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ABSTRACT
Effects of Sleep Deprivation on Functional Connectivity and Integration During Cognitive Tasks

By: Alex Nguyen

Introduction: We previously demonstrated that sleep deprivation (SD) alters the balance of integration and
segregation of brain activity in cortical networks, which was correlated to cognitive impairment following
SD. The objectives of this study is to examine the effects of total sleep deprivation and recovery nap on (i)
cognitive performances, (ii) functional connectivity, (iii) integration and (iv) compare changes in
integration with cognitive changes during different cognitive tasks individually. We hypothesized that sleep
deprivation will lead to increase integration within-networks relative to between-networks and associated

with cognitive impairment for all three tasks.

Methods: 20 healthy adults (Mage=21.32, 12 females) were scanned using simultaneous EEG-fMRI during
three cognitive tasks (attention, working memory, vigilance) in three conditions: following a normal night
of sleep, 24-hour of total SD, and 1-hour recovery nap. A general linear model was performed to compare
functional connectivity between the three conditions. Functional clustering ratio (FCR) was used to
calculate integration and Pearson’s correlations was used to compare the changes in integration and

cognitive changes between each conditions.

Results: SD was associated with increased FCR, driven by a rise of integration within cortical networks
which was associated with deficits in performance of working memory and attention tasks, but not vigilance
task. Restoration of balance between integration and segregation of cortical activity was related with

performance following recovery nap demonstrating bidirectional effect.
Conclusions: These results demonstrate intra- and interindividual differences in cortical network

integration and segregation during task performance may play a critical role in vulnerability to cognitive

impairment in the SD state.

Word count (Abstract): 249/250
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1. INTRODUCTION

1.1. Sleep

1.1.1. Why Do We Sleep?

As humans, we spend approximately a third of our lives sleeping (Aminoff et al., 2011). The daily
average sleep duration varies between individuals from 6 to 8.5 hours (Kronholm et al., 2006; Keenan et
al., 2010). Sleep is defined as spontaneous and reversible behavior during which one’s responsiveness to
external stimuli is decreased while adopting a posture of relaxation (Peigneux et al., 2001). Although the
body is inactive, it is important to note that the brain is far from that state. To answer the question as to why

we sleep, research has focused on the role of sleep in biological and cognitive processes.

1.1.2. Biological & Cognitive Function of Sleep

Sleep is believed to maintain both the physical and mental health of individuals. It plays an essential
role in energy conservation (Berger et al., 1995), thermoregulation (Krauchi et al., 2010), and brain
detoxification (Inoué et al., 1995). While the waking state consumes a high amount of energy through
creating and maintaining synaptic connections, it creates waste products that are considered toxins to
neurons (Cirrito et al., 2005). Hence, sleep has been hypothesized to hold a glymphatic function where
removal of toxins is performed through the exchange between cerebrospinal fluid and interstitial fluid

(Ooms et al., 2014; Iliff et al., 2013; Xie et al., 2013).

Sleep processes can also be quite effective in facilitating different cognitive functions such as
language processing (Dumay et al., 2007), creativity (Ritter et al., 2012), and decision making (Pace-Schott
et al., 2012). Sleep also seems to play a role in the consolidation of memory traces (Maquet, 2001;
Stickgold, 2005) A large amount of focus in sleep and cognition has been directed towards the domain of

memory as it is essential for individuals and society (e.g. academics, workplace, personal relationship)



(Rasch et al., 2013). Sleep promotes the reprocessing of new memories and their transition into long-term
memories (Diekelmann et al., 2010; Stickgold et al., 2013). There exist two main theories that explain the
possible effects of sleep on memory. First, there is the active system consolidation theory which assumes
new memories become reactivated and reorganized with particular neural connections being strengthened
during sleep (Lewis et al., 2011; Rasch et al., 2013). Alternatively, the synaptic homeostasis hypothesis
suggests that synaptic connections become depotentiated during sleep whereas selected memories are less
depotentiated and thus become relatively stronger (Tononi et al., 2014). Meanwhile, the effects of sleep on
sustaining vigilant attention have been investigated more in studies on sleep loss due to its strong sensitivity
(Doran et al., 2001; Bermudez et al., 2016; Lim et al., 2008; Van Dongen et al., 2005). The effects of sleep

loss on cognition will be discussed in Section 1.3.

1.2. Sleep-Wake Cycle

1.2.1. Sleep Stages

To understand the mechanisms of the sleep-wake cycle, it is important to first briefly understand
that sleep is divided into two main types. Rapid-eye-movement (REM) sleep, also known as paradoxical
sleep, is characterized by its high-frequency low-amplitude electroencephalography (EEG) activity, along
with rapid eye movements, and a strongly reduced muscle tone. Approximately 18-22% of the total sleep
duration is made of REM sleep although this decreases with age in adults (Ohayon et al., 2004). Non-rapid-
eye-movement (NREM) sleep, consists of three stages (i.e. N1 “light sleep”, N2, N3 “deep sleep”) each
constituting different amplitude and frequency characteristics of EEG activity (Iber, 2007). Furthermore,
NREM sleep consists of EEG events such as slow-wave activity, sleep spindles, and K complexes (Loomis
et al., 1938). Although the function of each stage is not really known, a popular hypothesis exists where
NREM sleep (more specifically, N3 also called slow-wave sleep) is involved in restorative functions

(Edinger et al., 2000) and memory consolidation (Born, 2010; Walker, 2009; Diekelmann et al., 2010).



Meanwhile, REM sleep is believed to be involved in learning (Mandai et al., 1989), emotional memory

formation (Wagner et al., 2001; Maquet et al., 1996), and problem-solving (Walker et al., 2002).

The sleep cycle consists of the alternation between NREM and REM stages, often beginning with
NREM sleep that progressively advances to deeper stages. Approximately 80 to 100 minutes later, REM
sleep usually makes its first appearance. In humans, NREM and REM exist in sleep cycles lasting
approximately 90 minutes each across the night. Although the duration of these cycles remains fairly
consistent throughout the night, the ratio of NREM-REM sleep differs as the night progresses. During the
beginning of the night, stage N3 in NREM sleep dominates while REM sleep slowly lengthens and
eventually prevails later in the night (Keenan et al., 2010). The functional role of each stage and its

organization is still not yet fully understood.

1.2.2. Wake & NREM Promoting Systems

The fundamental of sleep revolves around the mechanism that induces wake and sleep. Although
there is a solid understanding of the neurophysiology behind sleep and wake states, the mechanism of
alternation between both states is still less known. For the purpose of this literature review, the focus of

sleep-wake cycles will remain from wakefulness to NREM sleep.

In the past, the reticular formation of the brainstem has been recognized as the activation center of
wakefulness (Moruzzi et al., 1949). It follows a pathway called the ascending arousal pathway which
branches out into two branching projections to promote wakefulness (Saper et al., 2001). One branch
projects to the thalamus while the other projects to the hypothalamus and basal forebrain (Moruzzi et al.,
1949; Saper et al., 2001). The thalamic projection starts at the pedunculopontine and laterodorsal tegmental
nucleus of the upper brainstem which then projects to the thalamus and then to the reticular nucleus (Saper

et al., 2001). The other projection that goes to the lateral hypothalamus originates from the locus coeruleus,



raphe nucleus, parabrachial nucleus, and tuberomammillary nucleus (Saper et al., 2005). The hypothalamic
projection then continues to the basal forebrain which evokes arousal to the entire cortex (Saper et al.,

2001).

The activated brain state during wake is the result of multiple arousal systems including the
serotonergic, noradrenergic, cholinergic, and hypocretin systems located at different subcortical regions
(Luppi et al., 2011). Contrarily, the major region for the activation of NREM sleep is the ventrolateral
preoptic area (VLPO) (de Andrés et al., 2011). The VLPO consists of gamma-aminobutyric acid and

galanin neurons which inhibit the arousal regions during sleep (Szymusiak et al., 2007; Sherin et al., 1998).

The inhibitory relationship between the sleep and wake systems is reciprocal. The wake-NREM
sleep cycle functions through dynamic inhibitory connections between arousal systems. Moreover, the
preoptic area is inhibited during wakefulness but then inhibits arousal regions during sleep (Sherin et al.,
1998). The two-way inhibition relationship allows for an effective circuit where the activity of one system
inhibits the other while disinhibiting itself and increasing its own activity. The model is known as a “flip-
flop” switch which allows for quick transitions between sleep and wake (Saper et al., 2001). One of the
ways the stability of this sleep-state circuitry is kept from switching back and forth constantly is due to a
group of neurons called orexins located in the hypothalamus. These neurons are primarily active during
wake and project to the cortex as well as the VLPO and arousal pathway (Estabrooke et al., 2001). However,
the VLPO has no orexin receptors which prevents it from being influenced by the projections of orexin

neurons.



1.3. Sleep Deprivation

1.3.1. Prevalence of Sleep Deprivation

Sleep deprivation is a rising issue affecting many adults in society with an estimate of 35% of
individuals aged 15 or older, and approximately 30% of Canadian students in high school and university
reporting insufficient sleep (Chaput et al., 2017). Insufficient sleep is defined as having a sleeping less than
the recommended sleep time which is 7-9 hours for adults as per the National Sleep Foundation
(Hirshkowitz et al., 2015). Sleep loss may be attributed to several factors in the modern world such as the
increase in nocturnal artificial light, caffeine consumption, in addition to shift work and academic demands

(Chaput et al., 2017).

1.3.2. Types of Sleep Deprivation

It is important to define the two types of sleep deprivation: (i) total sleep deprivation (>24 hours of
continuous wake), (ii) partial sleep deprivation (<24 hours of continuous wake), and (iii) chronic partial
sleep deprivation (e.g., only 4-6 hours of sleep in the span of several consecutive days). Researchers have
chosen to investigate the different types of sleep deprivation based on their questions of interest. Partial
sleep deprivation offers distinguishing effects of NREM and REM sleep and chronic partial sleep
deprivation allows for a more pragmatic outcome of sleep loss in today’s society. Meanwhile, total sleep

deprivation provides the direct consequences of a sleepless night.

1.4. Consequences of Sleep Deprivation

The lack of sleep and productivity among the Canadian working population is costing the economy
up to $27.7 billion a year (Hafner et al., 2017). The daytime impairment is related to the excessive wake
duration (Van Dongen et al., 2003) and can only be restored through sleep (Banks et al., 2010; Vyazovskiy,
2015). Sleep deprivation has been shown to impair visuomotor performance (Van Dongen et al., 2004;

Blatter et al., 2005), decision making (Linde et al., 1999; Killgore et al., 2006), attention (Karakorpi et al.,



2006; Choo et al., 2005), logical reasoning (Drummond et al., 2004), fine motor skills (Ayalon et al., 2008)
and long-term memory (Drummond et al., 2000; Forest et al., 2000). However, the two most widely studied
cognitive domains in sleep deprivation research are vigilance and working memory, both of which act as
an important fundamental basis for other cognitive functions (Alhola et al., 2007). Vigilance is defined as
the ability to sustain attention for a task for a period amount of time while working memory is defined as
the ability to encode, manipulate, and retrieve information in a goal-oriented manner. There are significant
effects on cognitive performances such as deficits in memory and vigilance, consequences that could
considerably result in decreased productivity and increased risk of motor vehicle accidents (Hafner et al.,
2017). Cognitive and behavioural impairments usually occur after just one night of sleep loss and amplifies
until sleep recovery (Van Dongen et al., 2003; Gillberg et al., 1998). Sleep deprivation has its known effects
on subjective and objective measures of sleepiness. Objective measures used in clinical and research
settings include different tests such as the multiple sleep latency test (MSLT) (Carskadon, 1986),
maintenance wakefulness test MWT) (Mitler et al., 1982), and psychomotor vigilance task (PVT) (Doran
et al., 2001). Subjective measures include self-rating scales such as the Stanford Sleepiness Scale (SSS;
(Hoddes et al., 1973)), Epworth Sleepiness Scale (ESS) (Johns, 1991), and Karolinska Sleep Scale (KSS)
observed where subjective sleepiness returned to baseline earlier than objective performance measures
(Balkin et al., 2008; Belenky et al., 2003). This could potentially explain why some people may deny

excessive sleepiness despite poorer cognitive functioning.

1.4.1. Sleep deprivation and Attention

In the past, attention was viewed as a unified construct where a decrease in performance after sleep
loss was associated with attentional deficits (Dinges, 1992; Kjellberg, 1977). However, the field of
cognitive science has agreed on interpreting attention as a multidimensional system (Posner et al., 1990;

Raz, 2004). The attention system involves three neural networks serving three subfunctions of attention: 1)



Alerting — defined as maintaining a state of activation of the cognitive system or vigilance. This will be
covered more in the following section. 2) Orienting — defined as selectively placing attentional focus on
relevant objects or space of the visual field. 3) Executive — defined as the ability to control one’s behavior
to achieve a goal (Raz, 2004). To manipulate all three attentional networks at the same time, the Attention
Network Test (ANT) (Fan et al., 2002) is commonly used. Although past studies may use cognitive tests
other than the ANT, the impact of sleep deprivation on attention is remarkable. Sleep deprivation lasting
24 hours shows a decrease in alertness while not affecting the orienting mechanisms suggesting these two
systems are independent of each other (Casagrande et al., 2006). As for executive control, a one night of
sleep deprivation impaired error detection and highlighted the inability to avoid repeating the errors (Tsai
et al., 2005; Hsieh et al., 2007) despite no significant difference in subjective effort to remain aware and

motivated (Timothy I. Murphy et al., 2006).

1.4.2. Sleep deprivation and Vigilance

The largest effect sleep deprivation has on cognitive function is on vigilance levels. As a subserving
attentional function, vigilance (also known as tonic alertness) is defined by cognitive neuroscientists as
sustained attention on tasks for over an extended period. The effects of sleep deprivation on vigilance and
fatigue has been extensively studied showing its role in the impairment of cognitive performance (Lo et al.,
2012; Drake et al., 2001; Hirma et al., 1998; Van Dongen et al., 2003; Lim et al., 2008; Bermudez et al.,
2016). The most common test used to assess vigilance in sleep deprivation is the Psychomotor Vigilance
Task (PVT) (Doran et al., 2001). It is a simple task that records the reaction time for a subject to respond
to a particular stimulus. The PVT requires sustained attention and has been validated to be highly sensitive
to sleep deprivation (Basner et al., 2011). As alertness decreases and cognitive fatigue heightens during a
sleep-deprived state, the reaction time becomes slower, and there is an increase in lapses (failure to respond

within 500ms after stimuli) and error of commission (false positive) (Lim et al., 2008b).



1.4.3. Sleep deprivation and Working Memory

Past studies found working memory to also be a cognitive domain that is negatively impacted
following 20 or more hours of total sleep deprivation (Alhola et al., 2007; Turner et al., 2007; Mu et al.,
2005; Smith et al., 2002; Raidy et al., 2005; Choo et al., 2005). Response time and accuracy for working
memory tasks, as well as working memory span, saw a decline following total sleep deprivation (Raidy et
al., 2005; Choo et al., 2005; Turner et al., 2007). Furthermore, studies looking at the effects of sleep
deprivation on working memory task also demonstrated the importance of sleep to acquire new information
along with the stabilization and assimilation of new knowledge (Diekelmann et al., 2010; Walker, 2009).
Most studies used a memory task called N-back to assess working memory functioning. The N-back task
is a computerized version of a popular paradigm consisting of a series of letters presented in sequence (M.

W. L. Chee et al., 2004).

1.4.4. Effects on Cognition at Various Doses of Restricted Sleep

Although chronic partial sleep loss has a less immediate and less pronounced cognitive deficit than
total sleep deprivation, the issue tends to worsen over the buildup of lack of sleep (Banks et al., 2010). To
further understand the implication of sleep deprivation, it would be informative to look at the effects of the
Figure 1) investigated the neurobehavioral responses to varying doses of daily sleep showed that chronic
partial sleep deprivation consisting of two weeks of 4 hours of sleep per night can eventually lead to same
degree of deficit in sustained attention (measured by the psychomotor vigilance task) and working memory
(measured by digit symbol substitution task) as 48 hours of total sleep deprivation (Van Dongen et al.,
2003). In particular, by the end of 14 days of sleep restriction, subjects in the 4 hours and 6 hours sleep
period condition only reported slight sleepiness when cognitive performance was at its worst. The authors
hypothesized that sleepiness perhaps was able to adapt to chronic partial sleep deprivation (Van Dongen et

al., 2003). The findings suggest that when chronically sleep deprived, subjects should either not rely on



their subjective sleepiness levels to assess their actual cognitive impairment, or around 4 hours of sleep is
sufficient to avoid the sense of sleepiness found in total sleep deprivation (Van Dongen et al., 2003). The
outcomes from this study are striking as they may illustrate the reason sleep restriction is becoming more

common due to people’s false belief of having adapted to sleep deprivation since they do not feel as sleepy.
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Figure 1. Obtained from (Van Dongen et al., 2003) — Three different neurobehavioral assays measured cognitive performance and
subjective sleepiness. Each panel displays 8 hours (0), 6 hours (7)), and 4 hours (o) for chronic sleep period conditions across 14
days and 0 hour (m) sleep condition across 3 days (Van Dongen et al., 2003). Panel A shows psychomotor vigilance task (PVT)
performance lapses; Panel B shows Stanford Sleepiness Scale (SSS),; and Panel C shows Digit Symbol Substitution Task (DSST)
correct responses. Upward trends represent worse performance on PVT and greater sleepiness on SSS and downward trends
correspond to worse performance on DSST. These cognitive impairments for all four sleep restricted conditions followed a near-
linear trend with slim differences between chronic partial sleep deprivation and total sleep deprivation. In contrast, the sleepiness
ratings for both partial and total sleep deprivation differed more drastically where total sleep deprivation followed a near-linear
trend and chronic partial sleep loss had a near-saturating trend. For DSST, gray bands are curved parallel to the practice effect
displayed by subjects in 8 hours sleep condition.
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In summary, the disruption of sleep in normal healthy subjects has significant negative effects on
cognitive performances. More specifically, the impairment in sustained attention and working memory
really become evident when subjects have been partially sleep deprived or totally sleep deprived (Van
Dongen et al., 2003; Basner et al., 2011; Alhola et al., 2007; Raidy et al., 2005; Choo et al., 2005; Turner
et al., 2007). These findings are profoundly relevant in modern society where sleep restriction is widely
encountered. From a social point of view, investigation of the consequences of sleep deprivation can help
educate the population on sleep recommendations for health policies in a modern society where there is an
epidemic of sleep loss (Hafner et al., 2017; Ocampo et al., 2017). To date, total sleep deprivation remains
one of the most common manipulations performed in the laboratory and still can be translatable to chronic
partial sleep loss (Reynolds et al., 2010). By pinpointing the effects of sleep deprivation on cognitive

functions, we can bring more emphasis on the danger of sleep deprivation in these safety-sensitive jobs.

