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Language impairment is comorbid in most children with Autism Spectrum Disorder (ASD), but its neural
mechanisms are still poorly understood. Some studies hypothesize that the atypical low-level sensory perception
in the auditory cortex accounts for the abnormal language development in these children. One of the potential
non-invasive measures of such low-level perception can be the cortical gamma-band oscillations registered with
magnetoencephalography (MEG), and 40 Hz Auditory Steady-State Response (40 Hz ASSR) is a reliable paradigm
for eliciting auditory gamma response. Although there is research in children with and without ASD using 40 Hz
ASSR, nothing is known about the relationship between this auditory response in children with ASD and their
language abilities measured directly in formal assessment.

In the present study, we used MEG and individual brain models to investigate 40 Hz ASSR in primary-school-
aged children with and without ASD. It was also used to assess how the strength of the auditory response is
related to language abilities of children with ASD, their non-verbal IQ, and social functioning. A total of 40
children were included in the study.

The results demonstrated that 40 Hz ASSR was reduced in the right auditory cortex in children with ASD when
comparing them to typically developing controls. Importantly, our study provides the first evidence of the as-
sociation between 40 Hz ASSR in the language-dominant left auditory cortex and language comprehension in
children with ASD. This link was domain-specific because the other brain-behavior correlations were non-
significant.

1. Introduction Tager-Flusberg, 2001; Pickles et al., 2014; Tager-Flusberg and Kasari,

2013; Tager-Flusberg, 2016), but its neural mechanisms are still not

Autism Spectrum Disorder (ASD) is a heterogeneous group of neu-
rodevelopmental conditions characterized by impaired social commu-
nication and interaction and the presence of stereotyped and repetitive
behavior and restricted interests (American Psychiatric Association,
2013). Usually, most children with ASD have also a co-occurring
structural language impairment, varying from severely impaired lan-
guage (minimally-verbal ASD) to slightly impaired (e.g., Kjelgaard and

clearly understood. It has been proposed that the atypical low-level
sensory processing accounted for the atypical development of high-
level cognitive functioning in ASD, including language (Berman et al.,
2016; Matsuzaki et al., 2019; Roberts et al., 2010, 2011, 2019; Rob-
ertson and Baron-Cohen, 2017). Since a majority of individuals with
autism have hyper- and/or hypo-reactivity in sensory perception,
particularly the perception of auditory information (Dwyer et al., 2020;
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Matsuzaki et al., 2014; Williams et al., 2021a, 2021b), this might in-
fluence language development in children with ASD.

Cortical gamma-band oscillations (30-150 Hz) registered with
magnetoencephalography (MEG) and electroencephalography (EEG)
can be a non-invasive measure of low-level sensory processing. The
cellular studies with optogenetic manipulations have demonstrated that
gamma oscillations are intimately related to the balance between neural
excitation (E) and inhibition (I) (Atallah and Scanziani, 2009; Bartos
et al., 2007; Ben-Ari, 2014; Dickinson et al., 2016) and are generated
mostly by the gamma-aminobutyric acidergic (GABAergic) in-
terneurons, expressing calcium-binding protein parvalbumin (PV+
inhibitory cells) (e.g., Agetsuma et al., 2018; Cardin et al., 2009; Carlén
et al., 2012; Espinoza et al., 2018; Ferguson and Gao, 2018; Magueresse
and Monyer, 2013). Animal models of autism, as well as MEG / EEG
studies in combination with magnetic resonance spectroscopy in chil-
dren with ASD, have suggested that the imbalance between E and I in the
neural circuits and the dysfunction of the GABAergic inhibitory system,
in general, may be one of the core pathophysiological mechanisms in
this disorder (Contractor et al., 2021; Ford et al., 2019, 2020; Levin and
Nelson, 2015; Rubenstein and Merzenich, 2003; Sohal and Rubenstein,
2019; Tang et al., 2021; Yizhar et al., 2011). Several studies have
revealed the atypicalities of gamma response in the perception of the
basic auditory and visual stimuli in children with ASD (Brown et al.,
2005; Kessler et al., 2016; Seymour et al., 2020), and some authors have
also proposed that the gamma-band abnormalities are the potential
neural markers of ASD (Gandal et al., 2010; Rojas and Wilson, 2014).

One of the reliable paradigms to register gamma oscillations in the
auditory cortex is 40 Hz Auditory Steady-State Response (40 Hz ASSR),
where participants are presented with amplitude-modulated tones or a
click train at a gamma frequency, usually at 40 Hz (e.g., Korczak et al.,
2012; Pellegrino et al., 2019). Such stimuli activate the neuronal pop-
ulations in the primary auditory cortex (or adjacent regions), which
become gradually aligned in phase with the perceiving sound and reach
a stable power increase at ~40 Hz during sound presentation. The ad-
vantages of the ASSR paradigm are that it is a completely passive
methodology that does not require any response from participants and it
has a high test-retest reliability (McFadden et al., 2014; Roach et al.,
2019). Moreover, in the pediatric population, the age-related changes in
the strength of 40 Hz ASSR is supposed to be associated with the
maturation of GABA neurotransmission and E / I balance development
(Xu et al., 2011; Williams et al., 2009; Zhang et al., 2011), indicating
that inter-trial phase consistency (ITPC), a robust measure of ASSR, in-
creases with age until early adolescence (Edgar et al., 2016; Poulsen
et al., 2009). Taking all this into account, researchers asserted that ASSR
is an ideal tool for investigating auditory perception in ASD (Agetsuma
et al., 2018).

There are only a few MEG studies that address 40 Hz ASSR in in-
dividuals with ASD and the results of these studies are inconsistent.
Wilson et al. (2007) reveal a left-hemispheric reduction of 40 Hz ASSR in
children and adolescents with ASD. Seymour et al. (2020) report a
bilateral reduction of 40 Hz ASSR in adolescents with ASD. Also, the
reduction of ASSR has been observed in first-degree relatives of people
with ASD (Rojas et al., 2011). However, other studies report no differ-
ence between children with and without ASD in this response (Edgar
et al., 2016; Ono et al., 2020; Stroganova et al., 2020). Presumably, the
difference in results may be explained by the duration of auditory
stimulation (e.g., 500 ms in Stroganova et al. (2020) and 1500 ms in
Seymour et al. (2020)), binaural vs. monaural stimulus presentation, the
type of the stimuli (clicks in Stroganova et al. (2020) and amplitude-
modulated tones in Edgar et al. (2016)), MEG source estimation
method (e.g., Beamformer in Seymour et al. (2020) and dipole modeling
in Edgar et al. (2016)), children’s age, and, at last, a highly heteroge-
neous nature of ASD population.

