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CHAPTER 8

Aims of the Thesis

The aim of the present thesis was to in-
vestigate the importance of connectivity
during sleep and its role in cognitive func-
tioning during wakefulness. Sleep is a
complex phenomenon, which arises from
the interaction of multiple regions. A cen-
tral tenet of this thesis was that, to un-
derstand sleep and its functions, it is not
sufficient to assess the activity within one
circumscribed neuronal population, but it
is necessary to look at the interplay over
numerous spatial and temporal scales.
Connectivity occurs at multiple levels of
descriptions, such as structural connectiv-
ity, which describes the anatomical path-
ways between brain regions, functional
connectivity, which quantifies the corre-
lation in activity between distant neu-
ronal populations, and effective connec-
tivity, which indicates the directed influ-
ence of one region onto another.

These multiple levels of description of
the degree of connectivity, over different
spatial and temporal scales, are interwo-
ven with the research questions described
in each chapter. How does structural con-
nectivity, measured with diffusion tensor
imaging (DTI), affect the expression pro-
file and synchronization properties of slow
waves and spindles? Does the propaga-
tion of slow waves depend on the coor-
dination of central neuronal populations
with widespread afferents over multiple
regions of the cortex? How do the slow
fluctuations, such as slow waves, often
thought to be a marker of global activity,
favor the emergence of synchronization at
the local level, tagged by gamma activ-
ity in the electroencephalography (EEG)?
Does learning a task that requires the
coordinated contribution of multiple ar-
eas increase functional connectivity be-
tween those regions, not only during its
performance, but during subsequent sleep
as well? How does sleep deprivation af-

fect the transmission of information over
distant brain regions, measured by ef-
fective connectivity, and do changes in
this transmission affect cognitive perfor-
mance? What are the brain mechanisms
involved in the perseverance and impaired
cognitive switching that are often seen af-
ter sleep deprivation and suggest an im-
pairment in fast and flexible reconfigura-
tions of the neuronal network activity?

Main Findings
The patterns of structural and functional
connectivity between brain regions de-
termine the expression of characteristic
features of the sleep EEG, in particu-
lar slow waves and spindles. The white-
matter tracts that connect distant brain
regions affect the expression profile of
these features, as shown in Chapter 2.
At the functional level, sleep arises from
a delicate integration of global and lo-
cal processing at widely different tempo-
ral and spatial scales. Slow waves com-
bine aspects of global processing, shown
in Chapter 3 to be under the control of
specialized brainstem nuclei that project
over the whole cortex, and aspects of lo-
cal processing, such as specific increases
in high-frequency activity, such as gamma
band activity, in association with the pos-
itive flank of the slow waves, as described
in Chapter 4. Chapter 5 illustrates
how the global and local processes work
in synergy, during the formation of new
memory traces during the execution of a
novel task and during the reactivation of
the same traces during sleep.

The role of sleep in maintaining ef-
ficient connectivity can be appreciated
in the case of sleep disruptions, such as
sleep deprivation. Sleep deprivation de-
creases effective connectivity along the
cingulate cortex during resting-state pe-
riods, in association with lower vigilance,
suggesting an impaired information flow,
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SUMMARY OF THE FINDINGS

as shown in Chapter 6. Sleep depriva-
tion also affects the ability to switch be-
tween different neuronal activity config-
urations, which become more ‘frozen’ in
association with high alpha power and re-
sult in attenuated perceptual, and possi-
bly cognitive, flexibility, as illustrated in
Chapter 7.

Summary of the Findings
Chapter 2
The expression profile of spindles and
slow waves is extremely consistent within
an individual and remarkably differ-
ent between individuals, suggesting that
anatomical properties might affect their
appearance. Because spindles and slow
waves are thought to arise from the in-
teraction of multiple regions, we investi-
gated whether the structural connectivity
of white-matter tracts correlated with the
expression profiles of spindles and slow
waves. The appearance on the scalp EEG
of spindles and slow waves depends on
the population firing of the underlying
neuronal assemblies, whereby higher spin-
dle power and steeper negative-to-positive
transition of the slow waves are presum-
ably associated with stronger neuronal
synchronization.

