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Abstract
Widespread change in behavior and the underlying brain network substrate is a hallmark of early development. Sleep plays a
fundamental role in this process. Both slow waves and spindles are key features of nonrapid eye movement sleep (NREM) that
exhibit pronounced developmental trajectories from infancy to adulthood. Yet, these prominent features of NREM sleep are
poorly understood in infants and toddlers in the age range of 12 to 30 months. Moreover, it is unknown how network dynamics
of NREM sleep are associated with outcomes of early development. Addressing this gap in our understanding of sleep during
development will enable the subsequent study of pathological changes in neurodevelopmental disorders. The aim of the current
study was to characterize the sleep topography with high-density electroencephalography in this age group. We found that δ, θ,
and β oscillations and sleep spindles exhibited clear developmental changes. Low δ and high θ oscillations correlated with motor,
language, and social skills, independent of age. These findings suggest an important role of network dynamics of NREM sleep in
cortical maturation and the associated development of skills during this important developmental period.

Statement of Significance
The beginning years of life are marked by vast developmental change and within this important period is the transition
from infancy to toddlerhood. Sleep serves as a means to better understand the interplay between development and the underlying neuronal networks. The sleep topography undergoes pronounced change, which is reflected in the sleep characteristics
during rapid eye movement and nonrapid eye movement (NREM) sleep. Specifically, features of NREM sleep such as sleep spindles and slow waves are well documented in children and adults, and are associated with learning and memory. What remains
unclear is the extent to which these associations are evident in infancy and toddlerhood. Moreover, only a few studies examine
toddlerhood, and no study has yet to characterize the sleep network dynamics in the age range that covers the transition from
infancy to toddlerhood (12–30 months). To address this gap, this paper seeks to characterize the sleep network dynamics and
identify associations with cognitive performance. The data provided here aim to serve as a reference for future investigation of
sleep network dynamics in children at risk for neurodevelopmental disorders that clinically emerge in the examined age range.
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Introduction

Methods
Participants
Participants were 30 (14 males, 16 females) healthy infants and
toddlers (mean age = 20 months, SD = 5.19, range = 12–30). All participants were screened with either the First Year Inventory (FYI)
or the M-CHAT-R/F (Modified Checklist for Autism in Toddlers,
Revised with Follow-Up) to ensure that participants were free of
a developmental disability (DD) and risk of an autism spectrum
disorder (ASD). Exclusion criteria were a reported history or presence of sleep problems, epilepsy, neurological/metabolic/genetic
disorders, developmental disability, family history of an ASD, and
severe visual, hearing, or motor impairments that would impede
participation. We used a phone interview with a parent to identify
participants described as good sleepers (sleep between 8 and 14 hr)
at night, habitual nappers (nap a minimum 5 days per week), and
free of medication (affecting sleep/daytime alertness/the circadian
system). All participants were of healthy weight and height for age
(i.e. 5th–85th percentile BMI) and born full-term. Two participants
that did not sleep during the lab visit and one participant with an
excessive rocking artifact in the EEG signal were excluded from analysis. We here present the data from the remaining 27 participants.
Participant and maternal demographics are shown in Table 1. Since
many analyses focus on two age groups determined by the median
split of the age, demographics are demarcated as such. All experimental procedures were explained to parents before they provided
written consent as approved by the Institutional Review Board at
the University of North Carolina at Chapel Hill. Parents were compensated with cash for their participation in the study. All participants completed a home visit and a lab visit (nap).

