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Autistic and comparison individuals differ in resting-state electroencephalography

maturation and timing may further explain variation, as previous work has suggested

Funding information alterations in pubertal timing in autistic youth. In a sample from two studies of 181
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autistic and 94 comparison youth (8 years to 17 years and 11 months), mixed-effects
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linear regressions were conducted to assess differences in EEG (midline power for
theta, alpha, and beta frequency bands). Alpha power was analyzed as a mediator in
the relation between pubertal maturation and timing with autistic traits in the autis-
tic groups to understand the role of puberty in brain-based changes that contribute
to functional outcomes. Individuals advanced in puberty exhibited decreased power in
all bands. Those who experienced puberty relatively early showed decreased power in
theta and beta bands, controlling for age, sex, and diagnosis. Autistic individuals fur-
ther along in pubertal development exhibited lower social skills. Alpha mediated the
relation between puberty and repetitive behaviors. Pubertal maturation and timing
appear to play unique roles in the development of cognitive processes for autistic and

comparison youth and should be considered in research on developmental variation in

resting-state EEG.

Abbreviations: ADI-R, Autism Diagnostic Interview—Revised; ASD, autism spectrum disorder; Cl, confidence interval; DAS-1, Differential Ability Scales—Second Edition; EEG,
electroencephalography; ICC, intraclass correlation coefficient; PDS, Pubertal Development Scale; RRB, restricted and repetitive behavior; SCQ, Social Communication Questionnaire; SRS-2,
Social Responsiveness Scale, Second Edition; VABS-II, Vineland Adaptive Behavior Scales, Second Edition.
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1 | INTRODUCTION

Autism spectrum disorder (ASD) is a heterogeneous neurodevelop-
mental disorder characterized by social-communication differences
and restricted and repetitive behaviors (RRBs) (American Psychiatric
Association, 2013). Neural biomarkers may elucidate mechanisms of
ASD to provide more objective measures of functioning for stratifica-
tion in clinical trials (McPartland et al., 2020). Resting-state electroen-
cephalography (EEG) may be a primary biomarker given that autistic
individuals ! differ from comparison individuals in resting-state power
frequencies (Neuhaus et al., 2021). Maturational changes (age) and

sex?

account for some variability between groups and studies, but
the nature of diagnostic group differences is not yet fully understood
(Gorday & Meyer, 2018; Wang et al., 2013). Recent work in func-
tional and structural neuroimaging suggests that pubertal processes
may enhance understanding of factors, beyond age, that impact neural
functioning (Murray et al., 2016; Walsh et al., 2021). Examining puberty
(maturation and timing) may account for developmental changes that
contribute to variability across groups and relate to autistic traits; also,
ongoing research is needed on characteristics that impact variation in

EEG findings (Neuhaus et al., 2021).

1.1 | EEGin ASD

EEG reflects postsynaptic potentials of pyramidal neurons in the neo-
cortex with high temporal resolution (Jeste et al., 2015; Kirschstein
& Kohling, 2009), with state and trait functioning captured in EEG
spectral frequency. Theta (4-8 Hz) reflects focused attention, effort,
stimulus processing, memory, and recall (Pizzagalli, 2007). Alpha
(8-13 Hz) increases during relaxation, while decreases are associated
with inhibition, attention, and sensory control (Schiirmann & Basar,
2001). Beta (13-30 Hz) relates to task engagement, motor control,
and alertness (Neuper & Pfurtscheller, 2001). Research indicates dif-
ferences between autistic and comparison individuals in EEG power
within each of these frequency bands when “at rest” or engagingin calm
viewing. Autistic individuals show increased power at lower (theta) and
higher (beta) frequencies, with reduced power in midrange (alpha) fre-
quencies (Wang et al., 2013). Most consistently observed are alpha
power reductions, which have been found in large studies in autistic
children and adults and across a broad range of intellectual functioning
(Dawson et al., 1995; Murias et al., 2007; Neuhaus et al., 2021). As a
result, alpha band activity in particular has been proposed as a marker

1 “Identity-first language” will be used based on consultation with self-advocates and pref-
erences by autistic people, as identity-first language is considered less stigmatizing than
person-first language (Bottema-Beutel et al., 2021; Kenny et al., 2016).

2 sex will refer to sex designated at birth throughout the article.

of altered neural activity in autism, with evidence that power reduc-
tions are related to the social and emotional autism traits (Shephard
etal., 2018; Wanget al.,, 2013; Wantzen et al., 2022).

Across studies, differences in sample characteristics—including age
and sex ratios—may account for inconsistencies in resting-state differ-
ences between autistic and nonautistic individuals. For example, few
studies have been well-powered to investigate sex differences in ASD
research. In a large sex-balanced sample of autistic and nonautistic
adolescents, males had significantly greater power values in all five fre-
quency bands in the central and posterior regions, with no interaction
with diagnostic group. Within the autistic group, lower power in theta,
alpha, and beta bands was related to better social skills in autistic males
but not in autistic females (Neuhaus et al., 2021). While there is evi-
dence that age and sex may play a role in diagnostic group differences
in resting-state EEG, no studies have explored the separate yet over-
lapping impact of puberty, a potentially important source of individual
difference.