We observed that participants with
strongest white-matter integrity in a dis-
tributed network, as measured with DTI,
showed the strongest expression of spin-
dles and slow waves, suggesting that the
profiles of sleep oscillations might re-
flect the localized properties of the white-
matter connections.

Chapter 3
Slow waves have a tendency to propa-
gate over the cortex. The major pathways
of the propagation follows an anterior-to-
posterior gradient, mostly concentrated

around the cingulate cortex (Murphy et
al., 2009). Anatomically, this area is par-
ticularly rich in afferents projecting, in an
anterior-to-posterior direction, from the
locus coeruleus (LC) in the brainstem
to the cortex (Nieuwenhuys, 1985). We
hypothesized that the phasic activity of
the LC might favor the appearance of
anterior-to-posterior waves.

By combining EEG to assess the di-
rection of propagation of the slow waves
and functional Magnetic Resonance Imag-
ing (fMRI) to quantify the activation in
the LC, we observed that phasic activity
in a brainstem area compatible with the
LC was most pronounced in association
with the slow waves that showed a clear
anterior-to-posterior direction of travel-
ing over the cortex. These results sug-
gest that phasic activity in the LC might
increase the probability that slow waves
will travel in an anterior-to-posterior di-
rection.

Chapter 4
Slow waves reflect the alternation be-
tween down–states and up–states, the lat-
ter being characterized by depolarization
and high-frequency oscillations, such as
spindles and gamma activity. However,
gamma activity associated with the slow
waves had never been reported in hu-
man scalp EEG. Given that synaptic
density peaks some time before puberty
depending on the brain region (Hutten-
locher and Dabholkar, 1997) and because
high synaptic density generates oscilla-
tions of larger amplitude, we considered
that the best chance to demonstrate a
modulation of gamma power by slow wave
phase in regular scalp sleep EEG would be
in school-aged children.

We observed high gamma power dur-
ing the rising slope and positive peak of
the slow wave, while gamma and spin-
dles were strongly suppressed during the
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CHAPTER 8

negative peak. Because of the double as-
sociation between slow waves and global
synchronization and between gamma and
local synchronization, these results sug-
gest that slow wave activity might favor
the generation and long-distance synchro-
nization of local neuronal computational
processes.

Chapter 5

Learning a complex task that requires the
integration of multiple sources of informa-
tion relies on a sophisticated interplay be-
tween distant regions and induces mem-
ory consolidation by re-organizing the
neuronal network, especially during sleep.
Therefore, we investigated whether execu-
tion of a visuo-motor learning task would
induce a specific pattern of inter-regional
connectivity that was reactivated during
sleep. Participants performed a visuo-
motor task and were subsequently asked
to sleep while magnetoencephalography
(MEG) was recorded. We then compared
the topography of the long-range connec-
tivity during task execution with the to-
pography of long-range connectivity dur-
ing subsequent sleep.

Visuomotor learning elicited a specific
profile of long-range cortico-cortical syn-
chronization of slow (0.1 Hz) fluctuations
in beta band (12–30 Hz) power. The
parieto-occipital part of this synchroniza-
tion profile reappeared in delta band (1–
3.5 Hz) power fluctuations during subse-
quent sleep, but not during the inter-
vening wakefulness period. These results
indicate that long-range synchronization
of delta power fluctuations during sleep
may favor memory consolidation by echo-
ing long distance-coordinated activation
elicited during prior learning.

Chapter 6
If sleep contributes to the maintenance
of neuronal network efficiency, sleep de-
privation could be hypothesized to im-
pair long-range connectivity. Because the
major hubs of the brain network are lo-
cated within the anterior-posterior me-
dial axis of the cortex, comprising the
anterior and posterior cingulate cortices
(Hagmann et al., 2008), we hypothesized
that the connectivity between anterior
and posterior cingulate regions would be
affected by sleep deprivation. We tested
whether sleep deprivation caused changes
in directed connectivity between these re-
gions, by estimating, based on resting-
state high-density EEG, Granger Causal-
ity (GC) directly in source space.

