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Sleep research has evolved considerably since the first sleep electroencephalography

1950s. While electrophysiological recordings have been used to describe the sleeping

Funding information brain in much detail, since the 1990s neuroimaging techniques have been applied to
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greater spatial resolution. The combination of electroencephalography with different
neuroimaging modalities such as positron emission tomography, structural magnetic
resonance imaging and functional magnetic resonance imaging imposes several chal-
lenges for sleep studies, for instance, the need to combine polysomnographic record-
ings to assess sleep stages accurately, difficulties maintaining and consolidating sleep
in an unfamiliar and restricted environment, scanner-induced distortions with physio-

logical artefacts that may contaminate polysomnography recordings, and the
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1 | INTRODUCTION

From the first to our last day, sleep is a constant that marks the pass-
ing of time. There is probably no single activity we spend more time
doing, but despite that it still remains a puzzle throughout the history
of humankind. The invention of electroencephalography (EEG) made
it possible to monitor the brain's electrical activity non-invasively,
leading to ground-breaking findings in early sleep research such as the
discovery of rapid eye movements (REM) and cyclic nocturnal sleep
behaviour. Later discoveries identified neurophysiological events
within sleep stages such as sleep spindles and slow waves as a marker
of non-REM (NREM) sleep, or ponto-geniculo-occipital (PGO) waves,
traceable in animal models, during REM sleep (for review, see Dresler
et al, 2014). The human sleep cycle consists of regular progress
through a series of global brain states characterized by specific neuro-
physiological changes. NREM sleep is traditionally divided into three
stages exhibiting distinct EEG patterns: light NREM sleep, or stage
N1, marks the transition from wakefulness to sleep, with low-
amplitude theta waves (4-7 Hz), slow rolling eye movements and
lower muscle activity than wakefulness; stage N2 features hallmark
sleep spindles (brief bursts of 12-14 Hz activity) and K-complexes
(large, isolated slow waves); and stage N3, or slow-wave sleep (SWS),
is characterized by high-amplitude, low-frequency delta waves (0.5-
3 Hz), often associated with restorative processes. REM sleep, in con-
trast, is defined by low-amplitude mixed-frequency EEG activity fea-
turing rapid eye movements and even lower muscle activity.
Physiologically, eye movements, muscle tone and autonomic activity
further differentiate sleep stages, with muscle tone progressively
decreasing through NREM stages and reaching near-complete atonia
during REM sleep, alongside irregular heart rate and respiration. A
typical sleep episode starts with light NREM sleep, progressing to dee-
per stages, and finally to REM sleep. Still, individuals do not remain in
REM sleep but rather cycle between stages of NREM and REM
throughout the night. NREM sleep constitutes about 75% of total
time spent in sleep, whereas REM sleep constitutes the remaining
25%. In healthy adults, NREM sleep accounts for the majority of sleep
time in the first half of the night, as REM sleep increases as the night
progresses and accounts for much of the sleep time in the second half
of the night (Carskadon & Dement, 2005). Although animal research
has advanced sleep characterization across species, several pivotal

necessity to account for all physiological changes throughout the sleep cycles to
ensure better data interpretability. Here, we review the field of sleep neuroimaging in
healthy non-sleep-deprived populations, from early findings to more recent develop-
ments. Additionally, we discuss the challenges of applying concurrent electroenceph-
alography and imaging techniques to sleep, which consequently have impacted the

sample size and generalizability of studies, and possible future directions for the field.

functional connectivity, functional magnetic resonance imaging, neuroimaging, positron
emission tomography, regional cerebral blood flow, sleep

questions on why and how human beings sleep are still to be
addressed. Brain imaging has played a role in understanding brain
function and metabolism during sleep and associated sleep-specific
features. Advances in neuroimaging may vyield questions that
remained unsolved and need addressing, to name a few examples, the
relationship between sleep and brain clearance, the causal relation
with neurodegenerative diseases, and the possible functions of
dreaming.

Neuroimaging can be defined as any technique capable of imag-
ing the anatomy, function or physiology of the brain. In this review,
we will focus on positron emission tomography (PET), and structural
and functional magnetic resonance imaging (sMRI and fMRI), but also
briefly mention other neuroimaging techniques. The concept of tomo-
graphic imaging (Phelps et al., 1975; Ter-Pogossian et al., 1975) and
the development of positron-emitting radiopharmaceuticals (ldo
et al., 1978) led to the development of the PET technology. PET imag-
ing makes use of radioactive tracers to measure and visualize physio-
logical information, such as glucose consumption, dopamine release
and blood flow (tissue perfusion) in the body. By detecting radioactive
decay as an accumulated component in specific brain regions, H,°0
PET imaging reveals the amount of blood flow across the whole brain,
thus providing an indirect marker of neuronal activity. The increased
L3oxygen-labelled (H,1°0) concentration in a brain area reflects locally
increased (regional) cerebral blood flow (rCBF) resulting from higher
energetic demands due to increased neural activity. Similarly, locally
increased glucose-labelled (fluorodeoxyglucose or FDG-18) consump-
tion reflects the energetic neuronal needs in the corresponding area,
glucose and oxygen being the two primary sources of energy for brain
activity (note that only a single image is acquired reflecting the time-
averaged energy consumption).

Structural MRI takes advantage of the abundance of hydrogen
atoms in biological organisms, particularly in water and fat. This
method aligns the spins of hydrogen atoms using a large magnetic
field, typically 1.5 or 3 T in human studies. After the spins orientations
are perturbed using a radiofrequency pulse at the nuclear magnetic
resonance (NMR) Larmor frequency, they precess around their axis
(which generates the measurable signal), and dephase and realign with
the magnetic field at different time rates determined by the local tis-
sue properties. The decay rates are exploited to distinguish different
brain tissues in sSMRI. Contrast in diffusion-weighted MRI (DWI) relies
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TABLE 1  Comparison between neuroimaging methods for human sleep research.

Space Acquisition

Modality Principle resolution  time Information  Cost Environment and requirements

SPECT Radiation level from gamma-emitting ~ 6-8 mm Minutes rCBF Medium  Injection of radioactive tracer
injected blood-injected tracers (perfusion)

PET Gamma radiation level secondary to 2-3 mm Seconds- rCBF High Injection of radioactive tracer
positron emission from blood- Minutes (perfusion)

injected tracers

fNIRS Blood oxygenation and blood volume  Centimetre  Seconds CBV, blood Low Required light avoidance

dependent absorption of near-
infrared light

fMRI Blood deoxyhaemoglobin 1-3 mm? Seconds?
concentration-dependent NMR
relaxation

SMRI Density and NMR relaxation 0.5-1mm  Seconds-
properties of water protons Minutes

DWI/ Water diffusion based on tissue 1-3 mm Minutes

DTI structural properties

oxygenation

Blood flow High Required fixed head, in-scanner space

(vascular) limitation, acoustic noise. Disturbs EEG
acquisition

Tissue High Required fixed head, in-scanner space

composition limitation, acoustic noise. Disturbs EEG
acquisition

Tissue High Required fixed head, in-scanner space

structure limitation, acoustic noise. Disturbs EEG

acquisition

Abbreviations: CBV, cerebral blood volume; DWI/DTI, diffusion-weighted imaging/diffusion tensor imaging; EEG, electroencephalography; fMRI,
functional magnetic resonance imaging; fNIRS, functional near-infrared spectroscopy; NMR, nuclear magnetic resonance; PET, positron emission
tomography; rCBF, regional cerebral blood flow; sMRI, structural magnetic resonance imaging; SPECT, single-photon emission computed tomography.
*These values are based on typical sleep neuroimaging studies; however, modern fMRI can achieve higher spatiotemporal resolution.

on the microscopic movement of water molecules, as the brain's vari-
ous tissue types and geometries will affect the diffusive motion of
water molecules in specific ways. A particular class of diffusion MRl is
diffusion tensor imaging (DTI), which promises to characterize micro-
structural changes (Campbell & Pike, 2019). For instance, DTl is used
to characterize the degree of anisotropy (fractional anisotropy), the
orientation of directional diffusion (radial and axial diffusivity D,/D,),
or magnitude characterization (mean diffusivity; for more in-depth
details on DTI measures estimation, please see Alexander et al., 2007;
Assaf & Basser, 2005; Stee & Peigneux, 2021; Zhang et al., 2012 for
reviews).

Functional MRI has become the most widely used technique for
studying human cognitive processes since its development in the early
1990s (Kwong et al., 1992). Blood oxygenation level-dependent (BOLD)
fMRI measures changes in the total amount of deoxygenated haemoglo-
bin in a voxel over time, and the quantity of deoxygenated haemoglobin
depends not just on the extraction of oxygen by active neurons but also
on blood flow and blood volume changes that together shape the BOLD
haemodynamic response (Huettel et al., 2004). The BOLD signal primar-
ily reflects the input and intracortical processing in a given region, rather
than the output reflected in action potential firing. Compared with PET
imaging, fMRI is non-invasive and can be repeatedly used in a broader
range of individuals without the safety constraints of PET regarding
radiation exposure. Finally, fMRI allows better spatial and temporal reso-
lution (down to ~1 mm and a few seconds, respectively; Table 1), allow-
ing the imaging of brain activity changes taking place over much shorter
time spans closer to the dynamics of cognitive processes. Combined,
these advantages explain fMRI's rapidly expanding application in cogni-

tive neuroscience.

