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a b s t r a c t 

Sleep has been suggested to contribute to myelinogenesis and associated structural changes in the brain. As a 
principal hallmark of sleep, slow-wave activity (SWA) is homeostatically regulated but also differs between indi- 
viduals. Besides its homeostatic function, SWA topography is suggested to reflect processes of brain maturation. 
Here, we assessed whether interindividual differences in sleep SWA and its homeostatic response to sleep manip- 
ulations are associated with in-vivo myelin estimates in a sample of healthy young men. Two hundred twenty-six 
participants (18–31 y.) underwent an in-lab protocol in which SWA was assessed at baseline (BAS), after sleep 
deprivation (high homeostatic sleep pressure, HSP) and after sleep saturation (low homeostatic sleep pressure, 
LSP). Early-night frontal SWA, the frontal-occipital SWA ratio, as well as the overnight exponential SWA decay 
were computed over sleep conditions. Semi-quantitative magnetization transfer saturation maps (MTsat), provid- 
ing markers for myelin content, were acquired during a separate laboratory visit. Early-night frontal SWA was 
negatively associated with regional myelin estimates in the temporal portion of the inferior longitudinal fasci- 
culus. By contrast, neither the responsiveness of SWA to sleep saturation or deprivation, its overnight dynamics, 
nor the frontal/occipital SWA ratio were associated with brain structural indices. Our results indicate that frontal 
SWA generation tracks inter-individual differences in continued structural brain re-organization during early 
adulthood. This stage of life is not only characterized by ongoing region-specific changes in myelin content, but 
also by a sharp decrease and a shift towards frontal predominance in SWA generation. 
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. Introduction 

Sleep is essential for everyday life quality and has been attributed
o an important role in the regulation of a series of cognitive and phys-
ological processes ( Walker, 2021 ). Recent data relate sleep duration
o structural brain changes ( Tai et al., 2022 ), and thereby draw atten-
ion to the understanding of sleep-regulating mechanisms that may be
articularly relevant for macro- and micro-structural brain integrity.
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s a putative marker of sleep depth ( Borbely and Achermann, 1999 ),
on-REM (NREM) sleep slow wave activity (SWA, EEG power density
etween 0.75–4.5 Hz during NREM sleep) represents one of the most
tudied electrophysiologically-derived sleep markers and mainly reveals
he homeostatic regulation of sleep ( Achermann and Borbély, 2003 ;
ijk, 2009 ). SWA exponentially decreases throughout nighttime sleep
 Dijk et al., 1990 ; Dijk and Czeisler, 1995 ). Sleep loss evokes in-
reased SWA during subsequent NREM sleep ( Cajochen et al., 1999a ;
e (C. Schmidt) . 
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ijk et al., 1987 ), while excess sleep results in an attenuation of SWA
 Werth et al., 1996 ). Crucially, interindividual differences in SWA and
ts homeostatic response have been shown to be highly variable across
ndividuals ( Rusterholz et al., 2017 ) such that different facets of SWA
egulation supposedly rely on different brain substrates or ongoing
tates of brain re-organization. 

In healthy young adults, NREM sleep slow-wave characteristics (den-
ity and amplitude) have been associated with regional cortical gray
atter thinning ( Dubè et al., 2015 ). Furthermore, the overnight dissi-
ation of SWA follows the overnight reduction in cortical glutamate lev-
ls, as measured by magnetic resonance spectroscopy ( Volk et al., 2018 ).
mportantly, sleep deprivation appears to alter large bilateral white mat-
er microstructure as assessed with diffusion imaging ( Voldsbekk et al.,
021 ). In the same vain, higher axial water diffusivity in the temporal
ascicle and frontally located white matter tracts was associated with
 steeper slope of sleep slow waves ( Piantoni et al., 2013a ) and larger
orpus callosum volume has been reported to be associated with higher
aximal SWA, indicating that inter-hemispheric white matter tracts

ontribute to cortical synchronization necessary for the generation of
WA ( Buchmann et al., 2011 ). Notably, while the structural correlates
f interindividual differences in SWA have been partially investigated
n humans, the association between the homeostatic regulation of SWA
nd structural brain parameters has, to our knowledge, not yet been as-
essed. Besides its homeostatic function, more recent advances suggest
hat the topography of SWA reflects processes of brain maturation (e.g.
urth et al., 2010b ; LeBourgeois et al., 2019 ). Within this context, the
atio of frontal/occipital SWA (SWA F/O ) has been suggested to quan-
ify the regional maturation of SWA topography in NREM sleep. SWA
istribution is increased in scalp regions showing structural and behav-
oral maturation ( Kurth et al., 2010b ). SWA F/O has been furthermore re-
orted to predict myelin development in children in a longitudinal study
 LeBourgeois et al., 2019 ). Notably, investigations in children indicate
hat myelin is an integrative component of the propagation dynamics of
low waves across the scalp ( Kurth et al., 2017 ), promoting the concept
hat regional distribution of SWA is associated with myelin connectivity
n developing humans. 

The brain undergoes profound changes across the lifespan
 Bethlehem et al., 2022 ) which include both progressive and regres-
ive cytoarchitectural events ( Giorgio et al., 2010 ). While changes in
ray matter volume have been suggested to mainly estimate mecha-
isms associated with cortical synaptic pruning ( Terribilli et al., 2011 ),
hanges in white matter volume have been associated with myelino-
enesis ( Corrigan et al., 2021 ; Paus, 2005 ) and related changes in con-
uction velocity due to the proliferation of oligodendrocytes ( Swire and
french-Constant, 2018 ). Notably, agreement on myelin maturation dy-
amics and critical periods largely depends on the used methodology.
hile some in vivo investigations, mainly based on water fraction quan-

ification, indicate that humans reach up to 80% of the adult white mat-
er myelin in the very first years of life ( Deoni et al., 2011 ), postmortem
 Miller et al., 2012 ) and other magnetic resonance imaging (MRI)-based
 Bartzokis et al., 2010 ) studies suggest that region-specific white mat-
er changes are still ongoing during early adulthood. Continued post-
ubertal growth of myelin has indeed been suggested as unique to hu-
ans ( Bartzokis et al., 2010 ; Miller et al., 2012 ). Myelination during

dulthood may be reconducted to the concept of “adaptive myelina-
ion ” which, compared to the “intrinsic myelination ” that happens in
he first stages of life, may reflect a rather selective process occurring
n most active white matter tracts and thereby contributing to optimal
rain wiring ( Bechler et al., 2018 ). 

