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Abstract: The processes underlying sleep function and why sleep deprivation is detrimental 

to brain functioning remain poorly understood. In particular, little is known about how sleep 

deprivation potentially affects white matter (WM) microstructure. To characterise this 

relationship, the current study employed a longitudinal design in which WM microstructure 

was assessed at four consecutive time points across 32 hours of acute sleep deprivation 

(morning – evening – morning – afternoon). Analyses were performed voxel-wise using tract 

based spatial statistics and permutation testing. Our results suggest that in ten healthy adults, 

24 hours of sleep deprivation was associated with widespread decreases in overall diffusivity 

(MD, AD and RD) and decreased FA, while 24 to 32 hours of sleep deprivation (morning to 

afternoon) was associated with widespread increases in MD and AD. These alterations may 

represent contributions to the biological processes underpinning the deleterious consequences 

of sleep deprivation, which also has implications for our understanding of the function of 

sleep. Moreover, these findings may suggest that circadian and homeostatic regulation of 

sleep induce separable alterations of WM microstructure, as we observed different alterations 

before and after a full circadian cycle (24 hours). Future studies should replicate this study in 

a larger sample in order to generalise findings. Additionally, introducing more complex 

diffusion models will afford more detailed investigation of the underlying biological 

processes, which may clarify the influence of alterations in perivascular spaces and 

glymphatic regulation on these results. 
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1 Introduction 
The significance of sleep is illustrated both by the detrimental effects of sleep loss on health 

and cognition (Goel, Basner, Rao, & Dinges, 2013; Krause et al., 2017) and the fact that sleep 

is evolutionary conserved across species (Siegel, 2009). Chronic sleep loss is associated with 

hypertension, increased stress response and altered immune response, in addition to increased 

risk of a range of diseases such as diabetes and cardiovascular disease (Bianchi, 2014). 

Moreover, sleep loss impairs attention and working-memory capacity (Krause et al., 2017), 

which is associated with reduced activation in brain attention networks such as dorsolateral 

prefrontal and posterior parietal regions, as well as aberrant activation in the thalamus and the 

default-mode network (Chee & Chuah, 2008). In addition, sleep loss impairs learning and 

memory (Diekelmann & Born, 2010), which has been linked with differential functional 

connectivity in arousal networks in the brainstem and thalamus (Yoo, Hu, Gujar, Jolesz, & 

Walker, 2007) and reduced neuronal excitability and inhibited long-term potentiation (LTP) 

in hippocampal neurons (McDermott et al., 2003). Interestingly, sleep deprivation is also 

found to have an antidepressant effect in approximately 50% of patients suffering from 

unipolar and bipolar depression (Bianchi, 2014; Boland et al., 2017; Wu & Bunney, 1990), in 

which prolonged wakefulness alleviates depressive symptoms and improves mood. These 

patients then usually relapse after a night of recovery sleep, suggesting the antidepressant 

effect is specific to being sleep deprived. Despite considerable scientific investigation 

however, it remains unclear what sleep loss does to our brain. Why is sleep loss so 

detrimental to normal functioning, while at the same time it can improve functioning of 

depressed people? Sleep clearly serves some essential function that is disrupted when we 

don’t sleep, yet it is not established what this mechanism is.  

One approach to elucidating the mechanisms of sleep is by studying sleep-wake-dependent 

changes in the brain. Moreover, such investigation may clarify why sleep loss impairs brain 

function and performance. There is now evidence to suggest that structural, as well as 

functional, changes take place in the brain as a result of the sleep-wake-cycle (Areal, Warby, 

& Mongrain, 2017). As such, sleep loss may impair brain function by altering structural 

plasticity. However, most of these findings are derived from studies in animal models. 

Moreover, the focus has been on plasticity related to synapses and other components of grey 

matter. In the current study, we aimed to explore sleep-wake-dependent structural plasticity in 
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the human brain white matter (WM). Due to its superior resolution in characterising 

microstructure, we investigated changes in WM by diffusion MRI.   

1.1 Sleep overview 

Sleep is defined as a reversible behavioural state in which willed behaviour, sensory input and 

cognitive processing is reduced (Borbély & Tononi, 1998). During a bout of sleep, the brain 

transits through several states of arousal and consciousness. In particular, we separate sleep 

into rapid-eye-movement (REM) sleep and non-REM (NREM) sleep. NREM sleep occurs 

first and is characterised by slow wave oscillations of the brain signal in the 

electroencephalogram (EEG; Figure 1). The NREM stages are also referred to as deep sleep. 

REM sleep or paradoxical sleep is characterised by eye movement, loss of muscle tone and 

desynchronised and fast brain waves in the EEG. As such, REM sleep much more resembles 

wake than NREM sleep. The REM stage is also when we dream. We cycle through these 

phases during the night, each cycle taking on average 90 minutes (Figure 1). 

 

 

Figure 1. Sleep latency and brain waves (EEG) by the hour. W; wake. 1-4; NREM sleep stages. R; REM sleep. 
Adapted from Borbely and Achermann (1999). 
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1.1.1 Sleep regulation 

Transition between stages of sleep and wake is regulated by circadian and homeostatic 

processes (Borbély, Daan, Wirz-Justice, & Deboer, 2016). Specifically, the two-process 

model conceptualises sleep onset as the result of the intrinsic self-sustained circadian clock 

(Process C) and increasing sleep need as a function of time spent wake (Process S; see Figure 

2). The circadian clock entrains animal activity and arousal to match oscillations of the 24-h 

day and night cycle, modulating homeostatic drive for sleep and subjective and physiological 

sleepiness, vigilant attention, processing speed and working memory (Goel et al., 2013). The 

circadian oscillator is organised in a hierarchy in which the master clock consists of cell 

populations in the superchiasmatic nuclei (SCN) in the anterior hypothalamus. Their activity 

increases in response to light information (Meijer, Watanabe, Schaap, Albus, & Détári, 1998; 

Van Diepen, Ramkisoensing, Peirson, Foster, & Meijer, 2013), which they receive from 

retinal ganglion cells by a direct retinohypothalamic tract. The rhythm is generated by 

transcriptional feedback loops that regulate the expression of clock genes (Ko & Takahashi, 

2006). 

 

 

Figure 2. The two-process model of sleep regulation consist of Process S and Process C, which together regulate 
sleep onset, intensity and duration. Adapted from Borbely and Achermann (1999). 

 

Process S or the sleep homeostat represents sleep drive, by which sleep need accumulates 

during wakefulness and regulates timing and intensity of subsequent sleep. The mechanisms 

of the sleep homeostat are not well understood, yet they are linked to the intensity of slow 

wave activity (SWA) in the NREM sleep EEG. For example, SWA increases with time spent 

awake and declines during sleep (Vyazovskiy, Cirelli, Pfister-genskow, Faraguna, & Tononi, 

2008) and specific waking experiences such as learning a motor task induce local increases in 
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the EEG signal above associated brain areas (Huber, Felice Ghilardi, Massimini, & Tononi, 

2004). Neurobiologically, the sleep homeostat is believed to involve multiple 

neuromodulators, one major player being adenosine (Donlea, Alam, & Szymusiak, 2017). 

Specifically, it is hypothesised that there is an increase of adenosine in the basal forebrain and 

cerebral cortex during wake due to increased synaptic transmission and neural activity, which 

results in hyperpolarisation of cortical neurons and subsequent increased SWA during NREM 

sleep (Allada, Cirelli, & Sehgal, 2017).  

 

 

Figure 3. Arousal-promoting pathways. In red are projections of glutamatergic, GABAergic and cholinergic 
neurotransmitters. In brown are monoaminergic, cholinergic and peptidergic projections that play a modulatory 
role. In purple are GABAergic neurons that promote wakefulness by inhibiting sleep promoting neurons. 
Abbreviations: LH; lateral hypothalamus. GABA; gamma-aminobutyric acid. ORX; orexin. vPAG; ventral 
periaqueductal grey matter. DA; dopamine. BF; basal forebrain. ACh; acetylcholine. SUM; supramammillary 
nucleus. Glu; glutamate. TMN; tuberomammillary nucleus. Hist; histamine. LDT; laterodorsal tegmental 
nucleus. PPT; pedunculopontine tegmental nucleus. PB; parabrachial nucleus. 5HT; serotonin. LC; locus 
ceruleus. NA; noradrenaline. Adapted from Saper & Fuller (2017). 

1.1.2 Sleep neurocircuitry 

A widespread neural circuitry is at play to ensure successful implementation of these sleep 

regulatory processes in order to transit through stages of sleep and wake. This circuitry 

involves mutual inhibition of neural populations of the reticular arousal system in the 

brainstem, the basal forebrain, hypothalamus and thalamus, which in turn send projections to 

the entire cerebral cortex (Saper, Fuller, Pedersen, Lu, & Scammell, 2010). Lesion and opto- 
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and chemogenetic studies have identified a critical role for glutamatergic populations in the 

parabrachial nucleus and pedunculopontine tegmental nucleus of the brainstem in the arousal 

system (Saper & Fuller, 2017). These project to the basal forebrain, which then send gamma-

aminobutyric acid (GABA)-ergic and cholinergic projections to the cerebral cortex. In 

addition, the arousal system is modulated by cholinergic populations in the brainstem 

(pedunculopontine tegmental nucleus) which project to the thalamic relay nuclei, as well as 

monoaminergic populations (noradrenergic locus coeruleus, serotoninergic dorsal raphe 

nucleus, dopaminergic ventral periaqueductal grey and histaminergic tuberomammillary 

nucleus) which project to the hypothalamus, basal forebrain and cerebral cortex. Finally, the 

arousal pathways are modulated by orexin/hypocretin neurons in the lateral hypothalamus. 

See Figure 3 for overview of arousal-promoting pathways. 

 

 

Figure 4. Sleep-promoting pathways. In purple are projections of fast neurotransmitters. Abbreviations: MNPO; 
median preoptic nucleus. VLPO; ventrolateral preoptic nucleus. MCH; melanin-concentrating hormone. PFZ; 
parafacial zone. Other abbreviations as in Figure 3. Adapted from Saper and Fuller (2017). 

 

In relation to NREM sleep-promotion, sleep is induced by GABAergic inhibition of arousal 

systems by projections from the ventrolateral and median preoptic nuclei (Saper & Fuller, 

2017). Parafacial GABAergic neurons in the medulla are thought to induce sleep by inhibiting 

the parabrachial glutamatergic arousal neurons (Anaclet et al., 2014). Melanin-concentrating 

hormone neurons of the lateral hypothalamus contain both GABA and glutamate and are 
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involved in modulation of REM sleep (Jego et al., 2016). See Figure 4 for overview of sleep-

promoting pathways. Sleep and wake transition is not passive, it entails a complex interaction 

of activity and transmission from several neural populations and their projections. Of note are 

the projections to and from nuclei in the brainstem, which induce arousal and sleep, 

respectively.  

1.2 Sleep as a restorative process 

Several hypotheses exist regarding what is actually homeostatically regulated by sleep. One 

such hypothesis is the synaptic homeostasis hypothesis, which propose that wakefulness is 

associated with learning-induced increases in synaptic strength (Tononi & Cirelli, 2003, 

2014). Sleep then serves a vital function of energy conservation by downscaling synapses in a 

manner proportionate to synapse strength, maintaining experience-dependent differences in 

size and strength – this process underlying SWA. In support of this hypothesis, synaptic 

puncta – a measure of synaptic strength – in the fly brain was found to increase after hours of 

wake and to decrease after sleep (Bushey, Tononi, & Cirelli, 2011). Assessing the axon-spine 

interface (ASI) – another structural measure of synaptic strength (Cheetham, Barnes, Albieri, 

Knott, & Finnerty, 2014) - in mouse motor and sensory cortices, found this to decrease with 

18% after sleep (de Vivo et al., 2017). The change in ASI was proportional to its size and 

spared larger synapses, supporting the prediction that downscaling occur in proportion with 

synapse strength. As such, synaptic homeostasis may represent one mechanism underlying the 

restorative or homeostatic function of sleep. And – by extension – the damaging 

consequences of sleep loss, as sleep loss would result in aberrant regulation of synapses. 