For sleep neuroimaging studies, the various features of each
image acquisition technique not only determine the quality of the
image itself but the success of the study, since it is necessary to have
an adequate environment for the participants to consolidate and
maintain sleep including its deeper stages (Table 1). For instance, the
different tracers used in PET imaging have different kinetics, resulting
in H,'%0 shorter half-life allowing repeated measurements at the
same night, whereas the longer half-life of FDG-18 allows only a sin-
gle acquisition per night. However, the latter has the advantage that
once the injection takes place during the night, imaging acquisition
can be performed during awakening, thus enabling the subjects to
sleep more comfortably in a bed. The complementary strengths of
each method make simultaneous EEG and neuroimaging recordings
crucial for sleep neuroimaging studies. EEG accurately identifies sleep
stages and their characteristics using standard polysomnographic clas-
sification, while neuroimaging provides insight into brain activity and
metabolism with superior spatial resolution. This combined approach
allows novel interpretations of event-related activity or sleep stages
time-locked to brain dynamics. However, integrating the two
methods, especially in the case of fMRI, requires careful attention, as
all EEG equipment must be non-magnetic to ensure safety and signal
quality. A few example challenges for sleep research include the tech-
nical aspects impacting the final generalizability of results and data
quality. For example, the MRI environment is extremely loud and
uncomfortable for participants, often leading to inflated drop-out
rates and, consequently, smaller sample sizes compared with other
neuroimaging studies. While the use of noise-cancelling headphones
and custom-made earplugs are great mitigation strategies (discussed

further in the Discussion section), the smaller sample sizes limit the
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generalizability of findings, and larger studies are needed to confirm
initial results while better representing the broader population. Addi-
tionally, technical factors such as MRI gradients switching and the
cardio-ballistic artefacts affect EEG signal quality, further complicating
data acquisition and interpretation (Table A1).

The literature selection for this review was based on a systematic
search of the online databases PubMed, Web of Science and Google
Scholar for English articles. The search terms included “sleep” and
“neuroimaging” keywords present either in the title/abstract or
abstract fields. The initial search returned a total of 1894 articles and,
after removing duplicates and screening for non-sleep-deprived stud-
ies in healthy adults, the remaining articles were selected by
researchers based on their relevance to the following research ques-
tions: “How has sleep neuroimaging been conducted?”, “What are the
general neuroimaging discoveries to sleep research?”, and finally
“What are the advances in the field?”. We decided to focus the
review on two imaging modalities (PET and MRI) and two main
aspects of sleep neuroimaging. First, we will summarize the results of
sleep neuroimaging studies carried out in healthy non-sleep-deprived
subjects. Secondly, we will examine the challenges associated with
brain imaging in sleep research and discuss the potential future direc-
tions for the field. We will highlight the limitations and confounds that
affect the interpretation of neuroimaging data, and explore emerging
technologies and their potential applications in sleep research.

2 | NEUROIMAGING OF SLEEP
MACROSTRUCTURE

Neuroimaging techniques allow new insights into sleep macrostruc-
ture, allowing researchers to explore the neural activity and metabolic
demands of the brain during different stages of sleep. This
section covers two important subsections related to neuroimaging of
sleep. The first one focuses on local changes in brain blood flow,
which have been primarily measured using PET imaging. The results
of these studies have shown that there are significant regional differ-
ences in brain activity and metabolic rate during the sleep-wake cycle,
with decreases in activity observed during NREM sleep, and more het-
erogeneous activity observed during REM sleep. The second sub-
section discusses resting-state networks and thalamocortical
connectivity during sleep, which have been largely studied using fMRI.
Researchers have observed changes in the integrity of the default
mode network (DMN) during different stages of sleep, as well as alter-
ations in thalamocortical functional connectivity. These findings pro-

vide valuable insights into the mechanisms underlying sleep stages.

2.1 | Local changes in brain blood flow

Regional changes in blood flow by increases or accumulation of tracer
components is a pivotal indirect means to measure brain neural activ-
ity and metabolic consumption. As a consequence, the assessment of

changes in regional brain blood flow has advanced our understanding

of neural activity and metabolic demands throughout the sleep-wake
cycle. Early PET studies assessed cerebral glucose metabolic rates dur-
ing sleep, measured by FDG-18, in comparison to wakefulness. These
studies showed a continuous reduction in metabolic rate from wake-
fulness to NREM sleep, being greater in frontal than temporal areas,
and even more evident in the basal ganglia and thalamus compared
with most of the cortex, whereas activity was at similar levels or even
higher during REM sleep than in wakefulness, but more heteroge-
neous (Buchsbaum et al., 1989; Maquet et al., 1990). Activity further
decreased from NREM light stage N2 to deep NREM sleep stage N3
(Maquet et al., 1992), suggesting a continuous process in the transi-
tion from wakefulness to deep NREM sleep. Using H,*>O PET imag-
ing, Maquet et al. (1996) more precisely delineated the structures in
which rCBF is diminished during NREM sleep. Negative correlations
within the mesencephalon and the dorsal pons during NREM or SWS
were thought to reflect the decreasing neuronal firing of brainstem
systems leading to the hyperpolarization of thalamic nuclei
(Steriade & McCarley, 2013), eventually resulting in synchronized dis-
charge patterns over large neuronal populations that generate the
SWS hallmark's slow and high-amplitude oscillations measured by the
EEG. These findings suggest that rCBF distribution is not homoge-
neous during SWS. With the exception of primary cortical areas, sec-
ondary and associative cortical areas (more specifically in prefrontal
and parietal regions) presented larger decreases than others, indicat-
ing that cellular processes occurring during SWS might be modulated
differently in these regions. Likewise, Braun et al. (1997) and Anders-
son et al. (1998) observed a decrease in rCBF in the brainstem, thala-
mus and frontoparietal cortex, concluding that these areas play a role
in the mediation of arousal. An increasingly widespread deactivation
of cortical regions during the descent from light to deep NREM sleep
was also observed (Kajimura et al., 1999). On the subcortical level,
activity of the midbrain reticular formation was maintained during
light but not deep NREM sleep, thus representing a key distinguishing
correlate of sleep depth. Further, in agreement with previous PET
studies (Maquet et al., 1990; Maquet et al, 1992), a significant
decrease in rCBF as a function of delta activity was observed in the
thalamus, the cerebellum and the frontal cortex, specifically at the

anterior cingulate and orbitofrontal cortex (Hofle et al., 1997).

2.2 | Resting-state networks and thalamocortical
connectivity

Functionally connected regions share information observed in corre-
lated time series, forming connectivity patterns known as resting-state
functional networks. These networks have been broadly categorized
into cognitive control, sensory systems (visual, auditory and sensori-
motor) and the DMN, which characterizes brain activity in the
absence of goal-directed tasks, with much speculation about its integ-
rity (stability) during sleep. The thalamocortical network plays a cen-
tral role in sensory information processing, especially during states of
arousal (Castro-Alamancos, 2004). Thus, while thalamocortical con-

nectivity is distinct from the arousal network, it is significantly
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influenced by it. Understanding the interplay between these networks
is crucial for elucidating the mechanisms underlying brain function
and dynamic changes within networks during sleep.

Despite the physiological and behavioural differences between
sleep and wakefulness, the same resting-state networks still support
the falling asleep process. For instance, the DMN is preserved as dur-
ing wakefulness (Deco, Hagmann, et al., 2014; Horovitz et al., 2008;
Larson-Prior et al., 2009), with observed increased activity changes in
cortical areas at early N1 (Larson-Prior et al., 2011; Picchioni
et al.,, 2008). Similarly, an increase in BOLD signal fluctuation levels at
the visual cortex was observed (Horovitz et al., 2008) with no evi-
dence of reduced functional connectivity in sensory and association
networks (Larson-Prior et al., 2009). The dorsal attention network
demonstrated a modest yet statistically significant increase in func-
tional connectivity during light sleep (Larson-Prior et al., 2009).
Despite the maintenance of these networks during light sleep, as
sleep deepens, functional connectivity transitions from a globally inte-
grated state to smaller independent modules, exhibiting decreased
long-term temporal dependences (Boly et al., 2012; Spoormaker
et al., 2012; Tagliazucchi et al., 2013). This is associated with the
decreased conscious awareness and the brain's ability to integrate
information. There is a gradual decrease in the connectivity of the
frontoparietal regions, the posterior cingulate and retrosplenial corti-
ces to the midposterior DMN node, and the contributions of the
medial prefrontal cortex to the DMN (Sdmann et al, 2011;
Spoormaker et al, 2012). This occurs in a stepwise manner with
increasing sleep depth, ultimately leading to the fragmentation of
these connections, which sets the stage for subsequent sleep stages.

The transition to deep sleep is characterized by increased func-
tional segregation (Madsen et al., 1991). This shift is consistent with
changes in EEG delta power, suggesting a possible correlation between
changes in brain network modularity and shifts in consciousness across
sleep stages. Markers of reduced consciousness during deep sleep, such
as preservation of posterior connectivity and decoupling of the medial
prefrontal cortex, have been identified in studies (Horovitz et al., 2009;
Koike et al., 2011; Sdmann et al., 2011; Spoormaker et al., 2012). In
addition, several studies have reported a decrease in DMN connectivity
that correlates with the degree of consciousness impairment in mini-
mally conscious, vegetative and comatose patients (Vanhaudenhuyse
et al., 2010). Other reports of DMN reductions are documented by
Blautzik et al. (2013) and Boveroux et al. (2010). Reduced activity in
frontal areas is consistent with previous PET studies reporting
decreased metabolism in these regions during N3 sleep, suggesting the
presence of local slow-wave activity (Stevner et al., 2019). Brain con-
nectivity during deep sleep reveals a nuanced landscape of conscious-
ness modulation, as evidenced by the distinctive patterns of brain
connectivity and activity identified during different sleep stages. The
intriguing paradox of diminished consciousness coexisting with
increased activity in specific cortical regions challenges our understand-
ing of the complexities underlying the brain mechanisms during sleep.

