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ABSTRACT

We investigated whether sleep microstructures show spatial differences in young children with autism compared with typically

developing peers. 32-channel electroencephalography (EEG) during natural sleep after 5-6h of partial sleep deprivation was
recorded from 53 children (26 with autism, 27 typically developing; 1.1-5.1years). Quantified EEG features included spindle
density, frequency, morphology, slow oscillations and the relative power of infraslow oscillations (0.005-0.03 Hz). Clinical asso-

ciations were examined using the Autism Diagnostic Observation Schedule, the Childhood Autism Rating Scale and the Gesell

Developmental Schedules. Children with autism showed greater modulation of spindle frequency by the phase of slow oscilla-
tions at a right frontal scalp electrode (F8). An infraslow peak slightly below 0.02 Hz was present in both groups. Although group
differences in infraslow power did not remain significant after correction for multiple comparisons, infraslow power correlated

positively with autism severity in males, over posterior and temporal regions. These findings indicate that sleep microstructures

in early childhood reflect thalamocortical and cortical dysfunction with sex-specific clinical associations.

1 | Introduction

Autism spectrum disorder (ASD) is a fast-growing neurodevel-
opmental condition characterised by persistent deficits in social
communication and the presence of restricted, repetitive be-
haviours (American-Psychiatric-Association 2013). According
to recent estimates, approximately 1 in 31 children in the United
States is diagnosed with ASD (Shaw et al. 2025), with incidence
rates continuing to rise. ASD is a highly heterogeneous disor-
der with no definitive cure and a complex, multifactorial aeti-
ology. Altered brain functional connectivity and imbalances in

excitatory and inhibitory signalling, particularly involving glu-
tamatergic and GABAergic circuits, have been implicated in its
pathophysiology (Gao and Penzes 2015; Jiang et al. 2022).

Sleep disturbances are highly prevalent in ASD, with 60%-
90% of individuals experiencing disturbances such as chronic
insomnia, fragmented sleep, or reduced sleep duration (Arazi
et al. 2019). Comprehensive reviews have emphasised that
sleep problems in ASD are pervasive across childhood, often
involving difficulties with sleep onset and maintenance, atyp-
ical sleep architecture and altered arousal regulation (Moore
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et al. 2017; Souders et al. 2017). Polysomnography (PSG) and
other objective sleep measures have consistently demonstrated
abnormalities in NREM sleep organisation and arousal regu-
lation in ASD, complementing parent-reported measures that
frequently underestimate physiological disturbances (Moore
et al. 2017).

In contrast to the hypnogram-derived macrostructures such
as sleep duration, the sleep EEG microstructures directly re-
flect brain functions, including synaptic homeostasis, mem-
ory consolidation and mood regulation, and therefore contain
rich information about brain health (Fjell and Walhovd 2025;
Palmer and Alfano 2017; Tononi and Cirelli 2006; Walker
and Stickgold 2004). Many studies have found differences in
sleep EEG microstructures in children with ASD (Cumming
et al. 2024; Kawahara et al. 2022). For example, sleep spindle
(brief bursts of 11-15Hz activity) during non-rapid eye move-
ment (NREM) sleep is a result of thalamocortical interaction
(Herrera and Tarokh 2024). The spindle-slow oscillation (SO)
coupling has been associated with memory consolidation
(Bastian et al. 2022; Ng et al. 2025). In a preliminary study,
overall spindle density is lower, with spindles more distrib-
uted in N3 than in N2, based on 28 children aged 4-10years
(Kawahara et al. 2022). Recent findings also indicate that
spindle chirp (frequency deceleration) is faster (more nega-
tive) in 121 children aged 1-8years (Cumming et al. 2024).
However, the spatial distribution of spindle deficits remains
unknown, due to the limited number of EEG electrodes in
previous studies. On the other hand, during NREM sleep, the
sigma band power timeseries shows rhythmic fluctuations at
infraslow frequencies (~0.02 Hz), consistent with established
descriptions of infraslow modulation of spindle activity,
which has been connected to the norepinephrine system and
glymphatic clearance in mice, a process impaired in neuro-
degenerative diseases in the older population but understud-
ied in the paediatric population (Hauglund et al. 2025; Lord
et al. 1994, 2000; Martin et al. 2013; Osorio-Forero et al. 2025;
Purcell et al. 2017; Sun et al. 2023).

Here, we investigate the sleep microstructure of children at
1-5years old with ASD and typically developing (TD) chil-
dren using 32-channel EEG after partial sleep deprivation to
address the current gaps in understanding spindle, SO and
ISO abnormalities in early ASD. We hypothesize that chil-
dren with ASD would show alterations in spindle character-
istics, SO-spindle coupling and ISO strength compared with
TD children, and that these features would relate to clinical
assessments.