Thus, sleep appear to be associated with renormalisation of wake-related changes in brain 

plasticity such as synaptic strength (Bushey et al., 2011; de Vivo et al., 2017). Further, 

Bellesi, de Vivo, Tononi and Cirelli  (2015) found astrocytic processes to extend closer to the 

synaptic cleft after sleep deprivation in mice, indicative of increased synaptic strength. This is 

in line with predictions made by the synaptic homeostasis hypothesis, as sleep deprivation is, 

by extension, prolonged wakefulness. In a follow-up study, they found that sleep deprivation 

lead to increased astrocytic phagocytic activity of presynaptic components of large synapses 

(Bellesi et al., 2017). They speculated this might represent one mechanism by which the brain 

attempts to clean and recycle worn components in response to sleep loss – a compensatory 

mechanism of restoration. Other studies in animal models find that sleep deprivation-related 
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changes are not uniform, as sleep-drive related neuronal regions in Drosophila flies and 

zebrafish show increased synaptic structures after sleep deprivation (Appelbaum et al., 2010; 

Liu, Liu, Tabuchi, & Wu, 2016), while learning/memory-related spines in mice show reduced 

formation and maintenance (Havekes et al., 2016; Yang et al., 2014). Functional studies in 

humans also suggest that sleep deprivation is associated with reductions in measures of 

structural plasticity, as indicated by reductions in metabolic rate, which is proportional to 

synapse size (Thomas et al., 2000, 2003).  

Sleep also appear to serve a vital function of restoration by removing potentially toxic 

metabolites from the brain. This theory was inspired by the discovery that the glymphatic 

system – the metabolic waste clearance system of the brain and central nervous system – 

mainly operate during sleep (Iliff et al., 2012; Jessen, Finmann Munk, Lundgaard, & 

Nedergaard, 2015).  The glymphatic system involves exchange of cerebrospinal fluid (CSF) 

with interstitial fluid (ISF) by a unique system of perivascular channels formed by astroglial 

cells, which is then cleared out of the brain through a paravenous ISF clearance route. In 

particular, sleep is associated with clearance of toxic waste products such as β-amyloid (Xie 

et al., 2013). Importantly, this study found sleep to result in an increase of more than 60% in 

cortical interstitial space. This suggests that large changes in brain cellular architecture take 

place during sleep, changes which implicate water volume and molecule density within tissue. 

Moreover, another restorative function of sleep may be to repair and maintain cells and tissue. 

Genes related to macromolecule homeostasis such as protein synthesis, lipid transport 

(Mackiewicz et al., 2007) and lipid metabolism (Cirelli, LaVaute, & Tononi, 2005) are 

preferentially transcribed during sleep. Of note are genes involved in oligodendrocyte 

proliferation, phospholipid synthesis and myelination (Bellesi et al., 2013). Consistent with 

this view, experimental evidence suggest a large increase in membrane breakdown of 

phospholipids after sleep deprivation in mice in vivo and cell cultures in vitro (Hinard et al., 

2012). Thus, there appears to be a link between sleep and maintenance of cell membranes and 

myelin, which may represent one damaging consequence of sleep deprivation. It also 

indicates that sleep deprivation results in observable changes in brain structure. Taken 

together, these animal studies suggest sleep-wake-dependent changes take place in both grey 

and white matter. Whether such changes also take place in human brains remain unknown.  
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1.3 Facilitating plasticity and learning 

Sleep-wake-dependent changes are in line with recent discoveries that the adult brain is more 

plastic and modifiable than previously assumed, as evident by how training and learning can 

induce changes in brain structure (Zatorre, Fields, & Johansen-Berg, 2013). Although a strong 

case has been made for learning-related plasticity on one side and sleep and learning on the 

other, much less is known about the link between sleep and plasticity. In line with the current 

understanding of plasticity and learning (Zatorre et al., 2013), the essential mechanism of 

sleep in promoting learning and memory consolidation appear to be facilitating learning-

related plasticity. Restoration of cells and tissue – possibly the critical function of sleep –may 

represent a prerequisite to successful brain plasticity and ultimately to memory formation and 

learning. Importantly, changes in grey matter as a consequence of learning (i.e. synaptic 

potentiation) is likely accompanied by changes in WM, as brain tissue interaction and 

regulation is tightly linked (Hofstetter, Tavor, Tzur Moryosef, & Assaf, 2013). However, 

sleep-wake-related plasticity in WM has been studied in much less detail.  

Recent evidence from cell cultures suggest that electrical stimulation induce changes in 

mouse myelin structure that can be detected within hours (Wake, Lee, & Fields, 2011), which 

corroborate a view that learning and experience may modify brain WM structure. Importantly, 

plasticity may occur as rapidly as over the course of hours and the latter study establishes that 

differences on such a short time scale may also occur in WM myelin. In a recent review, 

Almeida and Lyons (2017) discusses evidence of activity-regulated myelination and propose 

that myelination and axonal conduction contributes to neuronal plasticity.  

Recent studies in humans indicate that diffusion tensor imaging (DTI)-based indices of WM 

integrity change during the course of the day in healthy adults (Elvsåshagen et al., 2015; Jiang 

et al., 2014) and that sleep reverses wake-related changes (Bernardi et al., 2016a). 

Specifically, Elvsåshagen and colleagues (2015) found a day of wake to result in widespread 

increases in fractional anisotropy (FA; a measure of WM integrity; Soares, Marques, Alves, & 

Sousa, 2013), mainly driven by decreases in water diffusion perpendicular to the direction of 

WM tracts, notably in frontal and parieto-occipital pathways. In addition, one night of sleep 

deprivation resulted in widespread FA reductions. This finding indicates that wakefulness and 

sleep deprivation may have consequences for WM maintenance and integrity. 

Moreover, a recent study by Thomas and colleages (2018) probed the underlying 

physiological mechanisms of diurnal fluctuations in DTI measures. They found increases in 
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diffusivity from morning to afternoon in areas of the brain at the interface of grey matter and 

CSF, such as the major sulci and fissures, which were mainly driven by diffusion of CSF-like 

free-water. They speculate that this may reflect glymphatic activity in perivascular spaces, 

which is regulated by the sleep-wake cycle (Boespflug & Iliff, 2017). If this is the case, it 

could mean that diurnal fluctuations observed in DTI measures represent parameters of 

widespread biological alterations underlying circadian and homeostatic regulation of the 

brain. Importantly, that diurnal fluctuations in DTI indices may represent water fluctuations in 

perivascular spaces.  

In relation to sleep deprivation, Rocklage, Williams, Pacheco and Schnyer (2009) found 

differences in WM integrity between participants who tolerated 24 hours of sleep deprivation 

well, as compared to those who did not, as measured by performance on a visuo-motor 

control task. This finding highlights the possible role of WM tracts in cognitive vulnerability 

to sleep deprivation. In addition, changes in WM microstructure are associated with sleep 

disruption and decreased functional connectivity in a bipolar disorder sample (Benedetti et al., 

2017), which emphasise how WM integrity appear to be linked with sleep, as well as a 

potential link with depression.  

1.4 Measuring structural plasticity in humans 

For obvious ethical reasons, it is not possible to invasively study detailed cellular processes of 

sleep and sleep deprivation in human brains. As such, direct evidence for structural changes in 

the human brain is difficult to obtain. However, neuroimaging techniques such as magnetic 

resonance imaging (MRI) represents a powerful tool for studying brain anatomy in vivo by 

unprecedented accuracy. Although it cannot directly inform about underlying cellular 

properties, it can probe brain structure on a macro level (Assaf, Johansen-Berg, & Thiebaut de 

Schotten, 2017).  

Diffusion-weighted imaging (DWI) is a form of ultrastructural MRI that is sensitive to water 

diffusion in biological tissue (Assaf et al., 2017). DWI relies on the Brownian motion of water 

molecules, an inherent property of molecules to diffuse due to thermal energy. Varying 

degrees of hindered or anisotropic diffusion take place within tissue due to fibres, membranes 

and so forth, which is picked up by the MRI signal. DTI (Basser, Mattiello, & Le Bihan, 

1994; Le Bihan & Breton, 1985) fit the diffusion measurements to a tensor or ellipsoid, which 

is mathematically described by a 3 x 3 symmetric matrix: three orthogonal eigenvectors and 
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their associated lengths, or eigenvalues (see Figure 5). The size and shape of the ellipsoid 

gives information about the amount and direction of anisotropic diffusion at that voxel. High 

anisotropy is illustrated by a long ellipsoid, due to water being restricted in the perpendicular 

plane but less in the parallel plane of the measured direction. Mean diffusivity (MD) is 

calculated by the average of the three eigenvalues and represents a measure of the total 

amount of diffusion in each voxel. Fractional anisotropy (FA) represents a measure of how 

anisotropic the diffusion in each voxel is, as indicated by the shape of the tensor. It is 

measured by comparing the three eigenvalues, a result of zero indicating isotropic diffusion 

and a result of one indicating high degree of anisotropy. Axial diffusivity (AD) is the rate of 

diffusion along the main axis of diffusion while radial diffusivity (RD) is the rate of diffusion 

along the transverse direction.  

 

 

Figure 5. Schematic presentation of the diffusion tensor model. Adapted from Jellison and colleagues (2004). 

 

DTI is advantageous because it is non-invasive, apart from an MRI scanner it requires no 

extra equipment, contrast agents or chemical tracers. This affords the unique opportunity to 

investigate large fibre bundles in live human brains, which enables assessment of 

ultrastructural plasticity over time in human brains in vivo (Assaf et al., 2017). In WM, 

diffusion is less restricted along the direction of axons, which gives anisotropic diffusion, 

while in grey matter diffusion is typically less anisotropic and in CSF diffusion is isotropic 

(Assaf et al., 2017). This makes it possible to characterise underlying tissue orientation and 

architecture. In particular, DTI is used to characterise WM integrity, as increases in MD and 

reductions in FA are found to be linked to pathology (Soares et al., 2013).  
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Recent evidence suggest that DTI is sensitive to WM plasticity, as indicated by observable 

brain changes post-learning. For example, rats undergoing learning in the Morris water maze 

task (Morris, 1984) over the course of five days displayed significant cortical plasticity and 

WM plasticity in the corpus callosum as indicated by increased FA (Blumenfeld-Katzir, 

Pasternak, Dagan, & Assaf, 2011). Post-mortem histology analysis established that the 

increase was associated with increased levels of myelin. This is in line with findings by Wake 

and colleagues (2013) in which increased action potentials due to electrical stimulation was 

associated with oligodendrocyte myelin formation. Sagi and colleagues (2012) found 

evidence that DTI can detect changes in WM microstructure as a result of only 2 hours of 

training in a spatial task, suggesting DTI can detect cellular rearrangement of neural tissue 

also over short time-scales. In this study, they controlled that the observed changes were not 

due to gross anatomical changes by also comparing structural T1-scans pre- and post-training. 

Importantly, they replicated the study in rats and by histological examination found the 

diffusion changes to coincide with an increase in the number of synaptic vesicles, astrocyte 

activation and increase in expression of brain-derived neurotrophic factor, which they 

speculate may indicate LTP (Bliss & Collingridge, 1993). 

1.5 Studying sleep 

To study sleep-wake-dependent changes in the human brain, a number of considerations must 

be taken. First and foremost, sleep deprivation represents a behavioural control condition to 

sleep that can be experimentally induced, which affords exploration of sleep effects on 

multiple physiological processes (Bianchi, 2014). For example, sleep deprivation allows 

investigation of how altered sleep homeostasis affects physiology. Sleep homeostasis is, as 

mentioned, dependent on duration of prior wakefulness. This includes the amount of sleep 

and wake over preceding days. Therefore, it is necessary to establish a baseline of an 

individual’s current sleep homeostasis. This can be obtained by recording their recent sleep-

wake-history. It is also important to establish any confounds that may alter sleep both before 

and during study participation, such as caffeine, nicotine and alcohol use, illicit drugs, 

somatic diseases (neurological disorders and endocrine/cardiac disorders), medications, 

current and past psychiatric disorders or undiagnosed sleep disorders. Information on sleep-

wake history and such confounds can be recorded by psychological screening, self-report 

sleep-wake diaries and objective measures such as polysomnography (PSG) or actigraphy.  
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PSG is a comprehensive recording of physiological changes that take place during sleep, such 

as brain activity, eye movements, muscle activity, heart rhythm and respiration (Kushida et 

al., 2005). It requires a dedicated laboratory with a specialised setup of equipment, whilst 

people can wear the actigraph on the wrist in their own beds. Actigraphy monitors sleep and 

wakefulness states in a person based on information about timing, duration and intensity of 

movement (Van Someren, 2011). The actigraph measures activity-induced acceleration by a 

small solid-state recorder typically located on a person’s wrist, as movement of which is 

found to have a reliable link to sleep (Kripke, Mullaney, Messin, & Wyborney, 1978). 

Illuminated digital screens emit blue light that influence the circadian clock (Chang, 

Aeschbach, Duffy, & Czeisler, 2015; Duffy & Czeisler, 2009) and such exposure must be 

controlled in order to rule out confounds in data from variation in circadian timing. By 

controlling the amount of exposure for each participant, this effect can be ruled out on the 

group level.  