1.2 | Puberty and neural functioning

Puberty is a nonlinear process involving complex, interrelated phys-
iological, behavioral, and cognitive processes that occur from early
childhood through adolescence (Dorn et al., 2006). Given this complex-
ity, it is important to examine not only an individual’s progress through
pubertal stages (referred to as maturation in the current paper) but
also relative pubertal timing (Dorn & Biro, 2011). Pubertal timing
represents the relative deviation of an individual’s pubertal stage com-
pared to the average stage for their age and sex (Dooley et al., 2022).
Though age and pubertal maturation are often correlated, age alone
does not fully account for individual variability in pubertal maturation
and timing, suggesting the need for a more nuanced understanding of
developmental change (Blakemore et al., 2010; Fung et al., 2020; Sisk &
Foster, 2004).

Indeed, age and puberty likely have separable influences on neu-
ral, cognitive, and physical development (Dorn & Biro, 2011; Shirtcliff
et al., 2009). Puberty is a sensitive period in neurodevelopment,
eliciting both temporary changes in neural activity and permanent
alterations to neural structure (Byrne et al., 2017; Herting & Sow-
ell, 2017; Vijayakumar et al., 2018). Evidence of brain-based pubertal
effects comes primarily from structural and functional neuroimaging
studies in humans and animals (Mendle et al., 2019; Vijayakumar et al.,
2018) and indicates that pubertal hormones trigger reductions in gray
matter, increases in white matter density (Herting & Sowell, 2017),
and changes in functional connectivity (Gabard-Durnam et al., 2014;
Peters et al., 2015). Further, puberty-driven changes are critical in facil-
itating the development of cognitive, social, and emotional functions
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(Blakemore et al., 2010; Corbett et al., 2020; Fung et al., 2020; Pfeifer
et al., 2013; Whitehouse et al., 2011). For example, nonautistic males
who were early to mature performed better on visuospatial cogni-
tive tasks, compared to males who were late to mature (Shirazi et al.,
2020), although the same pattern was not found for females (Beltz &
Berenbaum, 2013). In the general population, early puberty has been
linked to increased risk for psychopathology (Ullsperger & Nikolas,
2017) and puberty-driven changes in brain development may play a
role in mental health outcomes (Byrne et al.,, 2017). Despite these
links, much remains to be learned about whether and how changes in
brain activity mediate the association between biochemical changes
associated with puberty and functional outcomes such as social-
emotional functioning (Murray et al., 2016; Ullsperger & Nikolas,
2017). For example, although pubertal rises in reproductive hormones
have been theorized to enhance development in the prefrontal and
temporal cortices (regions that support social awareness and self-
evaluation [Jankowski et al., 2014; Pfeifer et al., 2013]), existing data

are incomplete, particularly among autistic youth.

1.3 | Puberty and ASD

Relatively little is known about puberty in autistic individuals. Autis-
tic populations experience earlier puberty and growth spurts than
comparison groups (Corbett et al., 2020; Pohl et al., 2014), with
inconclusive findings on menarche (Corbett et al., 2020; Herglner
& Hergliner, 2016; Whitehouse et al., 2011). It has been proposed
that prenatal changes in neural development may alter sensitivity to
puberty-related activation and organization (Picci & Scherf, 2015).
Pubertal timing may also be altered for autistic individuals, with conse-
quences for brain development and social-emotional trajectories (Picci
& Scherf, 2015). Behavioral studies with autistic individuals reveal
poorer mental health and adaptive functioning following puberty
(Billstedt et al., 2005) and that relatively early puberty was associated
with deteriorations of functioning and loss of therapeutic gains (Ayres
& Mailloux, 1983; Gillberg & Schaumann, 1982). Given this paucity of
research, further work is necessary to understand (1) whether puberty
has a unique, additive effect on brain functioning beyond age and (2) in
what ways puberty plays a role in the brain-based vulnerabilities that

contribute to functional outcomes in ASD.

1.4 | Current study aims

The current study investigated whether pubertal maturation and timing
explain developmental variation (over and above age, sex, and diag-
nosis) in EEG power in the alpha, beta, and theta frequency bands.
Because pubertal processes contribute to sex-based dimorphism, we
also considered the differential interaction effects of puberty (mat-
uration and timing) with diagnosis and sex designated at birth. The
direction of effects was exploratory.

As a secondary goal, we hypothesized that EEG frequency in the
alpha band would mediate the association between puberty (matura-
tion and timing) and autistic functioning (social communication and

RRBs) for autistic youth and that there would be sex differences in
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these processes. We chose to explore alpha band frequencies in medi-
ation models given the literature suggesting that reduced alpha band
activity may reflect neural differences associated with autism traits,
and given that puberty has been shown to impact brain development
in neural regions that show relationships with autistic traits (Neuhaus
et al., 2021). We also examined similar mediation models in the theta
and beta bands as exploratory aims.

