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Thesis Summary

Sleep spindles are short bursts of oscillatory brain activity during sleep, which have
shown positive relationships with measures of intelligence and cognition in adults. Less is
known about this phenomenon in adolescence, however. Adolescence is a period of change,
with the onset of puberty, development of higher-order cognitive functions and brain
maturation coinciding with the pressure to perform well in high school. Adolescents also
experience changes to their sleeping patterns, which typically involves later bedtimes,
difficulty waking in the morning for school, and an overall loss of sleep. This thesis aimed to
add to the literature by investigating the relationship between adolescents’ spindles and
cognition, and to determine whether the state factor of sleep restriction and the trait factor of
development influence this relationship.

Following an introduction to adolescents’ sleep patterns and sleep spindles (Chapter
1), a systematic review and meta-analysis (Chapter 2) investigated the relationship between
spindles and cognitive performance in adolescent samples. Adolescents’ spindles showed
moderate positive associations with fluid 1Q (r = 0.44), working memory/executive function
(r = 0.40) and speed/accuracy (r = 0.33), while full 1Q/verbal 1Q was not significantly
associated (r = -0.05). These findings set up expectations for the following chapters.

A second major aim of the thesis was to determine what happens to adolescents’
spindles and their relationship with cognition during sleep restriction, using a dose-response
design (5hrs vs 7.5hrs vs 10hrs’ time in bed) (n = 34). Firstly, the reliability of adolescent
spindle characteristics was established in the control condition (10hrs), with slow spindle
amplitude and fast spindle density, duration and amplitude showing good reliability with a
single night of sleep recording, while 2 nights were required for slow spindle duration and 4
nights for slow spindle density (Chapter 3). Secondly, adolescents’ spindles showed

significant changes during severe sleep restriction (5hrs), where fast spindle amplitude

vii



became lower and fast spindle duration became longer (Chapter 4). Lastly, spindles were not
significantly associated with cognitive performance at baseline, nor was the change in spindle
activity during sleep restriction related to changes in cognitive performance (Chapter 5). A
potential protective function of spindles was revealed, however, where adolescents with
longer spindles at baseline experienced less deficits to sustained attention during severe sleep
restriction. Adolescents’ spindles were therefore affected by sleep restriction, however the
association between spindles and cognition was unclear.

The third major aim of the thesis was to investigate the developmental changes of
spindles in a longitudinal study of early adolescents (n = 20). Fast spindle frequency showed
a significant increase across an 18-month period, and slow frequency showed a similar
pattern, confirming past findings, however changes to other spindle characteristics were not
yet evident (Chapter 6). Again, spindles did not show significant associations with cognitive
performance, and the changes in spindles over time were not meaningfully related to changes
in cognition over time (Chapter 7). Spindles therefore showed some developmental changes
in early adolescence, however were not related to cognition.

Overall, adolescent sleep spindles are impacted by both state (sleep restriction) and
trait (development) factors, adding to the current literature and providing theoretical and
clinical implications (Chapter 8). The associations between spindles and cognition seen in
previous studies, however, were not replicated. Future investigations are encouraged to
combine data sets to comprehensively investigate this phenomenon, and longitudinal studies
with an extended time-base would add to the understanding of the development of spindles

and cognition in adolescence.
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Chapter 1.

An introduction to adolescence, sleep and sleep spindles



The Adolescent Years

As children enter adolescence they experience considerable changes in their biology,
psychology and in their social world. They firstly experience the onset of puberty, where they
see dramatic changes in their physiology (Jensen & Nutt, 2015; Shaffer & Kip, 2013), and are
affected by under-developed connections between emotional areas of the brain (the amygdala
and limbic system) and the rational, decision-making areas of the brain (the frontal lobes)
(Jensen & Nutt, 2015). This often leads to risky behaviour and the ups and downs of
emotional reactivity (Jensen & Nutt, 2015). Adolescents also experience difficulty navigating
their social world, attributed to self-consciousness over their changing bodies, the beginning
of romantic feelings, and the start of learning who they are and their place in the world
(Shaffer & Kip, 2013). At the same time, adolescents around the world are pressured to
perform well in school (Klinger et al., 2015), with one study in India highlighting the trade-
off between adolescents who spend their free time studying and experience lower emotional
states, and adolescents who opt for more leisure time but experience higher academic stress
as a result (Verma et al., 2002). In high school, adolescents face a particular pressure to plan
what they will do in their adult years (Klinger et al., 2015), and in many countries,
adolescents’ performance in high school dictates their potential career paths. For example,
15-16-year-olds in England complete a General Certificate of Secondary Education that
determines their ability to continue to tertiary education, with adolescents identifying this as
the most stressful time so far in their lives (Denscombe, 2000), to the point where it can be
detrimental to their performance and mental health (Putwain, 2009). In Korea, adolescents go
to extreme efforts to do well in university entrance examinations by studying for long hours
after school and attending private cramming schools on the weekends (Lee & Larson, 2000).
In the current climate, adolescents feel the pressure to keep up with the 24/7 world of social

media, often leading to poor sleep quality and low self-esteem (Woods & Scott, 2016).



Overall, there are many factors creating an unfamiliar, high-pressured environment for the
average adolescent, and one crucial factor impacting adolescents’ functioning and well-being
is their sleep.
Adolescent Sleep

Adolescent sleep has been aptly coined the ‘perfect storm’ (Carskadon, 2011;
Crowley et al., 2018), because of the biological and psychosocial factors that pull adolescent
sleep patterns into disarray. Adolescents’ bedtimes generally drift later, and school-night
sleep durations become shorter, inadequately meeting their sleep need, and leading to the
typical ‘sleepy teen” (Moore & Meltzer, 2008). As children progress through adolescence, the
timing of their body clocks, or circadian rhythms, starts to delay, so that their circadian
‘night’ is later than that of their childhood counterparts, with some experiencing a larger

delay than others (see Figure 1.1; Carskadon, 2011; Crowley et al., 2018).

Alert

Sleepy

12 2 4 6 8 10 12 2 4 6 8 10 12 2 4

PM AM
TIME
B =Bedtime @ = =0z s-=--—e—e—e- Normal Rhythm
S = Sleep onset _— Delayed Rhythm

Figure 1.1 Circadian rhythms of normal (blue dotted line) and delayed (red solid line)
sleepers. The structure of the alertness curve is identical between groups, however the
delayed adolescent’s curve is timed later. Horizontal bars indicate the bedtime period, with
coloured sections indicating sleep, showing a delay in bedtime (B), sleep onset time (S) and

wake time (W) for delayed adolescents. Figure developed by the author.



At the same time, adolescents find themselves less sleepy at their allotted bedtime,
due to a slower build-up of sleepiness, or ‘homeostatic sleep pressure’ across the day
(Carskadon, 2011; Taylor et al., 2005). These two processes comprise the classic ‘two-
process model’ of sleep (Figure 1.2), where homeostatic sleep pressure is labelled Process S
and the circadian rhythm is Process C (Achermann, 2004; Borbely, 1982; 2016). Both
processes interact to prepare the body for sleep and explain how regularity can be achieved in
sleep-wake patterns. Changes in both processes encourage adolescents to not only decide to
stay up later due to increased alertness, but also to not be physiologically able to fall asleep
until a later time than desired (Carskadon, 2011). Adolescents retain the social constraint of
an early school start time, however, leading to an overall loss of sleep during the school
week, which is often remedied by long sleep-ins on the weekend (Figure 1.1; Carskadon,

2011; Crowley et al., 2018).

Process S
homeostatic
sleep pressure

Process C sleep

circadian rhythm

Jam 1pm 7am 1pm 7am

Figure 1.2. The two-process model of sleep (Borbely, 1982). Process S (homeostatic sleep
pressure) increases across longer durations of wakefulness and decreases during sleep.
Process C (circadian rhythm) drives arousal and oscillates in approximately 24-hour cycles.
Sleep is most likely to occur when homeostatic sleep drive is high and when circadian arousal

is low (shaded area). Figure developed by author, adapted from Borbely (1982; 2016).



Sleep loss has a myriad of consequences for adolescents’ performance and wellbeing,
including deficits to their emotional regulation (Chaput et al., 2016), psychosocial health
(Owens, 2014; Shochat et al., 2014), learning and academic achievement (Chaput et al.,
2016; Curcio et al., 2006; Shochat et al., 2014) and various aspects of cognitive performance,
such as sustained attention (Lo et al., 2016; Short et al., 2018). In terms of emotional health,
there is believed to be a cyclic relationship between sleep loss and worse mood in
adolescents, with pre-sleep worry being a significant predictor of later bedtimes (Bartel et al.,
2015), and increased worry and anxiety being a consequence of poor sleep (Shochat et al.,
2014). Furthermore, some cognitive domains may be more susceptible to sleep loss than
others, with adolescents experiencing clear deficits to sustained attention following
experimental sleep restriction (Lo et al., 2016; Short et al., 2018) while at the same time
higher-order cognitive areas show less impact from sleep loss (e.g., executive function and
declarative memory, Anderson et al., 2009; Kopasz et al., 2010; Voderholzer et al., 2011).
There may therefore be certain characteristics of sleep that are protective of the effects of
sleep loss on some areas of cognition, which are discussed in Chapter 5.

Of note, adolescents maintain a similar sleep need to older children, however their
late bedtime preference results in less sleep, rather than a reduction in sleep need as
previously believed (Carskadon, 2011). Recent evidence suggests that adolescents require
9.35 hours of sleep for optimal attentional resources (Short et al., 2018), echoing past
suggestions of a 9.2-hour sleep need in this age group (Carskadon et al., 1983) and
recommendations of 8-10 hours’ sleep opportunity for teens (Hirschkowitz et al., 2015).
However, young people often achieve less than the required amount of sleep on school
nights, with 69% of adolescents in grades 9-12 in the USA reporting less than 7 hours of
sleep on school nights (Eaton et al., 2010). This pattern is consistent across the world, for

example meta-analytic findings revealed Northern American and Asian adolescents achieve



7.5 hours of total sleep time on average, while European adolescents experience closer to 8.5
hours (Gradisar et al., 2011). This deficit increases with age, with another meta-analysis
revealing a linear decline in total sleep time on school nights from 9-10 hours at age 9 to 6.5-
8 hours at age 18 (Olds et al., 2010). Again, there was a geographic difference, with Asian
and Northern American adolescents achieving less total sleep time in later adolescence (6.5-
7.5 hours) than Australian and European adolescents (8.5 hours) (Olds et al., 2010). It is
likely, then, that different ‘doses’ of sleep will have a differing impact on cognitive
performance. Along with biological factors influencing later sleep times, adolescents are also
influenced by social factors, with technology use a common culprit leading to slightly later
bedtimes (specifically internet, phone, computer use and video gaming; Bartel et al., 2015).
This ‘self-imposed’ sleep restriction across the school week in adolescents forms the

methodological basis of the experimental sleep restriction study in Chapters 4 and 5.

Cognitive development during adolescence

Along with biological changes to sleep, adolescents also experience significant
developmental changes in the reorganisation of brain networks, indicative of synaptic pruning
and myelination of specific networks (Blakemore & Choudhury, 2006; Feinberg & Campbell,
2010; Steinberg, 2005). In the first few months of life, there is a rapid increase in the number
of synapses in the brain, known as synaptogenesis (Blakemore & Choudhury, 2006). This is
highly important for early cognitive development, so that infants can process a myriad of
stimuli in the world they are getting to know. Synaptic pruning in late infancy and early
childhood operates to fine-tune these synapses to focus only on those stimuli that are
important in their culture (Blakemore & Choudhury, 2006). Synaptic pruning therefore
occurs across childhood, however in adolescence, more dramatic synaptic changes occur in
the prefrontal cortex. There is firstly a slight burst of synaptogenesis in the prefrontal cortex

in early puberty, followed by a phase of synaptic pruning in late puberty, so that the overall



number of synapses at the end of puberty is lower than that in childhood (Blakemore &
Choudhury, 2006; Giedd et al., 2008; Gogtay et al., 2004). The decrease in synaptic density
can be seen in magnetic resonance imaging (MRI) through overall decreases in grey matter in
adolescent brains (Casey et al., 2005). At the same time, white matter increases, reflecting
higher levels of myelination, a process that insulates the axon component of a neuron to allow
more efficient transmission of information between synapses (Barnea-Goraly et al., 2005;
Casey et al., 2005; Paus, 2005). The implication of this complex reorganisation is that the
adolescent brain becomes more efficient through the removal of unnecessary synapses, and
experiences faster information processing from increased myelination (Blakemore &
Choudhury, 2006; Steinberg, 2005). Concurrently, the relative changes in grey and white
matter in adolescence are believed to be indexed by changes to adolescent sleep (Feinberg &
Campbell, 2010).

This neural network reorganisation has long been theorised to enable adolescents to
engage in complex higher-order thinking and prepare for adulthood, for example learning
complex tasks such as driving, or improving maturity by engaging in less risk-taking
(Blakemore & Choudhury, 2006; Steinberg, 2005). One cognitive ability that improves
dramatically across adolescence is executive function, which heavily involves the frontal
lobes (Casey et al., 2005; Luna et al., 2010). Executive functions include the capacity to plan
and organise tasks and engage flexible thinking styles, as well as to control one’s thoughts
and behaviour, related to impulse control (Blakemore & Choudhury, 2006). Often
adolescents experience a phase of impaired impulse control and sensation-seeking in the
period between pubertal onset and full development of executive function skills (Luna et al.,
2010; Steinberg, 2005), with risky decision-making being a contributing factor to later
bedtimes in adolescence (O’Brien & Mindell, 2005; Reynolds et al., 2015). Some executive

functions, such as strategic planning, are solidified in childhood, while other functions of



selective attention, problem solving and working memory show a continued linear
improvement from 11 to 17 years of age (Anderson et al., 2001). Working memory involves
the capacity to process and manipulate multiple pieces of information concurrently (Luna et
al., 2010), and is associated with increased myelination in the frontal lobes between 8 to 18
years of age (Nagy et al., 2004). Working memory skills continually improve across
childhood, but during adolescence these skills become more precise, for example the ability
to separate salient cues from distractors and monitor one’s own performance (Luna et al.,
2010). Lastly, fluid intelligence, which includes abilities such as abstract reasoning and
solving of novel problems, also improves during adolescence, reaching its peak shortly before
the end of high school (Hartshorne & Germine, 2015). Fluid intelligence performance has
also been linked with specific brain wave patterns occurring in the frontal lobes during sleep
(Bodizs et al., 2014). Furthermore, fluid intelligence and working memory are believed to be
intertwined in both their developmental trajectory through adolescence (Fry & Hale, 1996),
and their neurological underpinnings in the prefrontal cortex (Kane & Engle, 2002).
Considering these cognitive skills are continually evolving across adolescence, it is important
to understand how adolescents’ typical sleep loss might affect performance. Both working
memory and fluid intelligence are two key cognitive performance domains investigated

alongside sleep in Chapters 5and 7.

Why is sleep important for the adolescent brain?

The developing adolescent brain is especially vulnerable to the effects of sleep loss
(Telzer et al., 2013) due to the complex brain-reorganisation occurring across this period,
predominantly in the pre-frontal cortex, which is particularly sensitive to sleep deprivation
(Harrison & Horne, 2000). Furthermore, sleep deprivation has been implicated in lowering
social inhibitions and increasing risky behaviour in adolescents (Beebe, 2011; Owens, 2014;

Telzer et al., 2013), which occurs due to the influence of sleep deprivation on prefrontal



cortex functioning (Dahl, 1996; Horne, 1993), possibly due to less recruitment of the
dorsolateral prefrontal cortex (Telzer et al., 2013). The alterations to neurological makeup
across adolescence are also evidenced in changes to sleep architecture, for example by an
overall decrease in slow wave sleep, or ‘deep sleep’, and an increase in rapid-eye movement
(REM) sleep, commonly known as ‘dreaming sleep’ (Feinberg & Campbell, 2010).
Furthermore, within the adolescent period there are considerable individual differences in the
timing of changes to sleep, neurological makeup and puberty, meaning this period of
vulnerability can extend from late childhood to late adolescence. For example, some subjects
show signs of puberty as early as 8 years of age (Kaplowitz et al., 2001; Lee, 1980), which
may be a marker for the start of adolescence. Some show significant changes to sleeping
patterns (Roenneberg et al., 2004) and cortical development (Sisk & Foster, 2004) that cease
in the early 20s, which may be a marker for the end of adolescence. It is essential, therefore,
to investigate both sleep and cognitive ability from early, or even pre- adolescence, until early
adulthood to more fully understand the impact of sleep on the developing brain. Considering
the potential for sleep loss to negatively impact attention and academic achievement (Curcio
et al., 2016; Shochat et al., 2014), it is highly important to understand how sleep impacts on
performance in this age group, and what specific aspects of sleep may be involved. Through
the detailed measurement of sleeping brain waves in adolescence, it is possible to identify
specific brain wave patterns that might be related to cognition. One of these brain waves is of

key interest in the present thesis.

How is sleep measured?

Depending what aspect of sleep is of interest and the resources available, there are
several different measurements of sleep that can provide valuable information. Large-scale
studies often use sleep diaries, on which adolescents record their bedtimes and wake times,

sleep onset latency (SOL, the time taken to fall asleep), wake after sleep onset (WASO, the



total time spent awake during the night after sleep onset), total sleep time (TST) and total
time in bed (TIB), as well as other relevant information, such as caffeine consumption and
light exposure (Moore & Meltzer, 2008). Sleep diaries provide subjective accounts of sleep,
accounting for the adolescent’s impression of their own sleep, which can result in recall
errors, and sleep diaries furthermore do not measure sleep architecture. One objective sleep
monitoring method is the use of actigraphy (Acebo et al., 1999), which is often worn on the
adolescent’s wrist and monitors motor activity for a specified duration (e.g., one or two
weeks). Various algorithms analyse movement data from actigraphy to infer sleep and wake
(Acebo et al., 1999). A limitation of this device is the potential to over-estimate the time
spent awake after falling sleep, for example if an adolescent moves a lot in their sleep (Acebo
et al., 1999). A third measurement option is polysomnography (PSG), which involves
attaching electrodes to the adolescent’s scalp and monitoring sleeping brain waves
(electroencephalography, EEG) as well as eye movements (electrooculography, EOG) and
muscle tension (electromyography, EMG), which assist in determining what stage of sleep
the adolescent is in (Rechtschaffen & Kales, 1968). An example of PSG setup is depicted in
Figure 1.3. This method is the ‘gold standard’ for measuring sleep, as it provides objective,
detailed data about a person’s sleep (Kushida et al., 2005). In terms of limitations, this
method is time-consuming and more financially onerous than sleep diaries and actigraphy,
and therefore studies using PSG are often unable to achieve a large sample size. Nevertheless,
it is the only method to measure specific aspects of sleep EEG. For research that aims to
investigate links between specific characteristics of sleep and cognitive performance, such as

the present thesis, PSG is essential.
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Figure 1.3. An example of polysomnography (PSG) setup. Electrodes are placed on the scalp

to measure brain waves (EEG), next to the eyes to measure eye movements (EOG) and under
or on the chin to measure muscle tone (EMG). Image owned by Flinders University.

What does brain activity look like during sleep?

Most brain waves that occur during sleep are a direct result of electrical impulses
from pyramidal neurons throughout the cerebral cortex (Bear et al., 2007). EEG brain waves,
while specific to each individual, follow common patterns which can be categorised into
different states of consciousness: wake, stage 1 (light sleep), stage 2 (intermediate sleep),
stages 3 and 4 (deep sleep) and REM (rapid eye movement sleep, commonly involving
dreams) (Rechtschaffen & Kales, 1968). Stages 1-4 are also known as NREM or ‘non-rapid
eye movement sleep’. Waking brain waves are seen on EEG as low amplitude, high
frequency oscillations: both beta (~13-25Hz, active wakefulness) and alpha waves (~9-12Hz,
relaxed wakefulness) (Landolt, 2011). The transition from wake to stage 1 sleep is evidenced
by an increase of theta waves (5-9Hz) and slow rolling eye movements (Landolt, 2011).
Stage 2 is indicated by sleep spindles in the sigma frequency range (~12-16Hz) and k-
complexes, while stage 3 sees an increase in delta frequency waves (~0.5-2Hz), which make
up almost the entirety of stage 4 (Landolt, 2011). Figure 1.4 illustrates typical adolescent
PSG during different stages of sleep.
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Figure 1.4. Typical adolescent polysomnography patterns from different sleep stages. Figure

developed by author, adapted from Williams et al. (1974).

As discussed earlier, adolescents experience a decrease in slow wave sleep and an
increase in REM sleep as they transition from childhood through adolescence and into
adulthood (Feinberg & Campbell, 2010). An example of adolescent sleep is depicted in the
hypnogram in Figure 1.5, which illustrates the amount of time spent in each stage of sleep
from sleep onset to offset. In humans, sleep cycles (from light sleep to progressively deeper

sleep and into REM sleep) last approximately 90 minutes (Carskadon & Dement, 2011).
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REM

Stage3
Stage 4

Figure 1.5. An example of an adolescent hypnogram, showing the progression through

different sleep stages across a single night. Stage 1 sleep is depicted in yellow, stage 2 in
green, stage 3 in teal, stage 4 in dark blue and REM in red. Note that stage 4 sleep is included
in the standard scoring method utilised in the present thesis (Rechtschaffen & Kales, 1968),
however an alternative scoring method (American Academy of Sleep Medicine, Berry et al.,

2012) combines stages 3 and 4. Figure developed by author.

What aspects of sleep are important for cognitive performance?

For many decades, researchers have shown that sleep is important for the
consolidation of learned information (Diekelmann & Born, 2010; Fogel & Smith, 2011,
Maquet, 2001). The strongest indicator of this is in studies that show improved memory
performance when the period of time between knowledge acquisition and recall contains an
amount of sleep, whether this is just a nap (Mednick et al., 2003) or a full night of sleep
(Maquet, 2001). Aspects of REM sleep have been established as important for overnight
learning (Stickgold & Walker, 2007), while non-REM sleep has gained traction as a
contributing element (Maquet, 2001; Stickgold & Walker, 2007), particularly in the deeper
sleep stages, where memory improvement has been linked to hippocampal activity during
slow wave sleep (Peigneux et al., 2004). Further from this, researchers have investigated
different non-REM EEG characteristics to improve understanding on exactly why sleep
might be important for cognitive performance. One contender is the sleep spindle, a hallmark
of stage 2 sleep which has become increasingly popular in investigations of sleep-dependent

memory consolidation and general cognition (Fogel & Smith, 2011). The present thesis will
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focus on the sleep spindle as a potential index for cognitive performance and intelligence in

adolescents.

What is a sleep spindle?

Sleep spindles are bursts of oscillatory waveforms during stage 2 sleep, however they
are also present in slow wave sleep and sometimes REM sleep. A typical sleep spindle
follows a waxing and waning profile and is 10-16Hz in adults (De Gennaro & Ferrara, 2003;
Luthi, 2014), however may be slower in early and mid-adolescents (10-14Hz; Gruber et al.,
2013; HoedImoser et al., 2014; Tarokh & Carskadon, 2010), which is discussed in more
detail in Chapter 6. Sleep spindles arise from interactions between the thalamic reticular
nucleus and thalamocortical neurons, which together make up the ‘thalamocortical loop’
(Luthi, 2014). The production of sleep spindles begins with interactions between thalamic
reticular and thalamocortical neurons, which create excitatory post synaptic potentials on
pyramidal neurons, seen on the EEG as spindles (Luthi, 2014). Spindle activity is afterward
maintained by signalling from the brainstem, hypothalamus and basal forebrain through the
thalamocortical pathways to the cortex (Gruber et al., 2013). An example of adolescent sleep
spindles is presented in Figure 1.6.

Sleep spindles can be described in terms of their:

e density (a ratio of the number of spindles per time frame, e.g., spindles per
minute),
e duration (length in seconds),
e amplitude (power of the waveform in pV) and,
e frequency (the number of oscillations per second in Hz) (De Gennaro &
Ferrara, 2003).
Spindles are often divided into two frequency types: slow (e.g., 10-13Hz) and fast

(e.g., 13-16Hz) (De Gennaro & Ferrara, 2003), which show topographical and often
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functional differences. For example, slow spindles are seen over the frontal areas of the brain
(De Gennaro & Ferrara, 2003) and relate more often to overnight learning (Astill et al.,
2014), while fast spindles are seen over central-parietal areas (De Gennaro & Ferrara, 2003)
and relate to more complex functions such as fluid intelligence (Bodizs et al., 2014). Sigma
power (11-16Hz), measured through spectral power analysis (an analysis of all EEG
frequencies), is also used as a proxy for sleep spindle activity (De Gennaro & Ferrara, 2003),
however it has several limitations. Firstly, sleep spindles are brief events which encompass
many different frequencies, while sigma power estimates only a portion of frequency in the
spindle waveform (Tarokh & Carskadon, 2010). Secondly, spectral analysis is unable to
distinguish between specific spindle waveforms and background EEG activity (De Gennaro
& Farrara, 2003). For these reasons, the experimental chapters in the present thesis
(Chapters 3, 4, 5, 6 and 7) used specific spindle characteristics of spindle density, duration,

amplitude and frequency, and sigma power was not investigated.
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Figure 1.6. Adolescent sleep spindles on EEG derivations C4-M1 (electrode placed in a

(Arl) spnydwy

central position on the skull) and F3-M2 (in a frontal position on the skull). Figure developed
by author (Reynolds, Short & Gradisar, 2018 (Chapter 2)).

How are sleep spindles measured?
There are several methods of measuring specific spindle characteristics, which are

often debated. Many studies have focused on the best method to analyse spindles (Causa et
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al., 2010; Huupponen et al., 2007; Warby et al., 2014), with much contention over using
automatic or algorithmic analysis compared to manual analysis. Manual analysis of spindles
usually involves detailed visual consideration of EEG and firm criteria for spindle detection
(e.g. frequency between 11.0-15.9Hz, duration at least 0.5 seconds, sinusoidal envelope;
Chatburn et al., 2013), to decipher a true spindle waveform from other EEG activity or
artefact (distorted EEG activity, for example from participant movement) (Causa et al.,
2010). However, this method requires a technician to manually detect each spindle, which
can be time-consuming, leading to fatigue and potential decreased accuracy, and furthermore
relies on subjectivity, with inter-rater agreement varying between 80-90% (Nonclercq et al.,
2013) and Cohen’s kappa of 0.68 (Warby et al., 2014). The use of automatic spindle scoring
methods saves considerable time and allows for standardisation of spindle measurement to
reduce subjectivity. However, the algorithms used in automatic methods use set criteria that
may not apply equally to all individuals (Nonclercq et al., 2013), as spindles have been
shown to be markedly consistent within individuals, however vary between individuals
(Bodizs et al., 2009; De Gennaro et al., 2005; Werth et al., 1997). One solution to this is a
spindle detection method called the Individual Adjustment Method (Bodizs et al., 2009) that
considers an individual’s spectral profile and uses the individual’s frequencies to base
detection of specific spindle characteristics. This allows a compromise between the time-
consuming nature of manual scoring and the inability of other automated methods to account
for individual differences and is therefore the preferred method for spindle detection in the
present thesis. The Individual Adjustment Method is discussed in more detail in each
experimental chapter.
How do sleep spindles develop?

Along with changes to sleep stages, sleep spindles also change from childhood

through adolescence and into adulthood. The first sign of sleep spindles in the human EEG is
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typically seen at 2 months of age (De Gennaro & Ferrara, 2003). From 3 months to 5 years,
spindles change dramatically and are believed to be an index of neural maturation (De
Gennaro & Ferrara, 2003), with one study showing increases in spindle duration, amplitude
and sigma power, a decrease in frequency, and no change in spindle density from ages 2 to 5
years (McClain et al., 2016). The emergence of the two types of spindles (slow and fast) is
believed to occur in early adolescence (De Gennaro & Ferrara, 2003). In the transition from
childhood to adolescence, cross-sectional research indicates spindle frequency typically
increases, while spindle duration, amplitude and sigma power decrease (Jenni & Carskadon,
2004; Kurth et al., 2010; Nader & Smith, 2015; Shinomiya et al., 1999). Furthermore, in
studies of spindle generation across the lifespan, spindle duration and amplitude often
decrease further, while frequency continues to increase (Martin et al., 2013; Nicolas et al.,
2001). Due to the continual changes to sleep spindles across the lifespan, and to the complex
brain reorganisation that is indexed in adolescents’ sleep EEG (Feinberg & Campbell, 2010),
it is difficult to apply findings from adult studies to adolescents. It is therefore prudent to
investigate specific spindle makeup in the adolescent period. The development of specific
sleep spindle characteristics is the focus of the longitudinal investigation in Chapter 6.
Sleep spindles and cognition

Sleep spindles have been associated with a myriad of cognitive functions in many
adult studies, including general cognitive ability (Fogel & Smith, 2011; Ujma, 2018),
learning (Fogel et al., 2007), memory consolidation (Clemens et al., 2005; Gais et al., 2002;
Schabus et al., 2008) and intelligence (Bodizs et al., 2005). Researchers have speculated that
the shared brain networks between cognitive processing and spindle generation, particularly
the thalamocortical loop, explain the mechanism behind these associations (Fogel & Smith,
2011). These associations are not easily attributed to adolescents, however, as spindle

characteristics of adults look different to those in children and adolescents. The associations
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between sleep spindles and cognition during adolescence is therefore the topic of key interest
in the present thesis.
Thesis Aims

While the relationship between sleep spindles and cognitive performance has been of
increasing interest in adult studies, the nature of this relationship is less understood in
adolescents. This relationship was therefore examined in the present thesis in a meta-analytic
review in Chapter 2, with an inclusion of many spindle and cognitive variables, and a wide
age range (8-22 years) to allow for a broad overview across the potential start of puberty and
the end of changes to adolescent sleeping patterns.

This review supported the presence of an association between spindles and cognition in
adolescence, however highlighted several gaps in the research. Firstly, no studies had been
conducted to evaluate night-to-night stability of spindle measurements in adolescents and,
furthermore, most studies had measured only a single night of EEG - thus, the reliability of
their spindle measures was unknown. To address this gap, Chapter 3 investigated the
reliability of spindle measurements over 8 nights from the control condition of an
experimental sleep restriction protocol, as explained below.

Secondly, although sleep spindles have been studied in cross-sectional studies during
adolescence, there are specific aspects of the adolescent period that have not been considered.
As discussed, adolescents experience significant changes to sleeping patterns, often with
sleep loss occurring during the school week, potentially impacting their cognitive
performance. Past studies have focused on associations between sleep spindles and cognition
using an optimal sleep opportunity, often with only one or two nights of sleep monitoring. To
address this gap, Chapters 4 and 5 investigated sleep spindles in a 9-night-long experimental
sleep-restriction paradigm, mirroring a typical adolescent school week with optimal sleep at

the ‘weekends’ (2 nights at the start and 2 nights at the end of the study), and restricted sleep

18



during the ‘school week’, with different doses of time in bed (TIB) given for 5 nights: severe
sleep restriction (5 hrs), moderate sleep restriction (7.5 hrs) or a control condition of optimal
sleep (10 hrs). Chapter 4 aimed to investigate changes to sleep spindles alone during sleep
restriction, while Chapter 5 investigated the relationship between sleep spindles and
cognitive performance during sleep restriction.

The third gap addressed by the meta-analytic review was the lack of studies addressing
the development of sleep spindles, and their relationship to cognition, in a longitudinal
fashion. Due to the complex brain reorganisation occurring during this period, it was
hypothesised that sleep spindles would show developmental changes during the transition
from late childhood to early adolescence. Chapters 6 and 7 therefore aimed to address this
gap by using a longitudinal study of early adolescents, with Chapter 6 focusing on the
development of spindles alone, and Chapter 7 investigating the relationship between
spindles and cognition over time.

Overall, the present thesis aimed to investigate both the state relationship between
spindles and cognition (during sleep restriction, Chapter 5) and the trait relationship
(developmental changes, Chapter 7), as well as establishing what typical spindles look like
in early- (Chapter 6) and mid-adolescence (Chapter 4). Chapter 8 presented a summary
and discussion of the thesis findings, implications for what these findings mean for the

literature on sleep spindles and cognition, and suggestions for future research.
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Abstract
Higher sleep spindle activity generally relates to better cognitive performance in adults, while
studies in children often show the opposite. As children become young adults, there is rapid
brain maturation and development of higher-order cognitive functions, and therefore
investigations within this age group may elucidate the relationship between spindles and
cognition in this developmental period. Twelve studies published between 2009 and 2016
were identified. Meta-analyses revealed a positive relationship between spindles and
cognition overall (r = 0.27), however effects varied depending on cognitive domain.
Moderate positive relationships were seen for fluid 1Q (r = 0.44), working memory/executive
function (r = 0.40) and speed/accuracy (r = 0.33), while full 1Q/verbal 1Q was not
significantly associated (r = -0.05). Meta-regressions indicated cognitive domain and spindle
characteristic had a small influence over effect sizes, while age and gender did not have a
significant influence. The relationship between spindles and cognition in adolescents is likely

influenced by individual neural makeup and brain maturation.

Keywords: sleep spindles; cognitive performance; 1Q; children; adolescents; EEG
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Sleep spindles are bursts of synchronised oscillatory neural activity seen via
electroencephalography (EEG) that occur throughout various stages of sleep and are believed
to be indicators of mental efficiency (Fogel & Smith, 2011). Spindles are associated with
diverse cognitive functions, including learning and memory (Fogel et al., 2007), intelligence
(Fogel & Smith, 2011; Geiger et al., 2011), synaptic plasticity (Urakami et al., 2012) and
sleep-dependent memory consolidation (Clemens et al., 2005, Gais et al., 2002; Schabus et
al., 2008). Accordingly, the study of spindles and its implications for cognition and
intelligence is the focus of increasing research attention. However, the relationship between
spindles and cognition in older children and adolescents is less clear, with some studies
reporting findings consistent with the adult literature (Bodizs et al., 2014; Geiger et al.,
2011), and others finding the opposite relationship (Chatburn et al., 2013; Tessier et al.,
2015). The present meta-analytic review will summarise the current empirical literature
regarding the relationship between sleep spindles and cognition in adolescents in order to
address the gap in the literature regarding this discrete developmental period. Meta-analyses
will examine how this relationship might vary according to the cognitive domain measured,
how sleep spindles are operationalised, and participant characteristics.

What is the current evidence for the relationship between spindles and cognition?

Sleep spindles are characterised by synchronised bursts of typically 10-16Hz activity
(Figure 2.1) that arise from interactions between the thalamic reticular nucleus and
thalamocortical neurons, which together make up the ‘thalamocortical loop’ (Steriade, 2006).
Given the role of the thalamocortical network in information processing and encoding during
wakefulness (Bear et al., 2007), it is believed that spindle-related activity of the
thalamocortical network during sleep is related to cognitive processes such as memory

integration, information processing and intelligence (Fogel & Smith, 2011).
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Figure 2.1. Sleep spindles in stage 2 seen over both central (C4) and frontal (F3) EEG
derivations. Sleep spindle parameters include total number of spindles per sleep episode,
average spindle frequency (Hz), average spindle amplitude, average duration (e.g. seconds),
density of sleep spindles (number per time period, e.g. per minute), spectral power in the
sigma frequency band (11-16Hz) and an estimated calculation of ‘spindle activity’ (e.g.,

mean spindle duration*mean spindle amplitude; Schabus et al., 2004).

In adults, sleep spindle characteristics are positively correlated with cognition and
intelligence measures (Bodizs et al., 2005; Fogel et al., 2007; Fogel & Smith, 2011; Schabus
et al., 2006; Urakami et al., 2012), providing support for the hypothesis that spindles are
related to general mental ability (Anderson, 2005; Luthi, 2014). The associations between
spindle activity and cognition, along with their shared brain networks, are consistent with the
notion that spindles reflect a process by which memory and learning are consolidated during
sleep (Fogel & Smith, 2011). For example, spindles have been implicated in both declarative
memory consolidation (i.e., memories of facts) and procedural memory consolidation (i.e.,
memories of how to do things) through investigations of the hippocampus and
thalamocortical oscillations (Fogel & Smith, 2011). Furthermore, the common
thalamocortical networks employed in both spindle production and cognition allow
speculation of a causal relationship, where normal intellectual development may depend on

normal spindle production (Fogel & Smith, 2011). An important question remains, however:
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How do spindles and cognition relate during the discrete developmental period of

adolescence?

Sleep spindles and cognitive performance across adolescence

While existing research supports a relationship between sleep spindles and cognition
in adults, there are several salient reasons why these findings cannot be generalised to youth.
Firstly, spindle characteristics change across development from childhood to older
adolescence. Spindle duration, density (spindles per time unit) and total number of spindles
per sleep period decrease with age, while spindle oscillatory frequency increases over time
(Nicolas et al., 2001; Shinomiya et al., 1999). Second, the nature of the relationship between
spindles and cognition is not uniform among samples of different ages. For example, in a
sample of 3- to 5-year-old children, Kurdziel and colleagues (2013) found memory
performance negatively correlated with spindle density, which is opposite to the effect
witnessed in adults (Cox et al., 2014; Lafortune et al., 2014). At preschool ages, lower
spindle density may be linked to more mature, rather than less mature, brain development
(Tarokh et al., 2014), indicating a change in the direction of effect from childhood to
adulthood. Given the lack of consensus regarding the relationship between spindles and
cognition in young people, it is beneficial for the field to gain a picture of the relationship that
might be occurring. Furthermore, an examination of adolescent samples might add to the

understanding of this phenomenon across age groups.

Are there factors that moderate the relationship between sleep spindles and cognition?
There are several factors that may influence the relationship between sleep spindles
and cognitive performance. One of these is the way spindles are operationalised. For
example, previous studies have compared cognitive measures with total spindle number,
frequency, amplitude, duration, density, sigma power and ‘spindle activity’ (see Figure 2.1.

for more detail). Some have further divided spindles into ‘fast’ and ‘slow’ depending on
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relative frequencies (e.g. slow spindles <13Hz, fast spindles >13Hz). This distinction
illustrates differences within the spindle-cognition relationship, where slow spindles relate
more strongly to procedural performance (Astill et al., 2014) while fast spindles relate to
more complex skills such as fluid intelligence (Bodizs et al., 2014).

The relationship between spindles and cognition may also vary according to cognitive
measure. For example, some studies have used singular cognitive tests, while others use a
cognitive battery such as an IQ test to provide multiple cognitive outcome measures. Original
IQ tests grouped cognition under umbrella terms of ‘performance intelligence (IQ)’ and
‘verbal intelligence (IQ)’ (Wechsler, 1958). Performance 1Q includes cognitive areas of fluid
reasoning, spatial processing and visual-motor integration, while verbal 1Q includes areas
such as verbal comprehension, general knowledge, arithmetic and vocabulary. In adults, total
number of spindles and spindle density have shown the strongest relationships with
performance 1Q tests, while the weaker or non-significant relationships are seen for verbal 1Q
(Fogel et al., 2007; Nader & Smith, 2003). Lastly, it is possible that age may affect the
relationship, with changes across childhood to spindle duration, density and frequency, as
discussed, but there may also be gender influences, with effects seen more often in females
than males (Ujma et al., 2014). To address this, mean age, age range and gender will be
included as moderator variables in the present meta-analysis.

It should be noted that meta-analyses of variables that include four or more studies
provide a reliable estimate of a pooled effect, while analyses with less than four studies
provide a limited picture. With this in mind, as well as the anticipated heterogeneity in
measures, the current meta-analytic review will not be a summation of all presented research,
but instead aims to paint a picture of the relationship between spindles and cognition in a
field that has yet to reach a consensus. Borenstein and colleagues (2009) suggest that

heterogeneity within meta-analysis allows researchers to broaden understanding of patterns of
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effects, and this is generally the goal of meta-analysis, rather than synthesising identical
studies. Furthermore, the quantitative synthesis of effects, regardless of the number and
heterogeneity of studies available, allows us to provide a more accurate and informative
picture and thereby reduce the likelihood of researchers applying their own idiosyncratic
conclusions (Borenstein et al., 2009; loannidis et al., 2008). Nevertheless, there are methods
within meta-analysis to address heterogeneity in studies, namely using a random effects
model and examining covariates within meta-regression (loannidis et al., 2008), which will

both be utilised in the present review.

Method
This meta-analytic review was conducted in accordance with the guidelines set out in
the preferred reporting items for systematic reviews and meta-analyses statement (PRISMA;

Mobher et al., 2009).

