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ABSTRACT

During development, the brain undergoes radical structural and functional changes following a posterior-to-
anterior gradient, associated with profound changes of cortical electrical activity during both wakefulness and
sleep. However, a systematic assessment of the developmental effects on aperiodic EEG activity maturation across
vigilance states is lacking, particularly regarding its topographical aspects. Here, in a population of 160 healthy
infants, children and teenagers (from 2 to 17 years, 10 subjects for each year), we investigated the development
of aperiodic EEG activity in wakefulness and sleep. Specifically, we parameterized the shape of the aperiodic
background of the EEG Power Spectral Density (PSD) by means of the spectral exponent and offset; the exponent
reflects the rate of exponential decay of power over increasing frequencies and the offset reflects an estimate of
the y-intercept of the PSD.

We found that sleep and development caused the EEG-PSD to rotate over opposite directions: during wake-
fulness the PSD showed a flatter decay and reduced offset over development, while during sleep it showed a
steeper decay and a higher offset as sleep becomes deeper. During deep sleep (N2, N3) only the spectral off-
set decreased over age, indexing a broad-band voltage reduction. As a result, the difference between values
in deep sleep and those in both light sleep (N1) and wakefulness increased with age, suggesting a progres-
sive differentiation of wakefulness from sleep EEG activity, most prominent over the frontal regions, the latest
to complete maturation. Notably, the broad-band spectral exponent values during deep sleep stages were en-
tirely separated from wakefulness values, consistently across developmental ages and in line with previous find-
ings in adults. Concerning topographical development, the location showing the steepest PSD decay and largest
offset shifted from posterior to anterior regions with age. This shift, particularly evident during deep sleep,
paralleled the migration of sleep slow wave activity and was consistent with neuroanatomical and cognitive
development.

Overall, aperiodic EEG activity distinguishes wakefulness from sleep regardless of age; while, during devel-
opment, it reveals a postero-anterior topographical maturation and a progressive differentiation of wakefulness
from sleep. Our study could help to interpret changes due to pathological conditions and may elucidate the
neurophysiological processes underlying the development of wakefulness and sleep.
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1. Introduction
1.1. Region-specific synaptic remodeling and myelination

During the first years of life, the brain undergoes radical structural
changes, including modifications of connections with progressively in-
creasing degrees of complexity (Silbereis et al., 2016). The full-term
newborn brain has many more synapses than the adult brain and dur-
ing infancy a period of intense synaptogenesis is followed by a phase
of synaptic pruning (Casey et al., 2005). Interestingly, the time course
for this synaptic remodeling is region-specific, with the peak of synap-
tic overproduction occurring at different times depending on the brain
region (Casey et al., 2005; Toga et al., 2006; Tamnes et al., 2010),
following a postero-anterior gradient. Another fundamental process is
white matter formation, which also proceeds from posterior to anterior
regions and from central to peripheral locations during the first two
years of age (Barkovich et al., 1988; Ballesteros et al., 1993; Welker and
Patton, 2012). The development of GABAergic function strongly influ-
ences these processes, as GABA levels increase during early develop-
ment, reach a plateau during adolescence, and slowly decrease with
aging (Porges et al., 2021). GABA receptor expression may facilitate
synaptic pruning (Afroz et al., 2016) and the GABAergic system is linked
to myelination by controlling oligodendrocyte precursor cell activity
(Vélez-Fort et al., 2012). These region and time-specific changes in
GABAergic function and the subsequent shift in the balance between
glutamate and GABA levels are also fundamental in inducing neuroplas-
ticity during critical periods of neurodevelopment and acquiring new
cognitive abilities (Hensch, 2005; Cohen Kadosh et al., 2015). All these
processes are reflected in a profound modification of cortical electro-
physiology.

1.2. Maturation of periodic EEG activity during development in
wakefulness and sleep

Neural oscillations are the most prominent feature of EEG activity;
they are observed throughout the nervous system at multiple spatial and
temporal scales (Varela et al., 2001) and they seem to be ubiquitous
across species (Buzséaki and Draguhn, 2004).

In humans, bursts of periodic oscillations with variable frequency
emerge spontaneously in the first year of life, alternating with stretches
of aperiodic activity (Schaworonkow and Voytek, 2021). Starting from
the 3rd-4th month of life a rhythmic, nearly regular, electrical activ-
ity at 3-4 Hz (delta) emerges on the posterior regions, progressively
increasing in frequency until reaching 5-7 Hz (theta) at 12 months
(Smith, 2012). During neurodevelopment, these periodic rhythms will
be further reorganized into the 8-13 Hz activity, namely the posterior
alpha rhythm and the mu sensori-motor rhythm, commonly observed in
the EEG of children and adults. Paralleling neuroanatomical develop-
ment, waking delta, theta and alpha EEG band oscillations develop first
at the occipital level and only later at the parietal, central and frontal
level (Gasser et al., 1988). Moreover, following the same spatial gra-
dient over time, alpha replaces theta activity, most rapidly in occipital
regions (Benninger et al., al.,1984). These changes of EEG rhythmic ac-
tivity seem to parallel the development of sensory, motor and cognitive
systems (Varela et al., 2001).

Related to sleep, a milestone study from Kurth et al. (2010) mapped
cortical activity during the first two decades of life. The main find-
ing of the study is that the location with maximal slow wave activ-
ity (SWA) undergoes a shift from posterior to anterior regions across
childhood and adolescence. A maturation along a postero-anterior
axis has been recently shown also for sleep spindles (Kwon et al.,
2023). Regarding the spectral profile in NREM sleep, the highest power
was observed in the SWA range across all age groups from 2 to 20
years old; moreover, the power of all frequency ranges decreases over
development.
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1.3. Maturation of aperiodic EEG activity during development in
wakefulness and sleep

Also the background aperiodic (i.e. non-oscillatory) activity under-
goes developmental changes in wakefulness and sleep, bearing im-
portant cognitive relevance (Voytek et al., 2015; Tran et al., 2020;
Ostlund et al., 2021). Research of the EEG Power Spectral Density (PSD)
has traditionally focused on narrow-band power in classical frequency
bands but conflating periodic and aperiodic or quasi-periodic activ-
ity (Donoghue et al., 2022; Palva and Palva, 2018). In this perspec-
tive, aperiodic activity should be studied separately from periodic ac-
tivity in quantitative terms to gain understanding on brain development
(Ostlund et al., 2022; Schaworonkow and Voytek, 2021; Cellier et al.,
2021; Trondle et al., 2022).

The aperiodic background of the PSD (i.e. the 1/f-like component be-
neath the peaks corresponding to periodic activity) decays from slower
to faster frequencies, according to an inverse power-law, with a 1/f-like
shape (Pritchard, 1992; He et al., 2010). This relation can be expressed
by two parameters: while the spectral exponent indexes the decay of the
PSD, thus the relative expression of low and high frequencies, the off-
set reflects the power at long-time scales, strictly related to the global
power of the aperiodic signal (Donoghue et al., 2020). Aperiodic activ-
ity is altered in various neuropsychiatric pathological conditions, such
as neurodevelopmental disorders, schizophrenia, epilepsy and disorders
of consciousness (Pani et al., 2022).