Home visit
During the home visit, participants completed the Mullen Early
Scales of Learning (MSEL) [49], and the Vineland Adaptive Behavior
Scales—2nd Edition (VABS-2) [50]. The MSEL is a standardized
norm-referenced tool designed to measure cognitive functioning from birth to 68 months of age. We use the Fine-Motor
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The rapid maturation of basic sensory, cognitive and social
functions, and their underlying network-level substrate in early
childhood builds the foundation for the subsequent development of more complex functions [1]. Cortical maturation is
reflected in changes of the sleep electroencephalogram (EEG),
specifically within nonrapid eye movement (NREM) sleep [2–8].
Dominant brain oscillations during NREM sleep, slow wave
activity (SWA) and sleep spindles, have been associated with
performance on measures of cognitive performance, “IQ” [9–14],
learning efficiency [15, 16], memory consolidation [17–22], and
motor skill development [5, 23, 24]. Thus, demarcating normative features of sleep in young children represents an important
foundation for understanding brain maturation and may ultimately serve as a marker of brain development.
A prominent feature of NREM sleep that changes with age is
slow waves that are related to the slow oscillations. Slow oscillations arise from the low-frequency oscillation (1 Hz) in the
membrane potential of cortical neurons and with synchronization across many neurons are depicted as slow waves in the
surface EEG [25–27]. Slow waves can be quantified by calculating SWA (EEG power in the δ range < 4.5 Hz) which represents a
well-established marker of sleep homeostasis and sleep depth
[28]. SWA further likely reflects synaptic density because more
and stronger synapses benefit synchronization [29, 30]. SWA
changes dramatically during development, peaking before
puberty and gradually declining after that. These maturation
dynamics follow the trajectory of cortical development, such
as the formation and pruning of synapses [31, 32]. Kurth et al.
showed in a cross-sectional study that the topography of slow
waves changes from young childhood to young adulthood
through a regional shift of SWA along the postero–anterior axis
[4]. Thus, slow waves peak regionally over occipital regions in 2to 5-years-old children but show a clear maximum over frontal
regions in adults. These findings were further verified in a longitudinal study [23]. The underlying shift from more posterior
to frontal regions may reflect the development of more sophisticated cognitive processes that children develop with age [5].
Sleep spindles also reflect maturational and regional differences during NREM sleep. Sleep spindles (10–16 Hz) represent
thalamocortical derived activity [33] consisting of a waxing and
waning of the EEG lasting between 0.5 and 2 s [34]. Sleep spindles
are observed in infants as young as 1–2 months [35]. Slow (11–13
Hz) and fast spindles (13–16 Hz) are formed at around 24 months
[36]. Slower frequencies are located over frontal regions and are
more pronounced during slow wave sleep, whereas faster frequencies are located over centroparietal regions and are more
prominent during stage 2 sleep [24, 33, 37]
Multiple changes occur in σ activity (covering the spectral
power in the spindle frequency range) and spindle characteristics across development [33, 38]. Overall, spindles become faster
from infancy to adolescents [33, 38–41], but there seems to be a
significant decrease in spindle frequency in 2- to 5-years-old [42].
In addition, clear changes in power, duration, amplitude, and
density of sleep spindles are seen with development. However,
the directions and the amount of change depend on the age
window assessed and the electrodes measured because clear
topographical differences exist [4, 33, 38, 41, 43]. For instance,
it was shown that from 4 to 24 years of age over frontal regions
of slow σ activity gradually decreases, whereas power in faster

σ bands showed little change over centro–parietal regions [41,
44]. There are also remarkable changes in sleep spindle characteristics in the first few months of life [39, 45–48]. Alterations of
sleep spindle characteristics are thought to be a reflection of the
maturation of the thalamocortical system [33].
Sleep has been widely examined across the lifespan.
However, thus far, no studies have examined associations of
cognitive performance or other measures of behavioral performance with spindles or other NREM oscillations in children
younger than 30 months of age. There is further a gap in the
literature regarding the topographical investigation of brain
activity during sleep in infants and toddlers, 12–30 months of
age (but see Ref. [2]). This is a critical period marked by accelerated rates of brain development, such as the establishment of
primary sensory, cognitive, and social functions. Here, we performed high-density EEG in typically developing children in this
age group. For the first time, we provide a detailed topographical
description of the main features of NREM sleep as a function
of age and show how these features correlate with behavioral
function after controlling for age.
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Table 1. Participant and maternal demographics split by age

Table 2. Distribution of performance

Participants (n = 27)
<20 months n (%)

8 (29.6)
6 (22.2)

7 (26.0)
6 (22.2)

10 (37.8)
2 (7.4)
0 (0.0)
1 (3.7)
0 (0.0)

11 (40.7)
1 (3.7)
1 (3.7)
0 (0.0)
1 (3.7)

12 (44.45)
2 (7.4)
0 (0.0)

12 (44.45)
0 (0.0)
1 (3.7)

3 (11.1)
2 (7.4)
2 (7.4)
2 (7.4)
5 (18.5)

1 (3.7)
5 (18.5)
4 (14.9)
2 (7.4)
1 (3.7)

2 (7.4)
4 (14.9)
8 (29.6)

0 (0.0)
7 (26.0)
6 (22.2)

<20 months—younger than 20 months.
>20 months—older than 20 months.