Literature Search

In December 2016, electronic databases (PsycInfo, PubMed, Web of science) were
searched for empirical articles that investigated the relationship between sleep spindles and
cognitive performance in young people using a combination of keywords (sleep spindles,
cognit*, adolescen*, children, learning, neurobehav*, performance, intelligence). Abstracts
were examined to gauge key variables and participant age. Where one or both were not
expressed, a full-text assessment was performed. Once all keywords and databases were
exhausted, additional articles were manually identified in the included studies’ reference lists
and relevant review articles.
Inclusion Criteria

Included studies examined the relationship between sleep spindles and any cognitive
performance measure in healthy young people. Participant age range was eight to 22yrs. The

minimum of eight years was decided based on biological research on the minimum pubertal
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onset (Kaplowitz et al., 2001; Lee, 1980), while the maximum was based on bio-regulatory
evidence which suggests the end of adolescence can reach 22 years of age (Roenneberg et al.,
2004), while cortical development can extend into the early twenties (Sisk & Foster, 2004).
Furthermore, the World Health Organisation (2011) defines ‘young people’ as those aged 10-
24. A large age range allows for examination across the initial transition from childhood to
early adolescence and from late adolescence to early adulthood. Additionally, articles needed

to be peer-reviewed, empirical and available in English.

Exclusion Criteria

Articles were excluded if they investigated cognitive performance indirectly (e.g.,
brain imaging rather than direct cognitive testing). Studies that included participants with
psychological or medical disorders were excluded given the disorders’ potential confounding
impact on sleep and/or cognition (Del Felice et al., 2013; Goder et al., 2008; Spoormaker &

van den Bout, 2005). Twelve studies were included (Figure 2.2).
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Figure 2.2. Flowchart of studies included and excluded in the literature search

Meta-analyses were conducted using comprehensive meta-analysis (Biostat, Inc.,

USA). Analyses were performed in accordance with meta-analysis reporting standards
(MARS; APA, 2008). Effect sizes from the identified studies were converted to Pearson’s r
correlations and transformed to Fisher’s z. Where non-significant findings were available in

the paper or obtained by contacting the authors, these were incorporated into the meta-
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analyses to allow a comprehensive representation of the relationship. Furthermore, for studies
which included a sample outside the specified age range, authors were contacted to obtain
effect sizes for those participants within the age range, and when successful, these were
incorporated. For these reasons, many non-published statistics were included in meta-
analyses, and therefore an analysis of publication bias was not performed. Moderator
variables including cognitive domain, spindle characteristic, mean age, age range and gender
composition (%omale) were included in the overall meta-analysis to address heterogeneity
between samples and to determine whether the relationship between spindles and cognition
varied according to their influence. Random effects were used for the overall effect as this
accounts for variation between studies, and applies equal weight to each study regardless of
how many effects they contributed to the analysis (Borenstein et al., 2009).

Heterogeneity in spindle characteristics and cognitive variables was anticipated, and
therefore subgroup analyses were performed. To further investigate the association between
spindles and cognition, a second meta-analysis was conducted to compare effect sizes
between cognitive domains. Spindle characteristics were collapsed to allow a focus on
cognition. Cognitive measures were grouped into 5 domains: full 1Q/verbal 1Q, fluid
IQ/performance 1Q, working memory/executive function and speed/accuracy. Abbreviated 1Q
tests and general knowledge tests correlate well with full 1Q (Furnham & Chamorro-
Premuzic, 2006; Wymer, 2003) and were thus grouped under the “full 1Q/verbal 1Q* domain.
Quantitative and perceptual reasoning measures have shown factor loadings on fluid 1Q and
performance 1Q measures (Kline, 2000), and were thus grouped under ‘fluid 1Q/performance
1Q’. Cognitive tests relating to memory performance were grouped together, and executive
function was combined to give a ‘working memory/executive function’ domain given the
strong associations between these constructs (McCabe et al., 2010). Motor speed and

accuracy (finger tapping task; Astill et al., 2014) was grouped under the domain
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‘speed/accuracy’ as it has been shown to overlap with processing speed tests, such as the
continuous performance task, in older children (Sadeh et al., 2003). A third meta-analysis
was conducted with a focus on spindle characteristics, with cognitive measures collapsed.
Sleep spindle charactersitcs were spindle duration, density, frequency, peak frequency,
amplitude, sigma power, total number and ‘spindle activity’ SPA (mean amplitude*mean
duration).

Two studies analysed sleep over 2 nights (Geiger et al., 2011; HoedImoser et al.,
2014). Geiger and colleagues (2011) report averaged spectral power across both nights.
HoedImoser and colleagues (2014) report relationships between spindles and cognition on
both baseline and experimental (post-learning) nights, and the correlations for the
experimental night were analysed, although it is noted that correlations were almost identical
between nights. Although Piosczyk and colleagues (2013) include a daytime nap rather than
overnight sleep, the study was nonetheless included given previous research showing similar
benefits of naps to overnight sleep in regard to memory consolidation (Mednick et al., 2003)
and the lack of evidence that spindle activity is different during naps compared to overnight

sleep.

Results
Across the 12 studies, 15 cognitive domains and eight spindle characteristics were

examined (see Tables 2.1 & 2.2). Study design characteristics differed between studies
regarding where (lab vs home) sleep was measured, spindle definition, spindle detection and
what sleep stage(s) were investigated (see Table 2.3). Six studies used an experimental
manipulation to explore the relationship under different conditions (e.g. before vs after
learning a task; HoedImoser et al., 2014; with/without a daytime nap after learning; Piosczyk
et al., 2013), and are thus listed as ‘quasi-experimental’, with one study (Astill et al., 2014)

attempting to manipulate spindle production using acoustic perturbation. Six studies used a
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cross-sectional design, while none used a longitudinal design. Participant ages ranged from 8-
22 years (mean = 13.6 years). Gender was usually balanced (54% males overall; three used

males only; one used females only).
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Table 2.1 Cognitive performance domains investigated in each study.

Author & Cognitive domain used

Year

Full  Verbal Abbreviated General Fluid  Performance  Perceptual  Quantitative = Working Memory Declarative ~ Memory

1Q 1Q 1Q Knowledge 1Q 1Q Reasoning  Reasoning memory  consolidation  memory improvement

Processing

speed

Astill et al

(2014)

Bodizs et al. X

(2014)2

Bruni et al.

(2009)

Chatburn et X X X X

al. (2013)°

Geiger et al. X X X X

(2011)°

Hoedlmoser X X X X
etal. (2014)°

Lustenberger X X
etal. (2012)

Nader & X X

Smith

(2015)¢

Piosczyk et X

al. (2013)

Prehn- X X
Kristensen et

al. (2011)

Tamminen et X X
al. (2010)

Tessier et al. X X X

(2015)¢

X

1Q tests used are:
2 Raven Progressive Matrices Test ¢ Wechsler Intelligence Scale-1V

b Stanford-Binet Intelligence Scale 4 Wechsler Intelligence Scale-111
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Table 2.2. Spindle characteristics investigated in each study.

Author & Year Sleep spindle characteristic investigated
Density Amplitude  Frequency  Total number Duration  Sigma Power gcptﬁ/ isti’liandle
Astill et al (2014) X
Bodizs et al. (2014) X X X
Bruni et al. (2009) X X
Chatburn et al. (2013) X X X X
Geiger et al. (2011) X X
Hoedlmoser et al. (2014) X
Lustenberger et al. (2012) X
Nader & Smith (2015) X X X
Piosczyk et al. (2013) X
Prehn-Kristensen et al. (2011) X X
Tamminen et al. (2010) X X
Tessier et al. (2015) X X X

@ SpA spindle activity = mean spindle duration*mean spindle amplitude
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Table 2.3. Study design characteristics for each study.

Author & Sample Agerange  Research design Spindle Where spindles  No. Spindle detection method Stage of sleep Electrode positions
Year size (mean, Definition measured nights investigated used for spindle
(%male)  standard (Slow; Fast, “Lab  Home  sleep Automatic/ Manual  Spectral analysis
deviation) where applicable) analysed  gemi-automatic Analysis
Astill et al 30 (37) 9.9-115 Quasi- 9-15Hz (<12; v - 1 v - - S2, SWS Fpz, Cz
(2014) (10.7,0.8)  experimental >12)
Repeated-
measures
Bodizsetal. 24 (50) 15-22 (18,  Cross-sectional 9-16Hz - v 1 v - - 52, SWS, Fpl, Fp2, Fpz, F3, F4,
(2014) 2.3) REM F7, F8, Fz, C3, C4, Cz,
P3, P4, Pz, T3, T4, T5,
T6, 01, 02, Oz
Bruni et al. 16 (38) 8-16 Cross-sectional 11-16Hz 4 - 1 - v 4 S2 Fz, Cz, Pz, Fpl, Fp2,
(2009) (10.8, SD C3,C4,T3, T4, 01,02
not given)
Chatburnet 14 (43) 8.2-12.7 Cross-sectional 11-15.9Hz (11- v - 1 v v - S2 C3,C4
al. (2013)? (9.9, 1.34) 12.9; 13-15.9)
Geigeretal. 14 (57) 9.5-11.5 Cross-sectional 12-15Hz v - 2 - - v S2 C3
(2011) (105, 1)
HoedImoser 54 (54) 8-11 (9.6,  Quasi- 11-15Hz - v 2 v - - S2, SWS F3, F4, Fz, C3, C4, Cz,
et al. (2014) 0.8) experimental P3, P4, Pz, 01, 02
Lustenberger 15 (100) 18-21 Quasi- 12-15Hz v - 1 - - v S2, SWS C4
etal. (2012) (19.3,0.8)  experimental
Nader & 32 (47) 12-19 Cross-sectional 11-16Hz (11- - v 1 v v - S2, SWS, C3, C4, Fz, Pz
Smith (2015) (15.4, SD 13.5; 13.51-16.0) REM
not given)
Piosczyk et 49 (0) All 16 Quasi- 12-15Hz (12-14; v - 1hr nap - - v S2, SWS, C3
al. (2013) experimental 14-15) REM
Prehn- 24 (100)  10-16 Quasi- 12-14Hz v - 1 - v v S2 C3,C4
Kristensen et (12,8, experimental
al. (2011) 0.38)
Tamminenet 30 (23) 20.3,SD Quasi- 11-15Hz (11- v - 1 v - - S2, SWS F3,F4,C3,C4
al. (2010) not given experimental 13Hz; 13-15Hz2)
Tessieretal. 13 (100)  8-12 Cross-sectional 12-16Hz v - 1 - v v S2 Fpl, Fp2, C3, C4
(2015)0 (10.23,
2.01)

Note. S2 Stage 2 sleep; SWS: Slow wave sleep; REM: Rapid-eye-movement sleep
Subsamples from published data are: > only those aged 8-12 ® only typically-developed sample.
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Meta-Analyses

Results revealed that across the 12 studies, sleep spindles related to cognition with an
overall effect size of r = 0.27 (k= 12, C1 [0.17,0.37], p < .01). Meta-regressions were
performed to examine the influence of covariates on the overall effect size. Covariates
included continuous variables: mean age, age range in years, and gender (% male), and
categorical variables: cognitive domain and spindle characteristic. Results showed no
demographic covariates significantly moderated the relationship between spindles and
cognition (age range: R? = 0.0, p > .05; gender: R? = 0.0, p > .05) although the small variance
explained by mean age (R? = 0.04, p >.05) indicates there was small trend for this
relationship being stronger among older participants. Spindle detection method was also not a
significant predictor (R? = 0.0, p > .05). Cognitive domain (R? = 0.23, p < .05) and spindle
characteristic (R? = 0.18, p < .05) significantly moderated the relationship between spindles
and cognition, indicating that much of the variability in this relationship across studies is due
to the way that cognition and spindles are operationalised.

Two further meta-analyses were performed to investigate the effect of cognitive
domain and spindle characteristic on the relationship between spindles and cognition. Figure
2.3 shows a forest plot of the relationships found between spindle characteristics and
cognitive performance, grouped by cognitive domain. There was some variability in this
relationship, with moderate positive relationships observed for fluid 1Q, working
memory/executive function and speed/accuracy, while full 1Q showed no significant
association with sleep spindles (see Table 2.4 for effect sizes). Figure 2.4 shows studies
grouped according to spindle characteristics. Moderate positive relationships were seen for
spindle frequency, sigma power, total number and spindle activity (SPA), while spindle
duration and density were not significantly associated with cognition (Table 2.4). Both

spindle amplitude and peak frequency were evidenced by one study each, so overall effects
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are not applicable. Furthermore, only spindle density and sigma power each contained four or

more studies, and therefore results of other characteristics should be interpreted with caution.

Note that both forest plots aggregate the same effect sizes and therefore share the same

overall effect size.

Table 2.4. Meta-analyses of studies relating to sleep spindles and cognitive performance

Overall k n r 95% ClI
12 1,366 0.27** [0.17,0.37]
Cognitive domain
Full 1Q/Verbal 1Q 5 350 -0.05 [-0.25, 0.15]
Fluid 1Q/Performance 1Q 4 169 0.44** [0.30, 0.57]
Working memory/Executive function 7 586 0.40** [0.26, 0.52]
Speed /Accuracy 4 247 0.33** [0.10, 0.53]
Spindle characteristic
Duration 2 139 -0.12 [-0.37, 0.15]
Density 7 289 0.17 [-0.07, 0.40]
Frequency 2 192 0.36** [0.14, 0.54]
Peak frequency 1 14 -0.56* [-0.84, -0.04]
Amplitude 1 24 0.41* [0.01, 0.70]
Sigma power 5 244 0.49** [0.27,0.67]
Total number 3 278 0.33** [0.17, 0.47]
Spindle activity SPA 1 162 0.41** [0.23, 0.57]

Note. k =no. of studies; n =total no. of participants; r =effect size; Cl =confidence interval

*p < .05, **p < .0L.
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Figure 2.3. Forest plot depicting effect sizes and 95% confidence intervals for the relationship
between sleep spindles and cognitive performance. Spindle characteristics are collapsed and results
focus on cognitive domains. Symbols indicate the positive or negative effect size, and significant
effects are those where the confidence interval does not cross the zero line. Effect sizes are considered
small at r = 0.2, medium at 0.35 and large at 0.5 and above. ‘Fast’ and ‘slow’ are indicated where
separate effects were given for fast and slow spindles. (A) plots for Full 1Q/Verbal 1Q and Fluid
IQ/Performance 1Q (B) plots for Working memory/Executive Function and Speed/Accuracy.
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2.3B
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Figure 2.3. (continued)
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Figure 2.4. Forest plot depicting effect sizes and 95% confidence intervals for the relationship
between sleep spindles and cognitive performance. Cognitive measures are collapsed and results focus
on spindle characteristics. Diamonds indicate the positive or negative effect size, and significant
effects are those where the confidence interval does not cross the zero line. Effect sizes are considered
small at r = 0.2, medium at 0.35 and large at 0.5 and above. ‘Fast’ and ‘slow’ are indicated where
separate effects were given for fast and slow spindles. (A) plots for Duration, Density, Frequency and
Peak Frequency (B) plots for Amplitude, Sigma power, Total number and ‘Spindle activity’ SPA
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2.4B
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Discussion

Sleep spindles showed a significant, positive association with cognition in young
people, with a small to moderate overall effect size found (r = 0.27, p < .01). There was a
great deal of heterogeneity among the studies, however, as this relationship was not observed
consistently across cognitive domains or spindle characteristics. The overall effect size
should thus be interpreted with caution, where it cannot summate a set of homogenous
studies, but instead paints a picture of the relationship that may be occurring within this
developmental period. The small, though non-significant, variance (4%) explained by mean
age indicates the effect was slightly stronger in older participants and aligns with previous
evidence that less developed brains show different relationships between spindles and
cognition than more mature brains (Tarokh et al., 2014). However, considering the
heterogeneity in ages included, this small variance might indicate more uniformity across the
ages than expected. The diversity among methodologies and selection of cognitive and

spindle variables help to explain the high variability among the identified studies.

Does the relationship between sleep spindles and cognition vary according to cognitive
domain?

Full 1Q/verbal 1Q.

Sleep spindles were not significantly associated with full 1Q/verbal 1Q (r = -0.05).
The relationships within this cognitive domain displayed the highest variability between
studies, with some reporting significant negative associations and others significant positive
associations. Part of this variability may be due to differences in the spindle characteristics
analysed. This is seen within studies where both positive and negative relationships were
found for one cognitive measurement. For example, Geiger and colleagues (2011) found full
IQ was negatively associated with spindle peak frequency, but positively associated with

sigma power. When examining individual studies, significant positive relationships were
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found between full 1Q and sigma power, spindle frequency and ‘spindle activity’ (Chatburn et
al., 2013; Geiger et al., 2011; Hoedlmoser et al., 2014), while negative relationships were
found with peak frequency and spindle density (Geiger et al., 2011; Nader & Smith, 2015;
Tessier et al., 2015). The relationship between full 1Q and spindle duration is less consistent,
with both positive and negative relationships seen (Chatburn et al., 2013; Tessier et al.,
2015). This finding may reflect the developmental trajectory of sleep spindle duration, with
spindles tending to have longer durations in less mature brains (Shinomiya et al., 1999). In
children and adolescents, it is speculated that spindle activity is a marker for brain maturation
(Astill et al., 2014; Bodizs et al., 2014; Geiger et al., 2011). Furthermore, as spindle
frequency and fast spindle density are expected to increase with age, and spindle duration and
total number decrease with age (Nicolas et al., 2001; Shinomiya et al., 1999), this may help
explain the positive relationship seen for spindle frequency and full 1Q (Chatburn et al.,
2013), and the negative relationships for density (Nader & Smith, 2015; Tessier et al., 2015).
These directions of effect are, however, not consistent across studies and domains, so these
explanations are speculative. In addition, full 1Q and verbal IQ are not unitary constructs, but
rather contain several subordinate constructs, some of which may vary in their relationship to
spindles. As such, full 1Q and verbal 1Q may not be sensitive enough to illustrate inter-
individual differences in relation to sleep spindles.

Fluid 1Q/performance 1Q.

Positive relationships between fluid 1Q/performance 1Q and spindles were seen in all
four studies that examined this relationship (r = 0.44), with spindle amplitude, total number,
density and sigma power relating positively, while spindle frequency and duration were less
consistent. Relationships between spindle characteristics and fluid intelligence measures are
particularly interesting in youth, given these higher-order functions fully develop later in

adolescence (Casey et al., 2005) alongside dramatic changes to sleep EEG and brain
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reorganisation (Feinberg & Campbell, 2010; Uhlhaas et al., 2009). These separate variables
can therefore, in theory, be seen developing together through analysis of spindles and fluid
IQ. This also explains why the relationships are more consistently positive, as those young
people who have achieved skills in higher-order functions may be those who have more
mature brain networks and therefore higher values of certain spindle characteristics.

Working memory/executive function.

Similar to fluid and performance 1Q measures, working memory and executive
function measures are believed to relate to brain maturation in youth (Casey et al., 2005).
Accordingly, the majority of studies found a positive relationship (r = 0.40). The negative
relationship between memory improvement and sigma power (Lustenberger et al., 2012)
indicates that the more spindle activity a young person showed after learning a task, the
smaller the improvement in their recall the next day. This indicates an improvement effect,
where those who showed better performance and higher spindle activity had less room for
improvement, while those who had lower performance and less spindle activity showed
greater improvement. Considering this, along with the overall positive effect size, current
studies indicate higher spindle activity is related to better working memory and executive

function performance.

Speed and accuracy.

Overall, sleep spindles were positively related to speed/accuracy, with an effect size
of r = 0.33. This relationship was observed in all four studies included. There is also evidence
that fast, rather than slow, spindles may have stronger links with motor speed and accuracy,
as young people with higher fast spindle density may have faster learning and more mature
brain networks than those with higher slow spindle density (Astill et al., 2014). Similar to
other cognitive domains, processing speed and accuracy improve across the first two decades.

A possible explanation is that processing speed is linked with executive functioning which is
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developing in adolescence, and higher spindle activity reflects more developed brain
networks, and therefore faster and more efficient information processing (Nader & Smith,
2015).

Does the relationship vary according to spindle characteristic?

Cognitive performance was positively associated with spindle frequency (r = 0.36),
amplitude (r = 0.41), sigma power (r = 0.49), total number (r = 0.33) and spindle activity
‘SPA’ (r = 0.41), but not spindle duration (r = -0.12), density (r = 0.17) or peak frequency (r
=-0.56). However, only spindle density and sigma power each contained four or more
studies, and therefore results of other characteristics should be interpreted with caution. These
findings highlight the importance of considering the way spindles are operationalised, as the
relationship between spindles and cognition varies depending on the spindle characteristic
examined. This pattern of results may be partly explained by the parallel developmental
trajectories of sleep spindle characteristics and cognition. During adolescence, the total
number of spindles and density decreases, while spindles become briefer but with a higher
frequency (Nicolas et al., 2001; Shinomiya et al., 1999). During this time cognitive abilities
also increase (Casey et al., 2005). These parallel developmental changes make causation
difficult to determine from cross-sectional studies of young people. At the time of writing this
paper, there were no longitudinal studies examining the relationship between specific spindle
characteristics and cognition in this cohort. As well as considering spindles and cognition
from a developmental framework, there are likely to be other within- and between-subjects
differences that influence cognition. Importantly, the developmental and neurophysiological
processes may be confounded in youth. It is possible that in this age group there are both
developmental changes to sleep EEG, such as synaptic pruning (whereby less spindles =

better cognition; Chatburn et al., 2013), as well as stable neurophysiological relationships in
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young people with more completed development (i.e. more spindles = better cognition; Nader
& Smith, 2015).

Lastly, there may be other relatively understudied aspects of spindle activity that may
explain this relationship. Tarokh and colleagues (2014) investigated cognition and sigma
activity (11-16Hz) in a longitudinal study of nine- and 10-year-old children and found no
relationship between sigma and cognition at concurrent time points, however improvement in
sigma coherence over time was related to the improvement in cognition over time.

In addition to variability in spindle characteristics, the present review examined
whether spindle detection method moderated the relationship between spindles and cognition.
Indeed, much research has focused on the best way to detect and analyse spindles accurately
(Causa et al., 2010; Huupponen et al., 2007). In the 12 studies reviewed, 4 used an algorithm
or automatic analysis, 3 used only spectral analysis, 3 used both automatic and manual
scoring and 3 used both manual and spectral analysis. Using an algorithm or automatic
spindle detection method is appealing, as it greatly reduces the time to analyse each sleep
record. In past child and adult studies, researchers have tested various spindle analysis
algorithms for their validity and reliability with varying success (Causa et al., 2010; Ray et
al., 2010). This has brought debate to the area, as there are clear inter-individual differences
in sleep EEG, particularly with spindles, and as such the criteria used within an algorithm
may not apply universally (Bodizs et al., 2009). Furthermore, the use of algorithms in young
samples has not been extensively researched or validated. It is beyond the scope of this
review to speculate which method is best with young samples, and indeed spindle detection
method was not a significant covariate, however it is important to keep this in mind when

discussing the different relationships seen between studies.
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What can we infer about the mechanism underlying the relationship?

The overwhelming consensus from the literature is that spindle activity is likely
reflective of both trait cognitive efficiency (Fogel & Smith, 2011) and brain maturation
(Bodizs et al., 2014; Tarokh et al., 2014). To illustrate the latter, differences in both cognitive
ability and spindle production may be due to a combination of the EEG channels used and the
topographical changes to spindle activity across different brain regions during development.
For example, decreases in spindle generation in frontal electrode derivations occur during
adolescence (De Gennaro & Ferrara, 2003). Therefore, the negative relationship between
verbal 1Q and spindle density observed in the frontal pole derivation in the study by Tessier
and colleagues (2015) may also reflect development. This raises the important question of
whether changes to spindles and cognition are causal or whether they develop independently.

In regard to the discrepancy in the direction of the relationship, it may be that in a
sample of young individuals there is such heterogeneity in brain development that, for some
cognitive areas at least, there may always be mixed findings. Fogel and Smith (2011) propose
a ‘non-linear U-curve’ of the relationship in adults, whereby a high spindle count can occur in
those who have poor mental abilities, but also for those who have superior mental abilities,
while those who show average intelligence have fewer spindles. This could apply to
developing adolescents, where some younger adolescents may have poorer performance
concurrently with higher number of spindles compared to their older counterparts (Nicolas et
al., 2001; Shinomiya et al., 1999), which provides a developmental explanation. At the same
time, those with superior performance may have more active thalamocortical networks and
thus more spindles (Fogel & Smith, 2011), providing a trait neurological explanation. As
none of the studies in this review were longitudinal, it is not clear whether the relationship
can be predicted solely by developmental stage, and perhaps individual cognitive ability is

more likely predicted by neural network efficiency.
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One aspect which has not been considered in the youth literature is when spindles are
measured, when cognition is measured, and whether the timing of these comparisons makes a
difference to the relationship. For example, spindles one night may relate to performance
earlier that same day, possibly reflecting that day’s processing, however they may also relate
to performance the following day, indicating general network efficiency. The latter indicates a
more stable relationship between spindles and cognition, whereas the former indicates spindle
activity can change day-to-day. Either way, superior performance can relate to higher spindle
activity, but the implications for the underlying mechanism are different. Of the 9 studies that
specified timing of measures, 3 analysed spindles immediately following the test, 1 analysed
spindles immediately before the test, 1 analysed spindles both before and after a test (the
second night was used in this review), 2 analysed spindles in a sleep period which occurred
between two tests, and 2 analysed spindles a week or two following cognitive testing. This
holds an important implication for the interpretation of the current findings, where effect
sizes from studies that measured overnight learning cannot be easily compared to studies that
measured general cognitive performance and therefore general network efficiency. More
studies are needed to determine whether the underlying neural mechanism of the relationship
between spindles and cognition differs when spindles are measured in an overnight learning
context compared to a general one. Furthermore, sigma power is known to have good intra-
individual night-to-night consistency in both adults (De Gennaro et al., 2005) and young
adolescents (Geiger et al., 2011), however, it is unclear whether there is night-to-night
stability in specific spindle characteristics in young people. Spindle characteristics may also
show alterations after learning (e.g. an increase after a memory task; Schabus et al., 2008),
indicating a possible effect of situation on the relationship. This provides an opportunity for
future studies to examine the relationship over multiple nights to further investigate how

spindles may relate to young people’s everyday capabilities.
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Implications for learning across adolescence

Considering the results of the present meta-analysis, the overall indication is that
higher levels of spindle activity are related to better performance in cognitive areas that are
relevant to adolescents’ learning, in particular, the higher-order functions of working
memory, executive functioning and fluid 1Q. This raises the question of how to optimise
spindle activity, which has been manipulated with mixed success using methods such as
sensorimotor rhythm conditioning (Schabus et al., 2014), acoustic perturbation (Astill et al.,
2014), and non-invasive trans-cranial direct current stimulation, which has shown concurrent
improvements in frontal spindle production and declarative memory retention (Marshall et
al., 2006; 2011). As discussed, slow and fast spindles show different functional roles for
cognitive functions, which may be related to dissimilar coupling with slow oscillations and
slow waves during slow wave sleep (Molle et al., 2011). For example, slow spindles in the
frontal-central region have shown links with heuristic creativity (Yordanova et al., 2017) and
NREM dream recall (Marzano et al., 2011). Lastly, there is also the question of whether
spindles are affected by restricted or extended sleep, as sleep loss itself impacts on cognition
(Lo et al., 2016). Further research is needed in adolescents to increase understanding of how
spindles and cognition relate during development, particularly in an age group that, on
average, achieves significantly less sleep than is recommended for optimal daytime
functioning (Gibson et al., 2006; Lo et al., 2016). Although not examined in this review, it
should be noted that sleep spindles have shown associations in childhood beyond cognitive
processes, where higher spindle activity has been associated with better coping strategies and
prosocial processes (Mikoteit et al., 2012; 2013).
Future research directions

A limitation of this review is the small number of studies included that have

investigated spindles and cognition in youth. While meta-analyses were possible given the
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number of effects within each study, the bigger picture of the relationship between spindles
and cognition in young people contains significant gaps. While many studies have proposed
theories as to why spindle activity relates to cognition, none of these are longitudinal, nor did
they experimentally link spindle activity with cognition, and causation can therefore not be
inferred. More experimental and longitudinal studies are needed to tease out developmental
and stable effects and to form stronger conclusions about the overall relationship. The relative
frequency of sleep spindles (slow vs fast) may modulate the relationship between spindles
and cognition (Astill et al., 2014; Bodizs et al., 2014), however only four of the included
studies supplied effect sizes for both slow and fast spindles, so comparisons could not be
made, and this warrants further investigation. Furthermore, one study included a nap rather
than overnight sleep (Piosczyk et al., 2013), and while spindles during naps certainly related
to cognition, it is unknown whether spindle makeup during a nap equates to that in overnight
sleep, and this would be worth future exploration. Lastly, there were many cases through the
12 studies where relationships were seen for some cognitive and spindle variables, but not for
others. This indicates that the nature of this relationship is not always consistent and further
research is needed to understand the underlying aetiology.
Conclusion

The present meta-analytic review indicates that spindle activity is related to various
cognitive domains in the discrete developmental period between older childhood and young
adulthood, such that higher spindle activity is related to better cognitive performance. The
nature of this relationship largely varies depending on the spindle characteristics and
cognitive measurements investigated, while meta-regressions indicate demographic factors of
age and gender do not have an influence on this relationship. Methodologies are also highly
variable between studies, which may influence the conclusions reached by each study and

make it difficult to speculate why the same relationships are positive in some studies, yet
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negative in others. The field needs uniformity in methods of data collection and analysis to
illustrate the true nature of this relationship in the developing adolescent brain. Overall, there
are implications that spindle activity relates both developmentally and neurologically to
cognitive performance in adolescents, and there remain key questions about the underlying

mechanism behind this relationship.
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Abstract
Evidence of night-to-night variation in adolescent sleep spindle characteristics is lacking.
Twelve adolescents (M = 15.8 + 0.8yrs, 8 males) participated in a laboratory study involving
9 nights with 10 hours’ sleep opportunity. Sleep electroencephalograph was analysed and
intra-class coefficients were calculated to determine the reliability of sleep spindles across
multiple nights of recording. Slow spindle amplitude and fast spindle density, duration and
amplitude characteristics all had acceptable reliability within a single night of sleep
recording. Slow spindle density and duration measurements needed a minimum of 4 and 2
nights, respectively, for reliable estimation. Theoretical and methodological implications are

discussed.

Keywords: adolescence, sleep EEG, night-to-night variability
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Introduction

In adult studies, sleep spindle characteristics and sigma power are believed to show
individual trait-like features (Werth et al., 1997; Bodizs et al., 2009), while also showing low
night-to-night variation within individuals (Finelli et al., 2001; De Gennaro et al., 2005). To
date, no studies have examined night-to-night variation in spindle activity in adolescents.
Findings from adult studies cannot be generalised to adolescents due to developmental
changes in sleep EEG from childhood to adulthood (Shinomiya et al., 1999). Furthermore,
most studies estimate sleep spindles from a single night of sleep EEG. If these estimates are
unreliable (i.e., do not reflect individual’s typical sleep spindle activity due to night-to-night
variability), then resulting analyses may be inaccurate. Considering adolescence is a period of
dynamic synaptic pruning and brain reorganisation (Feinberg & Campbell, 2010), it is
important to determine if reliable spindle measurements can be obtained from a single night
of sleep recording, and, if not, how many nights are needed?

Sleep spindles are commonly measured on several characteristics of the 10-16Hz
oscillatory EEG waveform: total number of spindles per sleep episode, average spindle
frequency (Hz), average spindle amplitude, average duration (e.g., seconds) and density of
sleep spindles (number per time period, e.g., per minute). Spindles have been dichotomised
into “fast’ and ‘slow,” depending on the relative frequency. The present study investigates
night-to-night variability of spindle density, duration and median amplitude, each considered
separately for slow and fast spindles.

Method
Participants

Twelve adolescents (mean age = 15.8 = 0.8yrs, 15-17yrs, 8 males, Tanner stage 4/5;

Tanner, 1990) participated, had no self-reported medical/psychological disorders, were not

taking medications and had an intermediate chronotype (score of 23-43 on the Composite
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Morningness/Eveningness Scale; Smith et al., 1989). Ethics approval was granted by the
University of South Australia Human Research Ethics Committee. Parents and adolescents
provided written informed consent, and participants received remuneration.
Design

Data from the present study are taken from a larger study (Short et al., 2018).
Adolescents in the current sample were the control group, receiving 9 consecutive nights (1
adaptation, 8 experimental) of ‘optimal sleep opportunity’; 10 hours’ time in bed (21:30-
07:30) (Paruthi et al., 2016).
Materials

Polysomnography

Sleep EEG (derivations of Fpl, Fp2, F1, F2, C3, C4 and O1 as well as EOG and
EMG, all referenced to contralateral mastoid electrodes (M1 and M2)) was recorded using the
Compumedics Grael Sleep System (Melbourne, Australia) at a sampling rate of 512Hz.
Adolescents were monitored overnight by an experienced sleep technician.

Sleep spindles

Sleep spindles were analysed using an automated spindle detector, following the
Individual Adjustment Method (Bodizs et al., 2009; Bodizs et al., 2014). Slow and fast
spindles were defined as those occurring in the strongest power peaks in the slow and fast
frequency ranges within each individual’s spectral profile. Slow and fast peaks are indicated
by zero-crossing points on the profile. The use of separate spindle limits for individuals
accounts for trait-like features (Bodizs et al., 2009). In most cases, the zero-crossing points
signifying the strongest power peaks were clearly depicted. For some cases, slow frequency
peaks were not clearly depicted by zero-crossing points, thus limits were decided by visual
inspection of the spectra to determine the range showing the highest power (Bodizs et al.,

2009). There were no cases where fast spindle peaks were unclear. EEG channels were
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referenced with a calculation of [(M1+M2)/2]. All NREM sleep periods were used to detect
spindles. Spindles detected on derivation C3 were preferred for analyses, and C4 used when

C3 was unsuitable.

Procedure

Sleep-wake patterns were monitored for 5 nights prior to the study using sleep diaries
and actigraphy (MicroMini-Motionlogger, Ambulatory Monitoring Inc., NY, USA).
Adolescents were instructed to achieve 10 hours’ time in bed to ensure adequate sleep during
the week prior to the protocol. Adolescents attended the laboratory for 9 nights during school
holidays (Friday 17:00 - Sunday 21:00). Temperature (21 = 1°C) and light (<50 Lux in wake
periods) were controlled and the laboratory was sound attenuated and free of time cues.
During wake periods, adolescents were given test batteries and had set meal times. Caffeine

consumption was prohibited and adolescents were supervised at all times.

Statistical Analyses

Statistical analyses were performed using SPSS V.22 (IBM, Armonk, NY). Means
and standard deviations were calculated per night for each spindle characteristic (Table 3.1).
Two-way random-effects models were used to determine the reliability (intra-class
correlation coefficient, ICC).

Results

Means and standard deviations indicate pooled estimates were very stable across nights,
however, some night-to-night variability was present, as indicated by the ICCs (see Table
3.1). Specifically, slow amplitude, fast density, fast duration and fast amplitude showed either
good (ICC = 0.60 - 0.74) or excellent (ICC = > 0.75) reliability with only one night of
recording. Slow spindle duration was reliably estimated with a minimum of 2 nights’ sleep

recording, while slow spindle density reached good reliability with a minimum of 4 nights’
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sleep recording. Figure 3.1 illustrates individual spindle characteristics per night, highlighting

intra-individual consistency and inter-individual variability.

Table 3.1. Intra-class Coefficients for Sleep Spindle Parameters

Single night estimate based on number of nights

Spindle 1-night 2-nights  3-nights  4-nights  5-nights  6-nights  7-nights  8-nights
parameter

Density (spindles per minute)

Slow 0.45 0.29 0.57 0.74* 0.79%%  0.84%%  0.84%*  0.87**
Mean(SD) 7.09(0.3) 6.98(0.4) 7.13(0.4) 7.09(0.3) 7.10(0.3) 7.04(0.3) 7.10(0.3)  7.09(0.3)
Fast 0.78%*  0.78%  0.90%*  0.93**  0.95%  0.96**  0.96%*  0.97**

Mean(SD) 8.00(0.1) 8.00(0.2) 8.00(0.2) 8.00(0.1) 8.00(0.1) 8.01(0.1) 7.99(0.1) 8.00(0.1)

Duration (length of spindles in seconds)

Slow 0.56 0.74* 0.73* 0.80%*  0.85%%  0.85%%  0.88%*  0.91%*
Mean(SD) 1.53(0.1) 1.53(0.1) 1.51(0.1) 1.53(0.1) 1.55(0.1) 1.52(0.1) 1.52(0.1) 1.53(0.1)
Fast 0.70% 0.82%%  0.92%%  0.02%%  0.04%%  0.94%*  0.94%*  0.95**

Mean(SD) 1.25(0.01) 1.24(0.01) 1.24(0.01) 1.24(0.01) 1.24(0.01) 1.24(0.01) 1.24(0.01) 1.25(0.01)

Amplitude (amplitude of spindles in pV)

Slow 0.62* 0.64* 0.79%*  0.89%*  0.90%*  0.90%*  0.92%*  0.93%*
Mean(SD) 4.21(0.3) 4.20(0.7) 4.27(0.5) 4.28(0.4) 4.22(0.4) 4.27(04) 4.24(0.3) 4.21(0.3)
Fast 0.79%%  0.77*%  0.90%*  0.94**  095%  0.96%*  0.96%*  0.97**

Mean(SD) 7.18(0.2) 7.28(0.4) 7.29(0.3) 7.24(0.3) 7.15(0.3) 7.14(0.3) 7.15(0.3) 7.18(0.2)

*good reliability, 0.60 - 0.74 **excellent reliability, > 0.75 (Cicchetti, 1994)

Note: Estimates for the 1-night variability are based on the single-night measures from the 8-
night analysis. Mean and SD presented are for the nights included in each analyses. Multiple
nights are consecutive combinations (e.g. 2 nights = night 1+2; 3 nights = night 1+2+3,
etc.). Spindles are measured in a narrow-band filter, which is amplitude attenuated (Bodizs et
al., 2009).
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Figure 3.1. Sleep spindle characteristics per subject (n = 12) per night.
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Discussion

For many spindle characteristics (slow spindle amplitude, fast spindle density,
duration and amplitude), a single night of measurement was sufficient to reliably estimate
adolescent spindle activity. This was not the case for slow spindle density and duration,
which needed a minimum of 4 and 2 nights, respectively. Resultantly, studies including slow
spindle density estimates from < 4 measurement nights, and slow spindle duration from only
1 night should be interpreted with caution.

In the present study, there is evidence that the reliability of fast sleep spindle
measurement is superior to the measurement of slow spindles. Indeed, the reliability estimate
for one night’s recording of slow spindle amplitude was 0.62, while ICCs for fast spindle
characteristics were higher (all > 0.70). Slow spindles typically yield less prominent spectral
peaks (De Gennaro et al., 2005), and in some subjects this peak is entirely absent (Werth et
al., 1997). The present detection method may therefore have reduced sensitivity to detect
slow, compared to fast, spindles. Past studies have speculated about the lower prominence of
slow, compared to fast, spindles and one suggestion is that slow spindles may have a different
intra-cortical origin to fast spindles (Timofeev & Chauvette, 2013), however this is still
unknown. This nonetheless highlights the importance of examining spindles in a
dichotomised fashion, where averaging individual spindle frequency may mask distinct
patterns of neural activity, and furthermore highlights the usefulness of considering
individual spectra (Bodizs et al., 2009). This may help to explain the large variance in effect
sizes in Chapter 2, where some studies dichotomised sleep spindles and others combined the
two types. It is important to note that the present findings may be limited by small sample
size and cannot be generalised beyond adolescent samples. Furthermore, sigma power was
not included, which may be a more reliable metric than spindle parameters from an

automated detector (Warby et al., 2014).
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Examining the raw data (Figure 3.1), fast spindle duration is consistent within
individuals across the week, and fast density shows little deviation, however amplitude
characteristics appear more varied, with less reliability for slow amplitude, as discussed. The
ICC data indicate how many nights are needed for reliable spindle estimates, on average,
although for some adolescents a degree of intra-individual variability was present (e.g.,
subject 3 showed less consistency within fast amplitude estimates across the week than
others), and such subjects may need more nights for reliable comparisons between spindle
characteristics and performance measures.

