19) 16:26 (16:37)  16:35(16:25) 0.25

1 Composite score 1367 0-5 2.17 (1.08) 2.16 (1.13) 2.17 (1.09) 0.27

T After 6 p.m. 1367 0-5 2.27 (1.37) 2.17 (1.39) 2.23 (1.38) 1.26
Mood

Depressive symptoms (BDI-11) 1367 0-53 11.57 (10.06) 6.22 (6.88) 9.78 (9.46) 11.5 ***

Note. SD = standard deviation; BDI-Il = Beck Depression Inventory. BDI-II score: 0-13 minimal range, 14-19 mild, 20-28 moderate, 29-63 severe.
*Finnish secondary education is 3-4 years and refers to education after the compulsory comprehensive school. Comprehensive school = up to 9" grade;
Vocational School = secondary school; High School = secondary school.

1 Six point scale (0 = Never, 5 = Always).

***p <001, **p <.01, *p<.05
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2.4.2 Correlations

Total Sleep Time: The physical activity composite score had significant small correlations
with TST, r = 0.08, p <.01, and BDI-II score, r =-0.12, p <.001, in the expected directions.
Similarly, ‘exercise in free time’ also had significant small correlations, positive and negative
respectively, with weekday TST, r = 0.09, p <.01, and BDI-II score, r =-0.11, p <.001. As
anticipated, more physical activity in free time and overall were related to a longer TST and better
mood. There was a small-to-medium negative correlation between weekday total sleep time and BDI-

Il score, r =-0.25, p <.001, longer TST was related to better mood.

Sleep Onset Latency: Interestingly, physical activity after 6 p.m. had significant small
negative correlations with weekday SOL, r = -0.06, p <.05, and BDI-Il score, r = -0.11, p <.05. That
is, more physical activity after 6 p.m. was related to shorter SOL and better mood. Weekday SOL had
a significant small-to-medium positive correlation in the hypothesised direction with BDI-II score, r =

0.24, p <.001, where longer SOL was related to worse mood.

Chronotype: There were significant small negative correlations between participation in
physical activity after 6 p.m. and the mid-point of sleep on weekends (used to indicate chronotype), r
=-0.12, p <.001, and BDI-II score, r = -0.11, p <.001, with more late physical activity related to
earlier chronotype and better mood. There was also a significant small positive correlation between

chronotype and mood, r = 0.19, p <.001, with later chronotype related to worse mood.

2.4.3 Meditation Models

2.4.3.1 Total Sample

The hypothesised mediation models were tested using Model 4 of Hayes” PROCESS
bootstrapping method (Preacher & Hayes, 2008). In the analyses for the total sample, sex, age, and
education were included as covariates. Results are presented in Table 2.2. All direct effects tested
within the mediation models were significant, as were the indirect effects for each proposed
mediation. However, physical activity after 6 p.m. was found to have the opposite effect on SOL and
chronotype than that which was hypothesised - it was associated with shorter weekday SOL and
earlier weekend midpoint of sleep (chronotype). All other associations occurred in the anticipated
direction. More physical activity in free time and more physical activity in the composite score were
associated with longer weekday TST, better mood was associated with shorter weekday SOL, longer
weekday TST, and earlier chronotype, and more physical activity (after 6 p.m., in free time, and
composite score) was associated with better mood. Overall, increased physical activity was associated

with higher mood with the association partially mediated by SOL, TST, and chronotype.
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Table 2.2

Total Sample Results of Bootstrapping Analysis on Direct Effect of Physical Activity on Mood and
Indirect Effect of Physical Activity on Mood Through Sleep Variables

B SEg p Bootstrap 95% CI

Hypothesis 1

Exercise in free time — Weekday TST 0.006 .002 .001 -

Weekday TST — BDI-II score -0.21 02 <.001 -

Exercise in free time — BDI-1I score -0.007 .002 <.001 -

Indirect effect -0.001 .0004 .001 [-0.002, -0.005]

PA composite score — Weekday TST 0.09 .03 .003 -

Weekday TST — BDI-II score -0.21 02 <.001 -

PA composite score — BDI-1I score -0.09 .02 <.001 -

Indirect effect -0.02  .007  .005 [-0.033, -0.007]
Hypothesis 2

PA after 6 p.m. — Weekday SOL -0.78 .35 .03 -

Weekday SOL — BDI-II score 0.01 001 <001 -

PA after 6 p.m. — BDI-II score -0.07 02 <.001 -

Indirect effect -0.009 .004 .04 [-0.018, -0.0006]
Hypothesis 3

PA after 6 p.m. — Weekend sleep midpoint  -0.09 .03 <001 -

Weekend sleep midpoint — BDI-II score 0.17 02 <.001 -

PA after 6 p.m. — BDI-II score -0.06 .02 <.001 -

Indirect effect -0.015 .005  .002 [-0.027, -0.007]

Note. PA = Physical activity; SOL = Sleep onset latency; TST = Total sleep time; BDI-1I = Beck

Depression Inventory.

2.4.3.2 Sex effects

The average mood scores were different between the sexes, the boys mood score was much

lower, indicating less low mood than the girls, which concurs with a number of previous studies (Salk

et al., 2017; Shore et al., 2018). With such differences it is important to identify for ‘who’ these

models apply, thus the data were stratified by sex and the mediation model analysis repeated using

age and education as covariates. No evidence was found for the mediations in the boys’ data (Table

2.3).
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Table 2.3

Boys Sample Results of Bootstrapping Analysis on Direct Effect of Physical Activity on Mood and
Indirect Effect of Physical Activity on Mood Through Sleep Variables

B SEg p Bootstrap 95% CI

Hypothesis 1

Exercise in free time — Weekday TST 0.003 .003 42 -
Weekday TST — BDI-II score -0.15 .04 <001 -
Exercise in free time — BDI-1I score -0.01 .003 <.001 -
Indirect effect -0.0004 .0005 .43 [-0.002, 0.0004]
PA composite score — Weekday TST 0.04 .05 40 -
Weekday TST — BDI-II score -0.16 .04 <001 -
PA composite score — BDI-1I score -0.09 .04 .02 -
Indirect effect -0.006  .008 .40 [-0.023, 0.007]

Hypothesis 2

PA after 6 p.m. — Weekday SOL -0.24 .59 .69 -
Weekday SOL — BDI-II score 0.01 .003 <.001 -
PA after 6 p.m. — BDI-II score -0.05 .03 10 -
Indirect effect -0.003 .006 .67 [-0.015, 0.008]

Hypothesis 3
PA after 6 p.m. — Weekend sleep midpoint ~ -0.08 .05 A2 -

Weekend sleep midpoint — BDI-II score 0.12 .03 <001 -
PA after 6 p.m. — BDI-II score -0.05 .03 A5 -
Indirect effect -0.009 .006 .15 [-0.024, 0.0008]

Note. PA = Physical activity; SOL = Sleep onset latency; TST = Total sleep time; BDI-1I = Beck
Depression Inventory.

Analysis of the mediation models for the girls’ data, using age and education as covariates,
found statistically significant results (Table 2.4; Figure 2.2 for diagrammatic representation of the
path estimates for the four models). Significant direct and indirect effects were found for all elements
of the proposed mediation models in girls. Again, physical activity after 6 p.m. had a negative
association with weekday SOL and weekend midpoint of sleep (chronotype), more physical activity
after 6 p.m. was associated with shorter SOL and earlier chronotype. However, all other relationships

were as hypothesised. More physical activity in free time and a greater physical activity composite
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score were associated with longer TST. Better mood was associated with shorter SOL, longer TST,
later chronotype and more physical activity (after 6 p.m., in free time, and composite score).
Table 2.4

Girls Sample Results of Bootstrapping Analysis on Direct Effect of Physical Activity on Mood and
Indirect Effect of Physical Activity on Mood Through Sleep Variables

B SEg p Bootstrap 95% CI

Hypothesis 1

Exercise in free time — Weekday TST 0.008 .002 <.001 -
Weekday TST — BDI-II score -0.24 03 <.001 -
Exercise in free time — BDI-1I score -0.004 .002 .02 -
Indirect effect -0.002 .0006 .002  [-0.003,-0.0008]
PA composite score — Weekday TST 0.11 .04 .002 -
Weekday TST — BDI-II score -0.24 03 <.001 -
PA composite score — BDI-1I score -0.09 .03 .002 -
Indirect effect -0.027 .01 .007 [-0.048, -0.009]

Hypothesis 2

PA after 6 p.m. — Weekday SOL -1.05 44 .02 -
Weekday SOL — BDI-II score 0.01 .002 <.001 -
PA after 6 p.m.— BDI-II score -0.07 .02 .001 -
Indirect effect -0.013  .006 .04 [-0.026, -0.002]

Hypothesis 3
PA after 6 p.m. — Weekend sleep midpoint  -0.10 .03 .001 -
Weekend sleep midpoint — BDI-II score 0.20 02 <001 -
PA after 6 p.m. — BDI-II score -0.07 .02 .003 -
Indirect effect -0.02 .007 .007 [-0.037, -0.007]

Note. PA = Physical Activity; SOL = Sleep Onset Latency; TST = Total Sleep Time; BDI-Il = Beck

Depression Inventory.
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Figure 2.2

Combined Diagram of the Four Models Tested Showing the Mediating Relationships Between
Physical Activity Variables, Sleep Variables, and Mood for Girls
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2.4.4 Moderated Mediation

Further analyses were conducted to test our proposal of whether repetitive negative thinking
(RNT) moderated the relationship between weekday SOL and mood within the mediation model for
physical activity after 6 p.m., weekday SOL, and mood. The moderated mediation was tested for by
Hayes PROCESS Model 14 (Preacher & Hayes, 2008). As the mediated relationship was not

significant for boys, girls” data were used to test for moderated mediation.

Education level and age were controlled for in the moderated mediation analyses. As
expected, there was a moderated mediation (illustrated in Figure 2.3), with RNT significantly
moderating the relationship between weekday SOL and mood. As expected, there was a significant
effect of physical activity after 6 p.m. on mood. Further analysis determined the conditional indirect
effect of physical activity after 6 p.m. on mood through weekday SOL at three levels of RNT (mean
value, and one standard deviation above and below the mean). It showed that the effect sizes at higher
levels of RNT were smaller than those at lower levels, indicating that at higher levels of repetitive
negative thinking weekday SOL had a weaker relationship with mood than at lower levels of

repetitive negative thinking.
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Figure 2.3

Moderated-Mediation Model for the Association Between Physical Activity and Mood via an
Interaction Between Sleep Onset Latency and Repetitive Negative Thinking
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2.5 Discussion

Using a large sample of adolescents, the present study tested whether the relationship between
physical activity and mood was mediated via various aspects of sleep. Whilst the majority of
predictions were supported for adolescent girls, physical activity in the evening (i.e., after 6 p.m.) was
not linked with worse sleep, but instead was related to shorter SOL and earlier chronotype. We

discuss the implications of each of the proposed mechanisms below.

2.5.1 Does Total Sleep Time Mediate the Impact of Physical Activity on Mood?

Evidence was found for the hypothesised mediation within the total sample and for girls.
Total sleep time was found to partially mediate the relationship between daytime physical activity and
mood, with more physical activity in free time, and a higher physical activity composite score, both
being associated with longer total sleep time and higher mood. The associations found matched those
demonstrated in previous adolescent research. More physical activity was associated with longer total
sleep time as seen in Kim et al. (2016) and Patte et al. (2018), longer sleep duration was associated
with better mood (e.g., Shochat et al., 2014), and more physical activity was also associated with
better mood (e.g., Carter et al., 2016). The results of our study build upon these individually
established relationships, to bring them together and indicate a more precise pattern of relationships
where the potential impact of physical activity on mood may occur partially via sleep. Although the
design of our study cannot ascertain causality, our results suggest improved sleep duration may be a

mechanism linking physical activity and mood.
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2.5.2 Does Sleep Onset Latency Mediate the Impact of Physical Activity on Mood?

The second prediction, that sleep onset latency would mediate the relationship between
evening physical activity and mood, was found to be true for both the total sample and the sub-sample
of girls. However, more evening physical activity was related to shorter sleep onset latency thereby
benefiting sleep, not hindering it, as hypothesised. Nevertheless, longer sleep onset latency was
associated with lower mood (Danielsson et al., 2013; Lovato & Gradisar, 2014), and more
participation in physical activity was associated with better mood (Maraki et al., 2005), thus

supporting our other predictions.

Although we expected that more evening physical activity would be detrimental to sleep
latency, the association between higher levels of ‘general’ physical activity and shorter sleep onset
latency is in accordance with much of the research available on this topic (e.g., Kalak et al., 2012 ;
Brand et al., 2010b). It is important to note that we anticipated that the physical activity would be
linked with shorter SOL due to its timing. Sleep hygiene recommendations and focused research in
adult and adolescent samples have indicated that when physical activity is undertaken in the evening,
too close to the sleep attempt, this may increase physiologic arousal and the time taken to fall asleep
(e.g., Bonnet & Arand, 2005; Tworoger et al., 2003). For example, Tworoger et al. (2003) found that
adult women who participated in more moderate intensity exercise from 6:15 p.m.-7:15 p.m. had
more difficulty falling asleep than those who participated in less moderate intensity exercise at this
time. Similarly, research by Bonnet and Arand (2005) has indicated that 5 min of low-intensity
exercise (walking) can result in an increased sleep onset latency for at least 95 min after the cessation
of activity. The discrepancy in our findings may be attributed to our self-report measure, in that the
‘physical activity after 6 p.m.” from the Adolescent Sleep Hygiene Scale did not specify the intensity
of the activity. Also worth noting is that as the average weekday bedtime of the girls” was 10:23 p.m.,
it is possible that physical activity ~4 hours before bedtime is not near enough to see a negative
impact. Notably, much of the research into the impact of evening physical activity on sleep onset
latency has been conducted in adult samples (Bonnet & Arand, 2005; Tworoger et al., 2003). Thus, it
is possible that the positive association between evening physical activity and sleep onset latency seen
in the present sample of adolescents may be due to differences in intensity and timing, or between

adults and adolescents.

2.5.3 Does Chronotype Mediate the Impact of Physical Activity on Mood?

Evidence was found in the total sample and sub-sample of girls to support the prediction that
chronotype would mediate the relationship between evening physical activity and mood. Interestingly,
more evening physical activity was again linked with better sleep, with more participation in evening

physical activity associated with earlier chronotype. The other relationships were consistent with
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research in this area, earlier chronotype and more evening physical activity were associated with
better mood (Au & Reece, 2017; Glozier et al., 2014; Maraki et al., 2005; Muller & Haag, 2018),
providing added support for these relationships.

Prior research into the relationship between chronotype and physical activity has shown an
association between earlier chronotype and more participation in physical activity in adolescents
(Kauderer & Randler, 2013; Urban et al., 2011), however this research is typically performed without
division relating to the time of day. Our research supports the basic relationship between chronotype
and physical activity. Adolescents who reported that they more often participated in physical activity
in the evening had an earlier chronotype than those who reported participating in evening physical
activity less often. Yet, research into the impact of specially timed physical activity has indicated that
evening physical activity can delay circadian timing (Miyazaki et al., 2001; Richardson et al., 2017),
and it was expected that this would be replicated in our findings. Again, it is possible that the use of
an item pertaining to physical activity participation after 6 p.m. was a less precise measure of
‘evening’ physical activity in our adolescent sample with an average bedtime nearing 10:30 p.m.
Indeed, as we cannot specify when during this time period adolescents were physically active, it is

possible that the physical activity occurred too early in the evening to delay adolescents’ chronotype.

2.5.4 The Impact of Repetitive Negative Thinking

For girls, repetitive negative thinking (RNT) was found to moderate the relationship between
sleep onset latency and mood. As RNT increased, the relationship between sleep onset latency and
mood decreased. That is, girls with lower levels of RNT had a stronger relationship between sleep
onset latency and mood than girls with higher levels. Interestingly this is yet again the opposite of
what we would have expected. Longer sleep onset latency has been associated with more negative
thoughts during this time before sleep (Harvey, 2000; Hiller et al., 2014), and higher levels of RNT
are related to lower mood (Danielsson et al., 2013; Krause et al., 2017). RNT occurs throughout the
day, ranging from the early morning to late evening (Moberly & Watkins, 2008). One possibility for
the connection found between longer SOL and less RNT is that girls with long SOLs do usually
ruminate throughout the day but distract themselves from ruminating by using technology. Thus, most
of the time during their perceived sleep onset process, they are using technology (e.g., watching TV)
and only experience smaller moments of RNT. We acknowledge this is a speculative explanation for
the negative relationship between SOL and RNT, so further research is needed to observe whether this

negative relationship persists.
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2.6 Limitations and Implications

Although it would be ideal to have included objective measures alongside the self-report
measures in the present study, this was not logistically feasible. Furthermore, measures like wrist
actigraphy are more valid for sleep onset and offset (and thus, sleep mid-point/chronotype), but less
valid for total sleep time and sleep latency (Short et al., 2012). Nevertheless, the models proposed and
tested in the present study could be confirmed via alternative research designs with smaller sample
sizes and both subjective and objective measures of sleep (and physical activity). For example, it is
possible that a physical activity ‘intervention’ could be a feasible option in this young population to
target poor sleep and low mood. Alternatively, longitudinal designs and the use of ecological
momentary assessment could test these models, and simultaneously confirm the direction of effect
between the inter-connected factors. It is difficult to determine if the sex differences found in this
study are due to a restriction in the statistical range of the boys’ mood scores or an actual difference in
the relationships tested in this study between boys and girls. Certainly there is some evidence of a
closer relationship between sleep and mood difficulties in adolescent girls than boys (Conklin et al.,
2018; van Zundert et al., 2015). If these sex differences are not due to statistical or methodological
factors, investigation of this difference in future research could help ascertain to what degree it plays a
role in the relationships between physical activity, sleep, and mood between male and female samples.
The association between evening physical activity and shorter sleep onset latency and earlier
chronotype suggests that participation in physical activity earlier in the evening (i.e., closer to 6 p.m.
and further away from bedtime) may be beneficial for adolescents. It also further indicates the value

of using physical activity interventions for adolescents with sleep difficulties and low mood.