1.4.5. Sleep Deprivation and Recovery Sleep

A study found that thalamocortical activity decreases following a night of total sleep deprivation,
and the impairments were only partially reversed following a night of recovery sleep (Wu et al., 2006).
Another study by (Lim et al., 2017) showed a daily one-hour nap led to greater processing speed in the
blocked symbol decoding task compared to a group that did not take a nap following five nights of restricted
sleep (5 hours). Finally, a recent study found evidence that sleep restriction of 5 hours in bed over five
nights resulted in deficits in adolescents’ cognitive functions and alertness (Lo et al., 2017). Moreover, two
nights of 9 hours of sleep did not lead to full recovery from these deteriorations. However, a daily 1 hour
afternoon nap after each restricted night of sleep alleviated performance impairments; although not fully
restored (Lo et al., 2017). However, there have been studies that have shown recovery sleep to have a
higher restorative effect. One study by (Philip et al., 2012) found evidence that following 5 nights of sleep
restriction to 4 hours of sleep, middle-aged adults were able to obtain a full recovery to baseline levels in

alertness and performance in reaction time task following a single night sleep lasting 8 hours. However,
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another study showed young adults going through the same levels of sleep restriction did not recover
completely in a vigilance task after being in bed for 10 hours (Banks et al., 2010). This might suggest that
young adults might require a longer sleep period or require multiple nights of sleep to recover.

While sleep deprivation is known to significantly hinder cognitive functions, recovery sleep is still
not fully understood. Although some studies might suggest partial recovery of cognitive performance can
come from a nap or 1-2 nights of 8 hours sleep, others found full recovery effects after just one night of
sleep recovery. Further investigation on the effects of sleep recovery following sleep deprivation is

warranted.

1.5 Sleep Deprivation and Brain Activation

Functional magnetic resonance imaging (fMRI) is a technique to detect spontaneous or
experimentally-induced changes in activation levels of brain regions (Rogers et al., 2007). fMRI measures
changes in blood oxygenation level-dependent (BOLD) signal due to metabolic demands (oxygen
consumption), which is used as a proxy measure of neural activity (Ogawa et al., 1990). These allow the
creation of activation maps representing the engagement of different brain regions during a specific task or
at rest. There are a few reasons to investigate how sleep affects brain activation. The first reason is to
characterize the different regions or networks in the human brain that are vulnerable or resilient to the
effects of sleep deprivation. Likewise, understanding the changes in brain activity and function from sleep
loss can explain the disruptive changes in behavior. For example, total sleep deprivation elicited a decrease
in activation in the intraparietal sulcus, a region corresponding to visual short-term memory capacity
(Michael W.L. Chee et al., 2007). However, the way sleep deprivation affects working memory activation
(prefrontal regions) has differed across studies due to possible task difficulty differences. In one study, there
was a compensatory prefrontal activation when task difficulty of working memory task was increased (M.
W. L. Chee et al., 2004) while other studies did not replicate the same outcome (Bell-McGinty et al., 2004;

Michael W.L. Chee et al., 2006; Habeck et al., 2004). The study by (M. W. L. Chee et al., 2004) also found
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that after a night of total sleep deprivation, there was reduced activation in the bilateral parietal regions,
commonly known to be activated during working memory tasks (Cabeza et al., 2002). More interestingly,
a study by (Drummond et al., 2000) showed greater responses during a verbal reasoning task to regions
associated with working memory after a night of total sleep deprivation. This was intriguing as verbal
reasoning typically does not rely on working memory systems but due to sleep deprivation, the authors
suggested that the systems became active in order to help compensate for the lack of learning resources
(Drummond et al., 2000). The study also found these same regions associated with working memory to be
active during the arithmetic task at normal waking state but not after total sleep deprivation. Since the
arithmetic task indeed may rely on the working memory systems, the resources necessary for compensation
may not be available following total sleep deprivation. This emphasizes how different cognitive demands
in tasks may play an important role in the adaptive response of compensatory activation. Furthermore, the
increase and decrease in activation in different brain regions during a particular task following sleep
deprivation further underlines the need for research to examine the way these different regions function

with one another when individuals are sleep deprived.

1.6. Sleep Deprivation & Functional Connectivity

1.6.1. Functional Connectivity

Complementary analyses that inform how the different neural systems interact together may
provide a better insight into how the brain executes a particular function. The term functional connectivity
is defined as the temporal inter-relationship (measured as Pearson’s correlation) of the different brain
regions (Michael D. Fox et al., 2007; Greene et al., 2015). More specifically, the correlations of activities
are derived from changes in BOLD signal across time found within and between regions, voxels (3D brain
images), or networks during resting-state or during the task (Michael D. Fox et al., 2007). It is important to
consider that functional connectivity does not provide information on the direction of these connections

(i.e., feedforward, feedback), but provides information on how strong the time course of activity of two
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areas may be related to one another. The advantage of examining functional connectivity over task
activation is the fact that it offers an overall perspective of the brain network activities and the way the
different networks function together rather than just viewing a small set of regions involved in a task. It is
important to note though that functional connectivity can change in response to hypercapnia, where a
decrease in oxygen inspired can decrease spontaneous low-frequency fluctuations (Biswal et al., 1997).
However, one of the more prominent confounds measuring functional connectivity is the physiological
noise from the BOLD signal (Kriiger et al., 2001). The noise can come from fluctuations in cerebral blood
flow and metabolism as well as cardiac and respiratory pulsatility (Birn et al., 2006). Another common

noise is physical motion made by human subjects including nodding or swallowing (Mayer et al., 2019).

1.6.2. Functional Cortical Networks

Functional networks are a group of voxels or regions that elicit the same temporal activation pattern
during resting-state or task. By examining the brain in this way, it may grant insight into the larger scale of
neuronal communication in the brain. This perspective creates a platform to allow for a better understanding
of how the functional networks relate to human behavior (Bullmore et al., 2009; Michael D. Fox et al.,
2007). There is a staggering amount of studies done on functional networks during resting-state, notably by
(Power et al., 2011) and (Thomas Yeo et al., 2011) who created two of the most widely-utilized functional
network partitions (Ji et al., 2019). Functional cortical networks, as opposed to structural cortical networks,
categorize parcels of the brain by their similarity in functional properties involved in processes through a
time-series rather than any similarities in microstructure. For this study, we have chosen the popular
partition by (Thomas Yeo et al., 2011) that was designed to cluster voxels into regions and networks of
1000 individuals’ resting-state scans. This led to a set of 100 parcels grouped into seven cortical networks
described as visual, somatomotor, dorsal attention, ventral attention, limbic, default, and frontoparietal

networks.
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The visual and somatomotor networks are well known to support externally driven functions of
vision, tactile sensation, and motor coordination (Doucet et al., 2011). The limbic network consists of
mainly the orbitofrontal cortex and is involved in decision making (Mega et al., 1997). The remaining
networks are sometimes classified into two categories: task-positive (i.c., frontoparietal, dorsal attention,
and ventral attention networks) or task-negative (i.e., default mode network) based on their activation
increasing or decreasing during cognitive tasks. The frontoparietal network is usually involved during
higher-level functioning such as fine-tuning behaviors as demands for task increase (Dosenbach et al.,
2008). The dorsal attention network is involved in top-down attention referring to internal guidance based
on previous experiences and goals (Vossel et al., 2014). Alternatively, the ventral attention network
involves bottom-up attention requiring selective attention from external guidance driven by stimuli from
the environment (Vossel et al., 2014). Lastly, the task-negative default mode network (DMN) is involved
in self-related activities such as imagination and recollection (Andrews-Hanna, 2012). A possible
explanation for the decrease in activation of the default mode network during tasks could be due to the
reduction of focus to the self-related processes to increase the attention for the task at hand (Michael D.

Fox et al., 2005).

During tasks and resting-state, relevant functional networks (especially task-positive networks)
have been said to become more functionally connected with each other, in other words, more connected
with each other to process the information necessary (Cocchi et al., 2013). Meanwhile, the non-relevant
functional regions that do not contribute to the task performance are highly segregated from these task-

positive networks (Anticevic et al., 2012).

1.6.3. Sleep Deprivation and Functional Connectivity

Research on sleep deprivation and functional connectivity has been recently gaining interest due to

its potential role in cognition and behavior. Several studies have reported changes in functional connectivity
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during resting-state after a partial (Simann et al., 2010) and total sleep deprivation (De Havas et al., 2012;
Yeo et al., 2015). More specifically, it takes only one night of partial sleep deprivation (3.5 hours of sleep)
for an observable decrease in connectivity during resting wakefulness within the DMN and the task-positive
networks (Sdmann et al., 2010) and a total night of sleep deprivation showed a decreased anti-correlation
between these two networks (De Havas et al., 2012). In addition, highly functionally connected cortical
networks (e.g. within DMN) became less functionally connected whereas those that are generally highly
anti-correlated (e.g. between DMN and attention networks) became less anti-correlated following a night
of total sleep deprivation (Yeo et al., 2015). It has been suggested that the nature of a network to segregate
itself is important in order for directed awareness and computation in any goal-oriented task (Shao et al.,
2013; Yeo et al., 2015). Other studies have also shown that sleep deprivation also affects the connectivity
of the subcortical regions where the connectivity between the thalamus and frontal and temporal gyri
decreased following sleep deprivation which may lead to a decline in arousal levels and information
processing and consequently, affects human cognitive functions (Shao et al., 2013). The outcomes of sleep
deprivation on functional connectivity imply that there are overall changes in the brain networks, but this
needs to be more refined to further our understanding of the potential networks that may be more vulnerable

to sleep deprivation.

1.7. Cognition & Integration

1.7.1. Cognition and Functional Integration of Brain Areas

The different cortical networks have their independent activity patterns from one another during
cognitive tasks (Peter T. Fox et al., 2012; Di et al., 2013; Friston, 2011; Rao et al., 2008). Although acting
independently, cognitive processing requires interactions (integration) across brain regions (Klimova, 2014;
Varela et al., 2001). More specifically, integration provides the shared dynamic fluctuation of neural
information occurring spontaneously in response to different cognitive demands (Tononi, 2008). The

optimal cognitive functioning requires the balance of both the integration and segregation (i.e. functional
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regions becoming less connected with each other) of neural signals across the different networks (Sporns,
2013; Deco et al., 2015). Integration is different from functional connectivity which measures the temporal
inter-relationship of the different brain regions as mentioned in section 1.6.1. While functional connectivity
measures time-series signal using Pearson’s correlation between parcels with ranging values from -1 to 1,
integration is preferred for quantifying grouped signals using a covariance matrix at the cortical and network

level.

One way to quantify the changes in information integration in brain networks from different states
of sleep and wakefulness can be calculated by computing both the total integration and hierarchical
functional clustering (Boly et al., 2012). To clarify, functional clustering uses seed regions from the BOLD
signal and transforms them into clusters/subsystems based on how functionally close these regions are
related to each other. Furthermore, it looks at the interactions within each subsystem relative to between
subsystems using the functional clustering ratio (FCR) and quantifies the degree of segregation (refer to
section 2.11) of a given system (Boly et al., 2012). Alternatively, total integration is the result of the

combination of both the within and between subsystems (Boly et al., 2012).

1.7.2. Sleep and Integration

The study by Boly et al., found that during sleep, there was a significant increase in total integration
during NREM sleep (Boly et al., 2012). Beyond the changes in total integration, interactions within
subsystems became proportionately larger than between subsystems in NREM sleep compared to
wakefulness resulting in an increased FCR. This phenomenon reflects a hierarchical segregation in
information flow during NREM sleep. As such, the level of consciousness appears to be a function of not
only the total amount of connectivity in the brain, but the dynamic complexity of interactions between its
subsystems (Tononi, 2005). It has also been proposed that a dynamic balance of segregation and integration
of information across brain networks for proper cognitive functioning (Sporns, 2013; Tononi, 2005).

Following this model, an increased in functional clustering of cortical activity during sleep results in a
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decrease of information integration despite the preserved total information processing. This finding aligns
well with theories suggesting that reduced consciousness during NREM sleep is a result of an increase in
brain segregation (Sporns, 2013; Tononi, 2005). The results have been replicated wherebyby higher
interactions within the networks (segregation) immediately decreased once participants were woken up

(Tagliazucchi et al., 2013; Boly et al., 2012).

1.7.3. Sleep Deprivation on Integration

A previous study showed a reduction in network modularity during resting-state following total
sleep deprivation (Ben Simon et al., 2017). Network modularity quantifies the integration and segregation
balance of brain activity (Godwin et al., 2015). To clarify, network modularity looks at the number of
within-network connections compared to all connections (instead of between-network connections in FCR).
More specifically, reduced modularity supports an increase in functional integration as opposed to an
increase in functional segregation from increased modularity. Reduction in network modularity from sleep
deprivation was found in the DMN, limbic, somatomotor, and attention networks during resting-state (Ben
Simon et al., 2017). Furthermore, the findings reported that worsening vigilance task performance was

significantly correlated with reduced somatomotor network modularity (Ben Simon et al., 2017).

1.8. Knowledge Gap, Objectives, Hypotheses

1.8.1. Knowledge Gap & Current Study

Few studies have attempted to bring light onto the association of functional connectivity disruptions
and cognitive behavior following sleep deprivation. One study (De Havas et al., 2012) did not report any
significant correlations between measures of functional connectivity and declines in vigilance performance.
A later study found that subjects who were more resilient to vigilance decline from sleep deprivation

showed higher levels of segregation of cortical networks during resting-state (Yeo et al., 2015). Since there
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are changes in the functional network connectivity following sleep deprivation (e.g., DMN, attention
network), this leaves the question of whether the different networks recover differently following recovery
sleep. There remains a lack of comprehensive understanding of how the human brain networks and its
connectivity recovery from sleep deprivation (Krause et al., 2017).

Although previous studies tend to focus on a particular region of interest within functional
networks, this study will adopt a whole-cortex network approach to not limit the analysis to subjectively
selected regions. We also decided to assess the hierarchical functional clustering (integration) effects of
within and between cortical networks across various arousal states (well-rested state, sleep deprived state,
and post-recovery nap state) during the cognitive tasks. This will allow us to have a more quantifiable
understanding of the functional interactions at the cortical and network levels using measures of integration
of fMRI activity within and between networks. Unlike previous literature that evaluated integration during
resting-state (Ben Simon et al., 2017), this study will be the first to investigate the effects during cognitive
tasks. Similar to functional connectivity, no literature to date has investigated the effects of a recovery nap

on functional clustering following a night of total sleep deprivation.

To date, there have been no studies to our knowledge that have investigated the effects of a recovery
nap on functional connectivity and integration following a night of total sleep deprivation during the
cognitive tasks. It is important to assess functional connectivity and integration during the different
cognitive tasks rather than resting-state since each cortical networks have their independent respective
activity patterns that differ from one another (Peter T. Fox et al., 2012; Di et al., 2013; Friston, 2011; Rao
et al., 2008). By looking at functional connectivity and integration during task, it will allow us to see
ongoing dynamic changes (integration & segregation) and determine how this is also related to the cognitive
changes. This will likely give a neurophysiological explanation for the decline in cognitive performance

amongst those who are sleep deprived.
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1.8.2. Objectives

1. Our study will examine the effects of total sleep deprivation and a partial recovery nap on three
separate cognitive tasks assessing attention, vigilance, and working memory.

2. The present study will be the first to investigate the effects of total sleep deprivation and a
recovery nap on cortical functional connectivity during three separate cognitive tasks.

3. This study will explore the effects of total sleep deprivation and a recovery nap on integration
during the three separate cognitive tasks.

4. The study will also compare these changes in integration with the cognitive changes for each of

the separate cognitive tasks.

1.8.3. Hypotheses

1. For this study, the cognitive performances during tasks are hypothesized to decrease when

subjects are sleep deprived and partially restore after a recovery nap.

2. For functional connectivity of the three separate cognitive tasks, when well-rested, we
hypothesize that the task-relevant networks will be highly functionally connected with each other compared
to within networks. Non-relevant networks will be highly anti-correlated from the task-relevant networks.
However, following a night of total sleep deprivation, we expect the highly functionally connected networks
to become less functionally connected. Following a recovery nap, we hypothesized for these effects to
partially recover where functionally connected networks will have partial recovery back to its baseline

functional connectivity.