2 | Methods
2.1 | Participants and Clinical Assessments

The study was approved by the Research Ethics Committee
of Shenzhen Maternal and Child Healthcare Hospital (SFYLS
[2022]026). All participants were recruited from Shenzhen,
China, including children diagnosed with ASD and TD chil-
dren. A total of 64 children were initially recruited for partici-
pation in this study. Of these, 11 were excluded prior to analysis

due to missing demographic information (n =2) or absence of
recorded sleep during the EEG session (n=9), resulting in a
final analytic sample of 53 children. The analysed cohort con-
sisted of 26 children diagnosed with ASD (6 females, 20 males)
and 27 TD children (8 females, 19 males). The ages of partici-
pants included in the final sample ranged from 1.1 to 5.1 years.
Parents or legal guardians of all participants were informed
that the study procedures adhered to ethical guidelines and
posed no known physiological or psychological risks. Written
informed consent was obtained prior to participation. Upon
completion of the study visit, participants received a gift card
as compensation.

ASD diagnoses were established according to DSM-5
criteria by specialist paediatric psychiatrists and
developmental-behavioural clinicians (American-Psychiatric-
Association 2013). Diagnostic evaluation incorporated the
Autism Diagnostic Observation Schedule (ADOS; Modules 1
or 3, depending on expressive language ability), the Autism
Diagnostic Interview-Revised (ADI-R) and clinical judgement
based on direct behavioural observation (Lord et al. 1994,
2000). The Childhood Autism Rating Scale (CARS) was also
administered as an additional measure of autism symptom se-
verity (Schopler et al. 1980). Higher ADOS and CARS scores
reflect greater autism symptom severity. For children younger
than 18 months who screened positive on early behavioural
risk markers, diagnosis was made by a multidisciplinary
team (child psychiatrists, developmental paediatricians and
psychologists) using ADOS-based observational assessment,
ADI-R caregiver interviews and exclusion of alternative neu-
rodevelopmental or sensory disorders. General developmental
level was assessed with the Gesell Developmental Schedules
(GDS), which provide developmental quotients across func-
tional domains but are not diagnostic for ASD (Gesell and
Amatruda 1945).

TD status was defined through a multi-step screening protocol.
Children were required to have a GDS developmental quotient
greater than 85, confirmed by medical records obtained within
6months of EEG assessment (TD range: 89-110). All TD par-
ticipants also previously completed the Denver Developmental
Screening Test, with results indicating age-appropriate develop-
ment (Frankenburg and Dodds 1967). To prevent inclusion of
ASD cases with normal developmental quotients, TD classifica-
tion additionally required: (1) absence of ASD core symptoms
based on clinician examination; (2) a negative ADI-R parent in-
terview; and (3) confirmation from caregivers that developmen-
tal milestones and social-communication behaviours followed
typical trajectories.

Exclusion criteria applied to both ASD and TD participants
included: (1) known metabolic, neurogenetic, or neurological
disorders (e.g., cerebral palsy, seizure history); (2) neurodevel-
opmental conditions other than ASD (e.g., attention-deficit/
hyperactivity disorder); (3) primary sleep disorders that could
interfere with EEG quality (e.g., sleep apnea, severe insomnia,
frequent night awakenings), as determined by caregiver inter-
view and review of medical records; and (4) current use of med-
ications affecting sleep or arousal (e.g., melatonin, sedatives,
psychotropic medications). ASD itself was not an exclusion, but
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ASD participants with comorbid severe sleep disorders requir-
ing pharmacologic treatment were excluded per study protocol.

2.2 | EEG Data Acquisition and Preprocessing

Electroencephalography (EEG) data were acquired using a 32-
lead HydroCel Geodesic Sensor Net connected to a NetAmps
300 amplifier system (Electrical Geodesics Inc.) at a sampling
rate of 250Hz, referenced to Cz. The channels were mapped
to the standard 10-20 system using the manufacturer's lookup
table. All EEG data were recorded between 9:00AM and
3:00PM to ensure consistency in the recording environment.
EEG sessions lasted between 1 and 1.5h and were conducted
following a 5-6h period of partial sleep deprivation to facilitate
natural sleep without sedation or hypnosis (Peltola et al. 2023).
Signals were preprocessed using MNE version 1.5.1, including
notch filtering at 50 Hz to remove electrical line noise and subse-
quent bandpass filtering between 0.3 and 35Hz to remove slow
drifts and high-frequency noise. The filter type was finite im-
pulse response (FIR), with a non-causal zero phase based on a
symmetric impulse response. EEG recordings were segmented
into consecutive 30-s epochs. Sleep staging was performed man-
ually in 30-s epochs following standard American Academy of
Sleep Medicine (AASM) paediatric scoring guidelines (Berry
et al. 2012). Trained scorers annotated Wake, NREM, REM,

abnormal and artefact epochs with independent review. The
abnormal and artefact epochs were excluded from the analysis
(Campbell 2009). Only NREM sleep epochs were used for spin-
dle, SO and ISO analyses. Sleep architecture (total sleep time,
NREM duration, REM duration, wake duration and abnormal
epochs) is summarised in Table 1.