Standard Score and Visual Reception Standard Score from the
MSEL as predictor variables in our EEG analysis. The VABS-2 is
a standardized norm-referenced tool designed to measure daily
functioning in individuals from birth to 90 years of age. The
three predictor variables used from the VABS-2 for the analyses
were the Communication Domain Standard Score (subscales:
Receptive Communication, Expressive Communication), Motor
Domain Standard Score (Subscales: Fine and Gross Motor),
and the Socialization Domain Standard Score (subscales:
Interpersonal Relationships, Play and Leisure Time, and Coping
Skills.) Performance on the MSEL and VABS is shown in Table 2.
Before the lab visit, all families completed questionnaires
about their child’s feeding, sleeping behaviors, and a brief demographic questionnaire. Parents were asked to complete a sleep
diary and record all napping and sleeping for 7 days and return
all questionnaires on the day of the lab visit.

Lab visit
Infants arrived at the lab 30 min before their typical naptime. This
allowed time for the child to become acclimated with the setting.
All infants were recorded with a 128-channel high density electrode
net (Electrical Geodesic, Inc., Portland, OR). The net was placed on
the infant before they fell asleep. Infants either slept in a bed, in
a pack-n-play, or a car seat. Infant sleep behavior was videotaped
and monitored. The average nap duration was 77.4 ± 4.2 SEM min.

EEG: recording and analysis
EEG signals were collected using Cz as the reference electrode.
The signals were bandpassed filtered (0.1 to 200 Hz) and digitized

MSEL
MSEL VP
MSEL FM
MSEL RL
MSEL EL
VABS
VABS Social

Older group
(n = 13)

Mean

(SD)

Mean

(SD)

P

98.36
48.21
54.43
42.93
50.07
94.43
95.00

9.09
7.76
6.55
7.09
7.29
11.62
5.36

105.54
48.69
49.46
52.15
60.31
102.31
101.08

12.19
8.10
9.29
9.97
11.71
9.60
8.81

0.099*
0.877
0.125
0.011**
0.014**
0.066*
0.045**

Signiﬁcant p value < 0.05**, trend level p value < 0.1*.
MSEL = Mullen Scales of Early Learning Composite; VP = Visual Perception;
FM = Fine Motor; RL = Receptive Language; EL = Expressive Language;
VABS = Vineland Adaptive Behavior Scales–Second Edition composite; VABS
Social = Social (Domain Subscales: Interpersonal Relationships, Play and
Leisure Time, and Coping Skills) standard score.

at 1000 Hz. Signals were offline resampled to 250 Hz, preprocessed using the PREP pipeline [51] including line-noise removal
and robust average referencing (including bad channel removal),
and additional band-pass filtering (0.5 to 40 Hz). Artifacts were
rejected based upon visual scoring and semiautomatic artifact
removal as published previously [4, 18].
Sleep EEG was scored visually for sleep stages (20 s epochs
F4A1, C4A1, O2A1) in accordance with the American Academy
of Sleep Medicine (AASM) [52] by two expert scorers and discrepancies were resolved by mutual agreement. We focused
our scoring and analysis on NREM sleep (average 51.6 ± 3.3 SEM
min). Only N2 and N3 were included in the NREM spectral analysis because (1) the missing electrooculography (EOG) and electromyography (EMG) made it difficult to separate between N1
and REM sleep, and (2) N1 represents more of a transition state
between wake and NREM sleep and does not include sleep spindles or slow wave features. Spectral analysis was performed for
all channels using the fast Fourier transform (Hanning window,
20 s epochs, average of five 4 s windows). The 20 s spectral power
values were then averaged for all artifact-free NREM episodes.
Since our narrow age group did not show overall frequencyunspecific/regional-unspecific difference in spectral values, we
focused on absolute power values. This is in contrast to, e.g.
the work of Kurth et al., that used normalized power values.
However, for wider age ranges (e.g. 2–240 years of age), such a
normalization is important because regional/frequency-specific differences are masked otherwise [4]. In our dataset, clear
regional differences are still preserved by focusing on absolute
power values.