We found that in well-rested partic-
ipants, connectivity in the forward di-
rection was greater during eyes-open as
compared to eyes-closed. After sleep de-
privation however, the boost in forward-
directed connectivity elicited by the eyes-
open condition was attenuated and no
longer significant. Participants whose for-
ward directed connectivity was the most
affected performed the worst on a sub-
sequent sustained attention task. These
findings indicate that sleep deprivation
impairs the directed information flow
from posterior to anterior cingulate cor-
tices, with consequence for daytime vigi-
lance, and suggest that sleep may play a
role in the maintenance of waking effec-
tive connectivity.

Chapter 7
For numerous more complex cognitive
tasks, optimal performance requires the
flexibility to either remain focused on a
particular target, or switch to another
target. This flexibility can be thought of
as the ability of the network to change
its activity configuration. Based on the
previous findings that sleep deprivation
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SLEEP AND CONNECTIVITY

disrupts the state of the network, we
tested whether, after sleep deprivation,
the flexibility of the cognitive state to
switch is impaired and whether synchro-
nization of activity might tag this pro-
cess. To investigate this phenomenon, we
asked participants to report changes in vi-
sual perception elicited by a constant, but
bistable image, while high-density EEG
was recorded.

Higher occipital and parietal alpha
power predicted longer stability of indi-
vidual percepts. Strikingly, the dura-
tion of a percept could already be pre-
dicted from the power in the first second
of its emergence. After sleep deprivation,
participants reported fewer switches and
longer perceptual duration, and this in-
crease was associated with the concomi-
tant increase in alpha power. The find-
ings support the hypothesis that synchro-
nization of alpha oscillations across a wide
neuronal network promotes the mainte-
nance of its current configuration and
that sleep deprivation, by increasing al-
pha power, might impair the flexibility of
the brain to switch between stable config-
urations of neuronal network activity.

The Dynamic Nature of
Sleep
The findings in this thesis confirm and
advance the interpretation that the main
features of sleep are the result of a dy-
namic interplay between multiple brain
regions. The appearance of slow waves
and spindles is partially determined by
the degree of structural connectivity be-
tween brain regions, as measured by
the microstructural properties of specific
white-matter tracts, as shown in Chap-
ter 2. Higher synchronization of the
slow waves and spindles is associated with
higher axial diffusivity (AD), a marker
of axonal integrity (Budde et al., 2007;

Budde and Song, 2010). This observa-
tion suggests that the higher is the ax-
onal integrity in a white-matter network
including prefrontal regions, the higher is
the degree of synchronization of the slow
waves, as index by the slope of the oscil-
lation.

The properties of synchronization of
the slow waves are modulated not only
by the relatively stable anatomical con-
nections but also by the precise tim-
ing of subcortical processes that orches-
trate the appearance of the slow waves
over the whole cortex. These mecha-
nisms have been identified in subcortical
regions, which have massive projections
onto the cortex, such as the thalamus
(Crunelli and Hughes, 2010), the ventro-
lateral preoptic nucleus (VLPO) (Lu et
al., 2006; Pace-Schott and Hobson, 2002),
and the LC (Eschenko et al., 2012; Es-
chenko and Sara, 2008). The propagation
of the slow waves is partially modulated
by the phasic activity of LC, as shown in
Chapter 3. These results indicate that,
while slow waves are mainly of cortical
origin, the precise synchronization over
multiple cortical areas is partially influ-
enced by nuclei located in the brainstem.
The projection from the LC onto the cor-
tex form an intricate anatomical circuit
that co-determines the characteristics of
propagation of the slow waves.