2.3 | Spindle and SO Detection

Sleep spindles and SOs were detected using the open-source soft-
ware Luna version 0.99 (https://zzz.bwh.harvard.edu/luna/).
Analyses included EEG features derived from a total of 27 scalp
channels: the 19 standard electrodes of the international 10-20
system (Fpl, Fp2, F3, F4, C3, C4, P3, P4, O1, 02, F7, F8, T7, T8,
P7, P8, Fz, Pz, Oz) as well as eight additional scalp channels:
above M1, above M2, between P7-T7, between P8-T8, between
P7-01, between P8-02, between nasion-Fz and between Cz-Fz.
Non-scalp channels were excluded from analysis.

Spindles were detected using wavelet transformation with a
multiplicative threshold of 4.5 and a cycle number of 7 at NREM
sleep. To account for variability in spindle frequency among
children, detection was conducted across all frequencies in
the broad sigma range (10.5-15.5Hz, step size 0.5Hz) and then
combined based on temporal overlap within each channel. To

TABLE1 | Summary of participant demographics, clinical characteristics and sleep architecture, stratified by group and sex.

ASD cohort (n=26)

TD cohort (n=27)

Mean (SD) Male (n=20)

Female (n=6)

Male (n=19) Female (n=38)

Age (years) [min-max] 3.1(1.2) [1.06-5.1]

3.2(1.3) [2.05-5.07]

2.7(1.1)[1.05-5.01] 2.4 (1.3)[1.05-4.09]

Total sleep time (hours) 1.19 (0.18) 1.21 (0.13) 1.26 (0.22) 1.19 (0.27)
NREM time (hours) 0.73 (0.20) 0.69 (0.13) 0.88 (0.30) 0.70 (0.28)
REM time (hours) 0.02 (0.05) 0.11 (0.20) 0.02 (0.05) 0.03 (0.06)
Wake time (hours) 0.41 (0.24) 0.39 (0.13) 0.33(0.18) 0.40 (0.29)
Abnormal time (hours, possible 0.04 (0.07) 0.03 (0.04) 0.03 (0.05) 0.06 (0.11)
epileptic)
CARS Score 33.9(3.3) 35.3(3.4) — —
Autism diagnostic observation
schedule (ADOS)
Total score 13.8 (3.1) 15.2(3.1) — —
Communication 5.6(1.4) 6.3 (1.0) — —
Interactivity 8.2(2.4) 8.8 (2.0) — —
Gesell developmental schedules
(GDS)
Adaptive behaviour 57.8 (9.9) 52.3(8.6) — —
Gross motor 64.7 (11.6) 67.2 (14.1) — —
Fine motor 61.6 (12.9) 52.3(12.1) — —
Language 47.5 (10.6) 41.5(9.7) — —
Personal-social 50.7 (7.8) 50.2 (7.5) — —
Journal of Sleep Research, 2026 3o0f11
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establish an optimal detection quality threshold, we initially ap-
plied a relaxed threshold (g=0 in Luna), followed by a manual
review of 786 randomly selected spindle candidates to classify
events as true spindles or false detections. An optimal quality
threshold (g =0.53) was selected based on Youden's J statistic de-
rived from the receiver operating characteristic (ROC) analysis,
yielding a sensitivity (recall) of 0.71, specificity of 0.58, precision
of 0.43, an F1 score of 0.54 and Cohen's kappa coefficient of 0.24
(Figure S1). Spindle detection was then re-run using this opti-
mised threshold for subsequent analyses.

Spindle metrics calculated included density (number per minute
of NREM sleep), amplitude (uV), duration (second), integrated
spindle activity (ISA), spindle frequency (Hz), number of oscil-
lations per spindle, chirp (log ratio of mean peak-to-peak time
intervals in the first versus the second half of a spindle) and mor-
phological symmetry (spindle trough-based centre location). We
did not separate fast and slow spindles because the separation
frequency is unclear at a young age (McClain et al. 2016; Sun
et al. 2023).

SOs were identified by band-pass filtering EEG signals between
0.5 and 4Hz, detecting zero-crossings, and retaining oscillations
with durations between 0.8 and 2.0, negative-peak and peak-to-
peak amplitudes greater than three times the median amplitude.
SO metrics included peak-to-peak amplitude, duration, rate and
slope. Spindle-SO coupling was quantified as the proportion
of spindles temporally overlapping (any overlap in time) with
SOs, SO-coupled spindle density (number per minute of NREM
sleep) and SO-phase-dependent spindle frequency modulation
(circular-linear correlation between spindle instantaneous fre-
quency and SO phase), where the former two reflect temporal
co-occurrence, and the latter captures phase-specific coupling.