2 | MATERIALS AND METHODS
2.1 | Participants

Youth with and without ASD contributed data through two studies,
described below. Individuals in the ASD group had a prior clinical or
research diagnosis of ASD, which was confirmed by research-reliable
clinicians using the Autism Diagnostic Interview—Revised (ADI-R),
Autism Diagnostic Observation Schedule (ADOS-2), and Diagnostic
and Statistical Manual of Mental Disorders, Fourth Edition, Text Revi-
sion (DSM-IV-TR). For some participants, scores in the clinical ASD
range on the Social Responsiveness Scale, Second Edition (SRS-2) and
the Social Communication Questionnaire (SCQ) were substituted for
the ADI-R (n = 7). For the comparison group of youth without ASD, chil-
dren did not have first- or second-degree relatives with ASD, and they
did not have elevated concerns for ASD per parent (SRS-2 total T-score
<60; SCQ raw score <11) or clinician report. Comparison participants
also did not have diagnoses of learning/intellectual disability or other
developmental or psychiatric disorder.

For both groups, we restricted criteria for inclusion in this analysis
to participants aged 8 years to 17 years and 11 months with a full-
scale IQ above 70. Participants were excluded if they had a history of
a known single-gene condition related to ASD (e.g., Fragile X; assessed
through parent-reported medical history), a medical condition likely to
be etiological (e.g., focal epilepsy), a history of active seizures within the
past year, clinically significant visual or auditory impairment after cor-
rection, sensory-motor difficulties or an active tic disorder that would
preclude valid use of the diagnostic instruments or neuroimaging, or
any neurological disorders involving pathology above the brainstem.
Participants were also excluded if they had a history of significant pre-
natal/perinatal/birth injury or neonatal brain damage, gestation less
than 36 weeks or birthweight less than 2000 g, Neonatal Intensive
Care Unit hospital stay over 3 days, and any environmental circum-
stances that might account for behaviors related to autism (e.g., severe
nutritional or psychosocial deprivation). Participants were excluded
if they currently used benzodiazepines, barbiturates, or antiepilep-
tic medication or if they changed medications within 6 weeks before

enrolling in the study.

2.1.1 | Study 1: The Autism Center for Excellence
project Multimodal Developmental Neurogenetics of
Females with ASD (MH100028) “GENDAAR”

Data collection occurred at Boston Children’s Hospital, Seattle Chil-
dren’s Research Institute, the University of California Los Angeles,
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and Yale University, with data coordination at the University of
Southern California. Parent consent and adolescent assent were
obtained. De-identified data were provided to the National Database
of Autism Research (NDAR #2021). Additional exclusion criteria
included that participants could not be twins.

2.1.2 | Study 2: Phenotypic Characterization of
Gene Disrupting Mutations in ASD (RO1MH100047)
“ZEBRA”

Data collection occurred at the University of Washington. Parent con-
sent and adolescent assent were obtained. De-identified data were
provided to the National Database of Autism Research (NDAR #2101).
Additional inclusion criteria included youth with ASD with a known
genetic etiology as well as individuals without a known genetic etiology

(“idiopathic” ASD or unconfirmed genetic status).

2.1.3 | Final sample

The current study included EEG data from 275 participants (32.4%
female, M,g. = 147.83 months). For participants who completed both
Study 1 and Study 2 (n = 5), data were included from the first study
completed. In the final combined sample, there were 181 autistic indi-
viduals (n = 103 from Study 1, n = 78 from Study 2, 31.5% female,
Mjge = 145.37) and 94 comparison individuals (n = 94 from Study 1,
47.9% female, Mg, = 152.55). There was a significant sex 0 =712,
p = .008) but not age difference (t(168) = 1.96, p = .05) between
the autistic and comparison groups. Additional details on the full sam-
ple characteristics are in Table 1, and reasons for data loss are in the
Supporting Information.

2.2 | Measures
2.2.1 | Behavioral phenotype

Cognitive ability was measured using the Differential Ability Scales—
Second Edition (DAS-II) (Elliot, 2007). The DAS-II includes Verbal,
Nonverbal, and Spatial reasoning standard scores, as well as a General
Conceptual Ability (GCA), which is a measure of full-scale Q.

Social skills were measured using the Vineland Adaptive Behavior
Scales, Second Edition (VABS-Il) caregiver interview (Sparrow et al.,
2005). The VABS-II includes communication, daily living, and social
subscale scores. Only the social subscale was used in the current study
as the focus of the study was on autism-related social skill differences.
The subscale is a standard score with an average of 100 and a standard
deviation of 15.

Restricted repetitive behaviors and interests (RRBs) were mea-
sured using the Social Responsiveness Scale, Second Edition (SRS-2)
parent report (Constantino, 2012). The SRS-2 RRB subscale is com-
monly used to characterize RRBs in autistic populations. Scores can be

converted to T-scores with a mean of 50 and a standard deviation of 10.

REAETAL.

Here, we use the RRB subscale T-scores, which include items related to
inflexibility of behaviors, coordinated behaviors, and unusual sensory
behaviors.

2.2.2 | Pubertal development

Pubertal development was measured using the Pubertal Development
Scale (PDS; Petersen et al., 1988). On the PDS, individuals or their care-
givers use a 4-point Likert scale (1 = not started; 4 = complete) to rate
the onset and progression of five key pubertal indicators: changes to
height, body hair, skin, facial hair and voice (males), and breast develop-
ment (females). For females, ratings are also given on menarche (1 = not
begun; 4 = started). Only parent report was used for the current study.
PDS scores have been shown to relate to physical exams and hormone
levels (Hibberd et al., 2015; Schmitz et al., 2004; Shirtcliff et al., 2009).
The PDS has been used effectively with autistic youth (May et al., 2017)
and with the GENDAAR study sample (Clawson et al., 2020).