Sleep and Connectivity
Acknowledging the importance of con-
nectivity in sleep generation and mainte-
nance is a fundamental step towards un-
derstanding the mechanisms that distin-
guish wake and sleep activity. As de-
scribed in Chapter 1, sleep results from
the interaction of a distributed brain net-
work. Attempts at limiting the descrip-
tion of sleep to the smallest computation
unit of the brain might fail to capture
the essence of sleep as a property of the
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brain network and might lead to an un-
satisfactory definition of sleep, a defini-
tion that does not reflect its character-
istic spatiotemporal profile across inter-
acting brain areas. These conceptual is-
sues can only be solved if we start think-
ing in terms of the intricate interplay be-
tween local and global processes, instead
of trying to identify the mechanisms in
individual regions in isolation. This new
perspective means abandoning the notion
that a single process or brain mechanism
is responsible for the sleep state, such as
imbalance between excitation and inhibi-
tion, release of sleep-inducing neurotrans-
mitters, or slow waves, and embracing the
notion that sleep-promoting processes can
only be understood in terms of their inter-
action with other mechanisms. This in-
teraction occurs on widely heterogeneous
temporal and spatial scales.

The findings described in this thesis
provide multiple examples of this local-
global relationship, occurring at multi-
ple spatial and temporal scales. Chap-
ter 4 shows that oscillatory activity in
the gamma band, which is thought to
tag processing at a local scale (Kopell et
al., 2000), is modulated by the phase of
the slow waves, which present remarkable
synchronization over large parts of the
cortex. Because both types of oscillations
are thought to depend on the synchro-
nization of neuronal assemblies (Canolty
and Knight, 2010; Kopell et al., 2010),
it is intriguing that neurons synchronize
their activity at the local level during pe-
riods of strong synchronization of brain
activity over multiple regions of the cor-
tex. This coincidence of local and global
synchronization would represent a favor-
able period for the exchange of informa-
tion between multiple local neural assem-
blies.

Similar processes have been proposed
to occur during perceptual binding in
the visual cortex: Local neuronal en-

sembles encoding various elements of the
perceptual experience synchronize their
intrinsic gamma oscillations when these
elements need to be united in one co-
herent representation (Fries, 2005). In
this scenario, cross-frequency modulation
might provide a neuronal mechanism un-
derlying long-range cortical communica-
tion, which favors the exchange of infor-
mation between distributed brain assem-
blies (Canolty and Knight, 2010; Jirsa
and Müller, 2013). A potential mecha-
nism of interregional coupling might de-
pend on the power-power correlation in
a frequency band between distant brain
regions, as described in Chapter 5. In
this chapter, we had volunteers execute
a task that requires the integration of in-
formation between multiple brain regions.
Indeed, the task enhanced coupling of
the slow (< 0.1 Hz) fluctuations in beta
band (12–30 Hz) power between visual
and parietal regions. Reactivation of the
coupling between these regions emerged
for the slow fluctuations in the delta band
(1–3.5 Hz) power during subsequent sleep,
but not during wakefulness. The reac-
tivation of this coupling had functional
relevance too, as the degree of reacti-
vation was correlated with the improve-
ment in performance over sleep. Reacti-
vation, therefore, might represent a po-
tential mechanisms for the processes of
memory consolidation occurring during
sleep (Poe et al., 2010).

A prime example of an intricate re-
lationship between local and global pro-
cesses is discussed in Chapter 3. This
chapter illustrates that phasic activity in
the LC modulates the traveling proper-
ties of the slow waves over the cortex.
By measuring the brainstem with fMRI
and quantifying the propagation of slow
waves over the cortex with EEG, we ob-
served that activity in the LC contributed
to the probability that slow waves would
travel in the anterior-to-posterior direc-
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SLEEP AND CONSCIOUSNESS

tion, suggesting that this nucleus might
affect not only the generation (Dang-Vu
et al., 2008; Eschenko et al., 2012), but
also the propagation properties of the
slow waves. These findings provide fur-
ther evidence for a contribution of subcor-
tical structures to specific characteristics
of slow waves, in this case their proba-
bility to travel in an anterior-to-posterior
direction. Slow waves have long been un-
derstood to be primarily a cortical phe-
nomenon, because they are present in
the deafferented slabs and slices of cor-
tex (Steriade et al., 1993), while their
synchronization is affected by severing
cortico-cortical connections (Amzica and
Steriade, 1995). However, while slow
waves might occur even in the absence of
subcortical input, accumulating evidence
has assigned a prominent role to the tha-
lamus and subcortical regions in synchro-
nizing the appearance and timing of the
slow oscillations (Crunelli and Hughes,
2010; David et al., 2013; Eschenko et
al., 2012; Sanchez-Vives and McCormick,
2000). In line with this literature, we ob-
served that the LC in the brain stem bi-
ases the preferential direction of propaga-
tion of slow waves. It is conceivable that
the contribution of subcortical sources to
global synchronization might promote the
coordinated emergence of periods of en-
hanced interregional communication.