Various recent longitudinal and cross-sectional studies have al-
ready investigated the maturation of the above-described compo-
nents in wakefulness (Cellier et al., 2021; McSweeney et al., 2021;
Schaworonkow and Voytek, 2021; Ostlund et al., 2021; Hill et al., 2022;
Trondle et al., 2022) also relating them to complexity measures like mul-
tiscale entropy (Van Noortd and Willoughby, 2021). However they used
low sample numbers or non-homogeneous populations to study broad
age ranges and very large populations to study narrow age ranges.

Moreover, a growing number of reports on sleep-related changes
in aperiodic EEG activity in adult and pediatric populations
(Miskovic et al., 2019; Lendner et al., 2020; Bédizs et al., 2021) have
recently been published. As an example, a large comprehensive study
on children, adolescents and adults demonstrates that the spectral ex-
ponent could be a robust index of sleep stages across development
(Schneider et al., 2022). Although the study results appear promising,
they are limited by the lack of subjects below the age of 4 and by the ap-
plication of the same sleep scoring rules in children and adults. Another
recent study (Horvath et al., 2022) reports that both aperiodic and pe-
riodic components undergo remarkable overnight changes: during con-
secutive sleep cycles, a PSD rotation (a flatter decay and a smaller inter-
cept) is observed. Consequently, the spectral exponent behaves similarly
to the classical SWA yet it seems more promising because its interindi-
vidual variability is lower.

Finally, a very recent study explores in depth the relationship be-
tween age and aperiodic activity in a large pediatric population in wake-
fulness, by means of multilevel models (McSweeney et al., 2023). This
study underlines the need to compare aperiodic activity maturation
across infancy and childhood in wakefulness and in sleep states: our
study develops exactly from this point.

1.4. Aims and hypothesis of the study

The first aim is to investigate the maturation during development
of the aperiodic component of the EEG signal in wakefulness with a
homogeneous coverage of each year of age. We hypothesize a coun-
terclockwise PSD rotation (i.e. flatter PSD decay and lower PSD off-
set) over development (Cellier et al., 2021; McSweeney et al., 2021;
Schaworonkow and Voytek, 2021). Moreover, we investigate the same
maturation in sleep, in a subset of subjects that reached N3 sleep during
a nap opportunity. We hypothesize that the PSD rotates clockwise as
sleep deepens (Miskovic et al., 2019; Schneider et al., 2022), and coun-
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terclockwise over development, within each sleep stage (Bddizs et al.,
2021). We also aim to map these age-related changes of the aperiodic
activity in wakefulness and sleep, an aspect ignored by previous stud-
ies. According to the posterior-to-anterior gradient of structural devel-
opment (Casey et al., 2005; Welker and Patton, 2012), we hypothesize
that the hot-spot where the aperiodic component is slowest (i.e. steepest
PSD decay and largest PSD offset) migrates from posterior to anterior
sites with increasing age, particularly during sleep.

The second aim is to assess how the aperiodic features of EEG activity
diverge between wakefulness and sleep stages over age. We hypothesize
an increasing divergence throughout development.

2. Material and methods

An analytical observational, retrospective, monocentric study was
conducted - in accordance with the Declaration of Helsinki and the in-
stitutional guidelines - at the Pediatric Neurology and Neurophysiology
Unit of the Department of Women’s and Child Health of the University
of Padua in collaboration to the Department of Clinical and Biomedi-
cal Sciences of the University of Milan, Italy. The study protocol was
approved by the Ethics Committee for Clinical Trials of the University
Hospital of Padua (protocol number AOP2091_33806)

2.1. Subjects, inclusion and exclusion criteria

We selected a large study population, covering uniformly a wide age
range. Such a high sample number was obtained by recruiting subjects
who underwent EEG at the Pediatric Neurology and Neurophysiology
Unit of the Department of Women’s and Child Health of the Univer-
sity of Padua from 2013 to 2020 after a paroxysmal event. Once the
non-epileptic nature of the event has been ascertained, subjects were
recruited on the base of the following inclusion and exclusion criteria:

Inclusion criteria: age at EEG recording between 2 and 17 years; typ-
ical neurodevelopment and no ongoing neurological issues; EEG signal
obtained by 19 recording electrodes positioned according to the interna-
tional system 10-20; normal EEG tracings; the presence of at least 5 min
of quiet wakefulness free of artifacts; if the sleep phase was reached, the
presence of at least 5 min of NREM sleep (N2-N3 phase).

Exclusion criteria: a pathological EEG in the previous 6 months; diag-
nosis of a neurological condition, neurodevelopmental disorder or psy-
chiatric disease; ongoing therapy with benzodiazepines, phenobarbital,
steroids or other drugs potentially interfering with the EEG signal.

For the determination of aperiodic features in wakefulness, we en-
rolled 10 subjects for each year of age (from 2 to 17 years), for a total
of 160 subjects and as many EEG tracings. Sleep EEG was available in
89/160 subjects but only those subjects who reached the N3 phase of
NREM sleep (n = 44) were considered.

The recordings lasted either 20 min (if recorded only during wake-
fulness, n = 71) or 60 min (if after wakefulness a sleep opportunity was
given, n = 89). During wakefulness the subjects are sitting on a comfort-
able chair or in the arms of the parent and do not perform any particular
task, except alternating periods of dozens of seconds with eyes open and
with eyes closed (with a constant protocol across subjects). When neces-
sary, younger children watched TV cartoons in order to improve compli-
ance and reduce motion artifacts. EEG recordings were performed after
acquiring a written informed consent from the subjects’ parents; data
were fully anonymized.

2.2. Data acquisition and pre-processing

Each EEG tracing was obtained by 19 recording electrodes (cup in
chlorinated silver) positioned according to the international 10-20 sys-
tem and a 40-channel amplifier (Galileo MIZAR - Sirius, EBNeuro, Flo-
rence, Italy). In acquisition, an additional electrode located between the
F3 and F4 electrodes was used as a reference; the impedances of all the
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electrodes were kept below 5 kQ for the entire duration of the record-
ing. The signal was filtered online during acquisition (0.1-70 Hz) and
sampled at 256 Hz.

The raw data were imported and analyzed with custom MATLAB
code (MATLAB 9.7.0 R2019b, The MathWorks Inc., Natick, MA, USA).

The signal was filtered by a 5th order Butterworth high pass fil-
ter at 0.5 Hz, a 3rd order Butterworth low-pass filter at 60 Hz and a
50 Hz Notch filter. Due to the low-density set-up and the careful ap-
plication of electrodes, recordings from all electrodes were deemed of
sufficiently good quality, resulting in no rejection of electrodes. Epochs
characterized by artifacts were visually selected and excluded by a pedi-
atric neurologist expert in EEG (JF). The waking and sleep epochs were
also manually selected; sleep epochs were scored according to the most
recent manual of the American Academy of Sleep Medicine (Iber et al.,
2007), into four stages (Wakefulness, N1, N2, N3). Data were then re-
referenced to the average reference.

In addition, to minimize the influence of electromyographic (EMG)
and electro-oculographic (EOG) activity, an Independent Component
Analysis was performed separately for wakefulness and sleep: the dif-
ferent components of the signal were visually inspected on the basis
of their time-series, topographies and PSD. Clearly identifiable compo-
nents of EMG and EOG activity were removed. The residual components
were back-projected into the electrodes space.

We reported in Supplementary Table 1 and Supplementary Table 2
the proportion of epochs and the median number of components rejected
for each vigilance stage. We performed both a correlation analysis with
age and a partial correlation analysis to ensure that these factors did not
contribute to the results (see 2.6.6 Control analyses and 3 Results).