Pubertal maturation was measured using the total PDS score, which
is an average of all items for each participant.

Pubertal timing was calculated by regressing pubertal maturation
(measured using average scores on the PDS) on age for males and
females separately, and then using the residuals to approximate varia-
tion in pubertal timing. Negative residuals indicate later-than-average
development relative to other same-aged and same-sex youth in
the sample, and positive residuals correspond to earlier-than-average
development relative to same-aged and same-sex youth in the sample
(Dooley et al., 2022; Dorn et al., 2003).

2.3 | EEG protocol

EEG data were collected using the EGI 128-channel Net Amps 300 sys-
tem (Study 1) and Net Amps 400 system (Study 2) with 128-channel
HydroCel nets (Electrical Geodesics Inc.). Electrode sensor perfor-
mance was validated monthly. Data were collected using Net Station
442 4,51, or 4.5.2 using a standard Net Station acquisition template
of 500 Hz recording rate, referenced to Cz (vertex), and with starting

impedances <50 kQ.

2.3.1 | Acquisition of resting-state data

For the eyes-open resting state, EEG participants were instructed to
watch a series of short and colorful screensaver-like calm videos with
limited or slow movement presented via E-Prime 2.0. All experiment-
specific instructions were presented as text with an audio record-
ing reading the instructions to ensure equivalent directions across
participants. During EEG acquisition, research staff coded partici-
pant behavioral compliance during the task, and segments during
which the participant was talking, moving, or nonattentive were dis-
carded during EEG processing. Data analyzed here consisted of three
experimental runs of six 16-s blocks of videos. (Eyes-closed data

were collected as well but are not in the current paper.) Videos were
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TABLE 1 Participant descriptive information.

ASD Comparison group
Total N=181 N=94
N=277 Female =57 Male = 124 Female =45 Male = 49 Diagnostic group effect
Age in months M 147.83 144.77 145.65 148.60 156.18 t(273)=1.59,p=.114
SD 34.34 3143 33.40 39.10 35.06
Range 96-215 97-207 96-215 97-214 101-213
DAS-Il GCAM 104.92 100.11 101.77 112.07 111.96 t(273) = 11.63,p <.001
SD 18.9 19.68 20.11 14.36 15.05
Range 70-167 70-156 70-167 79-142 79-138
VABS-II Socialization M 80.61 71.85 74.30 104.20 99.46 t(223) = 14.30,p <.001
SD 17.85 13.80 11.85 15.58 11.89
Range 45-145 45-118 50-107 77-145 82-127
SRS-2RRBM 66.66 77.12 72.03 44.69 45.52 t(220) = 1-24.86,p < .001
SD 16.96 14.05 12.69 3.04 4.51
Range 41-108 46-108 41-101 42-54 41-57
Time between EEG and PDS -0.82 -0.72 -1.73 0.31 0.33 t(273)=4.71,p <.001
data collection in months M
SD 3.87 3.23 5.03 141 1.35
Range —27to 14 —-13to 9 —27to 14 —4to6 —-3to7

Abbreviations: EEG, electroencephalography; GCA, General Conceptual Ability; PDS, Pubertal Development Scale; SRS-2, Social Responsiveness Scale,
Second Edition; VABS-II, Vineland Adaptive Behavior Scales, Second Edition.

displayed at a visual angle of 5.5—6.7 to 7.5—8.5° to reduce eye move-
ments. Resting runs were interwoven between other experiments that
were different for Study 1 and Study 2; however, the first resting run

was the first experiment in both studies.

2.3.2 | Signal processing

Preprocessing procedures were identical across both Study 1 and
Study 2. EEG data were bandpass filtered at 0.1 and 100 Hz with a 60-
Hz notch filter. Data were segmented in 2048-ms segments. Segments
with poor attention and behavioral noncompliance were removed. Bad
channels were identified as any electrode with a >100 microvolt dif-
ference between its lowest and highest points. Segments with more
than 24 bad electrodes (including eye electrodes) were removed. Man-
ualized hand editing was then performed to remove segments with
remaining significant eye movements and eye artifacts. Segments were
rejected for eye artifacts if (American Psychiatric Association, 2013)
the first two rows of frontal electrodes (Fung et al., 2020; Herting &
Sowell, 2017; Jeste et al., 2015; Kirschstein & Kohling, 2009; Murias
etal.,, 2007; Shephard et al., 2018; Sisk & Foster, 2004) were all rejected
by the Net Station 4.5.6 bad channel algorithm, or (McPartland et al.,
2020) the first two rows of frontal electrodes were partially rejected
by the bad channel algorithm and the third row of frontocentral elec-
trodes (Dorn & Biro, 2011; Neuhaus et al., 2021; Pizzagalli, 2007;
Shirtcliff et al., 2009; Wantzen et al., 2022) still showed the morphol-
ogy of a blink or eye artifact. On the remaining good segments, bad
electrodes were interpolated with signal from adjacent electrodes.