Sleep and Memory
The hypothesis that synchronization of
distant areas supports long-range com-
munication leads to testable predictions.
The execution of a task that requires long-
range communication, is predicted to re-
sult in increased coupling between the dis-
tant regions involved. This has indeed
been shown in multiple studies (reviewed
in Siegel et al., 2012). A second predic-
tion is that the strengthening of this long-
range connectivity will be associated with

better performance, which indicates that
learning has taken place (reviewed in Ax-
macher et al., 2006; Fell and Axmacher,
2011; Jutras and Buffalo, 2010). Because
learning continues even after task exe-
cution and memory consolidation takes
place preferentially during sleep (Walker,
2005), the higher level of connectivity
between the brain regions that were in-
volved in the task is maintained during
sleep. The crucial and final prediction
is that such long-range communication of
task-relevant regions during sleep favors
the strengthening the interregional cou-
pling, thereby enhancing memory consol-
idation and improving task performance
(Diekelmann and Born, 2010; Hoffman
and McNaughton, 2002b; O’Neill et al.,
2010). The spontaneous reactivation of
long-range connectivity that enhances off-
line memory consolidation has been ob-
served in animal studies (Dave and Mar-
goliash, 2000; Hoffman and McNaughton,
2002a; Ji and Wilson, 2007; Johnson et
al., 2010; Peyrache et al., 2009; Wilson
and McNaughton, 1994). The findings
in Chapter 5 provided the first piece of
evidence that reactivation of task-specific
long-range connectivity occurs during hu-
man sleep as well. Reactivation during
sleep provides a suitable period for the en-
hancement of cortico-cortical coupling to
support future task execution (Schwindel
and McNaughton, 2011).

Sleep and Consciousness
The changes in the connectivity patterns
that have been a central theme of this
thesis are also thought to be responsi-
ble for one of the most fascinating as-
pect of sleep: the loss of consciousness.
Although the question on the nature of
awareness is far from settled, there have
been multiple proposals that character-
ize consciousness as an emergent property
of the coordinated interaction of multiple
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brain regions (Baars, 2005; Dehaene and
Naccache, 2001; Tononi, 2008; Tononi and
Koch, 2008). While these proposals differ
on many fundamental aspects, they share
the common intuition that conscious ex-
perience arises from the interplay of long-
range communication between distant ar-
eas. The fading of consciousness which
accompanies the beginning of sleep has
been proposed to be a consequence of the
changes in connectivity in the brain net-
work. Indeed, functional connectivity has
been found to decrease during deep sleep
(Boly et al., 2012; Horovitz et al., 2009;
Sämann et al., 2011; Spoormaker et al.,
2011). More crucially, effective connectiv-
ity measured by quantifying the response
of the cortex to transcranial magnetic
stimulation (TMS) breaks down during
non-rapid eye movement (NREM) sleep,
but returns during rapid eye movement
(REM) sleep to levels similar to those ob-
served during wakefulness (Massimini et
al., 2010). The decrease in cortico-cortical
interaction may account for the reduced
integration of sensory information (Mas-
simini et al., 2012; Sämann et al., 2011).