3. For integration of the three separate cognitive tasks, following a night of total sleep deprivation,
we expect the interactions within-networks to be more integrated relative to between-networks. Following
a recovery nap, we hypothesized the highly integrated networks have partial return to baseline integration

and segregated networks will restore partially to its baseline segregation.



20

4. We hypothesize that the increase in integration after total sleep deprivation will be associated
with worsening of cognitive performance while decreased integration after a recovery nap will be associated

with cognitive improvement in all three separate tasks.

2. METHODS

2.1. Subject Recruitment

Participants aged between 18 to 30 years and considered normal good sleepers (>6 hours of sleep
per night) were recruited using advertisements posted online and within Concordia University and the
PERFORM Centre. A semi-structured interview was conducted to assess their eligibility. Due to the
involvement of functional magnetic resonance imaging (fMRI) and sleep study criteria, participants were
screened for the following exclusion criteria: claustrophobia; pregnancy; neurological disorders (e.g.,
epilepsy, migraine, and stroke); medical conditions (e.g., chronic pain, chronic respiratory diseases); and
metallic objects in body (e.g., pacemaker, prosthetic valve, clip). Participants were also excluded for
psychological conditions (e.g., major depression, anxiety disorder, psychotic disorder), current use of
psychotropic medications, drugs, and alcohol. Manual scoring of the polysomnography (PSG) from two
sleep experts from the lab ruled out sleep disorders such as sleep apnea (apnea-hypopnea index >5/h),
restless leg syndrome, and periodic limb movement disorder (periodic limb movements during sleep index

>15/h).

In total, 53 participants responded to advertisement, of which 34 passed initially screening. A total
of fourteen were excluded (N=3 for sleep disorders, N=5 for technical reasons, N=6 withdrew due to
personal reasons). Consequently, 20 participants (12 females) completed the study (see Figure 2). All
participants signed an informed consent form approved by the Comité Central D Ethique de la Recherche

(CCER).
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Figure 2. Subject Recruitment

2.2. Study Design

Participants deemed eligible following the PSG screening night were scheduled for two subsequent
sessions, separated by one week in a randomized counter-balanced design. One session took place after a
normal night of regular sleep while the other session took place after a night of total sleep deprivation, both
which were controlled in the sleep laboratory. Participants were allowed to sleep as per their regular (>6 h)
sleep schedule during the normal night in the sleep lab at the PERFORM Centre. During the sleep
deprivation night, a member of the study stayed overnight with the participant and ensured that he/she did
not fall asleep by offering to talk, watch movies or play games. Following both nights, participants were
taken to the imaging suite at 7:15 AM for their MRI sessions, where they were asked to perform a resting-

state scan and cognitive tasks which will be discussed in more detail in the next section.
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Figure 3. Randomized counterbalanced design of the three nights for the study

2.3. MRI Sessions

Prior to being scanned, subjects performed one practice run for each cognitive task (covered in the
next section) to familiarize themselves with the instructions. Participants had an MRI-compatible EEG cap
set up onto their heads prior to entering the MRI scanner (covered in section 2.5). Once the session began,
they were introduced to the three cognitive tasks and resting tasks in the order shown in Figure 4. After
each task, they were asked to rate their subjective sleepiness on the 9-point Karolinska Sleepiness Scale
(KSS). Anatomical scans were also collected using T1w imaging and diffusion weighted MRI following
the normal night. As for the sleep deprivation night, participants were allowed to take a one-hour
opportunity nap inside the MRI scanner following the cognitive and resting tasks to monitor the brain
recovery during sleep. They were asked to rate their subjective sleepiness (KSS) prior to and post-nap
(Akerstedt et al., 1990). After the nap, they were woken up to perform the same tasks again (in the same
order) to examine potential improvements after sleep recovery. Participants were free to stop the study

anytime if needed.
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NORMAL NIGHT

8:00 am 8:26 am
HET ANT  mct | Diffusion & Anatomical
MRI
26 min 20 min

SLEEP DEPRIVATION NIGHT

8:00 am 8:26 am 9:26 am

N-back ANT MCT Nap N-back ANT  MCT

26 min 60 min 26 min

Figure 3. MRI session flowchart

2.4. Experimental Tasks

2.4.1. Cognitive Tasks
In all MRI sessions (WR, SD and post-nap), participants were asked to perform the same three different
tasks. Repeated measures analysis of variance (ANOVA) and post-hoc t-tests were used to compare the
accuracy (% of correct responses) and reaction time (reaction time, in ms) of the MCT, N-back, and ANT
tasks between the three different states.:
1) N-back task: a working memory task with 3 difficulty levels (0, 1, and 2) where a series of letters
is presented at a rate of one letter every 2.5 seconds to the participant. The participant is required
to press the button if the letter presented is the same letter presented “N” times prior (ex. In a 3-
back, the participant pressed a button to the sequence, ”C A E C”, upon the appearance of the
second “C”) (Kulikowski et al., 2016; Jaeggi et al., 2010). The task is presented in blocks of X

seconds with rest periods in between (X-Ys) for 8§ minutes. Accuracy (percentage of correct
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responses) and reaction times (delay between stimuli presentation and trigger response in

milliseconds) were extracted across all difficulty levels. (Figure 5)

Figure 4. N-back task

2) Attention Network Task (ANT): an attention task where the participant is required to identify the
direction of the arrow in the middle of an array of five arrows. Different cues such as valid, invalid,
or double (i.e., both boxes are flashing) are sent before the appearance of the arrow to distract the
participant. There are three different types of stimulus presentations (uncued, congruent cued, and
incongruent cued) which yield three components of this task: alerting, orienting, and executive
control. Congruent cues consist of five arrows presented in the same direction whereas incongruent
cues have arrows pointing in different directions. This ensures that the level of attention of the
participant is maintained (Fan et al., 2002; Weaver et al., 2013). Accuracy (percentage of correct
responses) and reaction times (delay between stimuli presentation and trigger response in

milliseconds) were extracted across all different cues. This task lasted for 13 minutes. (Figure 6)

+ bbb

Figure 5. Attention network task
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3) Mackworth Clock Task (MCT): a vigilance task that involves a series of stimuli presented
sequentially on-screen spatially similar to a ticking clock. The participants were asked to press the
trigger when the stimuli skipped an element in the sequence (Lichstein et al., 2000; Loh et al.,
2004). This task lasted for 5 minutes. Accuracy (percentage of correct responses) and reaction times

(delay between stimuli presentation and trigger response in milliseconds). (Figure 7)

Figure 6. Mackworth Clock Task

For the purpose of the master’s thesis, we will mainly be focusing on the MCT, N-back, and ANT
tasks in order to cover the aspects of vigilance, working memory, and attention, respectively. ANT task was
developed to test for three different attention networks: alerting, orienting, and executive control. Since
these falls beyond the scope of my thesis and was not included in the proposal, the analysis will not go into

the depth of the 3 components of the ANT task as it is not feasible when examining functional connectivity.

2.5. EEG Acquisition

An MRI-compatible, 256 electrode, high-density EEG cap used (Electrical Geodesics Inc. (EGI),)
was used during both MRI sessions. The cap was first soaked in a saline solution mixed with neutral 0%
baby shampoo and potassium chloride to ensure proper conductivity between electrodes and the
participants’ scalp. The impedance of the electrodes was kept below 100 kQ. Lastly, polyethylene was

wrapped around the electrodes to maintain the moisture and thus impedance of the electrodes in order to
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maintain the quality of the EEG recording throughout the session. EEG data were sampled at 1000 Hz

through a specialized amplifier and recorded with Net Station software (EGI Ltd).

2.6. Imaging (fMRI) Acquisition

Images were acquired on a 3T General Electric (GE) scanner (GE Medical Systems, Milwaukee,
Wisconsin, US) using a gradient-echo-planar imaging (EPI) sequence with the following parameters:
repetition time (TR) = 2500 ms, time-to-echo (TE) = 26 ms, field-of-view (FOV) = 256 mm, and matrix
size 64 x 64. Forty-one axial slices of thickness 4 mm were collected in a sequential descending manner. A
mirror was placed above participants on the head coil for them to view stimuli being projected onto a screen
from a projector. Participants were instructed to press a button with their index finger and thumb on the
response box. Foam-padded cushions were used to stabilize the head and minimize movements during the

scan.

2.7. Imaging (structural) Acquisition

To ensure proper registration of the functional and anatomical images, high-resolution coplanar
T1-weighted anatomical images were obtained after the functional runs. High-resolution T1-weighted
images were acquired during the normal night session (BRAVO, TR 7908, TE 3.06 ms, flip angle 12°, FoV
256mm matrix 256 x 256, 1 x 1 x Imm, 196 axial slices, resolution 1 mm isotropic) and were also used for

image normalization in the Montreal Neurological Institute (MNI) space (Evans et al., 1994).

2.8. Preprocessing of fMRI Data

Functional MRI data preprocessing was performed through the open access and standardised

fMRIPrep 1.3.1 pipeline (Esteban et al., 2019) which is based on Nipype 1.1.9 (Esteban et al., 2020;
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Gorgolewski et al., 2011). All MRI preprocessing were performed on the Compute Canada servers Cedar

and Graham ((https://www.computecanada.ca/research-portal/accessing-resources/available-resources/).

The pipeline included the following steps:

L.

Creation of a reference image and brain mask. Time-points in the fMRI signal demonstrating non-
steady state artifacts (in excess of the T1w contrast) were aligned and averaged to generate a
reference image in each participant’s native space.

The BOLD reference were co-registered to the T1w reference using bbregister (FreeSurfer v6.0)
which implements boundary-based registration (Greve et al., 2009). The co-registration was
configured with nine degrees of freedom to account for distortions remaining in the BOLD
reference.

Parameters corresponding to bulk head motion (due to involuntary drift, swallowing, etc.) of each
time point with respect to the reference image were estimated using mcflirt (F'SL v5.0.9; (Jenkinson
et al., 2002)). These parameters are 6 motion parameters (X, y, z translations and a, 3, y rotations)
from which the average frame displacement is computed.

Slice timing correction (AFNI; (Cox, 1996)). Based on the acquisition time of each 2D axial slice,
the temporal dynamics were estimated, and all slices were resampled onto their original native
space by applying a single composite transform to correct for head motion and susceptibility
distortions. The transforms are concatenated and applied all at once with interpolation (Lanczos)
step to minimize the loss of information.

Frame Displacement and spatial standard deviation of successive difference images (DVARS)
were calculated for each functional run using implementations in Nipype.

Brain tissue segmentation of white and gray matter, and cerebrospinal fluid were performed on the
brain-extracted T1w using FAST (FSL v5.0.9; (Zhang et al., 2001)). The average time-series of
the white matter, cerebrospinal fluid, and whole-brain were also extracted.

Following the sampling of the BOLD data onto their original native space, these were resampled

via nonlinear transformation to the MNI152NLin2009cAsym standard volumetric space for all
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subjects for subsequent processing and analysis while maintaining the original resolution of the
BOLD data.

8. The BOLD data time-series in standard space were further denoised using a 36-parameter stream
of xcpEngine (Ciric et al., 2017).

a. Temporal filter (0.01-0.08 Hz) was applied to the data.

b. Six realignment parameters, the mean white matter and cerebrospinal fluid time series
(extracted from fMRIPrep in step 6), as well as derivative and quadratic expansions were
all regressed out from the BOLD time-series.

9. The final preprocessed BOLD time-series for each subject were projected onto the cortical surface
(white matter boundary, default) using fsaverage5 template from the Freesurfer package
(mri_vol2surf; FreeSurfer v6.0). It was then smoothed along the surface space using a 6mm

smoothing kernel.

2.9. Functional Connectivity Analysis

To calculate functional connectivity, the BOLD data sampled in the surface space (20,484 vertices)
were first divided into 100 cortical parcels based on resting-state functional imaging data from a sample of
1000 subjects (Schaefer et al., 2018). Firstly, for each individual tasks, the functional time-series of each
of the 20,484 vertices were assigned a parcel number from 1 to 100 based on the template. These time-
series were then averaged within each parcel to provide 100 time-series with 50 on each hemisphere (one
averaged time series per parcel). Pearson’s pointwise correlations between the timeseries of each parcel
are then calculated. This results in a 100 by 100 correlation matrix providing the calculated functional
connectivity between all parcels.

These parcels were further clustered into 17 functional networks using a template previously

described in the literature, in order to compare the functional connectivity within and between these
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networks (Thomas Yeo et al., 2011). The parcellation scheme used directly allows for an allocation of each

parcel to one of 17 functional networks.

2.9.1. Whole-Brain Signal Regression

The debate on whether to regress whole-brain signal in fMRI preprocessing still exists. On one
hand, a study done by (Yeo et al., 2015) investigated the matter further and found it beneficial to regress
whole-brain signal as it allowed for clearer group contrasts that are usually masked from the elevated whole-
brain signal amplitude resulting from sleep deprivation. Since whole-brain signal regression examines the
relationship of fMRI signals relative to the whole brain signal in sleep deprivation, this could potentially
introduce negative correlations between cortical regions (Michael D. Fox et al., 2009; Kevin Murphy et al.,
2009). In contrast, the whole-brain signal has been positively correlated with vigilance decline (Wong et
al., 2013). Thus, regressing whole-brain signals might remove important information on sleep deprivation.
Whole brain regression was not performed for our study due to the small sample size and to avoid removing

limited information.

2.10. Statistical fMRI Analysis

A traditional analysis of covariance (ANCOVA) and post-hoc test was not performed due to the
effects of nap duration. The effects of nap duration only affected two of the three comparisons (sleep-
deprived vs. post-recovery nap and well-rested vs. post-recovery nap) and not well-rested vs. sleep-deprived
state (given there is no sleep in this comparison). Therefore, we compared for nap duration only for the two
conditions that included sleep. A standard t-test was performed when comparing well-rested to sleep-
deprived state. Due to the great variability in nap duration across subjects, a general linear model was
performed to control for sleep stage time covariates between the sleep-deprived and post-recovery nap state,
well-rested and post-recovery nap state. We controlled for the following separate sleep stage time

covariates: total sleep time (TST), stage N2 time only (N2), stage N3 time only (N3). A t-test matrix of
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change in functional correlation between time series of 100 cortical parcels during task performance was
produced. A generalized linear model was applied to the connectivity matrices to obtain the mean value
and percentage of edges with significant changes. Furthermore, due to a high number of multiple
comparisons conducted simultaneously, a false discovery rate correction was applied (p<0.05) (Whitfield-

Gabrieli et al., 2012).

2.11. Functional Integration Analysis

Functional data was considered as N regions of interest (parcels) characterized by their mean time
courses y = (yy, ..., yn) gathered into K systems (networks) defined as S= {S, ..., Sx}. For any partition of
y, integration can then be defined as the Kullback-Leibler information divergence between the joint
distribution p( y,, ..., yx) and the product of the marginal distributions of the N-dimensional fMRI BOLD

time series y divided into K subsets, such that:

K
Iy1, 0, ¥k 1 = Dyr P15 s Y5 np(yk)]

k=1

which can be rewritten as:

K
Iyy, .,y ] = Z H (p(}’k)) — Hp1, - Yx))
k=1

where H is the entropy measure (Marrelec et al., 2008). For multivariate normal data with mean mu and

covariance matrix Sigma, entropy can be computed as:

1
H(p»)) = > In (ISigmal)

The total integration can be decomposed, according to the organization of ROIs into systems, as the sum of

within-system integration (/) and a between-system integration (/) term:

I[Yl! "'in] = st + Ibs

or alternatively:
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K
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Integration was calculated at two levels in the hierarchical model. Firstly, integration was calculated
across the whole cortex where 100 parcels were divided into 17 networks. (Thomas Yeo et al., 2011). To
calculate integration, we used a measure called the functional clustering ratio (FCR) which refers to the
interactions within each subsystems (/) relative to the integration between subsystems (/) (Boly et al.,
2012). It represents a quantifiable measure of clustering inside a given system. A higher FCR means that
there are more interactions within subsystems compared to between subsystems. To clarify, the increase in

FCR indicates that the sub-systems are more functionally independent (segregated) from one another.

Integration within subsystems (I,,5)
Integration between subsystems (I;)

Functional clustering ratio (FCR) =

Similar to the functional connectivity analysis, a false discovery rate correction was applied due to
multiple comparisons (Whitfield-Gabrieli et al., 2012) and standard t-tests compared the integration

between different states.

2.12. Integration & Behavioral Tasks

Upon obtaining the differences between different states, Pearson’s correlations were used to
compare the changes in integration across the whole cortex between each different states (well-rested, sleep
deprived, and post-recovery nap) and the behavioral changes in performances each of the three different
tasks individually (MCT, N-back, and ANT). The integration changes in each individual network were then
correlated with the changes in performance on the separate cognitive tasks using another Pearson’s

correlation (p<0.05).
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3.1. Cognitive Tasks
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The mean performance scores, reaction time (ms), and accuracy (% of correct responses), for each

cognitive task across 3 states: well-rested (WR), sleep-deprived (SD), and post-recovery nap (PRN), are

reported in Table 1A. None of the participants in the final sample fell asleep during the cognitive tasks.

Furthermore, head movement inside the scanner during the cognitive tasks was not significantly different

between sessions (average frame-wise displacement: 0.17 £ 0.11mm (WR) vs. 0.20 £ 0.12mm (SD); F =

2.36, p=0.109). The results also looked at the following sleep stage time covariates: total sleep time (TST),

stage N2 time only (N2), stage N3 time only (N3). As predicted, each task outcomes were significantly

impaired following sleep deprivation and improved following a recovery nap (Table 1A & 1B).