Data were re-referenced to an average reference. Participants were
required to have 10 segments (20 s) with valid, artifact-free data to
be included in the study (Neuhaus et al., 2021). The amount of data
retained differed by group (t(1,271) = —3.58, p <.001): the comparison
group had more remaining artifact-free trials (n = 89.57, SD = 43.84)
than the ASD group (n=75.29, SD = 22.06).

The time-domain EEG signal was transformed to the frequency
domain using Welch’s power spectral density estimate (MATLAB,
PWELCH function; Frohlich et al., 2016; McEvoy et al., 2015). Fast
Fourier Transfers for each 2048-ms sample segment were calculated
on 512-point Hamming windows with 50% overlap resulting in a 0.5-
Hz frequency resolution. Absolute power was calculated for theta
(4—7 Hz), alpha (8—12 Hz), and beta (13—29 Hz) frequency bands.
Regions of interest were created to improve signal-to-noise esti-
mates by averaging the absolute power across the electrodes in each
region: (1) frontal medial (5, FZ-11, 12, 16), (2) central medial (7,
31, 80, 106), and (3) posterior medial (Pz-62, 71, 72, 76). To normal-
ize the distribution, values were then natural logarithm transformed.
Medial regions were of focus to decrease the number of analyses run
and as medial regions previously showed the greatest differences by
diagnostic group (Neuhaus et al., 2021).

2.4 | Statistical methods

Mixed-effects linear regression models were conducted in R to assess
differences in power in the theta, alpha, and beta frequency bands

in the anterior medial, central medial, and posterior medial regions
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associated with pubertal maturation and timing. Separate models were
run for each frequency-region combination and for pubertal matura-
tion and timing separately. Nested random effects were considered
for site and family (as some participants were biologically related), but
preliminary models across all frequency bands and all sites indicated
only small variance related to site (intraclass correlation coefficient
[ICC] = 0.34%) and this was not included in the final model. As there
was a modest amount of variance accounted for by family effects
(ICC = 4.36%), nested random effects were retained for family. Age,
autism diagnosis, and sex were included as covariates. We sequen-
tially tested for two-way interactions (sex x age, sex x group) and
three-way interactions (sex x age x group) but interactions among
covariates (e.g., age X sex) were not included as they were not signif-
icant, and the goal of the current paper was to investigate additive
effects. Effect sizes are presented and may be interpreted as small
(n? =.01), medium (% =.06), or large (n2 = .14). For each regression, we
planned a priori testing of simple slopes for males and females, as well
as autistic and comparison groups, given the importance of probing sex
and diagnostic effects.

Mediation models for the autistic group were run using Process
Macro in SPSS using the approach recommended by Shrout and
Bolger (2002) and were run for the autistic group only as they focused
on autistic traits that would have little variability in nonautistic groups.
Mediation models were also run separately by sex. For males and
females, separate models were run for each frequency-region com-
biation as mediators, for pubertal maturation and timing as separate
independent variables, and for social skills EEG frequency was the
mediator, and (VABS-3 Social Skills), and RRBs (SRS-2 RRBs) as sep-
arate dependent variables. Mediation analyses were run in the alpha
band as that is the frequency that most consistently distinguishes
between autistic and comparison groups (Wang et al., 2013), however
results in the theta and beta bands are presented in the supplemental

section.

3 | RESULTS

Distributions of pubertal maturation and timing are presented in
Figure 1. There was no difference between youth with and with-
out ASD on pubertal maturation (t(273) = 0.52, p = .300), but there
was a difference in pubertal timing (t(273) = —2.87, p = .002) such
that autistic individuals (M = 0.12, SD = 0.08) matured earlier com-
pared to comparison individuals (M = -0.24, SD = 0.91). There was
also a difference between males and females on pubertal maturation
(t(273) = —4.53, p < .001) such that females (M = 2.47, SD = 0.98)
were further along in puberty compared to males (M = 1.94,5D = 0.86).
There was no sex difference in pubertal timing, suggesting that males
and females did not differ in estimates of the relative timing of puber-
tal development compared to other same-ages and same-sex youth in
this sample (t(273) = -0.07,p =.942).

REAETAL.

3.1 | Pubertal maturation

There were main effects of pubertal maturation in the theta band in
the central medial region (F(1, 272) = 8.15, p < .001), alpha band in the
posterior medial region (F(1, 265) = 4.52, p = .03), and beta band in all
regions (Anterior: F(1,272) = 8.15,p <.001; Central: F(1,270) = 12.89,
p < .001; Posterior: F(1, 260) = 5.32, p = .02), as presented in Table 2.
All were small effects. Individuals who were further along in pubertal
maturity showed decreased power in all regions, over and above age,
sex, and diagnosis. See other main effects in Table 3.

Per our a priori statistical plan, we explored sex and diagnos-
tic differences in the relations between pubertal maturation and
resting-state power. Figures 2 and 3 depict simple slopes of puber-
tal maturation by sex and diagnosis, respectively. Slope beta values
and significance (i.e., significant difference from a slope = 0) are
reported within the figures. Broadly, slopes were negative, indicating
that with increasing pubertal maturation, spectral power was reduc-
ing. As seen in Figure 2, the simple slopes for males and females were
always in the same direction, although the slopes were significant for
females but not males in the theta band anterior region, and the slopes
were significant for males but not females in the beta band posterior
region.