These results should not be inter-
preted as suggesting that connectivity
disappears completely during sleep. As
Chapter 5 shows, long-range coupling
of task-relevant regions continues during
sleep and accounts for the processes of
memory consolidation that take place es-
pecially during NREM sleep (Diekelmann
and Born, 2010). The connectivity pat-
tern shifts from a state in which most re-
sources are spent on maintaining the con-
scious state (with the advantage of a re-
sponsive and adaptive behavior) to a state
in which consciousness is not necessary
and resources are spent on optimizing the
state of the network. This trade-off is the
reason why, if we spend a night awake,
our brain pays the price of not undergoing
the necessary maintenance to the cortical
network that sleep provides, with the con-

sequence of impaired connectivity on the
next day, as shown in Chapter 6.

Sleep Deprivation and Al-
terations in Connectivity
As discussed in the previous paragraph,
connectivity during sleep does not dis-
appear, but its appearance and func-
tion change drastically. While dur-
ing wakefulness a precise interregional
communication supported by long-range
synchronization is necessary to execute
the appropriate behavior response to an
ever-changing environment, during sleep
the brain network undergoes a mainte-
nance period, in which conscious decision-
making is not required and neuronal
mechanisms can support the upkeep and
enhancement of long-range connectiv-
ity, for next day’s cognitive functioning.
However, many people have difficulties in
attaining undisturbed sleep (Crow, 2013).
Poor sleep is caused by a variety of en-
vironmental and psycho-physiological fac-
tors, such as noisy bedrooms, unfavorable
sleeping conditions, insufficient sleep hy-
giene, and sleep disorders. Without the
processes of maintenance and consolida-
tion that occur during sleep, brain con-
nectivity is not optimized to perform the
engaging cognitive tasks that are required
during wakefulness on the following day.
The consequences of sleep deprivation on
the coupling between brain regions are
wide-reaching and were found, in Chap-
ters 6 and 7, both during resting-state
periods and during visual perception.

The findings in Chapter 6 show how
sleep deprivation affects the state of brain
connectivity even during resting states
and impairs vigilance in healthy volun-
teers. We observed that, after normal
sleep, having the eyes open relative to
eyes closed increases directed connectiv-
ity in the posterior-to-anterior direction
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SLEEP DISORDERS

of the cingulate cortex. After sleep de-
privation, this increase was no longer
present. This impairment had signif-
icant behavioral consequences: partici-
pants who showed the largest impairment
in effective connectivity performed worse
on a vigilance task executed right af-
ter the resting-state period. These re-
sults indicate that sleep deprivation af-
fects the network of directed connectivity
between multiple regions. These disrup-
tions can be subtle yet have substantial
daytime consequences. In fact, the im-
pairment was only visible in the posterior-
to-anterior direction during the eyes-open
period. This became evident in our
study because we targeted this connection
specifically and quantified its modulation
during the resting state period by ask-
ing participants to have their eyes open
or closed. Other brain regions and parts
of the network might have suffered from
sleep deprivation too, but they did not ap-
pear in our experiment. This observation
indicates once more that it is important to
study the consequences of sleep depriva-
tion by probing and perturbing the brain
(Van Der Werf et al., 2009).

The degree of synchronization of neu-
ronal oscillations, a central mechanisms
of interregional communication, is dis-
rupted by sleep deprivation as well, as
indicated by changes in the EEG oscil-
lations in the alpha band (8–12 Hz) in
Chapter 7. Alpha oscillations provide a
flexible mechanism to inhibit the activity
of brain regions encoding task-irrelevant
information, so that distractors do not
influence the focus of attention (Cooper
et al., 2003; Jensen and Mazaheri, 2010;
Klimesch et al., 2007; Mathewson et al.,
2011). In the case of bistable perception,
the amount of synchronization in the al-
pha power represents a reliable marker,
and in fact predicts, the duration of each
individual percept. Sleep deprivation af-
fects the synchronization properties of the

neuronal assemblies responsible for the
generation of alpha oscillations, resulting
in higher alpha power. We showed that
this increase in alpha power may con-
tribute to longer perceptual duration dur-
ing bistable perception. This association
implies that alpha activity reflects the de-
gree of inflexibility of the neuronal net-
work to switch to alternative interpreta-
tions of the same visual input. When
alpha power is high, either because of
its spontaneous fluctuations (Linkenkaer-
Hansen et al., 2004) or because of the
nefarious effects of sleep deprivation, the
ability to switch the focus of attention
to a new target, which might be more
profitable, decreases. The lower cogni-
tive flexibility and behavioral persevera-
tion are indeed two of the most common
complains associated with sleep depriva-
tion.