Some of the previous studies have also examined the relationships
between the ASSR and non-verbal IQ / severity of autistic symptoms in
individuals with ASD. The results demonstrated no significant
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association between ASSR and non-verbal IQ (Seymour et al., 2020;
Stroganova et al., 2020; Wilson et al., 2007). The link between the ASSR
and autistic traits (as measured by the AQ questionnaire (Auyeung et al.,
2008)) has been examined in two studies, with one reporting no sig-
nificant relationship between the two (Seymour et al., 2020) and the
other finding a positive relationship between ASSR amplitude and
autistic traits (Stroganova et al., 2020). Although there are no studies
assessing directly the relationship between 40 Hz ASSR and language
abilities in children with ASD, there is only one research that is closely
related to this. Roberts et al. (2021) in a large group of children with
ASD (N = 80) using amplitude-modulated sweeps (from 10 to 100 Hz)
have shown that ITPC was decreased in the ASD group compared to TD
controls and, importantly, lower ITPC at a gamma-band was related to
poorer language skills in children with ASD.

Another neural response that is evoked by amplitude-modulated
tones (or click train) at 40 Hz is sustained Event-Related Field (ERF).
Some authors have proposed that sustained ERF reflects the activity of
the rate-coding neurons in the pitch-processing center (Stroganova
et al., 2020) and the amplitude of sustained ERF decreased with age in
the same cortical region that generated 40 Hz ASSR (Arutiunian et al.,
2022a), so, therefore, the functional specificity and age-related changes
of this response differ from 40 Hz gamma steady-state response. To the
best of our knowledge, there is only one MEG study focused on sustained
ERF in children with ASD (Stroganova et al., 2020). This study provides
the evidence of the left-hemispheric deficit in sustained ERF discussing
the possible relationship between this response and pitch processing in
children with ASD. Thus, it may be beneficial to use tones with 40 Hz
amplitude modulation for investigating between-group differences (ASD
vs. TD) and age-related changes in both types of auditory responses.

In the present study, we used MEG to investigate 40 Hz ASSR at the
source level in 8-to-14-year-old primary-school-aged children with ASD.
First, we compared both 40 Hz ITPC and the amplitude of sustained ERF
to the same periodic stimuli in children with ASD and age-matched
typically-developing (TD) controls. Second, we examined the age-
related changes in strength of both ASSR and ERF in children with
ASD. Finally, we assessed the relationships between 40 Hz ITPC / ERF
and behavioral measures (non-verbal IQ, the severity of autistic traits,
and language abilities) in children with ASD. Although the previous
studies have examined how ASSR was associated with non-verbal IQ and
the severity of autistic symptoms, to the best of our knowledge, this is
the first study assessing the relationship between ASSR and the language
abilities of children with ASD measured directly, i.e., with a standard-
ized language assessment tool.

2. Methods
2.1. Participants

A total of 40 children were included into the study: 20 children with
ASD (5 girls, age range 8.02-14.01 years, Mage = 10.03, SD = 1.7) and
20 age-matched TD children (9 girls, age range 7.02-12.03 years, Mage
=9.11, SD = 1.3). Children with ASD were recruited from the Federal
Resource Center for Organization of Comprehensive Support to Children
with Autism Spectrum Disorders (Moscow, Russia) and TD children
were recruited from public schools in Moscow.

The study was approved by the ethics committee of Moscow State
University of Psychology and Education (for ASD group) and the HSE
University Committee on Interuniversity Surveys and Ethical Assess-
ment of Empirical Research (for TD group), and was conducted
following the ethical principles regarding human experimentation (the
Declaration of Helsinki). All children and their parents provided the
verbal assent to participate in the study and were informed that they can
withdraw from the study at any time during the experiment. A written
consent form was obtained from a parent of each child.
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2.2. Clinical and behavioral assessment

The diagnosis of all children with ASD based on the criteria of the
International Classification of Diseases — 10 (World Health Organiza-
tion, 2016), and 18 out of 20 children were also assessed by a licensed
psychiatrist with Autism Diagnosis Observation Schedule — Second
Edition, ADOS-2 (Lord et al., 2012). Additionally, to confirm the validity
of the diagnosis, the parents of both groups of children were asked to
complete the Russian translation of the Autism Spectrum Quotient:
Children’s Version, AQ (Auyeung et al., 2008). The criteria of exclusion
from the study were comorbid neurological disorders (e.g., epilepsy)
and the presence of a known chromosomal syndrome (e.g., Rett syn-
drome, Fragile X syndrome). The information of medication status of
children was not available.

The non-verbal IQ of children with ASD has been evaluated with the
Kaufman Assessment Battery for Children K-ABC II, NVI index (Kaufman
and Kaufman, 2004), or the Wechsler Intelligence Scale for Children —
Third Edition, performance IQ score (Wechsler, 1991); the non-verbal
intelligence of TD children was screened with the Raven’s Colored
Progressive Matrices (Raven, 2000). Language abilities of both groups
were measured with the Russian Child Language Assessment Battery
(Arutiunian et al.,, 2022b), a standardized test for assessment of
phonology, vocabulary, morphosyntax, and discourse in both produc-
tion and comprehension; mean language score (MLS) across all subtests,
as well as language production score (LPS) and language comprehension
score (LCS) were calculated for each child.

TD children did not have a history of psychiatric and/or neuro-
developmental disorders and, according to language and non-verbal IQ
testing, all of them were within the normal range. All children from both
groups had normal hearing and normal or corrected-to-normal vision,
based on both parental reports and formal assessment.

Demographic information for ASD and TD groups of children is
presented in Table 1.