2.3. Calculation of aperiodic features: spectral exponent and offset

The PSD was estimated using Welch’s method, with a 3 second Han-
ning window and a 50% overlap. The linear trend of the time-series
within each window was removed to avoid introducing very slow fre-
quencies that can bias the power estimate.

We estimated the spectral exponent and offset respectively from the
slope and the intercept of the linear relationship between the loga-
rithm of the PSD and the logarithm of frequency, after discarding fre-
quency bins displaying oscillatory peaks (i.e. bins with large positive
residuals from a preliminary linear fit, and their contiguous bins with
positive residuals). Details of the procedure have been published in
Colombo et al., 2019 and the code is available online at: https://github.
com/milecombo/spectralExponent/blob/master/README.md.

Specifically, our fitting algorithm first resamples the PSD over log-
spaced frequency bins (to ensure the lower frequencies are adequately
represented and leveraged with respect to the higher frequencies, by up-
sampling), then performs a preliminary linear fit (in log-log axes), then
identifies peaks (large residuals from the preliminary fit, > 2 median
absolute deviations, also displaying a peak/inflection point) along with
the base of the peaks (frequency bins with positive residuals adjacent
to peaks), and fits again the PSD, after discarding the identified peaks,
finally resulting in an intercept (spectral offset) and slope (spectral ex-
ponent). Results concerning the PSD residuals, and the proportion of
excluded frequency bins, corresponding to periodic activity are shown
in Supplementary Fig. 1.

Here, to facilitate the comparison between the results of the spec-
tral exponent and offset, we considered the spectral offset as the
PSD intercept, and the spectral exponent as the PSD slope multi-
plied by —1, derived from this simple equation: log;o(PSD) = inter-
cept + slope*log; q(frequency).

Thus, in this formalism, the spectral exponent is equivalent to
the parameter a of the equation: PSD ~1/f ¢ (as in Pritchard, 1992;
Cellier et al., 2021; Shaworonkow and Voytek, 2021) such that a pro-
gressive decay of the PSD across frequencies is not indexed by negative
spectral exponent values (as in Colombo et al., 2019; Gao, 2016), but
by positive values. We estimated the aperiodic features for each vigi-
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lance stage (Wakefulness, N1, N2, N3) considering the average across
all scalp electrodes (for the main analysis), and then considering indi-
vidual electrodes (for exploratory topographic analysis). Whereas higher
spectral exponent indexes steeper decay rate of the PSD across frequen-
cies, higher spectral offset indexes overall larger PSD across frequencies
(Donoghue et al., 2020). We estimated the aperiodic features over the
1-20 Hz range (to minimize the influence of muscular artifacts), and
further reported results over the 1-40 Hz range in the Supplementary
Material, for comparison with previous literature.

Spectral exponent and intercept are two complementary parame-
ters resulting from fitting the PSD 1/f-like behavior, capturing the phe-
nomenon of PSD shift and PSD rotation. Whereas a change in spec-
tral offset can occur in absence of a change in spectral slope (PSD
shift), any change in exponent induces a corresponding change in off-
set, when the PSD is rotating around a fulcrum at a non-zero fre-
quency (see a visual explanation here: https://github.com/fooof-tools/
Visualizers#spectral-rotation). Hence, these two measures were tightly
correlated, as expected [Supplementary Fig. 2, Wake: R (42)=0.837, N1:
R(42)=0.791, N2: R(42)=0.642, N3: R(42)=0.759] and cannot generally
be interpreted independently. We thereby consider both parameters in
relation to age and discuss interesting dissociations.

2.4. Posterior-to-anterior difference in aperiodic features

To evaluate the posteroanterior gradient of aperiodic activity across
vigilance stages, we computed for each spectral feature a posterior-to-
anterior difference between the average value of a posterior (C3, Cz,
C4, P3, P4, Pz, T3, T4, T5, T6, O1, O2) and an anterior (Fpl, Fp2, F3,
F4, F7, F8, Fz) electrode cluster. A negative posteroanterior difference
in spectral exponent indexed a steeper PSD decay in anterior regions;
similarly, a negative posteroanterior difference in spectral offset indexed
higher PSD intercept in anterior regions.

2.5. Variability and differences in aperiodic features among vigilance stages

To evaluate the differentiation of aperiodic activity across vigilance
stages, we computed an overall measure of divergence across stages, as
the mean absolute deviation in the aperiodic features across all the four
stages. We then evaluated the pairwise stage differences in aperiodic
activity, as the difference in the aperiodic features between each pair
of vigilance stages (N1-W, N2-W, N3-W, N2-N1, N3-N1, N3-N2). We
computed such overall variability and pairwise differences considering
the scalp-average values (for the main analysis), and then considering
individual electrodes (for exploratory topographic analysis).

2.6. Statistics

2.6.1. Correlation of age with aperiodic features, during wakefulness

First, to evaluate the maturation of wake aperiodic activity, we con-
sidered the entire sample of subjects during wakefulness, and assessed
the Pearson Correlation between age and the two aperiodic features
(spectral exponent and offset) at the scalp-average level, resulting in
R statistics (degrees of freedom = 158, Fig. 1). Exploratory Pearson cor-
relation analyses were also performed at the single electrode level, to
qualitatively assess topographical differences (Fig. 1).

2.6.2. Rank-correlation of sleep depth with aperiodic features

All subsequent analyses were performed in the subset of subjects
reaching N3 sleep. To qualitatively observe the development of the PSD
shape during wake and sleep, we displayed the PSD, averaged by geo-
metric mean, in each age group (age was grouped only for display), for
each vigilance stage (Fig. 2).

Then, to evaluate the strength of an overall monotonic relation-
ship between aperiodic activity and sleep depth, regardless of age
(Miskovic et al., 2019; Schneider et al., 2022), we assessed the Spear-
man rank-correlation between the values of the two aperiodic features at
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the scalp-average level and the progression of vigilance stages—ranging
from Wakefulness, through N1, N2, to N3—resulting in Rho statistics
(degrees of freedom = 42, Fig. 3A and C, top).

2.6.3. Correlation of age with aperiodic features, in each vigilance stage

To evaluate the development of aperiodic activity during wake and
sleep, we assessed the Pearson correlation between age and each aperi-
odic feature at the scalp-average level, in all 4 vigilance stages, result-
ing in R statistics (degrees of freedom = 42, Fig. 3B and D, top). We
adjusted the P-values for multiple comparisons across vigilance stages
according to Bonferroni-Hochberg procedure. Exploratory Pearson cor-
relation analyses were also performed at the single electrode level, to
qualitatively assess topographical differences (Fig. 3B and D, bottom).

In order to estimate whether the correlations observed during wake-
fulness were different from that of any sleep stage and if the correlations
decreased over vigilance stages, we adopted a bootstrap procedure (see
details in Supplementary material, par. Evaluation of differences be-
tween wake and sleep stages in the magnitude of the correlations
of age with aperiodic and spatial features).