1.6 The current study 

To test sleep-wake-dependent changes in the human brain, the current study used DTI to 

characterise WM microstructure at four different time points throughout the sleep-wake cycle. 

First, in the morning after a normal night of sleep (time point; TP1), then in the evening after 

a day of waking (TP2) and the next morning after 24 hours of sleep deprivation (TP3), then 

finally in the afternoon on the second day of waking and a total of 32 hours of sleep 

deprivation (TP4). The motivation for including the 4th scan was to assess brain parameters 

related to the antidepressant effect of sleep deprivation, which is observed to peak around 32 

hours of sleep deprivation (Boland et al., 2017; Wu & Bunney, 1990).  

The current study is a replication and extension of a previous study by our research group 

(Elvsåshagen et al., 2015) and is part of a larger project that aim to address sleep-wake-

dependent brain changes and the antidepressant effect of sleep deprivation in individuals with 

major depressive disorder. The previous study did not include a 4th scan. Moreover, it did not 

control for possible effects of stimulant intake, food intake and other physiological confounds. 

To overcome this limitation, the current study employed a study protocol consisting of a 

standardised activity programme, including standardisation of meals based on individual 

calorie needs, stimulant intake, exposure to light and illuminated screens and amount of 

physical activity. In addition, objective measures of sleep patterns were obtained by 
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actigraphy. Despite PSG being a more reliable method, the actigraph was chosen due to cost 

consideration. A new MRI scanner with improved hardware allowed for improved resolution 

of images and subsequently better characterisation of WM microstructure.  

Previously a day of wake was associated with increased FA in widespread WM 

microstructure, while one night of sleep deprivation was associated with widespread 

decreases in FA. These changes were accompanied by decreases in MD and RD and 

decreases in AD, respectively. For the current study, we expected to see similar changes, 

notably reductions in MD and RD after a day of wake and reductions in AD following sleep 

deprivation. This is, to our knowledge, the first study to address changes in DTI indices 

beyond 24 hours of sleep deprivation. As such, we conducted an exploratory analysis of these 

results. We expect to see further reductions in FA and AD as a result of sleep deprivation, but 

also an influence of the circadian cycle on these results. 
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2 Method 

2.1 Ethics statement 

This study was approved by the Regional Committee of South-Eastern Norway (REK Sør-

Øst, ref: 2017/2200) and conducted in line with the Declaration of Helsinki of 2013. All 

participants gave their written informed consent prior to participation.  

 

Table 1. 
Mean (SD) demographic and sleep habit information (n=10). 
 Mean (SD) 
Age (years) 26.30 (4.97) 
Handedness (right) 10/10 
Epworth Sleepiness Scale (ESS) 5.80 (3.68) 
Pittsburgh Sleep Quality Index (PSQI) 4.40 (2.41) 
Horne-Østberg Morningness Eveningness Questionnaire (HØME)  46.30 (9.44) 
Global Sleep Assessment Questionnaire (GSAQ) 21.30 (3.20) 
Bergen Insomnia Scale 7.80 (3.62) 
Average sleep duration week before study (Sleep diary) 7.51 (.77) 
Average sleep duration night before study (Sleep diary) 5.89 (1.29) 
Average sleep duration five days before study (Actigraphy) 7.81 (.77) 
Average sleep duration night before study (Actigraphy) 6.16 (1.70) 

Note. TP; time point. Sleep duration reported in hours. 

2.2 Participants 

Participants were 10 healthy adults (2 women) recruited through opportunity sampling and 

local advertising. Participants were excluded if they met any of the following criteria: history 

of sleep, somatic or neurological disorder, current psychiatric disorder or current intake of any 

regular medication, alcohol or drug use disorder, smoker, or metallic implants of any kind. All 

subjects had a regular sleep-wake-cycle, as recorded by self-report and corroborated by 

actigraphy measurements five days prior to the study start. Demographics and self-reported 

sleep habits are summarised in Table 1. Participation was compensated with 1000 NOK. 

2.3 Design 

The study design was a repeated measures design with four within-subject conditions (TP1, 

TP2, TP3, TP4; Figure 6).  



 
 

15 

 

 

 

 

Figure 6. Participants underwent MRI in the morning (08:00AM, time point (TP) 1), after a day of waking 
(08:00PM, TP2), the next morning after one night of sleep deprivation (08:00AM, TP3) and in the afternoon the 
same day after a second day of waking (04:00PM, TP4; ~32 hours of sleep deprivation).  

2.4 Procedure 

Participants were scanned the first time in the morning upon arrival at the Oslo University 

Hospital, Rikshospitalet after a night of normal sleep in their own home (around 8 AM; TP1). 

The second scan took place about 12 hours later (around 8 PM; TP2) the third the next 

morning after 12 more hours of waking (around 8 AM; TP3) and the fourth that same 

afternoon after another 9 hours of waking (around 4 PM; TP4; ~32 hours of sleep 

deprivation). During this time, participants stayed at the hospital under supervision by a 

research assistant to ensure that none fell asleep, following a standardised protocol of activity, 

exposure to illuminated screens and intake of food and fluids (see Appendix 1 for activity 

protocol). Participants were allowed to read, play games, chat, watch TV or work on a 

computer at specified and controlled intervals in between standardised meals and light 

physical activity.  

Caffeine intake and nicotine intake were controlled to meet each individuals normal daily 

dose, as estimated by recordings in the sleep diary five days prior to the study. Intake of 

alcohol was not allowed from the night before the study or during the study. In addition, no 

intake of food, energy-containing fluid, nicotine and exposure to illuminated screens were 

allowed 2 hours prior to each MRI scan. Caffeine was not allowed from 6 hours prior to each 

MRI scan. Food and fluid intake were controlled to meet individual calorie needs based on a 

guideline given by Norwegian Health Authorities (Norsk helseinformatikk, 2015).  

To control that none fell asleep during the MRI sessions, participants were monitored by a 

live video stream to ensure that they kept their eyes open. Two participants nearly fell asleep 

during the 3rd scan. The scan was then immediately aborted and the participant taken out of 

TP1: 
08:00AM 

Day 1 

TP2: 
08:00PM  

Day 1 

TP3: 
08:00AM 

Day 2 

TP4: 
04:00PM  

Day 2 
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the scanner. After a little break, a new attempt was made and this time they stayed awake for 

the duration of the scan.  

Every second hour participants completed the psychomotor vigilance test (PC-PVT; Khitrov 

et al., 2014), the Stanford Sleepiness Scale (SSS; Hoddes, Zarcone, Smythe, Phillips, & 

Dement, 1973) and Karolinska Sleepiness Scale (KSS; Åkerstedt & Gillberg, 1990). In 

addition, participants completed a battery of scales on their sleep habits after the first scan, 

outlined below.  

2.5 Assessment of sleep patterns 

Sleep pattern prior to participation was recorded to ensure participants had a normal sleep-

wake-cycle. This was done by a self-report sleep-wake-diary (Bjorvatn, 2018) and by a 

CamNtech MotionWatch 8 actigraph (Papworth Everard, United Kingdom).  

The sleep diary (Bjorvatn, 2018) is a 10-item semi-structured scale to be completed on a daily 

basis in order to characterise sleep-related behaviour and quality, such as bed time, rise time, 

perceived amount of time taken to fall asleep, sleep quality, duration of nightly awakenings if 

any, consumption of any sleep medication or other sleeping aid. We modified the scale to also 

include two items on caffeine intake and nicotine intake (See Appendix 2 for the modified 

version).  

The MotionWatch 8 actigraph (CamNtech Ltd., Papworth Everard, United Kingdom) measure 

an individual’s movements by a digital tri-axial accelerometer with a 1-minute epoch. This 

information is then used to estimate sleep and circadian parameters. It has been validated 

against polysomnography, with initial results presented in 2012 (Elbaz, Yauy, Metlaine, 

Martoni, & Leger, 2012).  

2.6 Assessment of sleep habits 

Bergen Insomnia Scale is a 6-item Likert scale which measures insomnia-related symptoms 

(Pallesen, Bjorvatn, Nordhus, Sivertsen, & Hjørnevik, 2008). A higher score indicates higher 

prevalence of insomnia symptoms.  

Epworth Sleepiness Scale (ESS) is an 8-item Likert scale which measures daytime sleepiness 

(Johns, 1991). A higher score indicates higher daytime sleepiness.  
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Global Sleep Assessment Questionnaire (GSAQ) is an 11-item Likert scale which measures 

prevalence of sleep complaints (Roth et al., 2002). It has been validated as a tool for clinicians 

to screen for sleep disorders (Roth et al., 2002). A higher score indicates higher prevalence of 

sleep-related problems.  

Pittsburgh Sleep Quality Index (PSQI) is a 19-item scale which measures sleep quality over 

the past month (Buysse et al., 1989). The items are used to create seven component scores and 

one composite score as a sum of these, with a lower composite score indicating better sleep 

quality.  

Horne-Østberg Morningness Eveningness Questionnaire (HØME) is a 14-item Likert and 5-

item spectrum scale which measures chronotype or morningness-eveningness preference 

(Horne & Östberg, 1976). Morningness and eveningness is scored on a spectrum, with a 

higher score indicating increased morningness preference.  

2.7 Assessment of acute sleepiness 

SSS is a self-report seven-item Likert scale, which measures subjective sleepiness and is 

sensitive to sleep deprivation (Hoddes et al., 1973). A higher score indicates greater 

sleepiness.  

KSS is a self-report nine-item Likert scale, which also measures subjective sleepiness 

(Åkerstedt & Gillberg, 1990). A higher score indicates greater sleepiness. It has been 

validated against electroencephalographic, behavioural and other subjective indicators of 

sleepiness (Kaida et al., 2006). 

The PC-PVT (Khitrov et al., 2014) is a computerised equivalent of the traditional PVT, in 

which the reaction time to a visual stimulus is recorded as a measurement of sustained 

attention (Dinges & Powell, 1985). Specifically, participants click a mouse button in response 

to a five-digit millisecond counter presented as the visual stimulus, appearing on screen with 

random intervals. Performance on the task is quantified based on reaction time and lapses in 

the response, which is correlated with increasing sleep need or sleep deprivation (Basner & 

Dinges, 2011). For the current study, median and variance in the reaction time was used as 

measures of alertness. The PC-PVT was run with Matlab 2017a (MathWorks, Massachusetts, 

USA) on a Lenovo laptop V510-15IKB with Windows 10 Pro using a DELL optical mouse 
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model MS116t. The laptop display had a refresh rate of 60 Hz. The movement resolution of 

the mouse was 1000 dpi.  

2.8 MRI acquisition 

Imaging was performed on a 3.0 Tesla Siemens Magnetom Prisma scanner (Siemens 

Healthcare, Erlangen, Germany) using a 32-channel head coil (Erlangen, Germany). For 

diffusion MRI, the scan protocol consisted of a multi shell single-shot spin-echo EPI pulse 

sequence of 76 axial slices with b-values=500-1000-2000-3000-4000 (s/mm2) and spatially 

independent diffusion-sensitised gradient directions=12-30-40-50-60. In addition, the 

following parameters were used: repetition time (TR)/echo time (TE) = 2450 ms/85 ms, field-

of-view (FOV) = 212 x 212 mm2, matrix = 106, reconstructed voxel size = 2 × 2 × 2 mm3, 

multiband (MB) acceleration factor 4, phase-encode direction: anterior-posterior. Six non-

diffusion-weighted (b=0) images were also obtained. Acquisition time was 8 min 21 s.  

In addition, five non-diffusion-weighted images (b=0) of opposite phase-encode direction 

(posterior-anterior) were acquired for correction of geometric distortions. Parameters for these 

images were identical to the above sequence, with exception of the phase-encode direction. 

Acquisition time was 31 s.  

The study protocol also included high-resolution T1- and T2-weighted structural scans, as well 

as scans of cerebral blood perfusion by arterial spin labelling. However, these modalities were 

not included in the current study.  

2.9 MRI analysis 

Analysis of the diffusion data was done using the Functional Magnetic Resonance Imaging of 

the Brain (FMRIB) Software Library (FSL; Smith et al., 2004). Prior to analysis, b=0-images 

of regular and reversed phase-encode direction were used to calculate field inhomogeneity 

maps using FSL tool topup (Andersson, Skare, & Ashburner, 2003). Next, images were 

stripped of non-brain tissue using tool BET (Smith, 2002). To improve the estimation of 

distortions, the whole dataset was used to correct for motion, outliers, field inhomogeneities 

and eddy currents using FSL tool eddy (Andersson, Graham, Zsoldos, & Sotiropoulos, 2016; 

Andersson & Sotiropoulos, 2016). Then images with b-value=1000 was extracted from the 

multi shell dataset to be used in the tensor modelling, which was fitted using the FSL 
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Diffusion Toolbox (Smith et al., 2004). Voxelwise eigenvalues and eigenvectors were 

extracted from the estimated diffusion tensor and FA, MD, RD and AD was calculated. 