Post-recovery nap

Cognitive Performance Comparisons

p values (95% CI)

p values (95% CI)

Cognitive Tasks Well rested (WR) Sleep-deprived (SD) (PRN)
Reaction time (ms) 473.35+59 500.20 £ 46 468.9 + 56
MCT Py curacy (%) 721+ 19 602+ 16 711+17
Reaction time (ms) 699.25 £ 235 1003.51 £ 416 783.49 + 249
N-back 74 curacy (%) 958+ 3 84.7+ 13 92.7+7
ANT Reaction time (ms) 736.56 £ 113 809.30 £ 131 751.31 £98
Accuracy (%) 89.1+13 64.8 £22 82.0+ 18
Table 1A. Mean reaction time and accuracy of cognitive tasks across 3 different states
WR > SD SD 2> PRN WR 2 PRN

p values (95% CI)

»=0.007 (10.3 to 57.4)*

$<0.001 (-65.1 to -24.5)*

p=0.414 (-38.1 to 16.4)

£=0.004 (-19.2 to -4.3)*

£=0.004 (-17.8 to -3.9)*

p=0.742 (-6.4 to 4.6)

=0.007 (17.9 to 96.9)*

p=0.039 (-79.9 to -2.2)*

p=0.341 (-18.7 to 51.5)

p=0.002 (-18.3 to -5.1)*

£=0.002 (3.6 to 13.2)*

£=0.092 (-7.1 t0 0.6)

<0.001 (29.5 to 94.4)*

£<0.001 (-72.3 to -24.1)*

p=0.283 (-12.3 t0 39.8)

Reaction time (ms)

MCT Accuracy (%)
Reaction time (ms)

N-back Accuracy (%)
ANT Reaction time (ms)

Accuracy (%)

p<0.001 (-34.0 to -11.8)*

p=0.001 (7.9 to 25.2)*

p=0.124 (-14.7 to 1.9)

Table 1B. Comparison p-values of mean reaction time and accuracy of cognitive tasks across 3 different states. * = p < 0.05
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3.1.1 Task — MCT

For the MCT, the mean reaction time (Fig. 9B) increased from WR state to the SD state (d =33.882,
95% CI = 10.3 to 57.4, p=0.007), and decreased from SD to PRN state (d = -44.77, 95% CI = -65.1 to -
24.5, p<0.001), but there were no differences between WR and PRN state (d = -10.88, 95% CI = -38.1 to
16.4, p=0.414; F; 19 = 8.39, p=0.002). The accuracy on the MCT (Fig. 94) also decreased from WR state to
SD state (d = -11.75, 95% CI = -19.2 to -4.3, p=0.004) and increased from SD to PRN state (d = 10.87,
95% CI=-17.8 to -3.9, p=0.004), but there was no difference between the WR and PRN states (d =-0.87,

95% Cl=-6.4to0 4.6, p=0.742; F1,10 = 8.44, p=0.001).

When controlling for sleep stage time covariates, the change in accuracy was similar for SD to PRN
state (Frst = 4.85, prsr=0.041; Fxo = 4.45, pn2=0.049; Fnz = 9.01, pn3=0.008), WR to PRN (Frst = 0.05,
prst=0.825; Fno = 0.96, pn2=0.341; Fnz = 1.58, pn3=0.225). Likewise, the change in reaction time remained
the same after controlling for sleep stage time for SD to PRN state (Frst = 9.293, prst=0.007; Fxo = 5.886,
pn2=0.026; Fxz = 18.615, pn3<0.001), WR to PRN (Frst = 3.187, prs1=0.091; Fx2 = 3.048, px2=0.098; Fxs

=0.221, pa=0.644).
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Figure 7. Accuracy and reaction time of the MICT task across 3 different states. * = p<0.05; ** = p<0.001
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3.1.2 Task — N-back

In the N-back, the mean reaction time (Fig. 10B) also increased from WR to SD state (d = 57.43,
95% CI=17.9t0 96.9, p=0.007), and decreased from SD to PRN state (d =-41.05, 95% CI =-79.9 to -2.2,
p=0.039), but there were no differences between WR and PRN state (d = 16.38, 95% CI = -18.7 to 51.5,
p=0.341; Fi,10 = 5.35, p=0.009). The accuracy on the N-back (Fig. 104) decreased from WR state to SD
state (d =-11.68, 95% CI =-18.3 to -5.1, p=0.002) and increased from SD to PRN state (d = 8.40, 95% CI
= 3.6 to 13.2, p=0.002), but there was no difference between the WR and PRN states (d = -3.28, 95% CI =

-7.1 t0 0.6, p=0.092; Fy19 = 11.66, p=0.001).

When controlling for sleep stage time covariates, there was no difference in accuracy from SD to
PRN state when controlling for the sleep stage covariates (Frst = 0.004, prs1=0.952; Fno=1.09, pn2=0.310;
Fns = 1.47, pn3=0.241) and no difference from WR to PRN state (Frst = 0.05, prst=0.830; Fxo = 0.43,
pn2=0.519; Fn3 = 0.63, pn3=0.438). Similarly, after controlling for sleep stage covariates, there were no
changes in reaction time from SD to PRN state (Frst = 0.001, prst=0.980; Fxo = 1.31, pno=0.268; Fx3 =

0.98, pn3=0.334) and from WR to PRN state (Frst = 0.10, prst=0.760; Fxo= 0.28, pn2=0.603; Fn3 = 1.05,

pN3=O.319).
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Figure 8. Accuracy (A) and reaction time (B) of the N-back task across 3 different states. * = p<0.05; ** = p<0.001
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3.1.3 Task — ANT

In the ANT, the mean reaction time increased from WR to SD state (d = 61.95, 95% CI =29.5 to
94.4, p<0.001), and decreased from SD to PRN state (d = -48.19, 95% CI = -72.3 to -24.1, p<0.001), but
there were no differences between WR and PRN state (d = 13.76, 95% CI =-12.3 to 39.8, p=0.283; F,19 =
12.03, p<0.001). Accuracy on the ANT decreased from WR state to SD state (d =-22.92, 95% CI = -34.0
to -11.8, p<0.001) and increased from SD to PRN state (d = 16.53, 95% CI = 7.9 to 25.2, p=0.001), but
there was no difference between the WR and PRN states (d = -6.39, 95% CI =-14.7 to 1.9, p=0.124; Fi 19

= 13.73, p<0.001).

When controlling for sleep stage time covariates, there was no difference from SD to PRN state
when controlling for the sleep stage covariates (Frst = 0.89, prst=0.357; Fn2 = 3.60, pno=0.074; Fnz =2.87,
pn3=0.107) and no difference from WR to PRN state too (Frst = 0.07, prs1=0.799; Fno = 0.44, pn2=0.514;
Fns = 0.56, pn3=0.464). Similarly, there were no changes in reaction time after controlling for sleep stage
covariates from SD to PRN state (Frst = 0.72, prs1=0.406; Fno= 3.24, pn2=0.088; Fnz = 2.50, pn3=0.131)

and from WR to PRN state (Frst = 0.12, prs1=0.734; Fno= 0.24, pn2=0.632; Fnz = 1.54, pn3=0.231).
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Figure 9. Accuracy (A) and reaction time (B) of the ANT task across 3 different states. * = p<0.05; ** = p<0.001
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3.2. Functional Connectivity

3.2.1. Functional Connectivity — MCT

Connectivity matrixes during MCT tasks for each state can be found in Figures SI-S3. From the
WR to SD state, there was an increase in functional connectivity in cortical parcels (47.59% significant of
total parcels; Fig. S4). After performing a false discovery rate (FDR) correction, there were no changes
except for a minimal increase in functional connectivity in voxels between Default C and Dorsal Attention

B, Visual A and Control C, and Visual A and Salience/Ventral Attention B networks (0.06% of total parcels;

Fig. 124).
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Figure 10.Functional Connectivity during MCT Task. (A) Changes from WR to SD state with FDR correction; 0.06% of total parcels
significant. (B) Changes from SD to PRN state with FDR correction. (C) Changes from WR to PRN state with FDR correction.

From SD to PRN state, there was a decrease in functional connectivity in cortical parcels (15.06%
significant of total parcels; Fig. S5). However, there were no significant changes in functional connectivity
after FDR correction (Fig. 12B). The results had no significant changes when controlling for covariates

TST, N2 only, and N3 only (Fig. S6-S8).

005

0035

00zs

0015



37

When looking at changes from WR to PRN state, there was an increase in functional connectivity
in cortical parcels (24.49% significant of total parcels; Fig. S9). After FDR correction, there were no
significant changes in functional connectivity (£ig. /12C). The results remained the same when controlling

for covariates TST, N2 only, and N3 only (Fig. S10-S12).

3.2.2. Functional Connectivity — N-back

Connectivity matrixes during N-back tasks for each state can be found in Figures S13-S15. From
WR to SD state, there was an increase in functional connectivity in cortical parcels (57.43% significant of
total parcels; Fig. S16). After FDR correction, there was an increase in functional connectivity, notably in
cortical parcels between the Salience/Ventral Attention (A & B) with the Dorsal Attention B, and Control

(A, B, C) networks (5.80% of total parcels; Fig. 13A4).
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Figure 13. Functional Connectivity during N-back Task. (A) Changes from WR to SD state with FDR correction; 5.80% of total parcels

significant. (B) Changes from SD to PRN state with FDR correction; 0.04% of total parcels significant. (C) Changes from WR to PRN
state with FDR correction.
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From SD to PRN state, there was a decrease in functional connectivity in cortical parcels (25.88%
significant of total parcels; Fig. S17). After FDR correction, there were no significant changes except for a
small voxel between Salience/Ventral Attention B and Default C networks (0.04% of total parcels; Fig
13B.) There were no significant changes when controlling for covariates TST, N2 only, and N3 only (Fig.

S18-820).

From WR to PRN state, there was an increase in functional connectivity in cortical parcels (32.78%
significant of total parcels; Fig. S21). After FDR correction, there were no significant changes in functional
connectivity (Fig. 13C). The results remained the same when controlling for covariates TST, N2 only, and

N3 only (Fig. $22-524).

3.2.3. Functional Connectivity — ANT

Connectivity matrixes during ANT tasks for each state can be found in Figures S25-27. From WR
to SD state, there was a large increase in functional connectivity in cortical parcels (63.80% significant of
total parcels; Fig. S28). After FDR correction, there was a significant increase in functional connectivity

within and between various networks including Salience/Ventral Attention (A & B), Dorsal Attention (A

& B), Control (A, B, C), Default A, and Visual B networks (57.80% of total parcels; Fig. 14A4).
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Figure 14. Functional Connectivity during ANT Task. (A) Changes from WR to SD state with FDR correction; 57.80% of total parcels
significant. (B) Changes from SD to PRN state with FDR correction. (C) Changes from WR to PRN state with FDR correction; 4.67%
of total parcels significant.

From SD to PRN state, there was a decrease in functional connectivity in cortical parcels (46.78%
significant of total parcels; Fig. $29). After FDR correction, there were no significant changes in functional
connectivity (Fig. 14B). There were no significant changes when controlling for covariates TST, N2 only,

N3 only (Fig S30-532).

From WR to PRN state, there was an increase in functional connectivity in cortical parcels (60.53%
significant of total parcels; Fig. S33). After FDR correction, there was some increase in functional
connectivity between Salience/Ventral Attention (A & B) with Dorsal Attention A, Default C networks.
There was also an increase in connectivity between Control (A & B) across networks: Control C, Dorsal
Attention (A & B), Salience/Ventral Attention B, and Visual B (4.67% significant of total parcels; Fig.
14C). There were no significant changes when controlling for covariates TST, N2 only, and N3 only (Fig

534-536).

]
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3.3. Integration

3.3.1. Integration — MCT

At the whole cortex level, there was a significant increase during MCT task from WR to SD state
in total integration (t = 7.485, p=0.024; Fig. S37). There was also a significant increase in functional
clustering ratio (FCR) (t = 0.012, p=0.0036; Fig. 15) which is the ratio of within-system (WS) integration
(t=3.248, p=0.031; Fig. $38) and between-system (BS) integration (t = 4.301, p=0.052; Fig. §39). After a
recovery nap, there were no significant changes in total integration (t = 3.141, p=0.299; Fig. S37) or FCR
(t = 0.000, p=0.0982; Fig. 15). From WR to PRN state, there was also no significant changes in total

integration (t = 4.344, p=0.865; Fig. S37) or FCR (t=0.012, p=0.650; Fig. 15).
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Figure 15. Functional Clustering Ratio during MCT task across 3 states (1=WR, 2=5D, 3=PRN).

At the network level, there was a significant decrease during the MCT task from WR to SD state

in within-network integration of the Somatomotor B (t = 0.689, p=0.011), Default B (t = 0.662, p=0.022),



41

and Frontoparietal networks (t = 0.213, p=0.045). There were no significant differences in the integration

of the individual networks from SD to PRN and from WR to PRN state.

3.3.2. Integration — N-back

During the N-back task, there was a significant increase in FCR from WR to SD state at the whole
cortex level (t = 0.023, p=0.048; Fig. 16) but there were no significant changes in total integration (t =
4.844, p=0.109; Fig. S40). From the SD to PRN state, there were no significant changes in total integration
(t=0.766, p=0.398; Fig. S40) and FCR (t = 0.018, p=0.507; Fig. 16). There were also no changes from

WR to PRN state in total integration (t = 4.078, p=0.271; Fig. $40) and FCR (t = 0.005, p=0.516; Fig. 16).
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Figure 16. Functional Clustering Ratio during N-back task across 3 states (1=WR, 2=SD, 3=PRN).

At the network level, there was a significant decrease in integration during the N-back task from

WR to SD state in the Somatomotor A (t = 0.829, p=0.002), Somatomotor B (t = 0.757, p=0.013), Dorsal
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Attention A (t = 0.392, p=0.031) and B (t = 0.637, p=0.014) and Frontoparietal networks (t = 0.233,
p=0.009). There were no significant differences in integration in the individual networks from SD to PRN

and from WR to PRN state.

3.3.3. Integration — ANT

At the whole cortex level, there was a significant increase during the ANT task from WR to SD
state in total integration (t = 9.464, p=0.001; Fig. S43) and increase in FCR (t = 0.079, p<0.001; Fig. 17)
which was consistent with the ratio of WS integration (t= 2.606, p<0.001; Fig. §44) and BS integration (t
= 6.859, p=0.057; Fig. S45). From SD to PRN state, there were no significant changes in total integration
(t=3.297, p=0.200; Fig. §43) but there was a significant decrease during the ANT task in FCR (t=0.051,
p =0.038; Fig. 17). There were also no significant differences from WR to PRN state in total integration (t
=06.167, p=0.746; Fig. S43) and FCR (t = 0.028, p=0.167; Fig. 17).
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Figure 17. Functional Clustering Ratio during ANT task across 3 states (1=WR, 2=SD, 3=PRN).
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At the network level, there was a significant decrease in integration during the ANT task from WR
to SD state in the Visual B (t = 0.760, p=0.001), Somatomotor A (t = 0.670, p=0.002) and B (t = 1.017,
p<0.001), Dorsal Attention A (t = 0.708, p<0.001) and B (t = 0.735, p<0.001), Salience/Ventral Attention
(t=0.477, p=0.016), Control A (t = 0.311, p=0.014), Default B (t = 0.664, p<0.001) and Frontoparietal
networks (t=0.516, p<0.001). From SD to PRN state, there was a significant increase in integration in the
Somatomotor A (t=0.351, p=0.010), Dorsal Attention A (t=0.497, p=0.037), and Frontoparietal networks

(t=0.238, p=0.028).

3.4. Integration & Behavioral Tasks Performance

3.4.1. Integration & MCT Performance
There were no significant correlations between the changes in total integration or changes in FCR

and changes in accuracy (Fig. 184, 18C) and reaction time (Fig. 18B, 18D) at the whole cortex and network

levels from the WR to SD and SD to PRN.
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Figure 18. Scatterplot of FCR vs. accuracy (A) and reaction time (B) of the MCT task from WR to SD state. Scatterplot of FCR vs.
accuracy (C) and reaction time (D) of the MICT task from SD to PRN state.

3.4.2. Integration & N-back Performance

At the whole cortex level, the increase in total integration during the N-back task was significantly
correlated with a decrease in task accuracy (r =-0.696, p<0.001) and an increase in reaction time (r = 0.728,
p<0.001) from WR to SD. Likewise, an increase in FCR was correlated with a decrease in accuracy (r = -
0.606, p=0.005; Fig. 194) and a slower reaction time (r = 0.579, p=0.007; Fig. 19B). The improvement in
accuracy from SD to PRN state was correlated with a decrease in total integration (r = -0.792, p<0.001) and
a decrease in FCR (r =-0.803, p<0.001; Fig. 19C). Improvement in speed was also correlated with changes

in total integration (r = 0.739, p<0.001) and FCR (r = 0.776, p<0.001; Fig. 19D).
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Figure 19. Scatterplot of FCR vs. accuracy (A) and reaction time (B) of the N-back task from WR to SD state. Scatterplot of FCR vs.
accuracy (C) and reaction time (D) of the N-back task from SD to PRN state.