2.3. Auditory stimuli

The auditory stimuli were tones with 40 Hz amplitude modulation
with a 6 ms fade-in and fade-out periods, were normalized so to prevent
clipping (Fig. 1), and were taken from the previous study (Arutiunian
et al., 2022a). They were generated with in-home MATLAB code ac-
cording to the formula:

A = sin 2af.1) x (1+m x cos(2af,t))
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where A is the amplitude, f, is the carrier frequency, set to 1000, m is the
modulation depth, set to 1, f, is the frequency of modulation, set to 40, t
is the vector of time points for 1 s of stimulus at a sampling rate of
44,100 Hz.

2.4. Procedure

The experiment was programmed and run with the PsychoPy soft-
ware, version 1.90.2 with audio library ‘pyo’ (Peirce, 2007). The pre-
sentation of auditory stimuli (each with 1000 ms duration) was binaural,
and the intervals between them were fixed at 2000 ms. Overall, 90
amplitude-modulated tones were presented during one ~5 min block.
Stimuli were delivered via plastic ear tubes with foam tips inserted into
the ear canals, and the intensity level was set at 83.7 dB sound pressure
level. Together with the triggers sent by PsychoPy to the MEG acquisi-
tion system, an analog channel of the MEG system recorded the onset of
the actual sound sent to the ear tubes. The signal from the analog
channel was used to adjust the trigger positions, compensating for the
delay between sound presentation by the software and its actual arrival
to the ears. In order to reduce eye movements, the children were asked
to look at the fixation cross on the screen in front of them during the
experiment (see Fig. 1a).

2.5. Structural magnetic resonance imaging (MRI) acquisition

The high-resolution whole-brain structural MRIs were acquired with
a 1.5 T Siemens Avanto scanner with the following parameters: repeti-
tion time = 1900 ms, echo time = 3.37 ms, flip angle = 15°, matrix size
= 256 x 256 x 176, voxel size = 1.0 x 1.0 x 1.0 mm>. The MRI seg-
mentation and reconstruction of the cortical surface from the individual
MRIs were performed with the FreeSurfer software (Dale et al., 1999).
The surface was then imported to the Brainstorm toolbox (Tadel et al.,
2011) and down-sampled to 15,000 vertices for each participant. MRI —
MEG co-registration was performed with the Brainstorm toolbox based
on the six reference points (left and right pre-auricular points, nasion,
anterior and posterior commissure, and interhemispheric point) and the
additional digitized head points (N = ~ 150).

T1 MRIs were obtained for all TD children and for 15 out of 20
children with ASD. Five children with ASD had severe behavioral issues,
so that they could not lie still in the MRI scanner. For these children, we
used the template anatomy (MRI: ICBM152) but applied the special
warping procedure implemented in Brainstorm. This procedure allowed
for building the pseudo-individual brains based on the head points

Table 1

The demographic information for ASD and TD groups of children, M + SD (range).
Characteristics Group t P Cohen’s d

ASD (N = 20) TD (N = 20)

Age in years 10.03 + 1.7 (8.02-14.01) 09.11 + 1.3 (7.02-12.03) 0.70 0.48 0.22
Mean language score! 0.75 + 0.23 (0.20-0.93) 0.95 + 0.02 (0.91-0.99) —4.04 <0.001 *** -1.27
Language production 0.76 + 0.24 (0.12-0.95) 0.96 + 0.02 (0.93-0.99) —3.66 0.001** -1.15
Language comprehension 0.73 + 0.24 (0.24-0.94) 0.95 + 0.03 (0.88-1.00) —4.07 -1.28
AQ total 83.6 + 18.8 (45-120) 50.2 £+ 14.2 (25-83) 6.23 2.00
AQ social skills 15.9 £+ 6.0 (4-25) 7.6 3.0 (3—12) 5.50 1.73
AQ attention switching 16.2 +£ 4.0 (11-23) 12.3 + 3.0 (6-20) 3.39 1.07
AQ attention to details 14.9 + 4.9 (4-23) 12.8 + 4.9 (3—23) 1.37 0.43
AQ communication 21.1 + 4.2 (9-29) 8.6 £ 4.7 (1-18) 8.94 2.82
AQ imagination 15.4 + 6.4 (2-27) 8.9 + 3.1 (4-14) 4.07 1.28

Non-verbal IQ: K-ABC (N xidren = 15) or WISC III score (Nehidren = 5)
Non-verbal IQ: Raven’s matrices score (Nepiigren = 20) -
ADOS, raw score

85.4 +17.9 (41-118) - - - -

31.8 + 2.7 (23-36) - - -

Module 1 (Nopgren = 1) 12 NA - - -
Module 2 (Nopdren = 5) 16.2 + 4.96 (8-20) NA - - -
Module 3 (Nepggren = 12) 10.5 + 1.98 (8-14) NA - - -

Note: 'Mean language score (as well as language production and language comprehension scores) is a standard average score (from 0 to 1) across all subtests of the
Russian Child Language Assessment Battery (see Arutiunian et al., 2022b). We run t-tests to compare the characteristics of ASD and TD groups of children. The

significance is labeled with *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 1. The presentation of stimulus: (a) The structure of a trial; (b) 40 Hz amplitude-modulated tone (the duration is 1000 ms); (c) The first 70 ms of the stimulus

(for visualization purpose).

digitized before the MEG data collection and represented the real head
shape of each child.

2.6. MEG data collection and pre-processing

MEG was recorded in a sitting position in a magnetically shielded
room with a whole-head 306-channel MEG (Vectorview, Elekta Neuro-
mag), comprising 204 orthogonal planar gradiometers and 102 mag-
netometers. The position of children’s head within the MEG helmet was
monitored every 4 ms during the experiment via four head position
indicator (HPI) coils digitized together with fiducial points using 3D
digitizer ‘Fastrak’ (Polhemus). We applied the temporal signal space
separation (Taulu and Simola, 2006) and movement compensation
procedures implemented in MaxFilter software (Elekta Neuromag) to
remove external interference signals generated outside the brain and to
compensate for head movements. An electrooculogram (EOG) was
recorded using four electrodes placed above and below the left eye (to
detect the blinks) as well as at the left and right outer canthi (to detect
horizontal eye movements). An electrocardiography (ECG) was moni-
tored with ECG electrodes to compensate for cardiac artifacts.