2.6.4. Correlation of age with postero-anterior differences in aperiodic
features, in each sleep stage

To evaluate the development of the postero-anterior gradient of ape-
riodic activity during wake and sleep, we assessed the Pearson Correla-
tion between age and the posterior-to-anterior difference of each aperi-
odic feature, in all 4 vigilance stages, resulting in R statistics (degrees of
freedom = 42, Fig. 4 displays the spectral exponent, Supplementary Fig.
17 displays the spectral offset). We adjusted the P-values for multiple
comparisons across vigilance stages according to Bonferroni-Hochberg
procedure. To qualitatively observe the migration of the hot-spot with
steeper PSD decay, we display the topography of the average spectral
exponent in each age group, for each vigilance stage, in Fig. 4 (the topog-
raphy of the average spectral offset in each age group, for each vigilance
stage, is displayed in Supplementary Fig. 17).

In order to assess whether the vigilance stage affected the correla-
tions between age and the postero-anterior difference of each aperiodic
feature, we performed bootstrap analysis, as above (Supplementary ma-
terial, par. Evaluation of differences between wake and sleep stages,
in the magnitude of the correlations of age with aperiodic and spa-
tial features).

2.6.5. Developmental differentiation of the vigilance stages

To evaluate the overall developmental variability of aperiodic ac-
tivity across all the vigilance stages, we calculated the mean absolute
deviation across the 4 vigilance stages in each aperiodic feature at the
scalp-average level and correlated these values with age (Fig. 5).

To evaluate the developmental differentiation of aperiodic activity
between specific vigilance stages, we then computed the difference be-
tween pairs of vigilance stages in the aperiodic features at the scalp-
average level, and correlated these difference values with age (Fig. 5).
We adjusted the P-values for multiple comparisons across all pairs of vig-
ilance stages (6 pairwise differences resulting from 4 vigilance stages)
according to Bonferroni-Hochberg procedure.

Exploratory Pearson correlation analyses were also performed at the
single electrode level, to qualitatively assess topographical differences
(Fig. 5).

2.6.6. Control analyses

We reported in the Supplementary Table 1 and in Supplementary
Table 2 the proportion of epochs and the median number of compo-
nents rejected for each vigilance stage, across several age groups. We
compared the main results (the Pearson correlation between aperiodic
features and age) to those of a partial correlation analysis, factoring out
the variation in cleaning quality between subjects, to ensure that differ-
ences in cleaning quality did not contribute to the main results (Supple-
mentary Material, paragraph Data cleaning and control for potential
biases across age).
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Then, in order to evaluate whether the results are influenced by dif-
ferences in model fit quality across age, we also performed a thorough
analysis of the goodness of fit. This revealed that goodness of fit was
high across vigilance stages and age, that changes in goodness of fit
across age were small and there was no evidence that the main findings
were influenced by this factor, as tested through bootstrapped partial
correlation analysis (Supplementary Material, paragraph Goodness of
Fit and control for potential biases across age).

Finally, we corroborated results from our fitting procedure by
performing supplementary analyses with a well-known procedure to
estimate aperiodic features, the Fitting Oscillations and One-Over-F
(FOOOF) toolbox (Donoghue et al., 2020). The two procedures yielded
highly similar results and estimates of the aperiodic features (Supple-
mentary Material, paragraph Replication of main results with the
FOOOF algorithm).

3. Results

A total of 160 subjects (95 males) aged 2 to 17 years, including 10
subjects for each year of age, were recruited according to the inclusion
and exclusion criteria.

The amount of muscle noise is considerably higher in infants due to
frequent movements during wakefulness. This resulted in a larger num-
ber of epochs being excluded during wakefulness in younger subjects.
We verified that the variation in cleaning quality across subjects did not
contribute to the main results, by means of bootstrapped partial correla-
tion analysis (Supplementary Material, paragraph ‘Data cleaning and
control for potential biases across age’).

3.1. Development of aperiodic activity in wakefulness

We first evaluated the development of wake aperiodic activity. The
spectral exponent of the 1-20 Hz range linearly decreased with age dur-
ing wakefulness (R = - 0.823, d.f. = 158, P < 0.001 [p = 1.31-4], Supple-
mentary Table 8); revealing stronger correlations at central and parieto-

A B

Age representative EEG traces, Wakefulness 0

PSD in all subjects, Wakefulness
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occipital electrodes (Fig. 1). Similarly, the spectral offset of the 1-20 Hz
range linearly decreased with age during wakefulness (R= - 0.888, P <
0.001 [p = 4.72755] Supplementary Table 8), revealing stronger corre-
lations at central electrodes (Fig. 1).

Similar results were obtained for the spectral exponent (R= —0.661,
P < 0.001 [p = 1.877211) and offset (R= —0.854, P < 0.001 [p =1 ~ 40])
of the 1-40 Hz range (Supplementary Table 8, Supplementary Fig. 13).

The mean values of spectral exponent and offset and their standard
deviation (std) for each year of age (n = 10 each) are reported in Sup-
plementary Table 1.

Overall, the wake PSD rotated counterclockwise over age, resulting
in a flatter spectral exponent and lower offset (Fig. 1).

3.2. Aperiodic activity and the monotonic relation with vigilance stages

We evaluated the monotonic relation between aperiodic activity and
vigilance stages, in the subset of 44 subjects who reached the N3 phase
of NREM sleep.

Each subject included in the sleep analysis had at least five minutes
of consolidated NREM sleep (N2+N3). Among these subjects, we detail
in the Supplementary materials (par. Data cleaning and control for
potential biases across age) the recording length and the duration of
data included in the analysis.

As observed in previous literature, there was a correlation between
age and the macro-structure of NREM sleep, such that older subjects had
a lower prevalence of N3 sleep (R(42)= —0.41, P-raw =0.0058) and con-
versely a higher prevalence of N2 sleep (R(42)= 0.364, P-raw =0.0151).

We accounted for this factor by considering N2 and N3 stages sep-
arately, rather than considering NREM sleep as a whole and then aver-
aging across periodograms within each stage.

Overall, the PSD rotated clockwise from wakefulness to deep NREM
sleep, regardless of age (Fig. 2, all panels), resulting in a steeper spectral
exponent and higher offset.

Specifically, the spectral exponent of the 1-20 Hz range progres-
sively increased from wakefulness to deep sleep, i.e. from wakefulness,
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Fig. 1. During wakefulness, the PSD over the 1-20 Hz range rotates counterclockwise over the course of development, yielding lower spectral exponent
and offset. A) Representative EEG traces for six subjects (aged 2, 4, 6, 12 and 15 years old), 5 s recorded from electrode Cz. Adolescents display lower amplitude
and faster EEG. B) Geometric mean of the PSD taken first across electrodes, then across subjects that belonged to the same age group (numerosity is shown in the
legend); grouping was performed for visual display only. The subpanel displays the PSD along with its 1/f-like trend, corresponding to the average fit of the aperiodic
component. C) Correlations between age and each aperiodic feature at the scalp-average level, during wakefulness. Both the spectral exponent and the spectral offset
of the 1-20 Hz range linearly decreased with age. D) The color-coded topographies of the correlations (ranging from blue, negative, to red, positive) reveal that
the correlation between age and spectral exponent was stronger at central and parieto-occipital electrodes and the correlation between age and spectral offset was

stronger at central electrodes.
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Fig. 2. In each age group, deeper NREM sleep stages implied a clockwise rotation of the PSD, indexed by higher spectral exponent and higher offset. The
geometric mean of the 1-20 Hz PSD is taken first across electrodes, then across subjects that belonged to the same age group (numerosity is shown in the legend of
the first panel); grouping was performed for visual display only. The subpanels display the PSD along with their 1/f-like trend, corresponding to the average fit of
the aperiodic component. A corresponding figure relative to the 1-40 Hz PSD is shown in the Supplementary material (Supplementary Fig. 14).