2.7 Conclusions

The individual relationships between participation in physical activity, sleep, and mood and
the bi-directional nature of these relationships have been well established. Yet the more complex
interplay of how sleep mediates the relationship between physical activity and mood has not, to the
authors’ knowledge, been previously demonstrated. A number of the proposed relationships were not
significant for adolescent boys, revealing some unexpected sex differences, however for the
adolescent girls’ sleep was found to partially mediate the relationship between physical activity and
mood. Participation in more physical activity was associated with longer sleep onset latency, longer
total sleep time, and earlier chronotype, which were in turn associated with better mood. Interestingly,
physical activity was associated with better sleep regardless of the time of day the girls were
physically active. Longitudinal research is needed to confirm the posited direction of the mediations.
However, our results indicate that physical activity interventions show promise for improving

adolescent sleep and mood.
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CHAPTER 3 -
MOVE, SLEEP, MOOD, REPEAT: A TEMPORAL
ASSESSMENT OF PHYSICAL ACTIVITY, SLEEP, AND
MOOD CONNECTIONS IN ADOLESCENT GIRLS
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3.1 Abstract

Sleep and mood problems can have a strong detrimental effect on adolescents (Clayborne et
al., 2019; Galvan, 2020; Gradisar et al., 2022). Complex interrelationships have been identified
between physical activity, sleep, and mood, and a greater understanding of these connections can help
inform new treatment options for sleep and mood difficulties using physical activity. The aim of this
study was to determine if sleep (total sleep time and chronotype) mediated the relationship between
physical activity and mood from day-to-day. Nineteen female adolescents (aged 17-20 years)
participated in a weeklong study. Physical activity and sleep were measured using accelerometry
(GENEActiv wrist accelerometer), and mood was measured by ecological momentary assessment five
times each day. Results from mixed-model analysis showed mediation on a daily scale. On
Wednesday, Friday, and Sunday, less total sleep time (TST) mediated the relationship between more
moderate-to-vigorous physical activity (MVPA) during the day and mood, although the direction of
the mood change differed depending on the day. That is, more MVPA — less TST — better/worse
mood. Chronotype also mediated the relationship between evening MVPA and mood: more evening
MVPA — earlier sleep midpoint — more positive affect. This relationship between more evening
physical activity and earlier chronotype builds upon the gathering evidence, since the initial
publication of sleep hygiene guidelines, that evening physical activity is beneficial to sleep. The
association between more physical activity and shorter total sleep time was not anticipated and
suggests a possible misattribution of sleep and wake by the actigraphy measure (Mead et al., 2019;
Vitale et al., 2017; Youngstedt, 2005), however further investigation is required into the process
involved with this. The results of this study illustrate the complexity of the interrelationships between
physical activity, sleep and mood in adolescents. The relationships found in this sample were not
always in the expected directions and patterns. Greater understanding of these relationships is

required in order to develop interventions for poor sleep and low mood in this population.
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3.2 Introduction

To date, extensive research has established connections between physical activity, sleep, and
mood. Physical activity is related to both sleep and mood (Lopresti et al., 2013; Stutz et al., 2019),
and sleep and mood are related to each other (Asarnow et al., 2013). Amongst this rich knowledge
base there is evidence to show the possibility that sleep could act as a mediating mechanism between
physical activity and mood; where physical activity influences sleep, which in turn influences mood.
Although most of the research in this area has been conducted in adults, some has considered the
relationships in adolescent populations (Gianfredi et al., 2020; Kredlow et al., 2015; Richardson et al.,
2017). Adolescence is a unique time of life socially, and physiologically (Towbin et al., 2015).
Adolescents are also uniquely prone to experiencing a later chronotype (sleep timing) than other
developmental periods (Roenneberg et al., 2004), and as such, it is important to study adolescent

populations at this unigque time of life.

Although the links between the three aspects of physical activity, sleep, and mood have been
minimally researched in adolescent populations, much more research has been conducted into the
connection between physical activity and sleep in this age group. Participation in physical activity has
been shown to impact multiple aspects of sleep, including sleep duration and timing, and this has been
demonstrated in large scale studies of adolescents (Patte et al., 2018) and systematic and theoretical
reviews across the lifespan (Dolezal et al., 2017; Montaruli et al., 2017). In adolescents, more physical
activity during the day (both intensity and duration) has been shown to be connected to longer sleep
duration (Harris et al., 2017; Master et al., 2019), and less depression symptoms (meta-analysis by
Rodrigues-Ayllon et al. 2019). In turn, a more recent meta-analysis has shown that longer sleep
duration in adolescents also relates to better mood (more positive affect and less negative affect)
(Short et al., 2020). Indeed, a review of day-to-day associations between subjective sleep quality and
mood showed that in a majority of studies better sleep is associated with more positive affect and less
negative affect (Konjarski et al., 2018). These connections between physical activity, sleep duration,
and mood provide the building blocks for a potential mediation of the relationship between physical
activity and mood by sleep duration (i.e., total sleep time [TST]), where more physical activity results

in longer total sleep time, which in turn results in better mood.

In addition, the necessary links exist between physical activity, circadian timing, and mood to
suggest a potential mediation by sleep timing in the relationship between evening physical activity
and mood. For instance, there is evidence that late chronotypes and late circadian rhythms are
associated with less positive affect, more negative affect and more depression symptoms. This is seen
in both adult (Au & Reece, 2017), and adolescent research (Gariépy et al., 2019; Haraden et al.,

2017). Theoretical reviews propose that late-timed evening physical activity in adolescents could
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result in later chronotype (Montaruli et al., 2017; Richardson et al., 2017). Thus, it is possible that
conducting more physical activity in the evening may result in later sleep timing, which in turn results
in worse mood. As such it is important for research to analyse the potential impact of the timing of
physical activity on sleep and mood outcomes.

In Chapter 2 a cross-sectional design was used in a sample of 1,367 Finnish adolescents to
test the basic framework required for sleep to mediate the impact of physical activity on depression
symptoms through sleep duration, sleep timing, and sleep onset latency. The results showed
correlations between physical activity, sleep, and mood that supported the mediation framework.
More physical activity was associated with longer TST and both were associated with less depression
symptoms. Evening physical activity was also associated with sleep onset latency (SOL) and
chronotype - and all three were again associated with depression symptoms, although not in the
expected direction. It was found that more evening physical activity was associated with a shorter
SOL, earlier chronotype and less depression symptoms. Thus, instead of evening physical activity
being detrimental to sleep and mood, it was found to be beneficial. Interestingly there were sex
differences, in that these correlations were significant for female adolescents but not males. However,
there is little research investigating how the interrelationships between physical activity, sleep, and
mood work on a day-to-day level in a way to identify temporal associations, and even less research in
this area has been conducted in adolescent populations, whose sleep duration is limited by a set school

start time.

Of the research which has been conducted, four adolescent studies have considered notable
aspects of the day-to-day relationships between physical activity, sleep, and mood, including how
sleep may mediate the relationship between physical activity and mood. Each of these studies has its

benefits and the following review shows how the present study will advance upon them.

The relationship between a single pulse of physical activity and subsequent sleep in
adolescents has been considered in a cross-over experimental study by Saidi and colleagues (2020). In
a cohort of 16 female adolescents (aged 12-18) with evening chronotypes, it was found that after a 40-
minute morning cycling session the adolescents slept that night for one hour longer than when they
participated in the control condition with no physical activity. Saidi et al.’s study is hoteworthy due to
the use of objective measures of sleep (actigraphy) and physical activity (via experimental protocol)
which strengthens the finding of the ‘physical activity — sleep’ relationship. Building upon the finding
that a single pulse of physical activity has a beneficial effect on sleep duration that night, the current
study will consider how the physical activity partaken in one day can impact sleep that night - and

thus mood the next day.
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The daily associations between physical activity and sleep in adolescents have been
considered by Master et al. (2019). Master and colleagues looked separately at each day of a
weeklong protocol to tease out daily relationships between physical activity and sleep in a sample of
417 adolescents (aged 15 years). They found that if an adolescent participated in more moderate-
vigorous physical activity (MVPA) on a certain day (compared to their daily average MVPA as
calculated over the week), that for each extra hour of MVPA that day, the adolescent had 18 minutes
earlier sleep onset time and 10 minutes longer TST. Correspondingly, on a day when an adolescent
had more sedentary behaviour than their daily average over the week, for each extra hour of sedentary
behaviour they had 11 mins shorter TST, and delayed sleep onset time and wake up time (18 mins and
11 mins, respectively). Furthermore, in a subgroup of 293 adolescents, analysis of the timing of the
densest MVPA cluster® on each day identified that when a participant’s densest MVPA cluster
occurred earlier than it would on average, then their sleep onset time was significantly earlier. All of
these results indicate that on a daily scale, more physical activity is related to a longer sleep duration
and earlier sleep timing that night, and that earlier physical activity during the day is related to earlier
sleep timing that night as well. The current study is also interested in the daily relationships between
physical activity and sleep, however as mood is closely connected with both of these constructs the
study will consider not just the daily relationships between physical activity and sleep, but the

possibility of daily mediation of the “physical activity — mood’ connection through sleep.

Previous research into the links between physical activity, sleep, and mood in adolescents has
been conducted by Langvik and colleagues (2019), in a cross-sectional study of 1,485 adolescents
(aged 16-21 years). They found that insomnia symptoms, including experiencing a long sleep onset
latency, and long periods of wake time during the night, had a strong positive association with
depression symptoms in both girls and boys, yet the association was much stronger in girls.
Mediational models were run to consider how physical activity, sleep, and mood might be
interconnected. To a small degree, physical activity was found to mediate the relationship between
insomnia and depression (accounting for 4% of variance), however, stronger evidence was found for
the mediating role of insomnia between physical activity and depression. Insomnia symptoms were

found to account for 62% of variance in the effect of physical activity on depression.

These findings support the theory that sleep is a mediating mechanism in the relationship

between physical activity and mood. However, it should be noted that the physical activity measure in

3 Densest MVPA (moderate to vigorous physical activity) cluster was calculated over the 2-hour period
in which each adolescent was most active that day. The 2-hour period was measured from the midpoint of the
largest number of minutes of MVVPA (one hour before and one hour after). The sum of all MVVPA in this cluster
was calculated and only adolescents with a total of 10 or more minutes of MVPA in their densest MVVPA cluster
were included in the analysis.
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Langyvik et al.’s study was subjective and only consisted of two questions pertaining to the frequency
of participation in physical activity during and outside of school. Similarly, sleep was measured by the
subjective Bergen Insomnia Scale, and thus was considered as the broad construct “insomnia
symptoms”. The separate components of the insomnia measure were not considered individually, and
thus it was not possible to consider the mechanisms involved, such as sleep onset latency. The present
study will use objective measures to assess the mediational role of sleep in the relationship between

physical activity and mood.

Finally, another cross-sectional study, conducted by Harris and colleagues (2017), looked at
the relationships between physical activity, sleep, and mood in a sample of 74 adolescents (aged 15-
18). The adolescents were recruited in three groups, each of which had a different level of physical
activity. The pattern of results found between physical activity, and sleep (TST and chronotype) was
strikingly similar to a dose-response relationship. More physical activity was associated with earlier
chronotype (assessed by MEQ, and corroborated by bedtime, sleep onset time, and wake up time),
longer TST, and more positive affect. These results follow the basic premise of the proposed
mediations — more physical activity participation was beneficial to sleep and mood. However, a
number of elements were not considered in this study. Harris et al. did not look at the relationship
between sleep and mood themselves, nor the impact of physical activity timing. Common sleep
hygiene recommendations would suggest that evening physical activity in particular would be
detrimental to sleep (Diagnostic Classification Steering Committee, 1990; Krishnan & Patel, 2022;
Shriane et al., 2020). The current study will consider the amount of physical activity, and its timing.
Furthermore, the nature of the current study’s research design will allow us the assessment of

temporal links where the cross-sectional designs of Chapter 2 and Harris et al.’s study could not.

The use of ecological momentary assessment in the present study to measure mood multiple
times throughout the day will allow the exploration of whether sleep affects mood differently at
different times of day. It will also present a more detailed pattern of mood throughout the day which
may help indicate which pathways are involved. Looking at how physical activity, sleep, and mood
are connected in a mediational way from day-to-day will help to uncover a direction of effect where
many previous studies could not. This study will assess how physical activity during the day affects
sleep that night and how both of these affect mood the next day. Two basic mediational models are

hypothesised for TST and chronotype.

3.2.1 Total Sleep Time

On a day an adolescent does more MVPA (as compared to days when the adolescent does less

MVPA), they will have a longer TST, which in turn will lead to better mood the next day.
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Thus, the relationship between physical activity and mood will be mediated by total sleep

time.

3.2.2 Chronotype

Adolescents who participate in more MVPA in the evening (in the 3 hours prior to sleep, or
after 6 p.m.) will have later sleep timing (midsleep point) that night and lower mood the next day
compared to adolescents who participate in less evening MVPA.

Thus, the relationship between evening physical activity and mood will be mediated by

chronotype.

3.3 Method

3.3.1 Participants

This study used the data from 19 female adolescents (self-reported sex) aged 17-20 years.
This data was taken from a larger study of 38 female adolescents and young women (self-reported
sex) aged 17-25 years. The larger study focused on the connections between physical activity and
body satisfaction/dissatisfaction which contributed to the choice to recruit only females. An age limit
of 20 years for the current study was chosen as per Roenneberg et al. (2004), which showed that at
this age, females exhibit the maximum lateness of chronotype suggesting this is the first biological

marker of the end of adolescence.

The present study was conducted at Flinders University during June to August of 2017.
Participants were recruited from undergraduate student volunteers, student employment services, and
online via website advertising and social media networks. Valid responses were received from all 38
recruited participants. Participants received a reimbursement of AUD$50 for their time. Ethical
permission was obtained from Flinders University Social & Behavioural Research Ethics Committee
(Decision Number: 7124).

3.3.2 Design

The study was a mixed-model ecological momentary assessment with an observational

design. See

Figure 3.1 for a representation of the study procedure. On Day 1 participants completed a
baseline questionnaire which included questions targeting demographic information, routine physical
activity behaviour, and mood. After completing the baseline questionnaire, participants provided wrist
accelerometry data over 6 days and nights to measure physical activity and sleep, this was
accompanied by a 6-night sleep diary. During this time participants also undertook a 5-day ecological

momentary assessment (EMA) through their smart phone to gather mood data. For 5 days participants
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received a text message with a link to the online questionnaire five times each day at random intervals
between 9 a.m. and 10 p.m. The text messages were a minimum of 1 hour apart and collected
information on physical activity behaviour and mood.

Figure 3.1

Study Procedure

1 ) | 2 ) | 3 ) | a | 5 ) | 6 J | 7|
Baseline ;”a‘."h Mood Mood Mood Mood Mood
T —— m?,‘-’,;’?,,g Sleep Sleep Sleep Sleep Sleep
11:57pm PA PA PA PA PA PA
9 Day EMA E Daily links between
PA — Sleep —Mood

Note. PA = Physical activity. EMA = Ecological momentary assessment.

3.3.3 Measures

3.3.3.1 Mood

At baseline, mood state was measured via the 60-item Positive and Negative Affect Schedule
— Expanded Form (PANAS-X) (Watson & Clark, 1999) and the DASS-21 (Lovibond & Lovibond,
1995). Participants also completed the Reasons for Exercise Inventory (Silberstein et al., 1988). The
three items of relevance to this study in the Reasons for Exercise Inventory were “to what extent is ...
the following an important reason that you have for exercising?”; “to improve mood”, “to cope with

sadness, depression”, and “to cope with stress, anxiety”.

During the EMA, mood was measured via the 10-item Negative Affect subscale and 10-item
Positive Affect subscale of the PANAS-X (Watson & Clark, 1999). As previously mentioned, the
EMA was conducted over 5 days with questions answered five times throughout each day, resulting in
25 data points throughout the EMA. The five mood data points for each day were categorised as
morning, afternoon, or evening mood. Morning was defined as a data point which was completed
between 6 a.m. and midday (12 p.m.), afternoon was defined as 12 p.m. to 6 p.m., and evening 6 p.m.
to 1 a.m. For a more detailed discussion of the decision for the cut-off times between morning,

afternoon and evening please see Appendix B.

3.3.3.2 Physical Activity
Physical activity was measured subjectively by questionnaires, and objectively through

accelerometry. For subjective physical activity, adolescents completed a questionnaire at baseline that
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recorded information such as what physical activities they currently participate in, for how long on
each occasion, and how often. At each EMA time-point participants also completed a questionnaire
that recorded information such as what physical activity they had participated in since the last time-

point and for how many minutes.

Objective physical activity was measured by a triaxial GENEActiv wrist accelerometer
(Activinsights Ltd, Cambridgeshire, UK) worn continuously on the non-dominant wrist for 6 days and
nights. Previous research has validated the use of GENEActiv for sleep and activity monitoring in
children and adults (Eslinger et al., 2011; Hildebrand et al., 2014; te Lindert & van Someren, 2013).
The accelerometer was set to record at a frequency of 75 Hertz, and the data were calculated in R
(version 4.0.5) using the accelerometry package GGIR (version 2.3-0) (Migueles et al., 2019; Sabia et
al., 2014; van Hees et al., 2013; van Hees et al., 2014). Based upon prior research and standardised
recommendations, a valid day was defined as > 10 hours waking wear time, and < 6 hours of non-
wear (hon-wear was classified as 60 minutes of consecutive activity counts < 25) (Matthews et al.,
2012). The majority of participants wore the accelerometer for the entire 6 day/night period, and on

no occasion did any participants wear the accelerometer for less than 22 hours in each day.

The intensity of activity was graded as sedentary, light, moderate, or vigorous using cut-
points for adolescents established by prior research (i.e., Hildebrand et al., 2017; Hildebrand et al.,
2014). The data were measured in milli (10-%) gravity-based acceleration units (mg) which were
averaged over 5 second epochs. The cut-points graded the activity as; sedentary (0 to < 46 mg), light
(46 to < 93 mg), moderate (93 to < 418 mg) or vigorous (> 418 mg) (Hildebrand et al., 2017;
Hildebrand et al., 2014). These cut-points have been developed for the GENEActiv accelerometer and
defined to match the standardised Metabolic Equivalent of Task (MET) grades for energy
expenditure; sedentary ( < 1.5 METS), light (1.5-2.9 METS), moderate (3-5.9 METS) or vigorous > 6
METS) (Matthews et al., 2012). Time spent in moderate and vigorous physical activity was calculated
in 1 minute bouts* (Tarp et al., 2018), where 80% of the bout needed to meet criteria for moderate or
vigorous graded physical activity. The full GGIR code used in the accelerometry analysis of this study
can be found in Appendix A.

4 Current health guidelines recommend participation in physical activity regardless of bout length
(Physical Activity Guidelines Advisory Committee, 2018; Piercy et al., 2018), as current research shows that
physical activity bouts of any length are beneficial to health and reduce all-cause mortality (Jakicic et al., 2019;
Millard et al., 2021). Similarly beneficial in research, measuring physical activity using small epochs and small
bout lengths provides greater accuracy and a more representative picture of activity in everyday-life than using
10-minute bout lengths (Ayabe et al., 2013; Jakicic et al., 2019; Nettlefold et al., 2016). This is also the case for
measuring physical activity in adolescents (Sanders et al., 2014). Due to the greater accuracy of a data set with
smaller bout lengths, 1-minute bouts were calculated.

73



For analysis of the study hypotheses, three variables were created from the objective physical
activity data; daily physical activity and two definitions of evening physical activity. Daily physical
activity was the overall physical activity undertaken each day. It was comprised of minutes spent in
moderate and vigorous physical activity (MVPA) during the period from wake-up to wake-up. Two
variables were created for evening physical activity; one included MVPA minutes which occurred in
the 3 hours prior to each adolescent’s sleep onset, the other included MVPA minutes which occurred
between 6 p.m. and sleep onset. Please see Appendix B for a discussion of the decision fora 6 p.m.

cut-off time.

3.3.3.3 Sleep

Sleep was also measured subjectively and objectively, by sleep diary and accelerometry
respectively. Adolescents completed a 6-night sleep diary during which they recorded their ‘go to
sleep’ time and ‘wake up from sleep’ time. They also recorded the sleep onset and offset times of any

daytime naps.