MEG was recorded at 1000 Hz sampling rate and filtered off-line
with a band-pass filter of 0.1-330 Hz for the time-frequency (TF) anal-
ysis and 0.1-45 Hz for the event-related field (ERF) analysis. A notch
filter of 50 Hz was applied to reduce powerline noise. The artifacts
(heartbeats and eye movements) were cleaned with the EEGLAB’s
(Delorme and Makeig, 2004) Independent Component Analysis (ICA)
implemented in Brainstorm.

The cleaned MEG data were cut in 3000 ms epochs, ranging from
—1500 ms to 1500 ms, and DC offset correction from —100 ms to —2 ms
was applied. Epochs were inspected visually and those affected by the
muscular artifacts were manually rejected. The number of artifact-free
epochs did not differ between groups of children: TD group, Mpumber =
84, SD = 3.30, range 77-87; ASD group, Mpumper = 84, SD = 3.85, range
75-87; t(37.13) = 0.17, p = 0.86.

2.7. MEG source estimation

We used only gradiometers for the analysis because of the current
debates over mixing both magnetometers and gradiometers, which have
different levels of noise (see Seymour et al., 2020). The individual head
models were built with the ‘Overlapping spheres’ method (Huang et al.,
1999), and the inverse problem was solved with the depth-weighted
linear L2-minimum norm estimate method (Lin et al., 2006), with the
dipole orientation constrained to be normal to the cortical surface. The
regularization parameter (A = 0.33) was used when computing the in-
verse operator (Hamaldinen and Ilmoniemi, 1994). A common imaging
kernel was computed and then applied to obtain single epoch cortical
reconstructions. A noise covariance was calculated from a 2 min empty
room recording, taken after each participant’s recording session. In
order to provide the comparison between subjects, the individual MNEs
were projected to the ‘MRI: ICBM152’ template brain.

According to the previous findings (Farahani et al., 2021), cortical
generators of ASSR are spread over the auditory regions in both hemi-
spheres. In order to estimate the sources of ASSR, we selected the
following regions of interest (ROIs): transverse temporal gyrus, trans-
verse temporal sulcus, planum temporale of the superior temporal gyrus,
lateral superior temporal gyrus, superior temporal sulcus, planum polar
of the superior temporal gyrus, and inferior part of the circular sulcus of
the insula in the left and right auditory cortices, based on the Destrieux
parcellation cortical atlas (Destrieux et al., 2010).

The TF analysis at the source level was performed with the Morlet
wavelets (central frequency = 40 Hz, time resolution = 0.3 s). We
calculated 40 Hz Inter-Trial Phase Consistency (ITPC), which computes
the phase consistency across the trials as follows:

n
n! E e

r=1

ITPC =

where n is the number of trials, e is the complex polar representation of
phase angel k on trial r, at the timepoint t. The phases were estimated
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from the Morlet wavelet coefficients. ITPC can take values from 0.0 to
1.0, whereby higher values indicate higher consistency of phases across
the trials (Nash-Kille and Sharma, 2014). TF maps were normalized with
an Event-Related Perturbation (Event-Related Synchronization / Event-
Related Desynchronization) approach considering a time window be-
tween —500 ms and — 200 ms as a baseline, evaluating the deviation
from the mean over the baseline, according to the formula: (x — mean)/
mean X 100. We analyzed ITPC because it was revealed that it is more
sensitive to age-related changes in the 40 Hz ASSR than power (Edgar
et al., 2016) and also ITPC is a more reliable measure in comparison to
total power in the same frequency range (Tan et al., 2015).

The normalized ITPC values were averaged in the 39-41 Hz fre-
quency range in the interval from 200 ms to 900 ms after stimulus onset
(‘40 Hz ITPC’). This time interval was chosen based on the previous
study which showed that the auditory cortex reaches a steady state after
about 200 ms of 40 Hz entrainment (Arutiunian et al., 2022a). To esti-
mate the cortical sources of ASSR for each child, we estimated MNI
coordinates of 30 vertices with the highest 40 Hz ITPC values in the
defined ROIs (15 vertices per hemisphere), and for the further analysis
extracted 40 Hz ITPC values averaged over these 15 vertices in the time
interval between 200 ms and 900 ms in each hemisphere for each child.
We have chosen such an approach in order to take into account the in-
dividual variability of responses within the ‘core auditory area’ (defined
ROIs), which provides a more precise source estimation as it has been
shown in the previous studies (Arutiunian et al., 2022a; Stroganova
et al., 2020).

For the ERF analysis, the signal was averaged over epochs, and the
individual time course was calculated for each of 15,000 vertices. Then
the cortical map was normalized with a z-score, using the pre-stimulus
baseline of —100 ms to —2 ms. For each child, z-score normalized ab-
solute values were averaged in the time interval between 200 ms and
1000 ms and were extracted for the same regions as for 40 Hz ITPC in the
left and right auditory ROIs. Such a window of interest for the ERF
analysis was chosen because the ‘sustained’ component of the evoked
response begins at around 200 ms and stays stable during auditory
presentation, which has been shown in the previous study (Arutiunian
et al.,, 2022a). A special smoothing function based on the Gaussian
smoothing (full width at half maximum, FWHM = 3 mm) was applied.

2.8. Statistical analysis

Linear models with and without mixed effects, interactions and
nested contrasts were used to estimate between-group differences in
ASSR and ERF responses, as well as relationships between neural re-
sponses (the structures of the models will be provided further). Addi-
tionally, we used Pearson’s correlations to analyze the age-related
changes in these neural responses and the associations between ASSR /
ERF and behavioral measures (language abilities, non-verbal IQ,
severity of autism) in children with ASD.

Numeric variables in all models were centered to avoid multi-
collinearity. All models were estimated in R (R Core Team, 2019) with
the Ime4 (Bates et al., 2015) package. Correlation analysis was done with
Hmisc (Harrell Jr. and Dupont, 2020) and cocor (Diedenhofen and
Musch, 2015) packages. The tables for model outcomes were built with
the sjPlot package (Liidecke, 2020), and the data were plotted with
ggplot2 (Wickham, 2016).