Automatic spindle detection
To quantify specific sleep spindle characteristics, we performed
an automatic sleep spindle detection using an established algorithm [53] with optimized settings as described in Ref. 54. The
approach is described in detail in these publications. In short, we
bandpass filtered the signal between 10 and 17 Hz. Thereafter,
we detected sleep spindles from the filtered signal for each EEG
channel separately based on upper threshold (six times the mean
of filtered signal) and lower threshold (two times the mean of filtered signal) amplitude criteria. These threshold values have been
used in a previous study defining age-related changes in spindle
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Gender
Female
Male
Race/ethnicity
White
Black/African American
Asian/Pacific Islander
Other/Multiracial
Hispanic/Latino
Marital status
Married
Never married
Widowed
Household income
Less than $25,000
$25,00 to $49,999
$50,000 to $74,999
$75,000 to $99,999
Greater than $100,000
Maternal education
Some college/vocational
4-year degree
Graduate/professional

>20 months n (%)

Younger group
(n = 14)
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Statistical analysis
Statistical analyses were conducted in RStudio version 1.0.136
(RStudio, Inc., Boston, MA) and Matlab 2016 (Mathworks, Natick,
MA). A median split of age was used to create two groups, older
and younger than 20 months. We used unpaired t-tests to compare differences between the two groups (>20 and <20 months).
EEG data (spectral calculations and spindle characteristics)
from the two age groups were compared using electrode-wise
unpaired t-tests. Correlations were performed using Pearson
correlation (Table 3). To control for multiple comparisons across
electrodes for both t-test and correlation analyses, we performed
nonparametric statistical mapping (SnPM) with suprathreshold
cluster analysis [55] as previously described and applied in highdensity EEG studies [56–59]. Clusters of significant electrodes
that were at least equal or above the 95th percentile on either
side (minimal and maximal clusters) were considered significant and marked in the topographical plots.

Results
Performance on the MSEL and VABS
Table 2 shows means, SD, and p values for the older and younger
groups on the MSEL for Visual Perception, Fine Motor, Expressive
and Receptive Language and the VABS Socialization standard
score. As expected, both receptive, expressive language and IQ
show significant differences between the younger and older
groups. In our sample, expressive and receptive language are
highly associated with IQ and as one would expect during this
distinct time period, the older group will have more exposure
and thus more experience with language.

Developmental changes in spectral features of
NREM sleep
We found an increase in SWA with significant positive correlations of power in the low δ (0.5–2 Hz), high θ (5.25–7 Hz), and β
(20–25 Hz) frequency bands with age (Figure 1A). Negative correlations were found for high-spindle frequencies (13.25–15 Hz).
Investigation of the averaged spectrogram for the two age groups
revealed that the θ peak became slightly faster and more pronounced with age (Figure 1B). However, on an individual level,
this could not be quantified because not all participants showed
a clear distinct peak (Supplementary Figure 1). To further examine the age-dependent development of these spectral features,
we computed the corresponding topographic maps after performing a median-split of the data by age (Figure 1C). There was
also a clear developmental change in the spindle frequency range
that was characterized by a decrease in power in the posterior
regions. This decrease in posterior regions might reflect a shift
from a single spindle peak in the younger children (around 14 Hz)
to a double peak (around 12 and 16 Hz) with a trough around 14

Table 3. Correlations with age
Correlation

Measure

R

P

Age at HV

MSEL Composite
MSEL Visual
MSEL FM
MSEL EL
MSEL RL
VABS Composite
VABS Communication SS
VABS Daily Living SS
VABS Social Domain SS
VABS Motor Domain SS

0.29
0.16
−0.35
0.47
0.47
0.33
0.49
0.12
0.37
0.2

0.14
0.42
0.07*
0.01**
0.01**
0.09*
0.01**
0.55
0.06*
0.39

Signiﬁcant p value < 0.05**, trend level p value < 0.1* (statistics are not corrected
for multiple comparisons).
MSEL = Mullen Scales of Early Learning Composite; Visual = Visual Perception;
FM = Fine Motor; EL = Expressive Language; RL = Receptive Language;
VABS = Vineland Adaptive Behavior Scales–Second Edition composite; VABS
Communication = Communication domain standard score; VABS Daily
Living = Daily Living domain standard score; VABS Social Domain = Social
domain standard score; VABS Motor Domain = Motor domain standard score.