2.4 | Infraslow Oscillation (ISO) Analysis

ISO spectral analyses were based on Lazar et al. (2019). The anal-
yses were performed on artefact-free continuous NREM epochs.
EEG signals were segmented into overlapping epochs of 4s with
a step size of 2s. Sigma-band (11-15 Hz) power spectral densities
were computed using the multitaper method, converted to a log-
arithmic scale (dB) and resampled at 0.5 Hz. To characterise the
rhythm of sigma-band power in the infraslow frequency range
(0.001-0.1Hz), sigma-band power time series were segmented
into longer epochs (256-s windows, 64-s step size), detrended
and analysed using the multitaper method. Relative ISO band
power was computed as the area under the sigma-band power
curve from 0.005 to 0.03Hz divided by the total sigma-band
power from 0.001 to 0.1 Hz, expressed as a percentage. Peak ISO
frequencies were also extracted for each channel.

2.5 | Statistical Analysis

Statistical analyses were conducted using R (version 4.3.2).
Participants with substantial missing EEG data were excluded
to ensure data quality due to no sleep captured during re-
cording. Specifically, for ISO features, participants with more
than 50% missing data were excluded (n=4). For sleep spindle

features, participants with over 15% missing data were excluded
(n=7). These missingness thresholds were chosen based on the
distribution of missing data in each dataset, which showed clear
separation between participants with minimal missingness and
those with extensive data loss. Features with greater than 20%
missing data across participants were removed. There were 965
sleep microstructure variables for analysis. The remaining miss-
ing values were imputed using median values calculated sepa-
rately within the ASD and TD groups.

Analysis of covariance (ANCOVA) models was tested for sex-
dependence of EEG features using a group-by-sex interaction
term (EEG feature ~ group + age+sex + group X sex). The
main effects of the group were subsequently evaluated for all
EEG-derived features using ANCOVA, adjusting for age and
sex as covariates. All analyses uniformly applied a main-effects
ANCOVA approach to maintain methodological consistency
and maximise statistical power. Considering the exploratory
nature and high dimensionality of our EEG feature set, prin-
cipal component analysis (PCA)-based Bonferroni correction
was chosen as the most appropriate method to control for Type
I error. Specifically, the effective number of independent tests
was defined as the minimum number of principal components
required to explain at least 99% of the total variance. For com-
parison of sleep microstructure features, the effective number
of comparisons was 48, with a corrected significance threshold
of p=0.00104; for comparison of ISO relative power, the num-
ber of effective comparisons was 19 with a corrected signifi-
cance threshold of p=0.00263. Significant group differences
in sleep microstructure features and relative ISO band power
were visualised using topographical maps to illustrate spatial
distributions and highlight EEG channels meeting PCA-based
Bonferroni significance thresholds. Channel-wise peak ISO fre-
quency and peak ISO power were extracted for each participant,
averaged across channels and analysed using linear models with
diagnostic group, age and sex as predictors.

Exploratory EEG-clinical correlation analyses were stratified
by sex to examine whether associations differed between males
and females, as suggested by prior research (Lai et al. 2015;
McFayden et al. 2023; Werling and Geschwind 2013). Within the
ASD group, Pearson correlation analyses were performed sepa-
rately by sex to examine relationships between significant sleep
microstructure features, relative ISO band power and clinical
ASD severity measures. To formally test whether the correla-
tion coefficients differed between sexes, we compared male and
female correlations using Fisher's r-to-z transformation, yield-
ing a two-sided p value for the difference. These p values were
used only to evaluate sex differences in correlation strength and
were not corrected for multiple comparisons due to the explor-
atory nature of this analysis. Statistical significance was set at
a<0.05 (uncorrected). All confidence intervals were at 95%.
Because these analyses were exploratory and primarily intended
to visualise potential sex-specific patterns rather than establish
adjusted effect estimates, correlations were computed without
additional covariate adjustment. Analyses involving relative
ISO and ASD clinical severity measures were conducted only in
ASD males because clinical severity measures were exclusively
available in the ASD cohort, and the ASD female subsample
(n=6) was insufficient for reliable correlation estimation.
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2.6 | Data and Code Availability

All codes used to generate figures, tables and intermediate re-
sults in this manuscript are publicly available on GitHub (https://
github.com/kevinliu-bmb/eeg_sleep_spindle_iso). The dataset
supporting the conclusions of this study can be made available
upon reasonable request from the corresponding author.