At the network level, a worse performance in the N-back task from WR to SD state was correlated
with a higher integration in the Dorsal Attention A (Taccuracy = -0.568, Paccuracy=0.022; Treaction Time = 0.654,
Preaction Time =0.004) and B (racc = -0.760, Pacc<0.001; rrr = 0.731, prr<0.001), and Frontoparietal networks

(Tace = -0.540, pace =0.023; rry = 0.573, prr<0.014).

3.4.3. Integration & ANT Performance
Total integration was negatively correlated with the change in accuracy during the ANT task from
WR to SD state (r = -0.829, p<0.001) and positively correlated with a change in reaction time (r = 0.522,

p<0.018). Moreover, an increase in FCR was correlated with worse accuracy (r = -0.663, p<0.001; Fig.
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204) and a worse speed on ANT task (r=0.533, p=0.016; Fig. 20B) when sleep deprived. From SD to PRN
state, an improved accuracy was correlated with a decrease in total integration (r = -0.615, p=0.004) and a
decrease in FCR (r =-0.489, p=0.006; Fig. 20C). There was also a decrease reaction time during ANT task
from SD to PRN state with a decrease in total integration (r = 0.650, p=0.002) and a decrease in FCR (r =

0.604, p=0.005; Fig. 20D).
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Figure 20. Scatterplot of FCR vs. accuracy (A) and reaction time (B) of the ANT task from WR to SD state. Scatterplot of FCR vs.
accuracy (C) and reaction time (D) of the ANT task from SD to PRN state.

At the network level, a worse accuracy in ANT from WR to SD state was correlated with a higher
integration in the Visual B (r = -0.611, p=0.006), Somatomotor B (r = -0.503, p=0.030), Dorsal Attention
A (r=-0.793, p<0.001) and B (r = -0.614, p=0.006), Salience/Ventral Attention A (r = -0.631, p=0.006),

Control A (r =-0.739, p<0.001), and Frontoparietal networks (r = -0.615, p<0.006). A worse reaction time
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from WR to SD state was only found in the Somatomotor B (r = 0.555, p=0.050), Dorsal Attention A (r =
0.558, p=0.050) and Frontoparietal networks (r = 0.483, p=0.047). From SD to PRN state, ANT accuracy
was only negatively correlated with the Dorsal Attention A network (r =-0.624, p<0.010) but was positively
correlated with the Dorsal Attention A (r = 0.516, p=0.047) and the Frontoparietal network (r = 0.483,

p=0.047).

4. DISCUSSION

The main objectives of this thesis were to look at the functional relationships between regions of
the cortex during different cognitive tasks assessing vigilance, working memory, and attention.
Furthermore, this study is the first to examine both the effects of total sleep deprivation and the effects of a

recovery nap on functional connectivity and integration during cognitive tasks.

Our results revealed that integration within cortical networks increases relative to integration
between networks during the SD state. This dynamic balance was observed during cognitive task
performances and significantly associated with worsening of overall performance. The relationship between
the interaction within and between subsystems noted as the FCR, quantifies the degree of segregation of a
given system (Boly et al., 2012). That is, the FCR represents the amount of information generated by the
independent cortical networks in comparison to the cortex as a whole. At the cortical level, there was an
overall increase in FCR following total sleep deprivation during all 3 cognitive tasks suggesting an increase
in functional segregation (driven by higher integration within the network). More specifically, since the
integration between networks remained the same as in the WR state, the increase in FCR is mainly due to
the increase of within networks integration. This aligns well with the results from (Boly et al., 2012) who
found increased FCR during NREM sleep. Evidently, this might suggest that during task performance
following sleep deprivation, the cortical network begins to increase functional segregation in an attempt to

reset the brain’s integration/segregation balance back into an optimal state (Boly et al., 2012; Tagliazucchi
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et al., 2013). In summary, there is potentially a continuum of functional segregation from the WR state
towards the NREM sleep. Another implication could be that the sleep-deprived brain is susceptible to short

sleep onsets while still behaviourally awake (Cirelli et al., 2008; Vyazovskiy et al., 2011).

These findings of integration complement well with the overall increase in functional connectivity
from WR to SD state. It was crucial for this thesis to use both functional connectivity and integration in
other to obtain a complete overview of our results. Functional connectivity is a simple correlational measure
between two sets of time series signal at the parcel level. Although this allows for us to determine the
relationship between specific networks, both the length of the time series along with short and large spikes
of activity can significantly impact functional connectivity measures. Meanwhile, integration uses
advanced mathematical formulations to calculate the mutual information shared between two sets of data
at a hierarchical model which is larger than at the level of parcels. Hence, integration is potentially more
sensitive to changes in functional relationships between regions and networks as seen in our results. The
integration measure also performs fewer comparisons compared to functional connectivity. This is
important since the integration measures avoids running into the problem of multiple comparisons like type

I error or false positives.

We demonstrated in this study that the disruption of the balance between integration and
segregation of cortical networks can significantly impact the performance of cognitive tasks. Furthermore,
this effect was bidirectional: increased FCR in the SD state was associated with worsening of cognitive
performance while decreased FCR in PRN was associated with cognitive improvement. This was evident
in the working memory and attention tasks but not the vigilance tasks suggesting the relationship to be
found especially in more complex and longer duration tasks. This is especially important given that our
study examines cortical changes during cognitive tasks. Not only was the vigilance task the first task
presented and the shortest in duration, but it was also the simplest task requiring participants to only press
a trigger when the stimulus skipped an element in the sequence. Meanwhile, the working memory N-back

was a much more challenging task requiring participants to recall a series of letters presented at a 2.5 second
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rate with the difficulty level becoming harder as the task continued. The attention task was the longest in
duration and challenging requiring identifying directions of the middle of an array of five arrows including
distracting cues to ensure sustained attention from participants. Compensatory mechanisms were likely able
to make up for the cognitive and cortical changes for the simpler and shorter tasks. However, previous
studies have shown potential compensatory mechanisms were likely to fail as the duration of task increased
(Doran et al., 2001). Furthermore, it has been shown that connectivity patterns shift more towards

integration with greater task demands (Shine et al., 2016).

At the network level, we saw an increase in segregation (or increase FCR) of specific cortical
networks during different cognitive tasks at the sleep deprived state. This could be interpreted as the brain’s
attempt to increase focus within task-relevant networks in response to cognitive demands when sleep
deprived. An example of this was seen during our N-back task in SD state, whereby the increase segregation
of the Dorsal Attention and Frontoparietal networks could be an effort to improve one’s efficiency in
cognitive control. Both networks are considered task-relevant networks known to increase in segregation

during the N-back task (Finc et al., 2020; Bressler et al., 2010).

It is thus crucial for a balance between integration and segregation of information to be maintained
for the brain networks to execute cognitive functions effectively (Peter T. Fox et al., 2012; Tononi, 2005).
The ability to fluctuate between the brain states of integration and segregation may be an essential
mechanism that maintains ongoing cognitive processes (Sporns, 2013; Shine et al., 2016). Moreover, the
fluctuation between integration and segregation allows for communication between distant brain regions
reflecting periods of specialized local information processing and inter-modular information transfer in

response to demands from the environment (Shine et al., 2016; Fukushima et al., 2020).

Previous studies have shown local and global fMRI activity to fluctuate significantly greater
following SD (Yeo et al., 2015; Wang et al., 2016). The mechanism behind the increase in fluctuation is
not yet fully understood. One possible explanation is the flushing of metabolic waste through the

glymphatic system consisting of a mix of cerebrospinal fluid and interstitial fluid (Iliff et al., 2012; Xie et
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al., 2013). More specifically, large amplitude slow waves have been coupled with the large oscillations of
fluid inflow through the perivascular space during sleep (Fultz et al., 2019; Hablitz et al., 2019). Another
explanation could be the change in cardiac or respiratory activity through the parasympathetic system found
with increase in resting cerebral blood flow in SD individuals (Elvsashagen et al., 2019). The increase in
fluctuation of endogenous activity across the cortex following SD may affect the ability to integrate
information between and within cortical networks leading to cognitive deficits. A possible thought to also
consider is the synaptic homeostasis hypothesis (SHY) which claims that the essential function of sleep is
the restore synaptic homeostasis challenged by synaptic strengthening triggered from learning during
waking state (Tononi et al., 2014). The process of learning results in an increased demand for energy and
requires a decrease in signal-to-noise ratios. Consequently, sleep is the price the brain pays to renormalize
the synaptic strength and restore homeostasis. More specifically, the restoration of the synapses follows an
activity-dependent down-selection process whereby it ensures the strongly activated synapses during sleep
become more resistant to interference and survive while the less activated synapses become depressed and
eventually eliminated (Tononi et al., 2014). This potentially explains the increased integration that occurs
during cognitive tasks following SD state through which the brain is attempting to consolidate the
strengthened synapses while depressing the less activated synapses, ultimately resulting in an increased
FCR. Furthermore, following a PRN, the FCR remains slightly elevated in comparisons to the WR state
suggesting that some of the consolidated strengthened synapses have been protected from depression during

the nap.

This study is the first to investigate the effects of total sleep deprivation and a recovery nap on
functional connectivity and integration during cognitive tasks. This bidirectional effect of FCR in SD and
PRN state with cognitive performance was evident in longer and more complex tasks such as the working
memory and attention tasks compared to the vigilance task. However, the study does not come without its
limitations. First, our sample size was limited to 20 participants given that this was a very time consuming

and complex study to conduct. For example, collecting and processing EEG-fMRI data requires extensive
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expertise, sleep deprivation protocols are intensive on participants and requires the resource of multiple
researchers. Furthermore, our young sample had a very small age range between 18-30 years (Mag. =21.32
+ 2.5). These limitations were most likely due to our requirement of healthy good sleepers having to
undergo demanding procedures of total sleep deprivation and performing tasks inside an fMRI. There were
a couple of data that were collected for this study that were beyond the scope of the thesis. We collected
fMRI-EEG data during the one-hour resting nap which was not analyzed for this thesis. Another limitation
as previously discussed is the short 5-minute version of the vigilance tasks. This decision was based on a
previous validation study where there was no difference in task performance following sleep deprivation
between the 5-minute versus the 10-minute vigilance task (Loh et al., 2004). However, our results suggest
that a future validation study should be done to see the differences in functional connectivity and integration
between differing lengths of vigilance tasks. Our recovery nap lasted only an hour and tasks were done
immediately upon awakening. It would be interesting to see how the results would vary if the recovery nap

lasted longer or if the tasks were performed a couple of hours after the recovery nap.

5. CONCLUSION

This thesis describes the results obtained from the first known study to examine the effects of total
SD and a recovery nap on functional connectivity and integration during cognitive tasks. SD appears to
affect the dynamic balance of integration and segregation of cortical activity. It remains to be clarified
whether these changes are a result of physiological process such as maintaining synaptic homeostasis.
Moreover, this disruption in integration of information flow is significantly associated with cognitive
impairments following sleep deprivation and recovery nap. These findings complemented well with the
functional connectivity findings. While functional connectivity offered an insight on the relationship
between the different cortical networks, FCR allowed for a more complete overview of the integration and

segregation of these networks at a whole cortex level. These results emphasize the importance of choosing
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the optimal measure that is sensitive enough to detect cortical changes in sleep deprivation during cognitive
tasks. Future studies should investigate why integration and segregation of cortical activity is impaired
following SD by obtaining data on cerebral blood flow while performing cognitive tasks. The observation
of cerebral blood flow in the SD state during cognitive tasks would help further understand the mechanism
behind the fluctuation of endogenous activity in states of greater cognitive demand. A potential method to
this would be to obtain data on cerebral blood flow of sleep deprived participants during cognitive tasks.
The future of sleep deprivation studies should include researchers looking at physical and mental health
changes. Additional investigation to our study should include differences across individuals such as
resilience to sleep deprivation, recovery nap variances (i.e. total sleep time, time spent in different NREM
sleep stages, brain activity fluctuations) to determine the neuroimaging biomarkers of sleep deprivation

vulnerability on cognitive performances.

6. FUNDING SOURCES

Alex Nguyen gratefully acknowledges the Concordia Undergraduate Student Research Award,
Concordia’s Graduate Fellowship Scholarship, Natural Sciences and Engineering Council of Canada
(NSERC) Graduate Scholarship’s Master Award. This research was supported by NSERC and the Canada
Foundation for Innovation. The MRI-compatible high-density EEG device (Philips Neuro) and data
acquisition were made possible through an internal grant from PERFORM center and the Faculty of Arts
and Science of Concordia University. Dr. Thanh Dang-Vu is supported by NSERC, the Canadian Institutes
of Health Research (CIHR), the Fonds de Recherche du Québec (FRQ) — Santé and Concordia University.
Dr. Christophe Grova is supported by the NSERC Discovery grants as well as the CIHR and the FRQ —

Nature et Technology (research team grant).



53

7. ETHICAL STATEMENT

This study was conducted ethically in accordance with the Comité Central D Ethique de la
Recherche (CCER) and all participants provided written informed consent. This study was approved by the

research ethics committee of the ministry of health and social services (reference number CCER 16-17-08).

8. DISCLOSURE STATEMENT

The authors declare no conflict of interest.

9. BIBLIOGRAPHY

Akerstedt, T. and Gillberg, M., Subjective and Objective Sleepiness in the Active Individual,
International Journal of Neuroscience, vol. 52, no. 1-2, pp. 29-37, May 1990. DOL:
10.3109/00207459008994241

Alhola, P., and Polo-Kantola, P., Sleep deprivation: Impact on cognitive performance, 2007.

Aminoff, M. J., Boller, F. and Swaab, D. F., Foreword, Handbook of Clinical Neurology, vol. 98, no. C,
p. 7, January 1, 2011. DOI: 10.1016/B978-0-444-52006-7.00047-2

Andrés, 1. de, Garzon, M. and Reinoso-Suarez, F., Functional Anatomy of Non-REM Sleep, Frontiers in
Neurology, vol. NOV, p. 70, 2011. DOI: 10.3389/fneur.2011.00070

Andrews-Hanna, J. R., The Brain’s Default Network and Its Adaptive Role in Internal Mentation,
Neuroscientist, vol. 18, no. 3, pp. 251-70, June 2012. DOI: 10.1177/1073858411403316

Anticevic, A., Cole, M. W., Murray, J. D., Corlett, P. R., Wang, X. J. and Krystal, J. H., The Role of
Default Network Deactivation in Cognition and Disease, Trends in Cognitive Sciences, vol. 16,
no. 12, pp. 584-92, December 2012. DOI: 10.1016/j.tics.2012.10.008

Ayalon, R. D. and Friedman, F., The Effect of Sleep Deprivation on Fine Motor Coordination in
Obstetrics and Gynecology Residents, American Journal of Obstetrics and Gynecology, vol. 199,
no. 5, p. 576.e1-576.e5, November 2008. DOI: 10.1016/j.aj0og.2008.06.080

Balkin, T. J., Rupp, T., Picchioni, D. and Wesensten, N. J., Sleep Loss and Sleepiness, Chest, vol. 134,
no. 3, pp. 65360, September 2008. DOI: 10.1378/chest.08-1064

Banks, S., Dongen, H. P. A. Van, Maislin, G. and Dinges, D. F., Neurobehavioral Dynamics Following
Chronic Sleep Restriction: Dose-Response Effects of One Night for Recovery, Sleep, vol. 33, no.
8, pp. 1013-26, August 2010. DOI: 10.1093/sleep/33.8.1013

Basner, M., Mollicone, D. and Dinges, D. F., Validity and Sensitivity of a Brief Psychomotor Vigilance
Test (PVT-B) to Total and Partial Sleep Deprivation, Acta Astronautica, vol. 69, no. 11-12, pp.
949-59, December 1, 2011. DOI: 10.1016/j.actaastro.2011.07.015

Belenky, G., Wesensten, N. J., Thorne, D. R., Thomas, M. L., Sing, H. C., Redmond, D. P., Russo, M. B.
and Balkin, T. J., Patterns of Performance Degradation and Restoration during Sleep Restriction
and Subsequent Recovery: A Sleep Dose-Response Study, Journal of Sleep Research, vol. 12, no.
1, pp. 1-12, March 2003. DOI: 10.1046/j.1365-2869.2003.00337.x



54

Bell-McGinty, S., Habeck, C., Hilton, H. J., Rakitin, B., Scarmeas, N., Zarahn, E., Flynn, J., DeLaPaz, R.,
Basner, R. and Stern, Y., Identification and Differential Vulnerability of a Neural Network in
Sleep Deprivation, Cerebral Cortex, vol. 14, no. 5, pp. 496-502, March 28, 2004. DOI:
10.1093/cercor/bhh011

Berger, R. J. and Phillips, N. H., Energy Conservation and Sleep, Behavioural Brain Research, vol. 69,
no. 1-2, pp. 65-73, July 1, 1995. DOI: 10.1016/0166-4328(95)00002-B

Bermudez, E. B., Klerman, E. B., Czeisler, C. A., Cohen, D. A., Wyatt, J. K. and Phillips, A. J. K.,
Prediction of Vigilant Attention and Cognitive Performance Using Self-Reported Alertness,
Circadian Phase, Hours since Awakening, and Accumulated Sleep Loss, PLoS ONE, vol. 11, no.
3, p. e0151770, March 28, 2016a. DOI: 10.1371/journal.pone.0151770

Birn, R. M., Diamond, J. B., Smith, M. A. and Bandettini, P. A., Separating Respiratory-Variation-
Related Fluctuations from Neuronal-Activity-Related Fluctuations in FMRI, Neurolmage, vol.
31, no. 4, pp. 153648, July 15, 2006. DOI: 10.1016/j.neuroimage.2006.02.048