Next, voxelwise statistical analysis of the FA data were computed using tract-based spatial 

statistics (TBSS; Smith et al., 2006). First, FA images were aligned to standard space by 

nonlinear registration to the FMRIB_FA standard-space image using FSL tool FNIRT 

(Andersson, Jenkinson, & Smith, 2007a, 2007b), which relies on a b-spline representation of 

the registration warp field (Rueckert et al., 1999). Then the mean FA of all participants was 

calculated in standard space and thinned to create a mean FA skeleton. This skeleton 

represents the centres of all tracts common to the group. Finally, the mean FA skeleton image 

was thresholded and binarised at 0.2 to reduce the likelihood of partial volume effects, and 

each participant’s aligned image was projected onto this skeleton before performing 

voxelwise group-level statistics. The same nonlinear warps and skeleton were used for MD, 

RD and AD images.  

2.10 Statistical analysis 

Voxel-wise statistics were performed using FSL tool randomise, which performs permutation-

based statistics (Winkler, Ridgway, Webster, Smith, & Nichols, 2014). For each participant 

the difference between two time points was calculated by subtracting one image from the 

other, resulting in six difference maps: between TP1 and TP2, TP1 and TP3, TP1 and TP4, 

TP2 and TP3, TP2 and TP4, and finally TP3 and TP4. Voxelwise one-sample t-tests were 

then carried out on these difference maps to test whether there was any significant difference 

between time points across all subjects. These tests were computed with threshold-free cluster 

enhancement (TFCE; Smith & Nichols, 2009) and 1024 possible permutations. The resulting 

statistical maps were corrected for multiple comparisons and thresholded at p < .05 before 

cluster, peak and localisation information was extracted.  

Next, average values of DTI measures across clusters showing significant changes were 

calculated and further examination completed in SPSS, version 25.0 for Windows (SPSS, 

Chicago, Illinois). The relationship between significant changes in DTI measures and 

chronotype (HØME), sleepiness scores (SSS and KSS) and alertness scores (PC-PVT) were 

examined using Pearson correlation tests. 
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3 Results 

3.1 DTI changes from TP1 to TP2 

Contrary to our expectations, changes in DTI indices from morning to evening on the first day 

(TP1 to TP2) did not reach significance. For descriptive purposes, the mean values across the 

whole skeleton for TP1 and TP2 are summarised in Table 2. There is a trend towards a 

decrease in MD and RD values from morning to evening on the first day. 

 

Table 2.  
Mean (SD) DTI indices across whole WM skeleton. 
DTI parameter  TP1 TP2 TP3 TP4 
MD  7.589 (0.125) 7.580 (0.104) 7.531 (0.108) 7.566 (0.116) 
RD  5.502 (0.143) 5.489 (0.124) 5.452 (0.132) 5.480 (0.140) 
AD  11.764 (0.131) 11.761 (0.104) 11.690 (0.102) 11.739 (0.099) 
FA  0.4542 (0.0103) 0.4551 (0.0094) 0.4554 (0.0103) 0.4548 (0.0102) 

Note. MD, RD and AD values are given in 10-4/s. FA is given as a ratio. SD; standard deviation.  

3.2 DTI changes from TP2 to TP3 

One night of sleep deprivation (TP2 to TP3) was associated with widespread significant 

decreases in MD, notably in the right superior longitudinal fasciculus and inferior fronto-

occipital fasciculus, as well as bilaterally in the anterior thalamic radiation and inferior 

longitudinal fasciculus, as shown in Figure 7.A and Table 3. All of the ten participants 

showed a mean decrease of MD across these areas (2% mean decrease across significant 

clusters; Cohen’s d = .42). No areas showed significant increases in MD (p < .05; corrected 

with TFCE). 

The decreases in MD were accompanied by widespread significant decreases in both AD and 

RD in partly overlapping regions, such as frontotemporal and parietal-occipital pathways (see 

Figure 7.B and 7.C, respectively, and Table 3). The decreases in AD span both hemispheres 

and also includes the corpus callosum, the thalamus and the brain stem, while the decreases 

observed in RD are mainly located in the right hemisphere. All participants showed a mean 

decrease of AD and RD across these areas (3% and 4% mean decrease across significant  
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A.1 A.2  

  

B.1  B.2  
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C.1 C.2  

D.1  D.2  

Figure 7. Clusters with significant changes after one night of sleep deprivation (TP2 to TP3). A.1) Clusters with 
significant decreases in MD. A.2) Mean decrease across significant MD clusters for each participant. B.1) 
Clusters with significant decreases in AD. B.2) Mean decrease across significant AD clusters for each 
participant. C.1) Clusters with significant decreases in RD. C.2) Mean decrease across significant RD clusters 
for each participant. D.1) Clusters with significant decreases in FA. D.2) Mean decrease across significant FA 
clusters for each participant. All p-values are corrected for multiple comparisons with TFCE. Significant clusters 
are inflated for illustrative purposes.  



 
 

23 

clusters, respectively; Cohen’s d = .38 and .43, respectively). No areas showed significant 

increases in AD or RD (p < .05; corrected with TFCE). 

Moreover, we observed significant decreases in FA from TP2 to TP3 in a number of smaller 

clusters in left frontotemporal and left corticospinal pathways (Figure 7.D and Table 3). 

Again, all participants consistently showed a mean decrease of FA across these areas (3% 

mean decrease across significant clusters; Cohen’s d = .56). No areas showed significant 

increases in FA (p < .05; corrected with TFCE). 

Table 3.  
Clusters with significant changes in DTI indices of white matter microstructure after one night 
of sleep deprivation (TP2 to TP3). 
DTI 
parameter  

No. of 
voxels in 
cluster 

Direction 
of change 

t 
statistic 

Peak voxel 
MNI 
coordinate 

Anatomical region 
of the peak voxela 

Peak 
voxel 
p-value 

MD+ 8290 ↓ 5.63 18, -33, 30 R SLF, ILF .003 
 7076 ↓ 5.43 22, -14, 6 R CST .007 
AD+ 30908 ↓ 7.78 -11, 32, -2 Fmin .001 
 1517 ↓ 6.04 32, -61, -36 R CST .020 
 546 ↓ 6.52 4, -23, 6 R ATR .039 
 67 ↓ 5.33 5, -2, 6 R ATR .040 
RD+ 7591 ↓ 5.72 32, -48, 17 R ILF, IFOF, Fmaj .011 
 954 ↓ 4.38 51, -51, -11 R IFOF, SLF .018 
 68 ↓ 3.29 48, -54, 0 R SLF .037 
 12 ↓ 2.45 29, -87, -9 R ILF .048 
FA¤ 550 ↓ 3.85 -31, -18, 6 L CST, IFOF, SLF .024 
 282 ↓ 3.33 -37,-10, 33 L SLF .016 
 271 ↓ 3.75 -13, 34, 6 Fmin, L Cingulum .029 
 161 ↓ 4.83 -22, -53, 21 Fmaj .023 
 75 ↓ 2.61 -18, -44, 34 L Cingulum .038 
 66 ↓ 2.87 -17, -26, 32 L Cingulum .033 
 65 ↓ 3.38 -13, -55, 25 L Cingulum .033 
 35 ↓ 2.96 -17, 11, 38 L SLF .042 
 32 ↓ 3.19 -39, -39, 1 L IFOF, ILF, SLF .033 
 31 ↓ 3.41 -35, -37, 24 L SLF .036 

Note. DTI; diffusion tensor imaging. TP; time point. MNI; Montreal Neurological Institute. R; right. L; left. SLF; 
superior longitudinal fasciculus. ILF; inferior longitudinal fasciculus. CST; corticospinal tract. Fmin; forceps 
minor. ATR; anterior thalamic radiation. IFOF; inferior fronto-occipital fasciculus. Fmaj; forceps major.  
aAnatomical region based on Johns Hopkins University (JHU) white matter tractography atlas and the ICBM-DTI-
81 white matter labels atlas (Hua et al., 2008; Mori, Wakana, Zijl, & Nagae-Poetscher, 2005; Wakana, Caprihan, 
Panzenboeck, & Fallon, 2007). 
+Clusters smaller than 10 voxels are not reported here. For the complete list, see Appendix 3.  
¤Only the ten largest clusters are reported here. For the complete list, see Appendix 3. 
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3.3 DTI changes from TP1 to TP3 

Wakefulness from the first morning to the second morning (~24 hours; TP1 to TP3) was also 

associated with widespread decreases in MD, notably in bilateral frontotemporal and parieto-

occipital pathways, as shown in Figure 8.A and Table 4. All of the in total ten participants 

showed a mean decrease in MD across these areas (3% mean decrease across significant 

clusters; Cohen’s d = .33). No areas showed significant increases in MD (p < 0.05; corrected 

with TFCE). 

Decreases in MD were accompanied by widespread significant decreases in AD in mainly 

overlapping areas, such as the longitudinal fasciculi (Figure 8.B and Table 4). All participants 

showed a mean decrease in AD across these areas (3% mean decrease across significant 

clusters; Cohen’s d = .34). No areas showed significant increases in AD (p < 0.05; corrected 

with TFCE). 

 

A.1  A.2  
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B.1  B.2  

C.1  C.2  

Figure 8. Clusters with significant changes after approximately 24 hours of sleep deprivation (TP1 to TP3). A.1) 
Clusters with significant decreases in MD. A.2) Mean decrease across significant MD clusters for each 
participant. B.1) Clusters with significant decreases in AD. B.2) Mean decrease across significant AD clusters 
for each participant. C.1) Clusters with significant decreases in RD. C.2) Mean decrease across significant RD 
clusters for each participant. All p-values are corrected for multiple comparisons with TFCE. Significant clusters 
are inflated for illustrative purposes.  
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In addition, we observed significant decreases in RD in three small clusters the right 

longitudinal fasciculi (Figure 8.C and Table 4). Nine out of ten participants consistently 

showed a mean decrease in RD across these areas (6% mean decrease across significant 

clusters; Cohen’s d = .79). No areas showed significant increases in RD (p < 0.05; corrected 

with TFCE). 

 

Table 4.  
Clusters with significant changes in DTI indices of white matter microstructure from the first 
morning to the second morning (TP1 to TP3). 
DTI 
parameter  

No. of voxels 
in cluster 

Direction 
of change 

MNI (x, y, 
z) maxima 

Anatomical region of 
the peak voxela 

Peak 
voxel p-
value 

MD+ 27160 ↓ 11.20 20, -92, 3 Fmaj .015 
 763 ↓ 6 -31, -28, -5 L ATR .036 
AD¤  20316 ↓ 6.44 -31, -28, -5 L ATR .002 
 3096 ↓ 4.73 17, -59, 35 R ILF .02 
 270 ↓ 3.23 42, -34, 34 R SLF .041 
 190 ↓ 4.19 14, -32, 28 R Cingulum .046 
 128 ↓ 3.57 52, -33, 13 R SLF .044 
 97 ↓ 3.61 49, -57, -12 R ILF, SLF .044 
 85 ↓ 3.01 55, -45, -14 R SLF .046 
 73 ↓ 3.53 38, -79, -11 R ILF .047 
 68 ↓ 2.66 49, -31, -13 R SLF, IFOF .047 
 46 ↓ 3.23 14, -85, -1 R ILF, IFOF, Fmaj .047 
RD+ 17 ↓ 3.22 52, -49, -18 R SLF .046 
 17 ↓ 3.79 51, -53, -10 R ILF, SLF .045 
 11 ↓ 3.91 55, -51, -12 R ILF, SLF .046 

Note. DTI; diffusion tensor imaging. TP; time point. MNI; Montreal Neurological Institute. R; right. L; left. Fmaj; 
forceps major. ATR: Anterior thalamic radiation, ILF; inferior longitudinal fasciculus. SLF; superior longitudinal 
fasciculus. IFOF; inferior fronto-occipital fasciculus.  
aAnatomical region based on Johns Hopkins University (JHU) white matter tractography atlas and the ICBM-DTI-
81 white matter labels atlas (Hua et al., 2008; Mori et al., 2005; Wakana et al., 2007). 
+Clusters smaller than 10 voxels are not reported here. For the complete list, see Appendix 4.  
¤Only the ten largest clusters are reported here. For the complete list, see Appendix 4. 