3. Results
3.1. Participants’ characteristics
3.1.1. The severity of autistic traits
According to the total AQ score (the parents’ questionnaire), the

severity of autistic symptoms was significantly higher in children with
ASD: Masp = 83.6 (SD = 18.8) vs. Mrp = 50.2 (SD = 14.2), t(35.4) =
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6.23, p < 0.001. Between-group comparisons of the AQ ‘scales’ associ-
ated with autism and broader phenotype also revealed significant dif-
ferences in four out of five scales (see Table 1). Therefore, the analysis
showed that the AQ scores were higher in the ASD group on each ‘scale’,
excluding the scale assessing the attention to details.

3.1.2. Language abilities

There were also significant differences between groups of children in
their language abilities: MLS, Masp = 0.75 (SD = 0.23) vs. Mtp = 0.95
(SD =0.02), t(19.37) = —4.04, p < 0.001; LPS, Masp = 0.76 (SD = 0.24)
vs. Mrp = 0.96 (SD = 0.02), t(19.26) = —3.66, p = 0.001; LCS, Magp =
0.73 (SD = 0.24) vs. Mp = 0.95 (SD = 0.03), t(19.66) = —4.07, p <
0.001. This demonstrated that children with ASD had language
impairment in production and comprehension (see Table 1).

In general, the group of children with ASD was highly heteroge-
neous, and there was a variability in non-verbal IQ (from very low, IQ =
40, to normal, IQ = 118) and language abilities (from severely impaired
to normal). To explore this variability, we performed Pearson’s corre-
lation analysis among behavioral measures (MLS, non-verbal IQ, and
ADOS calibrated severity score). There was a significant relationship
between IQ and MLS, R = 0.61, p = 0.004, indicating that lower non-
verbal cognition was associated with a lower language score. The cor-
relations between ADOS calibrated severity score and non-verbal IQ as
well as MLS were non-significant, and there were no significant re-
lationships between children’s age and non-verbal IQ, ADOS total score,
and MLS.

3.2. Sensor-level plots of auditory response (raw data) in children with
and without ASD

To explore whether the obligatory auditory transient components
(M50 and M100) and sustained ERF are presented in children with and
without ASD, we calculated grand average raw-data sensor-level plots
(Fig. 2). The visualization of the raw data demonstrates a clear presence
of M50 component at around 60 ms, followed by M100 component at
around 110 ms, as well as the sustained ERF after about 200 ms from the
stimulus onset in both groups of children. The corresponding source
activation at these timepoints shows the highest z-score values in the
primary auditory cortex and in the vicinity of this region in the left and
right hemispheres.

3.3. Source estimation of 40 Hz ASSR in the auditory cortex

To estimate the sources of 40 Hz ASSR in the left and right auditory
cortices as well as to compare the localization of sources between groups
of children, the normalized ITPC was calculated in the 200-900 ms time
interval after stimulus onset, and MNI coordinates for 15 vertices in each
ROI with the highest 40 Hz ITPC-values (separately for each participant)
were obtained. The grand average MNI coordinates for ASSR is pre-
sented in Table 2 for both ASD and TD groups of children.

These results are in line with the previous studies, indicating that the
sources of 40 Hz ASSR are located in the primary auditory cortex or in
the vicinity of this region (Keceli et al., 2015; Stroganova et al., 2020) in
both groups of children. Fig. 3 visualizes both individual and grand
average MNI coordinates of the response in both hemispheres in chil-
dren with and without ASD.

To test whether there are between-group differences (ASD vs. TD) in
the location of ASSR, we performed MANOVA to compare MNI co-
ordinates in each hemisphere. The results showed no significant differ-
ence in either X, Y or Z coordinates: left X, F = 0.64,p = 0.42; left Y, F =
0.06, p = 0.80; left Z, F = 0.002, p = 0.96; right X, F = 0.56, p = 0.45; right
Y, F=1.65,p =0.20; right Z, F = 0.11, p = 0.73. Thus, we did not find the
evidence for the differences in the topography of cortical sources of
ASSR between children with and without ASD in any hemisphere.
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Fig. 2. The grand average sensor-level ‘butterfly’ plots of 204 gradiometers for ASD and TD groups of children; the black lines correspond to the first obligatory
transient auditory components in MEG (M50 and M100) and sustained part of Event-Related Fields; the top panels show the distribution of cortical activity at

these timepoints.

3.4. The comparison of 40 Hz ASSR and ERF between children with and
without ASD

In order to compare ASD and TD groups of children in 40 Hz ITPC, we
fitted a linear mixed-effects model including the main effects of group
(ASD vs. TD), hemisphere (left vs. right), and group x hemisphere

interaction as fixed effects, and participants as a random intercept (also
see Supplementary materials with additional results on the power of 40
Hz ASSR as well as the reliability of each MEG-derived indices). The
structure of the model was as follows: Imer(ITPC ~ 1 + Group + Hemi-
sphere + Group x Hemisphere + (1 | ID), data = data, control = Imer-
Control(optimizer = “bobyga”)). The results showed a significant main
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Table 2
Grand average MNI coordinates for 40 Hz Auditory Steady-State Response for
ASD and TD groups of children.

Group Left auditory ROI Right auditory ROI
Coordinate Mean SD Coordinate Mean SD
ASD X —50.65 7.67 X 54.59 5.44
Y —21.57 15.30 Y —21.25 8.81
Z 6.73 12.70 VA 9.35 9.59
TD X —48.72 7.52 X 53.30 5.45
Y —22.73 14.05 Y —24.43 6.72
VA 6.91 11.76 VA 10.24 6.66

effect of hemisphere, p = —126.42, SE = 26.92, t = —4.69, p < 0.0001,
and also a significant group x hemisphere interaction, p = 109.25, SE =
26.92, t = 4.06, p = 0.0002. The main effect of group was non-
significant, p = —33.70, SE = 42.31, t = —0.79, p = 0.43. To analyze
between-group differences in 40 Hz ASSR in each hemisphere sepa-
rately, we fitted a linear mixed-effects model including the main effect of
hemisphere (left vs. right, intercept corresponding to the left), the effect
of group nested within the left and right hemispheres separately as fixed
effects, and participants as a random intercept, according to the formula:
Imer(ITPC ~ 1 + Hemisphere / Group + (1 | ID), data = data, control =
ImerControl(optimizer = “bobyqa”)).