Conclusion

Sleep spindle characteristics of slow amplitude, fast density, fast duration and fast
amplitude can be reliably estimated in a single night of sleep EEG. Slow spindle
characteristics may overall be less reliable for a single night of sleep recording in adolescent
samples, particularly for slow spindle density and duration. Future research investigating
sleep spindle characteristics would profit from aggregating data across multiple nights of

sleep recording to obtain reliable estimates.
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Abstract
The tendency for adolescents to have restricted sleep has been examined in numerous studies,
however the impact of sleep restriction on adolescents’ neural activity during sleep (measured
via electroencephalography, EEG) is less extensively researched, particularly regarding sleep
spindles. In this experimental study, 34 adolescents attended a 10-day laboratory study where
they received 5 consecutive nights of either 5 hrs, 7.5 hrs or 10 hrs of sleep opportunity, with
1 adaptation, 1 baseline and 2 recovery nights of 10 hrs’ sleep opportunity before and after
the experimental phase. Both within- and between-subjects’ effects were seen for fast sleep
spindle characteristics of density, duration and amplitude, and slow spindle amplitude.
Overall, when experiencing severe sleep restriction, fast spindles in adolescents were lower in
amplitude and longer in duration. Sex differences were also seen for fast spindle amplitude.
This investigation adds to the field by investigating specific sleep spindle characteristics in
the context of experimentally manipulated sleep. Sleep restriction is highly prevalent among
adolescents. These findings indicate that chronic sleep restriction impacts brain activity

related to sleep spindles.

Keywords: Sleep spindles, adolescents, sleep restriction, EEG
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Introduction

Adolescence is marked by chronic sleep restriction during weekdays, reciprocal
longer sleep time on the weekend, and later bedtimes, when compared to children’s sleep
patterns (Carskadon, 2011; Leger et al., 2012). Both experimental and large-scale
epidemiological studies have found that adolescents receive significantly less sleep than is
necessary for optimal daytime function (Gibson et al., 2006; Leger et al., 2012; Lo et al.,
2016; Fuligni et al., 2017). Changes to adolescent sleep timing have been linked with
biological factors, including delayed circadian timing and reduced homeostatic sleep drive in
the evening (Taylor et al., 2005; Jenni et al., 2005; Crowley et al., 2007), as well as social and
behavioural factors, such as technology use before bedtime (Bartel et al., 2015; Reynolds et
al., 2015).

In addition to altered sleep patterns, there are also changes to adolescents’ sleep
architecture and neural activity which are believed to relate to brain reorganisation (Feinberg
& Campbell, 2010; Tarokh & Carskadon, 2010). For example, the delta wave activity that
characterises slow wave sleep (SWS) decreases rapidly from ages 12 to 17 years, which is
attributed to synaptic pruning (Feinberg & Campbell, 2013). Furthermore, as adolescents
develop, the proportion of sleep spent in stage 2 sleep increases while the proportion of slow
wave sleep decreases (Carskadon & Dement, 2011). Sleep spindles are a hallmark of stage 2
sleep, with frequencies typically in the range of 11-16Hz (see Figure 4.1). Importantly,
spindles are believed to indicate brain maturation and changing cortical connectivity during
development (Feinberg & Campbell, 2010). With age, sleep spindles decrease in number,
density and duration, yet increase in frequency (Shinomiya et al.1999; Nicolas et al., 2001).
Overall EEG power in the spindle frequency range (sigma; 11-16Hz) also decreases in early

adolescence (Tarokh & Carskadon, 2010).
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Figure 4.1. Sleep spindles seen over both central (C3) and frontal (F3) EEG derivations in
stage 2 sleep in an adolescent (15yrs). Spindles are bursts of synchronized oscillatory neural

activity, typically 11-16Hz, with > 0.5 second duration.

Although there is some research on age-related changes to sleep spindle activity
(Shinomiya et al., 1999; Nicolas et al., 2001), there is little research that examines whether
sleep spindle characteristics change in response to sleep restriction. This is particularly
relevant to adolescents, who typically experience restricted sleep across the school week.
Sleep restriction leads to reductions in the duration of stage 2 sleep (Agostini et al., 2017),
which is where spindles frequently occur (Rechtschaffen & Kales, 1968). While aspects of
sleep, such as slow wave sleep, are homeostatically regulated (Borbely & Achermann, 1999),
it is unknown whether sleep spindle activity is also homeostatically regulated. As sleep
spindles are argued to play an important role in cognitive functions (Fogel et al., 2007; Fogel
& Smith, 2011), changes to spindle activity in response to sleep loss may be protective of
cognitive functioning.

Sleep spindles can be examined across several characteristics: the number of spindles
per sleep episode, average spindle frequency (Hz), average spindle amplitude (uV), average
duration of sleep spindles (seconds) and density of sleep spindles (e.g. spindles per minute).

Slow (~11-13Hz) and fast (~13-16Hz) spindles are often examined separately, given previous
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research indicating they are functionally and topographically distinct, as well as having
distinct patterns of neural activation (Schabus et al., 2007). For example, slow spindles are
more commonly seen in frontal areas and are more often associated with overnight learning
(Astill et al., 2014), while fast spindles are seen in centro-parietal areas and may be linked
with more complex cognitive abilities, such as fluid intelligence (Bodizs et al., 2014). Several
studies have shown evidence of large inter-individual differences in spindle characteristics in
adolescents, indicating trait-like properties of sleep spindles, which may reflect an
individual’s brain anatomy and intellectual abilities (Bodizs et al., 2014; Geiger et al., 2011;
HoedImoser et al., 2014). However, it is largely unknown whether sleep spindles in
adolescents show state characteristics, for example, if they change within the individual in
response to restricted sleep.

Previous adult studies have shown significant reductions in mean spindle frequency
and density of fast spindles (Knoblauch et al., 2003), as well as reduced overall spindle
density (Borbely et al., 1981; Dijk et al., 1993), sigma activity (Dijk et al., 1993; Finelli et al.,
2001), ‘total spindle activity’ (amplitude x duration x density; Dijk et al., 1993) and slightly
longer spindle duration (Dijk et al., 1993) following 40 hours of total sleep deprivation.
Results regarding changes to spindle amplitude following sleep deprivation have been mixed,
with one study reporting increased amplitude (Knoblauch et al., 2003) while another found
no difference (Dijk et al., 1993). To date, there have been two studies examining spindles and
sleep restriction in adults, which found a reduction of activity within the sigma band after two
consecutive nights of 4 hours’ sleep (Brunner et al., 1990) and after 4 consecutive nights of 4
hours’ sleep (Brunner et al., 1993).

To our knowledge, only two studies to date have examined changes to even indirect
spindle metrics following sleep loss in adolescent samples, and none have examined spindles

directly. Jenni and colleagues (2005) found that, after 36 hours of total sleep deprivation,
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power density in the sigma range was reduced for young (M = 12yrs) and older (M = 14yrs)
adolescents during recovery sleep. Given the association between sigma and spindle
amplitude (Tarokh et al., 2014; Purcell et al., 2017), sleep loss may lead to decreases in
spindle amplitude in adolescents. VVoderholzer and colleagues (2011) provided adolescents
(14 - 16 yrs) with 4 consecutive nights of either 9hrs, 8hrs, 7hrs, 6hrs, or 5hrs sleep
opportunity per night, and found less time in bed led to larger increases in delta, theta and
alpha activity, but, contrary to Jenni et al. (2005), no change in sigma activity. The reduction
in sigma power may be more pronounced with longer time spent awake before sleep (36hrs
vs minimum 19hrs, respectively), however the contrary findings may also be impacted by an
absence of baseline, separate from adaptation, for comparison in Voderholzer and colleagues’
(2011) study. It should be noted, however, that sigma frequency activity cannot be equated
with spindle activity, given the range of frequencies within spindles, which spectral analysis
cannot take into account. Further, spectral analysis does not provide any information
regarding specific spindle parameters, such as spindle density, amplitude or duration (Tarokh
et al., 2014). Given the paucity of literature focusing on sleep spindles during sleep restriction
in adolescents, it would be highly informative to investigate this, especially given the
prevalence of sleep restriction at this developmental stage.

The present study addresses many of the limitations in the current literature by
examining sleep restriction from both a within-subjects (comparing baseline and recovery
sleep to restricted sleep) and between-subjects (comparing between doses of sleep restriction)
perspective. It is expected that during severe sleep restriction, spindle density will decrease,
as witnessed in past adult studies of sleep deprivation (Borbely, et al., 1981; Dijk et al.,
1993). Additionally, spindle amplitude is expected to decrease with sleep restriction, given its
relation to sigma power (Tarokh et al., 2014; Purcell et al., 2017), which decreases with sleep

loss in adults (Brunner et al., 1990; Finelli et al., 2001) and adolescents (Jenni et al., 2005).
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Spindle duration is also expected to become longer with sleep restriction, given similar

findings with adult studies of sleep deprivation (Dijk et al., 1993).

Method

Participants

34 adolescents (mean age = 15.9 £+ 0.9yrs, 20 males) participated in the study.
Participants were recruited from newsletters in secondary schools in South Australia and
through referrals from other participants. Included adolescents were aged 15-17 years, late or
post-pubertal (Tanner stage 4 or 5; Tanner, 1990), had no self- or parent-reported medical or
psychological disorders, and were not taking medications. Participants had an intermediate
chronotype (a score of 23-43 on the Composite Morningness/Eveningness Scale; Smith et al.,
1989), which is important given recent evidence of lower spindle amplitude and intensity
(duration x amplitude) in adolescents with morning preference (Merikanto et al., 2017). All
adolescents had a habitual sleep duration longer than 8 hours, which is within the normative
range for Australian adolescents (Short et al., 2013). Ethics approval was granted by the
University of South Australia Human Research Ethics Committee. Parents and adolescents
provided written informed consent, and adolescents received remuneration for their time.
Design

Adolescents received one of three sleep ‘doses’ during the experimental period: Shrs
(n =12, 6 males), 7.5hrs (n = 10%, 6 males) or 10hrs (control condition, n = 12, 8 males) of
time in bed for 5 consecutive nights (Sunday to Friday, see Figure 4.2). Adolescents were
allocated to each sleep dose in blocks, with 4 adolescents per group receiving the same sleep
dose, and were blinded to their condition. A 5hr sleep opportunity was chosen as the most
severe amount of sleep restriction to determine the impact of severe sleep loss on

adolescents’ functioning. Previous experimental research has shown sleep restriction to 4 or 5

! Two adolescents withdrew during the 7.5-hour condition.
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hours’ sleep opportunity increases subjective and objectively tested sleepiness in children and
adolescents (Fallone et al., 2001; Lo et al., 2016; Randazzo et al., 1998), and yet some
adolescents and young people in western societies regularly obtain between 4 and 6.5 hours
of time in bed (Lund et al., 2010; Eaton et al., 2010). A 7.5hr sleep opportunity reflects the
average time adolescents in western societies spend in bed on school nights (Lund et al.,
2010; Gradisar et al., 2011), while a 10hr sleep opportunity was given as a control condition
to allow for optimal sleep opportunity (Carskadon et al., 1981). Wake times were kept
consistent at 7:30am (Short et al., 2013) and bedtime adjusted accordingly. The adaptation
night, baseline night and two recovery nights consisted of 10hrs’ time in bed. This design
mimicked the sleep restriction that adolescents might experience on an average school week,
with sleep restriction commonly occurring on school nights and sleep-ins occurring on the
weekend (Crowley et al., 2007; Carskadon et al., 2011; Owens, 2014; Lo et al., 2016).
Materials

Polysomnography

Sleep recordings were conducted in the sleep laboratory at the Centre for Sleep
Research (Adelaide, South Australia) using the Compumedics Grael Sleep System
(Melbourne, Australia) at a sampling rate of 512Hz. The present study used EEG derivations
of Fpl, Fp2, F1, F2, C3, C4 and O1, all referenced to contralateral mastoid electrodes (M1
and M2), as well as EOG and EMG. Adolescents were monitored overnight by an
experienced sleep technician. Sleep recordings were scored according to the classification
developed by Rechtschaffen and Kales (1968) by two independent technicians with high
inter-rater reliability (kx = 82.5).

Sleep spindles

Sleep spindle analyses were conducted with an automated spindle detector, following

the Individual Adjustment Method (IAM) developed by Bodizs and colleagues (2009).
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Spindle analyses were separated for slow and fast spindles. Slow- and fast-spindle limits were
decided on an individual basis, where zero-crossing points on a spectral profile indicated the
highest spectral peaks for both slow and fast spindles. The use of individually-designated
spindle limits accommodates the trait-like features of spindles, which are commonly different
between individuals (Bodizs et al., 2009), while having low night-to-night variation within
each individual (Werth et al., 1997; Urakami et al., 2012). The zero-crossing points,
indicating the strongest fast- and slow-spindle peaks on the spectral profile, were clearly
depicted for most participants. For 25% of cases, the slow frequency peaks were not clearly
depicted, and visual inspection of spectra was carried out to determine the range that showed
the highest power (Bodizs et al., 2009). Fast spindle peaks were consistently clear. EEG
channels were referenced to mastoids with a calculation of [(M1+M2)/2], rather than the
typical FpZ reference. FpZ is preferentially active for slow spindles, and thus it can dampen
slow spindle densities in frontal derivations and increase them in posterior derivations
(Bodizs et al., 2009). Furthermore, spindles are measured in a narrow-band filter, which
proportionately reduces the processed amplitude signals. Spindle analyses are reported for
both slow and fast spindle density, duration and amplitude. All NREM sleep stages were used
to detect spindles. Spindle parameter definitions from the Individual Adjustment Method
(Bodizs et al., 2009) are applied as follows in the present study:
e Spindle density: the total number of spindles per minutes of non-REM sleep
(Stage 2+Stage 3+Stage 4).
e Spindle duration: the average duration (seconds) of the segment of each
spindle that meets the individually-based peak amplitude criteria for > 0.5
seconds.
e Spindle amplitude: the average amplitude taken from the midpoints of all

detected spindles, using the rectified signals.
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Procedure

Sleep-wake patterns were monitored for 5 nights prior to the laboratory stay using
sleep diaries, activity watches (Actigraphy; MicroMini-Motionlogger, Ambulatory
Monitoring Inc., Ardsley, NY, USA) and with telephone calls morning and night to confirm
adherence to set bedtimes (between 21:30 — 22:00) and wake times (between 07:00 — 07:30)2.
Adolescents were instructed to achieve 9 to 10hrs’ time in bed to ensure adequate sleep
during the week prior to the experimental protocol. Adolescents attended the sleep laboratory
for 9 nights during the South Australian school holiday period, from 5pm on a Friday night
until 9pm on the Sunday night the following week. The sleep laboratory was temperature and
light controlled, sound attenuated and free of time cues. During wake periods, adolescents
were given test batteries and had set meal times. Caffeine consumption was prohibited
throughout the study. During free periods between testing, adolescents engaged in board and
card games, craft activities and watched films. Adolescents were supervised at all times to

prevent accidental napping. Figure 4.2 outlines the study protocol.

2 One adolescent was excluded from the study due to non-adherence to these times.
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Days 1 - 2: Adaptation and Baseline (n = 34):

Clock time (24hrs)

12 13|14 |15|16 |17 118192021 |22|23|0|1|2|3|4|5|6|7 |8|9]|10|11

Adaptation Sleep (10hrs TIB)

Baseline Sleep (10hrs TIB)

Days 3 - 8: Experimental phase
Severe sleep restriction (n = 12):

12 1314|1516 |17 |18(19(20|21|22|23|0|1|2|3|4|5|6|7|8|9|10]|11

5hrs TIB

or Moderate sleep restriction (n = 10):

12 |13 |14|15|16 |17 (1819|2021 |22|23|0|1|2|3|4|5|6|7|8|9]|10|11

7.5hrs TIB

or Control condition (n = 12):

12 1314|1516 (1718|1920 |21 |22|23|0|1(2|3|4|5|6|7|8|9]10|11

10hrs TIB

Days 9 - 10: Recovery (n=34):

12 13|14 |15|16 |17 (18192021 |22|23|0|1|2|3|4|5|6|7 |8|9]|10|11

Recovery Sleep (10hrs TIB)

Recovery Sleep (10hrs TIB)

Figure 4.2 Sleep restriction study protocol. Shaded bars indicate the sleep opportunity for the
full sample at baseline and recovery, and during the experimental phase for the three sleep
‘doses’: Shrs, 7.5hrs or 10hrs TIB (time in bed). Unshaded areas indicate wake time.

Statistical Analyses

Statistical analyses were performed using IBM SPSS Statistics Version 22 (IBM
Corp., Armonk, NY). Linear mixed model (LMM) analyses were conducted to test
differences in sleep spindle parameters across study phases, appropriately accounting for
within- and between-participant variance (Van Dongen et al., 2004). The adaptation night

was eliminated from analyses to account for the first-night effect (Rechtschaffen & Verdone,
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1964). Resultantly, the baseline phase consisted of night 2, the sleep restriction phase
consisted of the average of the 5 experimental nights, and the recovery phase consisted of the
average of both recovery nights. All models specified a random effect of participant ID.
Models specified both slow and fast spindle density, duration and amplitude as dependent
variables, with fully saturated models (all main and interaction effects) for study phase
(baseline, experimental phase, recovery), sleep dose condition (5hrs, 7.5hrs, 10hrs TIB), and
sex. Sex was included in the analyses, given previous research showing a sexual dimorphism
of spindle activity (Carrier et al., 2001; Huupponen et al., 2002). Sex was only a significant
contributor to analyses of fast spindle amplitude, and it was therefore removed from
subsequent analyses for all other spindle characteristics. Pairwise post-hoc analyses with least
significant differences (LSD) were conducted to further investigate significant main and
interaction effects. The data for between-subjects post-hoc analyses were equated at baseline
to control for baseline group differences when making comparisons, while original values
were used for study phase comparisons within each sleep dose.
Results

Sleep Characteristics

Sleep parameters of the 34 adolescents during the experimental phase are presented in
Table 4.1. The total sleep time achieved was close to the time in bed for all conditions, thus
confirming the manipulation (Short et al., 2018). Total minutes of sleep stages for each

condition during the experimental phase are shown in Figure 4.3.
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Table 4.1 Sleep parameters for the experimental phase for the three sleep ‘doses’, with sleep

stages presented as a proportion of total sleep

Sleep TST SOL SE% S1% S2% S3% S4% REM%
Dose (min) (min)

5hrs 288.5 35 96.5 3.1 34.5 8.5 33.8 20.1
7.5hrs  426.2 4.9 94.8 4.0 44.1 9.1 23.0 19.9
10hrs  536.7 24.5 89.4 6.1 44.3 9.6 18.2 21.8

Note. TST = Total sleep time in minutes, SOL = sleep onset latency in minutes, SE = sleep efficiency
(percentage of time in bed spent asleep), S1 = stage 1 sleep, S2 = stage 2 sleep, S3 = stage 3 sleep, S4
= stage 4 sleep, REM = rapid eye movement sleep.

600

500

400

300

200

Total Minutes of Sleep

100

5hr 7.5hr
Sleep Dose Condition

10hr

OREM

0S1
OS2
mS3
mS4

Figure 4.3. Total minutes of stages of sleep in each sleep restriction condition (5hr, 7.5hr and

10hr), for the experimental phase (excluding baseline and recovery sleep). REM = rapid eye

movement sleep, S1 = stage 1 sleep, S2 = stage 2 sleep, S3 = stage 3 sleep, S4 = stage 4

sleep.

Sleep Spindle Characteristics

Descriptive statistics for the spindle parameters are provided in Table 4.2 (for each

night of the study) and Table 4.3 (for study phase). Results of the inferential test are given in
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Table 4.4 and the change in spindle characteristics across study phase is displayed in Figure

44.

Table 4.2. Mean values (standard deviations) for each spindle parameter (density (no. per

minute), duration (seconds), amplitude (uV)) for each night.

BL2 SR1 SR2 SR3 SR4 SR5 RC1 RC2

Shr Slow density 7.49 7.24 7.52 7.36 7.51 7.47 7.59 7.12
(1.25) (1.45) (0.92) (0.80) (1.25) (0.93) (0.75) (1.34)

Fast density 7.50 7.57 7.87 7.46 7.71 7.55 7.99 7.71
(0.93) (1.10) (0.70) (1.20) (0.95) (0.91) (0.86) (1.15)

Slow duration 1.53 1.53 1.49 1.53 1.31 1.42 1.40 1.40
(0.44) (0.44) (0.33) (0.35) (0.19) (0.32) (0.41) (0.41)

Fast duration 1.13 1.18 1.24 1.31 1.34 1.31 1.27 1.20
(0.12) 0.19) (0.16) (0.29) (0.26) (0.27) (0.18) (0.19)

Slow amplitude 4.23 3.97 3.81 3.70 4.33 4.65 4.10 4.28
(1.99) (2.17) (2100 (1.97) (1.84) (215 (1.72) (2.06)

Fast amplitude 7.24 6.16 5.77 5.78 5.75 5.30 6.23 6.80
(3.24) (2.12) (2.10) (2.19) (1.87) (1.69) (2.58) (2.27)

7.5hr  Slow density 7.12 7.04 7.36 7.00 7.26 7.31 7.25 7.31

(0.81) (0.98) (0.99) (0.45) (1.05) (0.80) (0.90) (1.0

Fast density 7.63 7.70 7.52 7.49 7.24 7.39 7.99 7.83
(0.85) (0.89) (0.77) (0.82) (1.46) (0.82) (0.64) (0.93)

Slow duration 1.45 1.42 1.44 1.46 1.40 1.44 1.37 1.44
(0.42) (0.43) (0.40) (0.37) (0.33) (0.33) (0.32) (0.45)

Fast duration 1.22 1.18 1.16 1.22 1.20 1.24 1.25 1.18
(0.15) (0.15) (0.16) (0.21) (0.21) (0.24) (0.11) (0.1%)

Slow amplitude 4.45 441 4.29 4.44 4.23 4.10 4.71 5.15
(1.87) (2.06) (1.71) (2.30) (1.74) (1.83) (2.05) (2.07)

Fast amplitude 6.36 6.23 6.28 6.22 6.49 6.39 6.56 6.96
(1.95) (1.46) (1.89) (1.44) (1.24) (1.63) (1.93) (1.80)

10hr  Slow density 6.70 7.27 7.43 6.96 7.11 6.76 7.48 7.03
(0.92) (0.71) (1.12) (1.16) (0.65) (0.73) (0.63)  (1.03)

Fast density 7.83 8.17 7.99 8.00 8.00 8.07 7.83 8.13
(0.93) (0.83) (0.95) (0.82) (0.83) (0.96) (0.90) (0.87)

Slow duration 1.44 1.63 1.48 1.58 1.61 1.40 1.54 1.59
(0.45) (0.46) (0.34) (0.44) (0.45) (0.31) (0.46) (0.48)

Fast duration 1.23 1.25 1.23 1.23 1.27 1.25 1.24 1.25
(0.14) (0.07) (0.11) (0.10) (0.11) (0.12) (0.09) (0.09)

Slow amplitude 4.69 4.41 4.29 4.44 4.23 4.10 4.71 5.15
(1.63) 1.17) (1.44) (@.97) (131 (1.62) (1.32) (1.24)

Fast amplitude 7.58 6.98 7.29 7.12 6.77 7.12 7.15 7.39
(1.97) (1.40) (1.56) (1.46) (1.67) (1.44) (138 (112

Note: BL = baseline; SR = sleep restriction/experimental phase, RC = recovery
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Table 4.3 Mean values (standard deviations) for each spindle parameter (density (no. per

minute), duration (seconds), amplitude (uV)) for each study phase (baseline, experimental

phase, recovery), and effect sizes for within-subjects phase differences.

BL SR Effect (d) RC Effect (d)
BL vs SR SRvsRC
5hr Slow density 7.49 7.42 0.07 7.36 0.07
(1.25) (0.81) (0.93)
Fast density 7.50 7.63 0.15 7.85 0.25
(0.93) (0.82) (0.91)
Slow duration 1.53 1.43 0.28 1.41 0.07
(0.44) (0.23) (0.35)
Fast duration 1.13 1.27 0.88* 1.24 0.16
(0.12) (0.19) (0.18)
Slow amplitude 4.23 4.09 0.07 4.19 0.05
(1.99) (1.82) (1.82)
Fast amplitude 7.24 5.74 0.56* 6.51 0.36*
(3.24) (1.86) (2.36)
7.5hr  Slow density 7.12 7.20 0.11 7.28 0.10
(0.81) (0.65) (0.87)
Fast density 7.63 7.54 0.20 7.82 0.40*
(0.85) (0.78) (0.61)
Slow duration 1.45 1.44 0.03 1.35 0.31
(0.42) (0.31) 0.27)
Fast duration 1.22 1.20 0.12 1.21 0.07
(0.15) 0.17) (0.12)
Slow amplitude 4.45 4.29 0.09 4.93 0.33*
(1.87) (1.87) (1.98)
Fast amplitude 6.36 6.32 0.02 6.76 0.27*
(1.95) (1.43) (1.85)
10hr Slow density 6.70 7.11 0.49 7.25 0.19
(0.92) (0.75) (0.70)
Fast density 7.83 8.05 0.25 7.98 .08
(0.93) (0.84) (0.84)
Slow duration 1.44 1.54 0.26 1.57 0.08
(0.45) (0.31) (0.45)
Fast duration 1.23 1.25 0.17 1.25 0.01
(0.14) (0.09) (0.08)
Slow amplitude 4.69 4.18 0.35 4.06 0.09
(1.63) (1.28) (1.26)
Fast amplitude 7.58 7.06 0.30* 7.27 0.16
(1.97) (1.41) (1.22)

Note: BL = baseline; SR = sleep restriction/experimental phase, RC = recovery, d = Cohen’s d: small

0.2, medium 0.5, large 0.8

*p < .05
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Table 4.4. Main effects and interaction of sleep dose (5hr, 7.5hr, 10hr), study phase

(baseline, experimental phase, recovery) and sex (male, female) on sleep spindle variables

F-value df p Post-hoc comparisons
Slow density (ho. per min)
dose 0.90 2,33 42
phase 0.85 2,232 43
dose*phase 0.98 4,232 42
Fast density (no. per min)
dose 0.55 2,33 .58
phase 3.36 2,232 .04* BL<RC, SR<RC
dose*phase 1.76 4,232 14
Slow duration (seconds)
dose 0.30 2.33 75
phase 0.29 2,232 75
dose*phase 1.36 4,232 25
Fast duration (seconds)
dose 0.17 2,33 .84
phase 2.77 2,232 .07
dose*phase 3.26 4,232 .01* 5hr: BL<SR, BL<RC
7.5hr and 10hr: no differences
Dose comparison:
SR & RC: 5hr > 7.5hr & 10hr
Slow amplitude (LV)
dose 0.15 2,32 .86
phase 2.06 2,232 A3
dose*phase 1.99 4,232 10
Fast amplitude (uV)
dose 0.74 2,29 49
phase 12.92 2,226 <.01* BL>SR<RC
sex 1.42 1,29 24
dose*phase 4.64 4,226 <.01*  5hr: BL>SR<RC
7.5hr: SR<RC
10hr: BL>SR
Dose comparison:
SR: 5hr < 7.5hr
dose*sex 0.12 2,29 .89
phase*sex 3.54 2,226 .03* Males: BL>SR<RC
Females: BL>SR
dose*phase*sex 4.55 4,226 <.01*  Males: 5hr: BL>SR<RC

7.5hr: BL>SR<RC
10hr: no differences
Females: 5hr: BL>SR, BL>RC

7.5hr: BL<SR, BL<RC

10hr: BL>SR

*p < .05; BL = baseline, SR = sleep restriction/experimental phase, RC = recovery
Note: Dose comparisons for significant dose*phase interactions were conducted for change

from baseline values.
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Figure 4.4. Spindle characteristics across the week, formatted as change from baseline (mean
and standard error). Results are presented by study phase (BL = baseline: 1 night, SR = sleep
restriction/experimental phase: average of 5 experimental nights, RC = recovery: average of 2
nights). Bracketed asterisks below each graph (*{) indicate significant within-subjects’
differences between study phases. Brackets are dotted in the same style as the condition they

refer to. Singular asterisks above each graph (*) indicate significant group differences.
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Spindle Density

There were no main or interaction effects seen for slow spindle density in the present
study (Figure 4.4A). There was, however, a significant main effect of study phase on fast
spindle density across all groups, where density increased at recovery compared to both
baseline and the experimental phase. There were no significant differences between sleep

doses (Figure 4.4B).

Spindle Duration

There were no main or interaction effects seen for slow spindle duration in the present
study (Figure 4.4C). There was a significant interaction between sleep dose and study phase
for fast spindle duration. The 5hr condition showed an increase in fast spindle duration from
baseline to the experimental phase which did not recover to baseline levels (Figure 4.4D).
Across conditions, the duration of sleep spindles was significantly longer in the 5hr condition

compared to the 7.5hr and 10hr conditions, for both the experimental phase, and recovery.

Spindle Amplitude

There were no significant main or interaction effects of sleep dose or study phase on
slow spindle amplitude (Figure 4.4E). There was a two-way interaction between sleep dose
and study phase on fast spindle amplitude, where amplitude was lower during severe sleep
restriction (5hrs) than at baseline, and did not recover (Figure 4.4F). There was a significant
three-way interaction between sleep dose, study phase and sex for fast spindle amplitude. For
males, there was a significant interaction between sleep dose condition and study phase,
where fast spindle amplitude decreased during sleep restriction compared to baseline and
recovery for both the 5hr and 7.5hr conditions, however, this was more prominent in the 5hr
condition (Figure 4.5A). There were no significant differences across study phases for males
in the 10hr condition. For females, there was also a significant interaction between sleep dose

and study phase (Figure 4.5B), where fast amplitude significantly decreased during

77



experimental phase compared to baseline for the 5- and 10hr conditions, with the 5hr
condition not returning to baseline levels at recovery, while fast amplitude significantly

increased from baseline during the experimental phase and recovery for the 7.5hr condition.

A, Fast spindle amplitude (pV) - males B. Fast spindle amplitude (V) - females
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Figure 4.5. Fast spindle amplitude across the week, formatted as change from baseline (mean
and standard error), for males (A) and females (B). Results are presented by study phase (BL
= baseline: 1 night, SR = sleep restriction/experimental phase: average of 5 experimental
nights, RC = recovery: average of 2 nights). Bracketed asterisks (*{) indicate significant
within-subjects’ differences between study phases. Brackets are dotted in the same style as

the condition they refer to.

Discussion
The present study aimed to address gaps in the literature on adolescent sleep
restriction and sleep spindles using a dose-response paradigm. Adolescents typically
experience sleep restriction in the school week. While this is known to affect some aspect of
the sleep EEG, little is known about the effect of sleep loss on sleep spindles. In the present
study, adolescents’ sleep spindle characteristics were affected by sleep restriction, however

the nature of this effect was not consistent between conditions or across all spindle
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characteristics. When adolescents experienced severe sleep restriction (5 hrs’ sleep
opportunity), fast spindles had a lower amplitude and longer duration. This aligned with
expectations that spindle amplitude would decrease with sleep restriction, given its relation to
sigma power (Tarokh et al., 2014; Purcell et al., 2017), which decreases with sleep loss in
adults (Brunner et al., 1990; Finelli et al., 2001) and adolescents (Jenni et al., 2005), although
this effect was not seen for slow spindle amplitude. An important question arising from the
present findings is, why might fast spindle amplitude and duration be affected by sleep
restriction? Firstly, a reduction in sleep spindle activity (sigma power, density, amplitude and
‘total spindle activity’ (amplitude x duration x density)) and concurrent increase in slow wave
activity are hypothesised to relate to reduced activation of the thalamocortical circuit after
sleep deprivation, indicative of sleep homeostasis (Dijk et al., 1993). The increase in slow
wave activity following sleep loss may in fact suppress spindle activity. Because slow waves
and spindles are both produced in the thalamocortical network, this trade-off between slow
wave and spindle activity might suggest that sleep loss affects the thalamocortical system as a
whole. Further research could investigate this hypothesis in more depth.

While previous research has shown inter-individual differences in sleep spindle
characteristics, indicating that sleep spindles can be trait-like, these results indicate that there
is also a state aspect to some sleep spindle characteristics. Specifically, some characteristics
change in response to restricted sleep. In particular, fast spindle activity was seen to be more
sensitive to sleep loss than slow spindles. Fast spindles are believed to be more important
than slow spindles for maintenance and encoding of the thalamocortical system (Fogel et al.,
2007), as well as learning and complex cognitive abilities (Urakami et al., 2012; Bodizs et al.,
2014). For example, Bodizs and colleagues (2014) found higher fast spindle amplitude
related to better fluid intelligence in adolescents. The reduced fast spindle amplitude

following severe sleep restriction in the present study may therefore be linked to deficits in
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cognitive function. To date, there have been no studies investigating associations between
fast spindle duration and cognition in adolescents, which is an area for future research.

Along with changes to sleep spindle characteristics during severe sleep restriction,
there were interesting effects seen for the other conditions. Overall, those in the 7.5hr
condition showed no difference in spindle characteristics from baseline to sleep restriction.
This is interesting, as it implies the sleep opportunity typical of western adolescents (Lund et
al., 2010; Gradisar et al., 2011) does not affect sleep spindles following baseline ‘optimal’
sleep opportunity (Carskadon et al., 1981). The only effect seen for this sleep dose was an
increase in fast spindle amplitude from sleep restriction to recovery. Perhaps an increase in
fast amplitude on return to 10hrs’ sleep opportunity implies some homeostatic mechanism.
The overall impression is that a reduction to 7.5hrs’ sleep opportunity does not lead to a
detriment, but sleep extension to 10hrs may lead to some benefit, at least for a short time. A
full week of 10hrs’ sleep opportunity, however, led to a decrease of fast spindle amplitude.
There may be an optimal sleep opportunity somewhere between 7.5hrs and 10hrs for stable
sleep spindle production. Overall, there was not a clear dose-response effect of sleep
restriction on sleep spindle production, apart from males’ fast spindle amplitude. To date, no
other studies have examined the effect of these longer sleep opportunities on spindles in
adolescents, and these interpretations are therefore speculative.

While there is mounting evidence that sleep restriction impacts cognitive functioning
in areas such as full-scale 1Q (Geiger et al., 2010), fluid 1Q (Geiger et al., 2010) and memory
(Randazzo et al., 1998, Geiger et al., 2010, Vriend et al., 2012) the mechanisms behind these
effects are not fully elucidated. If sleep restriction affects those sleep spindle characteristics
known to be associated with cognitive functioning, it is possible that this is one potential
mechanism. Certainly, future investigations should examine the relationship between

cognition and spindle characteristics in the context of sleep restriction.
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Overall, the changes in spindles were not consistent within sleep spindle
characteristics or for each of the sleep dose conditions. The current body of research in this
area is limited, so definitive conclusions cannot be readily made. It was expected that in the
5hr condition, spindle density would decrease, as witnessed in past adult studies of sleep
deprivation (Borbely, et al., 1981; Dijk et al., 1993), however, there were no clear changes to
sleep spindle density in the current adolescent sample. Additionally, the 5hr group showed an
increase in fast spindle duration compared to the other groups, similar to adult findings of
increased spindle duration following 40-hour total sleep deprivation (Dijk et al., 1993). No
studies to date have reported changes to adolescent spindle duration during sleep loss, and
these data may be a first to indicate that spindle duration becomes longer with severe sleep
restriction in this age group, at least for faster frequencies. It should be noted that measures of
slow spindle density and duration in adolescents have been found to lack single-night
reliability (Reynolds et al., 2018 (Chapter 3)), and the present findings for those parameters
should thus be interpreted with caution.

In terms of sex differences, males experienced a larger decrease in fast spindle
amplitude compared to females, and this was a dose-response effect. Notably, severe sleep
restriction (5hrs) led to a significant decrease of fast amplitude for both sexes, and females
showed an inability to recover to baseline levels compared to males, even though the
magnitude of females’ amplitude deficit was smaller. Past adult research found gender
differences in the relationship between spindles and intellectual performance, where females
showed positive relationships between fast spindle amplitude and intelligence, while males
showed non-significant negative relationships (Ujma et al., 2014). Combined with our small
finding, this may indicate differing functionality of spindles between sexes, and further
investigation of the implications of sleep loss on male and female performance in adolescent

samples is warranted. However, it should be noted that sample sizes of each sex in each dose
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were small (5hr: n = 12, 6 males; 7.5hr: n = 10, 6 males; 10hr: n = 12, 8 males), and these
findings require confirmation with a larger sample.

A key strength of this study was the experimental manipulation of sleep duration
across three “doses” of sleep. Past research into sleep spindle activity in response to sleep
restriction has been conducted primarily with adults, and with a single dose of restricted sleep
or sleep deprivation. The present study also examines several spindle parameters across both
fast and slow spindles. There are several gaps, therefore, that have been addressed with this
research. Of note, the present findings cannot be generalised beyond adolescent samples.

Notwithstanding barriers of scheduling adolescents in holiday periods, and needing
considerable funding and resources, a future improvement on this research would be to use
within-subjects’ comparisons for dose-response effects, rather than between-subjects
comparisons as used in this study, which introduces individual differences when making
comparisons across conditions. Nonetheless, the use of change from baseline values for
between-subject comparisons adjusted for individual differences at baseline to help alleviate
this limitation. Future research would also profit from including more baseline nights in order
to have reliable estimates of slow spindle density and duration from which to base findings
(Reynolds et al., 2018 (Chapter 3)). Furthermore, it is likely that the 5hr condition would
show a higher stage 2 spindle density reduction than the other doses given the overall loss in
total sleep time and stage 2 reduction. A limitation of the present study is that varying total
sleep durations were used across the three experimental groups, which in itself may impact
the overall spindle variables. For example, both spindle frequency and sigma power (for
slower frequencies) increase across the night (Campbell & Feinberg, 2016; Purcell et al.,
2017). Sigma power is furthermore believed to show a reciprocal relationship with slow wave

activity across the night, where slow wave activity decreases and sigma power increases (De
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Gennaro & Ferrara, 2003). Future studies would therefore benefit from comparing across a
NREM duration common to all doses.

There are also questions remaining about the implications of this research, which
cannot be answered without investigation of performance outcomes (e.g., working memory
and 1Q). Future studies should examine the effect of sleep restriction on spindle activity in the
context of cognitive performance. This is also relevant given the emerging body of research
into the relationship between sleep spindles and cognition during adolescence (Geiger et al.,
2011; Astill et al., 2014; Bodizs et al., 2014, HoedImoser et al., 2014).

Conclusion

There were significant changes in sleep spindle activity during severe sleep restriction
to 5 hrs’ sleep opportunity per night, where fast spindles became lower in amplitude and
longer in duration compared to baseline. There were not, however, clear differences in slow
spindle characteristics or fast spindle density. Adolescent sleep spindle activity appears to be
affected by severe sleep restriction, and the nature of this effect warrants further

investigation.
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Abstract

The present study investigates the associations between adolescents’ sleep spindle activity
and cognitive performance and determines whether experimental sleep restriction has an
impact on this relationship. Thirty-four adolescents (15-17yrs; M = 15.9 + 0.9yrs, 14 females)
participated in a 10-day laboratory study. Adolescents were allocated to one of three sleep
‘doses’: Shrs, 7.5hrs or 10hrs of time in bed, for 5 consecutive nights, with one adaptation,
one baseline and two recovery nights of 10hrs’ time in bed either side. Working memory
(operation span task), fluid intelligence (letter sets and number series tasks) and sustained
attention (psychomotor vigilance task (PVT) lapses > 500ms) were assessed. Spindle and
cognitive variables were not associated at baseline, contrary to expectations and past
research. Fluid intelligence improvements across the study were associated with increased
slow spindle amplitude for the 7.5hr condition (r = .84, p < .003), but not the other sleep dose
conditions, which showed a performance ceiling effect, and indicate that sleep restriction did
not influence this relationship. Working memory improved across the study, but was not
related to spindle characteristics. Participants with longer baseline fast spindle durations
trended to be protected from sustained attention lapses during severe (5hr: rs = -0.55, p = .06)
and moderate (7.5hr: rs = -0.48, p = .16) sleep restriction. Previously reported static
associations between sleep spindles and cognitive performance were not replicated. Changes
to spindles and cognition during sleep restriction were not associated, although fast spindle

duration may be protective of attentional losses.

Keywords: adolescence, sleep loss, EEG, cognition
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Introduction

Adolescence is a developmental period in which sleeping patterns change
dramatically, typically involving a reduction in total sleep time and concurrent impairments
in daytime functioning (Fuligni et al., 2017; Leger et al., 2012; Lo et al., 2016). Sleep loss in
adolescents can lead to poor concentration, emotional dysregulation, daytime tiredness,
decreased motivation and poor academic performance (Chaput et al., 2016; Curcio et al.,
2006; Shochat et al., 2014). Changes to the timing of adolescent sleep result from circadian
and homeostatic changes conducive to delayed sleep timing (Carskadon et al., 2011; Jenni et
al., 2005). Biological factors are compounded by psychosocial factors such as pre-bedtime
technology use (Bartel et al., 2015; Hale et al., 2018; Reynolds et al., 2015), pre-sleep worry
(Bartel et al., 2015; Danielsson et al., 2014) and homework completion (Gaina et al., 2005;
Short et al., 2011). Considering the impact of sleep loss on adolescents’ functioning, it is
important to investigate the effect that sleep loss has on cognitive performance, and the
mechanism through which this occurs. One potential mechanism is sleep spindles.