Obijective total sleep time was calculated from the GENEActiv accelerometer using the R
version 4.0.5 and R package GGIR version 2.3-0 (Migueles et al., 2019). Data were calculated for
each ‘day’ in the period between wake-up to wake-up (e.g., the time after waking-up on Monday until
time waking-up on Tuesday). Sleep was calculated by GGIR’s sleep detection algorithm which
looked for a sustained period of inactivity which was defined as no change in arm angle > 5 degrees
for > 5 minutes (van Hees et al., 2015). The algorithm also determined the sleep window during
which the sleep occurred, from the first sleep onset of the night to the last sleep offset in the morning.
Total sleep time was the total amount of sleep which occurred during this sleep window. Naps were
identified as “sustained inactivity bouts” outside of the sleep window and thus were not included in
the nocturnal sleep data. More information on how this algorithm was developed is described in van
Hees (2018).

Chronotype was calculated from the GGIR output of the accelerometry data using sleep
midpoint on ‘freedays’ as per Roenneberg et al. (2003). A ‘freeday’ refers to a day where there is no
school or work the next morning (i.e., Friday and Saturday night). This ensures the sleep period is not
influenced by other commitments and more accurately reflects the natural timing of sleep. Sleep
midpoint is calculated by finding the clock time in the middle of the sleep period (between sleep onset
and offset). The sleep midpoints of the two freedays of Friday and Saturday night were then averaged

together for each adolescent.
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3.3.4 Statistics

Descriptive participant and sleep characteristics all passed Shapiro-Wilk’s test of normality
and so differences between weekdays and freedays were analysed using paired samples t-tests.

Mediation: Although PROCESS is widely used in mediation analysis, it was not used in this
instance due to the within subjects nature of some study measures. Although the within subjects
variables could have been averaged over all days this would have lost the richness and detail of the
dataset. As such, mixed-model analysis was used in a three-step procedure to test for mediation. In the
first two steps, mixed-model analyses were used to test for the direct effects of: 1) physical activity on
sleep, and 2) sleep on mood. In the third step, Sobel’s test was used to test for indirect effects and

proof of mediation.

For the analysis of the physical activity — sleep — mood mediation models, there were two
measures of physical activity (MVPA and evening MVPA) which were associated with two measures
of sleep (TST and sleep midpoint), respectively. Moreover, there were two measures of mood
(positive affect and negative affect). Initially analyses were carried out with the daily measures from
the weeklong data set aggregated across the week, however subsequent analyses were carried out to

see if the relationships varied by day of the week.

3.4 Results

Participants characteristics can be seen in Table 3.1. Participants average age was 19 years
and the majority had a BMI in the normal range. The average MVPA level was 22 minutes a day.
Participants reported on a scale from 1-7 (1 = not at all important, 7 = extremely important) that

exercising to improve mood was on average more than moderately important (M = 5.5, SD = 1.3).

Sleep characteristics of the sample can be seen in Table 3.2. Using paired samples t-tests
objective and subjective measures showed a significant difference in sleep timing between weekdays
and freedays. With sleep onset, wake time, and midpoint all being approximately 1 hour later on free
days than weekdays, both objectively and subjectively. Objective measures showed a freeday sleep
onset of 1:38 a.m., wake up of 9:28 a.m., and midpoint of 5:33 a.m. Adolescents had an average

objective total sleep time of 6.86 hours on freedays.
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Table 3.1

Participant Characteristics

Variable Sample | N and Range Mean anq .
% of sample Standard Deviation
Age 19 17-20 years M =19.0,SD=1.0
BMI 17 16.7-30.8 M =232,SD=33
Underweight 1 (5.3%)
Normal 12 (63.2%)
Overweight 3 (15.8%)
Obese 1 (5.3%)
(Unknown) 2 (10.5%)
Ethnicity
Caucasian 10 (52.6%)
Asian 6 (31.6%)
Indian 2 (10.5%)
Pacific Islander 1 (5.3%)
Highest qualification
High school 15 (78.9%)
Undergrad degree 4 (21.1%)
Objective daily MVPA (10 min
bout) averaged over week (in 19 00-827 M=218,SD=248
minutes)
How important is this reason for
exercising? ®
To improve mood 18 3-7 M=55,SD=1.3
To cope with sadness, depression 18 1-7 M=38,SD=1.8
To cope with stress, anxiety 18 1-7 M=47,SD=1.9
DASS21 scores
Depression 19 0-14 M=6.1,SD =45
Anxiety 19 0-17 M=5.2,SD =55
Stress 19 0-18 M=72,SD=54

Note. DASS21 = Depression Anxiety and Stress Scale (Lovibond & Lovibond, 1995). Higher scores
indicate greater levels of depression, anxiety, and stress.

2Reasons for Exercise Inventory (Silberstein et al., 1988). Rating scale: 1 = not at all important, 4 =
moderately important, 7 = extremely important.
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Table 3.2

Sleep Descriptives and Paired Sample t-tests

Sleep Variable Weekdays Freedays
M SD M SD t p Cohen’s d

Obijective

Midpoint 4.56 (4:34 a.m.) 099 555(5:33am.) 144 4736 <.001 1.09

TST 6.93 hours 0.71 6.86 hours 111 -273 .788 -.063

Bedtime/SOT 2458 (12:35a.m.) 1.15 25.63(1:38a.m.) 161 -4405 <.001 -1.01

Wake time 8.54 (8:32.a.m.) 098 9.46(9:28a.m.) 149 -3.506 .003 -0.80
Subjective

Midpoint 432(4:19am) 101 543(5:26am.) 137 -5260 <001  -1.21

TST 8.03 hours 0.83 7.97 hours 099 .293 773 0.07

Bedtime/SOT 0.30(12:18a.m.) 119 145(1:27am.) 140 -5350 <.001 -1.23

Wake time 8.33 (8:20 a.m.) 099 942(9:25am.) 153 -4253 <.001 -0.98

Note. N = 19. TST = Total sleep time; SOT = sleep onset time.

Bold = Significant (p <.001)
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3.4.1 Total Sleep Time and Physical Activity During the Day
3.4.1.1 Aggregated Data

The hypothesis that total sleep time (TST) mediates the relationship between moderate or
vigorous physical activity (MVPA) during the day, and mood, was first tested with aggregated data

for two basic mediation models

e More MVPA — longer TST — more positive affect, and
e More MVPA — longer TST — less negative affect.

The mixed-model analysis found one significant direct effect for MVVPA and positive affect,
all other direct effects were non-significant (see Table 3.3). As there was only one significant direct
effect, it is unsurprising that Sobel’s test did not find evidence of mediation between physical activity,
sleep, and positive affect, Z = 0.78, p = 0.43. Nevertheless, the relationship between physical activity
and positive affect was such that, for each 33 minutes of MVVPA during the day, the adolescents had a

1-point increase in their positive affect score.

Table 3.3

Model Coefficients (Direct Effects) for the Mixed-Model Analysis of the Effect of Physical Activity
During the Day on Affect through Total Sleep Time - Aggregated Data

b SEp F df 95% CI

Positive affect

MVPA — TST -0.002 0.002 1.42 451  [-0.005, 0.001]

TST — Positive affect -0.299 0.236 1.60 450 [-0.76, 0.17]

MVPA — Positive affect 0.029 0.008 14.20 450 [0.01, 0.04]
Negative affect

MVPA — TST -0.002 0.002 1.42 451  [-0.005, 0.001]

TST — Negative affect -0.036 0.139 0.068 450 [-0.31, 0.24]

MVPA — Negative affect 0.005 0.005 1.372 450  [-0.004, 0.014]

Note. b’s are unstandardised regression coefficients. TST = Total sleep time; measured in hours.
MVPA = Moderate or vigorous physical activity during the day; measured in minutes. Positive and
negative affect measured by the Positive and Negative Affect Scale; each subscale score range is 10-
50.

Bold = Significant (p < .001).
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3.4.1.2 Individual Days

A mixed-model analysis was used to test if there was a difference in the “effect” of MVPA on
TST depending upon the day of the week (see Table 3.4). A significant interaction was found between
MVPA and day of the week, F(6, 439) =5.41, p <.001. MVPA had a significant relationship with
TST on Wednesday, Friday, and Sunday, such that on each of the three days more MVPA was

associated with less TST.

Additional mixed-model analyses were used to see if the “effect” of TST on positive affect
and negative affect varied by day (see Table 3.4). These showed significant interactions between TST
and day of the week for positive affect, F(6, 432) = 5.88, p <.001, and negative affect, F(6, 432) =
9.16, p < .001. Significant relationships were found between TST and negative affect on Tuesday,
Wednesday, Friday, and Sunday, and between TST and positive affect on Sunday.

There was sufficient evidence to test the data from Wednesday and Friday for mediation of
the relationship between MVPA and negative affect by TST. On Sunday there was sufficient evidence
to test for TST’s role as a mediator between both, MVPA and positive affect, and MVPA and negative
affect.

Wednesday: Sobel’s test found that TST mediated the relationship between MVPA and
negative affect, Z = 2.51, p = 0.01. One more minute of moderate or vigorous physical activity during
the day on Wednesday was associated with 1 minute less TST, and a lost hour of TST was associated

with a 1.7-point increase in negative affect score the following day.

Friday: Sobel’s test found that TST mediated the relationship between MVPA and negative
affect, Z =-2.77, p > 0.01. One more minute of moderate or vigorous physical activity during Friday
was associated with 1 minute less TST, and 1 less hour of TST was associated with a 1.4-point

decrease in negative affect score the following day.

Sunday: Sobel’s test found that TST mediated the relationship between MVPA and positive
affect, Z =1.92, p = 0.05, but did not mediate the relationship between MVPA and negative affect, Z
=1.45, p = 0.15. More MVPA was associated with less TST, but 2.8 minutes of moderate or vigorous
physical activity during the day on Sunday were required for 1 minute less TST, and a 1 hour less
TST was associated with a 7.6-point increase in positive affect score on Monday. Although this large
increase in positive affect following shorter TST seems unusual, no outliers were detected from

inspection of histograms.
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Table 3.4

Model Coefficients (Direct Effects) for the Mixed-Model Analysis of the Effect of Physical Activity on
Positive and Negative Affect through Total Sleep Time - Individual Days

b SEp F df 95% CI

Monday

MVPA — TST 0.003 0.003 1.42 36 [-0.002, 0.009]

TST — Positive affect -0.032 0.884 .001 35 [-1.83, 1.76]

TST — Negative affect 0.720 0.660 1.192 35 [-0.62, 2.06]
Tuesday

MVPA — TST -0.013 0.009 1.76 33 [-0.03, 0.01]

TST — Positive affect -0.477 1.435 110 32 [-3.40, 2.45]

TST — Negative affect -2.390 0.709 11.38 32 [-3.83,-0.95]
Wednesday

MVPA — TST -0.017 0.005 11.57 72 [-0.03, -0.01]

TST — Positive affect -0.875 0.586 2.234 71 [-2.04, 0.29]

TST — Negative affect -1.655 0.446 13.751 71 [-2.55, -0.77]
Thursday

MVPA — TST 0.004 0.002 2.55 90 [-0.001, 0.008]

TST — Positive affect 0.813 0.611 1.77 89 [-0.40, 2.03]

TST — Negative affect 0.547 0.276 3.92 89 [-0.002, 1.095]
Friday

MVPA — TST -0.012 0.003 13.94 89 [-0.02, -0.01]

TST — Positive affect -0.671 0.657 1.04 88 [-1.98, 0.64]

TST — Negative affect 1.430 0.372 14.77 88 [0.69, 2.17]
Saturday

MVPA — TST 0.011 0.008 2.15 66 [-0.004, 0.027]

TST — Positive affect -0.403 0.403 1.00 65 [-1.21, 0.40]

TST — Negative affect 0.262 0.207 1.60 65 [-0.15, 0.68]
Sunday

MVPA — TST -0.006 0.003 4.45 53 [-0.0122, -0.0003]

TST — Positive affect -7.573 1.099 47.44 52 [-9.78, -5.37]

TST — Negative affect -1.457 0.697 4.37 52 [-2.86, -0.06]

Note. b’s are unstandardised regression coefficients. TST = Total sleep time; measured in hours.
MVPA = Moderate or vigorous physical activity during the day; measured in minutes. Positive and
negative affect measured by the Positive and Negative Affect Scale; each subscale score range is 10-
50.

Bold = Significant (p <.05).
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3.4.1.3 Time of Day

Mixed-model analysis was used to test if the “time of day” of affect measurement (morning,
afternoon, evening) would influence the potential for a mediating relationship between MVPA during
the day and positive or negative affect by TST. No evidence was found for a significant interaction
between time of day and positive affect, F(2, 444) = 1.09, p = .34, or negative affect, F(2, 450) = 0.07,
p =.80.

3.4.2 Chronotype and Evening Physical Activity - 3 Hours Before Sleep

3.4.2.1 Aggregated Data

The hypothesis that chronotype mediates the relationship between evening MVPA and mood
was also tested with aggregated data from Friday and Saturday night (as these are the nights before
‘freedays’ which allow determination of the circadian rhythm, see 3.3.3.3 Sleep). The two basic

mediation models for testing were thus;

e More evening MVPA — later sleep midpoint — less positive affect, and

e More evening MVPA — later sleep midpoint — more negative affect.

The mixed-model analysis found significant direct effects for all relationships in both basic
mediation models (see Table 3.5). More MVPA in the 3 hours prior to sleep was associated with an
earlier sleep midpoint, which was unexpected. For 1 extra minute of evening MVPA, sleep midpoint
was 2 minutes earlier. A 1 hour earlier sleep midpoint was associated with a 0.9-point increase in
positive affect score (which is in the expected direction), and a 0.4-point increase in negative affect

score (which is not in the expected direction).

Each mediation was tested with Sobel’s test. Sleep midpoint significantly mediated the
relationship between evening MVPA 3 hours before sleep onset and positive affect, Z =1.95, p =
0.05, but did not mediate the relationship between evening MVPA and negative affect, Z =-1.75, p =
0.08.
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Table 3.5

Model Coefficients (Direct Effects) for the Mixed-Model Analysis of the Effect of Evening Physical
Activity (Measured as 3 Hours Before Sleep) on Affect through Sleep Midpoint - Aggregated Data

b SEp F df 95% ClI

Positive affect
Evening MVPA — Sleep midpoint -0.027 0.009 8.52 157  [-0.05, -0.01]
Midpoint — Positive affect -0.887 0.347 6.55 156 [-1.57,-0.20]
Evening MVPA — Positive affect -0.089 0.042 4.49 156 [-0.17,-0.01]
Negative affect
Evening MVPA — Sleep midpoint -0.027 0.009 8.52 157  [-0.05, -0.01]
Midpoint — Negative affect 0.424 0.197 4.61 156  [0.03,0.81]
Evening MVPA — Negative affect 0.097 0.024 16.41 156  [0.05, 0.14]

Note. b’s are unstandardised regression coefficients. Sleep midpoint measured in decimal hours.
Positive and negative affect measured by the Positive and Negative Affect Scale; each subscale score
range is 10-50. Evening MVPA = Evening moderate or vigorous physical activity; measured in
minutes.

Bold = Significant (p = .05).

3.4.2.2 Time of Day

Mixed-model analysis found that the time of day of affect measurement (morning, afternoon,
evening) did not significantly impact the relationship between evening physical activity, sleep
midpoint, and positive/negative affect. When controlling for the effect of MVVPA in the 3 hours before
sleep, the effect of sleep midpoint on positive affect was nonsignificant, F(2, 150) = 2.45, p = .09, and
the effect of sleep midpoint on negative affect was also nonsignificant, F(2, 150) = 0.08, p = .93.

3.4.3 Chronotype and Evening Physical Activity - After 6 p.m.
3.4.3.1 Aggregated Data

For the sake of comparison to a previous study, evening moderate or vigorous physical
activity (MVPA) was also calculated as activity occurring between 6 p.m. and sleep onset. Only one
direct effect was significant; later sleep midpoint was associated with a lower positive affect score.
For each hour that sleep midpoint was later, positive affect score was lower by 0.7 points. See Table
3.6.
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Table 3.6

Model Coefficients (Direct Effects) for the Mixed-Model Analysis of the Effect of Evening Physical
Activity (Measured as 6 p.m. Onwards) on Affect through Sleep Midpoint - Aggregated Data

b SEp F df 95% CI

Positive affect

Evening MVPA — Sleep midpoint 0.010 0.006 2.27 157  [-0.003, 0.022]

Midpoint — Positive affect -0.737 0.345 4.58 156 [-1.42, -0.06]

Evening MVPA — Positive affect 0.011 0.028 0.16 156 [-0.04, 0.07]
Negative affect

Evening MVPA — Sleep midpoint 0.010 0.006 2.27 157  [-0.003, 0.022]

Midpoint — Negative affect 0.196 0.201 0.95 156 [-0.20, 0.59]

Evening MVPA — Negative affect 0.031 0.016 3.72 156  [-0.001, 0.063]

Note. b’s are unstandardised regression coefficients. Sleep midpoint measured in decimal hours.
Positive and negative affect measured by the Positive and Negative Affect Scale; each subscale score
range is 10-50. Evening MVPA = Evening moderate or vigorous physical activity; measured in
minutes.

Bold = Significant (p = .03).

3.4.3.2 Time of Day

As with the previous measure of evening physical activity, mixed-model analysis once again
found that the time of day of affect measurement (morning, afternoon, evening) did not significantly
impact the relationship between evening physical activity, sleep midpoint, and positive/negative
affect. When controlling for the effect of MVVPA after 6 p.m., the effect of sleep midpoint on positive
affect was nonsignificant, F(2, 150) = 2.35, p = .10, and the effect of sleep midpoint on negative
affect was also nonsignificant, F(2, 150) = 0.54, p = .58.

3.5 Discussion

Ecological momentary assessment was used to assess the temporal relationships of physical
activity, sleep, and mood, and the role of sleep as a mediator, in 19 adolescent girls over the course of
one week. Strong evidence was found for a beneficial impact of evening physical activity on sleep and
mood. Greater levels of physical activity in the 3 hours before sleep was associated with earlier
chronotype and better mood. Evidence was also found for TST as a mediator between physical
activity during the day and mood. In contrast to much research in this space physical activity was
consistently associated with less TST, and the impact of both on mood varied. Elaboration of the

study’s findings and consideration of the mechanisms involved are discussed below.
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3.5.1 Sleep Descriptives

The sleep data of this adolescent sample partially confirms the pattern of results typically seen
in adolescent research. Subjective sleep duration was ~8 hours, which is comparative to other
adolescent studies (Galland et al., 2018), indicating that adolescents do not meet their sleep need of 9
hours or more (Crowley et al., 2018; Short et al., 2018). Objective measures were more conservative,
at ~7 hours total sleep time. It is possible that this low measure of total sleep time is due to the use of
accelerometry where sleep movements may have been scored as wake (Meltzer et al., 2018; Short et
al., 2012).