Table 1

Spearman Correlations between aperiodic features and the vigilance
stages (ranked according to the order: Wake, N1, N2, N3). Correlation anal-
ysis was performed by pooling the four vigilance stages on the subset of subjects
who reached N3 sleep.

Spearman rank-correlation with vigilance

stages
Aperiodic Feature Rho (174) P
Spectral Exponent 1-20 Hz 0.8672 1.4 e-54
Spectral Offset 1-20 Hz 0.8794 5.52 e-58
Spectral Exponent 1-40 Hz 0.9334 2.5e79
Spectral Offset 1-40 Hz 0.8886 8.36 e-61

through N1, N2, to N3; (Rho=0.867; d.f. =42, P < 0.001 [p = 1.4 ~ 4]
Fig. 3A, Table 1). Similarly, the spectral offset of the 1-20 Hz range
progressively increased from wakefulness to deep sleep (Rho= 0.879,
P < 0.001 [p = 5.52 ~ °8]) (Fig. 3C). Similar yet stronger results
were obtained for the spectral exponent and offset of the 1-40 Hz
range (Rho=0.934, P < 0.001 [p = 2.5 ~ 7°] - Rho=0.888, P < 0.001
[p = 8.36761] respectively, Table 1, Supplementary Fig. 13).

Notably, regardless of age, both spectral exponent and offset of the 1-
20 Hz range entirely separated wakefulness from N3 sleep (Fig. 3) While
the spectral offset of the 1-40 Hz range nearly separated wakefulness
from N2 and N3 (40/44 and 44/44 respectively), the spectral exponent
of the 1-40 Hz range entirely separated wakefulness from both N2 and
N3 sleep (Supplementary Fig. 15), with a cutoff near 2, as noted also in
a recent study by Schneider et al. (2022).

3.3. Development of aperiodic activity, in each vigilance stage

We evaluated the development of aperiodic activity during wake and
sleep. The spectral exponent of the 1-20 Hz range linearly decreased
with age in wakefulness and N1 sleep (Wake R = - 0.795, P<0.001
[P = 4.43710]; N1 R = - 0.603, P<0.001 [P = 4.38705]. D.f. 42), but
not in N2 nor in N3 sleep (N2 R = - 0.246, P = 0.213; N3 R = - 0.089,
P = 0.563). On the other hand, the spectral offset linearly decreased
with age, in every sleep stage (N1 R = - 0.782, P<0.001 [P = 1.07-%°];
N2 R = - 0.560, P<0.001 [P = 0.000152]; N3 R = - 0.402, P = 0.007)
(Fig. 3 and Table 2). For both aperiodic features, the correlations with
age were stronger during wakefulness and light sleep; correlations in
sleep were stronger in the occipital region (Fig. 3B, and D). Similar
results were obtained for the aperiodic features of the 1-40 Hz range

(Supplementary Fig. 15 and Supplementary Table 9). Overall, the mag-
nitude of the correlations between age and the aperiodic features were
greater in wakefulness than in sleep, and progressively decreased with
the vigilance stage, from wakefulness, through N1 and N2 to N3 (Sup-
plementary Material, par. Evaluation of differences between wake
and sleep stages in the magnitude of the correlations of age with
aperiodic and spatial features).

Spectral exponent and spectral offset had a similar correlation with
age during wakefulness, however, the spectral exponent was less cor-
related with age than the spectral offset during sleep, as confirmed by
bootstrap analysis on the difference in the correlation magnitude (Sup-
plementary Material, par. Evaluation of differences between aperi-
odic features in the magnitude of their correlations of age).

Further, we performed an additional control analysis, to show that
the different amount of data available per subject was not driving the
observed results (Supplementary Material, par. Data cleaning and con-
trol for potential biases across age); hence, we subsampled the avail-
able data to equate recording lengths across subjects, and observed
highly consistent estimates of the aperiodic features (Supplementary
Fig. 7), along with the previously described pattern of correlations
throughout vigilance stages.

Overall, development rotated the PSD counterclockwise during
wakefulness and light sleep, while it only reduced the PSD across fre-
quencies during deep sleep.

3.4. Development of the postero-anterior gradient in each vigilance stage

We evaluated the development of the postero-anterior gradient of
aperiodic activity during wake and sleep (Fig. 4). The posterior-to-
anterior difference of the spectral exponent of the 1-20 Hz range nega-
tively correlated with age throughout vigilance stages, particularly dur-
ing deep sleep (Fig. 4 and Table 2; Wake R = - 0.388, P = 0.00925;
N1 R = - 0.546, P<0.001 [P = 0.000256]; N2 R = - 0.706, P<0.001
[P = 3.39797]; N3 R = —0.596, P<0.001 [P = 5,91-95]). Similarly, the
posterior-to-anterior difference of the spectral offset of the 1-20 Hz
range negatively correlated with age during sleep, particularly dur-
ing deep sleep (Supplementary Fig. 17; Wake R = —0,169, P = 0.274;
N1 R = -0.521, P<0.001 [P = 0,000,573]; N2 R = -0,705, P<0.001
[P =3,68"97]; N3 R = —0,621, P<0.001 [P = 2,0379°]). During wakeful-
ness, correlations of the posterior-to-anterior difference of the spectral
offset (1-20 Hz) with age were significant across all subjects (Supple-
mentary Fig. 16), yet these were not significant when considering only
the subset of subjects that reached N3 sleep (Supplementary Fig. 17).
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Fig. 3. Overall, aperiodic activity indexed vigilance stage, with higher spectral exponent and offset in deeper sleep; in deep sleep, only the spectral offset
progressively decreases over age. Panels A and C: both spectral exponent and offset, estimated over the 1-20 Hz range, progressively increased from Wakefulness,
through N1, N2, to N3, as quantified by the Rho values of the Spearman correlation with the vigilance stages (ranked according to the order: W, N1, N2, N3).
Regardless of age, spectral features entirely separate wakefulness from N3 sleep. While the spectral offset linearly decreases with age in every sleep stage (panel D),
the spectral exponent shows a negative linear correlation with age only in Wakefulness and N1 sleep (panel B). The R-values of the Pearson correlation with age is
reported, in gray for non-significant tests. In the lower part of figure A and C, topographies show the spatial distribution of spectral exponent and offset, respectively.
Instead, in figure B and D topographies show the spatial distribution of the magnitude of the correlations, performed at the single electrode level.

Wakefulness values reported in this figure are sampled from the subpopulation of subjects that reached N3 (N = 44).
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Fig. 4. Throughout vigilance stages, the posterior-to-anterior difference of the spectral exponent negatively correlates with age and the location with
higher values of spectral exponent migrates from posterior to anterior regions from childhood to adolescence. Correlation between age and posterior-to-
anterior difference of spectral exponent in wakefulness and sleep stages. Color coded topographies display the distribution of spectral exponent over the scalp across
vigilance stages, averaged within groups of subjects of different age ranges. The region with steeper spectral exponent is color coded in blue, within each topography.
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Fig. 5. Over development the values of 1-20 Hz spectral exponent in wakefulness and light sleep became increasingly different from those in deep sleep.
Panel above: age correlated with the variability between all the vigilance stages in the spectral exponent of the 1-20 Hz range (computed as the mean absolute
deviation of the values between stages, thus an estimate of the overall differentiation between stages). Age was also correlated with most of the pairwise differences
in spectral exponent (N2-N1, N3-N1, N2-W, N3-W, except for N1-W and N3-N2, Supplementary Material), indexing a developmental differentiation of wake and
light sleep from deep sleep. Panel below: the correlation between age and the variability across vigilance stages in spectral exponent is stronger in frontal regions,
similarly to the correlation between age and the pairwise differences between wake and sleep stages in spectral exponent.