Sleep spindles are typically 11-16Hz electroencephalographic (EEG) waveforms seen
in intermediate sleep (stage 2) (De Gennaro & Ferrara, 2003). These waveforms are created
through oscillatory firing within the network connecting the thalamus to the cortex, known as
the thalamocortical loop (De Gennaro & Ferrara, 2003). Because the thalamocortical network
is integral to information processing during wakefulness, it is likely that sleep spindles reflect
a mechanism through which memories are consolidated during sleep (Fogel & Smith, 2011).
Spindles have been shown to correlate with cognitive performance in adult samples (Fogel &
Smith, 2011) and more recently in adolescents (Geiger et al., 2011, Tessier et al., 2015,
Bodizs et al., 2014), with two recent meta-analyses identifying small-to-moderate
associations. In adolescents, positive associations were seen between overall sleep spindle

characteristics and fluid intelligence (r = 0.44), working memory/executive function (r =
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0.40), and cognitive speed and accuracy (r = 0.33), but not with full 1Q (r = -.05) (Reynolds
et al., 2018 (Chapter 2)). In another meta-analysis including a broader age range (4-79
years), only spindle amplitude (combined with sigma power) evidenced a significant
association with general cognitive ability (r = 0.15) (Ujma, 2018). Notably, all studies meta-
analysed were cross-sectional. It is therefore unclear whether the sleep loss seen across a
typical school week has an impact on this relationship. An analysis of sleep spindle activity
and cognitive performance in the context of experimental sleep restriction that simulates
school week sleep loss (i.e., 5 consecutive days of restricted sleep) may elucidate a
mechanism through which sleep loss affects academic performance.

Sleep spindles can be examined across several characteristics, including spindle
density (number of spindles per minute), spindle duration (in seconds) and spindle amplitude
(in Hz) (De Gennaro & Ferrara, 2003). These spindle characteristics are often analysed
separately for slow and fast spindles, depending on relative frequencies, which have been
shown to have functional differences. For example, slow spindles, seen predominantly in
frontal derivations, show stronger associations with visual learning (Bang et al., 2014),
declarative memory retention (Marshall et al., 2011) and heuristic creativity (Yordanova et
al., 2017); while fast spindles, more commonly seen in central derivations, are linked to
memory as well (Bodizs et al., 2008), but also more complex functions such as fluid
intelligence (Bodizs et al., 2014) and learning ability (Lustenberger et al., 2012). In a
previous paper, we found severe sleep restriction to 5hrs’ time in bed for 5 consecutive nights
led to longer fast spindle duration and a decrease in fast spindle amplitude in adolescents
(Reynolds et al., 2018 (Chapter 4)). These findings are consistent with past studies of
reduced sigma power following sleep restriction (Jenni et al., 2005, Voderholzer et al., 2011),
which is associated with spindle amplitude (Tarokh et al., 2014). It is possible that each

spindle characteristic (density, duration and amplitude) has a different function for cognitive
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performance. Overall, both spindle density and amplitude have shown mostly positive
associations with cognitive performance, while spindle duration has shown mostly negative
relationships (Reynolds et al., 2018 (Chapter 2)). Notably, slow spindles are typically related
to memory functions, while slow spindle amplitude is not affected by sleep loss (Reynolds et
al., 2018 (Chapter 4)). If each spindle characteristic is differentially affected by sleep
restriction, and these spindle characteristics are known to have different relationships to
cognition, it is possible that experimental manipulation of spindles may reveal a mechanism
through which some cognitive functions are impaired by sleep loss, while others are not.
Further, spindles have been shown to protect against external noise disruptions to sleep
(Dang-Vu et al., 2010), while at the same time improving overnight learning (Clemens et al.,
2005). Thus, sleep spindles may have some protective effect on the loss of cognitive abilities
through sleep restriction.

The present study will extend previous research by examining the adolescent
spindles-cognition relationship using experimental sleep restriction in a ‘dose-response’
paradigm. In this study, cognitive performance measures that have shown moderate
relationships with spindle characteristics will be examined (fluid intelligence and working
memory; Reynolds et al., 2018 (Chapter 2)), as well as sustained attention, which has shown
cumulative deficits from sleep restriction (Lo et al., 2016; Short et al., 2018), however has not
been examined in relation to sleep spindles to date. Working memory has also shown deficits
from experimental sleep restriction in adolescents (Lo et al., 2016), and fluid intelligence may
be impaired by shorter sleep (< 6hrs) in young adults (Hicks et al., 1978) and by poor sleep
quality in normal-sleeping adolescents (8hrs’ habitual sleep duration; Johnston et al., 2010).
Baseline associations are expected to be positive between working memory and fluid

intelligence and spindle measures (Reynolds et al., 2018 (Chapter 2)), while the relationship
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between spindles and cognition during dosed sleep restriction is examined in an exploratory

nature, given the present study is the first to examine this relationship in this paradigm.

Method
Participants

34 adolescents (mean age = 15.9 £ 0.9yrs, 14 females) were recruited from South
Australian school newsletters, provided informed consent and were remunerated for their
time. Included adolescents were 15-17 years of age, late or post-pubertal (Tanner stage 4 or
5; Tanner, 1990, self-reported questionnaire: Petersen et al., 1988), and were free of medical
and psychological disorders and medications (self-report). Participant chronotype was
intermediate (scoring 23-43 on the Composite Morningness/Eveningness Scale; Smith et al.,
1989), thus avoiding adolescents with strong morning preference, who experience decreased
spindle amplitude and intensity (duration x amplitude; Merikanto et al., 2017). The study had
ethics approval from the University of South Australia Human Research Ethics Committee.
Design

Adolescents attended the sleep laboratory at the Centre for Sleep Research (Adelaide,
South Australia) for 9 nights (Friday 5:00pm until the following Sunday 9:00pm) during the
South Australian school holiday period. Adolescents were unable to wear timekeeping
devices and were thus unaware of the time during the study, and were also blinded to their
condition.

Figure 5.1 outlines the study protocol. Adolescents received one adaptation and one
baseline night, each with 10hrs’ time in bed, and then entered the experimental phase for 5
consecutive nights. Adolescents were allocated to one of three sleep ‘doses’: Shrs (n =12, 6
females), 7.5hrs (n = 10, 4 females) or 10hrs (control condition, n = 12, 4 females) of time in
bed. Two recovery nights of 10hrs’ time in bed followed. Wake times on all days were kept

consistent at 7:30am, and bedtime adjusted accordingly. This design mimicked the sleep

89



restriction that adolescents might experience in an average school week, with sleep restriction
typically occurring during the school week and potential for sleep-ins on the weekend

(Crowley et al., 2007; Carskadon et al., 2011; Lo et al., 2016).

Days 1-2: Adaptation and Baseline (n=34):

Clock time (24hrs)
12|13|14‘15|16‘17‘18'19‘20‘21|22|23|0‘1|2‘3‘4|5‘6|7 ‘8‘9|10‘11
Adaptation Sleep (10hrs TIB) W P
F Baseline Sleep (10hrs TIB) W P

Days 3-8: Experimental phase
Severe sleep restriction (n=12):

12|13|14‘15‘16|17‘18‘19‘20‘21‘22‘23‘0‘1‘2‘3‘4‘5‘6‘7|8|9|10‘11
5hrs TIB W P

or Moderate sleep restriction (n=10):
12|13|14‘15|16‘17‘18‘19‘20‘21‘22‘23 0‘1‘2‘3‘4‘5‘6‘7 ‘8‘9‘10|11
7.5hrs TIB W P

or Control condition (n=12):
12‘13‘14‘15‘16‘17‘18‘19‘20‘21‘22‘23‘0‘1‘2‘3‘4‘5‘6‘7 ’8‘9‘10’11
10hrs TIB W P

Days 9-10: Recovery (n=34):

12‘13‘14‘15‘16|17‘18‘19‘20‘21‘22‘23‘0‘1‘2‘3‘4‘5‘6‘7 ‘slg‘lo‘n
F Recovery Sleep (10hrs TIB) W P
Recovery Sleep (10hrs TIB) W P

Figure 5.1 Sleep restriction study protocol. Shaded bars indicate the sleep opportunity for the
full sample at baseline and recovery, and during the experimental phase for the three sleep
‘doses’: Shrs, 7.5hrs or 10hrs TIB (time in bed). Unshaded areas indicate wake time. W =
working memory task (operation span task), F = fluid intelligence task (Letter Sets and
Number Series Tasks), P = psychomotor vigilance task (PVT).
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Materials

Polysomnography.

Polysomnographic recordings were conducted using the Compumedics Grael Sleep
System (Melbourne, Australia) at a sampling rate of 512Hz. EEG derivations of Fpl, Fp2,
F1, F2, C3, C4 and O1, all referenced to contralateral mastoid electrodes (M1 and M2), were
used in the present study, as well as EOG and EMG. Adolescents were monitored overnight
by an experienced sleep technician. Sleep recordings were scored according to standard sleep
stage criteria (Rechtschaffen & Kales, 1968) by two independent technicians with high
interscorer concordance (k = 82.5).

Sleep spindles.

Sleep spindles in all NREM stages (2, 3 and 4) were analysed using an automated
spindle detector, following the Individual Adjustment Method developed by Bodizs and
colleagues (2009). Spindle characteristics of spindle density (number per minute of NREM
sleep), spindle duration (length of the spindle in seconds) and amplitude (amplitude of the
spindle midpoint, uV) were determined for each individual, and were divided into slow and
fast spindles depending on individually-based peak frequencies. A spectral profile is
generated for each individual sleep record, following rectification and smoothing of the
filtered EEG signal (Bodizs et al., 2009). Slow and fast spindles are detected in the lowest
and highest frequency peaks, respectively (mean slow frequency = 10.99 + 0.72Hz; fast =
12.99 + 0.41Hz). Individually-based spindle detection accounts for the trait-like features of
spindles that differ between individuals (Bodizs et al., 2009) as well as the low night-to-night
variation within each individual (Reynolds et al., 2018 (Chapter 3); Urakami et al., 2012).
For 25% of sleep records, the slow peak was unclear, and limits were manually placed around
the segment with the visibly highest power (Bodizs et al., 2009). Spindle characteristics

analysed in the present study were fast spindle density, duration and amplitude, and slow
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spindle amplitude. Slow spindle density and duration were excluded from analyses due to
high night-to-night variability in these measures (single-night intraclass coefficients < 0.60;
Reynolds et al., 2018 (Chapter 3)). It is important that there is not too much night-to-night
variability in each spindle characteristic, as this would mean a single night’s sleep recording
(i.e. the single baseline night in this study) would not reflect the adolescent’s typical spindle
activity, and resulting analyses may therefore be inaccurate. EEG derivation C3-M2 was used
for analyses, and C4-M1 was used when C3 was not suitable.

Cognitive Performance Measures

Working memory: Operation span task.

The operation span task (Ospan; Turner and Engle, 1989) was used to assess working
memory capacity and processing abilities, which have been shown to relate positively to
spindle activity in adolescents (Reynolds et al., 2018 (Chapter 2)). The present study used a
computerized version of the test (Unsworth et al., 2005). Adolescents were required to
complete a mathematical equation whilst memorising unrelated letters that appeared at the
end of each equation. For example, adolescents were asked to consider "(5 x 8) + 2 = 40",
respond that the equation was either ‘true’ or ‘false’, and were then presented with the letter
“G.” After a series of equation-letter pairs, adolescents were asked to recall as many letters
as they could in the order of presentation. There were two practice trials and 15 test trials of 3
to 7 randomised equation-letter pairs. The final score followed the ‘Absolute Ospan’ scoring
method, which is the sum of all perfectly recalled sets (Unsworth et al., 2005)3. The operation
span task was given each day at 10am (Figure 5.1). The automated operation span task
correlates well with other tests of working memory capacity, has good internal consistency

(alpha = .78) and holds good test-retest reliability (.83) (Unsworth et al., 2005).

3 If a participant correctly recalled 4 letters in a set size of 4, 5 letters in a set size of 5, but only 3
letters in a set size of 6, then their absolute ospan score is 9 (4+5+0) (Unsworth et al., 2005).
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Fluid Intelligence: Letter Sets and Number Series tasks.

The letter sets (Ekstrom et al., 1976) and number series (Thurstone, 1938) tasks were
given together as a battery to measure fluid intelligence components of inductive and
deductive reasoning, which have been shown to relate positively to spindle activity in
adolescents (Geiger et al., 2011; Bodizs et al., 2014; Tessier et al., 2015). For the letter sets
task, adolescents were shown 5 groups of letters in strings of either 2, 3 or 4 letters long. Four
of these groups followed a logical rule while one group did not, and adolescents were asked
to circle the pair or group of letters that was the odd one out, e.g. “Circle the pair of letters
that is the odd one out: JK, WX, FG, NM or CD”. The original test consisted of 18 test items,
and this was split into 2 halves of 9 randomly allocated items so that adolescents completed
one half at baseline and the second half following sleep restriction. For the number series
task, adolescents were shown a series of 7 numbers that follow a logical rule, and had to
provide the next number in the sequence, e.g. “What number comes next in the following
sequence? 2, 5,8, 11, 14, 17,20, . Similar to the letter sets task, the number series task
of 21 items was split into 2 randomly selected halves (one item excluded), with one half at
baseline and the other following sleep restriction. The letter sets and number series tasks were
given together on Days 3 and 8, both at 16:00 (Figure 5.1). Internal consistency for these
measures is good, with Cronbach’s alpha ranging from .91-.92 for letter sets and .85-.86 for

number series (Csapo, 1997; Johnston et al., 2010).

Sustained Attention: Psychomotor Vigilance Task (PVT).

The psychomotor vigilance task was given to measure sustained attention and reaction
time, at 3-hourly intervals across each day of the study (Figure 5.1). Adolescents were given
a hand-held device (PVT-192; Ambulatory Monitoring, Ardsley, NY), including a small
display and a response button. Adolescents were instructed to concentrate on the display and

press the response button when a stimulus appears. Stimuli were presented at intervals of 2 to
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10 seconds, throughout a test bout of 10 minutes. The present study used mean PVT lapses
(reaction times > 500 milliseconds), indicating the adolescents’ level of sustained attention,
which is a sensitive indicator of sleep loss and is implicated in higher-order cognitive
functions (Lim & Dinges, 2008). The PVT upholds excellent validity and reliability (Lim &
Dinges, 2008) and has been used in past adolescent sleep studies (Wolfe et al., 2014; Lo et

al., 2016). PVT trials analysed in the present study took place at 11:30am (Figure 5.1).

Statistical Analyses

All statistical analyses were conducted using IBM SPSS Statistics Version 22 (IBM
Corp., Armonk, NY). The adaptation night was eliminated from analyses to account for the
first-night effect (Rechtschaffen & Verdone, 1964). Baseline associations between spindle
and cognitive variables were tested using non-parametric correlations (Spearman’s rho), due
to non-normal distribution of baseline cognitive performance data (skewness (standard error)
= OpSpan: -0.84 (0.40); Letter Sets: -1.21 (0.40); Number Series: -1.21 (0.40); PVT: 1.26
(0.41)). In all cases, baseline sleep from night 2 of the study was analysed with the cognitive
measure the following day (day 3 of the study), with the aim to provide a reflection of the
adolescents’ general network efficiency, rather than comparing cognition to spindles the night
after the test, which may instead reflect that day’s processing (Reynolds et al., 2018
(Chapter 2)). To adjust for multiple comparisons, the Bonferroni correction was applied for
a set of 16 comparisons (4x spindle variables, 4x cognitive tests; 0.05/16 = .003), and the cut-
off for statistical significance was thus reduced to p < .003. Linear mixed model (LMM)
analyses were conducted to examine whether sleep restriction had an impact on the
relationship between sleep spindles and cognitive performance. For LMM analyses, both
spindle and cognitive variables were computed as a ‘change from baseline’ value, using night
2 for spindle variables, and day 3 for cognitive variables, as baseline. The analyses therefore

excluded this baseline night, as all values equalled zero. The recovery phase was included in
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analyses given past findings that indicate the deficits to spindle amplitude and duration
(Reynolds et al., 2018 (Chapter 4)) and psychomotor vigilance (Short et al., 2018) during

severe sleep restriction do not fully recover. The phases compared in the LMMs, therefore,

were the sleep restriction phase, which consisted of the average of the 5 experimental nights,

and the recovery phase, which consisted of the average of both recovery nights. All nights
were included for working memory and sustained attention tasks. For the Letter Sets and
Number Series tasks (fluid intelligence) which were given once at baseline and once during
the experimental phase, only the last experimental night was included, as this related to the
fluid intelligence battery the following day. Fluid intelligence analyses, therefore, only
included the experimental phase. All models specified a random effect of participant ID.
Models specified operation span task, Letter sets task, Number Series task and PVT lapses
(all as change from baseline) as dependent variables, with fully saturated models (all main
and interaction effects) for study phase (experimental phase, recovery) and sleep dose
condition (5hrs, 7.5hrs, 10hrs TIB). Spindle characteristics of fast spindle density, duration
and amplitude, and slow spindle amplitude (all as change from baseline) were added as
covariates. Pairwise post-hoc analyses with least significant differences (LSD) were

conducted to further investigate significant main and interaction effects.
Results

Sleep manipulation
Examination of total sleep time (TST) per condition during the experimental phase

confirmed the manipulation (5hr: 289 minutes; 7.5hr: 426 minutes, 10hr: 527 minutes). See

Supplementary Table S5.1 for descriptive statistics of sleep quality and quantity, spindle and

cognitive variables.
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Baseline associations between sleep spindles and cognitive performance
Correlation analyses revealed no significant associations between cognitive

performance and spindle characteristics at baseline for the full sample, contrary to the

expectations that working memory and fluid intelligence would be positively related to

spindle variables as in past research (Reynolds et al., 2018 (Chapter 2)) (Table 5.1).

Table 5.1. Correlation coefficients (p values) for sleep spindle and cognitive performance
variables at baseline for the full sample (n=34).

Correlation coefficient rs (p)

Operation Span Task (working memory)

Fast density .18 (.30)
Fast duration .004 (.98)
Fast amplitude -.17 (.35)
Slow amplitude .20 (.26)
Letter Sets Task (fluid 1Q)
Fast density .30 (.08)
Fast duration .24 (.18)
Fast amplitude 14 (.43)
Slow amplitude .29 (.10)
Number Series Task (fluid 1Q)
Fast density .05 (.79)
Fast duration -.01 (.96)
Fast amplitude .13 (.46)
Slow amplitude .05 (.78)
Psychomotor Vigilance Task (sustained attention)
Fast density -.12 (.51)
Fast duration -07 (.72)
Fast amplitude 15 (.41)
Slow amplitude -.04 (.83)

Note. Correlations use Spearman’s rho (rs). Effect sizes are considered small at r = 0.1, medium at 0.3

and large at 0.5 and above (Cohen, 1988). Significance is corrected to p <.003, as per the Bonferroni
correction.
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Changes in sleep spindles and cognitive performance during sleep restriction

Working memory

Working memory scores improved in all groups across the experimental and recovery
nights, F(2,236) = 17.29, p <.001. There was no relationship between working memory and
changes in spindle characteristics and, furthermore, changes in working memory scores did

not differ between sleep dose conditions.

Fluid Intelligence

Similar to working memory findings, fluid intelligence was not affected by sleep loss,
and performance either remained the same or improved between baseline and sleep
restriction. There was a significant main effect of sleep dose on change in fluid intelligence
scores for the letter sets task, F(2,28) = 7.76, p = .002, where participants in the 7.5hr
condition showed significantly greater improvements in letter sets performance than those in
either the 5hr or 10hr conditions. This appeared to be due to the latter 2 conditions
performing extremely well at baseline and thus there was a ceiling effect in these conditions.
A similar pattern of more improvements in the 7.5hr condition occurred for the number series
task, however the main effect of sleep dose in this case did not survive the Bonferroni
correction (p <.003), F(2,28) = 3.73, p = .04. There was a significant 2-way interaction
between sleep dose and change in slow spindle amplitude on change in letter sets scores,
F(2,28) = 8.05, p =.002. Specifically, improvements on the letter sets task were significantly
associated with increases of slow spindle amplitude, however this was only seen for
participants in the 7.5hr condition (rs =.84, p =.0026) and not the 5hr (rs =.09, p >.05) or 10hr

(rs = -.16, p >.05) conditions (Figure 5.2).
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A Fluid Intelligence
(Letter Sets)

ashr,r =.09 &7.5hr,r =.84* A10hr,r =-.16

Figure 5.2. Differences between sleep doses (5hr, 7.5hr or 10hrs’ time in bed) for the
association between change in fluid intelligence (letter sets task) and slow spindle amplitude.
Trendlines are dotted for 5hr, dashed for 7.5hr, and solid for 10hr conditions. *Correlations

are significant at p < .003 (Spearman rank-order correlations)

Sustained Attention

Sustained attention showed an effect of sleep loss in this study, as reported previously
(Short et al., 2018) “. Sleep spindle characteristics showed no relation to changes in sustained
attention across the experimental or recovery phases. Considering sustained attention was the
only cognitive domain affected by sleep loss, secondary analyses were performed to
investigate whether there was a protective function of baseline spindle activity on changes to

sustained attention during sleep restriction, given past research indicating spindles may be

* Sustained attention showed a clear dose-response, with the highest deficits seen in the 5hr condition,
moderate deficits with 7.5hrs’ time in bed, and the least deficits in 10hrs’ time in bed (Short et al.,
2018).
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protective of sleep (Dang-Vu et al., 2010) and concurrently improve overnight learning
(Clemens et al., 2005). Only those spindle characteristics that changed during sleep
restriction were examined (fast spindle amplitude decreased and duration increased; Reynolds
et al., 2018 (Chapter 4)). No significant associations were found, however strong effect sizes
nonetheless emerged. During severe (5hr) and moderate (7.5hr) sleep restriction, baseline fast
spindle duration was negatively correlated with PVT lapses during sleep restriction (5hr: rs =
-0.55, p =.06; 7.5hr: rs = -0.48, p = .16), where higher lapses (i.e. worse performance) were
associated with shorter duration of spindles. This indicates that for adolescents whose
spindles were initially shorter, their sustained attention became worse during sleep restriction.
Put differently, adolescents who had longer spindles at baseline experienced fewer deficits in

sustained attention during sleep restriction. Fast spindle amplitude, however, was not related.
Discussion

Do sleep spindles relate to cognitive performance at baseline?

None of the cognitive variables related to spindle characteristics at baseline in the
present study, contrary to past research. The absence of a baseline relationship between
working memory and spindle characteristics in this study is particularly surprising, given the
large number of studies showing this relationship across samples of young people (see
Reynolds et al., 2018 (Chapter 2) for a review). However, it is possible that the present body
of research has been influenced by heterogeneity in the specific working memory tasks used,
as well as spindle detection methods, which greatly differ between most investigations of
spindles and cognition (Reynolds et al., 2018 (Chapter 2); Ujma, 2018). Certainly, in the
present study, performance on the operation span task did not relate to spindle characteristics,
and this task is, to date, exclusive to the present investigation of spindles and cognition.
Nonetheless, the present findings, including the lack of relationship for fluid intelligence at

baseline, question the robustness of the overall phenomenon. However, it is noteworthy that

99



the letter sets task (fluid intelligence) in the present study had the most consistent effect sizes
with spindle variables, all of which were small-to-moderate (fast density: r = 0.30, p =.08;
fast duration: r = 0.24, p = .18; fast amplitude: r = 0.14, p = .43; slow amplitude: r =0.29; p =
.10). This is similar to meta-analysed effect sizes, where fluid intelligence had a moderate
relationship with overall spindle characteristics (r = 0.44; Reynolds et al., 2018 (Chapter 2))
and general cognitive ability showed a small relationship (r = 0.15; Ujma, 2018). With a
sample size of 34, only large correlations are likely to reach significance, and there is
growing belief that sleep spindles may be able to explain a small, though consistent, amount
of variance in cognitive abilities, which can be strengthened through collating and meta-
analysing findings (Ujma et al., 2018). Cognitive abilities may rely on several neural
mechanisms, and perhaps the thalamocortical system shows evidence of just one neural
network through which sleep EEG may be connected to cognition (Ujma et al., 2014).
Is the relationship between spindles and cognition influenced by sleep restriction?
Overall, spindle characteristics were not related to cognitive variables across different
doses of sleep restriction. Both working memory and sustained attention showed performance
change across the week (improvements for working memory, and dose-response deficits to
sustained attention; Short et al., 2018), and neither of these changes were influenced by sleep
spindle characteristics. Only fluid intelligence improvements, as measured by the letter sets
task, showed any relationship to spindle activity, and this was only for one spindle variable
(slow spindle amplitude). Those in the 7.5hr condition showed better performance
improvements and a concurrent strong positive association between improved fluid
intelligence and higher slow amplitude across the study (r = .84), while the 5hr and 10hr
conditions showed less improvement, and did not relate (r = .08 and -.21, respectively). This
association is limited by the ceiling effects of the 5hr and 10hr conditions and relatively

lower baseline performance of the 7.5hr condition, which furthermore prevents the present
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study from detecting a dose-response effect. There may be an indication that when there is
room for improvement in fluid intelligence performance, this is related to the amplitude of
slow spindles, supporting previous findings of a relationship between fluid 1Q and spindle
activity (Bodizs et al., 2014). This requires confirmation with a larger sample size, however
(7.5hr condition: n = 10).

The strong association between longer fast spindle duration at baseline and fewer
sustained attention deficits during sleep restriction (5hr: rs = -0.55; 7.5hr: rs = -0.48), albeit
not meeting significance with the present sample size, presents an interesting implication.
Considering spindles become longer during severe sleep restriction (Reynolds et al., 2018
(Chapter 4)), spindle length may be protective of attentional deficits during sleep loss. This
bears the question, why is spindle duration, in particular, protective of attention? The first
explanation comes from the sleep-maintenance role of spindles (Dang Vu et al., 2010), where
longer spindles may increase the likelihood of remaining asleep, therefore optimising sleep
duration and consequently optimising cognitive faculties. A second explanation comes from a
hypothesis about brain maturity. Past findings suggest that spindle duration is longer in
childhood and shortens in adolescence (Nader & Smith, 2015; Scholle et al., 2007),
suggesting those with longer baseline spindles in the present study may have been less
developed than those with shorter spindles. The present findings hold an interesting similarity
to a recent theory that less development may protect from cognitive performance deficits
following sleep loss (Astill et al, 2012). In their meta-analysis, Astill and colleagues found
sleep duration was not related to attention in children, as would be expected from adult
literature, and posed a theory that children are somewhat protected from sensitivity to sleep
loss due to insufficiently developed neuronal networks. Their argument was that certain
networks (e.g. the default mode network and frontoparietal network) are essential for

modulating attention in adults, however these are not developed in children, so children are
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therefore not vulnerable to sleep-related deficits to those networks (Astill et al., 2012). The
same could be true in the present study, where adolescents with longer spindles may have had
less developed networks, and concurrently less sensitivity to attention deficits from sleep
restriction. The present associations were likely underpowered, however, and this novel
finding should be explored in future investigations.

Lastly, there were no effects seen in the recovery phase of the sleep restriction
protocol, indicating that the past findings of incomplete recovery of sustained attention (Short
et al 2018), and fast spindle amplitude and duration (Reynolds et al. 2018 (Chapter 4)),
following severe sleep restriction were not related. Aside from the lack of consistent
relationships between spindles and cognition, the absence of an effect of sleep loss on
working memory adds to the literature showing sleep curtailment is not always associated
with deficits in complex cognitive areas for adolescents (Anderson et al., 2009; Kopasz et al.,
2010; Voderholzer et al., 2011). The preservation of slow wave sleep may help to explain this

resilience (Voderholzer et al., 2011).

Future directions

The present findings indicate that there are minimal influences of sleep spindles on
changes in cognitive performance across multiple days, and certainly there was no
relationship between sleep spindles and any effects of sleep loss. Although our study included
a larger sample (n = 34) than several other studies investigating spindles and cognition in
older children and adolescents (Bodizs et al., 2014, n = 24; Chatburn et al., 2013, n = 27;
Geiger et al., 2011, n = 14; Lustenberger et al., 2012, n = 15), the dose-response design, while
a key strength of this study, resulted in smaller numbers in each condition. Nonetheless, the
relationship between adolescent spindles and cognition has not yet been examined in the
context of experimental sleep restriction that simulates restricted sleep across the school

week, and the present study is a first to investigate this effect. Replication with a larger
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sample size would be beneficial to confirm the effects. Similarly, the present sample size did
not allow for sex comparisons, however this is a potential area for future research, given an
indication from past findings that females show a stronger connection between fluid
intelligence and spindle activity (Bodizs et al., 2014; Ujma et al., 2014). Lastly, the present
study indicated that adolescents’ fluid intelligence and working memory did not appear to be
affected by sleep loss, with the latter contradicting a previous adolescent sleep restriction
study that found deficits to working memory (verbal n-back tasks) after 7 consecutive nights
of 5 hours’ sleep opportunity (Lo et al., 2016). This could be explained by a sample
difference, where participants in Lo et al.’s (2016) study had a lower nightly sleep duration in
the week preceding the experimental protocol than the current study (approximately 8hrs vs
9.5-10hrs, respectively). Past research has indicated that participants who extend their sleep
durations before sleep restriction experience a reduced impact of sleep loss (Rupp et al.,
2009). Considering adolescents in the present study had an optimal time in bed of 10 hours
(Carskadon et al., 1981) both in the week preceding the study and in the baseline nights, they
may have experienced a buffer against deficits from sleep loss for working memory
performance. This inconsistency should be examined further in experimental, laboratory-
controlled studies such as the present study, with standardised cognitive measures, to confirm
these effects and improve on the heterogeneity in the literature (de Bruin et al., 2017).
Conclusion

Overall, there was an indication in the present study that the relationship between
adolescents’ sleep spindles and cognitive performance is not influenced by sleep loss.
Previous static relationships between spindle and cognitive variables (fluid 1Q and working
memory) could not be replicated. Furthermore, sustained attention and spindle activity were
not related, although fast spindle duration may be protective of attentional losses during sleep

restriction. In the absence of a ceiling effect, which was only the case in the 7.5hr condition,
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there was a strong positive relationship between fluid intelligence improvements and
increased slow spindle amplitude. The varying findings for separate spindle and cognitive
variables in the present study provide support for heterogeneity in the literature (Reynolds et
al., 2018 (Chapter 2)). Lastly, the lack of dose-response for the relationship between fluid
intelligence and spindle variables indicates that these associations are immune to sleep loss,

which, to date, had not been tested.
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Supplementary Table S5.1. Sleep parameters, sleep spindle characteristics, and cognitive
performance scores (standard deviations) for baseline (BL), experimental/sleep restriction
(SR) and recovery (RC) phases for the three sleep ‘doses’.

Sleep Dose
5 hrs 7.5 hrs 10 hrs

BL SR RC BL SR RC BL SR RC
Sleep parameters
TST (min) 550.4 288.5 565.8 542.4 426.2 538.3 539.0 536.7 520.0

(23.1) (6.6) (16.7) (18.5) (17.3) (39.9) (24.1) (28.0) (30.2)
SOL (min) 265 35 11.2 192 49 10.2 17.2 24.5 34.4

(21.4) (3.5 (10.8) (14.2) 4.7 (8.9 (8.7 (16.9 (21.2)
SE% 918 965 949 904 948 898 90.0 89.4 86.5

(39 (200 (2.8 (3.0) (3.8) (6.6) 4.0 @47 (5.0)
S1 (min) 323 88 214 23.0 167 296 30.0 32.7 33.3

(12.8) (5.5) (6.8) (5.5 (7.7) (129 (225) (14.7) (14.2)
S2 (min) 262.0 99.4  276.0 2635 188.3 252.7 255.6 237.3 224.6

(28.3) (18.3) (23.9) (36.2) (27.0) (31.6) (32.7) (38.5) (45.0)
S3 (min) 414 246 421 444 386 509 49.0 51.8 53.7

(18.4) (11.6) (18.6) (17.4) (15.8) (21.1) (16.1) (18.0) (22.5)
S4 (min) 87.7 974 875 985 979 941 97.5 97.7 95.2

(19.4) (19.0) (18.5) (19.9) (18.4) (17.49) (25.9) (29.7) (30.7)
REM (min) 1270 58.1 138.8 1131 848 1111 107.0 117.3 1133

(27.4) (19.1) (19.2) (28.1) (18.4) (25.2) (22.1) (22.1) (23.1)
Spindle characteristics
Fast Density 7.5 7.6 7.8 7.6 7.5 7.9 7.8 8.0 8.0
(no. per min) 0.9 (10 (10 (0.8) (1.0) (0.6) 0.9 (0.9 (0.9)
Fast Duration 1.1 1.3 1.2 1.2 1.2 1.2 1.2 1.2 1.2
(seconds) (0.1) (0.2) (0.2 (0.1) (0.2) (0.2) 0.1) (0.2) (0.2)
Fast Amplitude 7.2 5.7 6.5 6.4 6.3 6.8 7.6 7.1 7.3
(LV) (32 (200 (2.9 (1.9 (15 (1.8 (20) (1.5 (1.2)
Slow Amplitude 4.2 4.1 4.2 4.4 4.3 4.9 4.7 4.2 4.1
(LV) (200 (20 (1.9 1.9 (19 (2.0 (1.6) (1.5 (1.3)
Cognitive performance
Operation Span Task 431 495 537 39.6 484 574 41.2 45.8 47.8
(Working memory) (11.1) (166) (17.6) (156) (15.1) (123) (189) (17.9) (155)
Letter Sets 733 792 - 4.7 7.0 - 7.8 7.9 -
(fluid 1Q) (24) (21) B3 (12 (.00 (0.9
Number Series 742 8.2 - 6.3 7.2 - 7.3 6.8 -
(fluid 1Q) 12y (@12 (200 (1.2 (14) (1.4)
Psychomotor Vigilance 0.7 6.6 4.9 1.6 3.3 2.8 1.8 2.6 3.1
Task (PVT) 0.9 (7.7) (5.5 19 B2 (22 (22) (2.8) (3.4)

(sustained attention)

Note. TST= Total sleep time in minutes, SOL= sleep onset latency in minutes, SE= sleep efficiency
(percentage of time in bed spent asleep), S1= stage 1 sleep, S2= stage 2 sleep, S3= stage 3 sleep, S4=
stage 4 sleep, REM= rapid eye movement sleep. Values are averaged for each phase, so that baseline
consists of baseline night 1, experimental/sleep restriction consists of the average of the 5
experimental nights, and recovery consists of the average of the 2 recovery nights. Letter Sets and
Number Series tasks were given once at baseline and once at sleep restriction (no test at recovery).
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Chapter 5.B.

Additional information from the sleep restriction study of Chapters 4 and 5

In the preceding Chapters 4 and 5, the spindle characteristics of investigation were
spindle density, duration and amplitude, separated for slow and fast. Following completion of
these chapters, an additional characteristic of mean central spindle frequency was available.
At this stage, the frequency values were not added into the already completed chapters for
analysis, however the values themselves are informative for Chapters 6 and 7. Thus, the mean
values for slow and fast spindle frequency for the adolescent sample from Chapters 4 and 5
can be found below. Note that these values are presented for the baseline night (following
adaptation, as in the preceding chapters), rather than during sleep restriction, which will be

investigated in a future paper.

N =34, mean age = 15.9 + 0.9yrs (range 15-17yrs), 14 females
Slow spindle frequency: mean = 10.99Hz, standard deviation = 0.72Hz

Fast spindle frequency: mean = 12.99Hz, standard deviation = 0.41Hz

While Chapters 4 and 5 dealt with mid-adolescents’ (age 15-17yrs) sleep spindles
during sleep restriction, Chapters 6 and 7 will examine the developmental trajectory of
spindles in a longitudinal study, starting at age 10. It is therefore helpful to have an idea of
the mid-adolescents’ spindle frequency values as a point of comparison for the frequency
values (along with density, duration and amplitude) of the younger cohort in the following

two chapters.
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Abstract

Adolescence involves significant cortical development and altered sleep patterns, with
sleep spindles being one facet of EEG that may reflect these changes. Past studies are largely
cross-sectional in design or investigate EEG power spectra exclusively, with scarce evidence
of changes to specific spindle characteristics in the transition from childhood to adolescence.
The present longitudinal study addresses these gaps by investigating spindle characteristics of
20 pre-adolescent boys every 6 months over an 18-month period (mean age at baseline = 10.3
+ 0.4yrs). Participants attended the sleep laboratory for one night of sleep monitoring every 6
months, during which slow and fast spindle characteristics of density, duration, amplitude
and frequency were investigated. Fast spindle frequency significantly increased over the four
time points, and slow frequency followed a similar trend, supporting previous findings,
however no other spindle characteristic showed significant variation. Developmental changes
in spindle characteristics may appear later in adolescence, aligning with expected synaptic

pruning and network refinement, while early adolescence shows only small changes.

Keywords: Sleep spindles, adolescents, longitudinal, development, EEG
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Introduction

Adolescence is a discrete developmental period in which significant changes occur to
sleep timing and sleep quantity (Carskadon, 2011), as well as brain function and connectivity
(Sisk & Foster, 2004). Sleep timing is expected to delay due to circadian rhythm delays and a
slower build-up of sleep pressure across the day, while sleep quantity decreases due to
delayed sleep timing and psychosocial factors, e.qg., early school start times (Carskadon,
2011). These changes begin at around 9yrs of age and continue to 18-20yrs, largely involving
increases in white matter and decreases in grey matter which are believed to indicate synaptic
pruning and network refinement (Gogtay et al., 2004; Giedd et al., 2008; Hagmann et al.,
2010; Paus et al., 1999; Peters et al. 2012; Sisk & Foster, 2004). The brain reorganisation that
occurs in this developmental stage is argued to result in changes to sleep architecture,
particularly an overall decrease in slow wave sleep and an increase in stage 2 sleep (Feinberg
& Campbell, 2013). Changes to brain makeup during adolescence can be seen through altered
electroencephalography (EEG) power (Feinberg & Campbell, 2013; Whitford et al., 2007).
More recently, individual differences in white matter have been implicated in the makeup of
sleep spindles (Bodizs et al., 2014, Piantoni et al., 2013). Specifically, individuals with higher
sleep spindle power and density have higher white matter axial diffusivity in several areas of
the brain, including the thalamus (Piantoni et al., 2013), which is responsible for spindle
production (Steriade, 2006). Considering adolescents experience dramatic changes to grey
and white matter through synaptic pruning, it is likely that spindle characteristics will reflect
these changes.

In addition, sleep spindles have been implicated in a myriad of functions including
protection from external disruptions to sleep (Dang Vu et al., 2010), synaptic plasticity
(Urakami et al., 2012) memory improvements (Clemens et al., 2005; Gais et al., 2002;

HoedImoser et al., 2014; Lustenberger et al., 2012; Prehn-Kristensen et al., 2011; Schabus et
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al., 2008) and higher order functions which are developing in adolescence, such as fluid
intelligence (Bodizs et al., 2014; Chatburn et al., 2013; Geiger et al., 2011; Tessier et al.,
2015) and executive function (Chatburn et al., 2013). It is therefore important to firstly
understand how sleep spindles change across adolescence as they may reflect the cognitive
abilities of this developmental age group.