Figure 3 shows that the simple slopes were significant for the
autistic group in almost all bands and regions, except in the theta
band anterior region or beta band posterior region. The slopes for
the comparison group were only significant in the beta band in all

regions.

3.2 | Pubertal timing

There were main effects of pubertal timing in the theta band
in the anterior (F(1, 275) = 8.51, p < .001) and central regions
(F(1, 263) = 8.17, p < .001), as well as in the beta anterior
(F(1, 275) = 8.10, p < .001) and central regions (F(1, 273) = 9.96,
p < .001). There were also main effects of sex and age broadly, with
some main effects of diagnoses, presented in Table 3.

Figure 4 depicts simple slopes of pubertal timing by sex. Again,
slopes were broadly negative, indicating that with relatively earlier
pubertal maturity, spectral power was reducing. Simple slopes were
significant for males in all regions except for the theta band anterior
region, and slopes were only significant for females in the theta band
anterior and central regions.

Figure 5 shows simple slopes of pubertal timing by diagno-
sis. Again, slopes were generally negative, indicating that with
relatively early pubertal maturity, spectral power was reduc-
ing. Simple slopes were significant for the autistic group in all
bands and all regions, except for alpha central, and slopes were
not significant for the comparison group in any bands in any

regions.
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Density plots of Pubertal Maturation and Timing
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FIGURE 1 Distributions of pubertal maturation and timing by sex.
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FIGURE 2 Electroencephalography (EEG) power in theta, alpha, and beta by region for males (yellow) and females (green) in relation to

pubertal maturation.

3.3 | Relation to behavior

We investigated whether EEG frequency in the alpha band would medi-
ate the association between puberty (maturation and timing) and social
communication and RRBs for autistic youth. Mediation analyses were
conducted in the autistic group in the alpha band. Mediation analyses
in the theta and beta bands are in the Supporting Information.

3.3.1 | Pubertal maturation

Social skills

Figure 6 shows mediation models for pubertal maturation pre-
dicting social skills, mediated by alpha for the autistic group,
and Figure 8 shows a forest plot of all mediation effects. There
was a significant direct effect of pubertal maturation on social
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FIGURE 5 Electroencephalography (EEG) power in the theta, alpha, and beta bands by region for the autistic group (purple) and the

comparison group (black) in relation to pubertal timing.

skills, such that individuals further along in pubertal development
exhibited social skills that were lower compared to age- and sex-
matched peers. Alpha did not mediate the relation between pubertal
maturation and social skills in the anterior, central, or posterior
regions.

When males and females were analyzed separately, alpha did not
mediate the relation between pubertal maturation and social skills and
there was no direct effect of pubertal maturation on social skills for
either sex.

Restricted and repetitive behaviors

Figure 6 shows mediation models for pubertal maturation predict-
ing RRBs, mediated by alpha for the autistic group, and Figure 8
shows a forest plot of all mediation effects. Alpha mediated the rela-
tion between pubertal maturation and RRBs in the anterior region,
although there was not a direct effect of pubertal maturation on RRBs,
as shown in Figure 6. Alpha did not mediate the relation between
pubertal maturation and RRBs in the central or posterior regions.

For males only, alpha mediated the relation between pubertal mat-
uration and RRBs in the anterior region (bpoot = —1.19, SEpoot = 0.62,
95% confidence interval [CI] [-2.59 to -0.15]), although there was not
a direct effect of pubertal maturation on RRBs (B = 0.09, SE = 1.41,
t(117) =0.06, p =.95,95% Cl [-2.71 to 2.88]), and alpha did not medi-
ate this relation in the central or posterior regions for males. Alpha did
not mediate the relation between pubertal maturation and RRBs for

females in any region.

3.3.2 | Pubertal timing
Social skills
Figure 7 shows mediation models for pubertal timing predicting VABS-
Il social skills, mediated by alpha for the autistic group. Alpha did not
mediate the relation between pubertal timing and VABS-II social skills
in any region in the alpha band.

Findings were consistent among both males and females that alpha
did not mediate the relation between pubertal timing and VABS-II
social skills in the anterior, central, or posterior region.

Restricted and repetitive behaviors

Figure 7 shows mediation models for pubertal timing predicting SRS-
2 RRBs, mediated by alpha for the autistic group, and Figure 8 shows
a forest plot of mediation effects. Alpha in the anterior region signifi-
cantly mediated the relation between pubertal timing and SRS-2 RRBs
as shown in Figure 7. Individuals who were at earlier stages of puberty
for their age and sex, relative to other youth in the sample, exhibited
higher alpha power and individuals with higher alpha power exhibited
more SRS-2 RRBs. Alpha did not mediate the relation between pubertal
timing and SRS-2 RRBs in the central or posterior region.

Alpha mediated the relation between pubertal timing and SRS-2
RRBs for males in the anterior region (bypot = —0.76, SEpoor = 0.41, 95%
Cl[-1.68 to -0.11]), although there was not a significant direct effect
(B=0.76,SE = 1.19, t(119) = 0.63, p = .528, 95% CI [-1.61 to 3.12]).
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FIGURE 6 Anterior alpha mediating pubertal maturation and social skills and restricted and repetitive behaviors (RRBs) for the autistic group.