3.4 DTI changes from TP1 to TP4 

Changes from the first to the last scan (TP1 to TP4) did not reach significance. Mean values 

across the whole skeleton are summarised in Table 2.  



 
 

27 

3.5 DTI changes from TP2 to TP4 

Changes from the evening on the first day to the afternoon on the second day (TP2 to TP4) 

did not reach significance. Mean values across the whole skeleton are summarised in Table 2.  

3.6 DTI changes from TP3 to TP4 

Wakefulness from morning to afternoon on the second day (TP3 to TP4) was associated with 

widespread increases in MD, notably in the corpus callosum, as shown in Figure 9.A and 

Table 5. All of the in total ten participants showed a mean increase of MD across these areas 

(2% mean increase across significant clusters; Cohen’s d = .45). No areas showed significant 

decreases in MD (p < 0.05; corrected with TFCE). 

Additionally, there were widespread increases in AD spanning most of WM tracts bilaterally, 

as shown in Figure 9.B and Table 5. All of the ten participants showed a mean increase in AD 

across these areas (3% mean increase across significant clusters; Cohen’s d = .35). No 

significant clusters showed decreases in AD across all participants.  

 

A.1  A.2  
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B.1  B.2  

Figure 9. Clusters with significant changes from the second morning to the second afternoon (TP3 to TP4). A.1) 
Clusters with significant increases in MD. A.2) Mean increase across significant MD clusters for each 
participant. B.1) Clusters with significant increases in AD. B.2) Mean increase across significant AD clusters for 
each participant. All p-values are corrected for multiple comparisons with TFCE. Significant clusters are inflated 
for illustrative purposes.  

3.7 Relationship between DTI changes and measures of 
alertness and sleepiness 

Participants slept significantly shorter the night before to the study than compared to their 

average sleep for the five days before the study; t(9) = -6.16; p < .001; d = .51. For descriptive 

purposes, the mean values for measures of sleepiness and alertness are reported in Table 6.  

Due to our explorative design and small sample size, correlation tests were not corrected for 

multiple comparisons. Significant changes in FA at TP3 were found to be significantly 

correlated to measures of sleepiness (KSS) at TP3, as shown in Table 6. The remaining DTI 

indices at TP3 were not significantly correlated to measures of chronotype (HØME), SSS at 

TP3 or alertness (PC-PVT) at TP3 (Table 7).  

Significant changes in DTI indices at TP4 were not correlated to measures of chronotype 

(HØME), sleepiness measures (SSS and KSS) at TP4 or alertness (PC-PVT) at TP4, as 

summarised in Table 7.  
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Table 5.  
Clusters with significant changes in DTI indices of white matter microstructure from morning 
to afternoon on the second day (TP3 to TP4). 
DTI 
parameter  

No. of 
voxels in 
cluster 

Direction 
of change 

t 
statistic 

MNI (x, y, 
z) maxima 

Anatomical region 
of the peak voxela 

Peak 
voxel 
p-value 

MD+ 571  4 19, -39, 28 R CST .029 
 347  3.96 33, -10, 41 R SLF .027 
 29  3.87 28, 25, 21 R ATR, IFOF .043 
 27  2.62 37, 12, 19 R SLF .047 
 11  2.16 36, 6, 24 R SLF .048 
 10  2.67 10, -63, 33 R Cingulum .048 
AD¤ 13929  4.35 11, -28, 26 R SLF, Fmin .002 
 10703  6 -34, -21, 26 L SLF, IFOF .002 
 746  5.83 -17, -82, 8 Fmaj, L ILF, IFOF .037 
 257  4.66 25, -78, 14 R IFOF, ILF, Fmaj .031 
 203  3.36 5, 3, 25 R Cingulum .038 
 201  2.84 19, -20, -3 R CST .037 
 79  5.81 5, 0, 5 T ATR .038 
 77  3.21 15, -84, 26 Fmaj .043 
 68  3.27 34, 43, -5 R IFOF, ATR, UF .045 
 52  2.65 -23, -69, 31 Fmaj .048 

Note. DTI; diffusion tensor imaging. TP; time point. MNI; Montreal Neurological Institute. R; right. L; left. CST; 
corticospinal tract. SLF; superior longitudinal fasciculus. ATR; anterior thalamic radiation. IFOF; inferior fronto-
occipital fasciculus. Fmin; forceps minor. Fmaj; forceps major. ILF; inferior longitudinal fasciculus.   
aAnatomical region based on Johns Hopkins University (JHU) white matter tractography atlas and the ICBM-DTI-
81 white matter labels atlas (Hua et al., 2008; Mori et al., 2005; Wakana et al., 2007). 
+Clusters smaller than 10 voxels are not reported here. For the complete list, see Appendix 5.  
¤Only the ten largest clusters are reported here. For the complete list, see Appendix 5. 
 

Table 6.  
Mean (SD) measures of sleepiness and alertness for each time point (TP; n=10).. 
DTI parameter  TP1 TP2 TP3 TP4 
KSS 3.20 (1.99) 3.80 (2.62) 7.20 (1.93) 7.10 (1.29) 
SSS 2.30 (1.25) 2.70 (1.42) 5.90 (1.20) 4.70 (1.25) 
PC-PVT medianRT 236.60 (34.11) 243.69 (36.10) 273.25 (53.37) 263.61 (34.47) 
PC-PVT varianceRT 413.56 

(145.12) 
234.33 (29.98) 2376.22 

(2046.95) 
359.56 (81.08) 

Note. TP; time point. KSS; Karolinska Sleepiness Scale. SSS; Stanford Sleepiness Scale. PC-PVT; PC-
Psychomotor Vigilance Test. RT; reaction time. Reported in milliseconds (ms).  
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Table 7. 
Pearson correlations between mean DTI values across significant clusters (TP2 to TP3) and 
chronotype and sleepiness measures at TP3. 
 MD changes AD changes RD changes FA changes 
HØME -.03 -.13 -.07 .09 
SSS TP3 -.26 -.03 -.28 .17 
KSS TP3 .39 .13 .06 -.70* 
PC-PVT medianRT TP3 -.19 .08 .05 -.17 
PC-PVT varianceRT TP3 .06 .20 -.08 -.29 

Note. * p < .05 (uncorrected). TP; time point. HØME; Horne-Östberg Morningness-Eveningness Questionnaire. 
SSS; Stanford Sleepiness Scale. KSS; Karolinska Sleepiness Scale PC-PVT; PC-Psychomotor Vigilance Test. 
RT; reaction time. 

 

Table 8. 
No significant Pearson correlations between mean DTI values across significant clusters (TP3 
to TP4) and chronotype and sleepiness measures at TP4. 
 MD changes AD changes 
HØME -.32 -.06 
SSS TP4 .03 .28 
KSS TP4 -.03 .29 
PC-PVT median RT TP4 -.26 .30 
PC-PVT varianceRT TP4 -.34 .09 

Note. TP; time point. HØME; Horne-Östberg Morningness-Eveningness Questionnaire. SSS; Stanford 
Sleepiness Scale. KSS; Karolinska Sleepiness Scale PC-PVT; PC-Psychomotor Vigilance Test. RT; reaction 
time. 
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4 Discussion 
The aim of the current study was to address sleep-wake-dependent structural plasticity in 

human brain WM microstructure. To do this, we assessed diffusion-weighted images 

collected at four different time points during a 32-hour supervised acute sleep deprivation 

paradigm in healthy people. To our knowledge, only four other studies have examined diurnal 

changes in DTI measures previously (Bernardi et al., 2016b; Elvsåshagen et al., 2015; Jiang et 

al., 2014; C. Thomas et al., 2018). We found that one night of sleep deprivation followed by a 

second day of waking was associated with widespread changes in diffusivity of brain WM 

microstructure. Specifically, one night of sleep deprivation was associated with widespread 

decreases in overall diffusivity (MD, AD and RD) and decreased FA, while the second day of 

waking was associated with widespread increases in MD and AD. Taken together, these 

findings support the emerging view that diurnal fluctuations take place in the brain that are 

measurable by MRI methods. In particular, it suggests that circadian and homeostatic 

processes influence DTI indices of WM microstructure.  

4.1 Sleep deprivation up to 24 hours  

In line with our predictions, we found that decreases in diffusivity take place after one night 

of sleep deprivation, both compared to the evening before (TP2 to TP3) and the previous 

morning (TP1 to TP3). These changes were widespread and spanned most of the major WM 

tracts. Specifically, they implicate large associative white matter fibres such as the inferior 

fronto-occipital fasciculus, the superior longitudinal fasciculus, uncinated fasciculus and the 

cingulum to the hippocampus. In addition, we observed changes in projection fibres 

connecting the cortex to subcortical structures such the thalamus via the anterior thalamic 

radiation and to the spinal cord via the corticospinal tract. Moreover, we observed changes in 

diffusivity in commissural fibres such as forceps minor and forceps major. All these changes 

were mainly driven by bilateral decreases in AD, while the right hemisphere was found to 

also exhibit decreases in RD and MD. The reductions in AD from TP2 to TP3 are in line with 

findings by Elvsåshagen and colleagues (2015), as well as reductions in AD, RD and MD 

from TP1 to TP3. Although preliminary, this replication suggests that reliable and detectable 

changes in DTI indices such as AD occur following sleep deprivation. WM microstructure 

appear highly susceptible to sleep loss. 



 
 
32 

Of note is the observed decrease in diffusivity in the thalamus and the brain stem. Considering 

the critical role of the brainstem nuclei in the successful implementation of sleep state 

transitions (Saper & Fuller, 2017), it is interesting that its associated tracts appear susceptible 

to diurnal fluctuations in DTI measures. The same goes for the anterior part of the thalamus, 

which is known to project to the cingulate gyrus, hippocampus and frontal lobes, thus 

believed to be involved in regulation of alertness (Saper et al., 2010), learning and memory 

(Aggleton & Brown, 1999). Perhaps the underlying mechanism of why sleep deprivation is 

detrimental for both attention, learning and memory implicates altered WM integrity. In line 

with this, 24 hours of sleep deprivation was found to be associated with decreases in brain 

metabolic rate and proportional decreases in alertness and cognitive performance (Thomas et 

al., 2000). 

We found a strong correlation between significant changes in FA from TP2 to TP3 and 

sleepiness at TP3 as measured by KSS, suggesting a potential link between WM integrity and 

sleepiness. However, it should be emphasised that this finding was explorative and 

uncorrected, as no correlations would survive correction for multiple comparisons with our 

small sample size. Moreover, we did not find any such relationship between FA changes and 

sleepiness as measured by SSS at TP3, which is a very similar scale. Thus, further studies are 

needed to confirm this finding. Interestingly, changes in WM integrity after a night of sleep 

deprivation was previously found to be related to measures of sleepiness (Elvsåshagen et al., 

2015) and visuo-motor performance (Rocklage et al., 2009), suggesting alterations in WM 

microstructure may indeed represent a neural correlate of sleepiness and alertness.  

Although we do not know exactly the specific biological processes underlying DTI measures, 

reductions in WM integrity are linked to reduced health of white matter axons and pathology. 

In particular, reductions in AD has been linked to axonal injury (Budde, Xie, Cross, & Song, 

2009) and reductions in RD to reductions in myelin thickness (Song et al., 2002). The 

reductions in WM integrity that we observed after one night of sleep deprivation is 

noteworthy in this regard. Perhaps one contribution to why sleep deprivation is detrimental to 

functioning is due to small, but widespread damages of WM microstructure such as axonal 

integrity and myelination. This would be in line with findings that indicate breakdown of cell 

membrane and myelin maintenance after sleep deprivation (Bellesi et al., 2013; Hinard et al., 

2012). Moreover, it introduces the intriguing possibility that the state of axons and myelin 

fluctuate diurnally. This would be in line with the emerging view that myelination and axonal 

conduction is activity-regulated and not static, also in adults (Almeida & Lyons, 2017). 
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4.2 Sleep deprivation beyond 24 hours  

The second major finding of this study relates to sleep deprivation beyond 24 hours. We 

found a widespread increase in diffusivity between morning and afternoon on the second day 

(TP3 to TP4). Specifically, these changes implicated MD in the corpus callosum and 

corticospinal tract and more widespread increases in AD across most of the major WM tracts, 

suggesting a global effect on AD from TP3 to TP4. This finding is surprising, given the 

opposing effect being observed from TP2 to TP3. That being said, this difference may reflect 

the influence of circadian regulation on top of the increased sleep pressure, as the duration of 

sleep deprivation had bypassed a full cycle of the 24-hour circadian cycle.  