Table 2

Correlations between age and spectral features estimated over the 1-20 Hz range for their scalp average and their posteroanterior difference.
Correlation analysis across vigilance stages was performed on the subset of subjects who reached N3 sleep; accordingly, the degrees of freedom for the
correlations were 42. Abbreviations: p raw = p for individual tests, not adjusted for multiple comparisons. p adj = p adjusted for multiple comparisons
across all vigilance stages according to the Bonferoni-Hochberg procedure. W = wakefulness. N1 = N1 sleep stage. N2 = N2 sleep stage. N3 = N3 sleep
stage. Statistically significant results are marked in bold.

Scalp Average Pearson correlations with age

Stage w N1 N2 N3
Spectral R —0,7955 —-0,60,332 —0,24,673 —0,08,959
Exponent 1-20 Hz P raw 1,11E-10 1,46E-05 0,106,404 0,563,043

P adj 4,43E-10 4,38E-05 0,212,807 0,563,043

Stage w N1 N2 N3
Spectral Offset R -0,82,252 -0,78,232 —0,56,052 —0,40,241
1-20 Hz P raw 7,49E-12 3,57E-10 7,59E-05 0,006,769

P adj 3E-11 1,07E-09 0,000,152 0,006,769
PosteroAnterior Pearson correlations with age
Difference

Stage w N1 N2 N3
Spectral R —0,38,803 —0,54,555 —0,70,633 —0,59,595
Exponent 1-20 Hz P raw 0,00,925 0,000,128 8,46E-08 1,97E-05

P adj 0,00,925 0,000,256 3,39E-07 5,91E-05

Stage w N1 N2 N3
Spectral Offset R —-0,16,864 -0,52,116 —0,70,497 —0,6213
1-20 Hz P raw 0,273,832 0,000,286 9,19E-08 6,78E-06

P adj 0,273,832 0,000,573 3,68E-07 2,03E-05
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Correlations between age and the difference between pairs of vigilance stages, in aperiodic features of the 1-20 Hz range, reveal a
differentiation of wake and light sleep activity from deep sleep activity. Correlation analysis of the pairwise differences between vigilance
stages was performed on the subset of subjects who reached N3 sleep; accordingly, the degrees of freedom for the correlations were 42. Bold
is used for statistically significant tests, after controlling for multiple comparisons across the 6 pairs of stages. Abbreviations: P raw = P for
individual tests, not adjusted for multiple comparisons. P adj = P adjusted for multiple comparisons across all vigilance stages according to the
Bonferoni-Hochberg procedure. W = wakefulness. N1 = N1 sleep stage. N2 = N2 sleep stage. N3 = N3 sleep stage.

Stage N2 - N1 N3 - N1 N1-W N3 - N2 N2 -W N3 -W
Spectral R 0,484,875 0,365,369 0,187,355 0,107,341 0,487,348 0,47,096
Exponent120Hz P raw 0,000,851 0,014,737 0,223,296 0,487,976 0,000,793 0,001,253
P adj 0,004,759 0,04,421 0,446,591 0,487,976 0,004,759 0,005,012
Stage N2 - N1 N3 - N1 N1-W N3 - N2 N2-W N3-W
Spectral Offset 1 R 0,492,829 0,362,437 0,047,818 0,05,399 0,504,964 0,447,086
20 Hz P raw 0,000,677 0,015,616 0,757,906 0,727,785 0,000,473 0,002,346
P adj 0,003,386 0,046,849 1 1 0,002,836 0,009,382

Concerning the posterior-to-anterior differences of both features,
bootstrap analysis suggested a progressive decrease of the correlations
with age from wake to deeper sleep stages (Supplementary Fig. 4, even
though pairwise comparison between wake and each sleep stage re-
vealed that correlations were only marginally greater in Wakefulness
than in N2 for the spectral exponent, and greater in Wakefulness than
in either N2 or N3 for the spectral offset (see details in Supplemen-
tary Material par. Evaluation of differences between wake and sleep
stages, in the magnitude of the correlations of age with aperiodic
and spatial features).

Overall, the location with higher spectral exponent and offset values
undergoes a shift from posterior to anterior regions from childhood to
adolescence, particularly during sleep (Fig. 4, Supplementary Figs. 16
and 17).

3.5. Development of differences and variability between vigilance stages in
aperiodic features

We evaluated the developmental differentiation among vigilance
stages in the aperiodic features, considering the overall variability across
stages and the pairwise difference between stages.

The variability between all the vigilance stages in the spectral ex-
ponent of the 1-20 Hz range linearly correlated with age (R = 0.516,
d.f.=42, P<0.001 [P = 0.0003] Fig. 5). Similar results were obtained
with regard to the spectral offset of the 1-20 Hz range (R = 0.536, Sup-
plementary Fig. 19) and with regard to the spectral features of the 1-
40 Hz range (Supplementary Table 11), thus revealing a progressive dif-
ferentiation of aperiodic features among vigilance stages from infancy
to adolescence (Fig. 5).

Specifically, age was significantly correlated with the difference in
spectral exponent of the 1-20 Hz range between the following pairs
of vigilance stages: N3-W (R = 0.471, P = 0.005), N3-N1 (R = 0.365,
P =0.044), N2-W (R = 0.487, P = 0.005), N2-N1 (R = 0.485, P = 0.005),
see Fig. 5, Table 3; yet, age was not significantly correlated with the
difference between N1-W (P = 0.447) and N3-N2 (P = 0.488) (Supple-
mentary Fig. 18, Table 3). Highly consistent results were obtained for
the correlations of age with the pairwise differences between stages in
spectral offset of the 1-20 Hz range N3-W (R = 0.447, P = 0.009), N3-N1
(R=10.362, P=0.047), N2-W (R = 0.505, P = 0.002), N2-N1 (R = 0.493,
P = 0.003) (Supplementary Fig. 19, Table 3). Results relative to the 1-
40 Hz range are reported in Supplementary Table 11).

Concerning topography, correlations of age with both variability and
pairwise differences in aperiodic features of the 1-20 Hz range were
stronger in frontal regions (Fig. 5, Supplementary Figs. 18 and 19).
Overall, aperiodic features of the 1-20 Hz range during both wakeful-

10

ness and light sleep became progressively different from those in deep
sleep.

4. Discussion

Here, we observed a counterclockwise PSD rotation during wakeful-
ness and light sleep from childhood to adolescence, reflecting a reduc-
tion in signal amplitude and an increasing representation of fast over
slow frequency activity. The PSD rotation was indexed by a decrease in
both spectral exponent and offset, for which we report average values for
each year of age during wakefulness (Supplementary Table 1). Regard-
less of age, the broad-band spectral exponent could track sleep depth,
entirely discriminating wakefulness from deep sleep (N2 and N3 stages).
Further, while the spectral offset decreased with age throughout all vig-
ilance stages, the spectral exponent remained relatively constant with
age during deep sleep. In turn, aperiodic activity during wake and light
sleep differentiated from activity during deep sleep, thereby the vari-
ability across vigilance stages increased over development. Finally, we
observed a topographical maturation of both aperiodic features along a
posterior to anterior direction, occurring more prominently during deep
sleep.