The results revealed a reduction of 40 Hz ITPC in the right hemi-
sphere in children with ASD, but no difference between groups in the left
hemisphere: left auditory ROI, Masp = 481.88 (SD = 364.28) vs. Mp =
330.78 (SD =192.68), p = —151.09, SE =100.30, t = —-1.51,p = 0.132;
right auditory ROIL, Magsp = 516.21 (SD = 270.25) vs. Mtp = 802.12 (SD
= 399.45), p = 285.91, SE = 100.30, t = 2.85, p = 0.005 (Table 3,
Figs. 4a — 4c).

To compare the sustained part of ERF in ASD and TD groups of
children, we fitted a linear model including the main effects of group
(ASD vs. TD), hemisphere (left vs. right), and group x hemisphere
interaction. The structure of the model was as follows: Imer(ERF ~ 1 +
Group + Hemisphere + Group x Hemisphere, data = data). The results
showed a significant main effect of hemisphere, p = —1.53, SE = 0.62, t
= —2.46, p = 0.01, but no main effect of group, p = —0.45, SE = 0.62, t
= —0.73, p = 0.46, or group x hemisphere interaction, p = —0.14, SE =
0.62, t = —4.23, p = 0.81 were found. To compare a sustained part of
ERF in each hemisphere separately between children with and without
ASD, we fitted a linear model including a main effect of hemisphere (left
vs. right, intercept corresponding to right) and the effect of group nested
within the left and right hemispheres separately, according to the for-
mula: In(ERF ~ 1 + Hemisphere / Group, data = data).

The results showed no difference in the amplitude of sustained ERF
between groups of children (Table 4, Figs. 4d — 4f). In order to explore a
possible between-group difference in ERF at a specific time window, we
divided the sustained part of ERF timecourse into four equal windows
with 200 ms duration and provided window-by-window comparisons
between ASD and TD groups of children. Two-sample t-tests also
revealed no difference between groups in any time windows: left audi-
tory ROI, 200-400 ms, t(37) = —1.11, p = 0.27; 400-600 ms, t(35) =
—0.85, p = 0.39; 600-800 ms, t(37) = —0.26, p = 0.79; 800-1000 ms, t
(35) = —0.40, p = 0.68; right auditory ROIL 200-400 ms, t(37) = —0.64,p
= 0.52; 400-600 ms, t(32) = —0.47, p = 0.63; 600-800 ms, #(30) =
—0.10, p = 0.92; 800-1000 ms, (35) = —0.02, p = 0.97.

3.5. The hemispheric dominance of 40 Hz ASSR and the age-related
changes of ASSR and ERF responses in children with and without ASD

Based on the hypothesis of atypical development of auditory cortex
in children with ASD (Roberts et al., 2010, 2019), we analyzed how both
types of neural responses (40 Hz ASSR and ERF) are related to each other
in the left and right hemispheres in ASD and TD groups of children
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separately (see Roberts et al. (2021)). We fitted individual linear mixed-
effects models including the main effects of hemisphere (left vs. right),
source amplitude (ERF), and hemisphere x source amplitude interaction
as fixed effects, and participants as a random intercept, based on the
formula: Imer(ITPC ~ 1 + Hemisphere + Amplitude + Hemisphere x
Amplitude + (1 | ID), data = data, control = ImerControl(optimizer =
“bobyqa”)). In TD group, there were significant main effects of hemi-
sphere, p = —576.77, SE = 81.93, t = —7.04, p < 0.00001, source
amplitude, p = —22.66, SE = 6.83, t = —3.31, p = 0.002, and a signif-
icant hemisphere x source amplitude interaction, § = 30.75, SE = 7.33,
t = 4.19, p = 0.0002. The analysis of nested contrasts of ERF in each
hemisphere (Imer(ITPC ~ 1 + Hemisphere / ERF + (1 | ID), data = data,
control = lmerControl(optimizer = “bobyqa”))) revealed a right hemi-
spheric dominance of 40 Hz ITPC, M = 330.78 (SD = 192.68) vs.
MRgight = 802.12 (SD = 399.45), p = —576.77,SE = 81.93,t = —-7.04,p <
0.0001 (Table 5, Fig. 5), and a significant relationship between 40 Hz
ITPC and the source amplitude in the right auditory ROI, § = —53.41, SE
=11.24, t = —4.75, p < 0.0001, replicating the previous findings on a
larger group of TD children (Arutiunian et al., 2022a). In ASD group,
there were significant main effects of hemisphere, f = —217.60, SE =
76.76,t= —2.83, p = 0.008, source amplitude, f = 27.24, SE=7.90,t =
3.44, p = 0.0001, and a significant hemisphere x source amplitude
interaction, p = 26.86, SE = 7.75, t = 3.46, p = 0.001. The analysis of
nested effects demonstrated that, as in TD children, there was a right
hemispheric dominance of 40 Hz ITPC, My ¢ = 481.88 (SD = 364.28) vs.
MRgight = 516.21 (SD = 270.25), p = —217.61,SE=76.77,t = —2.83,p =
0.008 (see Table 5, Fig. 5). Therefore, although children with ASD had a
reduced 40 Hz ITPC in the right auditory ROI, the pattern and asym-
metry of response were similar to those of TD group.

In comparison to TD group, children with ASD had the atypical
relationship between 40 Hz ASSR and ERF responses. In TD children,
there was a negative association between 40 Hz ITPC and the amplitude
of ERF response, so that the higher ITPC was associated with lower
source amplitude in the right auditory ROL By contrast, there was no
such effect in the group of children with ASD. Moreover, there was an
atypical significant relationship between 40 Hz ITPC and the amplitude
of ERF response in the left auditory ROI, indicating that the higher ITPC
was related to the higher source amplitude: p = 54.11, SE = 13.06, t =
4.14, p < 0.001.