There is a lack of consensus regarding REM sleep and resting-state
networks connectivity. The connectivity of the DMN core regions

appears to remain relatively stable across sleep stages, including REM

Research

sleep. Nevertheless, there is a notable reduction in the connectivity
between the dorsomedial prefrontal cortex and the posterior cingulate
cortex during REM sleep compared with NREM sleep. This reduction in
frontoparietal connectivity is suggested to characterize REM sleep, with
the ability to logically bind stored information significantly diminished
due to dorsomedial prefrontal cortex dissociation, which may explain
the prevalence of bizarreness in REM sleep dreams (Koike et al., 2011).
Conversely, a reduction in DMN activity, occurring in synchrony with
REMs, has been observed in the posterior cingulate and retrosplenial
cortices (Hong et al., 2021), and fronto-parietal and sensory-motor net-
works have shown increases during REM sleep compared with
decreased activity during SWS (Watanabe et al., 2014). Additionally,
DMN hyperconnectivity during REM sleep was observed in a small
sample of only two participants (Wu et al., 2012). In conclusion, the
results of the studies reviewed indicate a complex connectivity pattern
during REM sleep, with findings that are not entirely consistent with
one another. A recent high-density EEG study has demonstrated that
both the breakdown and reconnection processes occurring during REM
sleep are network- and frequency-specific (Titone et al., 2024). This
complexity, when considered alongside the challenges of acquiring
REM sleep data inside the scanner, has resulted in under-sampled stud-
ies. This highlights the necessity for increased efforts to investigate the
neurocharacterization of REM sleep with reasonable sample sizes.

The thalamus serves as a gateway that regulates the flow of sen-
sory inputs to the neocortex. It is highly connected to the cortex during
wakefulness (Castro-Alamancos, 2004). However, the thalamus discon-
nects from higher functional brain networks in the process of falling
asleep, excluding thalamic nodes and highlighting increased functional
connectivity between cortical regions (Spoormaker et al., 2010). This
phenomenon was further supported by findings emphasizing altered
thalamocortical functional connectivity during light sleep and its associ-
ation with specific thalamic subdivisions and cortical projections
(Andrade et al., 2011; Hale et al., 2016; Picchioni et al., 2014; Shmueli
et al., 2007). These findings were also evidenced in fast-fMRI (Setzer
et al,, 2022) and support the hypothesis that the thalamus plays a criti-
cal role in sleep-wake regulation (Jiang et al., 2021). The transition to
deep sleep has been shown to result in a nuanced rearrangement of
thalamic connectivity, this connectivity shift showed preserved propa-
gation within the brainstem-thalamic axis and region-specific effects in
the cortex (Mitra et al., 2015). In summary, thalamic connectivity
undergoes distinct patterns during different NREM sleep stages. The
sleep onset shows a disconnection from higher brain networks,
increased cortical connectivity, and specific thalamic and cortical associ-
ations. In contrast, the process of deep sleep involves a more intricate
rearrangement of thalamic connectivity.

In summary, the study of neural activity during different stages of
sleep reveals a complex and dynamic interplay between brain networks
and consciousness. Resting-state functional networks, such as the DMN,
are crucial in shaping connectivity patterns during wakefulness and sleep
stages. The DMN shows preserved connectivity during light sleep but
changes during deep sleep, accompanied by a breakdown of long-range
functional connectivity. Thalamic connectivity also undergoes distinct

patterns, with light sleep onset showing disconnection from higher brain

518017 SUOWILIOD BANIERID 3| [dde 3} Ad PeuBAOB 32 SDILE YO ‘88 J0 3N 10 ARIGI1T BUIIUO AB|IA UO (SUONIPUOD-PLE-SLLLBI 0D 3| 1M ARG PUIIUO//SAIY) SUOIPUOD PUE SWLB | 81 39S *[G202/20/7Z] U AIqiTauIluo /B]iM “AISIeAun 1IpeD Ad Z9vyT S ITTTT'0T/I0p/w00 o] W AZid1Bul|uo//Sdy Woa ppeojumod ‘0 ‘698ZG9ET



6 of 21 Journal of
Slee

KSRSVM

PEREIRA ET AL.

Research

Default Mode Network

Light Sleep

Deep NREM Sleep

REM sleep

FIGURE 1

Sensorimotor Network Visual Network

Functional connectivity patterns across different sleep stages. Light Sleep: the default mode network (DMN), which is

characterized by brain activity without goal-directed tasks, is preserved similarly to wakefulness, with increased connectivity in the dorsal
attention network and heightened blood oxygenation level-dependent (BOLD) signal fluctuations within the visual network. Deep non-rapid eye
movement (NREM) Sleep: DMN connectivity is significantly reduced, especially between the parietal cingulate cortex (PCC) and the medial
prefrontal cortex, with the medial prefrontal cortex becoming decoupled from the rest of the DMN. Rapid eye movement (REM) Sleep: DMN
activity is further reduced compared with deep NREM sleep, with decreased connectivity between the dorsomedial prefrontal cortex and the
PCC. REMs-locked DMN activity is reduced, while activity in the sensorimotor network is increased.

networks and increased cortical connectivity, while deep sleep involves
subtle rearrangements. The DMN is attenuated during REM sleep, sug-
gesting deactivation during this phase. However, connectivity involving
the inferior temporal gyrus to core DMN regions is more robust during
REM sleep than during deep NREM sleep, suggesting higher or wake-like
brain activity during REM sleep (Figure 1). A caveat to REM sleep find-
ings is that published studies have relied on small sample sizes due to the
challenges of obtaining REM sleep in the scanner. More studies with
larger sample sizes are needed to support or refute the current literature.
As we unravel the complexities underlying brain mechanisms during
sleep, these findings open new avenues for research and contribute to a
broader perspective on the intricate relationship between brain net-

works, consciousness and sleep stages.

3 | NEUROIMAGING SIGNATURES OF
SLEEP MICROSTRUCTURE

This section will provide an overview of the findings in the neuroimag-

ing studies of sleep microstructure. The term “event-related” will be

used to describe the correlation patterns in brain activity data during
EEG-defined sleep stages. This type of study involves simultaneous
EEG and another neuroimaging modality such as fMRI. We will exam-
ine the relationship between specific sleep features such as vertex
waves, spindles, K-complexes and slow waves with brain activity data.
Each sleep stage has its own unique features, and brain oscillations
are crucial in defining each stage and may serve particular functions in
the brain. In this section, we will summarize the findings in two areas:
NREM sleep features (vertex waves, spindles, slow waves and
K-complexes); and REM sleep features (PGO waves and rapid-eye-

movements).

3.1 | Vertex waves

Vertex sharp transients have gained less attention despite their fre-
quent occurrence and relevance for sleep onset. The specific EEG fea-
tures of vertex waves comprise a large negative discharge with a
particular waveform, narrower and more focal than K-complexes. Ver-

tex waves are thought to be a direct response to an external stimulus
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or a mechanism to sustain sleep after a stimulus. The first imaging
study of the anatomical correlates of vertex sharp transients found
regions of maximal local signal changes located at the paracentral cor-
tex, medial occipital cortex, right and left superior temporal cortex,
and right and left pre-central cortex (Stern et al., 2011). The findings
indicate that vertex waves, which are associated with brief multimodal
sensory experiences and may modulate awareness of the external
world during NREM sleep, are mainly localized at the primary sensori-
motor cortices, a distribution that differs from that of sleep spindles.
Therefore, it is suggested that vertex waves are not a gating of sen-
sory function at a central location, such as the limbic system or the
thalamus, but rather a distributed phenomenon in the neocortex that
may be correlated to hypnagogic experiences taking place at the
beginning of NREM sleep.

3.2 | Spindles

Sleep spindles are a hallmark pattern of NREM sleep stage 2, and can
be defined as a train of distinct waxing and waning waves with a fre-
quency between 11 and 16 Hz (most commonly 12-14 Hz) with a
duration of at least 0.5 s (Berry et al., 2012). Sleep spindles were
observed in the first sleep recordings by Loomis et al. (1935), mostly
occurring in N2 stage of the night and uncorrelated with heartbeat,
respiration or muscle activity. Over the last decades, interest in under-
standing the function of sleep oscillations has increased considerably.
Although the function of spindles is still unclear, several studies indi-
cated its important role in memory consolidation and the relationship
between certain features of spindles with age and intelligence
(De Gennaro & Ferrara, 2003; Ujma, 2021). The latter might be
explained by the fact that spindles to some extent highlight the effi-
ciency of brain connectivity mechanisms needed to ensure efficient
processing and integration of information, as shown by the relation
between sleep spindles and white matter diffusion (Piantoni
et al., 2013).