In contrast, alpha did not mediate the relation between pubertal tim-
ing and SRS-2 RRBs for females in the anterior region (Direct effect:
B=1.80,SE =1.82,t(54) =0.99,p=.327,95% Cl [-1.86 to 5.47]; Indi-
rect effect: bpgot = -0.07, SEpoot = 0.36, 95% Cl [—1.14 to 0.25]). As
with the combined autistic sample, alpha did not mediate the relation
between pubertal timing and SRS-2 RRBs for males or females in the
central or posterior region.

Mediation analyses for the other frequency bands were exploratory
and are included in the Supporting Information.

4 | DISCUSSION

We investigated whether pubertal maturation and timing explained
developmental variation in EEG power in the theta, alpha, or beta fre-
quency bands in autistic and comparison youth. We explored sex and
diagnostic differences in these models. For the autistic youth, we also
examined EEG power in the alpha band as a mediator in the relation
between pubertal maturation and timing with ASD-related traits (i.e.,
social skills and restricted repetitive behaviors and interests; RRBs) for

the whole autistic group and for autistic males and females separately.

4.1 | Main effects of puberty

Our hypotheses that there would be a main effect of both pubertal
maturation and timing on resting-state EEG power were supported.
Findings indicate that, in addition to age, pubertal maturation and
timing also exert specific effects on resting-state EEG and should there-
fore be considered in future research. Individuals further along in
pubertal maturation showed decreased power in the beta band across
all regions, as well as decreased power in the theta band in the cen-
tral region and alpha band in the posterior region. Similarly, individuals
who were relatively “early bloomers” (i.e., at a later pubertal stage
compared to same-aged and same-sex peers in this sample) showed
decreased power in the theta band in all regions and in the beta
band in the anterior and central regions. Our findings extend previous
research documenting decreases in power with increasing age by sug-
gesting that pubertal development may play a unique additional role
in the development of more efficient information processing and exec-
utive functioning (Kharitonova et al., 2013; Tamnes et al., 2013). As
increased beta and theta are associated with greater attention, find-
ings suggest that individuals with less advanced and slower pubertal

maturity showed increased cognitive engagement during resting state
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FIGURE 7 Anterior alpha mediating pubertal timing and Vineland Adaptive Behavior Scales, Second Edition (VABS-II) social skills and Social
Responsiveness Scale, Second Edition (SRS-2) restricted and repetitive behaviors (RRBs) for the autistic group.
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FIGURE 8 Forest plot of all mediation effects for the alpha band for the autistic group.
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relative to peers (Pizzagalli, 2007; Wang et al., 2013). While counter-
intuitive, these participants may find resting stimuli more engaging
or may expend more cognitive energy during refractory or prepara-
tory periods than peers. To delineate between these possibilities, it
would be helpful to utilize a variety of contrasting conditions (e.g.,
resting state vs. task-active state) to better understand patterns and
implications of pubertal development.

Additionally, while research in nonautistic populations has sug-
gested that earlier pubertal maturation may be a risk factor for mental
and physical health challenges (Hoyt et al., 2020), it may be bene-
ficial for cognitive development (Chaku & Hoyt, 2019). There may
be interactions between neurobiological changes (e.g., thinning gray
matter and synaptic pruning of the prefrontal cortex) and social conse-
guences (e.g., increased responsibility of youth who look more mature)
that facilitate development in executive functioning and other cogni-
tive processes (Chaku & Hoyt, 2019). Alternatively, precocious puberty
may truncate important periods of early learning and plasticity, or at
least alter the timing and magnitude of growth (Piekarski et al., 2017).
This may be particularly impactful for autistic children with language
challenges, as areas of the brain associated with language develop-
ment exhibit less plasticity after puberty (Piekarski et al., 2017). Given
the potential that puberty may convey both risk as well as benefits
for youth, follow-up work will be needed across multiple behavioral

domains.

42 | Sex differences

The interactions between puberty and sex were not significant, which
is consistent with recent research that shows relatively similar out-
comes for males and females who develop early (Chaku & Hoyt, 2019;
Hoyt et al., 2020). However, there were some notable sex differences in
patterns of simple slopes. For pubertal maturation, males and females
showed significant effects in most of the same regions. Females showed
a unique significant association between theta and pubertal matura-
tion in the anterior region, while males showed a unique significant
association with beta in the posterior region. For pubertal timing, males
showed a significant association with almost all frequency bands in
almost all regions, while females only showed a significant correlation
in the theta band in the anterior and central regions. One possible
explanation for the stronger association for females in the theta band
may be that males show a slower decrease in theta over the course of
development, compared to females (Clarke et al., 2001).