Sleep spindles are oscillatory waveforms commonly seen in stage 2 sleep, and less
frequently in slow wave sleep, with a typical frequency of 11-16Hz in adults (De Gennaro &
Ferrara, 2003). Spindles are commonly investigated in terms of their density (number per
minute), duration (length in seconds), amplitude (LV) and frequency (Hz) (De Gennaro &
Ferrara, 2003). Spindle activity is also estimated through EEG power in the sigma band (11-
16Hz) (De Gennaro & Ferrara, 2003). Often, spindles are dichotomised into ‘slow’ and ‘fast’
spindles, depending on the relative frequencies (e.g. slow ~11-13Hz; fast ~13-16Hz). Slow
spindles are more commonly seen in frontal areas, and fast spindles in centroparietal areas
(De Gennaro & Ferrara, 2003). The dichotomisation of spindles is increasingly valued, given
their differing topography, functionality, and developmental trajectory (Astill et al., 2014;
Bodizs et al., 2014; Marshall et al., 2011). As spindle frequency in children and adolescents is
often slower than that of adults (Nicolas et al., 2001), individually-based frequency limits are
thus preferred to provide more accurate estimates of spindle characteristics (Bodizs et al.,
2009). The occurrence of spindles in the human EEG is seen by 2 months of age and changes
dramatically in the first 5 years of life (McClain et al., 2016; Tanguay, 1975). Spindle
characteristics remain relatively stable during middle childhood, until large changes occur
once again during adolescence (Clawson et al., 2016; Shinomiya et al., 1999). However, we
still do not know about changes in spindle characteristics in the transition from late childhood

to early adolescence.
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Spindle makeup in the developmental period of adolescence has become an area of
increasing interest in the past decade, although methods and findings are significantly varied.
Of the studies investigating an impact of age on spindle activity in older childhood and
adolescence, most have been cross-sectional (Bodizs et al., 2014, Chatburn et al., 2013, Jenni
& Carskadon, 2004; Gruber et al., 2013; Hoedlmoser et al., 2014; Kurth et al., 2010; Nader &
Smith, 2015; Nicolas et al., 2001; Scholle et al., 2007; Shinomiya et al., 1999), and only three
studies to date have been longitudinal. Two of these looked at spectral analysis (Campbell &
Feinberg, 2016; Tarokh & Carskadon, 2010), which does not take into account the range of
frequencies within spindles or provide information about specific spindle characteristics
(Tarokh et al., 2014). The third, published only recently, measured children’s spindles at two
intervals, spaced 7 years apart (8-11-year-olds at baseline and 14-18-year-olds at follow up)
and focused on spindle density and frequency (Hahn et al., 2018). Despite differing
methodologies across these studies, there are several similarities in findings. The frequency of
spindles appears to increase across older childhood and adolescence in most studies
(Campbell & Feinberg, 2016; Hahn et al., 2018; Jenni & Carskadon, 2004; Kurth et al., 2010;
Purcell et al., 2017; Scholle et al., 2007; Shinomiya, 1999; Tarokh & Carskadon, 2010) and
has been seen to increase over the lifespan (Nicolas et al., 2001), with the exception of one
study that found spindle frequency was negatively correlated with age in a sample of 7-11-
year-olds (Gruber et al., 2013). Spindle duration, on the other hand, often decreases during
adolescence (Nader & Smith, 2015; Scholle et al., 2007) and across the lifespan (Martin et
al., 2013; Nicolas et al., 2001). These findings, again, are opposite to Gruber and colleagues’
(2013) sample, who showed higher spindle duration with higher puberty scores. Spindle
amplitude (Nader & Smith, 2015; Shinomiya et al., 1999) and sigma power are closely
related, and both decrease during adolescence (Jenni & Carskadon, 2004; Shinomiya et al.,

1999; Tarokh & Carskadon, 2010), as well as over the lifespan (Martin et al., 2013). Findings
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for spindle density are less clear and appear to be discrepant for slow and fast frequencies.
Fast spindles appear to increase in number during adolescence (Bodizs et al., 2014; Nader &
Smith, 2015), while slow spindles decrease (Nader & Smith, 2015). Other research has
shown that overall spindle density increases across childhood and adolescence until early
adulthood, and subsequently decreases (Purcell et al., 2017), indicating a likely fluctuation in
adolescent samples that might explain discrepant findings. Once in adulthood, spindle density
decreases over the lifespan (Martin et al., 2013; Nicolas et al., 2001).

Of note, some investigations have found no influence of age on some aspects of older
children’s and adolescents’ spindle activity (Bodizs et al., 2014; Chatburn et al., 2013; Kurth
et al., 2010). Overall, there are similar findings for many aspects of spindle makeup across
adolescence, however findings are not always consistent, and this may be attributed in part to
differences in ages sampled. Dramatic changes in EEG have been shown to occur in the
transition into adolescence (Clawson et al., 2016; Feinberg & Campbell, 2013; Whitford et
al., 2007). Furthermore, spindles are known to have strong trait-like characteristics within
individuals (Reynolds et al., 2018 (Chapter 3)), while being highly variable between
individuals (Bodizs et al., 2009). Cross-sectional studies may thus be limited by the noise
introduced by different ages, and therefore less able to identify developmental changes
compared to longitudinal studies.

In order to improve our understanding of the developmental trajectory of spindle
activity during adolescence, the present study will investigate spindle activity using a
longitudinal design. Furthermore, the present study will examine spindle activity in the
transition from childhood to adolescence, commonly known as the pre-adolescent period
(Corsaro, 2017). It is expected that, with increasing age, spindle frequency will increase (e.g.
Campbell & Feinberg, 2016; Hahn et al., 2018; Tarokh & Carskadon, 2010), while decreases

will be seen for spindle duration (Martin et al., 2013; Nader & Smith, 2015; Nicolas et al.,
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2001; Scholle et al., 2007) and amplitude (Jenni & Carskadon, 2004; Martin et al., 2013;
Nader & Smith, 2015; Shinomiya et al., 1999; Tarokh & Carskadon, 2010). Spindles will be
examined in a dichotomised fashion (slow vs fast), and, as per previous findings, fast spindle
density is expected to increase (Bodizs et al., 2014; Nader & Smith, 2015), while slow
spindle density is expected to decrease (Nader & Smith, 2015). Spindle frequency, amplitude
and duration have not been separated into slow and fast frequencies in previous studies of

age-related changes in adolescents and will therefore be examined in an exploratory nature.

Method

Participants

20 pre-adolescent boys participated, with laboratory participation taking place at four
time points over an 18-month period (T1: mean age = 10.3 £ 0.4yrs; T2: mean age = 10.9 £
0.4yrs; T3: mean age = 11.4 + 0.4yrs; T4: mean age = 11.9 + 0.3yrs). The baseline age of 10
years accounts for the potential onset of puberty in boys, which can begin between 10-12
years of age (Walvoord, 2010), and has been indicated as a minimum age from which
developmental changes can affect sleep (Carskadon et al., 1993). Females were excluded
from the study due to the influence of menstrual cycles on sleep (Driver & Baker, 1998) and
spindle frequency (Ishizuka et al., 1994) and to reduce the impact of more variable, and
potentially earlier, pubertal onset in girls (Kaplowitz et al., 2001). Participants were recruited
from newsletters in primary schools in South Australia, through advertisements on social
media, and through referrals from other participants. Interested parents gave screening
information via a telephone interview using the Sleep, Medical, Education and Family
History form. Included participants at baseline were 10 years of age or within 2 months of
turning 10 or 11, had no parent-reported medical or psychological disorders and were not
taking medications. Participants were healthy sleepers, with no evidence of difficulties

initiating or maintaining sleep, excessive daytime sleepiness, snoring, sleep disordered
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breathing or parasomnias. All participants had a typical sleep duration longer than 9 hours,
which is within the recommended range for school-aged children (6-13yrs) (Hirshkowitz et
al., 2015), showed evidence of stable sleep patterns (<1hr difference in sleep times between
weeknight and weekends), and had a similar chronotype to other healthy school-aged
children (Werner et al., 2010), as measured by sleep diaries (free day sleep midpoint: 02:17 +
34 mins). Ethics approval was granted by the Flinders University Social and Behavioural
Research Ethics Committee. Parents and participants provided written informed consent and
participants received remuneration for their time.
Design

Participants attended the sleep laboratory for sleep monitoring once every 6 months.
A 6-month time period was chosen to capture potentially rapid changes in sleep timing and
puberty in adolescence. Sleep studies were held on weekends during the school term to
maximise consistency in routines. Participants received one night of 10 hours’ time in bed
(TIB), which allows for optimal sleep opportunity (Carskadon et al., 1981). The timing of the
sleep period was kept constant (bedtimes at 21:30, wake times at 07:30).
Materials

Polysomnography

Sleep was recorded using ambulatory Compumedics Somte PSG systems (Version 2;
Compumedics Ltd., Victoria, Australia) connected via Bluetooth wireless transmission to
allow real-time sleep monitoring, at a sampling rate of 200Hz. The present study used EEG
derivations C3, C4, F3, F4, O1 and O2 referenced to contralateral mastoids (M1 and M2), as
well as electrooculogram (EOG) and electromyogram (EMG). Participants were monitored
by an experienced sleep technician. Sleep was scored according to standardised criteria

(Rechtschaffen and Kales, 1968).
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Sleep spindles

Sleep spindle characteristics were scored using the Individual Adjustment Method
(Bodizs et al., 2009), which generates each participant’s spectral profile to provide
individual-specific power peaks in the slow and fast frequency ranges from which to base
spindle detection. This addresses the strong reliability of spindle characteristics within
individuals (Reynolds et al., 2018 (Chapter 3)) as well as the trait-like features of spindles
that vary between individuals (Bodizs et al., 2009). For 8 participants, the slow frequency
peak was not clearly depicted on the spectral profile, similar to previous adolescent studies
(Jenni & Carskadon, 2004; Reynolds et al., 2018 (Chapter 3); Shinomiya et al., 1999), and in
these cases the range showing the highest power was visually estimated on which to base
slow spindle detection. There were no cases where fast spindle peaks were unclear. Non-
REM stages 2, 3 and 4 were used to detect spindles. Spindle analyses were based on the C3-
M2 derivation, and when this was not suitable, C4-M1 was used. Spindle characteristics
included spindle density (the total number of spindles per minutes of non-REM sleep),
spindle duration (the average duration (seconds) of each spindle), spindle amplitude (the
average amplitude taken from the midpoints of all detected spindles, using the rectified
signals) and spindle frequency (the average frequency of detected spindles), all of which were
separated for slow and fast spindles.

Puberty

The Pubertal Development Scale (PDS; Carskadon & Acebo, 1993) was used as a
self-report measure to estimate pubertal development. The scale includes 5 items that assess
physical components of development, e.g. “Have you begun to grow hair on your face? a) not
yet started, b) has barely started, c) has definitely started, d) growth seems complete or €)
don’t know”. The total score of 3 of the 5 items (body hair growth, facial hair growth and

voice change) is created to give a ‘Puberty Category Score’, and this is converted to an
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equivalent Tanner stage (Tanner, 1990; Carskadon & Acebo, 1993). The PDS was
administered at each time point during the weekend laboratory stay.
Procedure

Participants and their parents were given a tour of the sleep laboratory prior to the
weekend stay to familiarise them with the environment, bedrooms and equipment, with an
aim to reduce potential first-night effects (Rechtschaffen & Verdone, 1964). Sleep-wake
patterns were monitored for 2 weeks prior to the laboratory study using sleep diaries and
activity watches (Actigraphy; MicroMini-Motionlogger, Ambulatory Monitoring Inc.,
Ardsley, NY, USA), with 1 week of typical sleep patterns and 1 week of a stabilised sleep
schedule with 10 hrs’ TIB (21:30-07:30) to ensure adequate sleep during the week preceding
the study. Participants attended the Flinders University Sleep Laboratory for one weekend
“sleep camp” (Friday 17:00 — Sunday 12:30) at each 6-month time point. The Friday night’s
sleep data (21:30-07:30; 10 hrs’ TIB) are investigated in the present study. The sleep
laboratory was sound-attenuated, light (<20 lux) and temperature (23°C + 1°C) controlled,
and free of time cues. During wake periods, participants completed cognitive testing as part
of another study, had set meal times and had free periods where participants played video and

board games and watched films. Participants were supervised at all times.

Statistical Analyses

Statistical analyses were performed using IBM SPSS Statistics Version 22 (IBM
Corp., Armonk, NY). Linear mixed model analyses (LMM) were conducted to test for
changes in sleep architecture and spindle characteristics over the four time points of the
longitudinal study (T1, T2, T3 and T4), accounting for within- and between-participant
variance (Van Dongen et al., 2004). Due to the time constraints of the thesis, only 12
participant’s data for Time 4 were able to be included. Nevertheless, LMM is not dependent

upon having a complete data set and takes missing data into account (Van Dongen et al.,
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2004). All models specified a random effect of 1D, dependent variables of slow and fast
spindle density, duration, amplitude and frequency, with fully saturated models (main effects
and interactions) for time (T1, T2, T3, T4). Puberty was also included as a covariate in the
model to determine whether there was an influence of puberty on spindle variables, which
has been found in past research (Gruber et al., 2013; Jenni & Carskadon, 2004; Shinomiya et
al., 1999). Where puberty did not show significant main effects or interactions with spindle
variables, it was removed from subsequent analyses. Pairwise post-hoc analyses with least
significant differences (LSD) were performed to further examine significant main effects.
Results

Participant Characteristics

Pubertal status showed an initial increase from baseline to the second time point, and
puberty scores remained constant between the 2", 3@ and 4" time points, F(3,49) = 3.74, p =
.02. Overall scores indicated the adolescents met criteria for an equivalent Tanner stage 1 at
baseline (pre-pubertal: a Puberty Category Score of 3; Carskadon & Acebo, 1993), and
Tanner stage 2 (early puberty) at all other time points (score of 4) (mean puberty scores: T1 =
390+£152;T2=4.90+1.52; T3=4.89 £ 1.20; T4 =4.92 £ 1.51). Chronotype, as measured
by the sleep mid-point on free days, did not differ significantly over time, F(3,47) =2.36, p =
.08, but suggested a small delay of 17 mins at time 4 (T1 =02:17 + 34 mins; T2 = 02:16 = 31
mins; T3 = 02:15 £ 30 mins, T4 = 02:32 + 43 mins).
Sleep Characteristics

Sleep characteristics for the 20 pre-adolescents are presented in Table 6.1. LMMs
revealed that none of the parameters for sleep quality changed significantly across the three
time points: total sleep time (TST), F(3,49) = 2.17, p =.10; sleep onset latency (SOL),
F(3,49) = 1.98, p = .13; wake after sleep onset (WASO), F(3,49) = 2.07, p = .12; sleep

efficiency (SE), F(3,49) = 2.63, p = .06). Similarly, the proportion of sleep stages did not
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differ significantly across the three time points: stage 1, F(3,51) = 0.74, p = .53; stage 2,

F(3,49) = 1.74, p = .17; stage 4, F(3,49) = 0.70, p = .56; REM, F(3,50) = 0.82, p = .49, except

for stage 3 sleep, which was significantly lower at T1 compared to T3, F(3,51) =3.16, p =

.03. The total minutes of each stage of sleep are shown in Figure 6.1.

Table 6.1. Mean sleep parameters (standard deviations) for each time point, with sleep stages

presented as a percentage of total sleep

Time TST SOL WASO SE S1% S2% S3% S4% REM%
(min)  (min)  (min) (%)
T1 5141 27.7 53.4 86.4 6.1 37.9 9.9 24.8 21.0
(baseline) (44.6) (14.0) (38.8) 7.4 (2.4) (10.8) (3.8) 8.7 (3.3
T2 5019 31.2 65.9 838 6.8 38.0 10.0 25.0 20.2
(6 months) (38.0) (19.1) (38.8) (6.4) (3.4 (8.4) (3.1) 6.9 (3.7
T3 496.2  28.2 74.8 828 59 34.4 12.9 27.0 19.9
(12 months) (38.1) (13.6) (43.2 (6.4) (3.4) (8.8) (5.6) (5.6) (4.8
T4 5159 226 60.1 86.2 54 34.6 12.2 26.5 21.3
(18 months) (55.5) (15.0) (55.9 9.3) (3.4) (7.6) (3.6) 7.4 (3.9

Note. TST = Total sleep time, SOL = sleep onset latency, WASO = time spent awake after

sleep onset, SE = sleep efficiency (percentage of time in bed spent asleep), S1 = stage 1

sleep, S2 = stage 2 sleep, S3 = stage 3 sleep, S4 = stage 4 sleep, REM = rapid eye movement

sleep.
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Figure 6.1 Total minutes of stages of sleep at each time point (T1 (baseline), T2 (6 months),
T3 (12 months), T4 (18 months)). REM= rapid eye movement sleep, S1= stage 1 sleep, S2 =
stage 2 sleep, S3 = stage 3 sleep, S4 = stage 4 sleep.

Sleep Spindle Characteristics

A graphical representation of the changes in spindle characteristics over time is
presented in Figure 6.2, and inferential statistics are presented in Table 6.2. Exact values for
each spindle characteristic can be found in Supplementary Table S6.1. Puberty did not have a
significant influence on spindle characteristics and was therefore removed from analyses.
There was a significant main effect of time on fast spindle frequency, where frequency
became higher over time, as expected. There was a non-significant trend (p = .14) for slow
spindle frequency to also increase over time. A graphical depiction of changes in slow and
fast spindle frequency for each individual at each time point can be found in Supplementary
Figure S6.1 There were no significant main effects of time on any other spindle

characteristics, contrary to expectations.
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Figure 6.2. Spindle characteristics (mean and standard error) across the four time points (T1
(baseline), T2 (6 months), T3 (12 months), T4 (18 months))
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Table 6.2. Main effects of time (T1 (baseline), T2 (6 months), T3 (12 months), T4 (18

months)) on sleep spindle characteristics.

F-value df p Effectsize  Post-hoc
(d) for time: comparisons
T1-T4
Slow density (no. per min)
time 1.19 3,48 32 0.46
Fast density (no. per min)
time 0.26 3,49 .85 0.19
Slow duration (seconds)
time 1.31 3,49 .28 0.34
Fast duration (seconds)
time 0.07 3,48 .98 0.04
Slow amplitude (LV)
time 1.27 3,48 .30 0.34
Fast amplitude (uV)
time 0.11 3,48 .95 0.34
Slow frequency (Hz)
time 2.02 3,45 13 0.20
Fast frequency (Hz)
time 6.69 3,48 .001* 0.24 T1<T2<T3<T4

Note: d = Cohen’s d: small 0.2, medium 0.5, large 0.8

*p<.01

Discussion

Overall, sleep spindle characteristics did not change considerably in the young

adolescent period. Fast spindle frequency was the only characteristic to show a significant

change across the 18 months of the study, which was in line with expectations and past

research (e.g. Campbell & Feinberg, 2016; Jenni & Carskadon, 2004; Kurth et al., 2010;

Purcell et al., 2017; Tarokh & Carskadon, 2010). The mean values correspond with an

increase in fast spindle frequency of about 0.1Hz per year. Although it was a small effect (d =

.24), this provides initial support for the theory that spindle makeup starts to change in this

age group, potentially related to increases in white matter (Bodizs et al., 2014; Piantoni et al.,

2013), during myelination and synaptic pruning that is believed to occur during adolescence

(Feinberg & Campbell, 2010; 2013). This is in line with neuroimaging research which shows

121



adolescent males experience significant increases in white matter, but a slower decrease in
grey matter during adolescence, compared to their female counterparts (Giedd, 2008). The
current findings present an interesting question: Why might fast spindle frequency be the first
characteristic to show developmental changes? Past studies that have also found increases in
spindle frequency with development have theorised that this may indicate maturation of the
thalamocortical network (Jenni & Carskadon, 2004; Tarokh & Carskadon, 2010) or occur due
to changes in the threshold for calcium spikes in the thalamus (Nicolas et al., 2001), yet it is
still unclear why spindle frequency might be the first characteristic to change, or in fact
whether that finding is specific to the present study. A more recent study suggested changes
in spindle frequency from childhood to adolescence might be the underlying mechanism for
observed relationships between spindle density and memory consolidation (Hahn et al.,
2018), so perhaps changes in spindle frequency drive subsequent changes in other spindle
characteristics. This presents an interesting opportunity for future research to determine the
neurological underpinning and functional implication of developmental changes to spindle
characteristics.

Looking at the raw data, three of the spindle characteristics appeared to have a
consistent linear change as expected from past research, with non-significant small-to-
medium effects: slow spindle frequency increased over time (d = .20) (Jenni & Carskadon,
2004; Kurth et al., 2010; Nicolas et al., 2001; Shinomiya, 1999; Tarokh & Carskadon, 2010),
while slow duration decreased (d = .34) (Martin et al., 2013; Nader & Smith, 2015; Nicolas et
al., 2001; Scholle et al., 2007), and fast spindle density increased (d = .19) (Bodizs et al.,
2014; Nader & Smith, 2015). The implication from the present findings is that early
adolescence may not involve as robust changes to spindle makeup as initially expected and,
perhaps, these changes are more likely to be seen in mid-to-late-adolescence. Indeed,

younger samples have found no evidence of an effect of age on spindle activity (Chatburn et
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al., 2013: age range 4-12yrs; Hoedlmoser et al., 2014: 8-11yrs), and in fact sometimes show
the opposite to the broader literature (Gruber et al., 2013: 7-11yrs, spindle frequency
decreased with age). Past adolescent studies with older samples, on the other hand, have
found more consistent associations between age and spindles or sigma power (Bodizs et al.,
2014; Jenni & Carskadon, 2004; Nader & Smith, 2015; Tarokh & Carskadon, 2010),
indicating that sleep spindles may indeed be “trait-like markers of maturity” (Astill et al.,
2014, p. 9), in mid-to-late-adolescence. For young adolescents in the present study, fast
spindle frequency was the strongest indicator of maturation, and it remains to be seen when
and how the other spindle characteristics change. On visual inspection of the individual
participants’ developmental trajectories for slow and fast spindle frequency (Supplementary
Figure S6.1), there appears to be more inter- and intra-individual variation in slow, compared
to fast, frequency. This echoes earlier findings where adolescents’ fast spindle characteristics
showed more consistency within individuals compared to slow characteristics (Reynolds et
al., 2018; Chapter 3).

Considering the present findings did not indicate robust changes to spindle
characteristics, the mean spindle values for other adolescent samples were considered as a
point of comparison to illustrate a potential trajectory. Figure 6.3 presents the current study’s
spindle frequency findings alongside other mean values in the literature. Firstly, the present
study’s baseline value for fast spindle frequency (12.3Hz) was identical to that of pre-
pubertal children (mean age = 11yrs) in Jenni and Carskadon’s (2004) study, while post-
pubertal adolescents (mean age = 14yrs) had a fast spindle frequency of 12.9Hz (Jenni &
Carskadon, 2004). The present study’s adolescents at time 4 (mean age = 11.9yrs) had a fast
spindle frequency of 12.4Hz, and, using the corresponding increase of 0.1Hz per year, are
expected to have a fast spindle frequency of 12.7 by 14 years of age, seeming to align with

the expected trajectory. Studies of older adolescents fit with this same increasing trajectory
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(Figure 6.3; Bodizs et al., 2014; Shinomiya et al., 1999), as well as our previous study of 15-
17-year-olds (Chapter 5.B, fast spindle frequency during optimal sleep opportunity (10hrs’
time in bed) was 12.99Hz). For the studies that considered an overall spindle frequency, this
too aligned with the present study’s trajectory, but also grouped with relatively faster
frequencies (Figure 6.3), confirming that fast spindles are often more prominent than slow
spindles (Astill et al., 2014; Jenni & Carskadon, 2004; Reynolds et al., 2018 (Chapter 3)). Of
note, studies using ‘overall’ frequencies are more numerous than those comparing slow and
fast frequencies, illustrating the paucity of studies that dichotomise spindle frequencies,
which presents several issues, as described in the next section. Interestingly, the presently
observed minimal changes in spindles over time are parallel to findings from recent cross-
sectional (Purcell et al., 2017) and longitudinal (Campbell & Feinberg, 2016) research, which
also found minimal changes in the respective study periods and can be found in Figure 6.3.
For further descriptive purposes, the spindle characteristics that showed a consistent linear
trajectory in the present study (fast spindle density and slow spindle duration) were compared
to other mean values in the literature. Fast spindle density for the present sample was
expected to continue its linear increase from 7.3 spindles per minute at time 4 to 7.8 spindles
per minute by 15 years of age (an increase 0.1 fast spindles per year), which aligns with
Reynolds and colleagues’ (2018 (Chapter 3)) 15-17-year-old adolescents’ fast density of 8.0
spindles per minute and Bodizs and colleagues’ (2014) fast density of 8.11 in 15-22-year-
olds. Similarly, slow spindle duration at time 4 in the present study (1.58 seconds), is
expected to continue a linear decrease of 0.3 seconds per year, aligning with Reynolds et al.
(2018 (Chapter 3); 1.53s) and Bodizs et al. (2014; 1.39s). It is difficult to compare mean
spindle values between studies that have used different spindle detection methods, as the

criteria for spindle detection can influence the resulting values (Causa et al., 2010;
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Huupponen et al., 2007), and the above comparisons are therefore for illustrative purposes

only.
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Figure 6.3. The trajectory of changes in spindle frequencies from the present study and other
values in the literature (separated for slow and fast where available and presented as ‘overall’
when a single frequency measure was provided), from middle childhood to late adolescence.
The present longitudinal study’s findings are joined, while other cross-sectional studies’
findings are single symbols. Gaps are left for ages where frequency estimates are not
included. Note mean frequency values from other studies were estimated when a figure or
range was provided rather than specific values. Campbell and Feinberg (2016) included
measurements in cohorts at approximately 6-month intervals, and are presented for every 3
years.

The dichotomisation into slow and fast spindles in the present study was a key
strength, as there have been clear differences between the two types in past research in terms

of topography and functionality (Astill et al., 2014; Bodizs et al., 2014; Marshall et al., 2011).
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Of relevance to the present study, the frequencies of slow and fast spindles in adolescents
appear to be much lower than in adults. This means that the typical limits placed on slow and
fast spindles for spindle detection, largely driven by adult studies (e.g. slow ~11-13Hz; fast
~13-16Hz; De Gennaro & Ferrara, 2003) may overestimate the number of slow spindles and
underestimate the number of fast spindles in an adolescent sample. To illustrate, the present
study used a spectral profile to identify the strongest power peaks for each individual (IAM
method; Bodizs et al., 2009). On average, slow peaks were found at 10.8Hz (time 1) — 10.9Hz
(time 4), while fast peaks were seen at 12.3Hz (time 1) — 12.4Hz (time 4). According to
typical criteria (slow ~11-13Hz; fast ~13-16Hz), many of the present adolescents’ slow
spindles would be missed, and many fast spindles would be incorrectly considered ‘slow’.
This could explain why some child and adolescent studies have found so few ‘fast’ spindles.
For example, Nader and Smith’s (2015) 12-19-year old sample had a fast spindle density of
1.38 per minute (compared to the present study’s fast densities of 7.1 (T1) - 7.3 (T4)), with
fast spindle limits of 13.51-16.0Hz. Similarly, Hahn and colleagues (2018) found a fast
spindle density of approximately 1.5 per minute in 8-11-year-olds with fast spindle limits of
13-15Hz, while Chatburn and colleagues (2013) found a fast spindle density of only 0.3 per
minute in a sample of 4-12-year-olds, with fast spindle limits of 13-15.9Hz. For studies that
provided an overall spindle frequency, either as the exclusive frequency measure or in
addition to separating for slow and fast, the mean frequency of the strongest peak was closer
to 12Hz or 13Hz (Chatburn et al., 2013; Gruber et al., 2013; Hahn et al., 2018; HoedImoser et
al., 2014, Jenni & Carskadon, 2004; Kurth et al., 2010; Nicolas et al., 2001; Tarokh &
Carskadon, 2010), indicating older children’s and adolescents’ frequencies are more likely to
fall into the ‘slow’ side of the typical dichotomy. If anything, this highlights the importance
of detecting spindles using individually-based limits, due to the impracticality of applying

adult-based slow and fast spindle criteria to children and adolescents, and further due to the

126



variation of spindle characteristics between individuals (Reynolds et al, 2018 (Chapter 3);
Bodizs et al., 2009). This also presents a case for the minimum spindle frequency limit being
lowered to 9 or 10Hz for child and adolescent samples, notwithstanding careful consideration
of individual alpha frequencies (within the range of 7-11Hz in adolescents; Jenni &
Carskadon, 2004; Kurth et al., 2010; Tarokh & Carskadon, 2010), which is beyond the scope
of the present study to investigate.

The present study was one of the first to examine spindle characteristics in a
longitudinal nature and added to the present body of research, which is largely made up of
cross-sectional studies. Of note, at the time of conceptualising the study, collecting and
analysing data, there was no other longitudinal study of specific spindle characteristics, with
Hahn and colleagues’ (2018) investigation being published after completion of the current
study. There are differences which nonetheless allow the current study to add knowledge to
the field, however. Firstly, Hahn and colleagues measured samples 7 years apart, while the
present study used more concise intervals of 6 months. Secondly, the use of an individually-
adjusted algorithm for detecting adolescents’ spindles in the present study may provide more
distinct measurements of slow and fast spindles, as discussed earlier. The nature of a
longitudinal investigation, however, presents several limitations. Firstly, the sample size was
small (N=20) and analyses may have been underpowered, even though this was larger than
another longitudinal investigation of adolescent spindles (Tarokh & Carskadon, 2010; N =
14). Nonetheless, the size of changes was small (e.g. average 6-month increase in fast spindle
density of 0.07 spindles per minute), indicating that even with a larger sample, there may not
yet be much movement in spindle characteristics at this age. The second limitation is the
time-scale of the longitudinal design, where the young adolescents remained in early puberty
at the end of the 18-month study and showed little pubertal change in the last year. Decreases

of slow wave sleep during adolescence have been attributed to synaptic pruning and are
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implicated in pubertal onset (Feinberg & Campbell, 2010; 2013), however the present data
show slow wave sleep did not differ across 18 months and, if anything, the proportion of
stage 3 sleep slightly increased over the study. The absence of alteration to sleep architecture
with increasing age aligns with Gruber and colleagues’ (2013) younger sample (7-11yrs).
Similarly, chronotype did not change in a meaningful way over the four time points and is not
expected to delay until 12-13 years (Koscec et al., 2013) or until early-to-mid puberty
(Tanner stages 2 and 3; Carskadon et al., 1993). Again, changes to sleep are likely not evident
until later in adolescence and, furthermore, brain reorganisation may not be prominent in
early adolescence, or at least not enough to be reflected on sleep EEG. Notwithstanding the
difficulty of maintaining a laboratory study with a paediatric sample over several years,
further studies would benefit from including a larger sample and extending the time-course of
the present longitudinal investigation, ideally until at least 18 years of age. Lastly, more
reliable spindle estimates would be achieved from using several nights of sleep monitoring,
as adolescents’ slow spindle density and duration require a minimum of 4 and 2 nights,
respectively, to reach acceptable within-subject reliability (intraclass coefficient > 0.60;
Reynolds et al., 2018 (Chapter 3)). This would likely require laboratory monitoring during
school holiday periods, rather than during weekends of the school term, as in the present
study. Overall, as this is one of the only longitudinal studies of adolescent spindle
characteristics to date, and is the first to investigate spindle changes over concise intervals,
the magnitude of intra-individual change in specific spindle parameters remains to be seen
and warrants further investigation.
Conclusion

The present study addressed a significant gap in the literature on sleep spindle

changes across early adolescence by using a longitudinal design and focusing on specific

spindle characteristics over concise intervals. In the 18 months of the pre-adolescent period,
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fast spindle frequency increased significantly, and slow spindle frequency followed a similar
pattern, aligning with the expected trajectory based on prior research. Other spindle
characteristics, however, did not change. This is likely influenced by the age of the
participants, where larger changes in spindle characteristics are not expected to arise until
mid-to-late adolescence, when further network refinement and synaptic pruning is likely to

occur.
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Supplementary Table S6.1. Means (standard deviations) for each sleep spindle characteristic

for each time point of the longitudinal study.

Time Density Duration Amplitude Frequency
Slow Fast Slow Fast Slow Fast Slow Fast

T1 7.56 7.15 1.69 1.33 4.53 7.44 10.76  12.33
(baseline) (0.15) (0.19) (0.08) (0.05) (0.48) (0.43) (0.11) (0.11)
T2 7.82 1.17 1.60 1.32 4.31 7.31 10.77 12.37
(6 months) (0.15) (020)  (0.06) (0.05) (0.40) (0.44) (0.11) (0.11)
T3 7.60 7.27 1.56 1.31 4.77 7.32 10.86 1241
(12 months)  (0.17)  (0.15) (0.07) (0.05) (0.46) (0.52) (0.12) (0.11)
T4 7.84 7.31 1.58 1.34 5.31 8.15 10.86  12.44
(18 months) ~ (0.15)  (0.24) (0.08) (0.07) (0.69) (0.65) (0.14) (0.13)

130



===19.78
—.78
=== 979
=== 983
=== 9.86
=== 10.02
—10.04
—10.07
—10.07
—10.21
—10.46
—10.49
e 10.54
m—10.54
95 - 10.55
—10.6
—10.7
9 T T T 1 10.7

T T2 T3 T4 —11.06
=== 1114

11.5 -

=
[
I

10.5 -

=
o
I

Slow spindle frequency

Time

14 - -==1978

——9.78
-==1979
13.5 - === 9,83
— == 9.86
-~ 10.02
—10.04
—10.07
—10.07
—1021
—10.46
—10.49
———10.54
——10.54
10.55
—— 106
——10.7
10.7
—11.06
-—-11.14

'—'Iu
[#5]
I

12,5 -

Fast spindle frequency
i~

11.5 -

11 T T T 1
T1 T2 T3 T4
Time

Supplementary Figure S6.1. Slow and fast spindle frequency for each subject (n = 20) per

time point. Coloured lines depict each subject’s age at baseline.

131



Chapter 7.
How does the relationship between sleep spindles and cognition change over time?

A longitudinal study of pre-adolescents.

Chelsea M. Reynolds, Michelle A. Short & Michael Gradisar

Flinders University, College of Education, Psychology and Social Work, Adelaide, Australia.

Author Contributions

CR. was the primary author, contributed to study design and data collection and conducted
scoring of sleep EEG, sleep spindle analysis and all statistical analyses. MG and MS

contributed to revising of the chapter, statistical assistance and study design.

132



Abstract

Sleep spindles have been implicated in cognitive functioning across many age groups,
however the nature of the relationship in childhood is less clear, and often opposite, to that
seen in adolescents and adults. The developmental trajectory of the relationship between
spindles and cognition was therefore tested in the present longitudinal study of emerging
adolescents. Twenty pre-adolescent boys (mean age at Time 1 = 10.3 + 0.4yrs) participated in
an 18-month study, with sleep spindles characteristics (density, duration, amplitude and
frequency, separate for slow and fast) and cognitive performance (working memory and fluid
intelligence) measured in a sleep laboratory once every 6 months. Spindle parameters and
cognition did not show cross-sectional associations at any time point, contrary to past
findings, and while working memory and fluid intelligence improvements were related to
changes in slow and fast spindle frequency and slow density, these did not show consistent or
meaningful patterns. The relationship between sleep spindles and cognition may be unstable

in early adolescence due to the complex brain reorganisation in this developmental period.
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Introduction

The developmental stage of adolescence involves significant changes to brain
formation (Hagmann et al., 2010; Peters et al. 2012), sleep architecture (Feinberg &
Campbell, 2013) and spectral power seen through electroencephalography (EEG) during
sleep (Feinberg & Campbell, 2013; Whitford et al., 2007). Sleep spindles within an
adolescent’s EEG profile also change, where typically spindle amplitude, density and
duration decrease (Jenni & Carskadon, 2004; Martin et al., 2013; Nader & Smith, 2015;
Nicolas et al., 2001; Scholle et al., 2007; Shinomiya et al., 1999; Tarokh & Carskadon, 2010),
while spindle frequency increases (Campbell & Feinberg, 2016; Hahn et al., 2018; Jenni &
Carskadon, 2004; Kurth et al., 2010; Nicolas et al., 2001; Shinomiya, 1999; Tarokh &
Carskadon, 2010). Furthermore, adolescence involves the development of higher-order
cognitive functions (Casey et al., 2005; Luna et al., 2010; Sternberg & Downing, 1982,
Wright et al., 2008), for which changes in the brain are implicated, such as increases in white
matter and decreases in grey matter, indicative of synaptic pruning (Gogtay et al., 2004;
Hagmann et al., 2010; Sisk & Foster, 2004). Such changes are further believed to be indexed
by changes to sleep EEG (Feinberg & Campbell, 2010; 2013). The relationship between sleep
spindles and cognitive performance across this transitional period may shed light on ways in
which brain development underpins cognitive development.

What is currently known about the relationship between sleep spindles and cognition in
children and adolescents?

A recent meta-analysis found that adolescents’ sleep spindle characteristics have a
small-to-moderate positive correlation with cognitive performance in the domains of fluid 1Q
(r = 0.44), working memory and executive function (r = 0.40) and speed and accuracy (r =
0.33) (Reynolds et al., 2018 (Chapter 2)), which aligns with findings in adult studies (Bodizs

et al., 2005; Fogel et al., 2007, Schabus et al., 2008). In children, however, the few studies
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published report mixed findings, with some showing positive associations between spindles
and performance (Doucette et al., 2015; Geiger et al., 2011; Ujma et al., 2016), while others
found no relationship between some spindle variables and cognitive performance (Chatburn
et al., 2013; Gruber et al., 2013; Kurdziel et al., 2013). In one study comparing age cohorts,
there was an association between memory consolidation and spindle count in adults but not in
children (Wilhelm et al., 2012). In other cases, opposite associations are seen between
children and older adolescents. In preschool-aged children, spindle density was negatively
associated with immediate memory performance, and positively associated with performance
improvement (Kurdziel et al., 2013), while the opposite has been found for immediate and
improved memory performance and sigma power in older adolescents (Lustenberger et al.,
2012). Similarly, higher spindle frequency is associated with worse fluid reasoning (Gruber et
al., 2013) and working memory (Chatburn et al., 2013; Gruber et al., 2013) in children, yet
with better fluid reasoning in older adolescents (Bodizs et al., 2014). This implies that there
may be a reversal in the direction of the effect at some stage during adolescence, at least for
some cognitive and spindle variables.

Of note, studies that investigate different cognitive and spindle variables are difficult
to compare, given the relationship between spindles and cognition varies considerably
depending on the cognitive task used and spindle characteristic measured (Reynolds et al.,
2018 (Chapter 2)). Accounting for the large changes to brain network formation (Hagmann
et al., 2010; Peters et al. 2012; Sisk & Foster, 2004) and sleep EEG (Feinberg & Campbell,
2013) during early adolescence, it is also difficult to compare different age groups within
cross-sectional studies. For example, young adolescents experience a slight increase in
synaptic density in the prefrontal cortex, while older adolescents experience more dramatic
synaptic pruning (Blakemore & Choudhury, 2006), which is believed to be indexed on sleep

EEG (Feinberg & Campbell, 2010). If spindles are potentially associated with brain network

135



reorganisation (Bodizs et al., 2014) then younger and older adolescents will show
considerable differences in spindle parameters and combining these ages may therefore lead
to unreliable findings. Furthermore, the developmental trajectory of the relationship between
sleep spindles and cognition is thus far unknown. The only longitudinal study to compare
spindles to behavioural outcomes in children to date found that higher spindle density at 5
years of age predicted better prosocial behaviour at 9 years of age (Mikoteit et al., 2018).
This finding may extend to general cognitive ability and more complex cognitive domains in
adolescents. Considering the extensive neurological changes that occur during adolescence, it
would be highly informative to investigate associations between spindles and cognition in the
developing adolescent brain. The present study therefore aims to investigate the relationship

between spindles and cognition in a longitudinal protocol.

How do sleep spindle characteristics change between childhood and adolescence?