Hz in older children. Indeed, visual inspection of parietal spectra for each participant showed that only a few out of the 14 in
the younger age group had a clear double peak, whereas the
majority of the participants in the older group exhibited a double peak (Supplementary Figure 2). However, since not all participants showed a clear distinct peak in the spectral density plots,
a statistical quantification was not possible. To better understand
which spindle characteristics changed with age, we performed
an automatic spindle detection (Figure 2). Similar to the spectral changes in the spindle frequency range of Figure 1C, spindle
density and spindle duration significantly decreased in posterior
regions. Furthermore, mean spindle frequency decreased in the
same region. Thus, spindle power reduction might be specifically
explained by a decrease in number and duration of sleep spindles
in this age range. Considering other frequency bands in Figure 1C,
the δ power topography showed a frontal increase and a clear
occipital maximum for both age groups. Power globally increased
with age; this effect was most pronounced and reached significance over frontal regions. For power in the θ band, there was a
significant increase for frontal locations and for a right temporal
cluster with age. However, the latter failed to reach statistical significance. β-Activity also significantly decreased with age, mainly
over posterior temporal regions. However, the cluster sizes of significant electrodes did not remain significant after nonparametric suprathreshold cluster analysis.
It is important to note that the possible circadian influence, e.g. different naptimes, may have confounded age-related
effects. All parents of the infants reported their child as taking
one nap per day, though one can imagine that naptimes were
slightly different between the age groups, with the younger
infants typically having an earlier nap. However, even after controlling for naptime and the number of hours awake in comparing the groups, similar effects were found (Supplementary
Figure 4). Naptime relative to 12 pm for the younger infants
had a mean of 45 min (min. = −60, max. = 130), whereas naptime relative to 12 pm in older infants had a mean of 109 min
(min. = 74, max. = 165, comparison p < 0.01). Thus, significant
naptime differences could have conflated the age-related effects
though after controlling for naptime (Supplementary Figure 4)
this did not explain any age group differences in the data.
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characteristics in 2- to 5-years-old children [42]. Moreover, Warby
and colleagues found an optimal detection performance for the
used algorithm at six times the mean after the upper threshold
value was modified from the original publication. For each spindle across all derivations, we calculated frequency, amplitude,
duration, and density.
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Figure 1. Spectral power during NREM sleep changes with age. (A) Correlation heat map of NREM spectral power values during NREM sleep and age. Left: Pearson
correlation coefficients are depicted with warm and cold colors for positive and negative correlations, respectively. Right: p-values. (B) Spectral density plot for frontal
and parietal electrode sites separated by median-split age group. Younger infants (<20 months) are shown in red and older infants (>20 months) are shown in blue.
(C) Topographical illustration of distinct frequency bands that showed clear correlations with age (shown in (A)). Values are plotted on the planar projection of the
hemispheric scalp model. Electrodes that showed a significant difference between age groups (unpaired t–test) after nonparametric statistical mapping (SnPM) and
suprathreshold cluster analysis are marked with grey dots in the difference plot (older–younger).

NREM oscillations predict motor, language, and
social skills, independent of age
The age range of 12–30 months is hallmarked by the development and maturation of motor, language, and social skills. We
next investigated whether the frequency bands that we found
to change with age were also related to skill development
(Supplementary Figure 3 further shows the relationship of all
frequency bins and channels with skill development). Several
skills that we assessed with standardized scales were correlated

or tended to correlate with age, and therefore, we computed
partial correlations controlled for age (Figure 3). Fine motor
skills (measured by the MSEL, Table 3) were positively associated with low δ (0.5–2 Hz), high θ (5.25–7 Hz) activity at frontal
and posterior electrode sites, and β (20–25 Hz) at parietal sites.
Expressive language skills (measured by the MSEL) showed significant negative correlations over frontal and occipito–temporal regions in the δ band. Both Visual Perception and Receptive
Language (measured by the MSEL) did not show any significant
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correlations. The VABS standard score (indicative for social skill
development) was negatively associated with power values in
all observed frequency bands. Significant electrodes were widespread. Finally, we investigated whether maternal education
level was predictive for spectral power values in infants and
toddlers sleep. Indeed, higher maternal education levels were
positively predictive for spindle and β power (Figure 3).