Animal findings suggest a key role of sleep in promoting white
atter integrity, more particularly in myelin formation ( de Vivo and
ellesi, 2019 ). Sleep was observed to promote the proliferation of oligo-
endrocyte precursor cells ( Bellesi et al., 2013 ), an essential substrate
or axonal myelination ( de Vivo and Bellesi, 2019 ). In humans, asso-
iations between electrophysiologically-derived sleep parameters and
hite matter integrity have been mostly derived from tract-based in-
2 
erence using diffusion tensor imaging (DTI) on relatively small pop-
lation samples ( Piantoni et al., 2013b ; Voldsbekk et al., 2021 ). In a
arger sample of healthy young adults, self-reported short sleep dura-
ion has been related to fractional anisotropy reductions in the left su-
erior longitudinal fasciculus ( Grumbach et al., 2020 ). Another study
bserved a significant association between sleep duration and fractional
nisotropy in the temporal portion of the right inferior longitudinal fas-
iculus, in a white matter tract encompassing the orbitofrontal region as
ell as in the corona radiata ( Khalsa et al., 2017 ). Finally, questionnaire-
erived sleep disturbances during childhood have been associated with
ow white matter microstructural integrity (as assessed with fractional
nisotropy) in preadolescence ( Mulder et al., 2019 ). While DTI allows
nferences on overall tract integrity and density, more recent develop-
ents in (MRI) allow for the investigation of structural properties of

rain tissues at the microscopic level. In this context, quantitative MRI,
lso referred to as “in vivo histology ”, allows to quantify physical prop-
rties of brain tissues and thereby provides a more straightforward as-
essment of tissue composition ( Weiskopf et al., 2021 ). In particular,
agnetization transfer saturation (MTsat) maps have been previously
sed as reliable MRI-derived estimates of macromolecular content, in-
luding myelin ( Campbell et al., 2018 ). Moreover, compared to clas-
ical anatomical imaging, MTsat improves gray/white matter contrast
hich makes this technique also suitable for classic volumetric analy-

es such as voxel-based morphometry (VBM) ( Callaghan et al., 2014 ;
agiwara et al., 2018 ). 

Here, we first aimed at characterizing the individual’s characteris-
ics of SWA generation and its homeostatic response to sleep-wake his-
ory manipulation. In addition, the ratio between frontal and occipital
WA was computed as a marker of brain maturation. In a next step,
e aimed at assessing whether these characteristics are associated with

egional myelin estimates during early adulthood. To do so, a cohort
f 226 healthy young men underwent a 6-day in-lab protocol during
hich prior sleep-wake history was experimentally manipulated to as-

ess homeostatic responses in SWA. During a separate visit, the same
ndividuals underwent brain structural imaging. 

. Methods 

The research project was approved by the Ethics Committee of the
aculty of Medicine at the University of Liège (Belgium) and was per-
ormed in accordance with the Declaration of Helsinki. All participants
igned informed consent before taking part in the study and received
nancial compensation. 

.1. Participants 

A total of 364 young healthy men were initially recruited as part
f a larger project assessing the genetic background of sleep regulation
see also Berthomier et al., 2020 ; Muto et al., 2021 ). Within that con-
ext, a homogeneous sample with respect to demographic variables (age
18–31], gender [male], ethnicity [Caucasian]) and health status was re-
ruited. Exclusion criteria were as follows: body mass index (BMI) > 27;
resence of psychiatric history or severe brain injury; addiction; chronic
edication affecting the central nervous system; smoking, excessive al-

ohol ( > 14 units/week) or caffeine ( > 3 cups/day) intake; shift work
n the past year; trans-meridian travels in the past 3 months; presence
f moderate to severe subjective depression as measured by the Beck
epression Inventory (score > 19; Beck et al., 1988 ) and poor sleep
uality as assessed by the Pittsburgh Sleep Quality Index (PSQI score >
; Buysse et al., 1989 ). Participants with sleep apnea (apnea-hypopnea
ndex > 15/h; Iber et al., 2007 ) or periodic limb movements ( > 15/h)
ere excluded based on an in-lab screening night of polysomnography.

Out of that sample, artefact-free sleep electrophysiological record-
ngs were available for 337 participants out of which 236 magnetic res-
nance imaging (MRI) acquisitions were available for the creation of MT



M. Deantoni, M. Baillet, G. Hammad et al. NeuroImage 272 (2023) 120045 

Table 1 

Demographic and sleep characteristics of participants. Sleep quality was as- 
sessed by the Pittsburgh Sleep Quality Index (PSQI; Buysse et al., 1989 ). IQ was 
calculated from the Raven Matrices ( John and Raven, 2003 ). Chronotype was 
assessed by the Morningness-Eveningness Questionnaire (MEQ; Horne and Ost- 
berg, 1976 ). Sleep timing and duration were extracted from polysomnography 
recordings during the baseline night (see below). SD: standard deviation. 