In a previous paper, we found that spindle frequency was the first spindle
characteristic to show significant developmental change between 10 and 12 years of age,
where fast spindle frequency became faster with development, and slow spindle frequency
showed a similar trend (Chapter 6). This aligned with past findings in both cross-sectional
(Jenni & Carskadon, 2004; Kurth et al., 2010; Purcell et al., 2017; Scholle et al., 2007,
Shinomiya, 1999; Tarokh & Carskadon, 2010) and longitudinal (Campbell & Feinberg, 2016;
Hahn et al., 2018; Tarokh & Carskadon, 2010) investigations. Along with changes to spindle
makeup and brain networks, adolescents also experience significant improvement in higher-
order cognitive functions, including executive function (Blakemore & Choudhury, 2006;
Steinberg, 2005), working memory (Luna et al., 2010) and fluid intelligence (Hartshorne &
Germine, 2015). Furthermore, these improved cognitive functions are associated with
decreases in synaptic density and increased myelination in frontal lobes (Steinberg, 2005). It

is hypothesised, therefore, that changes to cognitive performance over time would be
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associated with changes in spindle frequency. Worth noting is that spindle density, duration
and amplitude did not significantly change in our previous study (Chapter 6), contrary to
past findings suggesting all three characteristics would decrease with development (Nader &
Smith, 2015; Scholle et al., 2007; Shinomiya et al., 1999). Nonetheless, these parameters
have shown associations with various cognitive domains in adolescents (Reynolds et al., 2018
(Chapter 2)), and are expected to show at least static, if not dynamic, associations with
cognitive performance in the present study. Given the inter-individual variation of slow and
fast spindle characteristics in mid-adolescence (Reynolds et al., 2018 (Chapter 3)) as well as
topographical and functional differences of slow and fast spindles (Astill et al., 2014; Bodizs
et al., 2014; De Gennaro & Ferrara, 2003; Marshall et al., 2011), the two types will be
examined separately.
Method

Participants

Twenty pre-adolescent boys participated in a longitudinal study (mean age at baseline
=10.3 £ 0.4yrs). Included participants were free of medical or mental health concerns at
baseline, did not take medications, and had no parent-reported problems with sleeping (e.g.,
snoring, sleep disordered breathing, difficulty initiating or maintaining sleep, parasomnias).
Participants had a typical sleep duration of 9-11 hours, which aligns with recommendations
for school-aged children (Hirshkowitz et al., 2015). Female pre-adolescents were excluded
from the study due to the potential impact of menstrual cycles on sleep (Driver & Baker,
1998) and spindle frequency (Ishizuka et al., 1994). Participants were pre-pubescent at
baseline (Tanner stage 1; Tanner, 1990), and in early-puberty at all other time points (Tanner
stage 2), as estimated by the Pubertal Development Scale (Carskadon & Acebo, 1993). Ethics

approval was granted by the Social and Behavioural Research Ethics Committee of Flinders
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University. Parents and participants provided written informed consent after a tour of the
sleep laboratory, and participants received remuneration per data collection time point.
Design

Pre-adolescents stayed in the sleep laboratory for one weekend every 6 months, over
an 18-month period. The first night of sleep was used in the present study, during which
participants were given a 10 hour sleep opportunity, aligning with optimal sleep given in
previous studies (Carskadon et al., 1981; Reynolds et al., 2018 (Chapter 4)). Time in bed
was kept constant between 21:30 and 07:30. The target baseline age of 10 years was chosen
as a minimum for pubertal onset in boys (Carskadon et al., 1993; Walvoord, 2010). Cognitive
testing took place the day after the sleep period when spindles were analysed, which aimed to
investigate general network efficiency, as opposed to investigating cognition the day before
the sleep period, which may reflect that day’s processing (Reynolds et al., 2018 (Chapter 2)).
Materials

Polysomnography

Sleep EEG was measured with ambulatory Compumedics Somte PSG systems
(Version 2; Compumedics Ltd., Victoria, Australia), at a sampling rate of 200Hz. Somte units
were connected via Bluetooth wireless transmission to provide real-time monitoring of
participants’ sleep, conducted by an experienced sleep technician. EEG derivations of C3,
C4, F3, F4, O1 and O2 referenced to contralateral mastoids (M1 and M2), electrooculogram
(EOG) and electromyogram (EMG) were used in the present study. Standardised scoring
criteria were used for sleep staging (Rechtschaffen and Kales, 1968).

Sleep Spindles

Sleep spindles were detected and analysed using the Individual Adjustment Method
(Bodizs et al., 2009). A spectral profile is generated for each individual, and zero-crossing

points indicate the strongest power peaks in relative slow and fast frequencies for each

138



individual. This method accounts for trait-like features of spindles that are similar within
individuals, but diverse between individuals (Bodizs et al., 2009; Reynolds et al., 2018
(Chapter 3)). C3-M2 was used for spindle analyses, and when this was not suitable, C4-M1
was used. The present study used slow and fast spindle characteristics of density (number of
spindles per minute of non-REM sleep), spindle duration (the average duration (seconds) of
each spindle), spindle amplitude (the average amplitude taken from the midpoints of all
detected spindles, using the rectified signals) and spindle frequency (the average frequency of
detected spindles).
Cognitive Performance Measures

Fluid Intelligence

Fluid intelligence was measured with the matrix reasoning task (Wechsler Intelligence
Scale for Children — 4™ Edition (WISC-IV), Flanagan & Alfonso, 2017; and Wechsler Adult
Intelligence Scale — 4" Edition (WAIS-IV), Lichtenberger & Kaufman, 2009), letter sets task
(Ekstrom et al.,1976) and number series task (Thurstone, 1938), which examine inductive and
deductive reasoning skills. Fluid intelligence has shown positive associations with spindle
characteristics in adolescents (Geiger et al., 2011; Bodizs et al., 2014; Tessier et al., 2015).

For the matrix reasoning task, participants were shown a series of images in a matrix,
with one blank square of the matrix that contained a question mark, and five separate images
underneath the matrix. Participants were asked to identify which of the five images would fit
in the blank square. Items from the WISC-IV and WAIS-IV were combined to optimise the
number of test items for the length of the longitudinal study. The original tests had a
combined total of 66 items, which were randomly separated into 7 separate tests (9 items per
test, with 5 WISC-1V items and 4 WAIS-1V items per test, and 3 excluded overall), with one
test for each of 7 potential time points (randomly allocated), of which 4 were completed in

the present study. Items increased in difficulty, as per the original tests. The matrix reasoning
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task has shown good evidence of internal consistency (WISC-IV: internal consistency = .89;
Williams et al., 2003, WAIS-1V: split-half reliability = .90; Lichtenberger & Kaufman, 2009)
and reliability for multiple testing (WISC-1V: stability coefficient = .77; Williams et al., 2003,
WAIS-1V: test-retest reliability = .74; Lichtenberger & Kaufman, 2009).

In the letter sets task, participants were asked to consider 5 groups of letters in strings
of either 2, 3 or 4 letters long. Four groups followed a logical rule (e.g. alphabetical), while
one group did not, and participants needed to identify the group of letters that did not follow
the pattern. For example, participants are instructed, “Circle the pair of letters that is the odd
one out: JK, WX, FG, NM or CD”. The original task of 18 items was divided into two 9-item
measures, with one version given at the second time point, and the other given at the third
time point (randomly allocated). The number series task involved similar pattern recognition,
where participants were shown a series of 7 numbers in a logical sequence, and were asked to
provide the next number in the sequence, e.g. “What number comes next in the following
sequence? 2, 5, 8, 11, 14, 17, 20, ___ . The original task consisted of 21 items and was
divided into two halves (one item removed), similar to the letter sets task, with both halves
randomly allocated. The letter sets and number series tasks have been administered this way
in a previous study comparing spindles and cognition in adolescents (Chapter 5). It was
therefore decided that the test would be given in the same two halves, and the test took place
at time points 2 and 3 to reduce the potential impact of a first-study effect from time 1. The
letter sets and number Series tasks possess good internal consistency (Cronbach’s alpha = .91-
.92 and .85-.86, respectively; Csapo, 1997; Johnston et al., 2010).

Fluid intelligence tests were given at a consistent time of 1pm on the Saturday of each
study weekend, with the letter sets and number series tasks being combined with the matrix
reasoning task to form a test battery at Times 2 and 3 (Figure 7.1). The proportion of correct

responses was used for the overall fluid intelligence score for each test.
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Working Memory

The operation span task (Ospan; Turner and Engle, 1989) was used to measure
working memory, which has shown positive associations with adolescent spindle activity
(Chatburn et al., 2013; HoedImoser et al., 2014; Lustenberger et al., 2012; Piosczyk et al.,
2013; Prehn-Kristensen et al., 2011). The computerised version of the test was used in the
present study (Unsworth et al., 2005), given once at each time point at a consistent time of
day (11:00; Figure 7.1). In this task, participants were required to solve mathematical
equations while memorising a series of randomised letters. Participants were presented with a
mathematical equation and were then asked if it was ‘true’ or ‘false’ (e.g., (5 x 8) +2 =40,
TRUE or FALSE), and were then presented with a letter (e.g., L). After a randomly-
distributed number of trials (ranging from 3-7), participants were asked to recall all letters in
the series, in the order they were presented. The task involved two practice trials and 15 test
trials. The ‘Absolute Ospan’ scoring method was used for their overall working memory

score, which is the sum of all perfectly recalled sets (Unsworth et al., 2005).
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Figure 7.1. The study protocol over the four time points of the longitudinal study. W =

Working memory task (operation span task). F = Fluid intelligence task (1 = Matrix

Reasoning, 2 = Letter Sets, 3 = Number Series).

Statistical Analyses

IBM SPSS Statistics Version 22 (IBM Corp., Armonk, NY) was used to conduct all

analyses. Basic associations between spindle and cognitive variables at each time point were

tested with correlation analyses. To adjust for multiple comparisons for the correlation

analyses, the Bonferroni correction was applied for a set of 24 comparisons (8x spindle

variables, 4x cognitive tests; 0.05/32 =.002), and the cut-off for statistical significance was

thus reduced to p <.002. Linear mixed model (LMM) analyses were conducted to examine

whether the relationship between spindles and cognitive performance changed over time.

‘Change from baseline’ values were computed for these analyses, so that the first time point

® One participant was unable to attend T3 due to illness, however remained in the study at T4.
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became the baseline value for spindle variables and working memory scores, while the
second time point was used as baseline for the letter sets and number series tasks. Analyses
therefore excluded the respective baseline time points, as all values equalled zero. Participant
ID was specified as a random effect in all models. Dependent variables were cognitive scores
from the operation span task, matrix reasoning, letter sets task and number series task (all as
change from baseline). Covariates included slow and fast spindle characteristics of density,
duration, amplitude and frequency (all as change from baseline). LMMs for the operation
span task and matrix reasoning task had fully saturated models (all main and interaction
effects) for time. Further significant main and interaction effects were investigated using
pairwise post-hoc analyses with least significant differences (LSD). The letter sets and
number series tasks were given twice during the study (T2 and T3), meaning that there was
only one time point for ‘change from baseline’, and therefore those LMMs only included the
main effect of change in each spindle characteristic, and did not include time as a factor.
Puberty was not included as a covariate, as there was not a significant relationship between
changes in spindle activity and puberty scores over time, as evidenced in a previous paper
(Chapter 6).
Results

Associations between sleep spindles and cognitive performance

Correlation coefficients for associations between all spindle and cognitive variables at
each of the four time points are presented in Table 7.1. None of the associations between
spindle and cognitive variables reached significance after the Bonferroni correction for
multiple comparisons (p < .002). Furthermore, very few associations (n = 10 of 96 total
associations) reached a moderate effect size (r > 0.30, Cohen, 1988), and these did not reveal

a consistent pattern.
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Table 7.1. Correlation coefficients (p values) for sleep spindle and cognitive performance

variables at each time point.

Correlation coefficient r (p)
Tin=20 T2n=20 T3n=19 T4n=12

Operation Span Task (working memory)

Slow density 0.07 (.78) 0.33(.16) -0.18 (.46)  0.64 (.03)
Slow duration 0.30 (.19) -0.07 (.78) -0.07 (.79) -0.12 (.72)
Slow amplitude -0.24 (.32) -0.13 (.59) 0.10 (.69) 0.09 (.79)
Slow frequency -0.19 (.42) 0.18 (.45) 0.05 (.85) 0.34 (.28)
Fast density -0.21 (.38) -0.42 (.07) 0.03(.89) -0.16 (.63)
Fast duration -0.16 (.50) -0.20 (.41) 0.10 (.70)  -0.53(.08)
Fast amplitude 0.05 (.84) -0.08 (.75) -0.02 (.95) 0.09 (.79)
Fast frequency -0.27 (.25) 0.10 (.67) -0.17 (.49) 0.34 (.28)

Matrix Reasoning (fluid 1Q)

Slow density 0.22 (.36) <0.01(>.99) -0.13(.59) 0.29(.36)
Slow duration 0.03 (.92) 0.25 (.30) -0.02 (.92)  -0.18(.58)
Slow amplitude -0.03 (.91) -0.15 (.52) 0.04 (.87) 0.30(.35)
Slow frequency 0.19 (.43) 0.13 (.60) 0.03 (.90) 0.34 (.28)
Fast density -0.29 (.22) 0.09 (.70) -0.27 (.26)  -0.21 (.51)
Fast duration 0.05 (.84) 0.15 (.52) -0.44 (.06)  -0.15(.63)
Fast amplitude 0.16 (.50) -0.10 (.68) 0.09 (.73) 0.24 (.46)
Fast frequency 0.13 (.59) -0.21 (.37) 0.11 (.65) 0.10 (.75)

Letter Sets Task (fluid 1Q)

Slow density - -0.06 (.79) 0.15 (.54) -
Slow duration - 0.28 (.24) 0.08 (.75) -
Slow amplitude - <0.01 (>.99) 0.04 (.86) -
Slow frequency - 0.46 (.04) 0.18 (.45) -
Fast density - 0.12 (.62) -0.05 (.85) -
Fast duration - 0.13 (.59) -0.28 (.25) -
Fast amplitude - 0.15 (.54) 0.08 (.73) -
Fast frequency - 0.22 (.36) 0.22 (.38) -

Number Series Task (fluid 1Q)

Slow density - -0.04 (.86) 0.03 (.92) -
Slow duration - -0.18 (.45) 0.07 (.77) -
Slow amplitude - 0.11 (.64) 0.09 (.73) -
Slow frequency - 0.23 (.32) 0.21 (.38) -
Fast density - 0.17 (.47) 0.04 (.87) -
Fast duration - 0.07 (.78) -0.04 (.89) -
Fast amplitude - 0.02 (.94) <0.01 (>.99) -
Fast frequency - 0.10 (.68) 0.15 (.54) -

Note. Letter Sets and Number Series tasks were only given at T2 and T3. Effect sizes are considered
small at r = 0.1, medium at 0.3 and large at 0.5 and above (Cohen, 1988). Correlations of a medium
effect or higher are bolded. Significance is corrected to p < .002, as per the Bonferroni correction.
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Changes in sleep spindles and cognitive performance over time

Working memory

Working memory performance improved significantly over time, F(3,49) = 4.63, p
=.006, where performance improved slightly from T1 to T2, was stable between T2 and T3
and showed a large improvement at T4. LMM analyses revealed that changes in both slow
and fast spindle frequency were associated with changes in working memory performance.
There was a two-way interaction between change in slow frequency and time on working
memory performance, where the relationship between change in slow frequency and change
in working memory varied over time, F(2,31) = 5.61, p = .008, however none of the static
associations in change scores at each time point were significant (T2: r =0.26, p=.27; T3: r
=-0.37,p=.12; T4: r = 0.26, p = .42). There was a main effect of change in fast spindles on
change in working memory performance, F(1,45) = 4.27, p = .045, indicating an overall
association between change scores, however the correlation was not significant (r =-0.12, p =

.31). No other spindle variables were related to working memory change over time.

Fluid Intelligence

Fluid intelligence remained relatively stable over time, with a small but significant
improvement for the number series task, F(1,19) = 4.97, p = .04, and no significant change
seen for the letter sets task, F(1,19) = 0.29, p = 0.60, or the matrix reasoning task, F(3,50) =
1.43, p = .25. For matrix reasoning, there was a significant two-way interaction between
change in slow spindle density and time, F(2,32) = 3.53, p = .04, where improved
performance on the matrix reasoning task was not related to changes in slow density at either
T2 (r=0.05,p=.84)or T4 (r =0.10, p = .76), however was strongly related to lower slow
spindle density at T3 (r = -0.55, p =.02). Changes in letter sets and number series

performance were not related to changes to any spindle characteristics over time.
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Discussion

The present study revealed that, for the most part, sleep spindles were not
significantly associated with cognitive performance during emerging adolescence using the
current sample, nor did this relationship develop over time. In regard to the static associations
between spindles and cognition at each time point, there was a remarkable lack of
consistency in size and direction of effect for all of the correlations. Although there was an
indication that changes in both slow and fast spindle frequency might be related to changes in
cognitive performance over time, once the associations between change scores were
examined, these too did not show a clear pattern. Increases in fast spindle frequency may
have been related to less changes in working memory performance, possibly indicating that
adolescents who had more of an increase in fast spindle frequency did not show as much
working memory improvement, however the static association from the mixed model was a
small and non-significant effect (r = -0.12, p =.31). The pattern of change for the
associations between slow spindle frequency and working memory was yet more confusing,
with the direction of effect changing at each time point. Similarly, fluid intelligence
improvements (matrix reasoning task) were significantly related to decreases in slow spindle
density at only the third time point (T3), but not at T2 or T4. Overall, the associations do not
seem conceptually logical or meaningful.

There are two factors that might explain the present findings. Firstly, the complex
brain reorganisation that is occurring in early adolescence (Feinberg & Campbell, 2010;
2013), as well as the development of complex cognitive skills (Casey et al., 2005, Luna et al.,
2010; Wright et al., 2008) might create instability in the possible associations between
spindles and cognition in this young adolescent cohort. White and grey matter changes have
been linked with cognitive performance (Draganski et al., 2004; Jung & Haier, 2007; Gur et

al., 1999), and at the beginning of adolescence, there is first an increase of synaptogenesis
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(i.e. increased grey matter) in the prefrontal cortex followed by more dramatic synaptic
pruning by the end of adolescence (i.e. decreased grey matter) (Blakemore & Choudhury,
2006; Gogtay et al., 2004). The adolescent brain therefore sees an increase - and then
decrease - in neural substrates of learning within a relatively short space of time. This may
help to explain why there were dramatic changes in the direction of effect in associations
between spindles and cognition in the present study. This study might then be evidence of
instability for associations between spindles and some cognitive tasks in young adolescents,
while these associations are stronger in childhood (Chatburn et al., 2013; Gruber et al., 2013;
Kurdziel et al., 2013) and in older adolescence (Bodizs et al., 2014; Lustenberger et al.,
2012). If this were the case, one interesting direction for future research would be to extend
longitudinal investigations from late childhood into later adolescence or even early
adulthood, to investigate changes in the spindle and cognition relationship over a longer time-
frame.

The second possibility is that, in spite of many studies attesting to the fact that
spindles are an index of cognitive performance in many samples (see meta-analyses in
Reynolds et al., 2018 (Chapter 2) and Ujma, 2018), this relationship may not be as
consistent across cognitive performance measures as previously thought. Further from this,
there may be too many complexities in the associations between neural substrates and
observable cognition to make firm conclusions with the tools we have available, particularly
in the case of the sleep spindle. In this case, it may be time to return focus to more in-depth
EEG studies to improve understanding of these links in the brain. Recent attention has been
given to the synchrony of sleep spindles with other sleep rhythms (Luthi, 2014), with the
coupling of spindles to slow waves and hippocampcal sharp-wave ripples another proposed
indicator of learning (Molle et al., 2009; 2011). When a spindle aligns with the up-state of a

slow oscillation, this often aligns with the induction of a hippocampal sharp-wave, and this
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co-occurrence appears to create an environment in which memory is consolidated (McDevitt
et al., 2017). Correlations between cognitive performance and spindles in this circumstance
appear to be more consistent than with spindles occurring out-of-phase with the slow wave
up-state (McDevitt et al., 2017). Associations between spindles and cognition have also been
found when spindles are experimentally manipulated. For example, in adults, zolpidem has
been shown to increase spindle density and subsequently improve memory consolidation over
and above other sleep factors (Mednick et al., 2013), while a selective norepinephrine
reuptake inhibitor has been shown to improve motor memory via enhanced spindle density
(Rasch et al., 2009). Non-pharmaceutical interventions, such as closed-loop stimulation
(delivering acoustic tones during oscillatory activity), have also resulted in increased spindle
density and this is associated with better memory retention (Ngo et al., 2013). A similar
technique in a child sample (Astill et al., 2014), was not able to influence spindle
characteristics, however (Astill et al., 2014), indicating there is more research needed to
investigate appropriate experimental manipulations of spindles in paediatric cohorts. These
experimental technigques nonetheless aim to overcome the pitfalls of working with static
correlation methods and, notwithstanding ethical and practical considerations, may point
toward future methods to better understand the spindle and cognition relationship across the
adolescent period.

The present study was ambitious in its longitudinal laboratory-controlled study of a
paediatric cohort and was one of the first investigations of the associations between specific
sleep spindle characteristics and cognitive performance within-subjects over time. As with
many laboratory-based sleep EEG studies, it is difficult to achieve a large sample size,
however the present study (n = 20) is comparable to, if not an improvement on, other child
and adolescent studies comparing cognition to spindles and sigma power (e.g. Doucette et al.,

2015: n = 10; Geiger et al., 2011: n = 14; Tarokh & Carskadon, 2010: n = 14). Nonetheless,
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an increased sample would provide more confirmation and clarity to the findings, and
replication would be necessary. The present study’s methods could be improved by collecting
two nights of sleep EEG on a weekend, rather than one night. Unfortunately, this was not
possible in the present study, which was part of a larger investigation using the second night
for a separate research question. It is also worth noting that the final 8 participants’ data were
not yet collected for T4 at the time of writing the present chapter, and if included, this may
have changed the findings. On inspection of individuals’ mean spindle values, those final 8
participants had consistently lower spindle amplitudes over T1-T3 than the 12 subjects that
had complete data at T4, which adds emphasis to the need for a larger sample to control for
such individual differences. There is increasing importance placed on collaboration between
sleep research teams to combine findings to more reliably evaluate the true associations
between spindles and cognition with larger sample sizes (Ujma, 2018). Lastly, investigations
using several spindle characteristics (e.g. density, duration, amplitude and frequency in the
present study) run the risk of multiple comparisons, and future studies could benefit from a
more focused investigation of one or two characteristics. Spindle frequency appears to be the
first characteristic to show developmental changes in adolescence (Chapter 6) and may be a
candidate for exclusive focus in future investigations.

Conclusion

In the present early adolescent sample, slow and fast sleep spindle characteristics of
density, duration, amplitude and frequency did not show clear relationships with working
memory or fluid intelligence. Changes in these variables over time were also not
meaningfully associated. The absence of clear associations may be related to the instability of
brain networks due to the reorganisation of white and grey matter during early adolescence.
Future studies would benefit from longer-term investigations across early and later
adolescence to confirm the nature of this relationship during this complex developmental

period.
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Chapter 8.

General Discussion
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Summary of findings

The present thesis set out to investigate the relationship between sleep spindles and
cognition in an adolescent population, and to establish whether this relationship changes
during experimental sleep restriction and over a longitudinal time period. In Chapter 1, a
broad overview of adolescents and their sleeping patterns was provided, and the key player of
this thesis, the sleep spindle, was introduced. It was firstly established that sleep is an
important aspect of adolescents’ lives, not just because of the extreme changes in sleep and
brain development in this period, but because of the impact that sleep may have on their
functioning and wellbeing alongside the academic pressure of their secondary schooling. It
was proposed that the sleep spindle may be a mechanism through which we can improve our
understanding of the links between sleep and cognitive performance. In Chapter 2, emphasis
was placed on the emerging popularity of correlating sleep spindle activity with cognitive
performance, with meta-analytic results indicating that adolescents exhibit strong positive
correlations between spindles and cognitive domains of fluid 1Q (r = 0.44), working memory
and executive functioning (r = 0.40), and speed and accuracy (r = 0.33), while full 1Q was not
significantly related to spindles (r = -0.05). This meta-analytic review informed the
expectations of the subsequent chapters looking at spindles and cognition, with mid-
adolescents in Chapter 5 and young adolescents in Chapter 7. The review also left two main
questions unanswered: 1. What happens to the relationship between spindles and cognition
when adolescents are sleep restricted? and 2. How does this relationship develop over time?
In other words, the present thesis examined both the state (sleep restriction) and trait
(development) aspects of the relationship between spindles and cognition in adolescents.

In order to establish the impact of sleep restriction on sleep spindles and cognition in
adolescents, it was first necessary to establish the night-to-night stability of adolescent sleep

spindles (Chapter 3) and secondly, to establish what happens to sleep spindles alone during
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sleep restriction (Chapter 4). For 15-17-year-old adolescents - and likely for extensions
beyond this age group - a single night of sleep monitoring was deemed adequate for reliable
measurements of slow spindle amplitude and fast spindle density, duration and amplitude.
Slow spindle density required four consecutive nights, however, while slow spindle duration
required two. For all fast spindle characteristics and slow spindle amplitude, then, any change
in spindle activity during sleep restriction could be deemed due to the restriction itself, rather
than to instability in the spindle characteristic. Indeed, Chapter 4 established that severe
sleep restriction (5hrs of time in bed) led to significant increases in fast spindle duration and
decreases in fast spindle amplitude. The functional significance of these alterations to spindle
characteristics was examined in Chapter 5. Although the change in spindle activity was not
related to changes in cognitive performance across multiple days of sleep restriction, there
was an indication that adolescents who had longer fast spindle duration at baseline were
protected from the effects of sleep restriction on sustained attention for both the severe (5hr)
and moderate (7.5hr) sleep restriction conditions. Our initial expectations of a static
relationship between spindles and cognition at baseline, however, were not supported. There
was a small indication that slow spindle amplitude might be related to fluid intelligence
improvements, however the lack of consistent patterns in spindle-cognition associations
indicated that the expected relationship may not be that strong in this age group.

The second major study of the thesis focused on the longitudinal development of
sleep spindles (Chapter 6) and their relationship with cognitive performance (Chapter 7) in
emerging adolescents. The overall impression from both longitudinal chapters was that sleep
spindle characteristics, and their relationship with cognition, do not change considerably in
early adolescence. In an 18-month period starting at age 10yrs, fast spindle frequency showed
a consistent, significant increase, in line with expectations and frequency values from other

studies (Jenni & Carskadon, 2004; Kurth et al., 2010; Shinomiya, 1999; Tarokh &
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Carskadon, 2010). Slow spindle frequency followed a similar, yet non-significant, trajectory,
however other spindle characteristics (density, duration and amplitude) did not show any
clear changes at this time. Concurrently, the static and developmental associations between
spindles and cognition in this age group were considerably murky. At this early period of
adolescence, however, there are significant changes to brain makeup (Casey et al., 2005;
Feinberg & Campbell, 2010) that might be creating instability in the proposed relationship.
The overall findings from both sleep restriction and longitudinal studies nonetheless call into
question the strength of the relationship between spindles and cognition in adolescence.
Contribution of thesis findings to what we know

The investigation of sleep spindles has been on the rise in the last 20 years, with many
researchers investigating the spindle itself, in terms of its neurological makeup and origin (De
Gennaro & Ferrara, 2003; Luthi, 2014), and others investigating its relationship to not only
cognition (for reviews and meta-analyses see Feinberg & Campbell, 2010; Reynolds et al.,
2018 (Chapter 2); Ujma, 2018), but a myriad of other functions, including sensory gating
and sleep-maintenance (Dang Vu et al., 2010; Schabus et al., 2012), synaptic plasticity
(Luthi, 2014; Urakami et al., 2012), sleep misperception (Normand et al., 2016) and, when
abnormal, are associated with neurological disease, particularly schizophrenia (Ferrarelli et
al., 2010; Kuula et al., 2018; Merikanto et al., 2018). The discrete period of adolescence,
however, has been relatively neglected in the spindle literature, with only 14 studies
identified at the beginning of this thesis (Chapter 2) that directly investigated the
associations between adolescents’ spindles and cognition (12 studies qualified for inclusion
in the meta-analysis). To this end, the present thesis aimed to add to this knowledge base by
providing firstly a meta-analysis of the available studies on adolescent spindles and
cognition, and secondly to use strong research designs (i.e., laboratory experimental

manipulation, longitudinal investigations) to investigate specific spindle characteristics and
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their functional significance for adolescents. The following sections will focus on specific
areas where the thesis findings have added to our knowledge of sleep spindles during

adolescence.

Developmental aspects of sleep spindles

The present thesis was able to add valuable information to the field for the
developmental trajectory of sleep spindles in adolescence. Previous cross-sectional studies
have established that spindle characteristics alter across the lifespan, with duration and
amplitude showing an overall decrease, while frequency shows a consistent increase (Jenni &
Carskadon, 2004; Kurth et al., 2010; Nader & Smith, 2015; Martin et al., 2013; Nicolas et al.,
2001; Shinomiya et al., 1999). Studies examining the development of spindle density show
discrepant findings (Bodizs et al., 2014; Nader & Smith, 2015), possibly due to an increase in
spindle density during adolescence followed by decrease in early adulthood (Purcell et al.,
2017). Considering adolescents experience a multitude of brain network reorganisation
(Blakemore & Choudhury, 2006; Casey et al., 2005; Feinberg & Campbell, 2010), it is of
high interest to investigate these changes on sleep EEG, particularly for the sleep spindle, as
it is proposed to relate to cognition (Fogel & Smith, 2011). At the time of completing this
thesis, only three studies had investigated longitudinal changes to spindle activity in
adolescence, the first two of which focused on sigma power (Campbell & Feinberg, 2016;
Tarokh & Carskadon, 2010), which is not able to decipher true spindle characteristics from
other EEG activity (Tarokh & Carskadon, 2010). The third was published only recently
(Hahn et al., 2018), and focused on specific spindle characteristics of density and frequency.
In their study, Hahn and colleagues measured adolescents’ spindles and overnight memory
consolidation in two 4-day sleep studies, spaced 7 years apart (baseline mean age = 9.44 +
0.79 yrs (range 8-11 yrs), follow up = 15.97 £ 0.87 yrs (range 14-18). Over this time,

adolescents experienced an increase in fast spindle density from baseline to the 7-year follow

154



up, and this developmental increase was associated with better memory consolidation at the
follow up. They also found an overall increase in frequency, consistent with our findings in
Chapter 6. Their study investigated a longer time-base, with measurements spaced 7 years
apart, while our study measured adolescents’ spindles and cognition at 6-month intervals over
an 18-month period to capture detailed changes that might occur. The findings from Chapter
6 therefore add valuable information about longitudinal changes in specific spindle
characteristics across concise measurement points in the early adolescent period, and
furthermore include duration and amplitude measurements. As illustrated in Chapter 6, the
mean fast spindle frequency values at each time point of the study matched the increasing
trajectory laid out by other cross-sectional studies. This confirms that spindle frequency is
increasing with age, and furthermore provides evidence from a controlled laboratory setting
that frequency increases within-subjects.

Spindles as a protective function of sleep

Another interesting addition to the literature from the present study is the indication
that spindles may be protective of sustained attention losses during sleep restriction (Chapter
5). Specifically, adolescents with longer spindles experienced less of an increase in PVT
lapses over consecutive days of sleep restriction compared to adolescents with shorter
spindles. In past studies, sleep spindles have been shown to protect sleep maintenance. For
example, Dang Vu and colleagues (2010) tested the alerting effects of small tones played
during sleep, and found subjects were more likely to stay asleep if they were producing a
spindle than if they were not. This has been evidenced in earlier studies (Ehrhart et al., 1981;
Naitoh et al., 1982, Steriade, 1991), and in more recent acoustic perturbation studies (Dang
Vu et al., 2011; Schabus et al., 2012). Furthermore, higher spindle density may be protective
of stress-related sleep disturbances in young people (Dang Vu et al., 2015). These findings

and those in Chapter 5 align with the hypothesis that spindles hold a sensory-gating
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mechanism to maintain sleep in order to optimise cognitive faculties (Parrino & Vaudano,
2018). Notably, a more recent study found that spindles were affected by traffic noise during
sleep in young and older adults, but did not appear to protect sleep maintenance (Rudzik et
al., 2018), indicating there are limits to this hypothesis. Further to this, another recent study
found a person’s sleep may be protected by spindles when they are faced with familiar
stimuli (e.g., the sound of a familiar voice), while less familiar stimuli (e.g., the sound of an
unfamiliar voice) are more likely to elicit a cortical response regardless of the presence of a
spindle (Blume et al., 2018). The ‘sleep-protective’ function of spindles may therefore be
moderated by the salience of external stimuli during sleep. Further research is warranted to
better understand this phenomenon and replication with a larger sample is necessary to
confirm the effects for adolescents in Chapter 5. Nonetheless, the notion that the protective
sleep-maintenance role of spindles may occur in adolescents adds importance to improving
their sleep quality to enhance the opportunity for optimal spindle production, and potentially
better cognitive and emotional functioning (Dang Vu et al., 2015).

Reliability of spindle measurements in young samples

The present thesis also adds helpful guidance to the measurement of sleep spindles in
future adolescent research. In Chapter 3, the reliability of spindle measurements was
established, with a single night of sleep monitoring sufficient for reliable estimations of slow
spindle amplitude and fast spindle density, duration and amplitude, and 2 and 4 nights needed
for measurements of slow duration and density, respectively. This informs future studies on
how many consecutive nights of sleep monitoring they would need to establish adequate
reliability of their chosen spindle characteristics, which can only strengthen confidence in
their findings. Furthermore, this investigation added to the knowledge base that spindles are
consistent within individuals (De Gennaro et al., 2005; Finelli et al., 2001), yet divergent

between individuals (Bodizs et al., 2009; Werth et al., 2007). Although slow spindle density
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and duration were retained in Chapter 4 due to reviewer preference in the resulting
publication (Reynolds et al., 2018), the lack of reliability for these characteristics was
nonetheless emphasised in the discussion of Chapter 4. These characteristics were, however,
removed from analysis in Chapter 5 comparing spindles to cognition during sleep restriction
to focus analyses on only those characteristics likely to be reliable. Finally, all spindle
characteristics were retained for the young adolescent sample in Chapters 6 and 7 due to the
potential inability of findings to translate from mid-adolescence to early-adolescence (due to
the above-described significant changes in spindle makeup between childhood and
adolescence). The reliability of spindle characteristics in early-adolescence, however,
warrants confirmation in multi-night studies.

Spindle frequencies of young samples

A further developmental addition from the present thesis’ findings is the frequency
values of both slow and fast spindles for young- and mid-adolescents. In Chapter 6 the
average frequency of young adolescents’ slow and fast spindles was 10.76Hz and 12.33Hz at
T1 (mean age = 10.3yrs), respectively, which increased to 10.86Hz and 12.44Hz at T4 (mean
age = 11.9 yrs). In Chapter 5.B, the slow and fast spindle frequencies for mid-adolescents
(mean age = 15.9yrs) were 10.99Hz and 12.99Hz. The mean values from both of these
studies fell short of the typical adult spindle frequencies of ~12Hz for slow and ~14Hz for
fast (Luthi, 2014), and were in the lower margins for more liberal classifications (slow: 9-
12Hz and fast: 12-15Hz; Molle et al., 2011). Furthermore, as noted in Chapters 3 and 4, not
all adolescents had a clearly distinct slow spindle peak on the spectral profile, which has also
been observed in adult samples (De Gennaro et al., 2005; Warby et al., 2014, Werth et al.,
1997). In fact, some researchers speculate that slow spindles may have a different intra-
cortical origin to fast spindles (Timofeev & Chauvette, 2013). Nonetheless, the slower overall

spindle frequencies in young samples bears strong methodological considerations for future
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studies, especially for those dividing spindles into the respective slow and fast frequencies for
subsequent analyses, or for those using set frequency criteria in automatic algorithm methods
for spindle detection. As discussed in Chapter 6, these set criteria may have impaired past
studies’ detection of slow and fast spindles in child samples, so that some fast spindles were
mis-represented as slow spindles by a lower frequency limit that was set too high (e.g.,
Chatburn et al., 2013; Hahn et al., 2018; Nader & Smith, 2015). To illustrate, Figure 8.1
compares spindle density values between past studies and the values in the present thesis,
similar to Figure 6.3 for frequency values in Chapter 6. Of note, frequency limits in the
spindle detection process were remarkably different across studies, leading to a diverse array
of density values. While Hahn and colleagues’ (2018) frequency measures across their
longitudinal study line up beautifully with those in the present thesis (see Figure 6.3 in
Chapter 6), spindle density values are not comparable to those in Chapter 6, as they used set
frequency criteria (slow: 11-13Hz, fast: 13-15Hz), in contrast to our adjustment for individual
frequencies. This likely explains the discrepancy in the number of spindles detected by each
method (e.g. our fast density at a mean age of 10.3yrs was 7.15 spindles per minute,
compared to Hahn and colleagues’ fast density of approximately 1.5 at 9.4yrs). Future studies
that use similar methodologies could compare similar trajectories as in Chapter 6 for specific
spindle characteristics of density, duration and amplitude to consolidate findings across this

age group.
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Figure 8.1. The trajectory of changes in spindle densities from the present thesis and other
values in the literature (separated for slow and fast where available and presented as ‘overall’
when a single frequency measure was provided), from middle childhood to late adolescence.
The findings from the present thesis’ longitudinal study (Chapter 6) are joined, while other
cross-sectional study’s findings, including those from Chapter 4, are single symbols. Gaps
are left for ages where density estimates are not included. Note mean density values from

other studies were estimated when a figure or range was provided rather than specific values.

The present thesis strengthens the knowledge base that slower overall frequencies are
present in children and adolescents, as evidenced in previous research (Chatburn et al., 2013;
Gruber et al., 2013; Hahn et al., 2018; Hoedlmoser et al., 2014; Jenni & Carskadon, 2004;

Kurth et al., 2010; Nicolas et al., 2001; Tarokh & Carskadon, 2010), and justifies the need to
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consider individual frequencies when performing spindle detection (Bodizs et al., 2009). The
Individual Adjustment Method (Bodizs et al., 2009) used in the present study is not the only
automatic spindle detection method that takes individual frequencies into account. A recently
released open-access spindle detection program, SpiSOP (used in Klinzing et al., 2016;
Rudzik et al., 2018 and others), takes individuals’ central frequencies on a spectral profile
into account in the spindle detection process. Such methods add improvement to the field of
literature on spindle detection considering the widely acknowledged individual differences in
these waveforms (Bodizs et al., 2009; Buckelmuller et al., 2006; Reynolds et al., 2018
(Chapter 3); Werth et al., 2007). The evidence provided in this thesis supports these methods

heading into future research on child and adolescent samples.

What do we now know about spindles and cognition?

The final main addition to the current field of literature is the absence of strong
relationships between sleep spindles and cognition in Chapters 5 and 7. Considering the
strong expectations based on the meta-analytic review (Chapter 2), this finding was
surprising, and bears considerable theoretical deliberation. The absence of a consistent
spindle-cognition relationship in this thesis might point to a new way of thinking about
correlational analyses between complex neural substrates and observable cognition. The
theoretical considerations of the nature of the relationship between spindles and cognition are
discussed in the following sections.

Theoretical implications for the spindles-cognition relationship

The influence of type of task

One of the main take-home messages from the present thesis is that sleep spindle
characteristics did not show significant, static associations with higher-order cognitive
functions, specifically fluid intelligence and working memory performance. Perhaps spindles

do not show consistent relationships with higher-order cognitive performance, contrary to the
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results of the meta-analysis in Chapter 2. In theory, more mature adolescents would be
expected to have higher white matter connectivity (Schmithorst et al., 2005), which is not
only related to spindle makeup (Bodizs et al., 2014; Piantoni et al., 2013) but to better
performance in the three main cognitive domains in the present thesis: fluid intelligence,
working memory and sustained attention (Klarborg et al., 2013; Privado et al., 2014).
Sustained attention did in fact show a relationship with spindle duration in Chapter 5, where
those with fast spindles of longer durations at baseline were protected from sustained
attention losses during sleep restriction. Those adolescents were proposed to be less mature
neurologically, however, as spindle duration decreases with development (Martin et al., 2013;
Nader & Smith, 2015; Nicolas et al., 2001). The presence of a protective function for less
mature adolescents was based on a previous theory that the networks that are important for
sustained attention in adults are not completely developed in children, and therefore children
escape the vulnerability of that particular network to sleep loss (Astill et al, 2012). These
theories are conflicting, however, as those with more mature networks (i.e., shorter spindle
durations) should have had superior sustained attention performance, but this did not occur.
Fluid intelligence improvements were also implicated in increases of slow spindle amplitude
in Chapter 5, however this was a dynamic, rather than a static association, where changes in
fluid intelligence scores were positively correlated with changes in slow spindle amplitude.
Furthermore, fluid intelligence did not appear related to maturation in the longitudinal study
in Chapters 6 and 7, contrary to expectations and the theory that better performance is
related to brain maturation, as indexed by changes in spindles. One explanation put forth in
Chapter 7, but which also applies to Chapter 5, is that the concurrent complex brain
reorganisation (Feinberg & Campbell, 2010; 2013) and development of higher-order
cognitive functions during adolescence (Casey et al., 2005, Luna et al., 2010; Wright et al.,

2008) creates instability in possible associations between spindles and cognition in this age
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group - masking the true nature of the phenomenon. Sustained attention was initially
measured in the longitudinal study, however due to issues with PVT device reliability, it was
not able to be included in the analyses. It would be an interesting avenue for future research
to investigate the relationship between spindles and sustained attention across development
when brain restructuring is starting to occur, and to determine if the protective function of
spindle duration occurs in the younger age group as well.