Clarifying the relation between sex, puberty, brain, and behavioral
functioning may benefit from direct measures of hormone levels, par-
ticularly testosterone. Our findings for females may be consistent with
functional magnetic resonance imaging research that found a stronger
association between testosterone and gray matter, as well as corti-
cal thickness in the frontal region, for females as compared to males
(Bramen et al., 2012; Nguyen et al., 2017). In contrast, males, but not
females, had an association between testosterone levels and executive

function (Nguyen et al., 2017).
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4.3 | Diagnostic differences

Again, there was not a significant interaction between diagnosis and
puberty, but there were notable differences in patterns of simple
slopes. Both pubertal maturation and timing were related to all EEG
resting-state frequencies across most regions for the autistic group,
whereas the association was only significant in the beta region for the
comparison group for pubertal maturation. Little research has exam-
ined neurodevelopmental functioning in relation to puberty for autistic
and comparison individuals, but it is possible that puberty has a differ-
ential effect on autistic individuals and may therefore show stronger
relations between puberty and brain development. Additionally, the
timing of puberty may be more impactful for autistic individuals, par-
ticularly as puberty-related biological and environmental changes may
confer additional challenges to autistic individuals. Alternatively, as
there is more variability in pubertal timing for autistic individuals
(Picci & Scherf, 2015), there may be a stronger correlation between
age and puberty for comparison individuals, so puberty may not pro-
vide as much additional information above and beyond age for these

comparison individuals.

4.4 | Autism traits and pubertal development

Mediation analyses with the autistic sample extended previous
research on nonautistic individuals that found that brain abnormal-
ities (e.g., size) mediated the relation between puberty and mental
health (Murray et al., 2019). In the current autistic sample and analy-
sis of medial areas, alpha only mediated the relation between pubertal
maturation and timing with RRBs in the anterior region. RRBs are
related to challenges with response inhibition and cognitive flexibil-
ity (Faja & Nelson Darling, 2019; Mostert-Kerckhoffs et al., 2015),
and executive functions in the prefrontal cortex that undergo sub-
stantial changes in puberty due to changes in neural capacity in that
region (Tyborowska et al., 2016; Zhou et al., 2016). Although the role
of puberty in executive functioning and trait presentation in autism
remains largely unstudied, our findings fit with broader literature indi-
cating that puberty may drive executive functioning-related behaviors,
including RRBs (Blakemore et al., 2010; Nguyen et al., 2017). Also,
given that mediation analyses were significant for both pubertal mat-
uration and timing analyses, our findings highlight the need to better
understand how alterations in pubertal maturation and relative timing
impact behavioral trajectories across development.

When sex differences were probed, alpha mediated the relation
with RRBs for males only. Although we did not directly measure
hormone levels, prior work suggests that adolescents with higher
testosterone showed more adult-like patterns of anterior prefrontal
cortex activity, while controlling emotional reactions, and, as previ-
ously mentioned, testosterone appears to exert unique effects on
males during puberty (Nguyen et al., 2017; Tyborowska et al., 2016).
Further, findings of sex differences in the associations of EEG resting-

state power are consistent with comparable resting-state research on
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autistic samples and further support the need to include and sepa-
rately consider females in biomarker research (Neuhaus et al., 2021).
Our findings of complete mediation indicate that the relation between
puberty and autism traits is entirely accounted for by the impact
of puberty on brain development and functioning, although future
research may investigate mediation models in other brain regions and
in longitudinal data.

4.5 | Limitations and future directions

Our measure of pubertal development was based on parent report.
The PDS is a practical, easy-to-administer, less invasive measure of
puberty (Koopman-Verhoeff et al., 2020), although it may underrep-
resent gonadal development and is a less precise measure overall
(Vijayakumar et al., 2018). To understand which aspects of puberty are
contributing to the relationships between brain and behavior, more
nuanced mechanistic information will be important (e.g., hormones,
physical characteristics, etc.).

The current sample was also composed of individuals with rela-
tively high cognitive skills; thus, we cannot conclude that our find-
ings extend to individuals with intellectual disability and autism. The
impact of co-occurring disorders on these relations will also require
consideration, due to high rates of co-occurring anxiety, attention-
deficit/hyperactivity disorder, and other mental and physical health
challenges with autism that impact puberty and resting EEG power
(Clarke et al., 2001; Newson & Thiagarajan, 2019). Our project was
also largely exploratory, and confirmation through other projects will
be necessary.

Lastly, sociodemographic differences also influence puberty and
will be particularly important to consider. The age of pubertal onset
is earlier in Black and Hispanic children, as well as those in families
of lower socioeconomic status in the United States (Piekarski et al.,
2017). The COVID-19 pandemic further altered the average age of
puberty, in part due to increases in stress (Belsky, 2012), body mass
index, screen time, and other factors (Stagi et al., 2020). There may
be important environmental risk factors for precocious puberty that
also interact with age, sex, cognition, and developmental outcomes. As
autistic youth are more likely to be obese and less likely to engage
in physical activity, they may be more impacted by these patterns of
lifestyle changes that decrease the age of onset of puberty (McCoy
etal, 2016).

Gender identity was also not included in our analyses and will
be an important next step, particularly given heightened rates of
the co-occurrence of gender diversity and ASD (Nobili et al., 2020;
Pasterski et al., 2014). Gender-diverse youth, particularly those with
co-occurring ASD, report experiencing unique social and environ-
mental stressors that compound the more commonly experienced
challenges (Strang et al., 2018). Thus, the interplay of gender identity
and puberty on neurodevelopment is complex but must be considered

in addition to designated sex at birth.

REAET AL.

5 | CONCLUSIONS

In summary, findings presented here demonstrate the impact of puber-
tal maturation and timing on resting-state neural functioning. This
work further underscores the importance of considering sex when
investigating brain-behavioral correlates. Our findings also identify
the potential for neural functioning as a mediator in the relation
between puberty and behavioral outcomes in autistic populations.
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