Interestingly, there was no difference in sleep duration between weekdays or freedays.
Neither subjective nor objective sleep duration changed significantly between the different types of
days. This was unexpected as research shows a pattern where adolescents often obtain more sleep on
freedays than weekdays, regardless of whether they are university age adolescents (Forquer et al.,
2008; Liu et al., 2018; Sivertsen et al., 2019) or school age adolescents (Gariepy et al., 2020). The
adolescents’ sleep timing however, matched the expected pattern of results; sleep onset, wake up time
and sleep midpoint all occurred ~1 hour later on freedays than weekdays (Liu et al., 2018; Lund et al.,
2010; Sivertsen et al., 2019).

3.5.2 Total Sleep Time

It was hypothesised that the relationship between physical activity and mood would be
mediated by total sleep time (TST). Analysis of the aggregated data did not find sufficient evidence
for a mediation, however as anticipated, more moderate to vigorous physical activity (MVPA) during
the day was associated with more positive affect the next day. No other significant direct effects were
found in the analysis of the aggregated data. The finding that more objectively measured MVPA
during the day was subsequently followed by more positive affect matches the research findings of
studies in adults and young adults (Giurgiu et al., 2019; Schultchen et al., 2019). In adolescent
cohorts, similar findings have noted that more MVPA predicted lower negative affect (Langguth et
al., 2016).

In order to explore the hypothesis temporally, each day was also analysed individually. On
three days, Wednesday, Friday, and Sunday, TST significantly mediated the relationship between
physical activity and affect. Yet, on each of these three days more MVPA during the day was
associated with less TST that night, an unexpected finding which will be discussed presently.
However, this was not the only unexpected finding, as on Friday and Sunday, not only was more
MVPA was associated with less TST, but less TST was associated with less negative affect and more
positive affect, respectively. This relationship between less sleep and “better” mood will be discussed
following the consideration of the association between physical activity and sleep duration.
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3.5.2.1 Physical Activity and Sleep Duration

Although it was not predicted that on days in which sleep mediated the relationship between
MVPA and mood, that more MVPA during the day would be related to less TST the following night,
a connection between more physical activity and shorter TST has been noted in two recent meta-
analyses, one in adults (Atoui et al., 2021), and one in university students (Memon et al., 2021).
Notably, Atoui’s meta-analysis found that more physical activity during the day was associated with
shorter TST that night. One theory that has been put forward for the relationship between more
physical activity during the day and lower sleep duration is that the time taken to participate in
physical activity may be displacing the time used for sleep (Antczak et al., 2020; Matricciani et al.,
2018; Memon et al., 2021). That is, there is only so much time in a 24-hour day that can be used for
different activities, thus it is possible that on days when a person participates in more physical
activity, they have less time available to sleep that night.

Another possible explanation for the connection between more MVPA and shorter TST found
in this study is that it may represent a connection between more MVPA and more time awake during
the night (where a decrease in total sleep time is occurring due to an increase in wake after sleep onset
[WASQ]). Evidence for a linear relationship between physical activity and WASO has been identified
previously. In a review, Youngstedt (2005) noted that although light physical activity was associated
with a reduction in WASO, higher levels of physical activity were associated with an increase in
WASO. This suggests that the amount of physical activity is important to the direction of the
relationship, as although lighter or less physical activity might be beneficial to sleep, higher levels of
physical activity may reverse this relationship. Evidence to support the differing impact of physical
activity amount on TST and WASO can be seen in a study of 54 young adults (Mead et al., 2019).
Mead and colleagues found that young adults had less TST, due to an increase in WASO, on nights

after they had spent more time being active during the day than their normal daily average.

It is possible that this study’s finding that more MVPA is associated with less TST is a
mismeasuring of more MVPA being associaed with more movement during sleep, where this
movement during sleep has been misattributed as WASO by the accelerometry used. Indeed, in 2017,
Vitale and colleagues looked at 23 young adult athletes and found that the first night after an evening
session of moderate and vigorous intensity physical activity participants with a morning chronotype
spent a greater percentage of time moving during the night as measured by actigraphy. Another study
into 46 athletes and 20 controls found that, compared to controls, athletes had more moving time
during sleep, and a longer WASO, 1 hr 15 mins vs 50 mins, also measured using actigraphy (Leeder
et al., 2012). The results of both these studies show that more activity during the day is associated
with more movement at night, and as such it is possible that the accelerometry in the current study has
categorised increased movement after physical activity as increased WASO, and therefore less TST.
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More research is needed into the relationship between physical activity and sleep duration using
traditional polysomnography or other sleep measurement devices to determine if more activity during
the day is related to increased WASO or movement during sleep. Distinct to polysomnography, a
number of devices have been independently validated as more accurate than actigraphy at identifying
sleep versus wake (Chinoy et al., 2020). These sleep measurement devices could offer an opportunity
to further explore the ‘physical activity — TST’ connection whilst being less expensive and logistically
challenging than polysomnography (Hirshkowitz, 2016), particularly in similarly designed repeated
measures studies. Further examination is certainly needed in order to determine if greater levels of
physical activity during the day produce greater WASO during the night resulting in less TST, or
more movement during sleep, as these two outcomes would be expected to have very different

consequences for physical activity recommendations.

It is interesting that the relationship found between more MVPA during the day and less TST
the following night was consistent and cyclical. The relationship reached significance every 2-3 days
(Wednesday, Friday, and Sunday). It is difficult to say why this cycle occurred as it was not
anticipated. Further verification and investigation of this cyclical pattern will need to be conducted by
future EMA studies.

3.5.2.2 Sleep Duration and Mood

On both the days in which sleep mediated the relationship between MVPA and affect, and
days on which it did not, the relationship between TST and negative affect fluctuated. The
relationship between TST and negative affect was statistically significant on 4 days of the week. On
Friday less TST was significantly associated with less negative affect, yet on the three other days with
significant results, Tuesday, Wednesday, and Sunday, less TST was significantly related to an
increase in negative affect the next day. Statistically there was greater evidence in this dataset for an
association between less TST and more negative affect the next day, yet it is interesting that the
relationship between TST and negative affect differed. Although shorter TST was significantly
associated with increased negative affect on three days (Tuesday, Wednesday, Sunday), there was
also a trend for shorter TST to be associated with decreased negative affect on three days (Monday,
Thursday, Saturday), and significantly associated with decreased negative affect on Friday. Clearly
trends do not represent evidence, however it is curious that the relationship would vary such that
shorter sleep duration would be associated with worse mood on some days and better mood on other

days.

The finding of greater evidence for significant associations between less TST and more
negative affect the next day, matches the results of some studies. In a sample of 419 adolescents

Fuligni and colleagues (2019) found less self-reported sleep the night before was associated with a
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higher level of psychological distress (anxiety and depression symptoms) the next day. Similarly,
Kouros et al. (2022) found that less than usual self-reported sleep duration was related to more
negative mood the next day in 311 adolescents. The current study’s results also match Konjarski et
al.’s review finding (2018) that across different age groups worse sleep quality is associated with
more negative affect the next day. Furthermore, the inconsistent nature of the current results, in that
the relationship between TST and negative affect was significant on some days of the week and not on
others, also matches recent patterns of research. Konjarski et al.’s review (2018) found that 5 of 10
studies found a significant temporal relationship between shorter subjective TST and increased
negative affect the next day. This suggests that while TST is indeed related to negative affect, that

there are other factors involved in the relationship.

It is possible that one of the aspects missing from research into sleep duration and mood are
the contributing factors to the sleep duration from the night before, and these factors may moderate
the impact of reduced sleep duration on negative affect. For example, in the current study a shorter
TST on Tuesday night and Wednesday night lead to feeling worse on Wednesday and Thursday,
whereas a shorter sleep time on Friday night, led to reduced negative affect on Saturday. The fact that
shorter sleep during the week was linked with worse on mood, yet a shorter sleep on Friday night at
the beginning of the weekend was associated with better mood could indicate reduced sleep the night

before and mood improvement the next day due to enjoyable activities of the night before.

There was also one day of the week in which the relationship between TST and positive affect
reached statistical significance. On Sunday, less TST was found to be associated with more positive
affect. Although this was unexpected, no outliers were detected during screening. Indeed, 5 of the 6
nonsignificant trends for the rest of the week between TST and positive affect also linked shorter

sleep time with more positive affect.

It was hypothesised that less TST would be associated with less positive affect, indeed
Konjarski et al.’s review (2018) and Short et al.’s meta-analysis (2020) indicate that overall less TST
is associated with less positive affect. However, to date, only 4 studies have used adolescents to test
the immediate effect of sleep duration on next day mood in a naturalistic setting (without
experimentally manipulating sleep duration to induce a large sleep restriction), and the outcomes of
these studies are mixed. Two studies found no significant relationship between TST and positive
affect (Doane & Thurston, 2014; Randler & Weber, 2015), and two studies found significant
relationships, each in a different direction (Chue et al., 2018; Takano et al., 2014). One found that
longer TST was linked to more positive affect in the morning (Chue et al., 2018), and the other found
that shorter TST was related to more positive affect (Takano et al., 2014). The lack of prior research

in this area, and the unexpected nature of the finding, makes it difficult to interpret this result. Clearly
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more research is needed to investigate the elements involved. Nevertheless, both the current study and
that of Takano et al. indicate that a shorter sleep duration can lead to more positive affect in
adolescents.

3.5.3 Chronotype

It was hypothesised that the relationship between evening physical activity and affect would
be mediated by chronotype, such that more moderate to vigorous physical activity (MVPA) in the 3
hours before sleep would result in a later midpoint of sleep which would result in worse affect
(positive and negative) the next day. As predicted, MVPA in the 3 hours prior to sleep, sleep
midpoint, and positive/negative affect were all significantly related, and sleep midpoint was found to
mediate the relationship between MVPA and positive affect. Unexpectedly, it was found that MVPA
in the 3 hours before sleep was associated with an earlier sleep midpoint, indicating that physical
activity shortly prior to sleep is beneficial - not detrimental to sleep as anticipated. Thus, the direct
effects were such that more MVPA was associated with earlier midpoint, which was associated with

less negative affect and more positive affect.

These results indicate that in addition to the absence of a detrimental impact of physical
activity on sleep timing (by pushing it later as predicted), physical activity is in fact beneficial for
sleep and mood even if conducted in the 3 hours before sleep. This result matches the findings of
Chapter 2 where more evening physical activity was also found to be associated with earlier sleep
timing, and both were associated with better mood. It also matches findings that evening physical
activity was not detrimental to sleep parameters in adults (Myllymaki et al., 2011), young adults
(Miller et al., 2020), and children (Dworak et al., 2008). Miller (2020) and Myllymaki (2011) both
found that 30 minutes of physical activity concluding 1.5-3 hours before bed did not disturb sleep
(sleep onset latency [SOL], TST, and WASO). Similarly, Dworak and colleagues (2008) found that
30 minutes of cycling concluding 3-4 hours prior to bedtime had no effect on TST, and in fact had
reduced SOL compared to a control condition. Research into the impact of evening physical activity
on sleep parameters shows mixed results (Alley et al., 2015; Buman & King, 2010; Chennaoui et al.,
2015). Indeed, two reviews have noted opposing impacts of evening physical activity. One review
(Chennaoui et al., 2015) indicated that physical activity in the 4 hours before sleep increases SOL and
WASO, whereas the other (Kredlow et al., 2015) found that physical activity in the 3 hours before
sleep reduced WASO and did not impact other parameters. The continued mixed findings in this area

indicate other variables are involved.

Some studies indicate that chronotype may have a role in the relationship between evening
physical activity and sleep. Both Thomas et al. (2020) and Vitale et al. (2017) have noted that those

with an early chronotype are impacted differently by evening physical activity than those with a late
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chronotype. In a sample of 52 adults, Thomas et al. (2020) found that participants with a late
chronotype experienced a phase advance (46 minutes) after evening physical activity, whereas those
with an early chronotype experienced a phase delay (41 minutes) after evening physical activity.
Similarly, Vitale and colleagues (2017) noted that in a sample of 23 young adults those with a late
chronotype were not negatively impacted by evening physical activity. In comparison, participants
with an early chronotype had lower sleep efficiency due to less TST and more WASO after evening
physical activity. This is an area which requires more research, however if late chronotypes benefit
from late physical activity and early chronotypes do not, this would explain the mixed results of prior
research and why the current sample found late physical activity beneficial, as they have late

chronotypes (average freeday sleep midpoint ~ 4:30 a.m., Roenneberg et al., 2004).

A strength of this study is the use of two definitions of late physical activity in order to make
the study results more easily comparable. Late physical activity was defined as 3 hours before sleep in
order to allow an individualised measure of physical activity prior to sleep for each participant. Late
physical activity was also defined as activity occurring from 6 p.m. onwards in order to allow the
study results to be more comparable to studies which have used a time of day cut off for physical
activity, such as that used in Chapter 2. The analysis for the mediation of evening physical activity
and mood by sleep midpoint, where evening physical activity was defined as occurring after 6 p.m.,
only showed a significant direct effect for later sleep midpoint being associated with lower positive
affect. Although there was no association between evening physical activity after 6 p.m. with sleep,
the finding that earlier or later sleep midpoint is associated with better and worse mood, respectively,
is the same in both analyses of the different definitions of late physical activity. In MVVPA 3 hours
before sleep, earlier midpoint was associated with less negative affect and more positive affect. In
MVPA 6 p.m. onwards, later sleep midpoint was associated with less positive affect. These results all
indicate that earlier sleep midpoint improves mood, and later midpoint worsens mood. These results
match previous research that earlier and later chronotype in adolescents are associated with better and

worse mood, respectively (Gariépy et al., 2019; Haraden et al., 2019; Simon et al., 2020).

It is of note that the measure of physical activity from 6 p.m. onwards also includes the
physical activity data measured in the 3 hours prior to sleep, as the earliest time an adolescent fell
asleep was 9 p.m. and average SOT was after midnight on weekdays. It is therefore interesting that
although there was a direct relationship between MVPA 3 hours before sleep and sleep midpoint,
MVPA 6 p.m. onwards was not significantly related to sleep midpoint. It is possible that the more
individualised measure of MVPA 3 hours before sleep is more closely related to each adolescent’s
circadian rhythm, as compared to physical activity from 6 p.m. onwards which is directly related to
time of day. MVPA 3 hours prior to sleep provides data specific to the impact of physical activity on
an adolescent’s circadian rhythm regardless of their circadian rhythm’s current timing (i.e. delayed or
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advanced) in relation to time of day. This is particularly pertinent in an adolescent sample which has a

later sleep timing than that of adults (Roenneberg et al., 2004).

3.5.3.1 Time of Day

When time of day of the mood measure (morning, afternoon, evening) was taken into
account, later sleep midpoint was associated with lower positive affect in the morning. This finding is
similar to that of Takano et al. (2014), who found that worse sleep quality was associated with
reduced positive affect the next morning. There are many pathways through which sleep and mood
may be related in this way, one of which is repetitive negative thinking and rumination. Previous
research in adolescents has found that poor sleep is associated with higher levels of repetitive negative
thinking (Danielsson et al., 2013; Stewart et al., 2020), and that repetitive negative thinking is
associated with lower mood (Krause et al., 2017). It is interesting that this study’s finding that later
chronotype (sleep midpoint) is associated with lower positive mood the next morning is similar to the
results of Takano et al., as these researchers not only found that worse sleep quality was associated
with reduced positive affect the next morning, but that this in turn was associated with increased
repetitive thought in the evening. Further to this, repetitive negative thinking is associated with poorer
sleep in young adults, typified by later sleep timing, shorter sleep duration, and longer sleep latency
(Nota & Coles, 2015; Takano et al., 2014). This study’s results demonstrate a possible element of the
sleep-mood relationship, where poorer sleep, possibly due to repetitive negative thinking in the
evening results in lower mood the next day, which results in more negative thinking and rumination
again. This also shows how improvements to sleep by physical activity can also impact mood through

sleep as a mediator.

3.6 Conclusion

Evidence was found for a temporal mediation of the ‘physical activity — mood’ relationship via
sleep, through the mechanisms of total sleep time and chronotype (measured by sleep midpoint on
freedays). Interestingly, more MVPA during the day was detrimental to sleep, resulting in shorter TST
that night. Due to the presence of this finding in studies using accelerometry, more research is needed
using polysomnography to determine if the relationship between greater physical activity and shorter
TST is due to measurement error by accelerometry calculating increased movement during the night
as WASQO. This study also found that MVVPA in the 3 hours prior to sleep was beneficial to sleep,
resulting in earlier sleep timing that night. This further demonstrates that despite the persistence of
recommendations to avoid physical activity too close to sleep (Breus, 2022), recent evidence indicates
that physical activity in the hours before bedtime does not push sleep later and can instead be used to

aid sleep.

90



References

Alley, J. R., Mazzochi, J. W., Smith, C. J., Morris, D. M., & Collier, S. R. (2015). Effects of
resistance exercise timing on sleep architecture and nocturnal blood pressure. Journal of
Strength and Conditioning Research, 29(5), 1378-1385.
https://doi.org/10.1519/JSC.0000000000000750

Antczak, D., Lonsdale, C., Lee, J., Hilland, T., Duncan, M. J., del Pozo Cruz, B., Hulteen, R. M.,
Parker, P. D., & Sanders, T. (2020). Physical activity and sleep are inconsistently related in
healthy children: A systematic review and meta-analysis. Sleep Medicine Reviews, 51,
101278. https://doi.org/10.1016/j.smrv.2020.101278

Asarnow, L., Soehner, A., & Harvey, A. (2013). Circadian rhythms and psychiatric illness. Current
Opinion in Psychiatry, 26(6), 566-571. https://doi.org/10.1097/YCO.0b013e328365a2fa

Atoui, S., Chevance, G., Romain, A. J., Kingsbury, C., Lachance, J. P., & Bernard, P. (2021). Daily
associations between sleep and physical activity: A systematic review and meta-analysis.
Sleep Medicine Reviews, 57, 101426. https://doi.org/10.1016/j.smrv.2021.101426

Au, J., & Reece, J. (2017). The relationship between chronotype and depressive symptoms: A meta-
analysis. Journal of Affective Disorders, 218, 93-104.
https://doi.org/10.1016/j.jad.2017.04.021

Ayabe, M., Kumahara, H., Morimura, K., & Tanaka, H. (2013). Epoch length and the physical
activity bout analysis: An accelerometry research issue. BMC Research Notes, 6, 20.
https://doi.org/10.1186/1756-0500-6-20

Breus, D. M. (2022). Sleep Hygiene. Retrieved 18/12/2022 from https://thesleepdoctor.com/sleep-
hygiene/

Buman, M., & King, A. (2010). Exercise as a treatment to enhance sleep. American Journal of
Lifestyle Medicine, 4(6), 500-514. https://doi.org/10.1177/1559827610375532

Buman, M. P., Phillips, B. A., Youngstedt, S. D., Kline, C. E., & Hirshkowitz, M. (2014). Does
nighttime exercise really disturb sleep? Results from the 2013 National Sleep Foundation
Sleep in America Poll. Sleep Medicine, 15(7), 755-761.
https://doi.org/10.1016/j.sleep.2014.01.008

Chennaoui, M., Arnal, P. J., Sauvet, F., & Léger, D. (2015). Sleep and exercise: A reciprocal issue?
Sleep Medicine Reviews, 20, 59-72. https://doi.org/https://doi.org/10.1016/j.smrv.2014.06.008

Chinoy, E. D., Cuellar, J. A., Huwa, K. E., Jameson, J. T., Watson, C. H., Bessman, S. C., Hirsch, D.
A., Cooper, A. D., Drummond, S. P. A., & Markwald, R. R. (2020). Performance of seven
consumer sleep-tracking devices compared with polysomnography. Sleep, 44(5).
https://doi.org/10.1093/sleep/zsaa291

Chue, A. E., Gunthert, K. C., Kim, R. W., Alfano, C. A., & Ruggiero, A. R. (2018). The role of sleep

in adolescents' daily stress recovery: Negative affect spillover and positive affect bounce-back
91



effects. Journal of Adolescence, 66, 101-111.
https://doi.org/https://doi.org/10.1016/j.adolescence.2018.05.006

Clayborne, Z. M., Varin, M., & Colman, I. (2019). Systematic review and meta-analysis: Adolescent
depression and long-term psychosocial outcomes. Journal of the American Academy of Child
& Adolescent Psychiatry, 58(1), 72-79. https://doi.org/10.1016/j.jaac.2018.07.896

Crowley, S. J., Wolfson, A. R., Tarokh, L., & Carskadon, M. A. (2018). An update on adolescent
sleep: New evidence informing the perfect storm model. Journal of Adolescence, 67, 55-65.
https://doi.org/10.1016/j.adolescence.2018.06.001

Danielsson, N. S., Harvey, A. G., MacDonald, S., Jansson-Fréjmark, M., & Linton, S. J. (2013). Sleep
disturbance and depressive symptoms in adolescence: The role of catastrophic worry. Journal
of Youth and Adolescence, 42(8), 1223-1233. https://doi.org/10.1007/s10964-012-9811-6

Diagnostic Classification Steering Committee. (1990). The International Classification of Sleep
Disorders: Diagnostic and Coding Manual. Amercian Sleep Disorders Association.