Based on the division criterion that slow spindles (< 13 Hz) pre-
dominate over frontal EEG derivations, and fast spindles (>13 Hz)
over centroparietal derivations, Schabus et al. (2007) investigated the
brain regions related to the two distinct types of sleep spindles, while
Andrade et al. (2011) analysed the hippocampal-neocortex connectiv-
ity of sleep spindle occurrence. These results showed the same origin
in the thalamus for both spindles, but different activation patterns in
the cortex. Both spindle types showed a common activation pattern
in haemodynamic encompassing the anterior cingulate cortex, left
anterior insula and superior temporal gyrus. But fast spindles
expanded more broadly across the cortex, showing strong activations
in the supplementary motor area, sensorimotor and mid-cingulate cor-
tex, whereas slow spindles correlated predominantly with activity in
the right superior frontal gyrus. Caporro et al. (2012) also reported
correlations with the posterior cingulate and right paracentral cortex;
however, they only stated that these were central spindles, without
specifying the frequency. These findings support the existence of two

spindle types during human NREM sleep, and it has been suggested
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that fast spindles participate in the processing of sensorimotor and
mnemonic information. Additionally, functional connectivity between
the hippocampus and the neocortex exhibited a stable interaction
with fast spindles, most pronounced in the subiculum, lateral tempo-
ral, insula, cingulate and medial prefrontal cortices (Andrade
et al., 2011). However, no specific hippocampal activation was directly
associated with slow or fast spindles. This suggests that spindle activ-
ity may increase functional connectivity between hippocampal and
neocortical regions, but that it is not the only cause of connectivity.
For more mechanisms and functions of spindles, see Fernandez's

review paper (Fernandez & Luthi, 2020).

3.3 | Slow waves and K-complexes

The NREM sleep is dominated by spindles and slow waves. The slow
waves characterized by a frequency range of 0.5-2 Hz and peak-
to-peak amplitude greater than 75 pV were first described in intracel-
lular recordings obtained from anaesthetized cats. Slow waves can be
observed in most cortical areas, especially in the primary sensory,
association and motor cortices. However, the prevalence of slow
waves in the primary visual cortex is lower (Steriade &
McCarley, 2005). Tushaus et al. (2017) further confirmed the role of
the prefrontal cortex in slow wave generation. Frontal activation dur-
ing slow-wave activity, although no association with the thalamus,
was also reported using PET by Dang-Vu et al. (2005), in line with pre-
vious EEG studies (Finelli et al., 2001; Happe et al., 2002; Werth
et al., 1997). Subsequent work has shown that the process of falling
asleep can be characterized by large steep widespread slow waves,
named type | slow waves, that are source-localized to the medial pre-
frontal cortex and sensory-motor areas and are thought to be gener-
ated in the brainstem. Once sleep deepens, type Il slow waves are
characteristically smaller and shallower, and are not originated in any
specific cortical area (Bernardi et al., 2018; Siclari et al., 2014). How
does the amplitude of slow waves reflect in fMRI-assessed brain
activity? Dang-Vu et al. (2008) studied medium (75-140 uV) and high
(>140 nV) amplitude slow waves, and the results indicated an associa-
tion between activity in mesial-temporal areas and slow-wave ampli-
tude, with medium-amplitude waves preferentially activating frontal
areas, and high-amplitude waves being related to brainstem and para-
hippocampal activations. These findings suggested that different
amplitudes are differently distributed across the scalp when compared
with baseline activity. Specifically, higher neuronal synchronization
results in larger amplitude of slow waves activating mesial-temporal
areas and possibly facilitating memory consolidation during NREM
sleep.

K-complexes are sparse occurrences of often large and isolated
slow waves during N2 sleep, and are characterized by a brief positive
wave followed by a larger negative wave and then by a positive wave
again (Loomis et al., 1935). They are generated by the widespread
occurrence of outward dendritic currents in cortical areas from the
middle to upper layers of the cerebral cortex, usually accompanied by

a decrease in EEG power, leading to reduced neural network activity
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(Cash et al., 2009). Caporro et al. (2012) investigated the fMRI of
K-complexes, finding the fMRI signal associated with K-complexes
comprises regions involved with spindles and vertex sharp transients,
being maximal at the right post-central gyrus, right pre-central gyrus,
left pre-central gyrus, right thalamus, right insular cortex and right
superior temporal gyrus. These findings contrasted with previous
results by Laufs et al. (2007) that identified widespread signal
decreases involving the thalamus, frontal, central, temporal and parts
of the occipital cortices. However, both results are consistent with
the cortical down-state theory of K-complexes (Cash et al., 2009).
Jahnke et al. (2012) applied dynamic causal modelling (DCM) to fMRI
data acquired during sleep to investigate the causal hierarchy associ-
ated with fMRI responses to K-complexes. This study revealed that
K-complexes simultaneously inhibit arousals and allow passive proces-
sing of incoming sensory information.

Recently, Fultz et al. (2019) identified coupled electrophysiologi-
cal, haemodynamic and cerebrospinal fluid (CSF) dynamics during
NREM sleep. By acquiring fMRI data at high temporal resolution, the
fast acquisition can also detect fluid inflow arriving at the edges of
the imaging volume, thus allowing the authors to measure CSF flow
dynamics simultaneously with the BOLD signal. First, they reported
that CSF signal shows large oscillations (~0.05 Hz) during NREM
sleep, while CSF small-amplitude (~0.25 Hz) signal was observed dur-
ing wakefulness. In addition, nearby non-CSF regions did not exhibit
such an effect. Next, they observed increases in BOLD signal ampli-
tude in cortical grey matter regions compared with wakefulness, con-
sistent with previous studies showing low-frequency BOLD
fluctuations during sleep. Additionally, the CSF signal was strongly
temporally coupled to large fluctuations in the cortical grey matter
BOLD signal during sleep, showing a strong anticorrelation that may
indicate an alternation of blood flow and CSF flow during NREM
sleep. To understand the potential mechanism, the authors hypothe-
sized that EEG slow-delta (0.2-4 Hz) oscillations might be coupled to
blood volume oscillations, leading to changes in CSF flow. They found
that neural oscillations preceded CSF oscillations, with a peak in EEG
slow-delta (0.2-4 Hz) oscillations occurring 6.4 s before the CSF peak.
This work discovered that large waves of CSF flow appear during
sleep, and identifies slow neural activity as a potential contributing
mechanism to driving CSF flow.

Several researchers have found strong fMRI signal changes coincid-
ing with K-complexes, including the above study (Caporro et al., 2012;
Fultz et al., 2019; Jahnke et al., 2012; Ozbay et al., 2019). These may
reflect the temporary decrease in neuronal activity during the cortical
down state attributed to them (Cash et al., 2009). Fultz et al. (2019)
found that these fMRI changes are associated with CSF pulsations and,
therefore, that K-complexes may have relevance for brain waste clear-
ance through the glymphatic system, which has been shown to be more
active during sleep (Xie et al., 2013). However, it is important to con-
sider that large slow waves during N1 and N2 sleep (called type | slow
waves; Bernardi et al., 2018; Siclari et al., 2014) are distinctly different
than the type Il slow waves that dominate N3. In fact, type | slow
waves like K-complexes are often accompanied by autonomic arousal
(Colrain, 2005), while the latter have little autonomic correlate.

Importantly, autonomic variability, including changes in heart rate and
respiration, have been recognized as strong contributors to BOLD fMRI
global signal (GS) fluctuations (Birn et al., 2006; Chang et al., 2009;
Shmueli et al., 2007). To investigate the possible contribution of sleep-
specific autonomic contributions to CSF pulsations, recent work exam-
ined the lag between slow waves, GS reductions and CSF pulsations
(Ozbay et al., 2019; Picchioni et al., 2022), and considered both electro-
cortical and autonomic contributors. In the neural pathway, vasocon-
strictions lag reductions in electrocortical activity by the well-
established 4-6 s delay dictated by the haemodynamic response. Auto-
nomic pathway delays are longer and may reach 12-15 s, owing to the
more sluggish effects of sympathetic and respiratory activity on vascu-
lar tone (Picchioni et al., 2022). Indeed, these researchers found the lag
between slow-wave activity and BOLD to average 13.7 s for the
approximately 30 hr of N2 data considered. Thus, autonomic activity is
an important contributor to CSF pulsations during N2 sleep. Data from
this and future studies should be further analysed to quantify the rela-
tive contribution of autonomic effects. This does not take away the
possibility that during N3, where slow-wave activity is prevalent but
not associated with autonomic arousals, neurovascular responses are
the driving factor of CSF pulsations. However, because BOLD GS fluc-
tuations (and accompanying CSF pulsations) are typically relatively
small during N3 (e.g. see fig. 2 in Picchioni et al., 2022), simply the den-
sity of slow waves does not appear to be the determining factor in the
generation of CSF pulsations. However, precisely how large-scale CSF
flow relates to clearance remains poorly understood. Intriguingly, a
recent MRI study used a contrast agent injected into the CSF to directly
measure brain waste clearance in humans, and showed that sleep
induces faster clearance (Eide et al., 2021), highlighting the importance
of understanding fluid transport during sleep. More research is needed
to explore the relationship between slow-wave activity and brain clear-
ance (for review, see Lewis, 2021). As will be discussed below, these
conclusions point to the importance of accounting for autonomic
effects when interpreting EEG-fMRI correlations, especially with
arousal variations (Duyn et al, 2020; Ozbay et al, 2019; Soon
et al., 2021).

Much of this discussion does not consider the functional role of
K-complexes/type | slow waves and the associated neuroimaging
activity in terms of waking cognitive outcomes. As Naji et al. (2019)
showed, there is a positive correlation between overnight improve-
ment in a declarative memory task and the extent that phasic
increases in heart rate are time-locked to 0.4-3.3 Hz waves during N2
and N3 sleep. This is aligned with prior work because, as reviewed by
McGaugh (2013), sympathetic nervous system activity occurring sub-
sequent to memory encoding still improves recall. This or similar ideas
must be considered when designing future neuroimaging studies of

K-complexes/type | slow waves.