Biswal, B., Hudetz, A. G., Yetkin, F. Z., Haughton, V. M. and Hyde, J. S., Hypercapnia Reversibly
Suppresses Low-Frequency Fluctuations in the Human Motor Cortex during Rest Using Echo-
Planar MRI, Journal of Cerebral Blood Flow and Metabolism, vol. 17, no. 3, pp. 301-8, March
31, 1997. DOI: 10.1097/00004647-199703000-00007

Blatter, K., Opwis, K., Miinch, M., Wirz-Justice, A. and Cajochen, C., Sleep Loss-Related Decrements in
Planning Performance in Healthy Elderly Depend on Task Difficulty, Journal of Sleep Research,
vol. 14, no. 4, pp. 409-17, December 1, 2005. DOI: 10.1111/j.1365-2869.2005.00484.x

Boly, M., Perlbarg, V., Marrelec, G., Schabus, M., Laureys, S., Doyon, J., Pélégrini-Issac, M., Maquet, P.
and Benali, H., Hierarchical Clustering of Brain Activity during Human Nonrapid Eye Movement
Sleep, Proceedings of the National Academy of Sciences of the United States of America, vol.
109, no. 15, pp. 585661, 2012. DOI: 10.1073/pnas.1111133109

Born, J., Slow-Wave Sleep and the Consolidation of Long-Term Memory, World Journal of Biological
Psychiatry, vol. 11, no. SUPPL. 1, pp. 16-21, January 31, 2010. DOI:
10.3109/15622971003637637

Bressler, S. L. and Menon, V., Large-Scale Brain Networks in Cognition: Emerging Methods and
Principles, Trends in Cognitive Sciences, vol. 14, no. 6, pp. 277-90, June 2010. DOI:
10.1016/j.tics.2010.04.004

Bullmore, E. and Sporns, O., Complex Brain Networks: Graph Theoretical Analysis of Structural and
Functional Systems, Nature Reviews Neuroscience, vol. 10, no. 3, pp. 186-98, March 4, 2009.
DOI: 10.1038/nrn2575

Cabeza, R., Dolcos, F., Graham, R. and Nyberg, L., Similarities and Differences in the Neural Correlates
of Episodic Memory Retrieval and Working Memory, Neurolmage, vol. 16, no. 2, pp. 317-30,
June 1, 2002. DOI: 10.1006/nimg.2002.1063

Carskadon, M. A., Guidelines for the Multiple Sleep Latency Test (MSLT): A Standard Measure of
Sleepiness, Sleep, vol. 9, no. 4, pp. 519-24, December 1986. DOI: 10.1093/sleep/9.4.519

Casagrande, M., Martella, D., Pace, E. Di, Pirri, F. and Guadalupi, F., Orienting and Alerting: Effect of
24 h of Prolonged Wakefulness, Experimental Brain Research, vol. 171, no. 2, pp. 184-93, May
25,2006. DOI: 10.1007/s00221-005-0269-6

Chaput, J. P., Wong, S. L. and Michaud, I., Duration and Quality of Sleep among Canadians Aged 18 to
79, Health Reports, vol. 28, no. 9, pp. 28-33, 2017.

Chee, M. W. L. and Choo, W. C., Functional Imaging of Working Memory after 24 Hr of Total Sleep
Deprivation, Journal of Neuroscience, vol. 24, no. 19, pp. 4560-67, May 12, 2004. DOLI:
10.1523/INEUROSCI.0007-04.2004

Chee, Michael W.L., Chuah, L. Y. M., Venkatraman, V., Chan, W. Y., Philip, P. and Dinges, D. F.,
Functional Imaging of Working Memory Following Normal Sleep and after 24 and 35 h of Sleep
Deprivation: Correlations of Fronto-Parietal Activation with Performance, Neurolmage, vol. 31,
no. 1, pp. 419-28, May 15, 2006. DOI: 10.1016/j.neuroimage.2005.12.001



55

Chee, Michael W.L. and Chuah, Y. M. L., Functional Neuroimaging and Behavioral Correlates of
Capacity Decline in Visual Short-Term Memory after Sleep Deprivation, Proceedings of the
National Academy of Sciences of the United States of America, vol. 104, no. 22, pp. 9487-92,
May 29, 2007. DOI: 10.1073/pnas.0610712104

Choo, W. C., Lee, W. W., Venkatraman, V., Sheu, F. S. and Chee, M. W. L., Dissociation of Cortical
Regions Modulated by Both Working Memory Load and Sleep Deprivation and by Sleep
Deprivation Alone, Neurolmage, vol. 25, no. 2, pp. 579-87, April 1, 2005. DOI:
10.1016/j.neuroimage.2004.11.029

Cirelli, C. and Tononi, G., Is Sleep Essential?, PLoS Biology, vol. 6, no. 8, pp. 1605—11, August 2008.
DOI: 10.1371/journal.pbio.0060216

Ciric, R., Wolf, D. H., Power, J. D., Roalf, D. R., Baum, G. L., Ruparel, K., Shinohara, R. T, et al.,
Benchmarking of Participant-Level Confound Regression Strategies for the Control of Motion
Artifact in Studies of Functional Connectivity, Neurolmage, vol. 154, pp. 174-87, July 1, 2017.
DOI: 10.1016/j.neuroimage.2017.03.020

Cirrito, J. R., Yamada, K. A., Finn, M. B., Sloviter, R. S., Bales, K. R., May, P. C., Schoepp, D. D., Paul,
S. M., Mennerick, S. and Holtzman, D. M., Synaptic Activity Regulates Interstitial Fluid
Amyloid-p Levels in Vivo, Neuron, vol. 48, no. 6, pp. 913-22, December 22, 2005. DOI:
10.1016/j.neuron.2005.10.028

Cocchi, L., Zalesky, A., Fornito, A. and Mattingley, J. B., Dynamic Cooperation and Competition
between Brain Systems during Cognitive Control, Trends in Cognitive Sciences, vol. 17, no. 10,
pp. 493-501, October 1, 2013. DOI: 10.1016/j.tics.2013.08.006

Cox, R. W., AFNI: Software for Analysis and Visualization of Functional Magnetic Resonance
Neuroimages, Computers and Biomedical Research, vol. 29, no. 3, pp. 162—73, June 1, 1996.
DOI: 10.1006/cbmr.1996.0014

Deco, G., Tononi, G., Boly, M. and Kringelbach, M. L., Rethinking Segregation and Integration:
Contributions of Whole-Brain Modelling, Nature Reviews Neuroscience, vol. 16, no. 7, pp. 430—
39, July 22, 2015. DOI: 10.1038/nrn3963

Di, X., Gohel, S., Kim, E. H. and Biswal, B. B., Task vs. Rest-Different Network Configurations between
the Coactivation and the Resting-State Brain Networks, Frontiers in Human Neuroscience, vol. 7,
no. SEP, p. 493, September 17, 2013. DOI: 10.3389/fnhum.2013.00493

Diekelmann, S. and Born, J., The Memory Function of Sleep, Nature Reviews Neuroscience, vol. 11, no.
2, pp. 114-26, February 4, 2010. DOI: 10.1038/nrn2762

Dinges, D., Sleep, Arousal, and Performance, 1992.

Dongen, H. P. A. Van, Baynard, M. D., Maislin, G. and Dinges, D. F., Systematic Interindividual
Differences in Neurobehavioral Impairment from Sleep Loss: Evidence of Trait-like Differential
Vulnerability, Sleep, vol. 27, no. 3, pp. 423-33, 2004. DOI: 10.1093/sleep/27.3.423

Dongen, H. P. A. Van, Maislin, G., Mullington, J. M. and Dinges, D. F., The Cumulative Cost of
Additional Wakefulness: Dose-Response Effects on Neurobehavioral Functions and Sleep
Physiology from Chronic Sleep Restriction and Total Sleep Deprivation, Sleep, vol. 26, no. 2, pp.
117-26, March 1, 2003. DOI: 10.1093/sleep/26.2.117

Doran, S. M., Van Dongen, H. P. A. and Dinges, D. F., Sustained Attention Performance during Sleep
Deprivation: Evidence of State Instability, Archives Italiennes de Biologie, vol. 139, no. 3, pp.
253-67, April 1, 2001. DOI: 10.4449/aib.v139i3.503

Dosenbach, N. U. F., Fair, D. A., Cohen, A. L., Schlaggar, B. L. and Petersen, S. E., A Dual-Networks
Architecture of Top-down Control, Trends in Cognitive Sciences, vol. 12, no. 3, pp. 99-105,
March 2008. DOI: 10.1016/j.tics.2008.01.001

Doucet, G., Naveau, M., Petit, L., Delcroix, N., Zago, L., Crivello, F., Jobard, G., et al., Brain Activity at
Rest: A Multiscale Hierarchical Functional Organization, Journal of Neurophysiology, vol. 105,
no. 6, pp. 2753-63, June 2011. DOI: 10.1152/jn.00895.2010



56

Drake, C. L., Roehrs, T. A., Burduvali, E., Bonahoom, A., Rosekind, M. and Roth, T., Effects of Rapid
versus Slow Accumulation of Eight Hours of Sleep Loss, Psychophysiology, vol. 38, no. 6, pp.
979-87, November 1, 2001. DOI: 10.1111/1469-8986.3860979

Drummond, S. P. A., Brown, G. G., Gillin, J. C., Stricker, J. L., Wong, E. C. and Buxton, R. B., Altered
Brain Response to Verbal Learning Following Sleep Deprivation, Nature, vol. 403, no. 6770, pp.
655-57, February 2000. DOI: 10.1038/35001068

Drummond, S. P. A., Brown, G. G., Salamat, J. S. and Gillin, J. C., Increasing Task Difficulty Facilitates
the Cerebral Compensatory Response to Total Sleep Deprivation, Sleep, vol. 27, no. 3, pp. 445—
51, May 1, 2004. DOI: 10.1093/sleep/27.3.445

Dumay, N. and Gaskell, M. G., Sleep-Associated Changes in the Mental Representation of Spoken
Words: Research Report, Psychological Science, vol. 18, no. 1, pp. 35-39, January 6, 2007. DOI:
10.1111/j.1467-9280.2007.01845.x

Edinger, J. D., Glenn, D. M., Bastian, L. A. and Marsh, G. R., Slow-Wave Sleep and Waking Cognitive
Performance II: Findings among Middle-Aged Adults with and without Insomnia Complaints,
Physiology and Behavior, vol. 70, no. 1-2, pp. 127-34, July 1, 2000. DOI: 10.1016/S0031-
9384(00)00238-9

Elvsashagen, T., Mutsaerts, H. JMM., Zak, N., Norbom, L. B., Quraishi, S. H., Pedersen, P. @., Malt, U.
F., et al., Cerebral Blood Flow Changes after a Day of Wake, Sleep, and Sleep Deprivation,
Neurolmage, vol. 186, pp. 497-509, February 2019. DOI: 10.1016/j.neuroimage.2018.11.032

Estabrooke, 1. V., McCarthy, M. T., Ko, E., Chou, T. C., Chemelli, R. M., Yanagisawa, M., Saper, C. B.
and Scammell, T. E., Fos Expression in Orexin Neurons Varies with Behavioral State, Journal of
Neuroscience, vol. 21, no. 5, pp. 1656-62, March 1, 2001. DOI: 10.1523/jneurosci.21-05-
01656.2001

Esteban, O., Markiewicz, C. J., Blair, R. W., Moodie, C. A., Isik, A. 1., Erramuzpe, A., Kent, J. D., et al.,
FMRIPrep: A Robust Preprocessing Pipeline for Functional MRI, Nature Methods, vol. 16, no. 1,
pp. 111-16, January 10, 2019. DOI: 10.1038/s41592-018-0235-4

Esteban, O., Markiewicz, C. J., Johnson, H., Ziegler, E., Manhaes-Savio, A., Jarecka, D., Burns, C., et al.,
Nipy/Nipype: 1.4.2, February 14, 2020. DOI: 10.5281/ZENODO.3668316

Evans, A. C., Collins, D. L., Mills, S. R., Brown, E. D., Kelly, R. L., and Peters, T. M., 3D Statistical
Neuroanatomical Models from 305 MRI Volumes, IEEE Nuclear Science Symposium & Medical
Imaging Conference, IEEE, no. pt 3, pp. 1813—17, 1994.

Fan, J., McCandliss, B. D., Sommer, T., Raz, A. and Posner, M. L., Testing the Efficiency and
Independence of Attentional Networks, Journal of Cognitive Neuroscience, vol. 14, no. 3, pp.
340-47, April 1,2002. DOI: 10.1162/089892902317361886

Finc, K., Bonna, K., He, X., Lydon-Staley, D. M., Kiihn, S., Duch, W. and Bassett, D. S., Dynamic
Reconfiguration of Functional Brain Networks during Working Memory Training, Nature
Communications, vol. 11, no. 1, pp. 1-15, May 15, 2020. DOI: 10.1038/s41467-020-15631-z

Forest, G. and Godbout, R., Effects of Sleep Deprivation on Performance and EEG Spectral Analysis in
Young Adults, Brain and Cognition, vol. 43, no. 1-3, pp. 195-200, 2000.

Fox, M. D. and Raichle, M. E., Spontaneous Fluctuations in Brain Activity Observed with Functional
Magnetic Resonance Imaging, Nature Reviews Neuroscience, vol. 8, no. 9, pp. 700-711,
September 2007. DOI: 10.1038/nrn2201

Fox, M. D., Snyder, A. Z., Vincent, J. L., Corbetta, M., Essen, D. C. Van and Raichle, M. E., The Human
Brain Is Intrinsically Organized into Dynamic, Anticorrelated Functional Networks, Proceedings
of the National Academy of Sciences of the United States of America, vol. 102, no. 27, pp. 9673—
78, July 5, 2005. DOI: 10.1073/pnas.0504136102

Fox, M. D., Zhang, D., Snyder, A. Z. and Raichle, M. E., The Global Signal and Observed Anticorrelated
Resting State Brain Networks, Journal of Neurophysiology, vol. 101, no. 6, pp. 3270-83, June
2009. DOI: 10.1152/jn.90777.2008

Fox, P. T., and Friston, K. J., Distributed Processing; Distributed Functions?, Neurolmage, June 2012.



57

Friston, K. J., Functional and Effective Connectivity: A Review, Brain Connectivity, vol. 1, no. 1, pp. 13—
36, June 1, 2011. DOI: 10.1089/brain.2011.0008

Fukushima, M. and Sporns, O., Structural Determinants of Dynamic Fluctuations between Segregation
and Integration on the Human Connectome, Communications Biology, vol. 3, no. 1, p. 606,
December 2020. DOI: 10.1038/s42003-020-01331-3

Fultz, N. E., Bonmassar, G., Setsompop, K., Stickgold, R. A., Rosen, B. R., Polimeni, J. R. and Lewis, L.
D., Coupled Electrophysiological, Hemodynamic, and Cerebrospinal Fluid Oscillations in Human
Sleep, Science, vol. 366, no. 6465, pp. 628-31, November 2019. DOI: 10.1126/science.aax5440

Gillberg, M. and Akerstedt, T., Sleep Loss and Performance: No “safe” Duration of a Monotonous Task,
Physiology and Behavior, vol. 64, no. 5, pp. 599—-604, July 1, 1998. DOI: 10.1016/S0031-
9384(98)00063-8

Godwin, D., Barry, R. L. and Marois, R., Breakdown of the Brain’s Functional Network Modularity with
Awareness, Proceedings of the National Academy of Sciences of the United States of America,
vol. 112, no. 12, pp. 3799-3804, March 24, 2015. DOI: 10.1073/pnas.1414466112

Gorgolewski, K., Burns, C. D., Madison, C., Clark, D., Halchenko, Y. O., Waskom, M. L. and Ghosh, S.
S., Nipype: A Flexible, Lightweight and Extensible Neuroimaging Data Processing Framework in
Python, Frontiers in Neuroinformatics, vol. 5, p. 13, August 22, 2011. DOI:
10.3389/fninf.2011.00013

Greene, D. J., Lessov-Schlaggar, C. N. and Schlaggar, B. L., Development of the Brain’s Functional
Network Architecture, Neurobiology of Language, pp. 399—406, January 1, 2015. DOI:
10.1016/B978-0-12-407794-2.00033-X

Greve, D. N. and Fischl, B., Accurate and Robust Brain Image Alignment Using Boundary-Based
Registration, Neurolmage, vol. 48, no. 1, pp. 63—72, October 15, 2009. DOI:
10.1016/j.neuroimage.2009.06.060

Habeck, C., Rakitin, B. C., Moeller, J., Scarmeas, N., Zarahn, E., Brown, T. and Stern, Y., An Event-
Related FMRI Study of the Neurobehavioral Impact of Sleep Deprivation on Performance of a
Delayed-Match-to-Sample Task, Cognitive Brain Research, vol. 18, no. 3, pp. 306-21, February
2004. DOI: 10.1016/j.cogbrainres.2003.10.019

Hablitz, L. M., Vinitsky, H. S., Sun, Q., Staeger, F. F., Sigurdsson, B., Mortensen, K. N., Lilius, T. O. and
Nedergaard, M., Increased Glymphatic Influx Is Correlated with High EEG Delta Power and Low
Heart Rate in Mice under Anesthesia, Science Advances, vol. 5, no. 2, p. eaav5447, February
2019. DOI: 10.1126/sciadv.aav5447

Hafner, M., Stepanek, M., Taylor, J., Troxel, W. M. and Stolk, C. van, Why Sleep Matters-The Economic
Costs of Insufficient Sleep: A Cross-Country Comparative Analysis., Rand Health Quarterly, vol.
6, no. 4, p. 11, January 2017.