Doane, L. D., & Thurston, E. C. (2014). Associations among sleep, daily experiences, and loneliness
in adolescence: Evidence of moderating and bidirectional pathways. Journal of Adolescence,
37(2), 145-154. https://doi.org/https://doi.org/10.1016/j.adolescence.2013.11.009

Dolezal, B. A., Neufeld, E. V., Boland, D. M., Martin, J. L., & Cooper, C. B. (2017). Interrelationship
between sleep and exercise: A systematic review. Journal of Advances in Preventive
Medicine, 2017. https://doi.org/10.1155/2017/1364387

Dworak, M., Wiater, A., Alfer, D., Stephan, E., Hollmann, W., & Striider, H. K. (2008). Increased
slow wave sleep and reduced stage 2 sleep in children depending on exercise intensity. Sleep
Medicine, 9(3), 266-272. https://doi.org/10.1016/j.sleep.2007.04.017

Eslinger, D., Rowlands, A. V., Hurst, T. L., Catt, M., Murray, P., & Eston, R. G. (2011). Validation of
the GENEA Accelerometer. Medicine and Science in Sports and Exercise, 43(6), 1085-1093.
https://doi.org/10.1249/MSS.0b013e31820513be

Forquer, L. M., Camden, A. E., Gabriau, K. M., & Johnson, C. M. (2008). Sleep patterns of college
students at a public university. Journal of American College Health, 56(5), 563-565.
https://doi.org/https://doi.org/10.3200/JACH.56.5.563-565

Fuligni, A. J., Bai, S., Krull, J. L., & Gonzales, N. A. (2019). Individual differences in optimum sleep
for daily mood during adolescence. Journal of Clinical Child Adolescent Psychology, 48(3),
469-479. https://doi.org/10.1080/15374416.2017.1357126

Galland, B. C., Short, M. A,, Terrill, P, Rigney, G., Haszard, J. J., Coussens, S., Foster-Owens, M., &
Biggs, S. N. (2018). Establishing normal values for pediatric nighttime sleep measured by
actigraphy: a systematic review and meta-analysis. Sleep, 41(4).
https://doi.org/10.1093/sleep/zsy017

92



Galvan, A. (2020). The need for sleep in the adolescent brain. Trends in Cognitive Sciences, 24(1),
79-89. https://doi.org/10.1016/j.tics.2019.11.002

Gariepy, G., Danna, S., Gobina, 1., Rasmussen, M., Gaspar de Matos, M., Tynjal4, J., Janssen, I.,
Kalman, M., Villeru$a, A., Husarova, D., Brooks, F., Elgar, F. J., Klavina-Makrecka, S.,
Smigelskas, K., Gaspar, T., & Schnohr, C. (2020). How are adolescents sleeping? Adolescent
sleep patterns and sociodemographic differences in 24 European and North American
countries. Journal of Adolescent Health, 66(6, Supplement), S81-S88.
https://doi.org/10.1016/j.jadohealth.2020.03.013

Gariépy, G., Riehm, K. E., Whitehead, R. D., Doré, 1., & Elgar, F. J. (2019). Teenage night owls or
early birds? Chronotype and the mental health of adolescents. Journal of Sleep Research,
28(3), 12723. https://doi.org/10.1111/jsr.12723

Gianfredi, V., Blandi, L., Cacitti, S., Minelli, M., Signorelli, C., Amerio, A., & Odone, A. (2020).
Depression and objectively measured physical activity: A systematic review and meta-
analysis. International Journal of Environmental Research and Public Health, 17(10).
https://doi.org/10.3390/ijerph17103738

Giurgiu, M., Koch, E. D., Ottenbacher, J., Plotnikoff, R. C., Ebner-Priemer, U. W., & Reichert, M.
(2019). Sedentary behavior in everyday life relates negatively to mood: An ambulatory
assessment study. Scandinavian Journal of Medicine & Science in Sports, 29(9), 1340-1351.
https://doi.org/https://doi.org/10.1111/sms.13448

Gradisar, M., Kahn, M., Micic, G., Short, M., Reynolds, C., Orchard, F., Bauducco, S., Bartel, K., &
Richardson, C. (2022). Sleep’s role in the development and resolution of adolescent
depression. Nature Reviews Psychology, 1(9), 512-523. https://doi.org/10.1038/s44159-022-
00074-8

Haraden, D. A., Mullin, B. C., & Hankin, B. L. (2017). The relationship between depression and
chronotype: A longitudinal assessment during childhood and adolescence. Depression and
Anxiety, 34(10), 967-976. https://doi.org/10.1002/da.22682

Haraden, D. A., Mullin, B. C., & Hankin, B. L. (2019). Internalizing symptoms and chronotype in
youth: A longitudinal assessment of anxiety, depression and tripartite model. Psychiatry
Research, 272, 797-805. https://doi.org/10.1016/j.psychres.2018.12.117

Harris, A., Gundersen, H., Andreassen, P. M., Thun, E., Bjorvatn, B., & Pallesen, S. (2017). A
comparative study of sleep and mood between young elite athletes and age-matched controls.
Journal of Physical Activity and Health, 14(6), 465-473. https://doi.org/10.1123/jpah.2016-
0513

Hildebrand, M., Hansen, B. H., van Hees, V. T., & Ekelund, U. (2017). Evaluation of raw
acceleration sedentary thresholds in children and adults. Scandinavian Journal of Medicine &
Science in Sports, 27(12), 1814-1823. https://doi.org/10.1111/sms.12795

93



Hildebrand, M., van Hees, V. T., Hansen, B. H., & Ekelund, U. (2014). Age group comparability of
raw accelerometer output from wrist-and hip-worn monitors. Medicine Science in Sports
Exercise, 46(9), 1816-1824. https://doi.org/10.1249/MSS.0000000000000289

Hirshkowitz, M. (2016). Polysomnography and beyond. In M. H. Kryger, T. Roth, & W. C. Dement
(Eds.), Principles and Practice of Sleep Medicine (6th ed., pp. 1564-1566). Elsevier.

Jakicic, J. M., Kraus, W. E., Powell, K. E., Campbell, W. W., Janz, K. F., Troiano, R. P., Sprow, K.,
Torres, A., & Piercy, K. L. (2019). Association between bout duration of physical activity and
health: Systematic review. Medicine & Science in Sports & Exercise, 51(6), 1213-1219.
https://doi.org/10.1249/mss.0000000000001933

Konjarski, M., Murray, G., Lee, V. V., & Jackson, M. L. (2018). Reciprocal relationships between
daily sleep and mood: A systematic review of naturalistic prospective studies. Sleep Medicine
Reviews, 42, 47-58. https://doi.org/https://doi.org/10.1016/j.smrv.2018.05.005

Kouros, C. D., Keller, P. S., Martin-Pifion, O., & El-Sheikh, M. (2022). Bidirectional associations
between nightly sleep and daily happiness and negative mood in adolescents. Child
Development, 93(5), e547-e562. https://doi.org/https://doi.org/10.1111/cdev.13798

Krause, E. D., Vélez, C. E., Woo, R., Hoffmann, B., Freres, D. R., Abenavoli, R. M., & Gillham, J. E.
(2017). Rumination, depression, and gender in early adolescence: A longitudinal study of a
bidirectional model. The Journal of Early Adolescence, 1-24.
https://doi.org/10.1016/j.jad.2017.04.021

Kredlow, A. M., Capozzoli, M. C., Hearon, B. A., Calkins, A. W., & Otto, M. W. (2015). The effects
of physical activity on sleep: A meta-analytic review. Journal of Behavioral Medicine, 38(3),
427-449. https://doi.org/10.1007/s10865-015-9617-6

Krishnan, V., & Patel, S. R. (2022). Consequences of Sleep Disruption. In Murray & Nadel's
Textbook of Respiratory Medicine (Vol. 7, pp. 1633-1642.e1634). Elsevier Inc.
https://doi.org/10.1016/B978-0-323-65587-3.00118-5

Langguth, N., Schmid, J., Gawrilow, C., & Stadler, G. (2016). Within-person link between depressed
affect and moderate-to-vigorous physical activity in adolescence: An intensive longitudinal
approach. Applied Psychology: Health and Well-Being, 8(1), 44-63.
https://doi.org/10.1111/aphw.12061

Langvik, E., Saksvik-Lehouillier, 1., Kennair, L. E. O., Sgrengaard, T. A., & Bendixen, M. (2019).
Gender differences in factors associated with symptoms of depression among high school
students: An examination of the direct and indirect effects of insomnia symptoms and
physical activity. Health Psychology & Behavioral Medicine, 7(1), 179-192.
https://doi.org/10.1080/21642850.2019.1615926

94



Leeder, J., Glaister, M., Pizzoferro, K., Dawson, J., & Pedlar, C. (2012). Sleep duration and quality in
elite athletes measured using wristwatch actigraphy. Journal of Sports Sciences, 30(6), 541-
545. https://doi.org/10.1080/02640414.2012.660188

Liu, S., Wing, Y. K., Hao, Y., Li, W., Zhang, J., & Zhang, B. (2018). The associations of long-time
mobile phone use with sleep disturbances and mental distress in technical college students: A
prospective cohort study. Sleep, 42(2). https://doi.org/10.1093/sleep/zsy213

Lopresti, A. L., Hood, S. D., & Drummond, P. D. (2013). A review of lifestyle factors that contribute
to important pathways associated with major depression: Diet, sleep and exercise. Journal of
Affective Disorders, 148(1), 12-27. https://doi.org/10.1016/j.jad.2013.01.014

Lovibond, S., & Lovibond, P. (1995). Manual for the Depression Anxiety Stress Scales. In (2nd ed.).
Sydney: Psychology Foundation.

Lund, H. G., Reider, B. D., Whiting, A. B., & Prichard, J. R. (2010). Sleep patterns and predictors of
disturbed sleep in a large population of college students. Journal of Adolescent Health, 46(2),
124-132. https://doi.org/https://doi.org/10.1016/j.jadohealth.2009.06.016

Master, L., Nye, R. T., Lee, S., Nahmod, N. G., Mariani, S., Hale, L., & Buxton, O. M. (2019).
Bidirectional, daily temporal associations between sleep and physical activity in adolescents.
Scientific Reports, 9(1), 1-14. https://doi.org/10.1038/s41598-019-44059-9

Matricciani, L., Bin, Y. S., Lallukka, T., Kronholm, E., Wake, M., Paquet, C., Dumuid, D., & Olds, T.
(2018). Rethinking the sleep-health link. Sleep Health, 4(4), 339-348.
https://doi.org/https://doi.org/10.1016/j.sleh.2018.05.004

Matthews, C. E., Hagstromer, M., Pober, D. M., & Bowles, H. R. (2012). Best practices for using
physical activity monitors in population-based research. Medicine & Science in Sports &
Exercise, 44(1 Suppl 1), S68-S76. https://doi.org/10.1249/MSS.0b013e3182399e5b

Mead, M. P., Baron, K., Sorby, M., & Irish, L. A. (2019). Daily associations between sleep and
physical activity. International Journal of Behavioral Medicine, 26(5), 562-568.
https://doi.org/10.1007/s12529-019-09810-6

Meltzer, L. J., Short, M., Booster, G. D., Gradisar, M., Marco, C. A., Wolfson, A. R., & Carskadon,
M. A. (2018). Pediatric motor activity during sleep as measured by actigraphy. Sleep, 42(1).
https://doi.org/10.1093/sleep/zsy196

Memon, A. R., Gupta, C. C., Crowther, M. E., Ferguson, S. A., Tuckwell, G. A., & Vincent, G. E.
(2021). Sleep and physical activity in university students: A systematic review and meta-
analysis. Sleep Medicine Reviews, 58, 101482. https://doi.org/10.1016/j.smrv.2021.101482

Migueles, J. H., Rowlands, A. V., Huber, F., Sabia, S., & van Hees, V. T. (2019). GGIR: A research
community—driven open source R package for generating physical activity and sleep
outcomes from multi-day raw accelerometer data. Journal for the Measurement of Physical
Behaviour, 2(3), 188-196. https://doi.org/10.1123/jmpb.2018-0063

95



Millard, L. A. C., Tilling, K., Gaunt, T. R., Carslake, D., & Lawlor, D. A. (2021). Association of
physical activity intensity and bout length with mortality: An observational study of 79,503
UK Biobank participants. PLoS Medicine, 18(9).
https://doi.org/https://doi.org/10.1371/journal.pmed.1003757

Miller, D. J., Sargent, C., Roach, G. D., Scanlan, A. T., Vincent, G. E., & Lastella, M. (2020).
Moderate-intensity exercise performed in the evening does not impair sleep in healthy males.
European Journal of Sport Science, 20(1), 80-89.
https://doi.org/10.1080/17461391.2019.1611934

Montaruli, A., Galasso, L., Caumo, A., Ce, E., Pesenti, C., Roveda, E., & Esposito, F. (2017). The
circadian typology: The role of physical activity and melatonin. Sport Sciences for Health,
13(3), 469-476. https://doi.org/10.1007/s11332-017-0389-y

Myllymaéki, T., Kyréldinen, H., Savolainen, K., Hokka, L., Jakonen, R., Juuti, T., Martinméki, K.,
Kaartinen, J., Kinnunen, M.-L., & Rusko, H. (2011). Effects of vigorous late-night exercise
on sleep quality and cardiac autonomic activity. Journal of Sleep Research, 20(1), 146-153.
https://doi.org/https://doi.org/10.1111/j.1365-2869.2010.00874.x

Nettlefold, L., Naylor, P. J., Warburton, D. E. R., Bredin, S. S. D., Race, D., & McKay, H. A. (2016).
The influence of epoch length on physical activity patterns varies by child's activity level.
Research Quarterly for Exercise and Sport, 87(1), 110-123.
https://doi.org/https://doi.org/10.1080/02701367.2015.1129046

Nota, J. A., & Coles, M. E. (2015). Duration and timing of sleep are associated with repetitive
negative thinking. Cognitive Therapy and Research, 39(2), 253-261.
https://doi.org/10.1007/s10608-014-9651-7

Patte, K. A., Qian, W., & Leatherdale, S. T. (2018). Modifiable predictors of insufficient sleep
durations: A longitudinal analysis of youth in the COMPASS study. Preventive Medicine,
106, 164-170. https://doi.org/10.1016/j.ypmed.2017.10.035

Physical Activity Guidelines Advisory Committee. (2018). Physical Activity Guidelines Advisory
Committee Scientific Report.

Piercy, K. L., Troiano, R. P., Ballard, R. M., Carlson, S. A., Fulton, J. E., Galuska, D. A., George, S.
M., & Olson, R. D. (2018). The physical activity guidelines for Americans. Jama, 320(19),
2020-2028. https://doi.org/10.1001/jama.2018.14854

Randler, C., & Weber, V. (2015). Positive and negative affect during the school day and its
relationship to morningness—eveningness. Biological Rhythm Research, 46(5), 683-690.
https://doi.org/10.1080/09291016.2015.1046249

Richardson, C., Gradisar, M., Short, M., & Lang, C. (2017). Can exercise regulate the circadian
system of adolescents? Novel implications for the treatment of delayed sleep-wake phase
disorder. Sleep Medicine Reviews, 34, 122-129. https://doi.org/10.1016/j.smrv.2016.06.010

96



Rodriguez-Ayllon, M., Cadenas-Sanchez, C., Estévez-Lopez, F., Mufioz, N. E., Mora-Gonzalez, J.,
Migueles, J. H., Molina-Garcia, P., Henriksson, H., Mena-Molina, A., Martinez-Vizcaino, V.,
Catena, A., Lof, M., Erickson, K. I, Lubans, D. R., Ortega, F. B., & Esteban-Cornejo, I.
(2019). Role of physical activity and sedentary behavior in the mental health of preschoolers,
children and adolescents: A systematic review and meta-analysis. Sports Medicine, 49(9),
1383-1410. https://doi.org/10.1007/s40279-019-01099-5

Roenneberg, T., Kuehnle, T., Pramstaller, P. P., Ricken, J., Havel, M., Guth, A., & Merrow, M.
(2004). A marker for the end of adolescence. Current Biology, 14(24), R1038-R1039.
https://doi.org/10.1016/j.cub.2004.11.039

Roenneberg, T., Wirz-Justice, A., & Merrow, M. (2003). Life between clocks: Daily temporal
patterns of human chronotypes. Journal of Biological Rhythms, 18(1), 80-90. https://doi.org/
10.1177/0748730402239679

Sabia, S., van Hees, V. T., Shipley, M. J., Trenell, M. I., Hagger-Johnson, G., Elbaz, A., Kivimaki,
M., & Singh-Manoux, A. (2014). Association between questionnaire-and accelerometer-
assessed physical activity: The role of sociodemographic factors. American Journal of
Epidemiology, 179(6), 781-790. https://doi.org/10.1093/aje/kwt330

Saidi, O., Rochette, E., Bovet, M., Merlin, E., & Duché, P. (2020). Acute intense exercise improves
sleep and decreases next morning consumption of energy-dense food in adolescent girls with
obesity and evening chronotype. Pediatric Obesity, 15(6), e12613.
https://doi.org/10.1111/ijp0.12613

Sanders, T., Cliff, D. P., & Lonsdale, C. (2014). Measuring adolescent boys' physical activity: Bout
length and the influence of accelerometer epoch length. PLOS One, 9(3).
https://doi.org/https://doi.org/10.1371/journal.pone.0092040

Schultchen, D., Reichenberger, J., Mittl, T., Weh, T. R. M., Smyth, J. M., Blechert, J., & Pollatos, O.
(2019). Bidirectional relationship of stress and affect with physical activity and healthy
eating. British Journal of Health Psychology, 24(2), 315-333.
https://doi.org/https://doi.org/10.1111/bjhp.12355

Short, M., Booth, S. A., Omar, O., Ostlundh, L., & Arora, T. (2020). The relationship between sleep
duration and mood in adolescents: A systematic review and meta-analysis. Sleep Medicine
Reviews, 101311. https://doi.org/10.1016/j.smrv.2020.101311

Short, M., Gradisar, M., Lack, L. C., Wright, H., & Carskadon, M. A. (2012). The discrepancy
between actigraphic and sleep diary measures of sleep in adolescents. Sleep Medicine, 13(4),
378-384. https://doi.org/10.1016/j.sleep.2011.11.005

Short, M., Weber, N., Reynolds, C., Coussens, S., & Carskadon, M. A. (2018). Estimating adolescent
sleep need using dose-response modeling. Sleep, 41(4). https://doi.org/10.1093/sleep/zsy011

97



Shriane, A. E., Ferguson, S. A., Jay, S. M., & Vincent, G. E. (2020). Sleep hygiene in shift workers: A
systematic literature review. Sleep Medicine Reviews, 53, 101336.
https://doi.org/10.1016/j.smrv.2020.101336

Silberstein, L. R., Striegel-Moore, R. H., Timko, C., & Rodin, J. (1988). Behavioral and
psychological implications of body dissatisfaction: Do men and women differ? Sex Roles,
19(3), 219-232.