3 | Results
3.1 | Cohort Characteristics

The 53 subjects included in the analysis consist of 6 ASD fe-
males, 20 ASD males, 8 TD females and 19 TD males. The age
range is 1.1-5.1years. A detailed cohort selection flowchart is
presented in Figure 1. Table 1 summarises participant demo-
graphics, clinical characteristics and sleep architecture metrics
of the final cohort stratified by group and sex. There were no sig-
nificant differences in age or sex distribution between the ASD
and TD groups. Clinical severity measures (ADOS, CARS and
GDS) were available exclusively for the ASD cohort, reflecting
the clinical assessments specific to autism diagnosis, whereas
total sleep time and the durations of NREM, REM, wake and
abnormal epochs are shown for both groups to contextualise the
EEG data used for spindle and ISO analyses.

3.2 | Alterations in Sleep Spindles in ASD

All spindle, SO and spindle-SO coupling measures were tested
for group differences using the same ANCOVA model (ad-
justing for age and sex). Among all features examined, only
SO-phase-dependent spindle frequency modulation at EEG
channel F8 (right frontal region) showed a significant group
effect after PCA-based Bonferroni correction, with higher
modulation in children with ASD compared to TD participants
(8=0.232, SE=0.065, t=3.58, p=0.000789; Figure 2). For
this modulation, both groups have positive values, indicating
spindles accelerating along the SO. Meanwhile, the median SO
coupling phase is 125 degrees, which is at the first half of the
rising slope after the negative peak (90 degrees). Therefore, the
ASD group has spindles that accelerate more rapidly at the ris-
ing slope of SOs. No other group-level differences in spindle,
SO, or spindle-SO coupling indices reached statistical signif-
icance. Additionally, no significant group-by-sex interactions
were detected.

Age was found to be negatively associated with mean ISA per
spindle at EEG channels F4 and F7. Specifically, increased
age was associated with reduced mean ISA per spindle (F4:
B=-0.153, SE=0.040, p=0.00035; F7: =-0.141, SE=0.041,
p=0.00104), suggesting a developmental decline in this mea-
sure around 3years old (Figure S2).

Participants recruited (n = 64)

Excluded:
« Incomplete demographic data (n = 2)
« No sleep captured during EEG recording (n = 9)

\/

Final analytic cohort (n = 53) l

ASD cohort (n = 26)
Male (n = 20), female (n = 6)

L TD cohort (n = 27)
Male (n = 19), female (n = 8)

FIGURE1 | Cohort flowchart. A total of 64 participants were initially recruited. The final analytic cohort comprised 53 participants (TD =27,

ASD=26).

TD Male

ASD Male

TD Female ASD Female

0.25 0.30 0.35 0.40 0.45 0.50 0.55
Mean SO-Phase-dependent Spindle Frequency Modulation

FIGURE 2 | Topographical maps of SO-phase-dependent spindle frequency modulation across EEG channels, stratified by group and sex. Each
map displays the mean circular-linear correlation between slow oscillation (SO) phase and spindle instantaneous frequency for the indicated sub-

group. Red shading indicates stronger modulation; blue shading indicates weaker modulation. The significant channel is marked with a gold circle.
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3.3 | ISO Spectral Characteristics and Relative ISO
Band Power

Spectral analyses showed a visually identifiable peak in sigma-
power timeseries near ~0.02Hz in both ASD and TD groups
(Figure 3). Figure S3 illustrates representative channel-level
ISO spectra from the youngest subjects, demonstrating that a
comparable peak was observable across individual participants,
including those as young as 1.05years old. While a peak was vi-
sually apparent in both groups, linear models confirmed no sig-
nificant differences in its frequency or amplitude between ASD
and TD children (peak frequency: §=—0.00013, p=0.949; peak
power: §=-0.00212, p=0.346).

ANCOVA models evaluating relative ISO band power
(0.005-0.03 Hz) revealed no significant group-by-sex interactions

(a) By Group & Sex
0.0154
\ Sex/Group
= A3l
4 _— ale

0.010 —— TD Female
™ ASD Female
o
5 0.005
8
o
© (b) By Group Only
S
@
% 0.015
o Ve
(2] Sex

0.010 \\ — XBD

—~—
—_\
0.005 4

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
Frequency (Hz)
FIGURE3 | Group-averaged ISO spectra. (a) Stratified by group and
sex; (b) stratified by group only. Mean ISO spectra during non-rapid eye
movement (NREM) sleep were calculated separately for male and fe-
male participants in ASD and TD groups. Shaded areas indicate 95%
confidence intervals, visualising the variability and reliability of the
group differences observed across the ISO frequency range.

TD Male

ASD Male

32 34

across any scalp EEG channels after adjusting for age (all inter-
action terms p > 0.05). Similarly, the main effects of diagnostic
group (adjusting for age and sex) did not reach significance after
PCA-based Bonferroni correction.