Sleep Disorders
Impairments in cognitive switching be-
long to the most observed daytime com-
plaints observed in insomnia (Shekleton
et al., 2010). The compromised ability
of insomnia patients to shift their focus
of attention flexibly parallels the nega-
tive consequences of sleep deprivation de-
scribed in Chapter 7. The conclusions
of Chapters 6 and 7 that the cogni-
tive problems caused by sleep deprivation
are in part a consequence of a decrease
in the connectivity between distant areas
might provide a fertile framework for fur-
ther studies to investigate the underlying
mechanisms of insomnia. The cognitive
impairments in insomnia present an in-
triguing pattern, depending on the com-
plexity of the task. In tasks requiring
simple reaction, insomniacs do not devi-
ate from the healthy participants’ perfor-
mance and, in fact, might be better as a
consequence of the state of hyperarousal
(Altena et al., 2008; Bastien et al., 2008).
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However, they show significant deficits on
more complicated tasks that require the
integration of multiple sources of informa-
tion (Altena et al., 2008; Bonnet, 2010;
Shekleton et al., 2010). Because this in-
tegration of information between multiple
regions depends on the long-range connec-
tivity is intact and well-functioning, it will
be important to investigate whether dis-
ruptions in connectivity might play a role
in the deficits that accompany insomnia.

This proposal fits nicely with a set of
observations that have ascribed the cause
of non-restorative sleep in insomnia to an
incomplete separation between the wake
and sleep state in the brain (Marzano
et al., 2008; Terzaghi et al., 2009). In-
somniacs often report pronounced rumi-
nation and recurrent thoughts even dur-
ing the sleep period (van de Laar et
al., 2010) and severely underestimate the
time spent asleep, as if parts of the brain
were still engaging in conscious activity
during a period in which consciousness
commonly vanishes (Marzano et al., 2008;
Nobili et al., 2012). Unfortunately, as
there is no marker in the EEG that clearly
indicates the state of consciousness, sleep
researchers and clinicians often encounter
cases in which the patient reports to be
awake, while the EEG recordings indi-
cate a sleep state. Further investiga-
tions in long-range connectivity in insom-
nia might shed light on potential disrup-
tions in interregional communication in
patients and might further refine our un-
derstanding of the dissociation between
the patient’s report and polysomnogra-
phy (PSG) in relation to the sleep state.

Because of the centrality of sleep com-
plaints in mental disorders (Borsboom
et al., 2011), disturbed sleep in psychi-
atric disorders might contribute to the de-
creased interregional communication of-
ten reported in these disorders. This po-
tential association is best illustrated in
schizophrenia. Impairments in the state

of the neural synchrony have been com-
monly observed using EEG in schizophre-
nia. The impairments mostly affect long-
range synchronization, while synchrony at
the local level seems left intact (Uhlhaas
and Singer, 2006). We would expect
that alterations in the elements of sleep
that rely on long-range synchronization
would be part of the schizophrenia pro-
file. In fact, patients with schizophre-
nia often suffers from sleep disorders (Fer-
rarelli and Tononi, 2011) and present sig-
nificant impairments in spindle activity in
terms of number, amplitude, and dura-
tion (Ferrarelli et al., 2007, 2010). These
results suggest a complex relationship be-
tween spindles, brain connectivity, and
schizophrenia. Because spindles are sen-
sitive marker of the connectivity of the
network, as discussed in Chapter 2, dis-
ruption in brain connectivity as observed
in schizophrenia will result in decreased
synchronization of the sleep spindles. In-
deed, in schizophrenia, abnormalities can
be found on the microstructural proper-
ties of white-matter tracts, as quantified
with DTI (Fitzsimmons et al., 2013), and
these impairments in structural connec-
tivity might in turn alter the appearance
of spindles, as described in Chapter 2.