3.4 | PGO waves and rapid-eye-movements

The PGO waves are described as phasic bioelectrical potentials occur-

ring either in isolation or in bursts during the transition from SWS to

518017 SUOWILIOD BANIERID 3| [dde 3} Ad PeuBAOB 32 SDILE YO ‘88 J0 3N 10 ARIGI1T BUIIUO AB|IA UO (SUONIPUOD-PLE-SLLLBI 0D 3| 1M ARG PUIIUO//SAIY) SUOIPUOD PUE SWLB | 81 39S *[G202/20/7Z] U AIqiTauIluo /B]iM “AISIeAun 1IpeD Ad Z9vyT S ITTTT'0T/I0p/w00 o] W AZid1Bul|uo//Sdy Woa ppeojumod ‘0 ‘698ZG9ET



PEREIRA ET AL.

O . | 9021

REM sleep or even during REM sleep itself. PGO waves that trigger
the bursts of rapid eye movements observed in REM sleep are mostly
recorded in the pons (Jouvet, 1959), the lateral geniculate bodies
(Mikiten, 1961) and the occipital cortex (Mouret et al., 1963), but can
also be observed in other parts of the animal brain (Hobson, 1964).
Among other functions, PGO waves during REM sleep are hypothe-
sized to promote brain development and to facilitate brain plasticity
(Gott et al., 2017). REMs during REM sleep are likely generated by
similar PGO mechanisms in man as in animals. In humans, during REM
sleep but not wakefulness, ocular movements density significantly
correlated with rCBF in the mesencephalon and the thalamus, includ-
ing the lateral geniculate body, the right parahippocampal gyrus, the
striate cortex, the precuneus, the right anterior cingulate cortex and
the supplementary motor area (Peigneux et al., 2001). Similar findings
were reported using fMRI by Wehrle et al. (2005), who found activity
in secondary cortical areas, basal ganglia, the cingulate midline atten-
tional system and the midbrain. In the same line, loannides et al.
(2009) took opportunity of the high temporal resolution of magne-
toencephalographic (MEG) recordings to evidence that PGO activity
bursts precede the onset of the rapid eye movement. Investigations
of the visual cortices and their projections during REM sleep suggest a
mechanism underlying REM sleep, where paralimbic projections of
the visual cortices dissociate from the hierarchy of visual regions
mediating perception of the external environment. Such a dissociation
may explain some features of dreaming and the absence of reflective
awareness (Braun et al., 1998).

The PET studies correlated the occurrence of REMs with cerebral
blood flow in the visual cortex, thalamus, dorsolateral prefrontal cor-
tex, anterior cingulate cortex, putamen, pons and amygdala (Hong
et al., 1997; Peigneux et al., 2001). Using simultaneous fMRI and poly-
somnography recordings during REM sleep, Wehrle et al. (2005)
found BOLD signal increases in the geniculate body and occipital cor-
tex in close temporal relationship to REMs during human REM sleep.
In subsequent studies, Miyauchi et al. (2009) not only confirmed that
significant activation accompanying REMs in the lateral geniculate
nucleus and the bilateral primary visual cortex, but also revealed that
activation of the pontine tegmentum, ventroposterior thalamus and
primary visual cortex started before REM onset, whereas activation of
the putamen, anterior cingulate, parahippocampal gyrus and amygdala
accompanied REMs using an event-related analysis time-locked to the
occurrence of REMs. Moreover, as a control group, subjects made
self-paced saccades in total darkness showing no activation in the
visual cortex. The above brain regions whose activity correlates with
REMs were also confirmed by research by Hong et al. (2009), and
those regions are similar to the brain structures involved in the gener-
ation of PGO waves, as previously reported in animal studies
(Callaway et al., 1987), thus suggesting the presence of similar pro-
cesses occurring during human REM sleep. Unexpectedly, Hong et al.
(2009) showed REMs-related activation also occurred in non-visual
sensory cortices, motor cortex, language areas and the ascending
reticular activating system. One possible reason for their distributed
REM-locked activation is that instead of gold-standard electrooculo-

gram (EOG), they used video monitoring of eye movements that
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detected approximately four times as many REMs. In brief, these stud-
ies indicate a sharing mechanism beyond the expected visual scanning
mechanisms between waking and dreaming. Regarding the studies
conducted in REM sleep, it should be taken into account that whereas
NREM sleep oscillations and phasic events (e.g. slow waves, spindles,
K-complexes) have been extensively studied and delineated, more
studies are still needed to address with the same level of details the
heterogeneous nature of REM sleep with its phasic and tonic constit-
uents (Simor et al., 2020).

4 | NEUROIMAGING CORRELATES OF
SLEEP PHENOMENOLOGY

Neuroimaging techniques have provided valuable insights into the
neural correlates of sleep stages and subjective sleep experiences
such as dreaming and sensory processing. This section will review the
neuroimaging findings on background activity during sleep and its
relationship with sleep phenomenology. Specifically, we will explore
the concurrent brain activity during dreaming and sensory processing
during sleep, linking brain structural measures to sleep-related behav-
iour outcomes, and the coupling between sleep features and brain
structural measures. These subsections aim to provide a comprehen-
sive overview of the neural underpinnings of sleep-related phenom-
ena and the implications for sleep-related behaviour outcomes.

41 | Background activity concurrently with
dreaming and sensory processing during sleep

The investigation into brain activity during sleep has greatly advanced
through the application of neuroimaging techniques. These methodol-
ogies have not only provided insights into the neural correlates of
sleep stages, but have also offered valuable information on event-
related activity and subjective sleep experiences such as dreaming,
lucid dreaming and sensory processing. This comprehensive under-
standing of background activity during sleep serves as a window into
the underlying mechanisms of sleep and its various phenomena. In
this section, we will review the neuroimaging findings on background
activity during sleep and its relationship with sleep phenomenology.
To investigate the neural mechanisms underlying the content of
dream experiences during REM sleep, Dresler et al. (2011) exploited
the rare phenomenon of lucid dreaming, in which individuals become
aware of their dream state and exhibit wake-like cognitive abilities
while in physiological REM sleep (Baird et al.,, 2019). Lucid dream
experts were instructed to perform a sequence of left- and right-hand
movements, alternating with left-right-left-right eye movements,
during lucid dreaming or while engaged in both an imagined and actual
waking hand-clenching task. The fMRI recordings during lucid REM
dreams revealed increased BOLD signals in the sensorimotor cortex
contralateral to the side of movement. In particular, activation during
dreaming showed more localized patterns than during wakefulness,

consisting of small clusters indicating either weaker or focal activation
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exclusively in hand areas. These findings marked the first demonstra-
tion of specific dream content during lucid dreaming, reinforcing that
activation of motor imagery closely aligns with patterns associated
with motor execution. Subsequently, Dresler et al. (2012) directly
compared the neural correlates of lucid dreaming versus non-lucid
REM sleep using fMRI recordings from two stable lucid dreaming epi-
sodes. The study revealed increased activity in the right dorsolateral
prefrontal cortex, consistent with previous EEG studies of lucid
dreaming (Voss et al., 2009). The most pronounced activation
occurred in the precuneus during lucid dreams as opposed to non-
lucid REM dreams. Interestingly, despite the usual impairment of
working memory in ordinary dreams, the authors observed activation
in the parietal lobules and activation in the dorsolateral prefrontal cor-
tex, suggesting potential working memory demands. In addition,
increased activation in bilateral frontopolar areas was noted, suggest-
ing a possible link to the processing of internal states.

Is functional connectivity at the anterior prefrontal cortex associ-
ated with lucid dreaming frequency? Frequent lucid dreamers, com-
pared with a control group, showed increased resting-state functional
connectivity between the left anterior prefrontal cortex and the bilat-
eral angular gyrus, right inferior frontal gyrus and bilateral middle tem-
poral gyrus (Baird et al., 2018). These findings, combined with the
reported case study of lucid dreaming (Dresler et al., 2012), suggest
that lucid dreaming frequency is associated with increased BOLD con-
nectivity between the anterior prefrontal cortex and temporoparietal
areas. The anterior prefrontal cortex and inferior parietal lobule/
angular gyrus also exhibit reduced rCBF during REM sleep compared
with wakefulness (Braun et al., 1997; Braun et al., 1998; Maquet
et al., 1996). In addition, Eichenlaub et al. (2014) found that high
dream recallers show higher rCBF in the temporoparietal junction and
the medial prefrontal cortex during REM sleep and wakefulness com-
pared with low dream recallers. These results suggest that the tem-
poroparietal junction and the medial prefrontal cortex are involved in
the dream recall process, and support the hypothesis of an association
between lucid dreaming frequency and increased BOLD connectivity
between the anterior prefrontal cortex and temporoparietal areas.