Discussion
The beginning years of life are the most sensitive periods for
postnatal brain development [60, 61]. Within this critical period
of development is the transition from infancy to toddlerhood

in which children exhibit vast behavioral changes. The present
study aimed to investigate this time period by examining the
sleep EEG in infants or toddlers between 12 and 30 months of
age. The main findings show a pronounced change in power in
the low δ, high θ, sleep-spindle, and β range during NREM sleep.
We found that the density, duration, and frequency of sleep
spindles changed with age in this group. However, most cognitive domains did not show any correlation with power in the
spindle-frequency band when controlling for age. In contrast,
other frequency bands, including the δ and θ bands, were correlated with language, fine-motor, and social communication.
Collectively, low δ and high θ show a moderate change with age
but are specifically predictive for skill maturation, whereas spindle activity seems to be mainly predictive for age.
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Figure 2. Topographical illustration of distinct frequency bands that showed clear correlations with age (shown in Figure 1A). Values are plotted on the planar projection of the hemispheric scalp model. Electrodes that showed a significant difference between age groups (unpaired t–test) after nonparametric statistical mapping
(SnPM) and suprathreshold cluster analysis are marked with grey dots in the difference plot (older–younger).
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0.4
0.2

MSEL
EL

0
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MSEL
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Figure 3. Topographical representation of Pearson correlation coefficients between different bands of spectral power, cognitive tasks (corrected for age), and maternal
education level. Electrodes that showed significant correlations after permutation statistical correction (SnPM) marked with grey dots. Mullen Scales of Early Learning
with subdomains (MSEL: Visual Perception, Fine Motor, Receptive Language, and Expressive Language). Vineland Adaptive Behavior Scale (VABS: Communication, Daily
Living Skills, Socialization, and Motor Skills) standard score.

We found a split of the spindle spectral peak into a slower
and faster peak with age in our sample. This finding expands
previous research showing sleep spindle activity changes with
maturation [33, 38, 42, 48]. We found a decrease in the spindle
power specifically around 13–15 Hz for posterior regions. Overall,
this decrease in power is mainly explained by a decrease in specific sleep spindle characteristics, spindle density, and duration,
between the younger and older age groups. Furthermore, our
results suggest a slight shift from a single spindle peak in the
younger group in our sample (around 14 Hz) to a frontal double

peak (around 12 and 16 Hz) in the older group. One possible reason for the observed double peak could be changing anatomical and physiological properties of the thalamo–cortical system,
the source of sleep spindles [33, 62]. The emergence of a double
spindle peak is reported around 24 months [36]; however, in our
data, the double peak emerged at around 20 months of age.
We further found that the δ power topography displayed a
clear occipital maximum for both age groups with power globally increasing with age and becoming more pronounced over
frontal regions. SWA, which represents δ power band during
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later academic achievement [69]. Thus, NREM sleep oscillations
might depict these different time courses of skill development.
One interesting finding was that maternal education was
associated with higher frequencies. Specifically, maternal education positively predicted power values for the higher frequency ranges, spindle band, and δ band. Additionally, maternal
education was not significantly related to age (r = −0.14, p = 0.5).
It is important to note that the level of maternal education in
the current sample ranged from having some college credits to
having a graduate or advanced professional degree. Maternal
education has been examined in young infants from high and
low SES backgrounds during resting state EEG [70]. Although no
differences were found in their sample to date, no research has
yet to examine the effects of maternal or paternal education on
NREM sleep and this may be an interesting avenue to further
consider to better understanding development and sleep. Thus,
it would have been interesting to see whether this correlation
would persist if lower levels of maternal education were present
in the sample.