To investigate the age-related changes in neural responses, we per-
formed Pearson’s correlation analysis in children with and without ASD
in both hemispheres. In TD group, there was a significant association
between 40 Hz ITPC and age in the right auditory cortex, indicating that
the lower strength was related to younger age, right auditory ROL R =
0.75, Bonferroni-corrected p = 0.0004, 95% C.I. [0.46, 0.89]; left audi-
tory ROL R = 0.52, Bonferroni-corrected p = 0.08, 95% C.I. [0.10, 0.78].
In ASD group, there were no any significant relationships between 40 Hz
ITPC and age, left auditory ROI, R = 0.005, Bonferroni-corrected p =
1.00, 95% C.I. [—0.43, 0.44]; right auditory ROI, R = 0.33, Bonferroni-
corrected p = 0.64, 95% C.I. [—0.13, 0.67]. A statistical comparison of
two correlations (TD vs. ASD in the right hemisphere) showed a signif-
icant difference between groups, z = —1.98, p = 0.04. The results of TD
group are in line with the previous findings which showed a monotonic
age-related increase of 40 Hz ITPC in the right auditory cortex (Aru-
tiunian et al., 2022a; Cho et al., 2015; Edgar et al., 2016; Seymour et al.,
20205 Stroganova et al., 2020). This indicated, therefore, that children
with ASD had not only a reduced 40 Hz ITPC in the right auditory ROI,
but also the atypical developmental state of this response. The rela-
tionship between the amplitude of sustained ERF and the age was not
significant after correction for multiple comparisons in any group in
both hemispheres: TD group, left auditory ROI, R = —0.13, Bonferroni-
corrected p = 1.00, 95% C.I. [—0.54, 0.33]; right auditory ROIL, R =
—0.50, Bonferroni-corrected p = 0.08, 95% C.I. [-0.77, —0.07]; ASD
group, left auditory ROI, R = —0.36, Bonferroni-corrected p = 0.44, 95%
C.L [-0.69, 0.09]; right auditory ROL R = —0.21, Bonferroni-corrected p
= 1.00, 95% C.I. [-0.59, 0.25].
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Fig. 3. The localization of 40 Hz Auditory Steady-State Response (ASSR) in MNI space for ASD and TD groups of children: (a) MNI coordinates of 40 Hz ASSR in the
left and right hemispheres: blue dots / triangles represent the individual MNI coordinates of each child, red dots / triangles represent the grand average MNI co-
ordinates; (b) Grand average MNI coordinates of 40 Hz ASSR in axial and coronal directions for both groups of children. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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Table 3
The comparison of 40 Hz Auditory Steady-State Response between ASD and TD
groups of children.

40 Hz Inter-Trial phase consistency

Predictors Estimate Standard error t P
(Intercept) —33.70 59.84 -0.56  0.573
Hemisphere_Left -17.17 38.07 —0.45 0.652
Hemisphere_Left:TD_group —151.09 100.30 -1.51 0.132
Hemisphere_Right:TD_group 285.91 100.30 2.85 0.005**
Random Effects

o? 57,985.38

Too D 42,622.48

1CC 0.42

Npp 40

Observations 80

Marginal R? / Conditional R>  0.226 / 0.554

3.6. The association between brain responses and behavioral measures in
children with ASD

In order to investigate how both types of auditory responses (40 Hz
ASSR and ERF) in children with ASD are related to behavioral measures
(language score, non-verbal IQ, and the severity of autistic symptoms),
we run Pearson’s correlations.

3.6.1. The relationships between 40 Hz ASSR and MLS, IQ, AQ scores

In the right auditory ROI, the analysis revealed no significant asso-
ciations between 40 Hz ITPC and any behavioral measures. In the left
auditory ROI, there were no significant relationships between 40 Hz
ITPC and IQ as well as AQ scores, but there was a significant effect of
MLS: R = 0.57, Bonferroni-corrected p = 0.04, 95% C.I. [0.17, 0.80],
indicating that the lower 40 Hz ITPC in the left hemisphere was related
to more impaired language abilities of children with ASD (Fig. 6a).
Additionally, to test whether language production and language
comprehension scores had different effects, we correlated LPS and LCS
with 40 Hz ITPC separately. The results revealed no significant associ-
ation between LPS and 40 Hz ITPC, R = 0.42, p = 0.06, 95% C.I. [-0.02,
0.72], but there was a significant relationship between LCS and 40 Hz
ITPC, R = 0.60, p = 0.005, 95% C.I. [0.21, 0.82]. This indicated that 40
Hz ASSR in the left auditory ROI was related to language comprehension
in children with ASD.

3.6.2. The relationships between sustained ERF response and MLS, IQ, AQ
scores

There were no significant relationships between the amplitude of
ERF and behavioral measures in either left or right auditory ROIs
(Fig. 6b).

4. Discussion

In the present study, we used MEG to investigate 40 Hz ASSR and
sustained ERF responses to the same amplitude-modulated tones at the
source level in children with and without ASD and also to assess the
relationships between these responses and behavioral measures (lan-
guage abilities, non-verbal IQ, and the severity of autistic symptoms) in
children with ASD. The novelty of the study was to highlight how 40 Hz
ASSR is related to the language abilities (both production and compre-
hension) of children with ASD measured directly, i.e., with a standard-
ized language assessment tool.

4.1. Source estimation of 40 Hz ASSR in children with and without ASD

We localized sources for 40 Hz ASSR in TD children and children
with ASD and, in accordance with the previous studies, the neural
generators of the response were in the primary auditory cortex (A1) and
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adjacent regions in the left and right hemispheres in both groups of
children (Edgar et al., 2016; Seymour et al., 2020; Stroganova et al.,
2020). The direct between-group comparison of MNI coordinates did not
reveal significant differences in either X, Y, or Z in any hemisphere,
indicating that the topology of ASSR was similar in children with and
without ASD. This is in line with Stroganova et al. (2020) who also
compared MNI coordinates between typically developing children and
children with autism.