4.1. Maturation of aperiodic activity during wakefulness

During wakefulness, we observed a counterclockwise rotation of
the EEG PSD in a large cohort of healthy children and adolescents
aged between 2 and 17 years, covering each year of age (Fig. 1).
Specifically, age was strongly and linearly correlated to both spectral
exponent and offset, respectively reflecting an increase in fast rela-
tive to slow frequency activity and an overall reduction of amplitude
(Fig. 1).

Similarly, in a large sample of healthy subjects aged 3-24 years, age
linearly correlated to both spectral exponent and offset (Cellier et al.,
2021), although we observed stronger correlations in our datasets, pos-
sibly due to a more homogeneous sampling over age.

We observed a tight linear relation during wakefulness throughout
all the years we investigated, in contrast to McSweeeny et al. (2023) who
observed a quadratic relationship in middle childhood (4-11 years), al-
though the distribution of values reported is compatible to the one we
observed here. Subtle deviations from the overall developmental linear
trend may be more evident when focusing on a restricted age group
with an even larger dataset (McSweeny et al., 2023). The distribution
and trend that we observed from infancy to adolescence are consistent
with distributions and trends observed in even younger infants and in
adults.
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Specifically, spectral exponent values decreased from 3 to 2 during
development over the first seven months of life (Schaworonkow and
Voytek, 2021). These values are in continuity with the limits of our
distribution, whereby toddlers aged 2 displayed a maximum of 1.92 and
an average of 1.73 (Supplementary Table 1).

On the other hand, in adult populations the spectral exponent de-
creases with age as well. Values were distributed between 1.5 and 0.5,
with a greater density around 1 (Voytek et al., 2015; Colombo et al.,
2019; Donoghue et al., 2020; Pathania et al., 2022). Overall, the PSD
rotation that we observed in wakefulness during development, indexed
by a reduction of spectral exponent and offset values, is consistent with
previous literature.

4.2. The spectral exponent indexes sleep depth and separates wakefulness
from deep sleep, regardless of age

Our data demonstrate that PSD gradually rotates clockwise with
sleep depth from wake through N1 and N2 to N3 (homogeneously across
statistical descriptors), as previously reported in adults (Miskovic et al.,
2019) and consistently in different age groups, including children,
teenagers, young adults and middle-aged adults (Schneider et al., 2022;
Bddizs et al., 2021).

Both spectral exponent and offset values of the 1-20 Hz range en-
tirely separated wakefulness from N3 sleep (Fig. 3); further, spectral
offset and exponent values of the 1-40 Hz range separated wakefulness
from both N2 and N3 sleep, leading to near-optimal and optimal sepa-
ration respectively (Supplementary Fig. 15). Overall, the spectral expo-
nent of the 1-40 Hz range demonstrated the strongest monotonic rela-
tion with the progression of vigilance stages (W, N1, N2, N3, Table 1).

These results are in line with those obtained in adults during
both physiological sleep (Miskovic et al., 2019) and during phar-
macologically induced unconsciousness, by xenon or propofol anes-
thesia (Colombo et al., 2019). However, since periodic and aperi-
odic EEG activity dramatically develops in the first months of life
(Schaworonkow and Voytek, 2021; Mizrahi and Hrachovy, 2016), and
since wake EEG aperiodic activity progressively differentiate from sleep
activity over development (as shown above), EEG aperiodic activity may
be less effective in discriminating wakefulness from sleep in the first year
of life.

4.3. Maturation of spectral offset across vigilance stages

Our data showed that the spectral offset linearly decreased with age
in every vigilance stage, reflecting a global power reduction during de-
velopment. This power reduction has been related mainly to synaptic
pruning (Whitford et al., 2007), since lower synaptic density is expected
to yield lower EEG amplitude. Further, as early as 1982, Feinberg linked
previous postmortem evidence to sleep developmental neurophysiology,
proposing that lower synaptic density should lead to lower EEG slow-
wave amplitude (Feinberg, 1982).

Furthermore, not only the amount of neuronal activity but also its
temporal pattern affects neuronal survival rates (Blanquie et al., 2017;
Wong Fong Sang et al., 2021). In fact high-frequency activity plays an
important role in the stabilization and pruning of synaptic connections
(Warm et al., 2022).

Alternatively, the progressive increase over development of the
scalp-to-cortex distance (Fu and Richards, 2021; Sharma et al., 2020;
Delye et al., 2015) may partially explain the observed reduction in EEG
amplitude over development. However, the region-specific and stage-
dependent effects that we observed may be harder to explain under this
alternative hypothesis. Further, on the basis of this alternative hypothe-
sis, the skull should act as a low-pass filter (Srinivasan et al., 1996), and
thus one would expect a steeper spectral exponent over age. Yet, we
observed an opposite effect of age during wakefulness and light-sleep,
namely a flatter spectral exponent over age, thus implying that the ob-
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served effects on EEG aperiodic activity likely reflect genuine neuro-
physiological maturation.

4.4. Developmental trajectories of spectral exponent and offset

Whereas a reduction in spectral offset can occur in absence of a
change in spectral exponent (PSD shift), a flatter spectral exponent also
results in a concomitant reduction of the spectral offset, if the PSD is
rotating at any non-zero frequency; thus leading in principle to a high
correlation between the two aperiodic features.

Despite the observed high mutual correlation between aperiodic fea-
tures across vigilance stages (Supplementary Fig. 2), the correlation of
age with the spectral offset was significantly higher than with the spec-
tral exponent during sleep (Supplementary Material).

Further, during wake and N1 sleep, both spectral exponent and offset
decreased over age, whereas during N2 and N3 sleep, despite a reduction
of the spectral offset with age, the spectral exponent did not correlate
with age (Fig. 3B).

Noteworthy, an effect of age on the exponent might have been ob-
served in NREM sleep, if considered as a whole (N2+N3), but this effect
could simply be explained by the reduction of the prevalence of N3 dur-
ing development (Ohayon et al., 2004).

To control for developmental differences in the duration of sleep
stages, we additionally subsampled the data available, retaining the
same length of data across ages, and observed highly consistent esti-
mates of the aperiodic features (Supplementary Fig. 7), along with the
previously described pattern of correlations throughout vigilance stages
(Wake, N1, N2, N3, Supplementary Material, par. Data cleaning and
control for potential biases across age).

Overall, during wakefulness and light sleep development induces a
counter-clockwise rotation of the EEG PSD, while during deep sleep de-
velopment primarily induces a PSD shift.

Thus, the spectral exponent and offset, albeit typically strongly corre-
lated, follow distinct developmental trajectories across vigilance stages
and index distinct neurophysiological processes.

4.5. Spectral exponent and the development of excitation and inhibition

The study of the aperiodic activity may potentially offer some
insights into the cortical balance between excitation and inhi-
bition (Colombo et al., 2019; Gao et al., 2017). The compu-
tational model from Gao et al. indicates that inhibitory activ-
ity, characterized by slow synaptic currents (Gupta et al., 2000;
Bartos et al.,, 2002) and excitatory activity, characterized by fast
synaptic currents (Spruston et al., 1995; Angulo et al.,, 1999, see
for a compendium http://compneuro.uwaterloo.ca/research/constants-
constraints/neurotransmitter-time-constants-pscs.html#), have a differ-
ent spectral decay, such that they primarily weigh respectively on the
shape of the low and high frequency range of the spectrum of Local
Field Potentials (LFP) recordings (Gao et al., 2017). In turn, the slope of
the LFP, estimated on a relatively high frequency range (30-50 Hz), is
indicative of the ratio between excitation and inhibition, as supported
by additional evidence from primate and rat animal models (Gao et al.,
2017).