Although no scalp channels demonstrated statistically signifi-
cant group differences, we visualised the spatial distribution
of relative ISO band power across the scalp using topographic
maps (Figure 4), which revealed modest variation across regions
but no systematic group-level differences.

3.4 | Sex-Stratified Associations Between Sleep
EEG Features and Clinical Measures

We examined associations between sleep EEG microstruc-
tural features and clinical measures within the ASD group,
stratified by sex (Figure 5; Table 2). Several spindle-related
measures showed sex-specific patterns. In males, SO-phase-
dependent spindle frequency modulation at F8 was positively
associated with fine motor performance, and mean ISA per
spindle at F4 was significantly correlated with both younger
age and greater autism severity, including ADOS total and
interactivity scores. In females, SO-phase-dependent spindle
frequency modulation at F8 was strongly and negatively cor-
related with autism severity across multiple domains (ADOS
total, communication and interactivity), and ISA per spindle
at F7 was positively associated with language development.
To visualise these associations despite the small sex-stratified
sample sizes, we provide scatterplots for all significant correla-
tions, displayed separately for males and females (Figure S4).

To determine whether these relationships differed significantly
between sexes, we compared male and female correlation coeffi-
cients using Fisher's r-to-z transformation. Several associations
involving SO-phase-dependent spindle frequency modulation at
F8 differed significantly between sexes (p <0.05; Table 2), con-
firming sex-specificity in these EEG-clinical relationships.

Exploratory analyses in males identified significant positive

correlations between increased relative ISO power and higher
autism severity measured by CARS total scores, across multiple

TD Female

ASD Female

36 38

Mean Relative ISO Band Power (%)

FIGURE4 | Topography of relative ISO band power (0.005-0.03 Hz). Topographic maps display the spatial distribution of mean relative ISO band
power across the scalp, stratified by diagnostic group and sex. Values reflect average spectral power in the 0.005-0.03 Hz band expressed as a percent-
age of the total sigma-band power. No channels showed statistically significant group differences after correction, but the figure highlights subtle,

non-significant topographic differences across groups.
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FIGURE 5 | Sex-specific correlations between clinical measures and selected EEG-derived sleep microstructure features in ASD. Pearson cor-

relations between clinical severity measures and selected EEG features,

including SO-phase-dependent spindle frequency modulation at channel F8,

mean ISA per spindle at channel F4 and mean ISA per spindle at channel F7. Results are shown separately for females (left panel) and males (right
panel). Circle colour indicates correlation strength (r; red: positive, blue: negative), while circle size represents statistical significance (~log, [p]).

Significant correlations (p <0.05, uncorrected) are outlined with bold black circles.

TABLE 2 | Sex-stratified correlations between EEG-derived sleep
comparison between sexes.

microstructure features and clinical measures in ASD, with Fisher r-to-z

Male (n=20) Female (n=06) Fisher
Clinical feature EEG feature r p* r p* r-z p**
ADOS total score SO-phase-dependent Spindle —0.0437 0.8548 —0.8927 0.0166 0.0263
ADOS Frequency Modulation (I'8) ~0.2804 0.2311 ~0.9113 0.0115 0.0464
communication
ADOS interactivity 0.1022 0.6680 —0.8774 0.0216 0.0191
Gesell fine motor 0.4899 0.0283 —0.4748 0.3413 0.0929
Age (years) Mean ISA per spindle (F4) —0.6185 0.0037 —0.5094 0.3020 0.7975
ADOS total score 0.5976 0.0054 —0.1366 0.7963 0.1867
ADOS interactivity 0.5919 0.0060 —0.1497 0.7772 0.1843
Gesell language Mean ISA per spindle (F7) —0.4261 0.0610 0.8749 0.0225 0.0039

*Sex-stratified Pearson correlation p values (uncorrected). Bold represents p <0.05.

**Two-sided p values from Fisher's r-to-z test comparing male and female correla

posterior and temporal scalp regions. These correlations were
assessed only in ASD males due to insufficient sample size
in ASD females and included channels P4 (r=0.46, p=0.041),
01 (r=0.50, p=0.026), 02 (r=0.57, p=0.009), F8 (r=0.59,
p=0.006), T7 (r=0.46, p=0.039), T8 (r=0.65, p=0.002), P7
(r=0.49, p=0.030), P8 (r=0.69, p=0.001) and Oz (r=0.54,
p=0.014), as well as extended scalp electrodes above M1
(r=0.55,p=0.011), above M2 (r=0.61, p=0.005), between P8-
T8 (r=0.62, p=0.003) and between P7-01 (r=0.49, p=0.028)
(Figure 6; Table S1). Additionally, greater ISO power was
associated with better fine motor function, as measured by

tion coefficients (uncorrected). Bold represents p <0.05.

GDS, at P3 (r=0.46, p=0.041) and Fz (r=0.46, p=0.043) in
ASD males.