Harma, M., Suvanto, S., Popkin, S., Pulli, K., Mulder, M. and Hirvonen, K., A Dose-Response Study of
Total Sleep Time and the Ability to Maintain Wakefulness, Journal of Sleep Research, vol. 7, no.
3, pp. 167-74, September 5, 1998. DOI: 10.1046/j.1365-2869.1998.00115.x

Havas, J. A. De, Parimal, S., Soon, C. S. and Chee, M. W. L., Sleep Deprivation Reduces Default Mode
Network Connectivity and Anti-Correlation during Rest and Task Performance, Neurolmage, vol.
59, no. 2, pp. 1745-51, January 16, 2012. DOI: 10.1016/j.neuroimage.2011.08.026

Hirshkowitz, M., Whiton, K., Albert, S. M., Alessi, C., Bruni, O., DonCarlos, L., Hazen, N., et al.,
National Sleep Foundation’s Sleep Time Duration Recommendations: Methodology and Results
Summary, Sleep Health, vol. 1, no. 1, pp. 40-43, March 1, 2015. DOL:
10.1016/j.s1eh.2014.12.010

Hoddes, E., Zarcone, V., Smythe, H., Phillips, R. and Dement, W. C., Quantification of Sleepiness: A
New Approach, Psychophysiology, vol. 10, no. 4, pp. 431-36, 1973.

Hsieh, S., Cheng, 1. C. and Tsai, L. L., Immediate Error Correction Process Following Sleep Deprivation,
Journal of Sleep Research, vol. 16, no. 2, pp. 13747, June 2007. DOI: 10.1111/j.1365-
2869.2007.00583.x



58

Iber, C., The AASM Manual for the Scoring of Sleep and Associated Events : Rules, Terminology and
Technical Specifications, Westchester IL: American Academy of Sleep Medicine, 2007.

1liff, J. J., Lee, H., Yu, M., Feng, T., Logan, J., Nedergaard, M. and Benveniste, H., Brain-Wide Pathway
for Waste Clearance Captured by Contrast-Enhanced MRI, Journal of Clinical Investigation, vol.
123, no. 3, pp. 1299-1309, March 2013. DOI: 10.1172/JC167677

1liff, J. J., Wang, M., Liao, Y., Plogg, B. A., Peng, W., Gundersen, G. A., Benveniste, H., et al., A
Paravascular Pathway Facilitates CSF Flow Through the Brain Parenchyma and the Clearance of
Interstitial Solutes, Including Amyloid B, Science Translational Medicine, vol. 4, no. 147,
accessed July 23, 2022, from https://www.science.org/doi/10.1126/scitranslmed.3003748, August
15,2012. DOI: 10.1126/scitranslmed.3003748

Inoué, S., Honda, K. and Komoda, Y., Sleep as Neuronal Detoxification and Restitution, Behavioural
Brain Research, vol. 69, no. 1-2, pp. 91-96, July 1, 1995. DOI: 10.1016/0166-4328(95)00014-K

Jaeggi, S. M., Buschkuehl, M., Perrig, W. J. and Meier, B., The Concurrent Validity of the N-Back Task
as a Working Memory Measure, Memory, vol. 18, no. 4, pp. 394-412, May 2010. DOI:
10.1080/09658211003702171

Jenkinson, M., Bannister, P., Brady, M. and Smith, S., Improved Optimization for the Robust and
Accurate Linear Registration and Motion Correction of Brain Images, Neurolmage, vol. 17, no. 2,
pp. 825-41, 2002. DOI: 10.1016/S1053-8119(02)91132-8

Ji, J. L., Spronk, M., Kulkarni, K., Repovs, G., Anticevic, A. and Cole, M. W., Mapping the Human
Brain’s Cortical-Subcortical Functional Network Organization, Neurolmage, vol. 185, no.
October 2018, pp. 35-57, 2019. DOI: 10.1016/j.neuroimage.2018.10.006

Johns, M. W., A New Method for Measuring Daytime Sleepiness: The Epworth Sleepiness Scale, Sleep,
vol. 14, no. 6, pp. 54045, November 1, 1991. DOI: 10.1093/sleep/14.6.540

Karakorpi, M., Alhola, P., Urrila, A. S., Kylmila, M., Portin, R., Kalleinen, N. and Polo-Kantola, P.,
Hormone Treatment Gives No Benefit against Cognitive Changes Caused by Acute Sleep
Deprivation in Postmenopausal Women, Neuropsychopharmacology, vol. 31, no. 9, pp. 2079-88,
September 15, 2006. DOI: 10.1038/sj.npp.1301056

Keenan, S. and Hirshkowitz, M., Monitoring and Staging Human Sleep, Principles and Practice of Sleep
Medicine: Fifth Edition, St. Louis: Elsevier Saunders, pp. 1602—-1609, 2010.

Killgore, W. D. S., Balkin, T. J. and Wesensten, N. J., Impaired Decision Making Following 49 h of
Sleep Deprivation, Journal of Sleep Research, vol. 15, no. 1, pp. 7-13, March 2006. DOI:
10.1111/j.1365-2869.2006.00487.x

Kjellberg, A., Sleep Deprivation and Some Aspects of Performance: III. Motivation, Comment and
Conclusions., Waking & Sleeping, vol. 1, no. 2, pp. 149-53, 1977.

Klimova, M., What Is Lost During Dreamless Sleep: The Relationship Between Neural Connectivity
Patterns and Consciousness, Journal of European Psychology Students, vol. 5, no. 3, pp. 56-65,
September 25, 2014. DOI: 10.5334/jeps.cj

Krauchi, K. and Deboer, T., The Interrelationship between Sleep Regulation and Thermoregulation,
Frontiers in Bioscience, vol. 15, no. 2, pp. 604-25, January 1, 2010. DOI: 10.2741/3636

Krause, A. J., Simon, E. Ben, Mander, B. A., Greer, S. M., Saletin, J. M., Goldstein-Piekarski, A. N. and
Walker, M. P., The Sleep-Deprived Human Brain, Nature Reviews Neuroscience, vol. 18, no. 7,
pp. 404-18, May 18, 2017. DOI: 10.1038/nrn.2017.55

Kronholm, E., Hirmd, M., Hublin, C., Aro, A. R. and Partonen, T., Self-Reported Sleep Duration in
Finnish General Population, Journal of Sleep Research, vol. 15, no. 3, pp. 276-90, September 1,
2006. DOI: 10.1111/j.1365-2869.2006.00543.x

Kriiger, G. and Glover, G. H., Physiological Noise in Oxygenation-Sensitive Magnetic Resonance
Imaging, Magnetic Resonance in Medicine, vol. 46, no. 4, pp. 631-37, October 1, 2001. DOI:
10.1002/mrm.1240

Kulikowski, K. and Potasz-Kulikowska, K., Can We Measure Working Memory via the Internet? The
Reliability and Factorial Validity of an Online n-Back Task, Polish Psychological Bulletin, vol.
47, no. 1, pp. 51-61, 2016. DOI: 10.1515/ppb-2016-0006



59

Lewis, P. A. and Durrant, S. J., Overlapping Memory Replay during Sleep Builds Cognitive Schemata,
Trends in Cognitive Sciences, vol. 15, no. 8, pp. 343-51, August 1, 2011. DOL:
10.1016/j.tics.2011.06.004

Lichstein, K. L., Riedel, B. W. and Richman, S. L., The Mackworth Clock Test: A Computerized
Version, The Journal of Psychology, vol. 134, no. 2, pp. 153-61, March 2000. DOI:
10.1080/00223980009600858

Lim, J. and Dinges, D. F., Sleep Deprivation and Vigilant Attention, Annals of the New York Academy of
Sciences, vol. 1129, no. 1, pp. 305-22, May 1, 2008a. DOI: 10.1196/annals.1417.002

Lim, J., Lo, J. C. and Chee, M. W. L., Assessing the Benefits of Napping and Short Rest Breaks on
Processing Speed in Sleep-Restricted Adolescents, Journal of Sleep Research, vol. 26, no. 2, pp.
219-26, April 1,2017. DOIL: 10.1111/jsr.12497

Linde, L., Edland, A. and Bergstrom, M., Auditory Attention and Multiattribute Decision-Making during
a 33 h Sleep-Deprivation Period: Mean Performance and between-Subject Dispersions,
Ergonomics, vol. 42, no. 5, pp. 696713, May 10, 1999. DOI: 10.1080/001401399185397

Lo, J. C., Groeger, J. A., Santhi, N., Arbon, E. L., Lazar, A. S., Hasan, S., Schantz, M. von, Archer, S. N.
and Dijk, D. J., Effects of Partial and Acute Total Sleep Deprivation on Performance across
Cognitive Domains, Individuals and Circadian Phase, PLoS ONE, vol. 7, no. 9, p. e45987, 2012.
DOI: 10.1371/journal.pone.0045987

Lo, J. C, Lee, S. M., Teo, L. M., Lim, J., Gooley, J. J. and Chee, M. W. L., Neurobehavioral Impact of
Successive Cycles of Sleep Restriction with and without Naps in Adolescents, Sleep, vol. 40, no.
2, February 1, 2017. DOI: 10.1093/sleep/zsw042

Loh, S., Lamond, N., Dorrian, J., Roach, G. and Dawson, D., The Validity of Psychomotor Vigilance
Tasks of Less than 10-Minute Duration, Behavior Research Methods, Instruments, and
Computers, vol. 36, no. 2, pp. 339-46, May 2004. DOI: 10.3758/BF03195580

Loomis, A. L., Harvey, E. N. and Hobart, G. A., Distribution of Disturbance-Patterns in the Human
Electroencephalogram, With Special Reference To Sleep, Journal of Neurophysiology, vol. 1, no.
5, pp. 413-30, September 1938. DOI: 10.1152/jn.1938.1.5.413

Luppi, P. H. and Fort, P., What Are the Mechanisms Activating the Sleep-Active Neurons Located in the
Preoptic Area?, Sleep and Biological Rhythms, vol. 9, no. SUPPL. 1, pp. 59—64, February 2011.
DOI: 10.1111/j.1479-8425.2010.00464 .x

Mandai, O., Guerrien, A., Sockeel, P., Dujardin, K. and Leconte, P., REM Sleep Modifications Following
a Morse Code Learning Session in Humans, Physiology and Behavior, vol. 46, no. 4, pp. 63942,
October 1989. DOI: 10.1016/0031-9384(89)90344-2

Magquet, P., The Role of Sleep in Learning and Memory, Science, vol. 294, no. 5544, pp. 1048-52,
November 2, 2001. DOI: 10.1126/science.1062856

Magquet, P., Peters, J. M., Aerts, J., Delfiore, G., Degueldre, C., Luxen, A. and Franck, G., Functional
Neuroanatomy of Human Rapid-Eye-Movement Sleep and Dreaming, Nature, vol. 383, no. 6596,
pp. 163-66, September 1996. DOI: 10.1038/383163a0

Marrelec, G., Bellec, P., Krainik, A., Duffau, H., Pélégrini-Issac, M., Lehéricy, S., Benali, H. and Doyon,
J., Regions, Systems, and the Brain: Hierarchical Measures of Functional Integration in FMRI,
Medical Image Analysis, vol. 12, no. 4, pp. 484-96, August 2008. DOI:
10.1016/j.media.2008.02.002

Mayer, A. R., Ling, J. M., Dodd, A. B., Shaff, N. A., Wertz, C. J. and Hanlon, F. M., A Comparison of
Denoising Pipelines in High Temporal Resolution Task-Based Functional Magnetic Resonance
Imaging Data, Human Brain Mapping, vol. 40, no. 13, pp. 3843-59, 2019. DOI:
10.1002/hbm.24635

Mega, M. S., Cummings, J. L., Salloway, S. and Malloy, P., The Limbic System: An Anatomic,
Phylogenetic, and Clinical Perspective, Journal of Neuropsychiatry and Clinical Neurosciences,
vol. 9, no. 3, pp. 315-30, August 1997. DOI: 10.1176/jnp.9.3.315

Mitler, M. M., Gujavarty, K. S. and Browman, C. P., Maintenance of Wakefulness Test: A
Polysomnographic Technique for Evaluating Treatment Efficacy in Patients with Excessive



60

Somnolence, Electroencephalography and Clinical Neurophysiology, vol. 53, no. 6, pp. 65861,
June 1982. DOI: 10.1016/0013-4694(82)90142-0

Moruzzi, G. and Magoun, H. W., Brain Stem Reticular Formation and Activation of the EEG,
Electroencephalography and Clinical Neurophysiology, vol. 1, no. 1-4, pp. 455-73, November
1949. DOI: 10.1016/0013-4694(49)90219-9

Mu, Q., Nahas, Z., Johnson, K. A., Yamanaka, K., Mishory, A., Koola, J., Hill, S., Horner, M. D.,
Bohning, D. E. and George, M. S., Decreased Cortical Response to Verbal Working Memory
Following Sleep Deprivation, Sleep, vol. 28, no. 1, pp. 55-67, January 1, 2005. DOI:
10.1093/sleep/28.1.55

Murphy, K., Birn, R. M., Handwerker, D. A., Jones, T. B. and Bandettini, P. A., The Impact of Global
Signal Regression on Resting State Correlations: Are Anti-Correlated Networks Introduced?,
Neurolmage, vol. 44, no. 3, pp. 893-905, February 1, 2009. DOI:
10.1016/j.neuroimage.2008.09.036

Murphy, T. L., Richard, M., Masaki, H. and Segalowitz, S. J., The Effect of Sleepiness on Performance
Monitoring: | Know What I Am Doing, but Do I Care?, Journal of Sleep Research, vol. 15, no. 1,
pp. 15-21, March 2006. DOI: 10.1111/j.1365-2869.2006.00503.x

Ocampo, A. C., Squire, L. R., and Clark, R. E., Insufficient Sleep Is a Public Health Problem Sleep-
Related Unhealthy Behaviors, Centers for Disease Control and Prevention, Atlanta, GA, 2017.

Ogawa, S., Lee, T. M., Kay, A. R. and Tank, D. W., Brain Magnetic Resonance Imaging with Contrast
Dependent on Blood Oxygenation, Proceedings of the National Academy of Sciences of the
United States of America, vol. 87, no. 24, pp. 9868—72, December 1990. DOI:
10.1073/pnas.87.24.9868

Ohayon, M. M., Carskadon, M. A., Guilleminault, C. and Vitiello, M. V., Meta-Analysis of Quantitative
Sleep Parameters from Childhood to Old Age in Healthy Individuals: Developing Normative
Sleep Values across the Human Lifespan, Sleep, vol. 27, no. 7, pp. 125573, October 1, 2004.
DOI: 10.1093/sleep/27.7.1255

Ooms, S., Overeem, S., Besse, K., Rikkert, M. O., Verbeek, M. and Claassen, J. A. H. R., Effect of 1
Night of Total Sleep Deprivation on Cerebrospinal Fluid B-Amyloid 42 in Healthy Middle-Aged
Men a Randomized Clinical Trial, JAMA Neurology, vol. 71, no. 8, pp. 971-77, August 1, 2014,
DOI: 10.1001/jamaneurol.2014.1173

Pace-Schott, E. F., Nave, G., Morgan, A. and Spencer, R. M. C., Sleep-Dependent Modulation of
Affectively Guided Decision-Making, Journal of Sleep Research, vol. 21, no. 1, pp. 30-39,
February 1,2012. DOI: 10.1111/5.1365-2869.2011.00921.x

Peigneux, P., Laureys, S., Delbeuck, X. and Maquet, P., Sleeping Brain, Learning Brain. the Role of
Sleep for Memory Systems, NeuroReport, vol. 12, no. 18, pp. A111-24, 2001. DOI:
10.1097/00001756-200112210-00001

Philip, P., Sagaspe, P., Prague, M., Tassi, P., Capelli, A., Bioulac, B., Commenges, D. and Taillard, J.,
Acute versus Chronic Partial Sleep Deprivation in Middle-Aged People: Differential Effect on
Performance and Sleepiness, Sleep, vol. 35, no. 7, pp. 997-1002, 2012. DOI: 10.5665/sleep.1968

Posner, M. 1., and Petersen, S. E., The Attention System of the Human Brain, Annual Review of
Neuroscience, 1990.

Power, J. D., Cohen, A. L., Nelson, S. M., Wig, G. S., Barnes, K. A., Church, J. A., Vogel, A. C,, et al.,
Functional Network Organization of the Human Brain, Neuron, vol. 72, no. 4, pp. 665-78,
November 17, 2011. DOI: 10.1016/j.neuron.2011.09.006

Raidy, D. J. and Scharff, L. F. V., Effects of Sleep Deprivation on Auditory and Visual Memory Tasks,
Perceptual and Motor Skills, vol. 101, no. 2, pp. 451-67, October 4, 2005. DOI:
10.2466/pms.101.2.451-467

Rao, H., Di, X., Chan, R. C. K., Ding, Y., Ye, B. and Gao, D., A Regulation Role of the Prefrontal Cortex
in the Fist-Edge-Palm Task: Evidence from Functional Connectivity Analysis, Neurolmage, vol.
41, no. 4, pp. 1345-51, July 15, 2008. DOI: 10.1016/j.neuroimage.2008.04.026



61

Rasch, B. and Born, J., About Sleep’s Role in Memory, Physiological Reviews, vol. 93, no. 2, pp. 681—
766, April 2013. DOI: 10.1152/physrev.00032.2012

Raz, A., Anatomy of Attentional Networks, Anatomical Record - Part B New Anatomist, November 1,
2004.