Another interesting topic of research is how the brain processes
external stimuli during sleep. Although sleep is typically viewed as a
state of behavioural unresponsiveness, it does not mean the brain is
not receptive to external sensory inputs (Blume et al., 2018). In fact, a
wide range of studies have shown that the primary sensory cortex can
still be activated by external stimuli during sleep in adults (Portas
et al., 2000; Wilf et al., 2016) and children (Redcay et al., 2007; Wilke
et al., 2003). However, other studies have shown decreased activation
of the sensory cortex when compared with wakefulness (Born
et al., 2002; Czisch et al., 2002), with this decrease being linked to the
presence of K-complexes, thought to be a sleep protection mecha-
nism (Czisch et al., 2004). Event-related studies have also found that
stimuli-related brain activation during NREM sleep is correlated with
the presence of sleep spindles or the phase of K-complexes (Czisch
et al., 2009; Dang-Vu et al., 2011; Schabus et al., 2012). Using an
acoustic oddball paradigm, Czisch et al. (2009) reported a prominent
negative BOLD response for (rare) tones, yet no wake-like activation

of the auditory cortex. In their data, only rare tones, followed by an
evoked K-complex, were associated with a wake-like activation of
task-related areas in the temporal cortex. Additionally, the phase
of the K-complex did not appear to alter brain responses in the thala-
mus and primary sensory cortex, but it does modulate the responses
at higher cortical levels as shown in the superior temporal gyrus
(Schabus et al., 2012). Moreover, sound-related brain activations are
constrained to the caudal part of the inferior colliculus when sounds
are played during sleep spindles, whereas similar activations can occur
in the auditory cortex when sounds are played in the absence of sleep
spindles (Dang-Vu et al., 2011). These studies supported the “Tha-
lamic Gating Hypothesis™, which proposes that the thalamus acts as a
gatekeeper during sleep and is mediated by spindles and K-complexes
that drive the activity of cortico-thalamic loops (McCormick &
Bal, 1994). These findings provide evidence that spindles and
K-complexes serve as sleep-protective mechanisms while partially

supporting the role of the thalamus as a gatekeeper during sleep.

4.2 | Sleep features and brain structural coupling
Previous research has extensively investigated the correlation
between brain activity and sleep characteristics. However, the rela-
tionship between brain structural measures and brain function during
sleep remains under-investigated. Tagliazucchi et al. (2016) explored
the influence of anatomical connectivity on changes in functional con-
nectivity between wakefulness and deep sleep. Their findings
revealed regional differences, with primary sensory, motor, auditory
and visual cortices showing increased structural-functional coupling
during N2 and N3 sleep compared with wakefulness. In contrast, fron-
toparietal regions exhibited a disconnection between structure and
function. Notably, coupling between structural and functional net-
works increased during deeper sleep NREM stages but not during
light sleep (N1). These findings align with previous research indicating
divergent cortical dynamics during NREM sleep and suggest a conver-
gence of structural and functional connectivity near a critical point,
facilitating efficient and controlled neural propagation (Deco,
Mclintosh, et al., 2014; Tagliazucchi et al., 2016).

Sleep spindles have been shown to have distinct features and can
be characterized in terms of the frequency range, for instance slow
(< 13 Hz) and fast (>13 Hz) spindles (Schabus et al., 2007). Investigat-
ing the relationship between fast and slow spindles and structural
measures can shed light on their precise functions. Saletin et al.
(2013) combined EEG sleep recordings with high-resolution sMRI to
reveal that grey matter volume in interoceptive and exteroceptive
cortical regions correlates with slow sleep spindles. Additionally, grey
matter volume in the bilateral hippocampus was associated with fast
sleep spindles, supporting their role in declarative memory processing.
Individual differences in slow-wave oscillations, linked to grey matter
volume in the basal forebrain and medial prefrontal cortex, further
underscore the potential connection between sleep physiological phe-
nomena and macroscopic brain structure. Another topic of interest is

brain plasticity, i.e. the structural brain changes as a consequence of
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learning and post-training sleep, probing the links between MR struc-
tural measurement-related modifications and the underlying micro-
structural brain processes, and bidirectional influences between
structural and functional brain changes (for review, see Stee &
Peigneux, 2021).

White matter tracts constitute the brain's neuronal structural
foundation, and alterations in neural activation may alter sleep spin-
dles and slow-wave oscillations. Based on this association, Piantoni
et al. (2013) observed that higher spindle power correlated with
higher D, (axial diffusivity) in the forceps minor, anterior corpus callo-
sum, temporal lobe areas and the thalamus. Individuals with a steeper
rising slow-wave slope showed higher D, in the temporal fascicle and
frontal white matter tracts. Consistent with these findings connecting
white matter integrity as a predictor of quantitative and qualitative
features of sleep spindles in young adults, Mander et al. (2017)
showed that age-related degeneration of white matter tracts is associ-
ated with reduced sleep spindles in older adults. Consequently, human
brain white matter integrity influences sleep spindle decline in older
adults, and thus sleep-dependent motor memory consolidation in later

life more than age per se.

4.3 | Neuroanatomical correlates of sleep-related
behaviour outcomes

The influence of brain structure on behaviour is a central challenge in
scientific research, with various statistical and mathematical models
helping to identify significant relationships between brain structural
metrics (e.g. cortical thickness, volume, microstructural estimates) and
behavioural outcomes (e.g. questionnaires, task-specific scores). A
study associating dream recall frequency with cerebral blood flow at
the medial prefrontal cortex and temporoparietal junction linked
increased white matter density in the medial prefrontal cortex to high
dream recallers, offering an anatomical counterpart to functional
changes observed in previous studies. Vallat et al. (2018) compared
grey and white matter measures between high and low dream
recallers, and did not find significant differences in grey matter density
between high and low recallers. However, increased white matter
density in the medial prefrontal cortex was observed. This result intro-
duces an anatomical counterpart to multiple findings reporting func-
tional changes between high and low dream recallers. It also supports
lesion studies that showed a cessation of dream reports after damage
localized to the lateral ventricles' frontal horns (Solms, 1997). For fre-
quent recallers of lucid dreams, Filevich et al. (2015) reported a higher
grey matter volume in the frontopolar cortex compared with individ-
uals with low lucid dreaming frequency. While Baird et al. (2018) were
not able to replicate these structural findings, both studies reported
functional differences related to the frontopolar cortex during wake-
fulness in high versus low lucid dream recallers.

In sleep research, DTI has been employed, for instance, to investi-
gate associations of brain microstructural properties with sleep quality
and duration. Khalsa et al. (2017) investigated changes in fractional

anisotropy and mean diffusivity concerning these sleep variables.

Research

Sleep patterns were measured during 14 days using actigraphy and
sleep diaries. The authors reported positive correlations between
sleep duration and fractional anisotropy in the left orbitofrontal region
and the right superior corona radiata. In contrast, sleep duration nega-
tively correlated with mean diffusivity in right orbitofrontal white mat-
ter and the right inferior fasciculus. Moreover, sleep quality was
associated with fractional anisotropy measures in the left caudate.
Takeuchi et al. (2018) extended these findings in a cohort of over
more than 1000 healthy young adults, revealing negative correlations
between sleep quality and mean diffusivity in the prefrontal cortex
and right hippocampus, while positive correlations between sleep
duration and mean diffusivity were found in the prefrontal cortex and
dopaminergic systems. These results suggest that total sleep time
and subjective sleep quality are associated with subtle brain micro-

structural changes.

5 | SLEEP NEUROIMAGING CHALLENGES
AND FUTURE DIRECTIONS

Sleep neuroimaging comes with considerable challenges due to the
unnatural environment that makes it difficult to consolidate and main-
tain sleep (Figure 2). The scanner setting requires movement restric-
tions, with the exception of NIRS, to avoid motion artefacts. The
acoustic noise of MRI is not conducive to maintaining and consolidat-
ing sleep, and may affect its brain activity patterns. A further compli-
cation of sleep neuroimaging is the need to include polysomnography
recordings that include recording brain activity (EEG), eye movements
(EOG) and muscle activity (electromyography). These needs lead to
additional hardware constraints, like the availability of auxiliary elec-
trodes and channels, and the use of reference electrodes that may
suffer from distortions and cardio-ballistic artefacts (heart activity
derived from electrodes placed near a pulsating vessel/artery) and are
hard to correct. Furthermore, lengthy recordings cause discomfort to
the subject, leading to difficulty maintaining sleep, EEG signal quality
deterioration, and movement artefacts in the fMRI and EEG record-
ings, the latter through the induction of currents caused by the mag-
netic field. These limitations account for the high dropout rates in
sleep studies compared with a standard task or resting-state imaging
during wakefulness. Moreover, it also limits the research questions
the field can address. For instance, the homeostatic changes over the
course of sleep have yet to be investigated, which requires long
recording times.

Currently, sleep neuroimaging studies must use simultaneous
physiological EEG recordings to perform sleep scoring accurately.
From this perspective, we see two major challenges that we will
address in terms of software and hardware advances. The first is diffi-
culties in removing irregular artefacts from the EEG data, which is par-
ticularly challenging for MRI studies. Artefact removal software is
complex and mostly designed by private companies with closed-
source code. Making such algorithms open-source or partially accessi-
ble to the public would enable improvements in the field (Levitt

et al, 2022), potentially leading to advances such as an adapted
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Polysomnography

Hardware constraints
Need for auxiliary electrodes
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Proprietary software

Scanner environment

Data interpretability

Consolidating & maintaining sleep
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Loud noise

. Autonomic physiological confounds
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FIGURE 2 The most common challenges conducting sleep neuroimaging studies. Because polysomnography must be recorded to perform
appropriate sleep scoring and identify electrophysiological microprocesses of interest such as sleep spindles or slow waves, hardware constraints
might emerge, such as the limitation of adequate equipment, for instance, magnetic resonance imaging (MRI)-compatible electroencephalography
(EEG) caps and electrodes. Additionally, auxiliary electrodes and channels might be needed, which accounts for electrode placement,
standardization and signal quality challenges. Sleep scoring online or offline becomes problematic, as data cleaning and artefact removal must be
performed, particularly a concern for MRI studies. The lack of open-source software does not facilitate individual-based artefact removal
algorithms, greatly benefiting sleep studies. Except for functional near-infrared spectroscopy (fNIRS), any other scanner environment is restrictive,
accounting for difficulties maintaining and consolidating sleep. Movement restrictions are a significant issue for MRI studies and can deteriorate
the data due to movement artefacts. Acoustic noise in MRI could be reduced by developments and usability of silent MRI sequences combined
with MRI-compatible noise-cancelling devices, such as headphones. Data quality and interpretability are crucial to advancing science. However,
neuroimaging suffers from autonomic physiological confounds, especially during sleep. Current approaches usually model and regress
physiological signals; however, it may account for signal loss. Developments in animal models and theoretical advances will help understand the
complex relationship between metabolism, blood flow and neural activity.