4 | Discussion

This study investigated sleep spindle characteristics, SOs and
ISO in young children with and without ASD between 1.1 and
5.1years of age. After adjusting for age and sex, we found that
SO-phase-dependent modulation of spindle frequency at a right
frontal EEG site (F8) was significantly higher in children with
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Pearson r

FIGURE 6 | Topographic distribution of correlations between clinical severity measures and relative ISO band power in males with ASD. Scalp
topography maps display Pearson correlation coefficients (r) between relative ISO band power (0.005-0.03 Hz) and clinical scores in males diagnosed
with ASD. Red and blue shading represent positive and negative correlations, respectively. Channel labels are shown only for electrodes with statis-

tically significant correlations (p <0.05, uncorrected), which are also marked with yellow circles.

ASD compared to TD peers. Sex-stratified analyses revealed sev-
eral EEG-ASD clinical metric associations differed significantly
between sexes and were driven primarily by strong negative cor-
relations in females, particularly between SO-phase-dependent
spindle frequency modulation at F8 and ADOS severity mea-
sures. Finally, both groups exhibited a visually identifiable peak
near ~0.02 Hz, detectable even in children as young as 1 year old.
Meanwhile, males showed significant positive correlations be-
tween ISO power and higher CARS total scores across multiple
posterior and temporal regions.

Although these findings highlight meaningful associations be-
tween ISO power, spindle dynamics and clinical features, they
should not be interpreted as evidence of diagnostic or disorder-
specific biomarkers. Prior work shows that stronger infraslow
activity is associated with adaptive cognitive processes, such as
enhanced spatial memory consolidation in healthy adults (Lecci
et al. 2017), and that ISO power can be reduced in schizophre-
nia without corresponding relationships to symptom severity
(Dimitriades et al. 2025). These studies indicate that ISO dy-
namics reflect broad thalamocortical and arousal-regulatory
mechanisms rather than signatures unique to any specific dis-
order. In this context, our findings likely represent early devel-
opmental differences in cortical-thalamic coordination in ASD,
and any biomarker implications require cautious and longitudi-
nal validation.

The thalamocortical circuits are responsible for sleep spindles,
where the precise spindle-SO coupling requires coordination
of the thalamus and the cortex during NREM sleep (Clemente-
Perez et al. 2017; Cumming et al. 2024; Liithi 2014; Takata 2020).
Prior structural and functional studies have suggested that the
frontal cortical and thalamocortical pathways mature rapidly
during early childhood and may follow atypical developmental
trajectories in some children with ASD (Courchesne et al. 2011;

Hazlett et al. 2005, 2011). The present finding of elevated SO-
phase-dependent modulation of spindle frequency at F8 in the
ASD group is therefore consistent with prior evidence of altered
thalamocortical development in autism and may reflect early
differences in the coordination of cortical and thalamic rhythms
(Cerliani et al. 2015; Tidaka et al. 2019; Linke et al. 2018).

Although the group-level difference was confined to a single
right frontal electrode, previous work has highlighted the im-
portance of frontal spindle features during early development
(D'Ambrosio et al. 2025). For example, studies in preschool-aged
children have reported alterations in frontal spindle amplitude
and ISA in ASD, suggesting that this region may be particularly
sensitive to early neurodevelopmental divergence (D'’Ambrosio
et al. 2025). The current findings thus extend this literature by
identifying a phase-dependent spindle characteristic that may
help distinguish ASD from TD children during a critical devel-
opmental window.

Developmental effects were also observed independent of diag-
nostic group. Specifically, mean ISA per spindle at frontal sites
F4 and F7 decreased with age, aligning with established devel-
opmental patterns showing age-related changes in spindle prop-
erties during infancy and early childhood (Scholle et al. 2007).
These results support the notion that frontal circuits undergo
rapid maturation in this age range and may represent a sensitive
window for detecting both typical and atypical trajectories. Sex-
stratified analyses further revealed that several EEG-clinical
associations differed by sex and were primarily driven by strong
negative correlations in females. Notably, in females, higher SO-
phase-dependent spindle frequency modulation at F8 was asso-
ciated with lower ADOS severity scores. These findings suggest
that certain aspects of sleep microstructure may relate to clini-
cal features in a sex-dependent manner, though the small num-
ber of females warrants cautious interpretation.
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Both groups exhibited a visually identifiable peak near ~0.02Hz,
detectable even in children as young as 1year old. This obser-
vation suggests that certain elements of ISO are robust features
of early sleep physiology. Notably, the relative ISO topography
in our cohort did not show the central-parietal predominance
reported in older children and adults (Dimitriades et al. 2025;
Lecci et al. 2017). Several developmental and methodological
factors likely contribute to this discrepancy. First, our partici-
pants were between 1.1 and 5.1years old, a developmental period
during which large-scale cortical networks and thalamocortical
connectivity are rapidly maturing, and electrophysiological
signatures such as sigma and spindle-related dynamics are not
yet fully stabilised (Jaramillo et al. 2023; McClain et al. 2016).
Second, recordings were obtained during daytime naps follow-
ing partial sleep deprivation, which typically yields shorter,
developmentally variable mixtures of NREM stages, as ISO to-
pography is known to vary with sleep-stage composition (Lazar
et al. 2019). Finally, the limited sample size in this study cohort
likely reduced the stability of channel-wise spectral estimates,
particularly when analysed using sex-stratified subgroups.
Together, these factors are likely to jointly contribute to the flat-
ter scalp distribution of ISO power observed in the present study
cohort.