Due to our longitudinal design, it was possible to hold constant within-participant variance for 

each MRI measurement. Thus, the observed differences in diffusivity between TP2 to TP3 

and TP3 to TP4 cannot be explained by some other within-participant factor influencing 

wakefulness. We also attempted to control for physiological confounds such as caffeine 

intake and energy intake. If sleep deprivation or increased homeostatic sleep pressure was the 

only underlying propagator of the observed increases in diffusivity, it would be reasonable to 

expect detectable, if smaller, increases in diffusivity between the evening on the first day and 

the morning of the second day (TP2 to TP3). On the contrary, we observed widespread 

reductions in diffusivity.  

If changes observed from TP3 to TP4 are related to diurnal or circadian processes, we should 

have observed similar changes from morning to evening on the first day (TP1 to TP2). The 

fact that we did not may be due to our small sample size, with which we may have had 

insufficient power to detect significant changes from TP1 to TP2. Previously, a day of waking 

has been associated with increases  in measures of in WM integrity in healthy adults 

(Elvsåshagen et al., 2015; Jiang et al., 2014). Thus, it is likely that the observed changes in 

diffusivity from TP3 to TP4 arise as a result of extensive sleep deprivation and increased 

homeostatic sleep pressure in combination with circadian regulation. 

Regardless of the underlying mechanisms, our results suggest that wakefulness beyond 24 

hours induce opposing effects on brain physiology than wakefulness up to 24 hours. It is of 

interest that Thomas and colleagues (2003) found sleep deprivation from 24 hours to 48 and 

72 hours to be associated with further reductions in metabolic rate in some areas, such as the 

thalamus, while other areas showed relative increases. They speculate this may represent a 

rebound metabolic activity response. Thus, our results from TP3 to TP4 may reflect rebound 
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alterations in WM microstructure when sleep deprivation extends beyond 24 hours. This may 

or may not represent separable effects of circadian and homeostatic regulation on sleep-wake-

dependent structural plasticity. 

Moreover, this finding is consistent with findings by Thomas and colleagues (2018) that MD 

increases from AM to PM, which was accompanied by increases in AD and RD. They did not 

find any significant changes in FA from morning to afternoon. Interestingly, Thomas and 

colleagues found these changes to be driven by increases in CSF/free-water volume. They 

speculate these are fluctuations in CSF flow in perivascular spaces that overlaps with activity 

and location of the glymphatic system, which is believed to be regulated by circadian and 

homeostatic processes. This affords the intriguing prospect of characterising glymphatic 

regulation by diffusion MRI in human brains in vivo. Moreover, it suggests that our findings 

may reflect alterations in perivascular spaces due to glymphatic regulation.  

However, Thomas and colleagues (2018) assessed changes at the interface of CSF and GM, 

while the current study assessed DTI measures in the WM skeleton. Moreover, their sample 

was not sleep deprived. This makes it difficult to compare results. It is unclear how 

fluctuations in CSF-like fast diffusing water at the interface of CSF and GM, possibly in the 

perivascular spaces, relates to fluctuations in WM water diffusion. Due to its interlinked 

nature (Hofstetter et al., 2013), it is, as already mentioned, possible that glymphatic influence 

of molecule movement within the parenchyma and enlargement of perivascular spaces in GM 

also influence WM perivascular spaces. As such, changes in WM diffusion may reflect 

alterations of WM perivascular spaces. In particular, reductions in diffusivity after prolonged 

wakefulness may reflect reductions in interstitial space as observed by Xie and colleagues 

(2013). 

Previous studies have found widespread increases in FA from morning to evening 

(Elvsåshagen et al., 2015; Jiang et al., 2014). These findings are difficult to align with 

findings by Thomas and colleagues (2018) that there are no changes in FA from morning to 

afternoon and current findings that there are no changes in FA from morning to evening on 

the first day (TP1 to TP2). Again, it can be argued that the lack of significant changes in FA 

may be due to our small sample size and insufficient statistical power. Indeed, visual 

inspection of average FA values across the whole skeleton for TP1 and TP2 points to an 

increase. However, Thomas and colleagues (2018) report no changes despite an equivalent 

sample size. This discrepancy may reflect differences in study design. For example, the 
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different studies applied different statistical tests, assessed different areas of the brain and 

conducted DTI measurements at different time points (afternoon/evening). Jiang and 

colleagues (2014) employed a voxelwise test across the whole brain from morning to evening, 

while Thomas and colleagues (2018) addressed changes at the CSF-GM interface from 

morning to afternoon.  

The fact that the decreases in diffusivity observed from TP1 to TP3 was followed by increases 

from TP3 to TP4, may explain why we did not observe any changes from TP1 or TP2 to TP4. 

The mechanisms propagating decreases in WM integrity appear to be renormalized and 

bypassed by circadian or other, perhaps compensatory, mechanisms when sleep deprivation 

extends beyond 24 hours and a full circadian cycle. For example, Bellesi and colleagues 

(2017) found increased astrocytic phagocytic activity in GM in response to sleep deprivation.  

Moreover, notwithstanding this inconsistency that the second day of waking results in 

opposing changes in diffusivity than one night of sleep deprivation, our findings corroborate 

the view that changes take place in the brain WM over the course of short time-intervals of 

less than 12 hours. This supports the emerging view that the adult brain is more plastic than 

previously assumed (Zatorre et al., 2013) and that structural plasticity implicates WM as well 

as GM (Almeida & Lyons, 2017; Hofstetter et al., 2013; Wake et al., 2011).  

4.3 Limitations and future directions 

As already mentioned, a major limitation of this study is the sample size. Due to time 

constraints and delays beyond the control of the experimenters, it was not possible to obtain 

data from more than ten participants.  Future studies should aim to recruit a larger sample to 

be able to generalise these findings to a larger population. Another limitation is the 

interpretation of DTI measures in regions containing crossing fibres (Tournier, Mori, & 

Leemans, 2011), which is not accounted for in the tensor model. This limitation can be 

overcome by introducing more complex models than the tensor to estimate diffusion, such as 

the probabilistic diffusion model (Behrens, Berg, Jbabdi, Rushworth, & Woolrich, 2007) or 

restriction spectrum imaging (White et al., 2014).  

Moreover, the biological underpinnings of the current findings remain speculative. Although 

DTI parameters such as FA or MD are sensitive to tissue microstructure, there is no one-to-

one relationship between the parameter outcome and a specific cell property such as 
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myelination or axon diameter (Assaf et al., 2017). These changes likely reflect multiple 

coordinated structural changes involving various cell types on the micro level (Zatorre et al., 

2013). Histological studies are needed to address the biological underpinnings of diurnal 

fluctuations in DTI measures.  

In addition, more complex diffusion models will afford the opportunity to estimate diffusion 

in different comparments of water, such as outlined by Thomas and colleagues (2018). Future 

studies should address fluctuations in diffusion indices after sleep deprivation across the 

whole brain and in more detail by employing a more complex model than our tensor model. 

This may elucidate whether any changes observed in WM microstructure are driven by 

changes in CSF/free-water volume such as in perivascular spaces and how it relates to water 

diffusion within GM and the CSF-GM interface. Establishing such links between diffusion 

indices in white matter and grey matter will shed light on the biological processes underlying 

sleep-wake-dependent processes, as well as the potential role of free-water diffusion in the 

measurements of traditional DTI indices.  

Although the current study controlled for many physiological confounds such as caffeine 

intake, food intake and sleep habits, we did not control for hydration level, respiration, cardiac 

pulsation or blood pressure, which could influence the MRI signal in general. Elvsåshagen 

and colleagues (2015) controlled for hydration levels and found results to remain significant, 

which suggests that changes in DTI indices after sleep deprivation are not due to hydration 

levels alone. Nevertheless, future research should address these limitations in order to 

establish whether these preliminary results are not due to non-brain physiological variations. 

Moreover, the current results show some degree of lateralisation. It is unclear what this 

lateralisation in DTI changes reflect, which is another avenue for future research.  

Participants reported shorter duration of sleep on the night before the study as compared to 

their usual sleep routine. This may have implicated their baseline sleep homeostasis and 

circadian starting point, which is a considerable limitation to our findings. In addition, 

participants tended to be slightly more evening chronotype than morning chronotype, due to 

which the circadian starting point may have deviated even more because our study started 

early in the morning on the first day. However, there were no correlation between chronotype 

and significant changes in DTI indices, which suggests this did not have a large impact on 

results.  
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In relation to the PC-PVT, the current study used a regular computer mouse and not a gaming 

mouse with a higher movement resolution. This may have introduced a slight inaccuracy in 

the reaction time measurements, which may or may not have influenced results. However, this 

inaccuracy will have influenced all measurements across all measurements for each 

participant and across participants, so its effect is ruled out on the group level.  

Considering the antidepressant effect of sleep deprivation, future studies should address 

changes in WM microstructure after sleep deprivation in a depressed sample. Considering the 

link between sleep disruption and WM microstructure in a bipolar sample (Benedetti et al., 

2017), it appears that WM microstructure is implicated in both sleep regulation and in 

depression, although these mechanisms remain poorly understood. Studying this relationship 

in more detail may help to elucidate not only why sleep deprivation has an antidepressant 

effect, but also inform on sleep processes in general.  

Finally, the fact that DTI indices seem to change as a function of time of day has important 

implications for how MRI studies should be conducted, as it suggests that differences in 

timing might confound group level comparisons.  

4.4 Conclusion 

To summarise, this study found that sleep deprivation results in observable alterations of WM 

microstructure spanning the whole brain. In particular, it appears that axonal integrity is 

profoundly affected by sleep deprivation. Moreover, these alterations vary depending on the 

duration of sleep deprivation, with separable changes before and after 24 hours of sleep 

deprivation. This could mean that increased sleep pressure and circadian regulation have 

separable effects on WM microstructure. In addition, these alterations may represent neural 

substrates underpinning the damaging consequences of sleep deprivation, which also has 

implications for our understanding of the function of sleep. Of note is our small sample size, 

meaning replications in a larger sample are needed to be able to generalise these findings. 

Moreover, a more complex diffusion model will afford the opportunity to assess diffusion in 

different compartments of brain water, which may elucidate the influence of free-water in 

perivascular spaces on the observed results. Despite this, this study highlights the importance 

of sleep on a microstructural level of human brain physiology. 
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Appendices 

Appendix 1: Activity protocol 
 
På PRISMA 
 0700-0745: Fantomscan/QA, klargjøring av magnetrommet 
 0715-0730:  Klargjøring av SSS & KSS, punching av personalia på scanner 
 0730:  Møte deltager 1 ved hovedinngangen 
 0740:  SSS, KSS 
 0742:   Ta av aktigraf, gjennomgå kontraindikasjon, klargjøre for MR 
 0745-0815:  MRI1 
 0800:  Møte deltager 2 ved hovedinngangen 

0810:  SSS, KSS 
 0812:   Ta av aktigraf, gjennomgå kontraindikasjon, klargjøre for MR 
 0815-0845: MRI1 
 0845:  Blodprøve 

0900:  Gå til Gaustad 
 
På Gaustad  

0910:  PVT deltager 1 og 2 
   Lage frokost 

0915:   Frokost med kaffe/te  
 1000-1030:  SSS & KSS (kl. 10 presis), GSAQ, ESS, Bergen Insomnia, Horne-
Østberg, PSQI 
 1030-1100: Gjennomgang av søvndagbok deltager 1 
   Deltager 2 fritid til skjerm 
 1100-1110: PVT deltager 1 og 2 
 1110-1130: Gjennomgang av søvndagbok deltager 2 
   Deltager 2 fritid til skjerm 
 1130-1200: Fritid til skjerm 
   Punching av resultater skjemaer og dagbok 
 1200-1205: SSS, KSS 
   Lage mellommåltid/frukt 
 1205-1215: Frukt 

1215-1300: Skjermtid 
Aktigraf: dataoverføring, analyse, sjekke at samsvarer med søvndagbok, 
punche analyseresultater, backup 

1300-1310: PVT 
1310-1400: Tur til butikken 

 1331:   Abstinens koffein 
1400-1405: SSS, KSS 

   Lage lunsj 
1405-1430: Lunsj  
1430-1500: Skjermtid 

   Rydde bort lunsj og koffein 
1500-1510: PVT 
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1510-1600: Skjermtid 
   Fortsette punching eller aktigrafarbeid hvis ikke ferdig 
 1600-1605: SSS, KSS 
 1602-1700:  Skjermtid 
   Begynne på middag (1630-ish) 
 1700-1710:  PVT 
 1710-1730:  Middag  
 1731:   Abstinens nikotin  