Sample size (N) N = 236 

Sex Men 
Ethnicity Caucasian 

Mean ( ± SD) Min-Max 

Age (years) 22.23 ± 2.72 18 - 31 
BMI (kg ∗ m 

− 2 ) 22.19 ± 2.32 17.83 – 27.75 
Height (cm) 180.69 ± 7.14 163 - 205 
IQ (Raven Sum) 54.84 ± 4.18 31 - 60 
Sleep Quality (PSQI – total score) 3.45 ± 1.71 1 - 9 
Chronotype (MEQ) 48.37 ± 12.71 1 - 74 
Sleep duration during baseline 

night (min) 
453.60 ± 40.74 318.5 - 561 

Sleep timing (min) 23:44:45 ± 1:23:02 21:25:30 – 02:51:17 
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aturation (MTsat) maps. Demographic characteristics are summarized
n Table 1 . 

.2. Experimental protocol 

To assess the impact of sleep-wake history on sleep parameters, par-
icipants underwent a 6-day in-lab protocol as depicted in Fig. 1 . Before
ntering the laboratory, they were instructed to follow a regular sched-
le according to their habitual sleep-wake timing ( + / − 30 min for the
rst 2 weeks; + /- 15 min for the last week). Actimeters (Actiwatch 4,
amNtech, Cambridge, UK) were worn on the non-dominant arm for
hree weeks preceding the in-lab protocol. The first 2-weeks of record-
ng were used to assess the individual’s usual bedtimes (nighttime rest
iming and duration). Each recording was visually inspected to derive
aily bedtimes. The latter were then confronted with the information of
leep diaries to extract the individual’s sleep-wake-time schedule to be
ollowed during the third week. This schedule was also followed during
ig. 1. Experimental protocol. 
n Day 1, participants first entered the sleep laboratory for a screening night. They th
ay to complete a baseline night (BAS, blue). After the baseline night, participants un
pportunity (NAP) on Day 4, followed by an 8-h sleep opportunity (LSP, orange; Day 
rotocol (including regular collection of saliva samples, sleepiness, vigilance and cogn
 12-h recovery night (HSP, green). Light exposure levels were set to 0 lux during sle
haded boxes) and to < 5 lux during the constant routine sleep deprivation (light yel
fter successful completion of the in-lab protocol, participants came back to the labo
f homeostatic sleep pressure levels across the protocol are schematized at the botto
esponse to sleep saturation (probed during LSP): orange arrow; increased levels in r

3 
he laboratory session. Furthermore, actimetry recordings served to ex-
lude participants who did not comply with the assigned schedule dur-
ng the last week preceding the in-lab assessment. This procedure was
erformed to ensure sufficient sleep and stable circadian entrainment to
he selected regime before laboratory entrance. Participants who could
ot avoid napping were excluded after visual inspection of the actigra-
hy recordings (periods of reduced daily activity). A negative result on a
rine drug screening test was required at study entrance (10 Multipanel
est, SureScreen Diagnostic Ltd, UK). Participants entered the sleep lab-
ratory 3.5 h before scheduled bedtime. They then underwent complete
olysomnography (PSG) recording to screen for sleep-related disorders
screening night) according to their habitual sleep-wake schedule. On
he morning of day 2, participants left the laboratory with the instruc-
ion not to nap, retrospectively visually checked by actimetry. They
ame back to the laboratory at the end of day 2 (3.5 h before sched-
led lights-off) and completed a baseline night (BAS), the duration and
iming of which were individually adapted to their habitual sleep-wake
chedule. On the evening of day 3, participants underwent a 12-h sleep
xtension night (EXT, centered on the habitual sleep mid-point time),
ollowed the next day by a 4-h afternoon nap (NAP; centered on + 1 h af-
er the mid-point between the usual morning wake-up time and evening
leep time). Adding a 4 h day-time sleep opportunity to the nighttime
leep extension was intended to keep sleep pressure at its lowest level,
onsidering that sleep pressure accumulates with time spent awake and
hat there may be interindividual differences in the ability to sleep dur-
ng the sleep extension night. The EXT and NAP sleep opportunities were
hus part of the protocol, but not explicitly analyzed as they were in-
luded with the main aim to achieve maximal sleep satiation before
ssessing sleep during the following night (LSP for low sleep pressure
ondition). The latter consisted of an 8-h sleep opportunity centered on
abitual sleep mid-point. On days 5 and 6, participants underwent a
0-h sleep deprivation protocol under constant routine (CR) conditions
dim light < 5 lux; room temperature = 19° ± 1; ∼ 60% humidity; semi-
ecumbent position; regular isocaloric food intake) before initiating a
2-h recovery night (HSP, for high sleep pressure condition) at the habit-
al sleep time until 4-h after the habitual wake time. At regular intervals
uring scheduled wakefulness, participants had to complete subjective
en left the laboratory on the morning of Day 2 and came back at the end of the 
derwent a 12-h sleep extension night (EXT, Day 3–4), and a 4-h afternoon nap 
4–5). Finally, participants underwent a 40-h constant routine sleep deprivation 
itive assessments; red bars), starting on the morning of Day 5. Day 6 ended with 
ep opportunities, < 1000 lux during the laboratory stays Day 1-Day 4 (yellow 

low shaded box). The order of the protocol was the same for each participant. 
ratory on average 3 weeks later for the structural MRI session. Varying levels 
m of the protocol: baseline levels during the BAS: blue dot; reduced levels in 

esponse to sleep deprivation (probed during the HSP): green arrow. 
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leepiness scales, mood ratings and to perform a cognitive test battery
nd Karolinska Drowsiness tests (KDT, Åkerstedt and Gillberg, 1990 ;
inges and Powell, 1985 ; Kirchner, 1958 ; Robertson et al., 1997 ). They
ere also asked to provide saliva samples for melatonin assessment. In
etween these assessments, participants could read but mainly watched
re-selected videos on the laboratory computer (the screen was dimmed
o not exceed 5 lux of light exposure). Social interaction was restricted
o communications with study helpers. Throughout the entire labora-
ory stay, participants were in individual and soundproof rooms, and
nder electroencephalographic (EEG) monitoring. 