Considering higher-order cognitive functions did not show consistent relationships in
the present thesis, there may be other cognitive areas that are more reliably related to
spindles. Overnight memory consolidation, for example, might be a domain that shows more
consistent findings (Clemens et al. 2005; Hahn et al., 2018; Hoedlmoser et al., 2014;
Lustenberger et al., 2012; Schabus et al. 2004). In general, subjects are provided with a
learning task (e.g., word pairs; Hoedlmoser et al., 2014), their sleep that night is measured,
and their recall performance is tested the next day. This method solves the problem discussed
in Chapter 2 of equating studies that vary considerably in the time between sleep recording
and cognitive performance measurement. As a reminder, of the 12 included studies in the
meta-analysis, only 9 specified when spindles and cognition were measured. Of these 9
studies, 3 analysed spindles immediately after the test, 1 analysed spindles immediately
before the test, 1 analysed spindles both before and after the test, 2 analysed spindles in the
sleep period between learning and recall, and 2 analysed spindles a week or two after testing.
If learning creates new connections in the brain, and this is consolidated during sleep and
reflected in spindle activity (Diekelmann & Born, 2010) then the optimal environment in
which to test the effect of learning on the brain is when learning occurs immediately before
sleep, with the test for improvement immediately after sleep. Accordingly, in tests of
overnight learning, the measurement of spindles is placed specifically in the sleep period

between learning and recall (Clemens et al. 2005; Hahn et al., 2018; HoedImoser et al., 2014;
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Lustenberger et al., 2012; Schabus et al. 2004), thereby creating a more reliable time-base to
relate spindles to cognition. This methodological consideration warrants focus moving
forward, where studies should apply similar durations of time between sleep recording and
cognitive tests. Furthermore, if overnight learning is more easily associated with spindles due
to the closer proximity in time of measurements, then associations between spindles and
higher-order functions would be harder to detect, given these abilities develop over several
years during adolescence and into young adulthood (Casey et al., 2005; Hartshorne &
Germine, 2015; Luna et al., 2010). This may help to explain the lack of relationships seen
between spindles and higher-order cognitive functions (fluid 1Q and working memory) in the
present thesis. It should be noted, however, that studies of associations between spindles and
memory consolidation also show discrepancies (McDevitt et al., 2017). For example, some
report slow spindles are more often related to memory consolidation than fast spindles (Holz
et al., 2012), while others report the opposite (Hahn et al., 2018; Saletin et al. 2011; van der
Helm et al. 2011) or find no relationship (Ackermann et al. 2015). Most likely, there will
always be debate and conflicting findings when attempting to determine neural correlates of
cognition through brain activity during sleep considering the complex underpinnings of this
relationship. However, having a methodological focus for when to measure spindles and
cognition, and a suggestion that memory consolidation might be a better cognitive domain of
focus, will help consolidate findings within the field.

Other EEG patterns that might be related to cognition

Despite doubts about how strongly spindles are related to cognition, there are clearly
elements of sleep that are important for cognitive performance, and indeed, this forms the
theoretical justification of the investigations between spindles and cognition (Diekelmann &
Born, 2010). However, if spindles are not a strong contender, or at least only a part of the

puzzle, what other factors are important? We can return to two main hypotheses of
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information consolidation during sleep to determine what else might be involved. The first is
the synaptic homeostasis hypothesis of sleep (Diekelmann & Born, 2010; Tononi & Cirelli,
2006). In this model, information that is processed during wakefulness results in a net
increase of synapses in the brain. Overnight, these new synapses are integrated into the
existing network, and synapses which are no longer important are removed, known as
‘synaptic downscaling’ (Diekelmann & Born, 2010). Slow wave sleep is believed to relate to
synaptic downscaling, whereby slow waves reach maximal amplitude at the start of the night,
coinciding with higher synaptic density, and show a subsequent decrease in amplitude later in
the night, coinciding with lower synaptic density (Tononi & Cirelli, 2006). For this reason,
slow oscillations have been a popular EEG candidate for reflecting consolidation during sleep
(Stickgold et al., 2007), and experimental manipulation of slow waves has been shown to
improve memory (Marshall et al., 2006), similar to experimental manipulation of spindles
(Mednick et al., 2013; Ngo et al., 2013; Rasch et al., 2009) as described in Chapter 7. The
exact role of the slow oscillation in synaptic downscaling is not well-evidenced, however
(Diekelmann & Born, 2010), and correlation analyses will likely experience similar
shortcomings as per the spindle research. Nonetheless, this hypothesis is another justification
of why overnight memory consolidation may be more reliably associated with sleep EEG
than higher-order cognitive functions which likely consist of longer-term synaptic
reorganisation compared to a single night for simpler declarative memory tasks.

The second hypothesis of sleep-related memory consolidation is the system
consolidation hypothesis of sleep (Diekelmann & Born, 2010). In this hypothesis, several
correlates of brain activity are involved: slow waves, spindles and hippocampal sharp-wave
ripples. The synchrony of spindles and hippocampal ripples, coupled with the up-state of a
slow wave, are proposed to drive the consolidation of information into the cortex

(Diekelmann & Born, 2010). As put forth in Chapter 7, the coupling of spindles to slow
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waves is one area that seems to hold promise for showing associations with cognition
(Helfrich et al 2018; Luthi, 2014; McDevitt et al., 2017; Molle et al., 2009; 2011).
Furthermore, the uncoupling of spindles and slow waves in older adults has been linked to
forgetting and degeneration in the frontal cortex (Helfrich et al., 2018). Again, memory
consolidation appears to be a more consistent cognitive performance domain than higher-
order cognitive functions. However, the coupling of spindles to slow waves is not always
linked to memory (Klinzing et al., 2016), and once again more research is needed to discover
more about this phenomenon and in what scenarios it is most likely to be observed. The
importance of considering all effects, especially those that disconfirm the hypothesised
relationships between spindles and cognition, is another strong future recommendation from
the present thesis. Nonetheless, there are clearly areas of interest in sleep EEG and cognition
research that go beyond a basic spindle-cognition correlation and may add a deeper
understanding of the memory-consolidation function of sleep.

The presence (and absence) of spindle-cognition relationships in the literature

An important acknowledgement in light of the lack of clear associations between
spindles and cognition in the present thesis is the fact that these are not the first investigations
to fail to replicate this phenomenon. This echoes past scepticism of replication within the
psychological and biomedical research fields (Ferguson & Heene, 2012; loannidis, 2005).
Considering several studies included in the meta-analysis in Chapter 2 used a
neurobehavioural battery or multi-domain intelligence test (Chatburn et al., 2013; Geiger et
al., 2011; HoedImoser et al., 2014; Nader & Smith, 2015; Piosczyk et al., 2013; Tessier et al.,
2015), yet reported only a few, mostly significant, correlations, there is likely an element of
publication bias influencing the research field. Due to the addition of unpublished effect sizes
from personal correspondence with authors of several included studies, it was not plausible to

perform analyses of publication bias in Chapter 2, however a recent meta-analysis with a
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broader age range (Ujma, 2018) found an indication of publication bias for studies reporting
significant associations between general cognitive ability and fast spindle density and
amplitude. The tone of this thesis began with a strong expectation for replicating the
relationships seen between spindles and cognition in many years of research in the field.
Unfortunately, this relationship proved to be more elusive than initially anticipated and
requires a reconsideration of the observability of this relationship. Considering the disconnect
between strong initial expectations and null findings in the present thesis, a future suggestion
is for researchers to report all effects, regardless of significance, and for transparency include
an accessible dataset with their publication, so that future meta-analyses will provide a fully
comprehensive overview of this relationship. Additionally, a more efficient solution would be
to focus future studies on the spindle characteristics and cognitive variables that are more
theoretically plausible and thus more likely to show associations. As discussed earlier, one
candidate for a cognitive domain focus is overnight memory consolidation. The optimal
spindle characteristic, however, is at present unknown, and until more is understood about the
functional differentiation between spindle density, duration, amplitude and frequency, all
characteristics warrant equal attention.
Clinical implications

Spindles in the face of sleep restriction

The present thesis established that sleep restriction to 5hrs of time in bed resulted in
changes to adolescents’ sleep spindles (Chapter 4). Specifically, fast spindle amplitude
became higher, and fast spindle duration became longer. While fast spindle amplitude was
not related to changes in cognitive performance, fast spindle duration was. Adolescents with
longer fast spindle durations at baseline appeared to be protected from deficits to sustained
attention during sleep restriction (Chapter 5). An implication of this finding, as described in

Chapter 5, is that adolescents who have less mature brain networks, and resultantly longer
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spindles, may be resilient to the effects of sleep restriction on this relatively basic cognitive
function. Could this imply that young adolescent brains preserve functioning during complex
brain reorganisation? The theory that spindles are protective of sleep maintenance (Dang Vu
et al., 2010; Schabus et al., 2004), as described earlier, suggests some merit to this
speculation, particularly when adolescents are restricted to 5hrs of time in bed and need to
maintain sleep to optimise cognitive faculties; longer spindles would increase the likelihood
of staying asleep. This is particularly important for young people who regularly achieve as
low as 4 - 6.5 hrs of sleep (Lund et al., 2010). This also bears cultural considerations, as
adolescents globally achieve insufficient sleep durations on school nights (below 8 hrs), with
Asian and North American adolescents achieving lower school night sleep durations than
European and Australasian adolescents (Gradisar et al., 2011; Short et al., 2013), the lowest
of which was 6.6 hrs in 17-19-year-old Hong Kong students (Chung & Cheung, 2008).
Certainly, sustained attention was impaired in a dose-response manner in the sleep restriction
study used in the present thesis, as reported in another paper (Short et al., 2018), with the
highest deficits seen with Shrs’ time in bed, moderate deficits with 7.5hrs, and the least
deficits with 10hrs. These findings show that adolescents’ sleeping brain waves are impacted
by sleep restriction and enhance recommendations that increased sleep durations (between 8 -
10 hrs; Hirshkowitz et al., 2016) will optimise adolescents’ daytime functioning. Clinically,
adolescents can attain improvements in sleep quality and quantity through psychological
treatments (Dewald-Kaufmann et al., 2013; Richardson et al., 2018). For example,
adolescents who experience Delayed Sleep-Wake Phase Disorder, where they have difficulty
falling asleep and waking at socially appropriate times and often experience sleep loss as a
result, have been treated successfully with light therapy (Richardson et al., 2018), showing
improvements in sleep timing, sleep onset latency and total sleep time. Interestingly, the most

effective components of treatment in Richardson and colleagues’ randomised controlled trial
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may have been changes in behavioural patterns regarding sleep and psychoeducation about
sleep and circadian rhythms, indicating these elements could be widely applied to adolescents
to improve sleep. Improvements in sleep timing following treatment have been further
evidenced to improve adolescents’ cognitive performance, particularly for visual-spatial
processing (Dewald-Kaufmann et al., 2013). Of note, working memory and fluid intelligence
were not impacted by even severe sleep restriction in Chapter 5 (5hrs’ time in bed),
indicating that some cognitive functions may be nonetheless preserved in the face of sleep
loss, as has been reported in past studies (Anderson et al., 2009; Kopasz et al., 2010;
Voderholzer et al., 2011), and potentially due to the relative preservation of slow wave sleep
(Voderholzer et al., 2011) as seen in Chapter 4.

Sleep spindles across development

The present thesis established that in the developing young adolescent, sleeping brain
waves change. The longitudinal study in Chapter 6 was one of the first to examine
adolescents’ specific spindle characteristics in a longitudinal setting, with the only other
longitudinal study to our knowledge (Hahn et al., 2018), confirming our finding of increasing
spindle frequency with development. In Chapter 6, fast spindle frequency was the only
spindle characteristic to show a significant change, where frequency became consistently
faster with development, and slow spindle frequency followed a similar pattern, indicating
spindle frequency might be the first characteristic to change noticeably in early adolescence.
In terms of neurodevelopment, it is worthwile to consider the potential neural basis spindle
characteristics to help understand the pattern of findings. Intracranial EEG research has
suggested that spindle frequency and density may be driven by thalamic hyperpolarisation
(Andrillon et al., 2011). These spindle parameters are furthermore related to reciprocal
changes in slow wave activity, where stronger thalamic hyperpolarisation is presumed to

coincide with high slow wave activity, which in turn supresses thalamic neurons that are
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responsible for spindle production (Andrillon et al., 2011). The speculation arising from this
is that developmental changes to thalamocortical cells are reflected in at least the increase in
spindle frequency seen in this thesis. Spindle density did not show a clear developmental
trajectory, however based on this speculation, it may be the next characteristic to show
developmental changes. It would be interesting for future research to determine, firstly, the
likely neural bases of spindle duration and amplitude and, secondly, investigate how this
might be expressed across adolescent development. Alongside the increase in spindle
frequency in Chapter 6, adolescents showed improvement in working memory and in one
measurement of fluid intelligence in the early years of adolescence (Chapter 7), supporting
past findings (Hartshorne & Germine, 2015; Luna et al., 2010). The improvement in these
higher-order cognitive functions was not, however, related to the increase in spindle
frequency in this cohort, or changes in any other spindle characteristic. Admittedly, the
changes in frequency were relatively small (0.1Hz increase on average per year, d = 0.24).
Two implications from this are that either the young adolescent brain is not changing
significantly enough to be indexed on spindles, or that the improvements in working memory
and fluid intelligence are better observed through other methods (e.g., decreases in grey
matter and increases in white matter through imaging techniques; Barnea-Goraly et al., 2005;
Casey et al., 2005; Paus, 2005). Regardless, sleep spindles do appear to be changing in early
adolescence and, particularly as they are affected by sleep restriction (Chapter 4), add

encouragement for improving adolescents’ sleep.

State vs trait aspects of sleep spindles

One of the driving aims of the present thesis was to examine the state aspects of
spindles alongside trait aspects, and what this means for the relationship with cognitive
performance. Considering the overall findings, there was stronger evidence that adolescents’

sleep spindles alter during sleep restriction (state), compared to the extent to which they
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changed with development (trait). Spindles were more meaningfully altered by severe sleep
restriction (Chapter 4), with significant increases in fast spindle duration decreases in fast
amplitude in an acute time setting, than by development (Chapter 6), where only a small
increase in fast spindle frequency occurred, albeit consistent with the literature. This
distinction may not be surprising, however, given it was established in Chapter 3 that, for
certain spindle characteristics and under controlled conditions, spindles are remarkably
consistent within individuals. The longitudinal study of Chapters 6 and 7, although
conducted during a potentially fragile period of early adolescence, was likely a more
controlled setting than that of dosed sleep restriction in Chapters 4 and 5. Perhaps spindles
are more likely to be affected by state than trait factors. Furthermore, although cognitive
performance was not consistently related to spindle characteristics throughout the present
thesis, there were more meaningful relationships seen during sleep restriction (Chapter 5),
where increased fast spindle duration may have been protective of sustained attention
deficits, supporting the theory of a sleep-protective function of spindles (Dang Vu et al.,
2010; Schabus et al., 2004). In contrast, no meaningful relationships were seen between both
spindle and cognitive development over time (Chapter 7). Taken together, the overall thesis
findings suggest that state aspects of the environment are more influential than trait factors
for the relationship between adolescents’ spindles and cognition.
Limitations and directions for future research

While the experimental and longitudinal studies in the present thesis had comparable
sample sizes to other laboratory-based studies of paediatric samples (n = 34 and 20,
respectively), there is nonetheless a need for larger sample sizes when dealing with complex
neural substrates of cognition that may only ever show small effect sizes (Ujma, 2018). One
solution to this is to encourage laboratories to collaborate and combine sleep data to provide

larger datasets from which to analyse potential associations (Ujma, 2018). In order to
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facilitate reliability of this method, however, it would firstly be essential to establish standard
methods for detecting and analysing spindles, given the discrepancy between different
methods (Warby et al., 2014). As described earlier, considering the individual variation in
spindle makeup (Bodizs et al., 2009; Buckelmuller et al., 2006; Reynolds et al., 2018
(Chapter 3); Werth et al., 2007) and the significant changes from childhood to adolescence
(Chapter 6; Jenni & Carskadon, 2004; Kurth et al., 2010; Nader & Smith, 2015; Martin et
al., 2013; Nicolas et al., 2001; Shinomiya et al., 1999) it is becoming clearer that an
individualised approach optimises accurate detection of spindles and should be used in
collaborative research. Furthermore, the laboratory-controlled environment is preferred for
sleep monitoring, as several factors can impact sleep (e.g., light: Cajochen, 2007; ambient
temperature: Joshi et al., 2016), cognitive performance (e.g., time spent awake before testing:
Dijk et al., 1992; Vetter et al., 2012; prior sleep duration: de Bruin et al., 2017) and spindles
(e.g., body temperature: Schmitt et al., 2002). Establishing standard procedures, similar to the
strong designs used in the present study, will help to confirm reliability of effects seen.
Consideration should also be given to electrode topography and the effect that the chosen
EEG sites in the present study (C3-M2 as a first preference, C4-M1 as the alternate) may
have had on the resulting relationships, given there is topographic variation in the relationship
between spindles and cognition (Bodizs et al., 2014; Fogel & Smith, 2011), as well as
topographic changes in spindle density as children develop into adolescents (Hahn et al.,
2018). Given the large number of spindle and cognitive variables included in each study of
the present thesis, it was not feasible to include varied topographical locations as an
additional variable. This may therefore be an area for future in-depth focus when looking at
topographical variability in the relationship between spindles and cognition in the developing

adolescent.
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The relationship between sleep and cognition may be too complex to understand
through small bursts of activity recorded on EEG, and indeed changes in sleep EEG may only
account for a small amount of variance in cognitive performance. This warrants a more
comprehensive consideration of the other areas of sleep that are related to cognition.
Cognitive performance may be influenced by more simple variables in the everyday life of
adolescents, for example, the amount of sleep the night before the test and general sleepiness
(for reviews, see de Bruin et al., 2017 and Dewald et al., 2010), and likely the time spent
awake before the test (based on adult findings; Dijk et al., 1992; Vetter et al., 2012).
Certainly, sustained attention is impacted by sleep restriction (Short et al., 2018, Lo et al.,
2016), and working memory may be affected by sleep restriction for some tasks (Lo et al.,
2016), although not for the operation span task used in the present thesis (Chapter 5).
Furthermore, there can be circadian effects on performance, where testing at different times
of the day can lead to dramatic differences in performance (Short et al., 2018; Lo et al.,
2012). Certainly, the present study tried to control for circadian factors by using a consistent
time of the day for testing and assigning a consistent sleep duration preceding the sleep
studies. However, endogenous melatonin profiles can differ considerably between
individuals, particularly as circadian rhythms are altering during adolescence (Carskadon,
2011). Interestingly, one’s own circadian rthythm can be a determinant of short-term memory
performance (Johnson et al., 1992; Wright et al., 2002), which cannot be easily controlled in
the laboratory setting. Research has also shown a circadian modulation of spindles, where
spindle frequency is often lowest at the nadir of core body temperature (De Gennaro &
Ferrara, 2003; Dijk et al., 1995; Wei et al., 1999). This would be an interesting addition to a
future study, where changes in spindle characteristics could be compared to changes in
circadian rhythms across development. There were in fact proxy measurements taken for core

body temperature for the young adolescents in Chapter 6 and 7 as part of another project,
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which presents an interesting opportunity for future research on circadian changes and
spindles, albeit beyond the scope of the present thesis.

The longitudinal study in the present thesis (Chapters 6 and 7), while achieving
successful retention of a paediatric cohort in an 18-month laboratory-based study, was only
able to capture a snapshot of the early adolescent years. The time course of puberty differs
between individuals (Kaplowitz et al., 2001) and is often linked to brain maturation (Sisk &
Foster, 2004) as well as sleep changes (Carskadon, 2011) and spindle production (Tarokh &
Carskadon, 2010). Our investigation likely captured the start of puberty for some, but others
may not have reached pubertal onset, which can occur between 10-12 years for males
(Walvoord, 2010) (at T4 the mean age was 11.9yrs and 2 of these 12 subjects were still
prepubescent (Tanner Stage 1; Tanner 1990)). Furthermore, changes to sleep patterns and
brain network reorganisation can extend into the early 20s (Roenneberg et al., 2004; Sisk &
Foster, 2004). A direction for future research is therefore to aim for longer-term
developmental studies to investigate more fully the transition from childhood to adolescence
and into adulthood and the changes in spindle makeup that occur in this time. It would be
ideal, however, to continue short intervals between testing (e.g., 6 months, as in the present
study) to capture any rapid developmental changes to sleep that may occur in the adolescent.

Finally, emphasis has been placed on individual differences in spindle makeup
(Bodizs et al., 2009; Werth et al., 1997; Reynolds et al., 2018 (Chapter 3)), and one factor
that did not receive much attention in the present thesis was sex, where males and females
can experience differences not only in spindle makeup, but in the relationships between
spindles and cognition. In Chapter 4 the response of males and females to severe sleep
restriction (Shrs’ time in bed) varied, with males experiencing a more severe decrease in fast
spindle amplitude than females. A sexual dimorphism for the relationship between spindles

and cognition has been seen in the past, with females showing stronger associations than
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males (Bodizs et al., 2014; Ujma et al., 2014). Furthermore, as discussed earlier, white matter
is believed to index spindle activity (Bodizs et al., 2014; Piantoni et al., 2013), and cognitive
performance (Klarborg et al., 2013; Privado et al., 2014), and associations between white
matter and intelligence are stronger in females than males (Gur et al., 1999; Haier et al.,
2005; Ryman et al., 2016). Gender was initially included in Chapter 5, however due to the
small sample sizes that resulted from the dose-response design (total n of 34 was reduced to n
=12, n=10and n = 12 for the 5hr, 7.5hr and 10hr groups, respectively), analyses that were
further split for gender were not statistically plausible. Furthermore, only boys were included
in the longitudinal study of this thesis due to the impact of sex differences on sleep, but also
on puberty, which was a key factor of interest in another research question. However, this
presents an interesting area for future research, particularly in a longitudinal setting.
Conclusion

The present thesis demonstrated that an adolescent’s sleep spindle characteristics
change as a function of state (sleep restriction) and trait (development) factors. During sleep
restriction, adolescents’ sleep spindles became higher in amplitude and longer in duration -
with longer durations potentially acting as a protective mechanism for sustained attention
performance. Developmentally, young adolescents experience increases in fast spindle
frequency, and are expected to experience changes in other spindle characteristics over a
longer time-course. The expected static relationships between sleep spindles and cognition,
based on the initial meta-analytic review, were not replicated in either sleep restriction or
longitudinal studies. The complexity of the hypothesised relationship is considered a potential
barrier to detecting these associations, and there is likely to be publication bias in the current
literature. Nonetheless, sleep is clearly important for cognitive performance in all ages,
particularly for the developing adolescent, where their academic performance can determine

the range of vocational pathways. Spindles may not be as consistently related to higher-order
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cognitive functions as expected, and studies investigating overnight memory consolidation
might hold more promise. Future studies are encouraged to combine findings to allow a more

comprehensive overview of the relationship between spindles and cognition in adolescence.

175



References

Acebo, C., Sadeh, A., Seifer, R., Tzischinsky, O., Wolfson, A., Hafer, A., & Carskadon, M.
(1999). Estimating sleep patterns with activity monitoring in children and adolescents:
How many nights are necessary for reliable measures? Sleep, 22(1), 95-103.

Achermann, P. (2004). The two-process model of sleep regulation revisited. Aviation, Space,
and Environmental Medicine, 75(3), A37-A43.

Ackermann, S., Hartmann, F., Papassotiropoulos, A., de Quervain, D. J., & Rasch, B. (2015).
No associations between interindividual differences in sleep parameters and episodic
memory consolidation. Sleep, 38(6), 951-959.

Agostini, A., Carskadon, M., Dorrian, J., Coussens, S., & Short, M. (2016). An experimental
study of adolescent sleep restriction during a simulated school week: Changes in
phase, sleep staging, performance and sleepiness. Journal of Sleep Research, 26(2),
227-235.

Anderson, B. (2005). G explained. Medical Hypotheses, 45, 602—-604.

Anderson, B., Storfer, Isser, A., Taylor, H. G., Rosen, C. L., & Redline, S. (2009)
Associations of executive function with sleepiness and sleep duration in adolescents.
Paediatrics, 123, e701-e707.

Anderson, V. A., Anderson, P., Northam, E., Jacobs, R., & Catroppa, C. (2001).
Development of executive functions through late childhood and adolescence in an
Australian sample. Developmental Neuropsychology, 20(1), 385-406.

Andrillon, T., Nir, Y., Staba, R. J., Ferrarelli, F., Cirelli, C., Tononi, G., & Fried, 1. (2011).
Sleep spindles in humans: Insights from intracranial eeg and unit recordings. The
Journal of Neuroscience, 31, 17821-17834.

APA Publications and Communications Board Working Group on Journal Article Reporting
Standards. (2008). Reporting standards for research in psychology: Why do we need
them? What might they be? American Psychologist, 63, 848-849.

Astill, R. G., Van der Heijden, K. B., Van ljzendoorn, M. H., & Van Someren, E. J. (2012).
Sleep, cognition, and behavioral problems in school-age children: A century of
research meta-analyzed. Psychological Bulletin, 138, 1109-1138.

Astill, R., Piantoni, G., Raymann, R., Vis, J., Coppens, J., Walker, M. ... Van Someren, E. J.
W. (2014). Sleep spindle and slow wave frequency reflect motor skill performance in

primary school-age children. Frontiers in Human Neuroscience, 8, article 910.

176



Bang, J. W., Khalilzadeh, O., Hdmaél&inen, M., Watanabe, T., & Sasaki, Y. (2014). Location
specific sleep spindle activity in the early visual areas and perceptual learning. Vision
Research, 99, 162-171.

Barnea-Goraly, N., Menon, V., Eckert, M., Tamm, L., Bammer, R., Karchemskiy, A., ...
Reiss, A. L. (2005). White matter development during childhood and adolescence: A
cross-sectional diffusion tensor imaging study. Cerebral Cortex, 15(12), 1848-1854.

Bartel, K. A., Gradisar, M., & Williamson, P. (2015). Protective and risk factors for
adolescent sleep: a meta-analytic review. Sleep Medicine Reviews, 21, 72-85.

Bear, M. F., Connors, B. W., & Paradiso, M. A. (Eds.). (2007). Neuroscience: Exploring the
Brain (3™ ed.). Baltimore, MD: Lippincott Williams & Wilkins.

Beebe, D. W. (2011). Cognitive, behavioral, and functional consequences of inadequate sleep
in children and adolescents. Pediatric Clinics, 58(3), 649-665.

Berry, R. B., Brooks, R., Gamaldo, C. E., Harding, S. M., Marcus, C. L., & Vaughn, B. V.
(2012). The AASM manual for the scoring of sleep and associated events. Rules,
Terminology and Technical Specifications. Darien, Illinois: American Academy of
Sleep Medicine.

Blakemore, S. J., & Choudhury, S. (2006). Development of the adolescent brain: implications
for executive function and social cognition. Journal of Child Psychology and
Psychiatry, 47(3-4), 296-312.

Blume, C., del Giudice, R., Wislowska, M., Heib, D. P., & Schabus, M. (2018). Standing
sentinel during human sleep: Continued evaluation of environmental stimuli in the
absence of consciousness. Neurolmage, 178, 638-648.

Bodizs, R., Gombos, F., Ujma, P.P., & Kovacs, 1. (2014). Sleep spindling and fluid
intelligence across adolescent development: Sex matters. Frontiers in Human
Neuroscience, 8, article 952.

Bodizs, R., Kis, T., Lazar, A. S., Havran, L., Rigo, P., Clemens, Z., & Halasz, P. (2005).
Prediction of general mental ability based on neural oscillation measures of sleep.
Journal of Sleep Research, 14, 289-292.

Bodizs, R., Kormendi, J., Rigo, P. & Sandor Lazar, A. (2009). The individual adjustment
method of sleep spindle analysis: Methodological improvements and roots in the
fingerprint paradigm. Journal of Neuroscience Methods, 178, 205-213.

Bodizs, R., Lazar, A. S., & Rigo, P. (2008). Correlation of visuospatial memory ability with
right parietal EEG spindling during sleep. Acta Physiologica Hungarica, 95, 297-306.

177



Borbely, A. A. (1982). A two-process model of sleep regulation. Human Neurobiology, 1(3),
195-204.

Borbely, A. A, Daan, S., Wirz-Justice, A., & Deboer, T. (2016). The two-process model of
sleep regulation: A reappraisal. Journal of Sleep Research, 25(2), 131-143.

Borbely, A., & Achermann, P. (1999). Sleep homeostasis and models of sleep regulation.
Journal of Biological Rhythms, 14, 559-570.

Borbely, A., Baumann, F., Brandeis, D., Strauch, I., & Lehmann, D. (1981). Sleep
deprivation: Effect on sleep stages and EEG power density in man.
Electroencephalography and Clinical Neurophysiology, 51, 483-493.

Borenstein, M., Hedges, L. V., Higgins, J. P. T., & Rothstein, H. R. (2009). Introduction to
Meta-Analysis. John Wiley & Sons, Ltd.

Bruni, O., Ferri, R., Novelli, L., Terribili, M., Troianiello, M., Finoti, E., ... Curatolo, P.
(2009). Sleep spindle activity is associated with reading abilities in developmental
dyslexia. Sleep, 32, 1333-1340.

Brunner, D., Dijk, D., & Borbely, A. (1993). Repeated partial sleep deprivation progressively
changes the EEG during sleep and wakefulness. Sleep, 16, 100-113.

Brunner, D., Dijk, D., Tobler, I., & Borbely, A. (1990). Effect of partial sleep deprivation on
sleep stages and EEG power spectra: evidence for non-REM and REM sleep
homeostasis. Electroencephalography and Clinical Neurophysiology, 75, 492-499.

Buckelmuller, J., Landolt, H. P., Stassen, H. H., & Achermann, P. (2006). Trait-like
individual differences in the human sleep electroencephalogram. Neuroscience,
138(1), 351-356.

Cajochen, C. (2007). Alerting effects of light. Sleep Medicine Reviews, 11, 453-464.

Campbell, I. G., & Feinberg, 1. (2016). Maturational patterns of sigma frequency power
across childhood and adolescence: A longitudinal study. Sleep, 39(1), 193-201.

Carrier, J., Land, S., Buysse, D. J., Kupfer, D. J., Monk, T. H. (2001). The effects of age and
gender on sleep EEG power spectral density in the middle years of life (ages 20-60
years old). Psychophysiology, 38, 232-242.

Carskadon, M. (2011). Sleep in Adolescents: The Perfect Storm. Pediatric Clinics of North
America, 58(3), 637-647.

Carskadon, M. A., & Acebo, C. (1993). A self-administered rating scale for pubertal
development. Journal of Adolescent Health, 14(3), 190-195.

Carskadon, M., Harvey, K., & Dement, W. (1981). Acute restriction of nocturnal sleep in
children. Perceptual and Motor Skills, 53, 103-112.

178



Carskadon, M. A., Orav, E. J., & Dement, W. C. (1983). Evolution of sleep and daytime
sleepiness in adolescents. In: Guilleminault C, Lugaresi E. (Eds.) Sleep/Wake
Disorders: Natural History, Epidemiology, And Long-Term Evolution. New York:
Raven Press. p. 201-16.

Carskadon, M., Vieira, C., & Acebo, C. (1993). Association between puberty and delayed
phase preference. Sleep, 16(3), 258-262.

Carskadon, M. A., & Dement, W. C. (2011). Monitoring and staging human sleep. In M.H.
Kryger, T. Roth, & W.C. Dement (Eds.), Principles and Practice of Sleep Medicine
(5" ed.). (pp. 16-26). St. Louis: Elsevier Saunders.

Casey, B. J., Tottenham, N., Liston, C., & Durston, S. (2005). Imaging the developing brain:
what have we learned about cognitive development? Trends in Cognitive Sciences,
9(3), 104-110.

Causa, L., Held, C. M., Causa, J., Estévez, P. A., Perez, C. A., Chamorro, R., ... Peirano, P.
(2010). Automated sleep-spindle detection in healthy children polysomnograms. IEEE
Transactions on Biomedical Engineering, 57(9), 2135-2146.

Chaput, J. P., Gray, C. E., Poitras, V. J., Carson, V., Gruber, R., Olds, T., ... Belanger, K.
(2016). Systematic review of the relationships between sleep duration and health
indicators in school-aged children and youth. Applied Physiology, Nutrition, and
Metabolism, 41(6), S266-S282.

Chatburn, A., Coussens, S., Lushington, K., Kennedy, D., Baumert, M., & Kohler, M. (2013).
Sleep spindle activity and cognitive performance in healthy children. Sleep, 36(2),
237-243.

Chung, K. F., & Cheung, M. M. (2008). Sleep-wake patterns and sleep disturbance among
Hong Kong Chinese adolescents. Sleep, 31(2), 185-194.

Cicchetti, D. V. (1994). Guidelines, criteria, and rules of thumb for evaluating normed and
standardized assessment instruments in psychology. Psychological assessment, 6(4),
284.

Clawson, B., Durkin, J., & Aton, S. (2016). Form and function of sleep spindles across the
lifespan. Neural Plasticity, article ID: 6936381.

Clemens, Z., Fabo, D., & Halasz, P. (2005). Overnight verbal memory retention correlates
with the number of sleep spindles. Neuroscience, 13, 529-535.

Cohen, J. (1988). Statistical Power Analysis for the Behavioral Sciences (2" ed.). New York:
Lawrence Erlbaum Associates.

Corsaro, W. A. (2017). The Sociology of Childhood (5" ed.). USA: Sage.

179



Cox, R., van Driel, J., de Boer, M., & Talamini, L. (2014). Slow oscillations during sleep
coordinate interregional communication in cortical networks. Journal of
Neuroscience, 34, 16890-16901.

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.

Crowley, S., Acebo, C., & Carskadon, M. (2007). Sleep, circadian rhythms, and delayed
phase in adolescence. Sleep Medicine, 8(6), 602-612.

Csapo, B. (1997). The development of inductive reasoning: Cross-sectional assessment in an
educational context. International Journal of Behavioural Development, 20, 609-626.

Curcio, G., Ferrara, M., & De Gennaro, L. (2006). Sleep loss, learning capacity and academic
performance. Sleep Medicine Reviews, 10(5), 323-337.

Dahl, R. E. (1996). The impact of inadequate sleep on children's daytime cognitive function.
Seminars in Pediatric Neurology, 3(1), 44-50.

Dang-Vu, T. T., Bonjean, M., Schabus, M., Boly, M., Darsaud, A., Desseilles, M., ...
Sejnowski, T. J. (2011). Interplay between spontaneous and induced brain activity
during human non-rapid eye movement sleep. Proceedings of the National Academy
of Sciences, 108(37), 15438-15443.

Dang-Vu, T. T., McKinney, S. M., Buxton, O. M., Solet, J. M., & Ellenbogen, J. M. (2010).
Spontaneous brain rhythms predict sleep stability in the face of noise. Current
Biology, 20, R626-R627.

Dang-Vu, T. T., Salimi, A., Boucetta, S., Wenzel, K., O’Byrne, J., Brandewinder, M., ...
Gouin, J. P. (2015). Sleep spindles predict stress-related increases in sleep
disturbances. Frontiers in Human Neuroscience, 9, article 68.

Danielsson, N. S., Jansson-Frojmark, M., Linton, S. J., Jutengren, G., & Stattin, Hakan.
(2014). Neuroticism and sleep-onset: What is the long-term connection? Personality
and Individual Differences, 48, 463-468.

de Bruin, E. J., van Run, C., Staaks, J., & Meijer, A. M. (2017). Effects of sleep manipulation
on cognitive functioning of adolescents: A systematic review. Sleep Medicine
Reviews, 32, 45-57.

De Gennaro, L., & Ferrara, M. (2003). Sleep spindles: An overview. Sleep Medicine Reviews,
7(5), 423-440.

De Gennaro, L., Ferrara, M., Vecchio, F., Curcio, G., & Bertini, M. (2005). An

electroencephalographic fingerprint of human sleep. Neuroimage, 26(1), 114-122.

180



Del Felice, A., Arcarob, C., Francesca Stortia, S., Fiaschia, A., & Manganottia, P. (2013).
Slow spindles’ cortical generators overlap with the epileptogenic zone in temporal
epileptic patients: An electrical source imaging study. Clinical Neurophysiology, 124,
2336-2344.

Denscombe, M. (2000). Social conditions for stress: Young people's experience of doing
GCSEs. British Educational Research Journal, 26(3), 359-374.

Dewald, J. F., Meijer, A. M., Oort, F. J., Kerkhof, G. A., & Bogels, S. M. (2010). The
influence of sleep quality, sleep duration and sleepiness on school performance in
children and adolescents: a meta-analytic review. Sleep Medicine Reviews, 14(3),
179-189.

Dewald-Kaufmann, J. F., Oort, F. J., & Meijer, A. M. (2013). The effects of sleep extension
on sleep and cognitive performance in adolescents with chronic sleep reduction: an
experimental study. Sleep Medicine, 14(6), 510-517.

Diekelmann, S., & Born, J. (2010). The memory function of sleep. Nature Reviews
Neuroscience, 11(2), 114-126.

Dijk, D. J., Duffy, J. F., & Czeisler, C. A. (1992). Circadian and sleep/wake dependent
aspects of subjective alertness and cognitive performance. Journal of Sleep Research,
1(2), 112-117.

Dijk, D., Hayes, B., & Czeisler, C. (1993). Dynamics of electroencephalographic sleep
spindles and slow wave activity in men: effect of sleep deprivation. Brain Research,
626, 190-199.

Doucette, M. R., Kurth, S., Chevalier, N., Munakata, Y., & LeBourgeois, M. K. (2015).
Topography of slow sigma power during sleep is associated with processing speed in
preschool children. Brain Sciences, 5(4), 494-508.

Draganski, B., Gaser, C., Busch, V., Schuierer, G., Bogdahn, U., & May, A. (2004).
Neuroplasticity: changes in grey matter induced by training. Nature, 427(6972), 311.

Driver, H. S., & Baker, F. C. (1998). Menstrual factors in sleep. Sleep Medicine Reviews,
2(4), 213-229.

Eaton, D. K., McKnight-Eily, L. R., Lowry, R., Perry, G. S., Presley-Cantrell, L., & Croft, J.
B. (2010). Prevalence of insufficient, borderline, and optimal hours of sleep among
high school students—United States, 2007. Journal of Adolescent Health, 46(4), 399-
401.

Ehrhart, J., Ehrhart, M., Muzet, A., Schieber, J. P., & Naitoh, P. (1981). K-complexes and
sleep spindles before transient activation during sleep. Sleep, 4(4), 400-407.

181



Ekstrom, R. B., French, J. W., Harman, H., & Derman, D., (1976). Kit of Factor Referenced
Cognitive Tests (Revised ed.). Princeton, NJ: Educational Testing Service.

Fallone, G., Acebo, C., Arnedt, J.T., Seifer, R., & Carskadon, M. A. (2001). Effects of acute
sleep restriction on behavior, sustained attention, and response inhibition in children.
Perceptual and Motor Skills, 93, 213-229.

Feinberg, 1. & Campbell, I. G. (2010). Sleep EEG changes during adolescence: An index of a
fundamental brain reorganization. Brain and Cognition, 72, 56-65.

Feinberg, 1., & Campbell, 1. (2013). Longitudinal sleep EEG trajectories indicate complex
patterns of adolescent brain maturation. AJP: Regulatory, Integrative and
Comparative Physiology, 304, R296-R303.

Ferguson, C. J., & Heene, M. (2012). A vast graveyard of undead theories: Publication bias
and psychological science’s aversion to the null. Perspectives on Psychological
Science, 7(6), 555-561.

Ferrarelli, F., Peterson, M. J., Sarasso, S., Riedner, B. A., Murphy, M. J., Benca, R. M., ...
Tononi, G. (2010). Thalamic dysfunction in schizophrenia suggested by whole-night
deficits in slow and fast spindles. American Journal of Psychiatry, 167(11), 1339-
1348.

Finelli, L., Borbely, A., & Achermann, P. (2001). Functional topography of the human
nonREM sleep electroencephalogram. European Journal of Neuroscience, 13, 2282-
2290.

Flanagan, D. P., & Alfonso, V. C. (2017). Essentials of WISC-V Assessment. John Wiley &
Sons.

Fogel, S. M., & Smith, C. T. (2011). The function of the sleep spindle: a physiological index
of intelligence and a mechanism for sleep-dependent memory consolidation.
Neuroscience & Biobehavioral Reviews, 35(5), 1154-1165.