Simon, S. L., Diniz Behn, C., Laikin, A., Kaar, J. L., Rahat, H., Cree-Green, M., Wright, K. P., &
Nadeau, K. J. (2020). Sleep and circadian health are associated with mood & behavior in
adolescents with overweight/obesity. Behavioral Sleep Medicine, 18(4), 550-559.
https://doi.org/10.1080/15402002.2019.1629444

Sivertsen, B., Vedaa, @., Harvey, A. G., Glozier, N., Pallesen, S., Aarg, L. E., Lgnning, K. J., &
Hysing, M. (2019). Sleep patterns and insomnia in young adults: A national survey of
Norwegian university students. Journal of Sleep Research, 28(2), €12790.
https://doi.org/https://doi.org/10.1111/jsr.12790

Stewart, E., Gibb, B., Strauss, G., & Coles, M. (2020). Disruptions in the amount and timing of sleep
and repetitive negative thinking in adolescents. Behavioral Sleep Medicine, 18(2), 217-225.
https://doi.org/10.1080/15402002.2018.1557188

Stutz, J., Eiholzer, R., & Spengler, C. M. (2019). Effects of evening exercise on sleep in healthy
participants: A systematic review and meta-analysis. Sports Medicine, 49(2), 269-287.
https://doi.org/10.1007/s40279-018-1015-0

Takano, K., Sakamoto, S., & Tanno, Y. (2014). Repetitive thought impairs sleep quality: An
experience sampling study. Behavior Therapy, 45(1), 67-82. https://doi.org/
10.1016/j.beth.2013.09.004

Tarp, J., Child, A., White, T., Westgate, K., Bugge, A., Grgntved, A., Wedderkopp, N., Andersen, L.
B., Cardon, G., Davey, R., Janz, K. F., Kriemler, S., Northstone, K., Page, A. S., Puder, J. J.,
Reilly, J. J., Sardinha, L. B., Esther, M. F. v. S, Ekelund, U., . . . Sherar, L. B. (2018).
Physical activity intensity, bout-duration, and cardiometabolic risk markers in children and
adolescents. International Journal of Obesity, 42(9), 1639-1650.
https://doi.org/http://dx.doi.org/10.1038/541366-018-0152-8

te Lindert, B., & van Someren, E. J. W. (2013). Sleep estimates using microelectromechanical
systems (MEMS). Sleep, 36(5), 781-789. https://doi.org/10.5665/sleep.2648

Thomas, J. M., Kern, P. A., Bush, H. M., McQuerry, K. J., Black, W. S., Clasey, J. L., & Pendergast,
J. S. (2020). Circadian rhythm phase shifts caused by timed exercise vary with chronotype.
JCI Insight, 5(3). https://doi.org/10.1172/jci.insight.134270

Towbin, K. E., Solages, M. M., & Stubbe, D. (2015). Adolescent development. Psychiatry, 1, 192-
212. https://doi.org/10.1002/9781118753378.ch12

98



van Hees, V., Gorzelniak, L., Dean Leon, E., Eder, M., Pias, M., Taherian, S., Ekelund, U., Renstrém,
F., Franks, P., & Horsch, A. (2013). Separating movement and gravity components in an
acceleration signal and implications for the assessment of human daily physical activity.
PLOS One, 8(4), e61691. https://doi.org/10.1371/journal.pone.0061691

van Hees, V., Sabia, S., Anderson, K., Denton, S., Oliver, J., Catt, M., Abell, J., Kivimaki, M.,
Trenell, M., & Singh-Manoux, A. (2015). A novel, open access method to assess sleep
duration using a wrist-worn accelerometer. PLOS One, 10(11), e0142533.
https://doi.org/10.1371/journal.pone.0142533

van Hees, V., Sabia, S., Jones, S., Wood, A., Anderson, K., Kivimaki, M., Frayling, T., Pack, A.,
Bucan, M., & Trenell, M. (2018). Estimating sleep parameters using an accelerometer without
sleep diary. Scientific Reports, 8(1), 1-11. https://doi.org/10.1038/s41598-018-31266-z

van Hees, V. T., Fang, Z., Langford, J., Assah, F., Mohammad, A., Da Silva, I. C., Trenell, M. I,
White, T., Wareham, N. J., & Brage, S. (2014). Autocalibration of accelerometer data for
free-living physical activity assessment using local gravity and temperature: an evaluation on
four continents. Journal of Applied Physiology, 117(7), 738-744.
https://doi.org/10.1152/japplphysiol.00421.2014

Vitale, J. A., Bonato, M., Galasso, L., La Torre, A., Merati, G., Montaruli, A., Roveda, E., &
Carandente, F. (2017). Sleep quality and high intensity interval training at two different times
of day: A crossover study on the influence of the chronotype in male collegiate soccer
players. Chronobiology International, 34(2), 260-268.
https://doi.org/10.1080/07420528.2016.1256301

Watson, D., & Clark, L. A. (1999). The PANAS-X: Manual for the positive and negative affect
schedule-expanded form. University of lowa. https://doi.org/10.17077/48vt-m4t2

Youngstedt, S. D. (2005). Effects of exercise on sleep. Clinics in Sports Medicine, 24(2), 355-365.
https://doi.org/10.1016/j.csm.2004.12.003

99



Appendix A
GGIR Shell Function Code

rm(list=I1s())

library(GGIR)

mode=c(1,2,3,4,5)
datadir="C:/Users/melan/Documents/21Apr/bin"
outputdir= "C:/Users/melan/Documents/21Apr"
#studyname="KR"

fO = c() #file to start with

1 = c() #file to end with

g.shell. GGIR(#----

# General parameters

# —_——

™

mode=mode,

datadir=datadir,
outputdir=outputdir,

fo=f0,

f1=f1,

overwrite = TRUE,
do.imp=TRUE,

idloc=2,
print.filename=TRUE,
storefolderstructure = FALSE,
desiredtz = "Australia/Adelaide”,

#

T

# Part 1 parameters:

# _—

T

windowsizes = ¢(5,900,3600), #5 s epoch, 15 min non-wear detection resolution, 60 min non-
wear evaluation window

do.cal=TRUE,

do.enmo = TRUE, #ENMO physical activity metric

do.anglez=TRUE, # for sleep analysis

chunksize=1,

printsummary=TRUE,

# _—

™

# Part 2 parameters:
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H# ——
™

strategy =1,

#ndayswindow=7,

hrs.del.start = 0,

hrs.del.end = 0,

maxdur = 9, #maximum number of days

includedaycrit = 16, # min valid hours per day of measurement

# L5M5window = ¢(0,6,12,18,24),

M5L5res = 10,

winhr = ¢(5),

glevels = ¢(c(1380/1440),c(1410/1440)), #quantiles to calculate
gwindow=c(0,6,12,18,24), #window for calculation of quantiles

ilevels = ¢(0,46,93,418), #gives acceleration distribution in 50 mg resolution calculates the
time spent in those intensities of accelerations.

mvpathreshold =c(93), #thresholds for MVVPA, total and bouts 5 & 10 min
acceleration>threshold for >80% of time

boutcriter = ¢(0.8), #at least 80% MVPA in the time period to be classified as a bout
mvpadur = ¢(1,5,10), #min duration of a bout

bout.metric = 4,

closedbout = FALSE,

# _—

T

# Part 3 parameters:

# _—

T

timethreshold= ¢(5),
anglethreshold=5,

ignorenonwear = TRUE,
do.part3.pdf = TRUE,

# ——

™

# Part 4 parameters:

# _—

™

excludefirstlast = FALSE,
includenightcrit = 16,

def.noc.sleep = c(1),

# loglocation = "C:/Users/melan/Documents/21Apr/SleepLog/GGIRSleepLog.csv",
outliers.only = FALSE,

relyonguider = FALSE,
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# criterror = 4,
sleeplogidnum = FALSE,
colid=1,

colnl=3,

do.visual = TRUE,
nnights = 6,

H = = ==
"

# Part5

H = = ==
"

threshold.lig = c(46), threshold.mod = ¢(93), threshold.vig = ¢(418),

boutcriter = 0.8,  boutcriter.in =0.9, boutcriter.lig = 0.8,

boutcriter.mvpa = 0.8, boutdur.in = ¢(30), boutdur.lig = ¢(10),
boutdur.mvpa = ¢(10),
includedaycrit.part5 = 2/3,

# Visual report

#timewindow = c("WW","MM"),
#dayborder = 18,
visualreport=TRUE,
do.report=c(2,4,5),
dofirstpage = TRUE,
viewingwindow=1

)

## End(Not run)
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Appendix B
A Note on the Determination of the Time Cut-Offs Between Morning,

Afternoon, and Evening
A search of previous literature did not find a set definition for the cut-off between afternoon

and evening in adolescent sleep research. Initially the definitions used in the 2013 National Sleep
Foundation (NSF) Poll (Buman et al., 2014) were considered for this study, however they did not
appear appropriate for this sample. The NSF Poll defined morning as > 8 hours before bed, afternoon
as 4-8 hours before bed, and evening as < 4 hours before bed. As the current sample had an average
sleep onset time of 1 a.m. the parameters used in the 2013 NSF Poll would have resulted in morning
being defined as prior to 5 p.m., afternoon as 5-9 p.m., and evening as 9 p.m. - 1 a.m. As these cut
offs did not seem suitable it was determined that for the current sample morning would be from 6 a.m.

until midday, afternoon 12 p.m. until 6 p.m., and evening 6 p.m. and later.

The choice of a 6 a.m. as the beginning of morning segment was due to the earliest participant
wake-time (6:04 a.m.) and latest sleep-onset time (5:14 a.m.). This was also an appropriate cut-off for
mood as there were no mood data points between 1 a.m. and 7 a.m. The delineation of 6 p.m. — 6 a.m.
as evening was due to the adolescents’ sleep onset times which ranged from 8:53 p.m. to 5:14 a.m.
The selection of these times ensured that physical activity was attributed to the correct day. That is,
physical activity taking place in the early morning prior to falling asleep was captured as ‘evening’
activity at the end of the day, while physical activity occurring in the early morning after waking was
captured at the start of the day. The choice of 6 p.m. as the beginning of the evening segment also
made the results of this study more easily comparable to Study 1, which also classified physical

activity after 6 p.m. as evening physical activity.
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CHAPTER 4 -
COME INTO THE LAB: ACONTROLLED
EXPERIMENTAL STUDY OF PHYSICAL ACTIVITY,
SLEEP, AND MOOD IN ADOLESCENT BOYS
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4.1 Abstract

The interrelationships between physical activity, sleep, and mood in adolescents make
physical activity interventions a possible option to address sleep and mood problems in this
population. The aim of this study was to assess how light-intensity morning physical activity affects
sleep and mood in adolescents with a late chronotype in a controlled laboratory setting. This was
anticipated to also provide further evidence for sleep’s role as a mediator between physical activity
and mood. Eighteen adolescent boys (aged 15-18 years) completed a 45-minute intervention over 5
mornings in a sleep laboratory. The boys were randomised to either sedentary sitting, or light-
intensity treadmill walking. Physical activity intensity was monitored by heart rate (via chest strap and
actigraphy watch [Polar rs100]) and intensity cut-offs were calculated using the Karvonen formula
(Karvonen & Vuorimaa, 1988). Circadian rhythm timing was measured through saliva assay to
determine dim light melatonin onset. Mood was measured by the Depression Anxiety and Stress Scale
21 (DASS) and the Short Mood and Feelings Questionnaire (SMFQ). Results showed a 47-minute
difference in circadian timing between the intervention groups. Boys in the walking group
experienced a 28-minute circadian advance over the course of the intervention, while those in the
sitting group had a 19-minute circadian delay. No significant results were found between physical
activity and mood (SMFQ and depression subscale of DASS) or circadian timing and mood. Although
trends indicated that the sedentary boys had a greater mood improvement than those in the walking
group. This goes against the findings of other studies, that physical activity and earlier sleep timing
are both beneficial for mood (Carter et al., 2016; Gariépy et al., 2019). These results provide support
for the use of physical activity interventions to treat delayed sleep timing in adolescents. Future
research with later follow-ups of mood data could provide insight into when mood improvements

occur following a circadian rhythm advance.
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4.2 Introduction

A multitude of connections exist between physical activity, sleep, and mood in adolescents.
The current available research, as summarised in meta-analyses and reviews, is that participating in
more physical activity is associated with better sleep parameters (Atoui et al., 2021; Dolezal et al.,
2017; Memon et al., 2021), and that both more physical activity and healthier sleep, are associated
with better mood (Carter et al., 2016; Rodriguez-Ayllon et al., 2019; Short et al., 2020; Short & Chee,
2019). Whilst these relationships are certainly bidirectional (Atoui et al., 2021; Lovato & Gradisar,
2014), investigations into the directionality of these relationships have shown that to a large degree
changes in physical activity precede the abovementioned sleep benefits (Atoui et al., 2021), and
changes in sleep precede changes in mood (Goldstone et al., 2020; Lovato & Gradisar, 2014; Orchard
et al., 2020). Thus, it seems likely that sleep mediates the relationship between physical activity and

mood.

Both Chapter 2 and Chapter 3 of this thesis have found evidence for the mediating role of
sleep between physical activity and mood. Using a large cross-sectional sample of 1,367 adolescents,
Chapter 2 found that in the three mediation models tested, the relationships were consistent with
sleep mediating the physical activity-mood association. More physical activity, regardless of whether
it was performed during the day or during the evening, was associated with better sleep parameters
(longer sleep duration, shorter sleep onset latency, and earlier chronotype) which were also associated
with better mood. Chapter 3 found further evidence of sleep’s role as a mediator of the physical
activity-mood relationship through ecological momentary assessment monitoring of 19 adolescent
girls over 1 week. Again, the sleep parameters measured (total sleep time and chronotype) were found
to mediate the relationship between physical activity (during the day and evening) and mood (positive
and negative affect). Owing to the temporal nature of the study design, a number of variations were
found for the mediation of physical activity and mood by total sleep time. Such as the days of the
week on which the mediation occurred, and whether positive or negative affect were mediated.
However, Chapter 3 noted the same unexpected finding for evening physical activity as Chapter 2.
Once again, more evening physical activity was associated with better sleep (earlier sleep midpoint)
which was associated with better mood (more positive affect). Despite the expectation that evening
physical activity would be detrimental to sleep (Chennaoui et al., 2015), in both Chapter 2 and

Chapter 3 it was found that evening physical activity was actually beneficial to sleep and mood.

Reviews of research with adults show mixed results when testing the impact of evening
physical activity on sleep (Buman & King, 2010; Chennaoui et al., 2015). Results range widely from
evening physical activity having a beneficial impact, as discussed above (increased sleep efficiency,
reduced sleep onset latency [SOL] (Dworak et al., 2008); reduced wake after sleep onset [WASO]
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(Alley et al., 2015)), to evening physical activity having no impact (Miller et al., 2020; Myllymaki et
al., 2011), or having a detrimental impact (longer SOL (Alley et al., 2015); a later bedtime (Glavin et
al., 2020); or a circadian phase delay (Youngstedt et al., 2019)). Recent results suggest that an
explanation for the differing impact of evening physical activity on sleep may come from the role of
chronotype. In response to evening physical activity, early chronotypes have been seen to experience
stronger negative sleep consequences (less total sleep time [TST], more WASO (Vitale et al., 2017)

and a bigger circadian rhythm delay (Glavin et al., 2020)) than late chronotypes.

Comparatively, morning physical activity elicits a similar sleep response irrespective of
chronotype (Glavin et al., 2020; Thomas et al., 2020; Vitale et al., 2017). Comparisons between
morning and evening physical activity have also shown morning physical activity to have a stronger
beneficial impact on sleep (Alley et al., 2015; Wendt et al., 2020). Adult studies show that morning
physical activity is associated with circadian phase advances (Thomas et al., 2020) and earlier in-to-
and out-of-bedtimes (Quante et al., 2019). Young adult studies show associations with shorter SOL
(Alley et al., 2015), and longer TST and higher sleep efficiency (Wendt et al., 2020). Lastly,
adolescent research has found morning physical activity to be associated with shorter SOL
(Baldursdottir et al., 2017; Kalak et al., 2012), less number of awakenings (Baldursdottir et al., 2017)
and better subjective sleep quality (Kalak et al., 2012). Due to the beneficial association of morning
physical activity with sleep in adolescents, physical activity scheduled in the morning could further
improve confidence in the physical activity-sleep-mood connections, as well as provide an effective

intervention for sleep and mood problems in this population.

Relatively few studies have conducted controlled experiments of morning physical activity on
sleep. One such laboratory study by Thomas and colleagues (2020) assessed the relationship between
chronotype and physical activity in 52 adults who completed five mornings or evenings of physical
activity (30mins, 70% VO, max®). It was found that morning physical activity (timed at dim light
melatonin onset [DLMO]°® +10hrs) resulted in comparable responses for late chronotypes (i.e., 32-
minute phase advance) and early chronotypes (i.e., 29-minute advance). However the response to
evening physical activity (DLMO +20hrs) was discrepant between late chronotypes (28-minute
advance) and early chronotypes (25-minute delay). One of the biggest strengths of this study are the
robust measures used for physical activity (VO2max) and ‘sleep’ (DLMO), as they provide a more

precise measurement in a controlled environment (i.e., sleep laboratory). Unfortunately, the study did

VO, max is a measure of the maximum amount of oxygen intake per kilogram of bodyweight per
minute, and therefore % of VO, max can be used as a measure of exercise intensity (She et al., 2015).