.3. EEG acquisition and analyses 

EEG data were acquired using V-Amp amplifiers (Brain Products®,
ilching, Germany) and digitized at a sampling rate of 500 Hz. For the

creening night, the montage included 5 EEG channels (Fz, Cz, C3, Pz,
z) as well as 2 electromyography (EMG) electrodes. Leg movements as
ell as thoracic movement nasal flow and oximetry were also recorded.
he electrode montage of the experimental nights consisted of 10 deriva-
ions (F3, Fz, F4, C3, Cz, C4, Pz, O1, O2, and A1; referenced online to
he right mastoid), as well as 2 electrooculogram (EOG), 2 electromyo-
ram (EMG), and 2 electrocardiography (ECG) electrodes. EEG data
ere re-referenced offline to averaged mastoids. Sleep scoring was per-

ormed automatically according to the 2017 American Academy of Sleep
edicine criteria (version 2.4; Iber et al., 2007 ), by using a validated al-

orithm (ASEEGA, PHYSIP, Paris, France; Berthomier et al., 2020 ). 
Spectral power was computed using a fast Fourier transform after

onvolution of the signal with Hamming windows. A spike-cleaning rou-
ine was further applied: for each epoch n, the ratio between the EEG
ower of the epoch n and the mean EEG power of epochs n − 1 and n + 1,
as computed. If the ratio exceeded a threshold of 10, the epoch was
iscarded from the analysis. SWA was calculated on artefact-free NREM
N1, N2 or N3) epochs as the mean power in the slow-wave frequency
and ([0.7–4.0] Hz) and over successive 2-h bins starting at the first
poch of N2, for each sleep condition separately. 

The frontal derivation was chosen as a main outcome since home-
static responses in SWA have been reported to be most prominent in
rontal regions ( Cajochen et al., 1999b ; Finelli et al., 2001 ; Lazar et al.,
015 ). Normalized frontal SWA (expressed as a proportion of power
ver the entire frequency range [0.7–50 Hz]) in the first 2-h bin of
ach sleep episode was extracted (SWA 0–2h ). Furthermore, overnight
WA dissipation time ( 𝜏) was computed by fitting an exponential model
 𝑆𝑊 𝐴 0 × exp ( −τ

𝑡 
) + 𝑜𝑓 𝑓 𝑠𝑒𝑡 ) to the absolute SWA values obtained in

ach 2-h bin. Combined, these two outcomes suitably summarize the
lassically observed wake-dependent increase in SWA levels as well as
ts overnight dynamics. Additionally, frontal SWA responsiveness to dis-
roportionally low (after sleep extension) and high (after sleep depriva-
ion) sleep pressure conditions was computed as the proportional change
f normalized SWA 0–2h from the BAS to the LSP (SWA 0–2h _ratioLSP) and
he HSP (SWA 0–2h _ratioHSP) nights over the frontal derivation, respec-
ively ∶ SWA 0−2h ( 𝐻𝑆 𝑃 or 𝐿𝑆 𝑃 )− SWA 0−2h 𝐵𝐴𝑆 

SWA 0−2 h 𝐵𝐴𝑆 . Finally, the frontal/occipital
atio (SWA F/O ) was computed by dividing the mean SWA 0–2h from
he frontal derivations (F3, F4) by the mean SWA 0–2h from the oc-
ipital derivations (O1, O2) in each individual ( Kurth et al., 2010b ;
eBourgeois et al., 2019 ). Data of sufficient quality regarding this in-
ex was available for 229 participants out of the 236 initially included.

.4. MRI acquisition and pre-processing 

On average 3 weeks after completion of the sleep study protocol,
articipants were examined on a 3T MR system. MRI data were ac-
uired on a 3T head-only MRI scanner (Magnetom Allegra, Siemens
edical Solutions, Erlangen, Germany) for 212 participants. MRI data

or the remaining 24 participants were acquired on a 3T whole-body
RI scanner (Magnetom Prisma, Siemens Medical Solutions, Erlangen,
ermany), due to scanner replacement. The MR acquisition included a
4 
hole-brain quantitative multiparameter protocol (MPM) as described
n ( Weiskopf et al., 2013a ) and ( Tabelow et al., 2019 ). 

The MPM protocol has been gradually optimized and validated for
ulti-centric acquisitions ( Weiskopf et al., 2013b ). It consists of three

o-localized series of 3D multi-echo fast low angle shot (FLASH) ac-
uisitions at 1 × 1 × 1 mm 

3 resolution and two additional calibration
equences to correct for inhomogeneities in the radio frequency (RF)
ransmit field ( Lutti et al., 2012 ). The FLASH data sets were acquired
ith predominantly proton density (PD), longitudinal relaxation time

T1), and magnetization transfer (MT) weighting, in the following re-
erred to as PDw, T1w and MTw echoes. Volumes were acquired in 176
agittal slices using a 256 × 224 voxel matrix. Supplemental details of
cquisition parameters used for this study are available in Table S1. 

The multi-parametric echo (PDw, T1w, and MTw) images were
uto-reoriented to approximately match the MNI space and MTsat, PD,
1 and R2 ∗ maps were created using the hMRI toolbox (v0.1.2-beta,
abelow et al., 2019 , see also: http://hmri.info ) within the SPM12 en-
ironment (Statistical Parametric Mapping, Wellcome centre for Human
euroimaging, London, UK, http://www.fil.ion.ucl.ac.uk/spm , Univer-

ity College London, revision 12.4). Here, we focused on the explo-
ation of MTsat maps. MTsat is related to the exchange of magneti-
ation between mobile water protons and protons that are bound to
acromolecules such as myelin. MTsat values have been closely related

o myelin content as shown in postmortem studies ( Schmierer et al.,
004 ). Contrary to the commonly used MT ratio (percentage reduction
n steady-state signal), the MTsat map explicitly accounts for spatially
arying T1 relaxation time and flip angles ( Helms et al., 2021 ). The
ap creation module includes the determination of B1 transmit bias
eld maps for bias correction. For this dataset, two different methods
ere used, the EPI spin-echo (EPI, n = 99) ( Lutti et al., 2012 ) and Actual
lip-angle Imaging (AFI, n = 137) method ( Yarnykh, 2007 ). 