1730-1800: Lese, brettspill 
1800-1805: SSS, KSS  
1805-1900: Brettspill, yatzy 

 1900-1910: PVT 
 1910-1920:  Forberede avreise til PRISMA 

1920:  Gå til PRISMA 
 
På PRISMA 
 1915:  Nattevakt ankommer 

1915-1930:  Klargjøring av PRISMA 
 1930-2000: MRI2 deltager 1 
 2000-2030: MRI2 deltager 2 
 2004-2005: SSS, KSS deltager 1 
 2030-2031: SSS, KSS deltager 2 

2032-2045: Blodprøve  
 2045-2055:  Gå til Gaustad med nattevakt 

Dagvakt går hjem 
 
På Gaustad 
 2100-2110:  PVT 
 2110-2200:  Skjermtid, kaffe 
   Backup av data fra MRI1 og MRI2 
 2200-2205:  SSS, KSS 
   Lage kveldsmat 
 2205-2230: Kveldsmat  
 2230-2300: Skjermtid 
   Rydde bort kveldsmat 

2300-2310:  PVT 
2310-0000: Skjermtid 
0000-0005: SSS, KSS 
0002-0100: Langfilm på storskjerm, del 1 – med snacks 
0100-0110:  PVT 
0110-0200: Langfilm på storskjerm, del 2 – med snacks 
0131:   Abstinens koffein 
0200-0205:  SSS, KSS 
0205-0230: Spasertur på Gaustad-området  
0230-0300: Skjermtid 
0300-0310: PVT 

   Lage måltid  
0310-0330: Lett varmt måltid (tomatsuppe) 
0330-0400: Skjermtid 
0400-0405:  SSS, KSS   
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0405-0430:  Skjermtid 
0430-0500: Spasertur på Gaustad-området 
0500-0510: PVT 

   Lage mellommåltid/frukt 
0510-0520:  Frukt 
0520-0600: Brettspill 
0531:   Abstinens nikotin  
0600-0605: SSS, KSS 
0605-0700: Brettspill 
0700-0710: PVT 
0710-0720: Forberede avreise til PRISMA 
0720-0730: Gå til PRISMA 

 
På PRISMA 

0650-0700: Dagvakt ankommer  
0700-0730:  Fantomscan/QA   
0730-0800:  MRI3 deltager 1 
0800-0830: MRI3 deltager 2 
0804-0805: SSS, KSS deltager 1 
0830-0831: SSS, KSS deltager 2 
0835:   Blodprøve 
0845-0855:  Spasere til Gaustad 

   Nattevakt går hjem 
På Gaustad 

0900-0905:  PVT 
   Lage frokost 

0905-0930:  Frokost, kaffe 
0930-1000:  Skjermtid 
1000-1001:  SSS, KSS 

 1001:   Abstinens koffein 
1002-1100:  Skjermtid 
1100-1110:  PVT 
1110-1200: Tur til butikken 
1200-1205: SSS, KSS 

   Lage lunsj 
1205-1230: Lunsj 
1230-1300: Skjermtid 
1300-1310: PVT 
1310-1330: Spasertur på Gaustad-området 
1330-1400: Brettspill eller noe annet interaktivt 
1331:   Abstinens nikotin  
1400-1405:  SSS, KSS 
1405-1500: Brettspill 
1500-1510:  PVT 
1510-1520: Forberede avreise til PRISMA, pakke sammen ting 
1520-1530: Gå til PRISMA 

 
På PRISMA 

1515:  Nattevakt ankommer   
   Klargjøring av PRISMA 
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1530-1600:  MRI4 deltager 1 
1600-1630: MRI4 deltager 2 
1604-1605: SSS, KSS deltager 1 
1605-1615: PVT deltager 1 
1630-1631: SSS, KSS deltager 2 
1631-1636: PVT deltager 2 

   Dataoverføring  
1620-1645: Blodprøve  

 1645:  Deltagere går hjem 
Stenge sjappa og levere PVT-PC + backup av data på Gau
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Appendix 2: Modified sleep diary 
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01.01.10 

 
SØVNDAGBOK  
 

Navn: Spørsmål 1 og 2 fylles ut før sengetid, resten av skjemaet fylles ut om morgenen. Husk å notere dato. 

Eksempel    Dag 1 Dag 2 Dag 3 Dag 4 Dag 5 Dag 6  Dag 7 

  
1. Hvordan har du fungert på dagtid? 1 = veldig bra, 2 = 

bra, 3 = middels, 4 = dårlig, 5 = veldig dårlig 
4        

2. Har du tatt en eller flere blunder i løpet av dagen? Notér 
tidspunktene for alle blundene. 

16-16.30 og 
18.15-18.30 

       

3. Har du tatt sovemedisin og/eller alkohol som hjelp til å 
sove? Notér medikament og dose, samt evt alkoholinntak 

5 mg Imovane 
1 glass rødvin 

       

4.    Når gikk du til sengs? 
Når skrudde du av lyset? 

22.30 
23.00 

       

5. Hvor lang tid tok det fra lyset var skrudd av til du 
sovnet? 

45 min        

6. Hvor mange ganger våknet du i løpet av natten? 3        

7. Hvor lange var oppvåkningsperiodene (oppgi antall 
minutter for hver oppvåkning)? 

15, 30, 80        

8. Når våknet du opp om morgenen uten å få sove igjen? 
Notér tidspunktet for din endelige oppvåkning. 

06.15        

9. Når stod du opp? 06.40        

10. Hvordan var siste natts søvn totalt sett: 1 = veldig lett, 2 
= lett, 3 = middels, 4 = dyp, 5 = veldig dyp. 

1        

11. Har du brukt tobakk i løpet av dagen? Notér type og  
    dose 

    10 snus 

 

       

12. Har du drukket koffeininnholdige drikker i dag? Notér          
    type og dose. 

 2 kopper kaffe 
 250ml Red Bull 
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Kartlegg søvnen din med søvndagbok 
 
Hvordan sover du? 
Utfylling av søvndagbok i en til to uker er en god og enkel måte å kartlegge søvnen din på. Vi trenger 
denne informasjonen i prosjektet for å vite hvordan du har sovet i tiden før eksperimentet. 
 
Instruksjoner til bruk av søvndagbok: 
De to første spørsmålene fylles ut om kvelden før sengetid, mens de andre spørsmålene besvares om 
morgenen rett etter at du har stått opp. Søvndagboken fylles ut hver dag. 
 
Det er vanskelig å vite nøyaktig hvor lang tid det tar å sovne inn, og hvor lenge man er våken om 
natten. Når dagboken likevel inneholder slike spørsmål er det fordi man ønsker at du prøver å gi et 
anslag på disse tidene (ikke se på klokken). Hvis det har skjedd noe spesielt om nettene, notér ned 
hva det var (sykdom, telefonoppringing o.l.). 
 
Her følger litt hjelp til å fylle ut hvert enkelt spørsmål. Et eksempel på utfylling er også gitt i selve 
dagboken. 
 
1. Kvalitet på dagen: Bruk skalaen i søvndagboken til å angi hvordan du fungerte i løpet av 

dagen. 
2. Blund: Alle søvnperioder utenom nattesøvnen noteres, også om blundene var ufrivillige. 

Hvis du for eksempel sovnet foran fjernsynet i 10 minutter, ønsker vi at du noterer dette. 
3. Hjelp til å sove: Ta med alle former for sovemidler, også de uten resept. Alkohol-inntak 

spesielt brukt som sovemiddel noteres også. 
4. Sengetid: Dette er tiden du går til sengs og faktisk skrur av lysene. Hvis du legger deg kl. 

22.45, men skrur av lysene først kl. 23.15, skal begge tidspunktene noteres. 
5. Innsovningtid: Gi ditt beste anslag over hvor lang tid du tok på å sovne etter at du hadde 

skrudd av lyset. 
6. Antall oppvåkninger: Dette er antall nattlige oppvåkninger som du husker. 
7. Varigheten av oppvåkningene: Angi så godt du kan hvor lenge du var våken i hver av de 

nattlige oppvåkningene. Hvis dette er umulig, angi cirka hvor lenge du tror du var våken 
totalt sett i løpet av natten. Ta ikke med tiden det tok fra du våknet til du stod opp, siden det 
går fram av deneste spørsmålene. 

8. Våkenhet om morgenen: Her noteres tidspunktet du våknet opp om morgenen uten å få sove 
igjen. Hvis du våknet kl. 04.00 og ikke sovnet etterpå, noteres dette tidspunktet. Hvis du 
imidlertid våknet 04.00, men sov en kort periode (f.eks. fra 06.00 til 06.20), noteres 06.20. 

9. Tidspunkt du stod opp: Her noteres det tidspunktet du stod opp for godt den morgenen. 
10.    Søvnkvalitet: Bruk skalaen i søvndagboken til å angi hvordan du opplevde kvaliteten på 

Nattesøvnen.
11. Tobakk: Dette gjelder sigaretter, e-sigaretter, snus, nikotintyggis, nikotinplaster, vannpipe. 
12.     Koffeininnholdige drikker: Dette gjelder kaffe, te, energidrikker (Redbull, Monster, Powerade o.l),        

Cola
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Appendix 3: Significant clusters from TP2 to TP3 
Appendix 2.  
Clusters with significant changes in DTI indices of white matter microstructure after one night 
of sleep deprivation (TP2 to TP3). 
DTI 
parameter  

No. of 
voxels in 
cluster 

Direction 
of change 

t 
statistic 

MNI (x, y, 
z) maxima 

Anatomical region 
of the peak voxela 

Peak 
voxel 
p-value 

MD 8290 ↓ 5.63 18, -33, 30 R SLF, ILF .003 
 7076 ↓ 5.43 22, -14, 6 R CST .007 
 1 ↓ 8.07 16, -34, -2 * .049 
 1 ↓ 6.91 4, -23, 6 R ATR .047 
AD 30908 ↓ 7.78 -11, 32, -2 Fmin .001 
 1517 ↓ 6.04 32, -61, -36 R CST .020 
 546 ↓ 6.52 4, -23, 6 R ATR .039 
 67 ↓ 5.33 5, -2, 6 R ATR .040 
 8 ↓ 3.62 8, -16, -18 R ATR, CST .048 
 4 ↓ 3.83 -14, -42, 24 * .048 
 3 ↓ 3.98 3, 7, -16 * .049 
 2 ↓ 4.71 9, -26, 9 R ATR ..048 
RD 7591 ↓ 5.72 32, -48, 17 R ILF, IFOF, Fmaj .011 
 954 ↓ 4.38 51, -51, -11 R IFOF, SLF .018 
 68 ↓ 3.29 48, -54, 0 R SLF .037 
 12 ↓ 2.45 29, -87, -9 R ILF .048 
 3 ↓ 2.07 43, -46, 7 R SLF .050 
 2 ↓ 2.09 53, -35, -8 R SLF .050 
 1 ↓ 3.48 32, -80, -9 R ILF .048 
FA 550 ↓ 3.85 -31,-18,6 L CST, IFOF, SLF .024 
 282 ↓ 3.33 -37,-10,33 L SLF .016 
 271 ↓ 3.75 -13,34,6 Fmin, L Cingulum .029 
 161 ↓ 4.83 -22,-53,21 Fmaj .023 
 75 ↓ 2.61 -18,-44,34 L Cingulum .038 
 66 ↓ 2.87 -17,-26,32 L Cingulum .033 
 65 ↓ 3.38 -13,-55,25 L Cingulum .033 
 35 ↓ 2.96 -17,11,38 L SLF .042 
 32 ↓ 3.19 -39,-39,1 L IFOF, ILF, SLF .033 
 31 ↓ 3.41 -35,-37,24 L SLF .036 
 30 ↓ 2.48 -36,-17,28 L SLF .043 
 28 ↓ 3.08 -42,-32,-5 L ILF, IFOF, SLF .04 
 26 ↓ 3.7 -22,25,-2 L IFOF, UF, SLF .033 
 24 ↓ 3.17 -35,-26,27 L SLF .038 
 24 ↓ 2.85 -37,-10,-13 L IFOF, UF .043 
 20 ↓ 3.22 -47,-27,2 L SLF .042 
 19 ↓ 2.46 -49,-17,1 L ILF .044 
 17 ↓ 3.38 -33,-3,41 L ATR .038 
 17 ↓ 3.76 -17,-56,32 L Cingulum, ATR .038 
 17 ↓ 3.57 -14,12,1 L ATR .041 
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DTI; diffusion tensor imaging. TP; time point. MNI; Montreal Neurological Institute. R; right. L; left. SLF; 
superior longitudinal fasciculus. ILF; inferior longitudinal fasciculus. CST; corticospinal tract. ATR; anterior 
thalamic radiation. Fmin; forceps minor. IFOF; inferior fronto-occipital fasciculus. Fmaj; forceps major. UF; 
uncinate fasciculus.  
aAnatomical region based on Johns Hopkins University (JHU) white matter tractography atlas and the ICBM-
DTI-81 white matter labels atlas (Hua et al., 2008; Mori et al., 2005; Wakana et al., 2007). 
*Not within the white matter atlases. 
 