& Dim light melatonin onset (DLMO) is the clock time at which endogenous melatonin rises above a
pre-determined level. DLMO +10hrs refers to the clock time 10 hours after DLMO. Therefore, if DLMO occurs
at 10 p.m., DLMO +10hrs is at 8 a.m.
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not control for light exposure, which has been shown to confound results on circadian timing
(Atkinson et al., 2007).

A similar physical activity intervention was conducted in a cross-over trial by Saidi and
colleagues (2020) in a sample of 16 obese adolescent girls. The morning physical activity intervention
was a single 40-minute session of cycling at 70% VO, max. Saidi et al. found that the single pulse of
morning physical activity improved the adolescent girls” subsequent sleep, resulting in longer TST,
decreased WASO, and increased sleep efficiency. A strength of this study was the use of objective
measures of physical activity (VO, max) and sleep (multi-sensor armband), however the study did not
measure mood outcomes. In fact, neither Thomas’ (2020) or Saidi’s study (2020) included mood
measures, and considering the close relationship between both physical activity and sleep with mood,

it would be beneficial for future research to experiment with how mood is interrelated.

The results of Thomas et al. and Saidi et al.’s experimental studies demonstrate that morning
physical activity is beneficial to sleep, and that this relationship is also present in adolescents. The
current study intends to build upon these results by incorporating mood into the model of the physical
activity-sleep model tested thus far in this thesis. In this case, ‘sleep’ will be measured as circadian
timing (i.e., DLMO) — a measure that is considered more precise than self-reported chronotype
(Bauducco et al., 2020). The present study will also control for the impact of light on sleep by

conducting the research in a dimly lit laboratory.

Research has shown that adolescents with a late chronotype are more susceptible to sleep and
mood problems than those with an early chronotype or neither chronotype (Gariépy et al., 2019;
Glavin et al., 2020; Haraden et al., 2017, 2019; Simon et al., 2020). This higher likelihood of sleep
and mood problems amongst adolescents with late chronotypes makes them an ideal group for
physical activity interventions targeting these areas. However, when developing a physical activity
intervention to improve the sleep and mood of adolescents it is important to consider the
characteristics of this population. Despite the benefits that physical activity can offer, adolescents with
a late chronotype do less physical activity than their peers (Kauderer & Randler, 2013; Merikanto et
al., 2020; Schaal et al., 2010; Urbén et al., 2011). Indeed, adolescents with a late chronotype do not
identify as many positive effects from physical activity as those with an early chronotype (Schaal et
al., 2010), which may indicate that those with a late chronotype find it more difficult to participate.
These details must be taken into account to increase the likelihood of a successful and practical
intervention. To this end, the present study will not employ an exercise intervention of moderate or
high intensity, but will instead assess the utility of a light-intensity walking intervention, which is

anticipated to be more amenable to a population which does not typically engage in physical activity.
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A previous analysis of the dataset used in this study was recently conducted by Lang and
colleagues (2022). This analysis looked at the relationship between physical activity and circadian
timing in 18 adolescents with a late chronotype. The adolescents were divided into a physical activity
intervention group and a sedentary group. The physical activity group participated in 45 minutes of
treadmill walking at a light intensity (30-40% heart rate reserve’) over 5 consecutive mornings,
meanwhile the sedentary group remained seated while watching TV. The sleep laboratory remained lit
at <10 lux to control the impact of light exposure on both groups during their time in the laboratory
and during the intervention. It was found that adolescents from the walking group experienced a
circadian phase advance of 27.5 minutes, and adolescents in the sedentary group experienced a
circadian phase delay of 18.5 minutes. Mood measures showed that mood improved for both groups
across the intervention (decreased anxiety and stress on DASS-21) however there was no significant
difference in depression score. Although this examination of the data included measures of physical
activity, sleep, and mood, the analysis did not consider the physical activity-sleep-mood mediation as
the research question was different (i.e., can morning physical activity advance circadian timing). As
such, the current study plans to assess the possibility of sleep’s role as a mediator in this relationship
model.

The connections between physical activity, sleep, and mood in adolescents affords an
opportunity to develop interventions that could address both sleep and mood problems in this
population. To develop interventions for this unique group, a greater understanding is needed of the
connections between these three areas. This study will assess how light-intensity morning physical

activity affects sleep and mood in adolescents with a late chronotype.

4.2.1 Hypothesis

It is hypothesised that a change in circadian timing will mediate the relationship between
physical activity and mood. That is, after the intervention the walking group will have an earlier timed
circadian rhythm (measured by DLMO) and better mood (measured by SMFQ and DASS-21),

compared to the sedentary group.

" Heart rate reserve is the difference between an individual’s resting heart rate and their maximum heart
rate. Heart rate reserve is calculated using the Karvonen formula and can be used to calculate exercise intensity
cut-offs (Davis & Convertino, 1975; Ignaszewski et al., 2017). For a description of the Karvonen formula see
Section 4.3.3.3.
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4.3 Method

4.3.1 Participants

The study protocol was completed by 18 adolescent males (self-reported sex), aged 15-18
years. In order to be eligible adolescents were required to be sedentary (defined as < 60 minutes of
physical activity per week (Bennett et al., 2006)) and have a late chronotype (defined by the Munich
Chronotype Questionnaire (Roenneberg et al., 2003)).

Exclusion criteria included; travel across time zones within 2 months of data collection, sleep
apnoea or other paediatric sleep disorders (measured by Paediatric Sleep Questionnaire (Chervin et
al., 2000)), psychological disorders associated with altered circadian rhythm (i.e. bipolar (Gold &
Kinrys, 2019), autism (Pinato et al., 2019), and ADHD (Coogan & McGowan, 2017)), a physical
condition requiring medical advice before undertaking physical activity (e.g. resting heart rate > 90
beats per minute), or use of psychopharmaceuticals (some antidepressants impact the
biotransformation of melatonin (Antonioli et al., 2012; Hartter et al., 2001)). Females were not

recruited due to the impact of menstrual phase on circadian rhythm assessment (Shechter et al., 2010).

Participants were recruited via social media advertising. Of the 62 responses received, 28 met
the inclusion/exclusion criteria. Consent to participate was obtained from both the adolescent and
their parent/guardian, and consent was received from 23 participants. Participants received a
reimbursement of AUDS$50 for their time. Ethical permission was obtained from Adelaide Clinical
Human Research Ethics Committee (SAC HREC Application Number OFR 100.16 —
HREC/16/SAC/90).

4.3.2 Design

The study used a between-subjects design to test a 5-day physical activity intervention. Data
were collected during the school holiday periods from July 2016 to April 2017. Data collection for
each adolescent occurred over two weeks. Following screening, participants completed one baseline
week at home (Monday to Sunday) where they adhered to fixed bedtimes and risetimes and were not
physically active. This was immediately followed by one intervention week (6 nights/5 days; Sunday
to Saturday) at the Flinders University sleep laboratory. Adolescents completed baseline measures on
the Sunday night before the intervention began, and post-intervention measures on the Friday night

after the intervention was complete. See Figure 4.1 for a representation of the laboratory protocol.

4.3.2.1 Baseline Week
Participants first completed a baseline week at home, during which they adhered to a fixed
sleep schedule (constant bedtime and risetime) and did not participate in physical activity (< 60

minutes MVPA during the entire week). Participants completed a sleep diary, physical activity diary,
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and wore actigraphy watches on their non-dominant wrist (ActiGraph GT3X+; ActiGraph, Pensacola,

USA) during the baseline week to ensure they adhered to the protocol.

4.3.2.2 Intervention Week

The intervention week involved attending the sleep laboratory for 6 consecutive nights
(Sunday-Saturday) and participating in the allocated intervention on 5 consecutive mornings
(Monday-Friday). The adolescents arrived at the laboratory at 5 p.m. each day and were permitted to
leave in the morning after completing their allocated intervention activity. During the intervention
week the adolescents continued to complete a sleep diary and physical activity diary (see Sections
4.3.3.2 and 4.3.3.4). Whilst in the laboratory the adolescents were offered meals and snacks at set
times and were not permitted access to mobile phones. Adolescents were only permitted to consume

one caffeinated beverage a day, in the morning after the intervention activity.

During the intervention week the adolescents adhered to their fixed bedtime from baseline
week and followed increasingly earlier risetimes to begin their allocated intervention. Adolescents
were randomised to the physical activity group or sedentary group. Both groups took part in a
morning schedule which gradually advanced by 30 minutes each day, over the 5 mornings of the
intervention (e.g., wake up Monday 9 a.m., Tuesday 8:30 a.m., Wednesday 8 a.m., etc). Although
participants’ rise times advanced earlier by 30 minutes each day, bedtimes did not change. Twenty
minutes after waking, the physical activity group performed 45 minutes of light intensity physical
activity (walking on a treadmill), and the sedentary group watched TV for 45 minutes while sitting.
Both groups performed their intervention in the sleep laboratory. Post-hoc analyses showed that

exercise timing occurred on average 12 hours after baseline DLMO.

111



Figure 4.1

Overview of Study Protocol

o
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* Physicaland ) o ) + DASS21 > fixed | advancin
mental health fixed bed &risetimes | no exercise . SMFQ arrive lab bedtime risetimeg | W a5 min sedentary | . SMFQ
> > > > ®
SCREENING BASELINE WEEK (normal school week) BASELINE INTERVENTION WEEK (5 consecutive days) POST-INTERVENTION
MEASURES MEASURES

MEASURES

Note. DLMO = dim light melatonin onset; DASS 21 = Depression and Anxiety Stress Scale; SMFQ = Short Mood and Feelings Questionnaire.
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4.3.3 Measures

4.3.3.1 Chronotype Screening
Chronotype was assessed by the Munich Chronotype Questionnaire (MCTQ) (Roenneberg et
al., 2003). The MCTQ measures sleep timing on freedays versus workdays over the previous 4 weeks

to determine chronotype.

4.3.3.2 Physical Activity - Diary

A physical activity diary was used during the baseline and intervention weeks to ensure
adherence to the study protocol. Adolescents recorded if they participated in any activity during the
day for longer than 10 minutes. Each intensity level of physical activity was recorded separately and
included walking, e.g. “how many times have you walked continuously for at least 10 minutes?”, and

“what was the total time that you spent walking in this way?”.

4.3.3.3 Physical Activity - Walking Intervention

The physical activity group participated in a 45-minute light-intensity treadmill walking
intervention over 5 consecutive days. The intensity of the walking intervention was determined using
the Karvonen formula to calculate the heart rate cut-offs for light intensity physical activity
(Karvonen & Vuorimaa, 1988). Each participant’s heart rate was measured using a chest strap linked
to an actigraphy watch (Polar rs100). The Karvonen formula categorises light-intensity physical
activity as activity inducing a heart rate of 30-40% of the heart rate (HR) reserve. Heart rate reserve is
calculated by first determining HR maximum (220 — age), then calculating HR reserve (HR maximum
—resting HR). The lower and upper limits of this HR reserve are then both calculated to determine
heart rate cut-off points in beats per minute. The lower limit of 30% is calculated by ([HR reserve *
0.3] + resting HR), and the upper limit of 40% by ([HR reserve * 0.4] + resting HR).

4.3.3.4 Sleep - Diary
A sleep diary was used during the baseline and intervention weeks. Participants recorded their
bedtimes and wake times, sleep onset latency, and number of awakenings. They also rated their sleep

quality on an 8-item Likert scale each morning (1 = very bad, 8 = very good).

4.3.3.5 Sleep - Dim Light Melatonin Onset

The adolescents’ circadian rhythms were calculated through dim light melatonin onset
(DLMO) which was measured via saliva assay. DLMO data were collected and calculated on two
occasions, at (1) baseline on the first night of the laboratory week, and (2) post-intervention on the last
night of the laboratory week. Saliva samples were collected from 4 hours before bedtime until 2 hours
after bedtime and collection took place every 30 minutes during this window. During collection,

participants remained seated for at least 5 minutes prior to sample collection to ensure there was
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minimal artefact on melatonin production from gross movements. The adolescents remained sitting in
dim light during saliva collection and lightly chewed the salivette swab for 2 minutes (salivettes used
were Sarstedt, Newton, NC, USA). Participants were allowed to consume food and water shortly after
saliva collection. In the 72 hours before saliva collection participants also abstained from caffeine,
nicotine, alcohol, and foods thought to impede habitual melatonin secretion (e.g., chocolate, bananas,
tomatoes (Peuhkuri et al., 2012)).

The saliva samples were stored at -20°C. For analysis, the assays were thawed then
centrifuged at 2500 rpm for 10 minutes, then the supernatant was retained for use in
radioimmunoassay. Finally, saliva melatonin was measured using reagents from Buhlmann
Laboratories AG (Allschwil, Switzerland) in a sensitive (4.3 pM) direct radioimmunoassay. The mean
intra-assay coefficient was 4.5%. The inter-assay coefficients of variation for low and high levels of
salivary melatonin were 8.8% (5.2 — 12.9) and 88.3% (50.7 — 104.5), respectively. The functional
least detectable dose of the assay was 1.0 pg/ml. DLMO was calculated by linear interpolation across

time-points when melatonin concentration increased to 4.0 pg mL or above 58.

4.3.3.6 Mood — Depression, Anxiety, and Stress Scale

Mood was measured using the Depression, Anxiety, and Stress Scale (DASS 21) (Lovibond
& Lovibond, 1995). The DASS 21 is comprised of 21 items which are grouped into 3 subscales,
depression, anxiety, and stress, each subscale consists of 7 items. Each item is scored on a 4-point
Likert scale where participants indicate how much each item applied to them over the past week (0 =
did not apply to me at all, 3 = applied to me very much or most of the time). Higher scores indicate
worse mood. Adolescents completed the DASS 21 at baseline (Sunday night), and post intervention
(Friday night).

4.3.3.7 Mood - Short Mood and Feelings Questionnaire

Mood was also measured using the short version of the Mood and Feelings Questionnaire
(SMFQ) for children (Messer et al., 1995). Two mood measures were used to gain a more
comprehensive indication of depression symptoms, through increased opportunity of the items
mapping onto different depression criteria (Diagnostic and statistical manual of mental disorders:
DSM-5-TR, 2022). The SMFQ is a 13-item self-report questionnaire which screens for depression in
ages 6-19 years. The child or adolescent answers how much each of the 13 items has applied to them
over the last two weeks (0 = not true, 1 = sometimes true, 2 = true). Higher scores indicate worse
mood. Adolescents completed the SMFQ at baseline (Sunday night), and post intervention (Friday
night).
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4.4 Statistics

The descriptive sleep data were analysed using paired samples t-tests after looking for outliers
using boxplots and passing Shapiro-Wilk’s test of normality. One outlier was detected in the sleep
diary data for TST, and sensitivity analyses were run with and without this data point with very
similar outcomes, see Table 4.5 and Table 4.6 respectively. Descriptive mood data were analysed
using a Mann Whitney U test; as the distribution of scores was not similar, mean ranks were used for

comparison.

Descriptive DLMO data were analysed using independent samples t-tests. The baseline
DLMO data met assumptions for outliers, normality (Shapiro-Wilk), and homogeneity (Levene’s
test). One outlier was found in the post-intervention DLMO data. After removal of the outlier, the data
passed Shapiro-Wilk’s test of normality but homogeneity was violated (Levene’s test p = .01) and so
Welch’s t-test was used. An outlier was also found in the DLMO change data. After removal of the
outlier the data met assumptions for outliers (boxplots), normality (Shapiro-Wilk) and homogeneity

(Levene’s test).

The ‘sleep-mood’ relationship was assessed using Pearson product-moment correlation, and
point biserial correlation was used to assess the relationships between ‘physical activity-sleep’ and
‘physical activity-mood’. The appropriate preconditions for each type of correlation analyses were
conducted, testing for outliers (boxplots or scatterplots), linearity (scatterplots), homogeneity of
variances (Levene’s test), and normality (Shapiro-Wilk’s test). All preconditions were met, except for
one outlier detected in the DLMO change data. Upon removal of the outlier, the precondition tests
were re-run and all were passed. The following analyses were run both with and without the DLMO

change outlier.

4.4.1 Change Variables

‘Change’ variables were calculated for use in the correlation analyses of the sleep-mood
relationship. These variables were calculated by finding the difference in each measure between the
baseline and post-intervention data points (e.g., change variable = baseline score — post-intervention
score). As such, a negative DLMO change score represented a delay in DLMO, and a positive DLMO
change score represented an advance in DLMO (e.g., 20:00 — 22:00 = -2 hours, a delay of 2 hours). A
negative DASS change score represented an increase in DASS score which indicates a worsening of
mood, while a positive DASS change score represented a decrease in score and improvement in mood

(e.g., 7—10 =-3, a higher score at post-intervention and thus a worsening of mood).
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4.5 Results

The 18 adolescents who completed data collection had an average age of 16.4 years (Table
4.1). BMI scores ranged from 17-34, with most adolescents having a BMI in the normal range (N =
10). All participants had a late chronotype as defined by the Munich Chronotype Questionnaire, with
an average freeday midsleep time of approximately 6 a.m.

Table 4.1

Participant Characteristics

. Mean .
0,
Variable Sample Nand % Range (Standard Deviation) Clock Time
Age 18 15-18 16.44 (1.04)
BMI 18 17.28 — 33.81 23.50 (5.13)
Underweight (< 18.5) 2 (11.1%)
Normal (18.5-24.9) 10 (55.6%)
Overweight (25-29.9) 3 (16.7%)
Obese (30-39.9) 3 (16.7%)
Midsleep time on free days
18 4.25-8.21 6.10 (1.11) 6:06 a.m.
(MCTQ)
Midsleep time on free days
18 4.25-8.27 5.57 (1.24) 5:34 am.

corrected for sleep debt
DLMO 17 20.51 - 26.51 23.13 (1.65) 11:08 p.m.

Note. MCTQ = Munich Chronotype Questionnaire; DLMO = Dim Light Melatonin Onset.

Actigraphy and sleep diary measures of the adolescents’ sleep during the home baseline week
were comparable. As is often seen in this population, the adolescents had a significantly later bedtime
and waketime on freedays compared to weekdays (Crowley et al., 2014). Both actigraphy and diary
data showed that on freedays bedtime was ~1.5 hours later and waketime was 1.5-2.5 hours later.
Although actigraphy total sleep time was comparable between weekdays and freedays, sleep diary

data indicated that TST was longer on freedays compared to weekdays. See Table 4.2.

Table 4.3 shows the descriptive data for the DASS and SMFQ measures of mood at baseline
and post-intervention. The difference in DASS scores at baseline between the sedentary and walking
groups was tested with a Mann-Whitney U test. This difference was not found to be significant

(sedentary group mean rank = 11.44, walking group mean rank =7.95, U =24.5, z = -1.40, p = .16).
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Table 4.2

Sleep Descriptives of Weekdays and Freedays Using Paired Sample t-tests

Sleep Variable Weekdays Freedays
Clock Time M (SD) Clock Time M (SD) t p Cohen’s d
Actigraphy
Bedtime 12:21 a.m. 24.35 (0.98) 1:39 a.m. 25.65 (1.61) -4.34 <001 0.97
Waketime 8:56 a.m. 8.94 (1.36) 10:37 a.m. 10.63 (1.08) -5.49 <001 1.38
TST 7.30 hrs (1.07) 7.64hrs (0.98) -1.25 .23 0.33
Diary
Bedtime 12:03 a.m. 24.06 (1.09) 1:35a.m. 25.59 (1.67) -5.32 <.001 1.09
Waketime 7:54 a.m. 7.90 (1.59) 10:29 a.m. 10.49 (0.99) -7.62 <.001 1.96
TST? 7.78 hrs (1.65) 9.00 hrs (1.43) -5.14 <.001 0.96

Note. N = 18. TST = Total sleep time.
2 = outlier removed (N = 17).
Bold = significant (p <.001).