.5. Voxel-based morphometry and quantification 

Voxel-based morphometry (VBM) was used to estimate local gray
nd white matter volumes. To do so, MTsat maps were first segmented
nto gray matter, white matter, and cerebrospinal fluid posterior prob-
bility maps using the hMRI toolbox ( Tabelow et al., 2019 ). Segmented
ray- and white matter tissue maps were then non-linearly warped to a
tudy-specific template using the DARTEL method ( Ashburner, 2007 ),
odulated, and finally smoothed with an isotropic Gaussian smooth-

ng kernel of 6 mm full width at half maximum (FWHM). VBM analy-
is was carried out in the gray matter compartment using the CAT12
oftware (v12.8) ( Farokhian et al., 2017 ). Total intracranial volume
TIV) was computed as the sum of gray matter, white matter and cere-
rospinal fluid volumes using the “Get TIV ” function of the CAT12 soft-
are ( Gaser and Dahnke, 2016 ). 

Semi-quantitative MTsat-derived myelin markers were estimated us-
ng voxel-based quantitative analyses (VBQ). As for VBM, gray matter
nd white matter probability maps, derived from the segmentation of
he MTsat maps, were used to create a study-specific DARTEL tem-
late ( Ashburner, 2007 ). MPM maps were then non-linearly and lin-
arly warped to the MNI space using the subject-specific diffeomorphic
stimates from the DARTEL procedure and an affine transformation, re-
pectively. MPM maps were finally smoothed with a kernel of 6 mm
sing a tissue-specific weighting which accounts for partial volume dis-
ribution of white and gray matter tissue in each voxel ( Draganski et al.,
011 ). 

.6. Statistical analyses 

Normalized SWA in the first 2-h bin (SWA 0–2h ) ( Achermann and Bor-
ély, 1990 ) and 𝜏 dissipation time (SWA 𝜏) at the frontal derivation were
ompared across conditions by using repeated measures ANOVAs, in-
luding BAS, LSP and HSP nights as repeated factors and subjects as

http://hmri.info
http://www.fil.ion.ucl.ac.uk/spm
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andom factor. Tukey pairwise t- tests were performed for post-hoc com-
arisons. Linear regression models were further deployed to explore the
ssociation between age and SWA markers. Statistics were performed
sing the Python statsmodel toolbox (version 3.7) ( Seabold and Perk-
old, 2010 ). Significance was based on a two-tailed p -value < 0.05. 

For the brain imaging analyses, we carried out multiple linear regres-
ion models embedded in the general linear model framework of SPM12.
he first statistical model included normalized frontal SWA over the first
wo hours of the baseline night (SWA 0–2h _BAS), its responsiveness to
isproportionally low (SWA 0–2h _ratioLSP) and high (SWA 0–2h _ratioHSP)
leep pressure conditions and overnight frontal-derived SWA dissipation
ynamics (SWA 𝜏_BAS). A separate model was computed for SWA F/O .
IV and age were included as covariates in both models. Age was in-
luded to regress out the effect of the latter on the association between
leep and brain metrics, but also to assess age-related changes in brain
etrics, as such. Differences in scanning environment and sequences

EPI-Prisma, AFI-Allegra, EPI-Allegra, see supplemental information)
ere embedded using a 3-level full factorial design. Gray and white mat-

er masks were extracted from the hMRI toolbox and used for statistical
nalyses. T-contrasts were computed to assess the relationship between
ach regressor of interest (age, SWA characteristics) and gray matter vol-
ig. 2. (A) Overnight time course of absolute SWA (0.7–4.0 Hz, mean ± standard err
lue), the low sleep pressure (LSP, orange) and the high sleep pressure (HSP, green) 
f the maximum level (dissipation time, SWA 𝜏). (B) Normalized frontal SWA levels o
atio (SWA F/O; lower panel) by sleep condition. (C) Association between age (derive
rontal/occipital SWA ratio (SWA F/O; right panel) during the baseline (blue), the LSP

5 
me fraction, as well as gray and white matter MTsat values. Inferences
ere performed using whole-brain family-wise corrected p -values with
 threshold set at p < 0.05, at the cluster level (cluster forming thresh-
ld at p < 0.0001 uncorrected rather than p < 0.001, in order to favor
arsimony in the construction of the model; k = number of voxels in the
luster). For anatomical labeling, the Harvard-Oxford Cortical structural
tlas for gray matter ( Frazier et al., 2005 ), and the John Hopkins Uni-
ersity (JHU) white matter tractography atlas ( Ling and Rumpel, 2006 )
ere used. 

For VBQ, a sensitivity analysis was performed on a reduced sample
f individuals for which the MPM protocol was acquired in the same
canner and using the same sequence ( n = 137, AFI-Allegra) to repro-
uce the analysis without potential confounding effects of the scanning
nvironment ( Weiskopf et al., 2013a ). 

. Results 

.1. Effect of sleep condition on SWA parameters 

Overnight time courses of absolute frontal SWA according to sleep
ondition are depicted in Fig. 2 A. Normalized SWA values, as
0–2h 

or of the mean) computed over the frontal derivation during the baseline (BAS, 
conditions. The dotted line highlights the time at which SWA decreases at half 
ver the first 2 h of sleep (SWA 0–2h ; upper panel) and the frontal/occipital SWA 

d from the year of birth) and normalized frontal SWA 0–2h (left panel) and the 
 (orange) and HSP (green) nights, respectively. 
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epicted in Fig. 2 B, were used for statistical analyses. A significant main
ffect of sleep condition (BAS, HSP, LSP) was observed for normalized
rontal SWA 0–2h (F(2, 470) = 538.36, p < 0.001; Fig. 2 B) and overnight
WA dissipation time (SWA 𝜏; F(2, 470) = 4.53, p < 0.05). Post-hoc con-
rasts revealed that SWA 0–2h and SWA 𝜏 statistically differed between
ll sleep conditions of interest (HSP > BAS > LSP for SWA 0–2h and
SP > BAS/HSP for SWA 𝜏; all p- value s < 0.001, see Table S1 for mean
 SD values of SWA parameters by sleep condition). For SWA F/O , while

he main effect of sleep condition reached significance, (SWA F/O , F (2,
56) = 3.511, p < 0.05, Fig. 2 B), post-hoc contrasts did not detect sig-
ificant differences between any of the sleep conditions compared sep-
rately (all p -values > 0.05). 