When looking at the EEG-ASD clinical metric associations, the
positive association between SO-phase-dependent spindle fre-
quency modulation and better fine motor skills is unexpected
since the spindle frequency modulation was higher in ASD at
F8. On the other hand, the ISO strength showed spatially broad
positive associations with CARS, that is, higher ASD sever-
ity. The result is consistent with recent imaging studies that
demonstrated excessive CSF in the subarachnoid space in chil-
dren with ASD, particularly over the frontal lobes, observable
as early as 6 months of age and persisting into early childhood
(Shen et al. 2018). In individuals with severe autism, the exces-
sive extra-axial CSF and impaired CSF outflow may increase
the mechanical and metabolic load on glymphatic clearance and
may reflect compensatory infraslow vasomotor/CSF pumping.
Meanwhile, because ISO is closely linked to vasomotor activ-
ity and CSF flow during sleep, stronger ISO power may repre-
sent an electrophysiological signature of altered CSF dynamics
(Hauglund et al. 2025).

Our study has several limitations. First, the sample size was
small, particularly among female participants with ASD. Given
documented sex differences in clinical presentation and neuro-
biology in ASD, the limited number of female participants con-
strains the robustness and generalizability of our sex-specific
findings. Second, the sleep recording was conducted during the
day in an experimental setting, which could introduce differ-
ences from nighttime at-home conditions. Third, there is no ex-
ternal validation. An external study with the same age range is
needed to replicate the findings. Another important future step
is the establishment of normative developmental trajectories for
ISO, stratified by age and sex.

5 | Conclusion

Overall, the findings highlight sleep EEG as a promising nonin-
vasive tool for probing early autism mechanisms and advancing

biomarker development to improve diagnosis and guide early
intervention strategies.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: Performance of automated
spindle detection against human annotation. (a) Histogram illustrating
the distribution of the quality index for 786 randomly selected spindle
candidates. Blue bars represent events labelled as ‘not spindle’, and red
bars represent events labelled as ‘spindle’ by the human annotator.
The dashed vertical red line indicates the optimal quality index cutoff
(0.53), determined by Youden's J statistic from the Receiver Operating
Characteristic (ROC) analysis. (b) ROC curve comparing automated
spindle detection based on the quality index with human annotation,
with an area under the ROC (AUROC) of 0.69. The optimal operating
point (red circle), based on Youden's index, yields a sensitivity (true

positive rate) of 0.71 and a specificity of 0.58 (false positive rate of 0.42).
(c) Precision-Recall curve illustrating performance, with an area under
the curve (AUPRC) of 0.54. The optimal operating point (red circle) cor-
responds to a precision of 0.43 and a recall of 0.71. (d) Confusion matrix
at the optimal quality index cutoff, comparing human annotation (rows)
with automated spindle detection (columns). The corresponding F1
score was 0.54 and Cohen's kappa coefficient was 0.24. Colour intensity
indicates the sample size within each cell. Figure S2: Topographical
distribution of age-related effects on spindle microstructure features.
Regression coefficients (8 values) from models predicting spindle fea-
tures as a function of age, adjusted for group and sex. (a) Mean inte-
grated spindle activity (ISA) per spindle. (b) Spindle density (count per
minute). (c) Mean spindle frequency (FFT-derived). Channels with sta-
tistically significant effects (after multiple comparison correction) are
highlighted in yellow. Red shading indicates stronger effects in the pos-
itive direction; blue shading indicates stronger negative effects. Figure
S3: Channel-level ISO spectral power is shown across frequency for the
youngest individuals in each group. (a) TD subjects aged at 1.05years;
(b) ASD subjects aged at 1.06years. Each panel represents a single sub-
ject, with coloured lines indicating power from individual EEG chan-
nels. Figure S4: Sex-stratified scatterplots of significant EEG-clinical
correlations in ASD. Shown are all EEG-clinical feature pairs with sig-
nificant correlations in at least one sex. Table S1: Correlations between
relative ISO band power (0.005-0.03 Hz) across scalp EEG channels and
clinical measures in males with ASD.
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