However, several differences need to be considered when drawing
parallels across these studies. Gao et al., 2017, considers simulated and
real recordings of intracranial LFP, thus their results concern a smaller
spatial scale, do not suffer from scalp blurring properties and are free
from EMG confounders, which contaminates the EEG high frequency
range.

In our case, the spectral slope of a low-frequency range of the EEG
spectrum (1-20 Hz, 1-40 Hz) may thus potentially reflect primarily the
influence of slow inhibitory currents, suggesting that a developmental
flattening of the slope may index decreased time constants. Consistently,
the structural and functional maturation of the inhibitory receptors
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(Rakhade and Jensen, 2009), leads to faster inhibitory synaptic time-
constants over development, according to primate in-vitro evidence
(Hashimoto et al., 2009); in turn, inhibitory synaptic time-constants di-
rectly affect the aperiodic shape of the EEG PSD, as demonstrated by
recent simulations (Brake et al., 2021). Overall, the PSD decay of the
EEG during wakefulness and light sleep flattens over development, par-
allelling the maturation of inhibitory synaptic activity.

4.6. Progressive developmental differentiation of wakefulness from sleep
aperiodic activity

During neurodevelopment, the variability across vigilance stages in
both aperiodic features increased over age, implying a progressive dif-
ferentiation of wake and light-sleep aperiodic activity from deep-sleep
activity (Fig. 5). To the best of our knowledge, this aspect has never
been demonstrated before.

Indeed, aperiodic activity during wakefulness and light-sleep un-
derwent a greater developmental change than activity during deep
sleep (N2, N3), which was significant for the spectral offset, and non-
significant for the spectral exponent (Fig. 3). Overall, our results sug-
gest that the neurophysiological waking state progressively differenti-
ates from the state of deep sleep over the course of development.

Further, correlation analysis revealed that the differentiation of ape-
riodic activity from wakefulness to sleep was more pronounced over
frontal regions, consistently with the notion that frontal regions are the
last ones to mature and require the most time to complete maturation
(Casey et al., 2005)

4.7. Region-specific changes of sleep aperiodic activity: early maturation of
occipital regions, later maturation of frontal

The posterior-to-anterior difference of spectral exponent and offset
becomes progressively more negative with increasing age across vigi-
lance stages, particularly in deep sleep (Fig. 4). In particular, the hotspot
with the largest spectral exponent and offset undergoes a transition from
posterior to anterior regions across development (Fig. 4).

During deep sleep, both spectral exponent and offset were higher
posteriorly during infancy and anteriorly during adolescence, consis-
tently with the lower posterior-anterior difference in children as com-
pared to adults found by Schneider et al. (2022).

Consistently, Kurth et al. (2010) showed a developmental migration
of the location on the scalp with maximal slow wave activity during
NREM sleep. Indeed, Horvath et al. (2022) demonstrated that the clas-
sical slow wave activity in both adults and children is tightly related
to the spectral exponent and, particularly, to the spectral offset. Aperi-
odic features and slow wave activity were correlated within sleep cy-
cles, and displayed similar overnight homeostatic dynamics, decreasing
over consecutive sleep cycles (Horvath et al., 2022). As a consequence,
the postero-anterior maturation of the spectral exponent and offset can
be related to the postero-anterior maturation of slow wave activity of
NREM sleep.

While the development of aperiodic activity along a posteroanterior
gradient during sleep is in line with previous evidence concerning sleep
slow waves (Kurth et al., al.,2010), the observed positive correlation
of age with the posteroanterior difference in spectral exponent during
wakefulness is unexpected and could point to a common mechanism reg-
ulating the topographical development of the neurophysiological aperi-
odic activity across wake and sleep, and awaits further investigation.

The developmental maturation of both aperiodic features (expo-
nent and offset) along a postero-anterior gradient during sleep points
to region-specific synaptic downscaling and neuroanatomical develop-
ment.

Indeed, the intense activity of a particular region during wakeful-
ness is expected to be underlied by intense day-time synaptic poten-
tiation and to lead to large slow-wave activity during sleep, accord-
ing to the synaptic homeostasis hypothesis (Tononi and Cirelli, 2006).
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Consistently, in infants the topographical maximum of both aperiodic
features during sleep peaked occipitally, where the synaptogenesis and
pruning occurs the earliest (Huttenlocher et al., 1982) and indeed the
acquisition of occipitally-dependent visual function occurs the earliest
(Hensch 2005).

Subsequently, in late childhood and adolescence, the topographi-
cal maximum of both aperiodic features during sleep peaked frontally,
where synaptogenesis and pruning occurs the latest and indeed the
acquisition of frontally-dependent high-order cognitive and executive
function occurs the latest (Luna et al., 2004).

Overall, the observed topographical maturation of aperiodic EEG ac-
tivity is consistent with a progressive functional and anatomical matu-
ration along a posteroanterior direction.

4.8. Limitations

The EEG traces were obtained from outpatient recordings during
daytime. As a consequence, only a subset of subjects reached the N3
phase of NREM sleep and REM sleep data were not available. There-
fore, it was not possible to homogeneously cover in sleep the different
ages (similarly to wakefulness). Further studies are needed to confirm
the results obtained in sleep, using larger populations and data recorded
during overnight sleep as well as covering homogeneously the different
years of age.

We did not analyze separately the eyes-open and the eyes-closed con-
dition during wakefulness; however, the change in aperiodic features
is relatively small between the two conditions (Colombo et al., 2019;
Mc Sweeney et al., 2021, 2023) compared to the developmental and the
vigilance effect reported here. Further, two large studies in children and
in adolescents did not find a developmental interaction effect related to
eye closure/opening (McSweeney et al., 2021, 2023).

Finally, our montage did not include EOG leads and EMG activity
was recorded only at deltoid muscles level; however this did not affect
the detection of N1, N2 and N3 sleep epochs, scored according to the
AASM criteria (Iber et al., 2007). Concerning N1 sleep, we have not con-
sidered slow eye movements, which however may be seen also during
eyes closed wake and are thus not discriminative.

5. Conclusions

In conclusion, this comprehensive analysis of the aperiodic compo-
nent of the EEG signal allowed us to characterize and quantify the neu-
rodevelopmental changes of EEG activity occurring during wakefulness
and sleep, from infancy to adolescence. Specifically, the spectral offset
decreases over development throughout vigilance stages, reflecting an
overall voltage reduction in line with synaptic pruning. On the other
hand, the spectral exponent decreases over development only during
wakefulness and light sleep, reflecting a flatter PSD decay, consistently
with a reduction of synaptic time constants possibly related to the mat-
uration of the inhibitory system. As a consequence, wakefulness seems
to progressively emerge from the sleep state during development. Fi-
nally, we showed that the hotspot with the steepest PSD decay migrates
along a posterior-to-anterior gradient from childhood to adolescence,
consistent with a progressive cognitive, functional and anatomical neu-
rodevelopment.
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