 

 

 

 

 

 

 

 

 

 16 ↓ 3.04 -24,26,10 L IFOF, ATR, UF .042 
 15 ↓ 3.11 -19,-25,38 L CST .042 
 12 ↓ 1.68 -18,-37,35 L Cingulum .048 
 12 ↓ 3.02 -25,30,5 L IFOF, UF ATR .042 
 10 ↓ 2.24 -18,10,46 L Cingulum .048 
 7 ↓ 2.97 -11,19,53 * .046 
 6 ↓ 3.54 -29,11,9 L UF, SLF .046 
 6 ↓ 2.34 -16,6,8 L ATR .048 
 6 ↓ 2.24 -50,-16,4 L UF, SLF .048 
 4 ↓ 3.5 -13,7,57 * .046 
 4 ↓ 1.98 -14,9,52 L SLF .048 
 3 ↓ 2.98 -26,-2,43 * .046 
 3 ↓ 2.31 -39,-27,-3 L IFOF, ILF, SLF .048 
 3 ↓ 2.96 -53,-8,-1 L ILF .048 
 2 ↓ 3.65 -31,-23,40 L SLF .046 
 2 ↓ 2.4 -23,-49,35 L SLF .048 
 2 ↓ 1.69 -17,8,49 * .05 
 1 ↓ 3.51 -18,-57,39 * .048 
 1 ↓ 2.17 -44,-25,3 L ILF .05 
 1 ↓ 2.25 -46,-18,3 L ATR, Cingulum .048 
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Appendix 4: Significant clusters from TP1 to TP3 
Appendix 3. 
Clusters with significant changes in DTI indices of white matter microstructure from the first 
morning to the second morning (TP1 to TP3). 
DTI 
parameter  

No. of 
voxels in 
cluster 

Direction 
of change 

t 
statistic 

MNI (x, y, 
z) maxima 

Anatomical region 
of the peak voxela 

Peak 
voxel 
p-value 

MD 27160 ↓ 11.20 20, -92, 3 Fmaj .015 
 763 ↓ 6 -31, -28, -5 L ATR .036 
 7 ↓ 4.11 -52, -11, 1 * .049 
 1 ↓ 2.87 -55, -11, 1 L ILF .05 
AD 20316 ↓ 6.44 -31, -28, -5 L ATR .002 
 3096 ↓ 4.73 17,-59,35 R ILF .02 
 270 ↓ 3.23 42,-34,34 R SLF .041 
 190 ↓ 4.19 14,-32,28 R Cingulum .046 
 128 ↓ 3.57 52,-33,13 R SLF .044 
 97 ↓ 3.61 49,-57,-12 R ILF, SLF .044 
 85 ↓ 3.01 55,-45,-14 R SLF .046 
 73 ↓ 3.53 38,-79,-11 R ILF .047 
 68 ↓ 2.66 49,-31,-13 R SLF, IFOF .047 
 46 ↓ 3.23 14,-85,-1 R ILF, IFOF, Fmaj .047 
 45 ↓ 2.8 33,-22,-8 R ATR .047 
 44 ↓ 3.01 33,-13,-13 R IFOF .047 
 38 ↓ 3.08 48,-45,29 R SLF .047 
 32 ↓ 3.25 20,-93,7 Fmaj, R ILF, IFOF .047 
 28 ↓ 3.31 10,-11,32 R Cingulum .047 
 19 ↓ 2.85 27,-19,-8 R IFOF .048 
 19 ↓ 2.96 25,-30,-4 R ATR .048 
 17 ↓ 2.79 11,-27,31 R Cingulum .048 
 16 ↓ 3.93 8,26,12 Fmin .047 
 16 ↓ 2.16 16,-77,0 R IFOF, ILF .049 
 16 ↓ 2.41 27,-74,1 R IFOF, ILF Fmaj .049 
 8 ↓ 2.64 52,-29,39 * .049 
 7 ↓ 2.92 23,-92,-5 R IFOF, ILF, Fmaj .049 
 6 ↓ 2.74 53,-39,30 R SLF .049 
 6 ↓ 2.29 18,-79,-1 R IFOF, ILF, Fmaj .049 
 6 ↓ 2.69 21,-89,7 Fmaj, R IFOF, ILF .048 
 6 ↓ 2.34 24,-89,-8 R ILF, IFOF, Fmaj .049 
 5 ↓ 1.84 30,-82,-3 R IFOF .05 
 4 ↓ 3.62 21,-83,3 Fmaj, R IFOF, ILF .048 
 4 ↓ 2.56 26,-82,1 R ILF, IFOF .049 
 4 ↓ 3.62 52,-54,-2 R SLF .048 
 3 ↓ 2.5 46,10,9 R SLF .05 
 3 ↓ 3.99 45,11,12 R SLF .048 
 3 ↓ 4.85 24,-82,7 R IFOF, Fmaj, ILF .047 
 3 ↓ 3.33 27,-41,43 R SLF .049 
 3  2.63 44,-42,43 R SLF .05 
 2 ↓ 1.88 55,-25,37 R SLF .05 
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 2 ↓ 2.5 56,-38,29 R SLF .049 
 1 ↓ 3.8 35,-49,30 R SLF .049 
 1 ↓ 1.98 27,-23,-4 R SLF .05 
 1 ↓ 2 26,-90,-8 R ILF, IFOF, Fmaj .05 
 1 ↓ 2.64 36,-47,29 R SLF .05 
 1 ↓ 5.36 43,-61,-14 * .048 
 1 ↓ 2.13 26,-78,4 R IFOF, ILF, Fmaj .05 
 1 ↓ 1.67 19,-85,14 Fmaj, R IFOF .05 
 1 ↓ 3.62 32,-49,44 R SLF .05 
RD 17 ↓ 3.22 52, -49, -18 R SLF .046 
 17 ↓ 3.79 51, -53, -10 R ILF, SLF .045 
 11 ↓ 3.91 55, -51, -12 R ILF, SLF .046 
 9 ↓ 3.19 50, -54, -8 R SLF .048 
 5 ↓ 2.96 50, -47, -13 R ILF, SLF .05 

DTI; diffusion tensor imaging. TP; time point. MNI; Montreal Neurological Institute. R; right. L; left. Fmaj; 
forceps major. ATR; anterior thalamic radiation. ILF; inferior longitudinal fasciculus. SLF; superior longitudinal 
fasciculus. IFOF; inferior fronto-occipital fasciculus. Fmin; forceps minor.  
aAnatomical region based on Johns Hopkins University (JHU) white matter tractography atlas and the ICBM-
DTI-81 white matter labels atlas (Hua et al., 2008; Mori et al., 2005; Wakana et al., 2007). 
*Not within the white matter atlases. 
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Appendix 5: Significant clusters from TP3 to TP4 

Appendix 4.  
Clusters with significant changes in DTI indices of white matter microstructure from morning 
to afternoon on the second day (TP3 to TP4). 
DTI 
parameter  

No. of 
voxels in 
cluster 

Direction 
of 
change 

t 
statistic 

MNI (x, y, 
z) maxima 

Anatomical region 
of the peak voxela 

Peak 
voxel 
p-value 

MD 571  4 19, -39, 28 R CST .029 
 347  3.96 33, -10, 41 R SLF .027 
 29  3.87 28, 25, 21 R ATR, IFOF .043 
 27  2.62 37, 12, 19 R SLF .047 
 11  2.16 36, 6, 24 R SLF .048 
 10  2.67 10, -63, 33 R Cingulum .048 
 7  2.58 33, 6, 29 R SLF .048 
 4  4.9 -27, 16, -9 L ILF, ATR .044 
 4  2.68 25, -47 ,26 R ILF, IFOF, ATR .05 
 1  3.59 -29, -24, -8 L ATR .049 
 1  3.95 23, -45, 26 * .048 
 1  2.68 35, -16, 27 R SLF .05 
 1  3.94 18, -50, 34 R Cingulum .048 
AD 13929  4.35 11,-28,26 R SLF, Fmin .002 
 10703  6 -34,-21,26 L SLF, IFOF .002 
 746  5.83 -17,-82,8 Fmaj, L ILF, IFOF .037 
 257  4.66 25,-78,14 R IFOF, ILF, Fmaj .031 
 203  3.36 5,3,25 R Cingulum .038 
 201  2.84 19,-20,-3 R CST .037 
 79  5.81 5,0,5 T ATR .038 
 77  3.21 15,-84,26 Fmaj .043 
 68  3.27 34,43,-5 R IFOF, ATR, UF .045 
 52  2.65 -23,-69,31 Fmaj .048 
 45  3.22 7,17,20 Fmin .038 
 43  3.28 19,-7,5 R CST .038 
 32  2.59 -20,-24,40 L CST .043 
 30  4.07 -8,-1,28 * .039 
 30  2.85 34,37,1 R IFOF, UF .049 
 28  2.38 11,-1,11 R ATR, Fmin .05 
 23  3.88 -9,-21,-10 L ATR .046 
 23  3.5 -30,-64,39 L ATR .048 
 17  3.21 -29,23,41 * .047 
 17  2.83 41,-69,-8 R ILF, IFOF .049 
 17  2.65 -20,-14,-5 L CST .05 
 14  1.95 7,-77,25 Fmaj .05 
 14  2.73 35,-33,57 R SLF .049 
 11  1.91 -22,-66,31 L IFOF .05 
 11  2.44 -19,-49,19 Fmaj .05 
 8  2.67 -33,21,31 L SLF .049 
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 8  2.28 -31,5,-9 L UF, IFOF .05 
 8  2.82 -50,-37,10 L SLF .049 
 8  2.63 1,9,-8 * .049 
 7  3.94 9,6,-15 * .048 
 7  3.26 -10,-22,28 L SLF .049 
 7  3.62 33,50,3 R IFOF, ATR, UF .049 
 6  2.75 35,-31,53 * .049 
 6  1.8 -18,-29,33 * .05 
 6  4.43 1,-13,8 * .043 
 5  2.55 36,-78,-11 R ILF .05 
 5  2.74 -19,20,-11 L UF .05 
 4  2.89 -38,20,32 R SLF .05 
 4  4.46 2,-11,9 R ATR .043 
 3  2.19 10,-77,24 R ATR .05 
 2  2.42 -7,-26,-12 L ATR .05 
 2  3.44 -14,-18,32 * .049 
 2  3.45 2,2,2 * .05 
 2  5.95 31,-40,14 R IFOF, ILF, ATR .043 
 2  3.89 30,-40,19 R IFOF .05 
 2  2.95 36,45,-2 R IFOF, ATR, UF .05 
 1  3.01 27,-73,15 Fmaj, R IFOF, ILF  .05 
 1  3.52 33,-28,45 R SLF .05 
 1  5.31 -30,-72,42 * .049 
 1  2.81 7,8,-16 R IFOF .05 
 1  3.43 41,25,-13 Fmaj .05 
 1  4.39 -37,19,35 * .05 
 1  3.71 32,-48,16 R IFOF, ILF, Fmaj .05 
 1  1.34 -22,-61,34 L ATR .05 
 1  2.4 1,6,-4 * .05 
 1  1.94 -46,-40,13 L SLF .05 
 1  3.13 4,13,-9 * .05 
 1  2.27 19,32,30 Fmin, R IFOF .05 
 1  1.72 -27,-62,30 * .05 
 1  3.87 10,-13,29 * 0.05 
 1  3.52 42,-50,8 R SLF 0.05 
 1  2.6 7,-75,21 * 0.05 
 1  2.3 -22,-53,21 Fmaj 0.05 

DTI; diffusion tensor imaging. TP; time point. MNI; Montreal Neurological Institute. R; right. L; left. CST; 
corticospinal tract. SLF; superior longitudinal fasciculus. ATR; anterior thalamic radiation. IFOF; inferior fronto-
occipital fasciculus. ILF; inferior longitudinal fasciculus. Fmin; forceps minor. Fmaj; forceps major. UF; uncinate 
fasciculus. 
aAnatomical region based on Johns Hopkins University (JHU) white matter tractography atlas and the ICBM-
DTI-81 white matter labels atlas (Hua et al., 2008; Mori et al., 2005; Wakana et al., 2007). 
*Not within the white matter atlases. 
 

 