Reynolds, A. C. and Banks, S., Total Sleep Deprivation, Chronic Sleep Restriction and Sleep Disruption,
Progress in Brain Research, Elsevier B.V., pp. 91-103, 2010.

Ritter, S. M., Strick, M., Bos, M. W., Baaren, R. B. Van and Dijksterhuis, A., Good Morning Creativity:
Task Reactivation during Sleep Enhances Beneficial Effect of Sleep on Creative Performance,
Journal of Sleep Research, vol. 21, no. 6, pp. 643—47, December 1, 2012. DOI: 10.1111/j.1365-
2869.2012.01006.x

Rogers, B. P., Morgan, V. L., Newton, A. T. and Gore, J. C., Assessing Functional Connectivity in the
Human Brain by FMRI, Magnetic Resonance Imaging, vol. 25, no. 10, pp. 1347-57, December
2007. DOI: 10.1016/j.mri.2007.03.007

Sdmann, P. G., Tully, C., Spoormaker, V. L., Wetter, T. C., Holsboer, F., Wehrle, R. and Czisch, M.,
Increased Sleep Pressure Reduces Resting State Functional Connectivity, Magnetic Resonance
Materials in Physics, Biology and Medicine, vol. 23, no. 5-6, pp. 375-89, December 15, 2010.
DOI: 10.1007/s10334-010-0213-z

Saper, C. B., Chou, T. C. and Scammell, T. E., The Sleep Switch: Hypothalamic Control of Sleep and
Wakefulness, Trends in Neurosciences, vol. 24, no. 12, pp. 72631, December 1, 2001. DOI:
10.1016/S0166-2236(00)02002-6

Saper, C. B., Scammell, T. E. and Lu, J., Hypothalamic Regulation of Sleep and Circadian Rhythms,
Nature, vol. 437, no. 7063, pp. 1257-63, October 26, 2005. DOI: 10.1038/nature04284

Schaefer, A., Kong, R., Gordon, E. M., Laumann, T. O., Zuo, X.-N., Holmes, A. J., Eickhoff, S. B. and
Yeo, B. T. T., Local-Global Parcellation of the Human Cerebral Cortex from Intrinsic Functional
Connectivity MRI, Cerebral Cortex, vol. 28, no. 9, pp. 3095-3114, 2018. DOI:
10.1093/cercor/bhx179

Shao, Y., Wang, L., Ye, E., Jin, X., Ni, W., Yang, Y., Wen, B., Hu, D. and Yang, Z., Decreased
Thalamocortical Functional Connectivity after 36 Hours of Total Sleep Deprivation: Evidence
from Resting State FMRI, PLoS ONE, vol. 8, no. 10, p. €78830, October 25, 2013. DOI:
10.1371/journal.pone.0078830

Sherin, J. E., Elmquist, J. K., Torrealba, F. and Saper, C. B., Innervation of Histaminergic
Tuberomammillary Neurons by GABAergic and Galaninergic Neurons in the Ventrolateral
Preoptic Nucleus of the Rat, Journal of Neuroscience, vol. 18, no. 12, pp. 4705-21, June 15,
1998. DOI: 10.1523/jneurosci.18-12-04705.1998

Shine, J. M., Bissett, P. G., Bell, P. T., Koyejo, O., Balsters, J. H., Gorgolewski, K. J., Moodie, C. A. and
Poldrack, R. A., The Dynamics of Functional Brain Networks: Integrated Network States during
Cognitive Task Performance, Neuron, vol. 92, no. 2, pp. 54454, October 19, 2016. DOI:
10.1016/j.neuron.2016.09.018

Simon, E. Ben, Maron-Katz, A., Lahav, N., Shamir, R. and Hendler, T., Tired and Misconnected: A
Breakdown of Brain Modularity Following Sleep Deprivation, Human Brain Mapping, vol. 38,
no. 6, pp. 3300-3314, June 1, 2017. DOI: 10.1002/hbm.23596

Smith, M. E., McEvoy, L. K. and Gevins, A., The Impact of Moderate Sleep Loss on Neurophysiologic
Signals during Working-Memory Task Performance, Sleep, vol. 25, no. 7, pp. 784-94, November
1,2002. DOI: 10.1093/sleep/25.7.56

Sporns, O., Network Attributes for Segregation and Integration in the Human Brain, Current Opinion in
Neurobiology, vol. 23, no. 2, pp. 16271, April 2013. DOI: 10.1016/j.conb.2012.11.015

Stickgold, R., Sleep-Dependent Memory Consolidation, Nature, vol. 437, no. 7063, pp. 1272-78, October
26, 2005. DOI: 10.1038/nature04286

Stickgold, R. and Walker, M. P., Sleep-Dependent Memory Triage: Evolving Generalization through
Selective Processing, Nature Neuroscience, vol. 16, no. 2, pp. 139-45, February 28, 2013. DOI:
10.1038/nn.3303



62

Szymusiak, R., Gvilia, I. and McGinty, D., Hypothalamic Control of Sleep, Sleep Medicine, vol. 8, no. 4,
pp- 291-301, June 1, 2007. DOI: 10.1016/j.sleep.2007.03.013

Tagliazucchi, E., Wegner, F. von, Morzelewski, A., Brodbeck, V., Borisov, S., Jahnke, K. and Laufs, H.,
Large-Scale Brain Functional Modularity Is Reflected in Slow Electroencephalographic Rhythms
across the Human Non-Rapid Eye Movement Sleep Cycle, Neurolmage, vol. 70, pp. 327-39,
April 15,2013. DOI: 10.1016/j.neuroimage.2012.12.073

Thomas Yeo, B. T., Krienen, F. M., Sepulcre, J., Sabuncu, M. R., Lashkari, D., Hollinshead, M.,
Roffman, J. L., et al., The Organization of the Human Cerebral Cortex Estimated by Intrinsic
Functional Connectivity, Journal of Neurophysiology, vol. 106, no. 3, pp. 112565, September
2011. DOI: 10.1152/jn.00338.2011

Tononi, G., Consciousness as Integrated Information: A Provisional Manifesto, Biological Bulletin, vol.
215, no. 3, pp. 21642, December 29, 2008. DOI: 10.2307/25470707

Tononi, G., Consciousness, Information Integration, and the Brain, Progress in Brain Research, vol. 150,
pp. 109-26, January 1, 2005. DOI: 10.1016/S0079-6123(05)50009-8

Tononi, G. and Cirelli, C., Sleep and the Price of Plasticity: From Synaptic and Cellular Homeostasis to
Memory Consolidation and Integration, Neuron, vol. 81, no. 1, pp. 12-34, January 8, 2014. DOLI:
10.1016/j.neuron.2013.12.025

Tsai, L. L., Young, H. Y., Hsieh, S. and Lee, C. S., Impairment of Error Monitoring Following Sleep
Deprivation, Sleep, vol. 28, no. 6, pp. 707—13, June 1, 2005. DOI: 10.1093/sleep/28.6.707

Turner, T. H., Drummond, S. P. A., Salamat, J. S. and Brown, G. G., Effects of 42 Hr of Total Sleep
Deprivation on Component Processes of Verbal Working Memory, Neuropsychology, vol. 21, no.
6, pp. 787-95, 2007. DOI: 10.1037/0894-4105.21.6.787

Van Dongen, H. P. A. and Dinges, D. F., Sleep, Circadian Rhythms, and Psychomotor Vigilance, Clinics
in Sports Medicine, vol. 24, no. 2, pp. 237-49, April 2005. DOI: 10.1016/j.csm.2004.12.007

Varela, F., Lachaux, J. P., Rodriguez, E. and Martinerie, J., The Brainweb: Phase Synchronization and
Large-Scale Integration, Nature Reviews Neuroscience, vol. 2, no. 4, pp. 229-39, 2001. DOI:
10.1038/35067550

Vossel, S., Geng, J. J. and Fink, G. R., Dorsal and Ventral Attention Systems: Distinct Neural Circuits but
Collaborative Roles, Neuroscientist, vol. 20, no. 2, pp. 150-59, April 2014. DOI:
10.1177/1073858413494269

Vyazovskiy, V. V., Sleep, Recovery, and Metaregulation: Explaining the Benefits of Sleep, Nature and
Science of Sleep, vol. 7, pp. 171-84, 2015. DOI: 10.2147/NSS.S54036

Vyazovskiy, V. V., Olcese, U., Hanlon, E. C., Nir, Y., Cirelli, C. and Tononi, G., Local Sleep in Awake
Rats, Nature, vol. 472, no. 7344, pp. 443—47, April 27, 2011. DOI: 10.1038/nature10009

Wagner, U., Gais, S. and Born, J., Emotional Memory Formation Is Enhanced across Sleep Intervals with
High Amounts of Rapid Eye Movement Sleep, Learning and Memory, vol. 8, no. 2, pp. 112—19,
March 1,2001. DOI: 10.1101/Im.36801

Walker, M. P., The Role of Slow Wave Sleep in Memory Processing, Journal of Clinical Sleep Medicine,
vol. 5, no. 2 SUPPL., pp. S20-6, April 15, 2009. DOI: 10.5664/jcsm.5.2s.520

Walker, M. P., Liston, C., Hobson, J. A. and Stickgold, R., Cognitive Flexibility across the Sleep-Wake
Cycle: REM-Sleep Enhancement of Anagram Problem Solving, Cognitive Brain Research, vol.
14, no. 3, pp. 31724, 2002. DOI: 10.1016/S0926-6410(02)00134-9

Wang, L., Chen, Y., Yao, Y., Pan, Y. and Sun, Y., Sleep Deprivation Disturbed Regional Brain Activity
in Healthy Subjects: Evidence from a Functional Magnetic Resonance-Imaging Study,
Neuropsychiatric Disease and Treatment, vol. 12, pp. 801-7, April 12, 2016. DOI:
10.2147/NDT.S99644

Weaver, B., Bédard, M. and McAuliffe, J., Evaluation of a 10-Minute Version of the Attention Network
Test, Clinical Neuropsychologist, vol. 27, no. 8, pp. 1281-99, November 2013. DOI:
10.1080/13854046.2013.851741



63

Whitfield-Gabrieli, S. and Nieto-Castanon, A., Conn: A Functional Connectivity Toolbox for Correlated
and Anticorrelated Brain Networks, Brain Connectivity, vol. 2, no. 3, pp. 125-41, 2012. DOLI:
10.1089/brain.2012.0073

Wong, C. W., Olafsson, V., Tal, O. and Liu, T. T., The Amplitude of the Resting-State FMRI Global
Signal Is Related to EEG Vigilance Measures, Neurolmage, vol. 83, pp. 983—90, December 2013.
DOI: 10.1016/j.neuroimage.2013.07.057

Wu, J. C., Gillin, J. C., Buchsbaum, M. S., Chen, P., Keator, D. B., Khosla Wu, N., Darnall, L. A., Fallon,
J. H. and Bunney, W. E., Frontal Lobe Metabolic Decreases with Sleep Deprivation Not Totally
Reversed by Recovery Sleep, Neuropsychopharmacology, vol. 31, no. 12, pp. 2783-92, 2006.
DOI: 10.1038/sj.npp.1301166

Xie, L., Kang, H., Xu, Q., Chen, M. J., Liao, Y., Thiyagarajan, M., O’Donnell, J., et al., Sleep Drives
Metabolite Clearance from the Adult Brain, Science, vol. 342, no. 6156, pp. 37377, October 18,
2013. DOI: 10.1126/science.1241224

Yeo, B. T. T., Tandi, J. and Chee, M. W. L., Functional Connectivity during Rested Wakefulness Predicts
Vulnerability to Sleep Deprivation, Neurolmage, vol. 111, no. 2014, pp. 147-58, 2015. DOL:
10.1016/j.neuroimage.2015.02.018

Zhang, Y., Brady, M. and Smith, S., Segmentation of Brain MR Images through a Hidden Markov
Random Field Model and the Expectation-Maximization Algorithm, /EEE Transactions on
Medical Imaging, vol. 20, no. 1, pp. 45-57, January 2001. DOI: 10.1109/42.906424



64

10. SUPPLEMENTAL FIGURES

.
. |-

ESCREE
SRR

. A AR T A
SN
] I

o S SR Sl G R TR e R

(ZEEERIESESAS

S D11 L - |aad o JEEHTET | BAEY A R
< ol < < m|m

= |
_ lensip
v

il 1e1011edojUOI4

g

. Jojowiolewosg

| uonuany

. |eljuapjaoualjes

5 olqui
8 uonuany
v |esioQ
4

a }JnejaQ

v

8 |o4juon
v

< m O m m <o < o ol < o
s -
— - m 8 © o 2
—_— —_— - et — —
m - a....u B mm (=] © S
= ® {0 L) 58 E |go] 3
c u S &Il 58 s lol @
(o] Q Ow — 09 -~ - o
o (@] O |4 5% - c|l >
< = E |o
@ (o] -
R I

Supplementary Figure 11. Connectivity Matrix during MCT task — WR state
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Supplementary Figure 12. Connectivity Matrix during MCT task — SD state
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Supplementary Figure 14. Functional Connectivity during MCT Task — Changes from WR to SD state with no FDR correction;

47.59% of total parcels significant.
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Supplementary Figure 27. Functional Connectivity during N-back Task — Changes from SD to PRN state with no FDR correction.
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Supplementary Figure 30. Functional Connectivity during N-back Task — Changes from SD to PRN state with FDR correction,

controlled for covariate N3 sleep stage time.
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Supplementary Figure 31. Functional Connectivity during N-back Task — Changes from WR to PRN state with no FDR correction.
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Supplementary Figure 32. Functional Connectivity during N-back Task — Changes from WR to PRN state with FDR correction,

controlled for covariate total sleep time (TST).
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Supplementary Figure 34. Functional Connectivity during N-back Task — Changes from WR to PRN state with FDR correction,

controlled for covariate N3 stage sleep time.
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Supplementary Figure 35. Connectivity Matrix during ANT task — WR state
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Supplementary Figure 36. Connectivity Matrix during ANT task — SD state



90

m
_ _m:m_>
i V

_IH |eyauiedojuoay

._OuOEOamEOW

uonuany
|eJjuap/aDUBIES

it e
sml N EEEE
. 1 o -

SRR - o

Al ol R
— SRR e e o e e AR ]

o e O O O i R I R - 0300
; v

uonuany

g

v

5 oIquii
.m_

v |esio(

<« o Ol « m ol « ool <« o] « nlTle o

- - H=)

AL 22 = c o 2

— — frer} P

m = a.m .m 2 (o] m nld
= @ ve |18l =2 E Ja] =
o [ Om - wm - .m i)
o = ez |4l 52| g |s| -

5 o o

w
2} F._

Supplementary Figure 37. Connectivity Matrix during ANT task — PRN state
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Supplementary Figure 38. Functional Connectivity during ANT Task — Changes from WR to SD state with no FDR correction.
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Figure 39. Functional Connectivity during ANT Task — Changes from SD to PRN state with no FDR correction.
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Supplementary Figure 40. Functional Connectivity during ANT Task — Changes from SD to PRN state with FDR correction,
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Supplementary Figure 41. Functional Connectivity during ANT Task — Changes from SD to PRN state with FDR correction,

controlled for covariate N2 stage sleep time.
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Supplementary Figure 42. Functional Connectivity during ANT Task — Changes from SD to PRN state with FDR correction,

controlled for covariate N3 stage sleep time.
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Supplementary Figure 43. Functional Connectivity during ANT Task — Changes from WR to PRN state with no FDR correction.
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Supplementary Figure 44. Functional Connectivity during ANT Task — Changes from WR to PRN state with FDR correction,

controlled for covariate total sleep time (TST).
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Supplementary Figure 45. Functional Connectivity during ANT Task — Changes from WR to PRN state with FDR correction,

controlled for covariate N2 stage sleep time.
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Supplementary Figure 46. Functional Connectivity during ANT Task — Changes from WR to PRN state with FDR correction,

controlled for covariate N3 stage sleep time.
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Supplementary Figure 47. Total Integration during MCT task across 3 states (1=WR, 2=SD, 3=PRN). * = p<0.05; ** = p<0.001
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Supplementary Figure 48. Within Systems Integration during MCT task across 3 states (1=WR, 2=SD, 3=PRN). * = p<0.05; ** =
p<0.001
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Supplementary Figure 49. Between Systems Integration during MCT task across 3 states (1=WR, 2=SD, 3=PRN). * = p<0.05; ** =
p<0.001
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Supplementary Figure 50. Total Integration during N-back task across 3 states (1=WR, 2=SD, 3=PRN). * = p<0.05; ** = p<0.001
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Supplementary Figure 51. Within Systems Integration during N-back task across 3 states (1=WR, 2=SD, 3=PRN). * = p<0.05; ** =
p<0.001
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Supplementary Figure 52. Between Systems Integration during N-back task across 3 states (1=WR, 2=SD, 3=PRN). * = p<0.05; **
= p<0.001
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Supplementary Figure 53. Total Integration during ANT task across 3 states (1=WR, 2=SD, 3=PRN). * = p<0.05; ** = p<0.001
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Supplementary Figure 54. Within Systems Integration during ANT task across 3 states (1=WR, 2=SD, 3=PRN). * = p<0.05; ** =

p<0.001
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Supplementary Figure 55. Between Systems Integration during ANT task across 3 states (1=WR, 2=SD, 3=PRN). * = p<0.05; ** =
p<0.001