.2. Sleep parameters and brain structural indices: association with 

hronological age 

For the sleep SWA measures, we observed that, within the con-
ext of the relatively narrow age range of our sample, frontal SWA 0–2h 
as significantly negatively associated with age across all three sleep

onditions of interest (main effect of age: F(1706) = 7.650, p < 0.05,
 

2 = 0.011; Fig. 2 C). SWA _ratioHSP was positively associated with
0–2h 

ig. 3. (A) Regions and corresponding regression plot depicting the negative associat
hite matter MTsat (dark blue). The light blue blobs reflect the same analysis perfor
cquired in the same scanning environment. The probabilistic tracts highlighted in co
nd corresponding regression plots depicting the negative association between gray m

6 
ge (F(1, 706) = 11.37, p = 0.001; R 

2 = 0.016). Likewise, SWA F/O was
ositively associated with age in all sleep conditions (F(1, 685) = 4.679,
 < 0.05, R 

2 = 0.007, Fig. 2 C). 
For brain structural indices, we observed that gray matter volume

ecreased significantly with age in a set of regions including the bi-
ateral superior frontal gyrus, postcentral gyrus, as well as parietal and
uperior-temporal regions (Fig. S1, Table S2). No significant associations
ere observed between age and gray- and white matter MTsat-derived
yelin estimates (all p FWE corr > 0.05). 

.3. Association between brain structural indices and sleep SWA 

arameters 

No significant associations were observed between sleep SWA pa-
ameters and gray matter volume. However, whole-brain voxel-wise
nalyses revealed that frontal SWA 0–2h _BAS was negatively associated
ith white matter MTsat values in a cluster encompassing the right

emporal portion of the inferior longitudinal fasciculus ( k = 2327;
 FWE corr = 0.001; peak voxel coordinates: x = 40 y = 3 z = − 29; Fig. 3 A,
ark blue). A follow-up analysis on a reduced sample of 137 partici-
ants scanned in the same environment corroborated the association
ion between normalized SWA 0–2h (extracted from Fz) during baseline sleep and 
med on a reduced sample of 137 participants for which the MPM protocol was 
pper color correspond to the Inferior Longitudinal Fasciculus (ILF). (B) Regions 
atter MTsat values and SWA 0–2h _BAS (red). p FWE corr at the cluster level < 0.05. 
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eported between SWA 0–2h _BAS and white matter MTsat values over
he whole sample, while further extending the association in the left
emporal portion ( k = 1436, p FWE corr = 0.012, peak voxel coordinates:
 = − 34 y = − 2 z = − 31) as well as in the right occipital portion ( k = 754,
 FWE corr = 0.043, peak voxel coordinates: x = − 58 y = − 28 z = 10) of the
nferior longitudinal fasciculus ( Fig. 3 a, light blue). For gray matter, MT-
at values were significantly negatively associated with SWA 0–2h _BAS in
he occipital lobe ( k = 704; p FWE corr = 0.006; peak voxel coordinates:
 = − 14 y = − 101 z = − 12), the cerebellum ( k = 734; p FWE corr = 0.005;
eak voxel coordinates: x = 8 y = − 70 z = − 43) and the temporal lobe,
xtending into the insula ( k = 754; p FWE corr = 0.029; peak voxel coor-
inates: x = 35 y = − 8 z = 2, Fig. 3 B). No significant associations were
bserved between MTsat and the homeostatic responses to sleep satu-
ation (SWA 0–2h _ratio_LSP) and sleep deprivation (SWA 0–2h _ratio_HSP),
espectively, nor with SWA 𝜏_BAS in both gray and white matter (all
 FWE corr > 0.05). Finally, when performing the same analysis between
WA F/O _BAS and white/gray matter MTsat values, no significant asso-
iations were observed (all p FWE corr > 0.05). 

. Discussion 

In this study, we assessed whether sleep SWA,its intra- and inter-
ight dynamics, as well as its anteroposterior distribution are associ-
ted with myelin estimates in healthy young men. We observed that
rontal SWA generation was significantly modulated by sleep-wake his-
ory and age, while the frontal/occipital SWA ratio was positively associ-
ted with age but appeared to not significantly differ between sleep con-
itions considered separately. The frontal/occipital SWA ratio has been
ssumed to mainly reflect processes of brain maturation, while frontal
WA 0 –2 h may reflect the overall ability to generate slow waves, both in
n age- and sleep-wake-history-dependent manner. Within this context,
e observed a negative association between early-night frontal SWA
nd myelin estimates which was circumscribed to the late-myelinating
emporal portion of the inferior longitudinal fasciculus. No association
as observed with myelin estimates and wake-dependent SWA modu-

ation, its overnight dynamics nor with the frontal/occipital SWA ra-
io. These data thus suggest that frontal SWA is a potential sleep trait
hat is rather specifically associated with regional myelination in healthy
oung men. Importantly, these results were observed while correcting
or age (and in the absence of a significant association between age and
yelin markers), thereby suggesting that frontal SWA may be sensitive

o track myelin changes in healthy young men. 