Fogel, S.M., Nader, R., Cote, K.A., & Smith, C.T. (2007). Sleep spindles and learning
potential. Behavioural Neuroscience, 121, 1-10.

Fry, A. F., & Hale, S. (1996). Processing speed, working memory, and fluid intelligence:
Evidence for a developmental cascade. Psychological Science, 7(4), 237-241.

Fuligni, A., Bai, S., Krull, J., & Gonzales, N. (2017). Individual differences in optimum sleep
for daily mood during adolescence. Journal of Clinical Child & Adolescent
Psychology, 1-11.

Furnham, A. & Charmorro-Premuzic, T. (2006). Personality, intelligence and general

knowledge. Learning and Individual Differences 16, 79-90.

182



Gaina, A., Sekine, M., Kanayama, H., Sengoku, K., Yamagami, T., & Kagamimori, S.
(2005). Short-long sleep latency and associated factors in Japanese junior high school
children. Sleep and Biological Rhythms, 3, 162-165.

Gais, S., Molle, M., Helms, K., & Born, J. (2002). Learning-dependent increases in sleep
spindle density. The Journal of Neuroscience, 22, 6830-6834

Geiger, A., Achermann, P., & Jenni, O. (2010). Association between sleep duration and
intelligence scores in healthy children. Developmental Psychology, 46, 949-954.

Geiger, A., Huber, R., Kurth, S., Ringli, M., Jenni, O., & Achermann, P. (2011). The sleep
EEG as a marker of intellectual ability in school age children. Sleep, 34, 181-189.

Gibson, E.S., Powles, A.C.P., Thabane, L., O’Brien, S., Sirriani Molnar, D., Trajanovic, N.,
... Chilcott-Tanser, L. (2006). "Sleepiness™ is serious in adolescence: Two surveys of
3235 Canadian students. Pediatrics of North America, 58, 637-647.

Giedd, J. N. (2008). The teen brain: Insights from Neuroimaging. Journal of Adolescent
Health, 42, 335-343.

Goder, R., Fritzer, G., Gottwald, B., Lippmann, B., Seeck-Hirschner, M., Serafin, I., &
Aldenhoff, J. B. (2008). Effects of olanzapine on slow wave sleep, sleep spindles and
sleep-related memory consolidation in schizophrenia. Pharamopsychiatry, 41, 92-99.

Gogtay, N., Giedd, J. N., Lusk, L., Hayashi, K. M., Greenstein, D., Vaituzis, A. C., ...
Rapoport, J. L. (2004). Dynamic mapping of human cortical development during
childhood through early adulthood. Proceedings of the National Academy of Sciences,
101(21), 8174-8179.

Gradisar, M., Gardner, G., & Dohnt, H. (2011). Recent worldwide sleep patterns and
problems during adolescence: A review and meta-analysis of age, region, and sleep.
Sleep Medicine, 12, 110-118.

Gruber, R., Wise, M. S., Frenette, S., Kndauper, B., Boom, A., Fontil, L., & Carrier, J.
(2013). The association between sleep spindles and IQ in healthy school-age children.
International Journal of Psychophysiology, 89(2), 229-240.

Gur, R. C., Turetsky, B. 1., Matsui, M., Yan, M., Bilker, W., Hughett, P., & Gur, R. E.
(1999). Sex differences in brain gray and white matter in healthy young adults:
Correlations with cognitive performance. Journal of Neuroscience, 19(10), 4065-
4072.

Hagmann, P., Sporns, O., Madan, N., Cammoun, L., Pienaar, R., Wedeen, V.J., ... Grant,

P.E. (2010). White matter maturation reshapes structural connectivity in the late

183



developing human brain. Proceedings of the National Academy of Sciences of the
USA, 107, 19067-19072.

Hahn, M., Joechner, A. K., Roell, J., Schabus, M., Heib, D. P., Gruber, G., ... HoedImoser, K.
(2018). Developmental changes of sleep spindles and their impact on sleep-dependent
memory consolidation and general cognitive abilities: A longitudinal approach.
Developmental Science, e12706.

Haier, R. J., Jung, R. E., Yeo, R. A., Head, K., & Alkire, M. T. (2005). The neuroanatomy of
general intelligence: Sex matters. Neurolmage, 25(1), 320-327.

Hale, L., Kirschen, G. W., LeBourgeois, M. K., Gradisar, M., Garrison, M. M., Montgomery-
Downs, H. ... Buxton, O. M. (2018). Youth screen media habits and sleep: Sleep-
friendly screen behavior recommendations for clinicians, educators, and parents.
Child and Adolescent Psychiatric Clinics, 27, 229-245.

Harrison, Y., & Horne, J. A. (2000). The impact of sleep deprivation on decision making: a
review. Journal of Experimental Psychology: Applied, 6(3), 236.

Hartshorne, J. K., & Germine, L. T. (2015). When does cognitive functioning peak? The
asynchronous rise and fall of different cognitive abilities across the life span.
Psychological Science, 26(4), 433-443.

Helfrich, R. F., Mander, B. A., Jagust, W. J., Knight, R. T., & Walker, M. P. (2018). Old
brains come uncoupled in sleep: Slow wave-spindle synchrony, brain atrophy, and
forgetting. Neuron, 97(1), 221-230.

Hicks, R. A., Pellegrini, R. J., Cavanaugh, A., Sahatjian, M., & Sandham, L. (1978) Fluid
intelligence levels of short- and long- sleeping college students. Psychological
Reports, 43, 1325-1326.

Hirshkowitz, M., Whiton, K., Albert, S. M., Alessi, C., Bruni, O., DonCarlos, L., ...
Neubauer, D. N. (2015). National Sleep Foundation’s sleep time duration
recommendations: methodology and results summary. Sleep Health, 1(1), 40-43.

Hoedlmoser, K., Heib, D., Roell, J., Peigneux, P., Sadeh, A., Gruber, G., & Schabus, M.
(2014). Slow sleep spindle activity, declarative memory, and general cognitive
abilities in children. Sleep, 37(9), 1501-1512.

Holz, J., Piosczyk, H., Feige, B., Spiegelhalder, K., Baglioni, C., Riemann, D., & Nissen, C.
(2012). EEG sigma and slow-wave activity during NREM sleep correlate with
overnight declarative and procedural memory consolidation. Journal of sleep
research, 21(6), 612-619.

184



Horne, J. A. (1993). Human sleep, sleep loss and behaviour: implications for the prefrontal
cortex and psychiatric disorder. The British Journal of Psychiatry, 162(3), 413-419.

Huupponen, E., Gomez-Herrero, G., Saastamoinen, A., Vérri, A., Hasan, J., & Himanen, S.
L. (2007). Development and comparison of four sleep spindle detection methods.
Artificial Intelligence in Medicine, 40(3), 157-170.

Huupponen, E., Himanen, S. L., Varri, A., Hasan, J., Lehtokangas, M., & Saarinen, J. (2002).
A study on gender and age differences in sleep spindles. Neuropsychobiology, 45, 99-
105.

loannidis, J. P. (2005). Why most published research findings are false. PLoS Medicine, 2(8),
el24.

loannidis, J., Patsopoulos, N., & Rothstein, H. (2008). Reasons or excuses for avoiding meta-
analysis in forest plots. BMJ, 336, 1413-1415.

Ishizuka, Y., Pollak, C.P., Shirakawa, S., Kakuma, T., Azumi, K., Usui, A, ... Kariya, T.
(1994). Sleep spindle frequency changes during the menstrual cycle. Journal of Sleep
Research, 3, 26-29.

Jenni, O. G., Achermann, P., & Carskadon, M. A. (2005). Homeostatic sleep regulation in
adolescents. Sleep, 28, 1446-1154.

Jenni, O. G., & Carskadon, M. A. (2004). Spectral analysis of the sleep electroencephalogram
during adolescence. Sleep, 27(4), 774-783.

Jensen, E. F., & Nutt, A. E. (2015). The Teenage Brain: A Neuroscientist’s Survival Guide to
Raising Adolescents. London, UK: Harper Thorsons.

Johnston, A., Gradisar, M., Dohnt, H., Billows, M., & McCappin, S. (2010). Adolescent
sleep and fluid intelligence performance. Sleep and Biological Rhythms, 8, 180-186.

Joshi, S. S., Lesser, T. J., Olsen, J. W., & O’Hara, B. F. (2016). The importance of
temperature and thermoregulation for optimal human sleep. Energy and Buildings,
131, 153-157.

Jung, R. E., & Haier, R. J. (2007). The Parieto-Frontal Integration Theory (P-FIT) of
intelligence: Converging neuroimaging evidence. Behavioral and Brain Sciences,
30(2), 135-154.

Kane, M. J., & Engle, R. W. (2002). The role of prefrontal cortex in working-memory
capacity, executive attention, and general fluid intelligence: An individual-differences
perspective. Psychonomic Bulletin & Review, 9(4), 637-671.

185



Kaplowitz, P. B., Slora, E. J., Wasserman, R. C., Pedlow, S. E., & Herman-Giddens, M. E.
(2001). Earlier onset of puberty in girls: relation to increased body mass index and
race. Pediatrics, 108(2), 347-353.

Klarborg, B., Skak Madsen, K., Vestergaard, M., Skimminge, A., Jernigan, T. L., & Baare,
W. F. (2013). Sustained attention is associated with right superior longitudinal
fasciculus and superior parietal white matter microstructure in children. Human Brain
Mapping, 34(12), 3216-3232.

Kline, P. (2000). The New Psychometrics: Science, Psychology and Measurement.
Routledge: London, UK.

Klinger, D. A., Freeman, J. G., Bilz, L., Liiv, K., Ramelow, D., Sebok, S. S., ... Rasmussen,
M. (2015). Cross-national trends in perceived school pressure by gender and age from
1994 to 2010. The European Journal of Public Health, 25(suppl_2), 51-56.

Klinzing, J. G., Molle, M., Weber, F., Supp, G., Hipp, J. F., Engel, A. K., & Born, J. (2016).
Spindle activity phase-locked to sleep slow oscillations. Neuroimage, 134, 607-616.

Knoblauch, V., Martens, W., Wirz-Justice, A., & Cajochen, C. (2003). Human sleep spindle
characteristics after sleep deprivation. Clinical Neurophysiology, 114, 2258-2267.

Kopasz, M., Loessl, B., Valerius, G., Koenig, E., Matthaeas, N., Hornyak, M. ...
Voderholzer, U. (2010). No persisting effect of partial sleep curtailment on cognitive
performance and declarative memory recall in adolescents. Journal of Sleep Research,
19, 71-79.

Koscec, A., Radosevic-Vidacek, B., & Bakotic, M. (2013). Morningness—eveningness and
sleep patterns of adolescents attending school in two rotating shifts. Chronobiology
International, 31(1), 52-63.

Kurdziel, L., Duclos, K., & Spencer, R. M. C. (2013). Sleep spindles in midday naps enhance
learning in preschool children. Proceedings of the National Academy of Sciences of
the United States of America, 110, 17267-17272.

Kurth, S., Ringli, M., Geiger, A., LeBourgeois, M., Jenni, O. G., & Huber, R. (2010).
Mapping of cortical activity in the first two decades of life: a high-density sleep
electroencephalogram study. Journal of Neuroscience, 30(40), 13211-13219.

Kushida, C. A., Littner, M. R., Morgenthaler, T., Alessi, C. A., Bailey, D., Coleman Jr, J., ...
Lee-Chiong, T. (2005). Practice parameters for the indications for polysomnography
and related procedures: An update for 2005. Sleep, 28(4), 499-523.

186



Kuula, L., Merikanto, I., Makkonen, T., Halonen, R., Lahti-Pulkkinen, M., Lahti, J., ...
Pesonen, A. K. (2018). Schizotypal traits are associated with sleep spindles and rapid
eye movement in adolescence. Journal of Sleep Research, e12692.

Lafortune, M., Gagnon, J.-F., Martin, N., Latreille, V., Dube, J., Bouchard, M., ... Carrier, J.
(2014). Sleep spindles and rapid eye movement sleep as predictors of next morning
cognitive performance in healthy middle-aged and older participants. Journal of Sleep
Research, 23, 159-167.

Landolt, H. P. (2011). Genetic determination of sleep EEG profiles in healthy humans.
Progress in Brain Research, 193, 51-61.

Lee, M., & Larson, R. (2000). The Korean ‘examination hell’: Long hours of studying,
distress, and depression. Journal of Youth and Adolescence, 29(2), 249-271.

Lee, P. A. (1980). Normal ages of pubertal events among American males and females.
Journal of Adolescent Health Care, 1(1), 26-29.

Leger, D., Beck, F., Richard, J., & Godeau, E. (2012). Total sleep time severely drops during
adolescence. Plos ONE, 7, e45204.

Lichtenberger, E. O., & Kaufman, A. S. (2009). Essentials of WAIS-1V assessment (Vol. 50).
John Wiley & Sons.

Lim, J. & Dinges, D. F. (2008). Sleep deprivation and vigilant attention. Annals of the New
York Academy of Sciences, 1129, 305-322.

Lo, J. C., Groeger, J. A., Santhi, N., Arbon, E. L., Lazar, A. S., Hasan, S., ... Dijk, D. J.
(2012). Effects of partial and acute total sleep deprivation on performance across
cognitive domains, individuals and circadian phase. PloS One, 7(9), e45987.

Lo, J.C.,0Ong, J. L., Leong, R. L., Gooley, J. J., & Chee, M. W. (2016). Cognitive
performance, sleepiness, and mood in partially sleep deprived adolescents: the need
for sleep study. Sleep, 39(3), 687-698.

Luna, B., Padmanabhan, A., & O’Hearn, K. (2010). What has fMRI told us about the
development of cognitive control through adolescence? Brain and Cognition, 72(1),
101-113.

Lund, H., Reider, B., Whiting, A., & Prichard, J. (2010). Sleep patterns and predictors of
disturbed sleep in a large population of college students. Journal of Adolescent
Health, 46, 124-132.

Lustenberger, C., Maric, A., Durr, R., Achermann, P., & Huber, R. (2012). Triangular
relationship between sleep spindle activity, general cognitive ability and the
efficiency of declarative learning. Plos ONE, 7(11), e49561.

187



Luthi, A. (2014). Sleep spindles: Where they come from, what they do. The Neuroscientist,
20(3), 243-256.

Maquet, P. (2001). The role of sleep in learning and memory. Science, 294(5544), 1048-
1052.

Marshall, L., Helgadottir, H., Molle, M., & Born, J. (2006). Boosting slow oscillations during
sleep potentiates memory. Nature, 444(7119), 610-613.

Marshall, L., Kirov, R., Brade, J., Molle, M., & Born, J. (2011). Transcranial electrical
currents to probe EEG brain rhythms and memory consolidation during sleep in
humans. Plos One, 6(2), €16905.

Martin, N., Lafortune, M., Godbout, J., Barakat, M., Robillard, R., & Poirier, G., ... Carrier,
J. (2013). Topography of age-related changes in sleep spindles. Neurobiology of
Aging, 34(2), 468-476.

Marzano, C., Ferrara, M., Mauro, F., Moroni, F., Gorgoni, M., Tempesta, D., ... De Gennaro,
L. (2011). Recalling and forgetting dreams: Theta and alpha oscillations during sleep
predict subsequent dream recall. Journal of Neuroscience, 31, 6674-6683.

McCabe, D. P., Roediger, H.L. I1l, McDaniel, M.A., Balota, D.A., & Hambrick, D.Z. (2010).
The relationship between working memory capacity and executive functioning:
Evidence for a common executive attention construct. Neuropsychology, 24, 222-243.

McClain, 1. J., Lustenberger, C., Achermann, P., Lassonde, J. M., Kurth, S., & LeBourgeois,
M. K. (2016). Developmental changes in sleep spindle characteristics and sigma
power across early childhood. Neural Plasticity, 2016, 1-9.

McDevitt, E. A., Krishnan, G. P., Bazhenov, M., & Mednick, S. C. (2017). The role of sleep
spindles in sleep-dependent memory consolidation. In Cognitive Neuroscience of
Memory Consolidation (pp. 209-226). Springer, Cham.

Mednick, S. C., McDevitt, E. A., Walsh, J. K., Wamsley, E., Paulus, M., Kanady, J. C., &
Drummond, S. P. (2013). The critical role of sleep spindles in hippocampal-dependent
memory: a pharmacology study. Journal of Neuroscience, 33(10), 4494-4504.

Mednick, S., Nakayama, K., & Stickgold, R. (2003). Sleep-dependent learning: a nap is as
good as a night. Nature Neuroscience, 6(7), 697.

Merikanto, 1., Kuula, L., Makkonen, T., Bodizs, R., Halonen, R., & Heinonen, K., ...
Pesonen, A.-K. (2017). Circadian preference towards morningness is associated with
lower slow sleep spindle amplitude and intensity in adolescents. Scientific Reports,
7(1), 14619.

188



Merikanto, I., Utge, S., Lahti, J., Kuula, L., Makkonen, T., Lahti-Pulkkinen, M., ... Pesonen,
A. K. (2018). Genetic risk factors for schizophrenia associate with sleep spindle
activity in healthy adolescents. Journal of Sleep Research, e12762.

Mikoteit, T., Brand, S., Beck, J., Perren, S., von Wyl, A., von Klitzing, K., ... Hatzinger, M.
(2012). Visually detected NREM Stage 2 sleep spindles in kindergarten children are
associated with stress challenge and coping strategies. The World Journal of
Biological Psychiatry: The Official Journal of the World Federation of Societies of
Biological Psychiatry, 13, 259-268.

Mikoteit, T., Brand, S., Beck, J., Perren, S., Von Wyl, A., Von Klitzing, K., ... Hatzinger, M.
(2013). Visually detected NREM Stage 2 sleep spindles in kindergarten children are
associated with current and future emotional and behavioural characteristics. Journal
of Sleep Research, 22, 129-136.

Mikoteit, T., Brand, S., Perren, S., von Wyl, A., von Klitzing, K., Kurath, J., ... Hatzinger, M.
(2018). Visually detected non— rapid eye movement stage 2 sleep spindle density at
age 5 years predicted prosocial behavior positively and hyperactivity scores
negatively at age 9 years. Sleep Medicine, 48, 101-106.

Mobher, D., Liberati, A., Tetzlaff, J., Altman, D.G., (2009). Preferred reporting items for
systematic reviews and meta-analyses: The PRISMA statement. PLoS Med, 6,
€1000097.

Molle, M., Bergmann, T. O., Marshall, L., & Born, J. (2011). Fast and slow spindles during
the sleep slow oscillation: disparate coalescence and engagement in memory
processing. Sleep, 34(10), 1411-1421.

Molle, M., Eschenko, O., Gais, S., Sara, S. J., & Born, J. (2009). The influence of learning on
sleep slow oscillations and associated spindles and ripples in humans and rats.
European Journal of Neuroscience, 29(5), 1071-1081.

Moore, M., & Meltzer, L. J. (2008). The sleepy adolescent: causes and consequences of
sleepiness in teens. Paediatric Respiratory Reviews, 9(2), 114-121.

Nader, R. & Smith, C. (2003) A role for stage 2 sleep in memory processing. In P. Maquet,
C. Smith, & R. Stickgold (Eds.), Sleep and Brain Plasticity (pp. 87-98). Oxford
University Press.

Nader, R., & Smith, C. (2015). Correlations between adolescent processing speed and

specific spindle frequencies. Frontiers in Human Neuroscience, 9, article 30.

189



Nagy, Z., Westerberg, H., & Klingberg, T. (2004). Maturation of white matter is associated
with the development of cognitive functions during childhood. Journal of Cognitive
Neuroscience, 16(7), 1227-1233.

Naitoh, P., Antony-Baas, V., Muzet, A., & Ehrhart, J. (1982). Dynamic relation of sleep
spindles and K-complexes to spontaneous phasic arousal in sleeping human subjects.
Sleep, 5(1), 58-72.

Ngo, H. V. V., Martinetz, T., Born, J., & Molle, M. (2013). Auditory closed-loop stimulation
of the sleep slow oscillation enhances memory. Neuron, 78(3), 545-553.

Nicolas, A., Petit, D., Rompre, S., Montplaisir, J. (2001). Sleep spindle characteristics in
healthy subjects of different age groups. Clinical Neurophysiology, 112, 521-527.

Nonclercg, A., Urbain, C., Verheulpen, D., Decaestecker, C., Van Bogaert, P., & Peigneux,
P. (2013). Sleep spindle detection through amplitude—frequency normal modelling.
Journal of Neuroscience Methods, 214(2), 192-203.

Normand, M. P., St-Hilaire, P., & Bastien, C. H. (2016). Sleep spindles characteristics in
insomnia sufferers and their relationship with sleep misperception. Neural Plasticity,
2016.

O'Brien, E. M., & Mindell, J. A. (2005). Sleep and risk-taking behavior in adolescents.
Behavioral Sleep Medicine, 3(3), 113-133.

Olds, T., Blunden, S., Petkov, J., & Forchino, F. (2010). The relationships between sex, age,
geography and time in bed in adolescents: A meta-analysis of data from 23 countries.
Sleep Medicine Reviews, 14(6), 371-378.

Owens, J., & Adolescent Sleep Working Group. (2014). Insufficient sleep in adolescents and
young adults: an update on causes and consequences. Pediatrics, 134(3), €921-e932.

Parrino, L., & Vaudano, A. E. (2018). The resilient brain and the guardians of sleep: New
perspectives on old assumptions. Sleep Medicine Reviews, 39, 98-107.

Paruthi, S., Brooks, L. J., D'’Ambrosio, C., Hall, W. A., Kotagal, S., LIoyd, R. M., ... Rosen,
C. L. (2016). Consensus statement of the American Academy of Sleep Medicine on
the recommended amount of sleep for healthy children: Methodology and discussion.
Journal of Clinical Sleep Medicine, 12(11), 1549-1561.

Paus, T. (2005). Mapping brain maturation and cognitive development during adolescence.
Trends in Cognitive Sciences, 9(2), 60-68.

Paus, T., Zijdenbox, A., Worlsey, K., Collins, D. L., Blumenthal, J., Giedd, J. N. ... Evans,
A. C. (1999). Structural maturation of neural pathways in children and adolescents: In
vivo study. Science, 283, 1908-1911.

190



Peigneux, P., Laureys, S., Fuchs, S., Collette, F., Perrin, F., Reggers, J., ... Luxen, A. (2004).
Are spatial memories strengthened in the human hippocampus during slow wave
sleep? Neuron, 44(3), 535-545.

Peters, B. D., Szeszko, P. R., Radua, J., Ikuta, T., Gruner, P., DeRosse, P. ... Malhotra, A. K.
(2012). White matter development in adolescence: diffusion tensor imaging and meta-
analytic results. Schizophrenia Bulletin, 38, 1308-1317.

Petersen, A. C., Crockett, L., Richards, M., & Boxer, A. (1988). A self-report measure of
pubertal status: Reliability, validity, and initial norms. Journal of Youth and
Adolescence, 17, 117-133.

Piantoni, G., Poail, S. S., Linkenhaer-Hansen, K., Verweij, I. M., Ramautar, J. R., Van
Someren, E. J., & Van Der Werf, Y. D. (2013). Individual differences in white matter
diffusion affect sleep oscillations. Journal of Neuroscience, 33, 227-233.

Piosczyk, H., Holz, J., Feige, B., Spiegelhalder, K., Weber, F., & Landmann, N. ... Nissen,
C. (2013). The effect of sleep-specific brain activity versus reduced stimulus
interference on declarative memory consolidation. Journal of Sleep Research, 22,
406-413.

Prehn-Kristensen, A., Goder, R., Fischer, J., Wilhelm, 1., Seeck-Hirschner, M., Aldenhoff, J.,
& Baving, L. (2011). Reduced sleep-associated consolidation of declarative memory
in attention-deficit/hyperactivity disorder. Sleep Medicine, 12, 672-679.

Privado, J., de Urturi, C. S., Davila, J., Lopez, C., Burgaleta, M., Roman, F. J., ... Colom, R.
(2014). White matter integrity predicts individual differences in (fluid) intelligence
through working memory. Personality and Individual Differences, 60, S77.

Purcell, S. M., Manoach, D. S., Demanuele, C., Cade, B. E., Mariani, S., Cox, R., ... Redline,
S. (2017). Characterizing sleep spindles in 11,630 individuals from the National Sleep
Research Resource. Nature Communications, 8, 15930.

Putwain, D. W. (2009). Assessment and examination stress in Key Stage 4. British
Educational Research Journal, 35(3), 391-411.

Randazzo, A. C., Muehlbach, M. J., Schweitzer, P. K., & Walsh, J. K. (1998). Cognitive
function following acute sleep restriction in children ages 10-14. Sleep, 21, 861-868.

Rasch, B., Pommer, J., Diekelmann, S., & Born, J. (2009). Pharmacological REM sleep
suppression paradoxically improves rather than impairs skill memory. Nature
Neuroscience, 12(4), 396.

191



Ray, L. B., Fogel, S. M., Smith, C. T. & Peters, K. R. (2010). Validating an automated sleep
spindle detection algorithm using an individualized approach. Journal of Sleep
Research, 19, 374-378.

Rechtschaffen, A. & Kales, A. (1968). A Manual of Standardized Terminology, Techniques
and Scoring System of Sleep Stages in Human Subjects. Los Angeles, CA: Brain
Information Service/Brain Research Institute, University of California.

Rechtschaffen, A., & Verdone, P. (1964). Amount of dreaming: Effect of incentive,
adaptation to laboratory, and individual differences. Perceptual and Motor Skills, 19,
947 — 958.

Reynolds, C. M., Gradisar, M., Coussens, S., & Short, M. A. (2018). Sleep spindles in
adolescence: A comparison across sleep restriction and sleep extension. Sleep
Medicine, 50, 166-174.

Reynolds, C. M., Gradisar, M., Kar, K., Perry, A., Wolfe, J., & Short, M. A. (2015).
Adolescents who perceive fewer consequences of risk-taking choose to switch off
games later at night. Acta Paediatrica, 104(5), e222-e227.

Reynolds, C. M., Gradisar, M., Short, M. A. (2018). Reliability of sleep spindle
measurements in adolescents: How many nights are necessary? Journal of Sleep
Research, e12698

Reynolds, C. M., Short, M. A., & Gradisar, M. (2018). Sleep spindles and cognitive
performance across adolescence: A meta-analytic review. Journal of Adolescence, 66,
55-70.

Richardson, C., Cain, N., Bartel, K., Micic, G., Maddock, B., & Gradisar, M. (2018). A
randomised controlled trial of bright light therapy and morning activity for
adolescents and young adults with Delayed Sleep-Wake Phase Disorder. Sleep
Medicine, 45, 114-123.

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.

Rudzik, F., Thiesse, L., Pieren, R., Wunderli, J. M., Brink, M., Foraster, M., ... Probst-
Hensch, N. (2018). Sleep spindle characteristics and arousability from night-time
transportation noise exposure in healthy young and older individuals. Sleep, 41,
zsy077.

192



Rupp, T. L., Wesensten, N. J., Bliese, P. D., & Balkin, T. J. (2009). Banking sleep:
realization of benefits during subsequent sleep restriction and recovery. Sleep, 32(3),
311-321.

Ryman, S. G., Yeo, R. A., Witkiewitz, K., Vakhtin, A. A., van den Heuvel, M., de Reus,

M., ... Jung, R. E. (2016). Fronto-Parietal gray matter and white matter efficiency
differentially predict intelligence in males and females. Human Brain Mapping,
37(11), 4006-4016.

Sadeh, A., Gruber, R., & Raviv, A. (2003). The effects of sleep restriction and extension on
school-age children: What a difference an hour makes. Child Development, 74, 444-
455.

Saletin, J. M., Goldstein, A. N., & Walker, M. P. (2011). The role of sleep in directed
forgetting and remembering of human memories. Cerebral Cortex, 21(11), 2534-
2541.

Schabus, M. D., Dang-Vu, T. T., Heib, D. P. J., Boly, M., Desseilles, M., Vandewalle, G., ...
Degueldre, C. (2012). The fate of incoming stimuli during NREM sleep is determined
by spindles and the phase of the slow oscillation. Frontiers in Neurology, 3, article 40.

Schabus, M., Dang-Vu, T., Albouy, G., Balteau, E., Boly, M., & Carrier, J., ... Maquet, P.
(2007). Hemodynamic cerebral correlates of sleep spindles during human non-rapid
eye movement sleep. Proceedings of the National Academy of Sciences, 104, 13164-
13169.

Schabus, M., Gruber, G., Parapatics, S., Sauter, C., Klosch, G., Anderer, P., ... Zeitlhofer, J.
(2004). Sleep spindles and their significance for declarative memory consolidation.
Sleep, 27, 1479-1485

Schabus, M., Heib, D. P. J., Lechinger, J., Griessenberger, H., Klimesch, W., Pawlizki, A., ...
HoedImoser, K. (2014). Enhancing sleep quality and memory in insomnia using
instrumental sensorimotor rhythm conditioning. Biological Psychology, 95, 126-134.

Schabus, M., HoedImoser, K., Gruber, G., Sauter, C., Anderer, K., Klosch, G. ... Zeitlhofer,
J. (2006). Sleep spindle-related activity in the human EEG and its relation to general
cognitive and learning abilities. European Journal of Neuroscience, 23, 1738-1746.

Schabus, M., HoedImoser, K., Pecherstorfer, T., Anderer, P., Gruber, G., Parapatics, S. ...
Zeitlhofer, J. (2008). Interindividual sleep spindle differences and their relation to

learning-related enhancements. Brain Research, 1191, 127-135.

193



Schmithorst, V. J., Wilke, M., Dardzinski, B. J., & Holland, S. K. (2005). Cognitive functions
correlate with white matter architecture in a normal pediatric population: a diffusion
tensor MRI study. Human Brain Mapping, 26(2), 139-147.

Schmitt, B., Jenni, O. G., Bauersfeld, U., Schipbach, R., & Schmid, E. R. (2002). Spindle
activity in children during cardiac surgery and hypothermic cardiopulmonary bypass.
Journal of Clinical Neurophysiology, 19(6), 547-552.

Scholle, S., Zwacka, G., & Scholle, H. (2007). Sleep spindle evolution from infancy to
adolescence. Clinical Neurophysiology, 118(7), 1525-1531.

Shaffer, D. R., & Kipp, K. (2013). Developmental Psychology: Childhood and Adolescence
(9" ed.). Belmont, California: Cengage Learning.

Shinomiya, S., Nagata, K., Takahashi, K., & Masumara, T. (1999). Development of sleep
spindles in young children and adolescents. Clinical Electroencephalography, 30, 39-
43.

Shochat, T., Cohen-Zion, M., & Tzischinsky, O. (2014). Functional consequences of
inadequate sleep in adolescents: a systematic review. Sleep Medicine Reviews, 18(1),
75-87.

Short, M. A., Gradisar, M., Lack, L. C., Wright, H. R., & Dohnt, H. (2013). The sleep
patterns and well-being of Australian adolescents. Journal of Adolescence, 36(1),
103-110.

Short, M. A., Gradisar, M., Wright, H., Lack, L.C., Dohnt, H., & Carskadon, M. A. (2011)
Time for bed: Parent-set bedtimes associated with improved sleep and daytime
functioning in adolescents. Sleep, 34, 797-800.

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

Sisk, C. L., & Foster, D. L. (2004). The neural basis of puberty and adolescence. Nature
Neuroscience, 7(10), 1040.

Smith, C. S., Reilly, C., & Midkiff, K. (1989). Evaluation of three circadian rhythm
questionnaires with suggestions for an improved measure of morningness. Journal of
Applied Psychology, 74(5), 728-738.

Spoormaker, V. | & van den Bout, J. (2005). Depression and anxiety complaints; Relations
with sleep disturbances. European Psychiatry, 20, 243-245.

Steinberg, L. (2005). Cognitive and affective development in adolescence. Trends in
Cognitive Sciences, 9(2), 69-74.

194



Steriade, M. (1991). Normal and altered states of function. In A. Peters & EJ. Jones. Cerebral
Cortex (pp. 279-357). New York: Plenum

Steriade, M. (2006) Grouping of brain rhythms in corticothalamic systems. Neuroscience,
137, 1087-1106.

Sternberg, R. J., & Downing, C. J. (1982). The development of higher-order reasoning in
adolescence. Child Development, 53(1), 209-221.

Stickgold, R., & Walker, M. P. (2007). Sleep-dependent memory consolidation and
reconsolidation. Sleep Medicine, 8(4), 331-343.

Tamminen, J., Payne, J., Stickgold, R., Wamsley, E., & Gaskell, M. (2010). Sleep spindle
activity is associated with the integration of new memories and existing knowledge.
Journal of Neuroscience, 30, 14356-14360.

Tanguay, P. E., Ornitz, E. M., Kaplan, A., & Bozzo, E. S. (1975). Evolution of sleep spindles
in childhood. Electroencephalography and Clinical Neurophysiology, 38(2), 175-181.

Tanner, J. M. (1990). Fetus into Man: Physical Growth from Conception to Maturity
(Revised ed.). Harvard University Press: Cambridge, MA.

Tarokh, L. & Carskadon, M. (2010). Developmental changes in the human sleep EEG during
early adolescence. Sleep, 33, 801-809.

Tarokh, L., Carskadon, M.A., & Achermann, P. (2014). Early adolescent cognitive gains are
marked by increased sleep EEG coherence. Plos One, 9, 1-5.

Taylor, D., Jenni, O., Acebo, C., & Carskadon, M. (2005). Sleep tendency during extended
wakefulness: Insights into adolescent sleep regulation and behavior. Journal of Sleep
Research, 14, 239-244.

Telzer, E. H., Fuligni, A. J., Lieberman, M. D., & Galvéan, A. (2013). The effects of poor
quality sleep on brain function and risk taking in adolescence. Neuroimage, 71, 275-
283.

Tessier, S., Lambert, A., Chicoine, M., Scherzer, P., Souliares, 1., & Godbout, R. (2015).
Intelligence measures and stage 2 sleep in typically-developing and autistic children.
International Journal of Psychophysiology, 97(1), 58-65.

Thurstone, L. L. (1938). Primary Mental Abilities. Chicago, IL: University of Chicago Press.

Timofeev, I., & Chauvette, S. (2013). The spindles: Are they still thalamic? Sleep, 36(1),
825-826.

Tononi, G., & Cirelli, C. (2006). Sleep function and synaptic homeostasis. Sleep medicine
Reviews, 10(1), 49-62.

195



Turner, M. L., & Engle, R. W. (1989). Is working memory capacity task dependent? Journal
of Memory and Language, 28, 127-154.

Uhlhaas, P.J., Roux, F., Singer, W., Haenschel,C., Sireteanu,R., & Rodrigueza, E. (2009).
The development of neural synchrony reflects late maturation and restructuring of
functional networks in humans. Proceedings of National Academy of Sciences USA,
106, 9866-9871.

Ujma, P. P. (2018). Sleep spindles and general cognitive ability—A meta-analysis. Sleep
Spindles & Cortical Up States, 1-17.

Ujma, P. P., Konrad, B. N., Genzel, L., Bleifuss, A., Simor, P., Potari, A. ... Dresler, M.
(2014). Sleep spindles and intelligence: Evidence for a sexual dimorphism. Journal of
Neuroscience, 34, 16358-16368.

Ujma, P. P., Sandor, P., Szakadat, S., Gombos, F., & Bodizs, R. (2016). Sleep spindles and
intelligence in early childhood—-developmental and trait-dependent aspects.
Developmental Psychology, 52(12), 2118.

Unsworth, N., Heitz, R. P., Schrock, J. C., & Engle, R. W. (2005). An automated version of
the Operation Span task. Behavior Research Methods, 37, 498-505.

Urakami, Y., lonnides, A.A., & Kostopoulos, G.K. (2012). Sleep spindles — As a biomarker
of brain function and plasticity. In I.H. Ajeena (Ed.) Advances in Clinical
Neurophysiology (Chapter 4).

Van Der Helm, E., Gujar, N., Nishida, M., & Walker, M. P. (2011). Sleep-dependent
facilitation of episodic memory details. PloS One, 6(11), e27421.

Van Dongen, H., Olofsen, E., Dinges, D., & Maislin, G. (2004). Mixed-Model Regression
Analysis and Dealing with Interindividual Differences. Methods in Enzymology, 139-
171.

Verma, S., Sharma, D., & Larson, R. W. (2002). School stress in India: Effects on time and
daily emotions. International Journal of Behavioral Development, 26(6), 500-508.

Vetter, C., Juda, M., & Roenneberg, T. (2012). The influence of internal time, time awake,
and sleep duration on cognitive performance in shiftworkers. Chronobiology
international, 29(8), 1127-1138.

Voderholzer, U., Piosczyk, H., Holz, J., Landmann, N., Feige, B., Loessl, B. ... Nissen, C.
(2011). Sleep restriction over several days does not affect long-term recall of
declarative and procedural memories in adolescents. Sleep Medicine, 12, 170-178.

196



Vriend, J., Davidson, F., Corkum, P., Rusak, B., McLaughlin, E., & Chambers, C. (2012).
Sleep quantity and quality in relation to daytime functioning in children. Children's
Health Care, 41, 204-222.

Walvoord, E. (2010). The timing of puberty: Is it changing? Does it matter? Journal of
Adolescent Health, 47(5), 433-4309.

Warby, S. C., Wendt, S. L., Welinder, P., Munk, E. G., Carrillo, O., Sorensen, H. B., ...
Mignot, E. (2014). Sleep-spindle detection: crowdsourcing and evaluating
performance of experts, non-experts and automated methods. Nature Methods, 11(4),
385.

Wechsler, D. (1958). The measurement and appraisal of adult intelligence (4™ ed.).
Baltimore, MD, US: Williams & Wilkins Co.

Wei, H. G., Riel, E., Czeisler, C. A., & Dijk, D. J. (1999). Attenuated amplitude of circadian
and sleep-dependent modulation of electroencephalographic sleep spindle
characteristics in elderly human subjects. Neuroscience Letters, 260(1), 29-32.

Werner, H., LeBourgeois, M., Geiger, A., & Jenni, O. (2009). Assessment of chronotype in
four- to eleven-year-old children: reliability and validity of the Children's
ChronoType Questionnaire (CCTQ). Chronobiology International, 26(5), 992-1014.

Werth, E., Achermann, P., Dijk, D. J., & Borbély, A. A. (1997). Spindle frequency activity in
the sleep EEG: Individual differences and topographical distribution.
Electroencephalography and Clinical Neurophysiology, 103(5), 535-542.

Whitford, T., Rennie, C., Grieve, S., Clark, C., Gordon, E., & Williams, L. (2007). Brain
maturation in adolescence: Concurrent changes in neuroanatomy and
neurophysiology. Human Brain Mapping, 28(3), 228-237.

Wilhelm, 1., Metzkow-Meszaros, M., Knapp, S., & Born, J. (2012). Sleep-dependent
consolidation of procedural motor memories in children and adults: The pre-sleep
level of performance matters. Developmental Science, 15(4), 506-515.

Williams, P. E., Weiss, L. G., & Rolfhus, E. L. (2003). WISC-1V technical report# 2:
Psychometric properties. The Psychological Corporation’s WISC-IV Technical
Manual, 2.

Williams, R. L., Karacan, I., & Hursch, C. J. (1974). Electroencephalography (EEG) of
Human Sleep: Clinical Applications. John Wiley & Sons.

Wolfe, J., Kar, K., Perry, A., Reynolds, C., Gradisar, M. & Short, M. A. (2014). Single night
video-game use leads to sleep loss and attention deficits in older adolescents. Journal
of Adolescence, 37, 1003-1009.

197



Woods, H. C., & Scott, H. (2016). #Sleepyteens: social media use in adolescence is
associated with poor sleep quality, anxiety, depression and low self-esteem. Journal
of Adolescence, 51, 41-49.

World Health Organization (2011) Sixty-fourth world health assembly. Resolution WHA
64.28: Youth and health risks. Geneva, 2011,
http://apps.who.int/gb/ebwha/pdf_files’WHA64/A64 R28-en.pdf, accessed 5 July
2017

Wright, S. B., Matlen, B. J., Baym, C. L., Ferrer, E., & Bunge, S. A. (2008). Neural correlates
of fluid reasoning in children and adults. Frontiers in Human Neuroscience, 1, article
8.

Wymer, J. H., Rayls, K., & Wagner, M.T. (2003). Utility of a clinically derived abbreviated
form of the WAIS-III. Archives of Clinical Neuropsychology, 18, 917-927.

Yordanova, J., Kolev, V., Bruns, E., Kirov, R., & Verleger, R. (2017). Sleep spindles in the
right hemisphere support awareness of regularities and reflect pre-sleep activations.
Sleep, 40(11).

198