Interindividual Differ-
ences
The distinction between healthy partic-
ipants and patients, however, hides the
large variability that is present even
within a population of healthy subjects.
Sleep quality, sleep duration, the proper-
ties of slow waves and spindles, and the
effects on waking activity are extremely
diverse between participants (Kerkhof,
1991). This thesis has attempted to at-
tain the two complementary goals of iden-
tifying the defining aspects of sleep that
are shared by all participants and of de-
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scribing the interindividual differences in
connectivity patterns. These differences
are to be found in the strength of struc-
tural connectivity, as presented in Chap-
ter 2, in the association between long-
range coupling and memory consolida-
tion, as presented in Chapter 5, and in
the resilience to sleep deprivation, as pre-
sented in Chapter 6.

Firstly, the findings in Chapter 2 in-
dicate that participants with higher axial
diffusivity, a marker of white-matter in-
tegrity, in specific tracts have a steeper
slope of the slow waves and higher spindle
power. This association provides a struc-
tural correlate for the observations that
the synchronization characteristics and
topography of slow waves and spindles are
stable within an individual across nights
(De Gennaro et al., 2005; Dijk, 2011;
Rusterholz and Achermann, 2011). Sec-
ondly, stronger functional coupling during
sleep helps the consolidation of memory
traces on the subsequent day. In Chap-
ter 5, participants with stronger long-
range coupling during task execution and
sleep had better improvement in task per-
formance after sleep. While it is com-
monly observed that we learn at different
speeds, these findings suggest that mem-
ory consolidation occurs at different rates
too and that these differences in brain dy-
namics can be quantified by the amount
of long-range coupling during sleep.

A natural consequence of the in-
terindividual differences in the character-
istics of sleep aspects and their contri-
bution to brain network optimization is
that participants differ in the degree of
impairment after sleep deprivation. In
Chapter 6, participants who were able
to maintain, after sleep deprivation, a
level of posterior-to-anterior effective con-
nectivity comparable to that observed af-
ter normal sleep were able to perform
better on a demanding vigilance task.
These findings corroborate the observa-

tion that some people are more resistant
to sleep deprivation, while others manifest
a deficit in cognitive performance even
after few hours of sleep restriction (Van
Dongen et al., 2011, 2005). An intrigu-
ing interpretation of these findings might
be provided by the observation, described
in Chapter 7, that sleep deprivation in-
creases occipital alpha power, which, in
turn, is associated with longer perceptual
durations of a bistable image. Because,
in our interpretation, high alpha power
is thought to reflect the level of percep-
tual stability, we suggest that participants
with high alpha power after sleep depriva-
tion might be more impaired in their abil-
ity to detect changes in the visual scene.

Conclusions
The central conclusion of this thesis is
that sleep should not be considered as
the property of an individual brain re-
gion or neuronal assembly, but it needs
to be understood in terms of interplay be-
tween multiple brain areas. The main el-
ements of sleep, such as slow waves and
spindles, are determined by the strength
of the structural coupling and arise from
an intricate interaction at multiple scales.
This interaction allows for the emergence
of long-range synchronization, which sup-
ports the coordination of the neuronal ac-
tivity of multiple local processes into a
global network. Although no single region
is uniquely responsible for driving the
synchronization, nuclei in the brainstem
can favor the degree of synchrony. Higher
long-range connectivity supports cogni-
tive functioning, especially in those tasks
which require the integration of multi-
ple sources of information, and it can
be strengthened by reactivation during
sleep. Sleep optimizes the brain network,
and lack of sleep severely undermines
the long-range coupling, which is neces-
sary to maintain a discrete level of vigi-
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lance and to perform complex tasks. Un-
derstanding the mechanisms underlying
long-range synchronization during sleep
will shed new light on the pathological
aspects of sleep disorders, such as insom-
nia, and even psychiatric disorders not
immediately associated with sleep, such
as schizophrenia. Changes in long-range
connectivity that take place during sleep
might represent an exceptional starting
point to unravel the mystery of sleep and
to investigate its relationship to the emer-
gence and disappearance of consciousness.
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