.1. Slow-wave activity & sleep homeostasis during early adulthood 

SWA has been widely used as an electrophysiological correlate
or sleep depth ( Borbely and Achermann, 1999 ) and mainly reveals
he homeostatic regulation of sleep ( Achermann and Borbély, 2003 ;
orbély, 1982 ; Dijk, 2009 ). Topographical analyses demonstrated that
he sleep-dependent modulation of slow wave characteristics was most
rominent in frontal derivations whereas the circadian effect was simi-
ar to or greater than the sleep-dependent modulation over the central
nd posterior brain regions ( Lazar et al., 2015 ). Here, as expected, we
bserved that frontal SWA 0–2h was lowest in response to sleep saturation
nd highest after a 40-h total sleep deprivation, compared to baseline
leep. Similarly, the overnight SWA dissipation rate depended on the
leep context, with faster decline rates in response to sleep deprivation
nd the lowest rates following the night after sleep saturation. 

We further observed that increasing age was associated with reduced
rontal SWA and an increased frontal/occipital SWA ratio in all sleep
onditions, and this even within the context of the narrow age range
onsidered in our study. This observation is in line with previous reports
ndicating that sleep SWA sharply declines across puberty ( Kurth et al.,
010a ) and is followed by a smaller decrease thereafter ( Gaudreau et al.,
001 ). Additionally, an increased frontal over occipital predominance
n NREM SWA has been observed during development ( Kurth et al.,
7 
010b ), as reflected by the SWA F/O marker in our study. Besides, we
bserved that the overnight SWA dissipation rate (SWA 𝜏) depended on
he sleep context, with faster decline rates in response to sleep depri-
ation and lowest rates following the night after sleep saturation. In
ddition, we found a positive association between SWA dissipation time
nd age, suggesting longer homeostatic sleep pressure dissipation times
ith increasing age during early adulthood. This finding might appear
nexpected at first glance but can be set in the context of studies in
dolescents where it was observed that sleep deprivation resulted in
 larger increase in low-frequency power in the older compared with
he younger participants, suggesting that the younger individuals more
uickly reach maximal capacity for generating low-frequency activity
 Tarokh et al., 2010 ). In parallel, it has to be noted that the response
o sleep deprivation (expressed as percentage change from baseline) de-
ends on both, dissipation time and SWA levels during baseline sleep,
utatively underlined by different sleep pressure levels at study entry
nd thereby affecting the reported percentual change. 

.2. Slow-wave activity, sleep homeostasis & myelin content during early 

dulthood 

The association between SWA and regional myelin estimates was ob-
erved for SWA generation during baseline sleep (SWA 0–2h _BAS), but not
or indices describing its homeostatic response to sleep saturation and
eprivation (SWA 0–2h _ratioLSP, SWA 0–2h _ratioHSP), nor its overnight
ynamics (SWA 𝜏), or the frontal/occipital ratio (SWA F/O ). This sug-
ests that not all characteristics of SWA regulation are equally asso-
iated with brain microstructural integrity during early adulthood. As
entioned above, SWA F/O has been suggested to predominantly re-
ect a maturational NREM sleep marker ( Kurth et al., 2010b ). The

atter appeared not to be significantly associated with myelin mark-
rs in our cohort of young men. SWA generation (estimated here by
WA 0–2h _BAS) and its modulation by sleep context (reflected here by
WA 0–2h _ratioLSP, SWA 0–2h _ratioHSP) have been globally pinned down
o sleep depth and homeostatic sleep regulation ( Borbely and Acher-
ann, 1999 ). In rodents, slow-wave sleep homeostasis has been shown

o be under genetic control such that wake-dependent slow-wave sleep
eed appears genetically driven, contrary to the rate at which slow-
ave sleep need decreases overnight ( Franken et al., 2001 ). Likewise,

n humans the time constants of homeostatic build-up and dissipation of
WA have been shown to vary independently among human individu-
ls ( Rusterholz et al., 2017 ), indicating different traits. Accordingly, our
esults suggest that, during early adulthood, the trait-like expression of
WA (SWA 0–2h ) is associated with myelin estimates. 

Despite the suggested role of sleep in myelin genesis ( Bellesi et al.,
013 ), the association between SWA and white matter integrity is not
ery well established in young adults. At the macrostructural level,
ne study observed that the volume of the anterior part of the corpus
allosum was positively associated with maximal SWA over nighttime
 Buchmann et al., 2011 ). In addition, a steeper rising slope of sleep slow-
aves, but not slow-wave density, has been associated with higher DTI-
erived axial diffusivity – mainly reflecting axonal integrity ( Song et al.,
002 ) - in the temporal fascicle and frontally located white matter tracts
n healthy young men ( Piantoni et al., 2013a ). However, another study
ailed to replicate such association in healthy young adults but found
hat greater white matter damage in brain-injured patients over frontal
nd temporal brain regions was positively associated with slow-wave
mplitude and slope ( Sanchez et al., 2019 ). 

Complementary to volumetric or diffusion-weighted imaging tech-
iques, MTsat imaging quantifies the exchange of protons between
ound and free water, the intensity of which relates to macromolec-
lar concentration. MTsat values have been associated with ex-vivo
easured processes of de-myelination and re-myelination ( Turati et al.,
015 ). From a functional point of view, while the MTsat signal
n the white matter has been related to the myelination of long-
each fibres, MTsat in the cortical gray matter has been suggested
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o be linked to the myelination of short-distance cortical fibers
 Corrigan et al., 2021 ) which might jointly contribute to SWA gener-
tion ( Tononi and Cirelli, 2014 ). Here, we also observed associations
etween SWA 0–2h _BAS with gray matter myelin content. Myelination
n gray and white matter not only differs in the type of fibers involved
short vs long) but also in their biological function. Myelination in white
atter grants conduction velocity and is needed to improve the con-
ectivity of distal regions ( Corrigan et al., 2021 ) thereby potentially
upporting long-range measures of EEG coherence and travelling waves
 Kurth et al., 2017 ). Concomitantly, in gray matter, myelin has been
uggested to serve as metabolic assistance for providing energy supply
 Timmler and Simons, 2019 ) and to rather support local neuronal con-
ectivity. Moreover, one function of gray matter myelin could be the
revention of aberrant axonal sprouting and synapse formation, also
artly explaining why more plastic cortical regions take more time to
e myelinated: only when the neural remodeling is terminated, myeli-
ation may put a seal on neuronal plasticity to consolidate the acquired
kills ( Timmler and Simons, 2019 ). 