individual-based artefact removal algorithm. Such a customized level
would positively facilitate data pre-processing without compromising
the EEG signal in special cases where artefact removal implies data
loss. Another possible way to facilitate artefact removal is the use of
newly developed hardware. For instance, Chowdhury et al. (2014)
developed a new EEG cap that incorporates embedded electrodes in a
reference layer with similar conductivity to tissue and is electrically
isolated from the scalp. In this new setup, the standard electrode layer
is placed under the reference layer, which is in direct contact with the
scalp, allowing the acquisition of mixed signals containing artefacts
and neurophysiological signals. The reference layer electrodes are
separated from the scalp, and only artefacts such as gradient artefacts,
electrocardiogram and motion artefacts can be acquired. Therefore,
the EEG signal without artefacts can be separated by comparing sig-
nals obtained from the standard and reference electrodes. Another
solution might be integrating a carbon-wired loop that has outper-
formed post-processing EEG/fMRI artefact corrections (van der Meer

et al, 2016). This method makes use of carbon-wired loops as

additional sensors that track both helium-pump and cardio-ballistic
artefacts. Another promising direction is to develop sleep staging
algorithms based on electrocardiogram or respiratory signals, as elec-
trocardiogram presents a higher signal-to-noise ratio than EEG signal,
and wearable devices measuring respiratory signals are already avail-
able in the market (Sun et al., 2020). The development of MRI-based
eye-tracking can assist in the detection of eye movement positions
during REM sleep, particularly interesting in lucid dreaming (Frey
et al, 2021). Additionally, wearable and contactless devices could
potentially help the field and decrease the experimental setup
complexity.

To ensure optimal sleep stability in this unusual environment, the
application of total or light sleep deprivation protocols is applied, thus
ensuring increased sleep pressure leading to shorter sleep latency.
However, sleep-deprived subjects may account for potential con-
founds in homeostatic sleep regulation and impaired coupling of the
DMN, among other physiological changes (Wang et al., 2020). In a
recent study, Moehlman et al. (2019) confirmed a procedure to obtain
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all-night fMRI data in sleeping subjects without sleep deprivation. The
key detail was to perform acquisitions in consecutive nights, hence
the first night served as an adaptation night, eliminating the need for
systematic sleep deprivation. Although the authors acknowledged
that the subjects were slightly sleep-deprived after the first night
(which may lead to sleep alterations on the second night), a washout
period between the 2 nights might contribute to overcoming
changes in sleep architecture due to sleep deprivation, while preserv-
ing the stability of sleep in the scanner. Besides having a consecutive-
nights experiment design, researchers should also consider using sleep
hygiene protocols to enhance stable sleep under experimental condi-
tions. For instance, maintaining a regular sleep routine, preferably
overlapping with the experiment design, avoiding daytime naps,
screen-light and caffeinated beverages before bedtime can improve
sleep quality and enhance the chances of falling asleep.

Movement restrictions during scanning are a critical restriction in
sleep neuroimaging studies: both PET and MRI do not allow subjects
to change positions, creating discomfort when measuring sleep, in
particular during longer scanning periods. Additionally, PET imaging
requires restricting one arm's movement as a catheter must be placed
during scanning. Ongoing developments in the field may lead to flexi-
ble MRI apparatus or even portable scanners (Cooley et al., 2021;
Corea et al., 2016). Recent developments in wearable MEG based on
optically pumped magnetometers (Boto et al., 2018) have granted this
electrophysiological imaging method a considerable advantage in
comparison to neuroimaging modalities relying on rigid scanners such
as MRI or PET. However, sleeping in different positions seems to
cause alteration in brain activity patterns. In supine posture, the brain
activities in the left precuneus and anterior cingulate cortex were
greater than those in lateral positions (Xu et al., 2021). Once a flexible
apparatus becomes a reality, more research is needed to investigate
posture influence in brain activity and how upcoming research can
correlate its findings with current literature.

The acoustic noise produced by MRI is not conducive to sleep and
may affect brain activity during sleep. Silent sequences have been devel-
oped and applied, especially in acoustic stimulation tasks, for many years
(Liebig et al., 2019; Lovblad et al., 1999; Schmitter et al., 2008). Since
all-night sleep fMRI studies became feasible, silent sequences in combi-
nation with noise cancellation systems are welcome allies in noise
reduction, thus diminishing subject discomfort and enhancing sleep
maintenance mostly with the drawback of reduced spatial resolution.
This is critical as studies have shown that REM sleep can be particularly
suppressed by acoustic noise and drastic environmental changes, which
accounted for fewer neuroimaging studies on REM than NREM sleep
(Mulert & Lemieux, 2009). However, noise cancellation headphones can
also cause EEG artefacts, and therefore should be used with care.
Researchers should consider the limitations imposed by the scanner
environment when planning their studies, especially the timeline
required to acquire reasonable sample sizes and the methods to study
the sleeping brain, for instance, seed-region, independent networks with
component analysis, DCM, and graph theoretical analysis.

Among the most critical challenges for neuroimaging techniques
Because  multiple

are interpretability and signal quality.

Research

neurophysiological and autonomic changes are correlated with neural
activity, which fluctuates along the wake-sleep cycle, untangling
these neural sources from their confounding consequences
(e.g. changes in blood flow) is a complex challenge that cannot be
overcome by recording and regressing physiological signals. Hence,
one significant gap that needs to be addressed is how changes in
autonomic physiology during sleep affect blood flow signals. Current
approaches for minimizing effects contributing to the overall signal
involve regressing out from the fMRI time-series signals that reflect
the effects one wishes to remove, for instance, GS, signals reflecting
fluctuations in heart rate or respiration, or reference signal from
regions as the white matter of CSF. However, depending on the
study's goal, systemic effects may covary with neuronal effects, which
might be partially excluded with the removal approach. This is crucial,
especially for sleep studies, as cortical activity changes and systemic
physiology may be derived from arousal state changes. Conversely,
physiological changes may be triggered by neuronal activity. A good
example is a study by Ozbay et al. (2019) that analysed the temporal
relationship between amplitude variations of vascular tone derived
from photoplethysmography signal and the occurrence of EEG
K-complexes. They observed that fMRI signal showed clear covaria-
tions with EEG K-complexes and vascular tone. More importantly,
arousal changes lead to joint changes in cortical and autonomic activ-
ity (Ozbay et al.,, 2019). These signal changes are related to shifts in
autonomic and central nervous systems, emphasizing the importance
of such contributions often neglected as noise when interpreting fMRI
data. The autonomic system is also regulated by the central nervous
system via the brainstem, which is a primary control centre of sleep
and arousal regulation, and ties the common changes in electrocortical
and autonomic activity that are so pronounced across the sleep-wake
cycle (Duyn et al., 2020). These findings, also shown by Soon et al.
(2021), emphasize the importance of modelling autonomic and neuro-
modulatory effects as these effects vary with the sleep stage, thus
making comparisons of functional connectivity patterns across sleep
states difficult. Importantly, the altered amplitude of BOLD signal fluc-
tuations during sleep could modulate connectivity estimates even in
the absence of any true change in correlation strength, due to the
large change in signal amplitude. It seems unlikely that these chal-
lenges can be overcome without extensive animal studies and new
theoretical insights on the relationship between metabolism, blood
oxygenation and neural activity. Future experiments should go
beyond temporal averages and try to find the time-resolved signa-
tures of different patterns of electrophysiological activity. Which local
field potential (LFP) frequency bands contribute most to the signal
acquired by different neuroimaging techniques? Can these methods
pick up information beyond the characteristics of LFP oscillations,
such as complexity? Is it possible to find a one-to-one relationship
between electrophysiological activity parameters and the data pro-
vided by neuroimaging methods? Without advancing answers to these
questions, the interpretability of neuroimaging data is very problem-
atic. The assessment of signal quality depends on disentangling the
contribution of neural activity from recording physiological and move-

ment artefacts, and therefore relates to the challenges concerning
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interpretability. Computational models could be helpful to encode
theoretical knowledge on the mapping between neuroimaging and
LFP data, allowing to transcend what is directly available from empiri-
cal data. Still, it is possible that we are reaching a limit about the
amount of neural information that can be decoded from standard neu-
roimaging data. Moving towards high-resolution modalities (e.g. layer
BOLD fMRI) could be necessary to push the borders of our knowl-
edge. However, these advances alone will not solve the autonomic
confound. Besides, higher field strength, such as 7 T, allows better
resolution and sensitivity, but it compromises EEG signal quality.
Hence, further development of EEG systems that can be used in
higher field strength and suppress cardio-ballistic and gradient arte-
facts should be explored.