Table 4.3

Descriptive Statistics for Mood Variables of Both Intervention Groups at Baseline and Post-
Intervention

Variable and Group Baseline Post-Intervention

N Range M (SD) N Range M (SD)

DASS — Depression subscale

Sedentary 8 8-24  12.00 (5.45) 7 0-8  2.57(2.51)

Physical Activity 10  0-16 4.60 (5.74) 10 014  7.80(5.53)
SMFQ

Sedentary 8 1-14 5.38 (4.14) 8 0-5 2.75 (2.05)

Physical Activity 10  0-14 6.00 (4.67) 10  0-14  3.40(4.48)

Note. DASS = Depression Anxiety and Stress Scale; SMFQ = Short Mood and Feelings
Questionnaire.
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Descriptive analyses of the timing of dim light melatonin onset during the study are shown in
Table 4.4. Independent samples t-tests were used to compare DLMO between the two groups at
baseline and post-intervention. At baseline the sedentary and walking groups were not statistically
different from each other, t(15) = -0.15, p = .44. By the post-intervention follow-up there was a
statistically significant difference between groups, t(9.02) = 2.17, p=.03, Cohen’s d = 1.08.

The change in DLMO for each group was also significantly different, t(14) = -2.81, p = .01,
Cohen’s d = 1.41. Measurement of DLMO after the intervention week showed that the sedentary
group had delayed by 34 minutes and the walking group advanced by 27.5 minutes. When the
analysis was repeated after removal of an outlier it was found that the sedentary group experienced a
phase delay of 18.5 minutes, t(13) = -2.79, p = .01, Cohen’s d = 1.45.
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Table 4.4

Descriptive Statistics for DLMO for Both Intervention Groups from Baseline to Post-Intervention

DLMO Variable and

Group Sedentary Physical Activity
N Range Clock Time or Phase Change M (SD) N Range Clock Time or Phase Change M (SD)
Baseline 8 20.51-26.51 11:03 p.m. 23.06 (2.04) 9 21.43-24.82 11:10 p.m. 23.18 (1.34)
Post-Intervention 8 20.51-27.00 11:45 p.m. 23.76 (2.05) 8 20.90-24.64 10:04 p.m. 22.07 (0.79)
Change 8 -144-31 34.25 minute delay -34.25(53.15) 8 -13-79 27.5 minute advance 27.50 (32.04)
Change — no outlier 7 -57-31 18.57 minute delay -18.57 (31.65) 8 -13-79 27.5 minute advance 27.50 (32.04)

Note. DLMO = Dim light melatonin onset.

Change scores: a negative DLMO change score represents a delay, and a positive DLMO change score represents an advance, a negative DASS change score
represents a worsening of mood, and a positive DASS change score represents an improvement in mood. See Section 4.4.1 for explanation of change variable
calculation.
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45.1 Correlations

Correlations were run to assess the strength of connections between physical activity, sleep,
and mood (see Table 4.5). ‘Sleep’ was measured by the change in DLMO (dim light melatonin onset),
and mood was measured by the DASS (Depression Anxiety and Stress Scale) and SMFQ (Short
Mood and Feelings Questionnaire). Only one significant relationship was found, between physical
activity group and change in DLMO, such that allocation to the physical activity group was associated
with DLMO change in a positive direction (see discussion of change variable calculation in Section
4.4.1), meaning physical activity participation was related to earlier DLMO (circadian phase

advance). The correlations between sleep-mood and physical activity-mood were non-significant.

Table 4.5

Physical Activity, Sleep, and Mood Correlations (including DLMO outlier)

Variables r p (two tailed) Variability %
Physical activity group — DLMO change .60 .01 36.1%
DLMO change — DASS change -41 15 -
DLMO change - SMFQ change =~ —=mmmemmeeeeee- Not linear ---------------
Physical activity group — DASS change -.48 .07 -
Physical activity group — SMFQ change -.004 .99 -

Note. DLMO = Dim light melatonin onset; DASS = Depression Anxiety and Stress Scale; SMFQ =
Short Mood and Feelings Questionnaire.

Change scores: a negative DLMO change score represents a delay, and a positive DLMO change
score represents an advance, a negative DASS change score represents a worsening of mood, and a
positive DASS change score represents an improvement in mood. See Section 4.4.1 for explanation of
change variable calculation.

Bold = significant (p = .01).

When the correlations were rerun without the outlier from the DLMO data, the results were
similar (see Table 4.6). Once again, the only significant relationship was found between physical
activity group and change in DLMO timing, however those in the sedentary group had a circadian
phase delay of 19 minutes, which is a slightly smaller delay than found in the analyses including the
outlier. All other relationships and significance testing were comparable between analyses with and

without the outlier.
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Table 4.6

Physical Activity, Sleep, and Mood Correlations (excluding DLMO outlier)

Variables r p (two tailed) Variability %
Physical activity group — DLMO change .61 .02 37.6%
DLMO change — DASS change -.36 23 -
DLMO change — SMFQ change -.35 21 -
Physical activity group — DASS change -.48 .07 -
Physical activity group — SMFQ change -.004 99 -

Note. DLMO = Dim light melatonin onset; DASS = Depression Anxiety and Stress Scale; SMFQ =
Short Mood and Feelings Questionnaire.

Change scores: a negative DLMO change score represents a delay, and a positive DLMO change
score represents an advance, a negative DASS change score represents a worsening of mood, and a
positive DASS change score represents an improvement in mood. See Section 4.4.1 for explanation of
change variable calculation.

Bold = significant (p = .02).

4.6 Discussion

A controlled laboratory setting was used to test the impact of a walking intervention on the
mediation of the relationship between physical activity and mood by sleep in 18 adolescent boys. As
predicted, it was found that the walking intervention was associated with earlier circadian timing
(DLMO) compared to the sedentary group. However the relationships between ‘physical activity —
mood’ and ‘sleep — mood’ did not reach significance and thus there was not sufficient evidence for the

proposed mediation. A more detailed examination of these findings is discussed below.

4.6.1 Sleep Descriptives

The baseline sleep of the adolescents in this study matched the standard features of adolescent
sleep reported in reviews (Alfonsi et al., 2020; August & Rosen, 2020; Tarokh et al., 2019). The sleep
patterns showed the characteristic adolescent sleep delay on freedays compared to weekdays. Freeday
sleep was timed ~1.5 hours later than weekday sleep, and average freeday bedtime was 1 a.m.
Measurement of DLMO at baseline found that DLMO occurred on average at 11:08 p.m. All aspects
of sleep were comparable between objective and subjective measures, however measurement of total
sleep time diverged. Sleep diary data showed an average TST of 7.5 hours on weekdays, and 9 hours
on freedays, which is similar to the majority of adolescent sleep research (Saxvig et al., 2020; Tarokh
et al., 2016). Comparatively, actigraphy data measured a TST of 7.5 hours on both weekdays and
freedays, which was unexpected. It is possible that the discrepancy between the sleep diary and

actigraphy data indicates a mismeasurement of sleep by the actigraphy software, during which some
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of the freeday sleep was miscategorised as wake, possibly due to movement during sleep (Meltzer et
al., 2018). Previous research has shown that actigraphy measures of sleep can underreport TST in
adolescent populations (Meltzer et al., 2012; Short et al., 2012). Alternately this TST discrepancy
could be a misinterpretation of sleep on the sleep diary measure. However, the pattern of sleep
recorded by the sleep diary measure matches that typically seen in adolescents, where sleep time is
shorter on school days than freedays (Gariepy et al., 2020). Despite this discrepancy, all other sleep

measures indicated the adolescents had typical sleep at baseline for their stage of life.

4.6.2 Physical Activity and DLMO Timing

Physical activity group allocation was significantly associated with DLMO timing. As
mentioned in a previous publication of this study’s data, participating in 45 minutes of light physical
activity in the morning, immediately after waking, was associated with a circadian phase advance of
28 minutes, while remaining sedentary was associated with a delay of 19 minutes (Lang et al., 2022).
Very minimal research has been conducted in adolescents to test the effect of morning physical
activity on circadian timing. These results are similar to that of an adult sample in a similar study
design (Thomas et al., 2020). Thomas et al. found that after 5 mornings of moderate-vigorous physical
activity participants with late chronotypes experienced a 32-minute circadian advance. It is notable
that the adolescents in the current study experienced a similar circadian advance after 5 mornings of
light physical activity following a gradually advancing wake schedule compared to the adults’ 5
mornings of moderate-vigorous physical activity on a fixed schedule. This indicates that a gradually
advancing wake schedule could augment the use of physical activity to advance the circadian rhythm,
which is helpful for populations that find physical activity undesirable. The circadian advances and
delays experienced by the adolescents match the circadian phase response curve to physical activity
found in adult research (Youngstedt et al., 2019). In particular, the finding that morning physical
activity can elicit a circadian phase advance in adolescents is valuable information for a group that
often struggles with delayed circadian rhythms (August & Rosen, 2020; Dutil et al., 2022).

4.6.3 The Relationship Between DLMO Timing and Mood

Contrary to expectations, the association between DLMO change and mood change was not
found to be significant for either mood measure. However, cautious consideration of data trends
showed a tendency for a bigger DLMO delay to be associated with a bigger decrease in SMFQ and
DASS depression score. That is, a larger circadian rhythm delay was associated with a stronger mood
improvement. Whereas, a larger circadian advance was associated with a smaller or no mood

improvement.

Although minimal conclusions can be drawn from these results as they represent trends and

not significant findings, it is curious that these results do not match those of previous research.

122



Typically a later circadian rhythm in adolescents is associated with worse mood (Dolsen & Harvey,
2018; Simon et al., 2020; Wilson et al., 2019). However, the results of the current study do not pertain
to the impact of circadian rhythm timing on mood, which has been the focus of most research, but
instead to the impact of a circadian rhythm phase shift on mood. It is possible that the experience of
undergoing a phase advance is unpleasant and thus was detrimental to the adolescents’ mood. This
explanation would match the findings of Richardson et al. (2022) that no significant mood
improvements were found 1 week after a light exposure intervention to advance the circadian rhythm
(during the phase shift), but mood improvements became significant at the 1 month follow up of
Richardson et al.’s study (after completion of the phase shift to a new established circadian timing). If
the experience of a phase advance itself is unpleasant this could explain why the results do not match
those of previous research showing that those who already have earlier timed circadian rhythms have
better mood than those with later circadian rhythms. Nevertheless, it is important to be mindful that

these results represent data trends and not significant findings.

4.6.4 Physical Activity and Mood

It was predicted that the walking group would have improved mood following the physical
activity intervention, compared to the sedentary control group. There was no relationship identified
between physical activity group allocation and SMFQ (p =.99). Yet, there was a trending relationship
between physical activity group and DASS depression score, although this did not reach significance
(p = .07). This non-significant trend showed that the sedentary group experienced a larger DASS
improvement (reduction of 7 points) than the walking group (reduction of 3 points). It is interesting
that following the week in the lab both groups experienced improved DASS depression scores,
however the walking group did not experience the same improvement as the sedentary group. As the
only difference between groups was physical activity allocation, this indicates that the mood
improvement participants experienced was counteracted if participating in the walking intervention.
The idea that participating in physical activity could be detrimental to mood is contrary to the
majority of research in both adults and adolescents. Physical activity is consistently beneficial for
mood (Chan et al., 2019; Rodriguez-Ayllon et al., 2019; Zhang et al., 2020) and sedentary activity is
detrimental to mood (Giurgiu et al., 2019). Nevertheless, recent systematic review and meta-analysis
(Bourke et al., 2021; Buecker et al., 2021) have found that there is a stronger relationship between
physical activity and positive affect than negative affect. Bourke et al. reviewed child and adolescent
research and noted that there was stable evidence for improvements to positive affect following
physical activity but mixed results for the impact of physical activity on negative affect. Therefore, it
is possible that although no significant relationship was found between the walking group and
negative affect, a significant relationship may have been found between physical activity and positive
affect had it been included as a measure. Though once again it emphasised that these results represent

a trend and not significant findings.
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Given the lack of a significant ‘physical activity — mood’ relationship, it is necessary to
consider whether the light intensity walking intervention was of sufficient strength to alter mood.
However, given that the intervention had a strong impact on sleep, creating a difference in DLMO
timing of 45 minutes between groups, it seems unlikely that the walking intervention was not “strong
enough”. Indeed, due to the close connection between sleep and mood (Clarke & Harvey, 2012;
Shochat et al., 2014), it would be expected that even if the physical activity intervention itself did not
impact mood, that the large difference in sleep between the groups would result in mood changes
regardless. Thus it is more likely that the lack of significant mood change is due to the measurement
of mood, possibly indicating poor timing of mood follow-up. More discussion of this point continues
in Section 4.6.6.

4.6.5 Mediation of Physical Activity — Sleep — Mood

It was hypothesised that ‘sleep’ would mediate the relationship between physical activity and
mood, in that after the intervention the walking group would have an earlier circadian rhythm which
would in turn result in better mood for the adolescents. However, only one of the three required
preconditions for this mediation was significant. Physical activity participation was associated with
earlier DLMO timing. However, the relationships between physical activity and mood, and DLMO
timing and mood were non-significant. As such, this study did not find evidence for a mediation of the
physical activity — sleep — mood relationship.

It is interesting that while the association between physical activity and sleep occurred as
anticipated, the two correlations involving mood measures (physical activity — mood, sleep — mood)
were non-significant and trended in a non-hypothesised direction. There were trends for the sedentary
group to have a larger mood improvement than the walking group, and a bigger DLMO delay was
associated with greater improvement in mood, whereas a bigger DLMO advance was associated with
little-to-no-improvement. Regarding the unexpected and non-significant mood results it is noteworthy
that the study took place during the adolescents’ transition from the school term into school holidays,
and the beginning of the intervention week in the sleep laboratory was also the first week of holidays
for the adolescents. The data collection was timed in this way to ensure that the morning intervention
activity and school start times would not impact each other. However it did result in the baseline
mood measure being taken only 2 days after school term finished and the follow-up mood measure
was taken at the end of the first week of school holidays. It is possible that all participants experienced

an improvement in mood due to the beginning of the school holidays.

Yet, the walking group showed less mood improvement than the sedentary group, despite
research indicating that physical activity participation improves mood (Rodriguez-Ayllon et al.,
2019). The present study specifically recruited sedentary participants with a late chronotype, in order

to target the development of a physical activity intervention towards a population in need of its
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benefits for sleep and mood. It is possible that the very characteristics targeted by this study -
sedentary adolescents with a late chronotype - made elements of the study protocol unpleasant for
those allocated to the walking group. The adolescents were required to get up early in the morning on
their holidays and walk for 45 minutes for 5 days, sometimes next to a participant from the sedentary
group that was sitting on a couch. Research shows that late chronotypes rate submaximal morning
physical activity as requiring more effort than earlier chronotypes (Vitale et al., 2017) and also
attribute less positive aspects to physical activity than earlier chronotypes (Schaal et al., 2010). Thus,
it is possible that although all participants experienced an improvement of mood due to the beginning
of school holidays, a smaller improvement was experienced by the walking group due to their dislike

of participating in physical activity, which produced non-significant results.

Another possibility is that any mood benefits typically reported by those with earlier circadian
rhythm timing are not present directly after advancing the rhythm, but occur some weeks later.
Evidence for this is possibly seen in a study into the circadian rhythm advancing effects of a light
exposure intervention. Mood was measured weekly and although there was no significant change to
mood during the 3-week treatment period, significant changes in mood were reported at the 1-month
follow-up, such that mood improved following an advance in circadian rhythm (Richardson &
Gradisar, 2022). Richardson and Gradisar’s (2022) results support the explanation that undergoing a
circadian advance is unpleasant and thus mood improvements seen in advanced circadian rhythms
likely occur after the rhythm timing is stabilised. Unfortunately, as the current study did not perform
follow-up mood measurements at later time points it cannot be determined if mood began to improve

subsequent to the circadian phase advance.

4.6.6 Strengths, Limitations, and Future Research

One of the biggest strengths of this study was the use of a laboratory setting to control for
external factors while testing the effect of a physical activity intervention on sleep and mood.
Controlling for other factors in this way allowed the impact of physical activity on sleep to be isolated
from the additional impact of light on sleep. Light exposure has a substantial effect on sleep, and
different elements of light exposure, such as intensity, timing, and duration, alter the effect of light on
the circadian rhythm (T&hkamo et al., 2019). By removing the variable impact of light on the
circadian rhythm, the results indicate to what extent physical activity impacts the circadian rhythm in
a variety of settings irrespective of lighting conditions, e.g. indoors and outside. Thus, the results
show that morning physical activity can advance the circadian rhythm even if conducted in minimal

light conditions, such as outside during the early morning or inside under dim lighting.

Although significant results were found between physical activity and sleep, no significant
results were found for the relationships involving mood. One of the studies limitations was the lack of

a further mood follow-up subsequent to the initial post-treatment mood measurement. This lack of a
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follow-up possibly led to the absence of significant mood findings. No significant change in mood
was observed immediately following the physical activity intervention, however as discussed
previously, findings by Richardson and Gradisar (2022) indicate that mood changes do not
immediately follow a circadian rhythm advance but instead occur a few weeks later. The use of
multiple follow-up data collection points in future research would be beneficial in determining if
mood changes occurring following a circadian shift only become significant after cessation of the
intervention and completion of the circadian phase shift. The results of Richardson and colleagues
indicate that this mood change reaches significance 1 month following the intervention, highlighting
the need for circadian and mood research to include mood measurements until this time point at a

minimum.

A further limitation of this study was the timing of data collection. From a practical
perspective, running data collection over the transition to school holidays allowed for easier
stabilisation of bed and rise times during the baseline week, and ease of intervention administration
and study measures during the intervention week. However, the drawback to this study design was the
potentially confounding nature of the beginning of school holidays which occurred concurrently with
the intervention. It is thus difficult to determine to what degree the adolescents’ mood changes,
particularly those in the sedentary group, represent mood changes due to the physical activity
intervention versus the beginning of school holidays. It is difficult to design an experimental protocol
to suit all constraints, however it would be beneficial for future research to take into account the
impact of school holidays on mood and design the study or measurement timings with this in mind.
Indeed, continued collection of mood measures at later data points could also be beneficial in
separating mood changes occurring from physical activity and sleep, from mood changes occurring

due to school holidays.

Further research is needed into physical activity interventions for sedentary, late chronotype
adolescents. This population is at risk of sleep and mood problems (Crowley et al., 2018; Polanczyk et
al., 2015) and thus would greatly benefit from the development of interventions for this purpose.
Although it was found that morning physical activity advanced the adolescents’ circadian rthythms,
the lack of a significant mood improvement in this group signals the need for a more appropriate
interve