While the age-related changes in SWA dynamics co-occur with both
ngoing progressive (myelination) and regressive (synaptic pruning)
ellular events ( Miller et al., 2012 ; Petanjek et al., 2011 ), the mecha-
isms that link synaptic pruning, SWA generation and fiber myelination
re not yet explored. It may be assumed that pruning and myelination
eflect two stages of a biophysical cascade that switch from a brain rich
n synapses and SWA ( Vyazovskiy et al., 2007 ) to a brain that is opti-
ized through distal myelin, more weighted on long-range connectivity

nd associated slow waves propagation ( Tarokh et al., 2010 ). 

.3. Regional specificity of the association between SWA markers and 

yelin estimates 

Besides differences in their overall developmental chronicity, re-
ional differences in both gray ( Bethlehem et al., 2022 ; Gogtay and
hompson, 2010 ; Shaw et al., 2008 ) and white ( Bartzokis et al., 2001 )
atter volume trajectories have been identified such that peak volumes

re observed earlier in the occipital lobe and later in the frontal and
emporal lobe. For gray matter, reduced early-night SWA was associ-
ted with increased myelin estimates in cerebellar, occipital and tem-
oral regions. The regions serve different functional outcomes and gray
atter myelin development has been shown to follow different trajec-

ories in these regions during adolescence ( Corrigan et al., 2021 ). This
akes it challenging to draw a unifying conclusion about regional speci-
city unless to observe that all the regions show plasticity in the adult
rain ( Castaldi et al., 2020 ; Ohtsuki et al., 2020 ; Valk et al., 2017 ).
or white matter, reduced early-night SWA was associated with an in-
rease in white matter myelin estimates circumscribed to the tempo-
al portion of the inferior longitudinal fasciculus (ILF). The ILF repre-
ents an associative bundle that mainly connects the temporal lobe with
arieto-occipital cortices. Notably, the temporal lobe is among the last
aturating regions such that, throughout adulthood, myelin content ap-
ears to peak only around age 45 on average ( Armstrong et al., 2004 ;
artzokis et al., 2001 ; Mehta et al., 1995 ). The temporal portion of the
LF is amongst the latest myelinating tracts ( Lynch et al., 2020 ) and
he temporal pole as such reflects a higher-order associative cortex that
lassically subserves multi-sensory integration ( Ohki et al., 2016 ). 

. Limitations and perspectives 

Our sample of participants was recruited in the context of a project
hat aimed to assess the genetic background of sleep regulation (e.g.
uto et al., 2021 ) and is thus only composed of men, mainly univer-

ity students. Women have been shown to present higher sleep SWA
han men, and this difference seems to be present in adults of various
ges ( Carrier et al., 2001 ; Dijk, 2006 ; Dijk et al., 1989 ). The present
ork aimed to assess the associations between slow-wave sleep and its
omeostatic regulation on brain integrity in a homogeneous sample. Ex-
8 
ending these findings to a more population-representative dataset is a
eeded future avenue. 

Another possible limitation is the presence of two different scan-
ing environments and acquisition protocols, even if the quantitative
pproach should alleviate potential inter-scanner biases. Notably, our
ollow-up analysis on a subsample of individuals scanned in the same
canning environment confirmed our findings over the entire sample. 

Furthermore, a longitudinal assessment of myelin markers and
leep SWA signatures would allow further disentangle respective im-
act or specific associations between sleep-state, sleep-trait and sleep-
evelopmental characteristics of SWA on brain structural integrity. 

Combined with MRI, molecular imaging may help identify
euroendocrine-driven events leading to a concomitant modulation in
WA and myelin. It would for example be interesting to assess the role
f potential mediators, such as gamma-Aminobutyric acid (GABA), the
ain inhibitory neurotransmitter in the central nervous system, gluta-
ate dynamics or growth hormone secretion which are closely related

o both sleep regulation and myelin formation ( Gottesmann, 2002 b;
opez et al., 2019 ; Serrano-Regal et al., 2020 ; Spiegel et al., 2000 ;
uran et al., 2021 ). 

As a main outcome of our analysis, we used normalized SWA 0–2h 
ver other frequency bands which is less prone to general EEG ampli-
ude effects and allows for a more frequency-specific interpretation com-
ared to absolute levels. Intriguingly, when repeating the analysis using
bsolute SWA 0–2h , no significant association was observed for any MR-
erived markers, suggesting that the power distribution across frequen-
ies or more specifically the prevalence of power in the slow oscillatory
ange is also of relevance when probing for selective sleep-related cor-
elates of brain structure. 

Finally, a full topographical approach to assess spatial SWA distribu-
ion by using high-density EEG and a more in-depth characterization of
W characteristics, including slope and amplitude reflects exciting fu-
ure research avenues to further explore the association between local
WA and regional myelin integrity. 

. Conclusion 

Our results suggest that interindividual differences in the expres-
ion of sleep slow-wave activity, rather than its state-dependent intra-
ndividual homeostatic dynamics or its frontal to occipital predomi-
ance, are associated with gray and white myelin estimates during early
dulthood. During this stage of life, age-related frontal SWA decline
eems to rather specifically echo ongoing myelination in late developing
emporal portion of the ILF. Our results should be interpreted in a frame-
ork of continued post-adolescence brain development where myeli-
ation is ongoing in a region-specific manner and temporally matches
hanges in SWA dynamics. 
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