The BOLD contrast results from various physiological variables,
including blood flow and volume, local vascular architecture, cerebral
oxygenation metabolic rate and autonomic processes. Unlike BOLD
signal, perfusion fMRI provides non-invasive and absolute quantifica-
tion of cerebral blood flow analogously to PET scanning, utilizing stan-
dard MRI hardware and not requiring radioactive tracer administration
(Detre et al., 2009). Perfusion techniques applied to fMRI are less sen-
sitive to baseline shifts and do not rely on an imbalance between flow
and oxygen consumption. Perfusion fMRI, such as arterial spin label-
ling (ASL), provides more of an absolute measure than BOLD, thus
providing the opportunity to compare brain function without conven-
tional task-correlated BOLD fMRI directly. For instance, a predictive
model is needed to perform the analysis: hand clenching or eye signals
during REM lucidity. ASL fMRI has been applied to sleep studies with
promising results during sleep (Tlshaus et al., 2017), although some
disadvantages must be considered in perfusion studies regarding brain
coverage and signal-noise ratio. Perfusion fMRI has a low temporal
and spatial resolution, and adding proper quantitation capability
reduces its sensitivity and is cumbersome. Furthermore, as a haemo-
dynamic signal, many of the same interpretation problems are still
there, and more studies are needed to test its feasibility for sleep
research.

In summary, advances in neuroimaging have significantly
improved our understanding of brain activity during sleep beyond tra-
ditional polysomnography-based approaches. For instance, in Sec-
tions 2 and 3 of this review, we discussed in detail how early PET
studies identified regional activations and deactivations across sleep
stages, while newer techniques such as EEG/fMRI allow detailed char-
acterization of transient sleep oscillations and neural processes within
these stages. Functional neuroimaging research has revealed that the
brain retains its capacity to respond to external auditory stimuli during
sleep, indicating that certain aspects of information processing remain
active. Additionally, spontaneous reactivation of brain regions associ-
ated with learning has been observed during sleep, and studies trig-
gering reactivation using contextual cues during sleep further support
the idea that neuronal replay and reactivation play a causal role in
memory consolidation (for review, see Farthouat and Peigneux, 2015).
Sleep and wakefulness are now widely recognized to occur and be
regulated locally. Multimodal imaging techniques, which allow for the

simultaneous tracking of global and local brain states, may contribute

to our understanding of these local phenomena (Song &
Tagliazucchi, 2020). In particular, spontaneous oscillations in fMRI
BOLD activity, observed across both cortical and subcortical regions,
have been proposed as potential markers of local sleep. These oscilla-
tions, which are detectable at the level of individual neuronal popula-
tions, may reflect the intensity of local sleep and offer valuable
insights into monitoring local neuronal states and identifying the brain
regions that first transition into or out of sleep during wake-sleep
transitions (Song et al., 2022). Clinically, recent studies show that low-
frequency oscillations during sleep promote CSF dynamics, which aids
in metabolic waste clearance (Fultz et al., 2019). This process is critical
for clearing accumulated protein, such as amyloid beta and tau, associ-
ated with Alzheimer's disease, and sleep disturbances may reduce CSF
flow and clearance efficiency, potentially worsening memory impair-
ment and disease progression. These findings point to potential bio-
markers for diagnosing and managing conditions related to impaired
sleep or clearance mechanisms, linking neural activity, CSF dynamics
and cognitive health. Additionally, data-driven methods such as Hid-
den Markov Models (HMM) combined with EEG/fMRI recordings
offer a more in-depth understanding of brain states during sleep.
Unlike arbitrary polysomnography-based sleep staging, which seg-
ments sleep into fixed 30-s epochs, HMM identifies temporally pre-
cise brain states and their transitions, revealing previously
unobservable dynamics. Modular analyses of HMM states have identi-
fied distinct substates within NREM and REM sleep that correspond
to polysomnography-defined stages while revealing new patterns,
such as the duality between phasic and tonic REM (Stevner
et al., 2019; Yang et al, 2024). These methods emphasize sleep's
dynamic nature, highlighting the importance of using advanced multi-
modal imaging techniques to enhance our understanding of the rela-
tionship between sleep physiological mechanisms and their

contributions to restorative and memory processes.

6 | CONCLUSIONS

This review summarized neuroimaging approaches to sleep research
in healthy and non-sleep-deprived populations. Different neuroimag-
ing modalities, when combined with electrophysiological recordings,
have helped to bridge animal and human research by measuring
in vivo functional and metabolic information with good spatial and
temporal resolution. The advance of novel techniques has increasingly
facilitated consecutive all-night imaging recordings, perhaps the final
technical challenge of sleep neuroimaging. The field has grown consid-
erably from early findings contrasting wakefulness versus sleep mea-
surements towards the analysis of fine-grained sleep-related events
and the study of whole-brain functional coupling across the human
wake-sleep cycle. The combination of neuroimaging methods and
new experimental protocols is further extending our current knowl-
edge of poorly understood phenomena such as lucid dreaming and
local sleep. Neuroimaging has also improved the interpretation of
sleep disorders, has demonstrated the importance of sleep for differ-

ent cognitive functions, particularly memory consolidation and
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learning, and has raised concerns regarding the severe consequences
of sleep deprivation. Despite the significant advances brought by neu-
roimaging to the field of sleep research, much room for future investi-
gation remains, especially concerning the replication of initial findings
and the study of REM sleep, which is especially difficult to capture in
the environment of an MRI scanner. Although many studies yielded
valuable discoveries, small samples can lead to significant variability
and potentially limit the reliability of conclusions drawn about sleep
neuroimaging across different demographics or clinical populations.
Future studies should prioritize larger, multisite studies and collabora-
tions to improve statistical power and ensure findings are more
broadly applicable. Other interesting open questions in the field are
investigating the impact of wake intrusions during sleep and how
inter-individual and inter-regional differences play a role in local sleep,
as well as examining the influence of circadian rhythms on this phe-
nomenon. Finally, the functions and mechanisms underlying dreaming
remain unknown, thus future research should focus on investigating
brain changes during lucid and non-lucid REM sleep dreams and, in
collaboration with thoughtfully-designed dream interviews, uncover
the differences that exist between NREM and REM dreams.
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TABLE A1 Summary of all discussed papers grouped per imaging modality and sleep-specific topics.
PET fMRI sMRI/DTI
Wake- Buchsbaum et al. (1989), Maquet et al. Horovitz et al. (2008), Horovitz et al. (2009), Picchioni et al. Tagliazucchi et al. (2016)
NREM (1990), Braun et al. (1997), Andersson (2008), Picchioni et al. (2014), Koike et al. (2011), Larson-
et al. (1998) Prior et al. (2009), Larson-Prior et al. (2011), Sdmann et al.
(2011), Spoormaker et al. (2010), Spoormaker et al. (2012),
Tagliazucchi et al. (2013), Boly et al. (2012), Wu et al. (2012),
Deco et al. (2014), Hale et al. (2016), Mitra et al. (2015),
Stevner et al. (2019), Jiang et al. (2021)
Light-deep Magquet et al. (1992), Kajimura et al. Koike et al. (2011), Samann et al. (2011), Spoormaker et al.
NREM (1999), Madsen et al. (1991) (2010), Tagliazucchi et al. (2012), (2013), (2014), Houldin
et al. (2019), Stevner et al. (2019), Jiang et al. (2021)
Wake-REM Buchsbaum et al. (1989), Maquet et al. Houldin et al. (2019), Koike et al. (2011)
(1990) Maquet et al. (1996), Braun et al.
(1997), Braun et al. (1998)
NREM- Braun et al. (1997), Braun et al. (1998) Houldin et al. (2019), Koike et al. (2011)
REM
Vertex- Stern et al. (2011)
waves
Spindles Hofle et al. (1997) Schabus et al. (2007), Andrade et al. (2011), Caporro et al. Saletin et al. (2013),
(2012) Piantoni et al. (2013),
Mander et al. (2017)
K- Laufs et al. (2007), Caporro et al. (2012), Jahnke et al. (2012)
complexes
Slow-waves  Hofle et al. (1997), Tushaus et al. (2017), Dang-Vu et al. (2008), Picchioni et al. (2022), Xu et al. (2020),  Saletin et al. (2013),
Dang-Vu et al. (2005) Fultz et al. (2019) (slow delta) Piantoni et al. (2013)
REMs Hong et al. (1997), Peigneux et al. (2001) Webhrle et al. (2005), Miyauchi et al. (2009), Hong et al.
(2009)
PGO waves Peigneux et al. (2001) Webhrle et al. (2005)
Dreaming Eichenlaub et al. (2014) Dresler et al. (2011), Dresler et al. (2012) Vallat et al. (2018),
Filevich et al. (2015),
Baird et al. (2018)
Sleep Khalsa et al. (2017),
duration and Takeuchi et al. (2018)
quality
External Portas et al. (2000), Born et al. (2002), Wilke et al. (2003),
stimuli Redcay et al. (2007), Czisch et al. (2002), Czisch et al. (2004),

Connectivity

Czisch et al. (2009), Dang-Vu et al. (2011), Schabus et al.
(2012), Wilf et al. (2016), Blume et al. (2018)

Horovitz et al. (2008), Horovitz et al. (2009), Picchioni et al.
(2008), Picchioni et al. (2014), Koike et al. (2011), Larson-
Prior et al. (2009), Larson-Prior et al. (2011), Sdmann et al.
(2011), Spoormaker et al. (2010), Spoormaker et al. (2012),
Tagliazucchi et al. (2012), (2013), Boly et al. (2012), Hale

et al. (2016), Mitra et al. (2015), Houldin et al. (2019), Stevner
et al. (2019), Jiang et al. (2021)

Abbreviations: DTI, diffusion tensor imaging; fMRI, functional magnetic resonance imaging; NREM, non-rapid eye movement; PET, positron emission
tomography; PGO, ponto-geniculo-occipital; REM, rapid eye movement; sMRI, structural magnetic resonance imaging.
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