Limitations
Like any scientific study, our work has limitations. First, we
solely examined NREM sleep and not REM sleep due to technical limitations. Specifically, we did not record the EMG and
only had high-quality EOG data from some of the participants.
Without EMG and EOG, it was challenging to identify REM sleep
with certainty. Second, sleep was recorded during a midday
nap, and some infants had only NREM sleep. Thus, overnight
recordings might be better suited to obtain a more complete
picture of sleep network dynamics that includes the structure
of transitions between NREM and REM sleep. Third, given that
this was a nap study and we wanted families to feel comfortable, we asked families to arrive during their child’s typical
naptime. Thus, it is necessary to consider circadian influence,
of different nap times, that may have confounded age-related
effects. However, even after controlling for nap time, agerelated effects still persisted in our data set. Finally, we used
a cross-sectional instead of a longitudinal design due to practical resource considerations. Given the strong interpersonal
variance in human EEG data, a longitudinal design will shed a
more refined light on the developmental maturation of NREM
sleep in young children.

Conclusion
The transition between infancy and toddlerhood is a critical
period in development. In this age range, there are pronounced
changes in many developmental domains including language
and social skills. The aim of the present study was to characterize the topography of sleep in this important and relatively
understudied age range. Our findings show that NREM sleep
oscillations depict the rapid transition of cortical maturation
and skill development that occurs in this age range. These findings suggest that NREM sleep oscillations might be used as a
normative trajectory in development. Our study provides a baseline as the first step towards detection of maturation delays in
at-risk populations (e.g. children at-risk for an ASD) for which a
developmental disorder is suspected.
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NREM sleep, has been shown to regionally mature from toddlerhood to adulthood from posterior to anterior brain regions
closely mirroring cortical maturation, specifically grey matter [4, 23, 63, 64]. In children between 2 and 5 years, the most
pronounced δ activity is over occipital regions, which is in line
with our findings [4]. Furthermore, it was shown that absolute δ
power increases globally before puberty and thereafter consistently decreases with age. Here, we found a significant increase
in a short age window of 18 months.
The θ band also shows a significant increase for frontal EEG
locations. The θ peak became slightly faster when focusing on
the averaged spectral density plot and was more pronounced in
the older participants than the younger group. On an individual
level, a θ peak shift is not possible to quantify since individual
plots demonstrate that not all participants had a clear θ peak.
Our findings support and expand earlier research showing an
increase in power in the low-frequency range during the first
year of life [2, 39, 65]. Furthermore, θ is present in older toddlers [4], though θ was not a focal point of investigation in previous studies with similar age groups [2, 4]. This oversight may
be because θ is not a dominant feature in adult NREM sleep and
the distinct θ peak in the spectrum of NREM sleep decreases
around puberty [4, 66]. Of note, even though θ was observable as
an overall peak in the averaged spectral density plot and most
of the individual participants, not all participants had a clear
distinct peak in this frequency range (Supplementary Figures
1). Future studies are needed to investigate this finding in further detail.
Due to the rapid development of behavioral skills in the age
range studied here, we further examined how NREM sleep oscillations predict motor, language, and social skills, independent
of age. Our findings suggest that oscillations such as low δ and
θ activity reﬂect functional roles in sleep [39]. Fine motor skills
were positively associated with low δ and high θ activity at
frontal and posterior electrode sites. Although no previous studies report specific findings with regards to fine motor skills and
its relationship to NREM sleep in the age group studied here,
Kurth et al. and Lustenberger et al. find maturation of simple
motor and complex motor skills are predicted by the topographical distribution of SWA in older children [5, 23].
Research examining sleep across the lifespan found clear
associations with cognition, specifically “IQ.” A child’s IQ or rather
developmental profile is a measure of multiple constructs often
taking into account constructs such as language and motor
development [49]. As children develop language, typically at differing rates in this time period, expressive and receptive languages are informative domains of a child’s skillset. Interestingly,
we found that expressive language skills were negatively correlated with δ activity over occipito–temporal regions. Similarly, the
socialization domain (determined by the VABS standard score)
was negatively associated with power values in all observed frequency bands. Why opposite correlation patterns between NREM
sleep EEG oscillations and different skills were found is difficult
to answer. Interestingly, lower-order proficiencies that develop
earlier (e.g. motor skill learning) showed clear positive correlations with δ and θ activity, whereas more sophisticated skills that
develop later (e.g. language, social skills) showed predominantly
negative correlations. The development of language and social
skills is seen as robust processes [61] that mediate other skillsets
such as play [67, 68] and, furthermore, is strongly associated with
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