In contrast to Edgar and colleagues’ MEG study (Edgar et al., 2016)
with a similar age-range group, we could detect a clear 40 Hz ASSR in all
children from both groups, whereas in their study, 40 Hz ASSR was not
observed in the majority of children. The authors concluded that the
difficulties in measuring this response in children make this paradigm
nonoptimal for assessing steady-state 40 Hz auditory gamma response in
the pediatric population (Edgar et al., 2016). However, in a more recent
MEG study by Stroganova et al. (2020), 40 Hz ASSR was also detected in
most children with and without ASD. The authors hypothesized that
contrary to Edgar et al. (2016) study, they could detect 40 Hz ASSR in
most of the children from their sample owing to the methodological
differences, such as stimulus presentation (monaural instead of
binaural), the type of the auditory stimuli (clicks instead of the
amplitude-modulated tones), and the source estimation methods
(sLORETA instead of single dipole modeling). Our findings contribute to
this discussion because we detected 40 Hz ASSR in both groups of
children using the same paradigm as in Edgar et al. (2016) study:
amplitude-modulated tones presented binaurally. It means that stimulus
presentation and type did not account for the possibility to detect the
response, whereas the source estimation method plays a significant role
in it. Given the individual variability in the location of 40 Hz ASSR even
in adults (Farahani et al., 2021), we suggest that for precise source
estimation we need to take into consideration the number of anatomical
ROIs in the ‘core auditory area’ (see Methods) to explore inter-
individual differences across children (also see the discussion on the
individual variability in the topology of 40 Hz ASSR in the recent study
(Arutiunian et al., 2022a)).

4.2. The comparison of 40 Hz ASSR and sustained ERF in children with
and without ASD

Similarly to the previous studies in children and adolescents with
ASD (Seymour et al., 2020; Wilson et al., 2007) and their first-degree
relatives (Rojas et al., 2008, 2011), we showed a reduction in the
strength of 40 Hz steady-state auditory gamma response in our ASD
sample. However, all these findings disagree on the laterality of the
pathological decrease of power / ITPC. In our study, children with ASD
had reduced ITPC in the right auditory cortex, Wilson et al. (2007) re-
ported a left-hemispheric decrease of ASSR, whereas Seymour et al.
(2020) found a bilateral reduction of this neural response. Perhaps, both
children’s age and stimulus presentation (monaural vs. binaural)
contributed to these differences.

In general, the gamma-band abnormalities in autism were reported
in numerous studies (Contractor et al., 2021; Gabard-Durnam et al.,
2019; Rojas et al., 2008; Rojas and Wilson, 2014; Snijders et al., 2013;
Zikopoulos and Barbas, 2013) and are considered by some authors as the
potential neural marker of this disorder (e.g., Gandal et al., 2010; Rojas
and Wilson, 2014). Gamma oscillations are intimately related to E / I
balance and they arise from the inhibition of pyramidal cells by fast-
spiking PV+ interneurons via binding of the inhibitory neurotrans-
mitter GABA (Agetsuma et al., 2018; Cardin et al., 2009; Carlén et al.,
2012). Therefore, the reduction of 40 Hz ASSR in children with ASD may
reflect a dysregulated neural inhibition, resulting in imbalance between
E and I (Rubenstein and Merzenich, 2003; Sohal and Rubenstein, 2019).
Importantly, some studies with the same age-range group of participants
did not find the differences in 40 Hz ASSR between children with and
without ASD (Edgar et al., 2016; Ono et al., 2020; Stroganova et al.,
2020). Despite methodological differences across the studies as well as
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Fig. 4. The comparison of Auditory Steady-State Response (ASSR) and sustained Event-Related Field (ERF) between ASD and TD groups of children: (a) Time-
frequency maps for the left and right auditory ROIs (normalized ITPC-values, % change from the baseline); (b) Distribution of 40 Hz ASSR across the cortex in
the left and right hemispheres averaged in a 200-900 ms time interval (the amplitude threshold is set at 70% of the highest values); (c) Group differences in 40 Hz
ASSR in left and right ROIs; (d) Timecourses of the ERF response in the left and right ROIs; (e) Distribution of z-score absolute values in the left and right hemispheres
averaged in a 200-1000 ms time interval (sustained parts of ERF, the amplitude threshold is set at 70% of the highest values); (f) Group differences in ERF amplitude

in left and right ROIs.

relatively small sample sizes, a highly heterogeneous nature of the ASD
population may contribute to inconsistencies in these findings. For
example, some authors (Neklyudova et al., 2021; Sivarao et al., 2016)
propose that 40 Hz ASSR is related to the N-methyl-p-aspartate (NMDA)
receptors on PV+ cells and, thus, reduced 40 Hz ASSR may be associated
not with the whole ASD population, but rather with a specific genetic
subgroup of individuals with ASD who have a dysfunction of NMDA

10

receptors. Dickinson et al. (2016) have also mentioned that different
subgroups of ASD can have different neural profiles with respect to E / I
balance.

Contrary to the atypical decrease of 40 Hz steady-state auditory
gamma response in children with ASD from our sample, we did not find
significant between-group differences in sustained ERF in any hemi-
sphere. To the best of our knowledge, there is only one MEG study
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Table 4
The comparison of the sustained part of Event-Related Fields (ERFs) between
ASD and TD groups of children.

Sustained part of ERF

Predictors Estimate  Standard error ¢t P

(Intercept) 9.16 0.88 10.43 <0.001***

Hemisphere_Left -1.67 0.88 —-1.90 0.061

Hemisphere_Left:TD_group 1.21 1.76 0.69 0.494

Hemisphere_Right: 0.63 1.76 0.36 0.721
TD_group

Observations 80

R? / R? adjusted 0.080 / 0.044

focused on sustained ERF in children with ASD (Stroganova et al., 2020).
This study provides the evidence of the left-hemispheric deficit in sus-
tained ERF discussing the possible relationship between this response
and pitch processing in children with ASD. Note, however, that in this
study, the sources of ASSR and ERF were different, and the authors did
not aim to measure the evoked response of the same cortical region as
for ASSR. Therefore, we cannot directly compare our findings with the
previous ones.

4.3. The laterality of 40 Hz ASSR and the age-related changes of ASSR
and ERF responses in children with and without ASD

First, in both groups of children, we showed a right-hemispheric
dominance of ASSR, indicating that 40 Hz ITPC was significantly
higher in the right auditory cortex. This means that the pattern and
asymmetry of 40 Hz ASSR in children with ASD were the same as in TD
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children, although the ASD group had a reduced 40 Hz ITPC in the right
hemisphere. Note that the presence of 40 Hz ASSR dominantly in the
right hemisphere has been observed in the previous studies localizing
this response in children with and without ASD (Edgar et al., 2016; Ono
et al., 2020; Poulsen et al., 2009; Stroganova et al., 2020) and also in
adults (e.g., Pellegrino et al., 2019; Ross et al., 2005). This asymmetry of
ASSR was explained with a right-hemispheric specialization of pro-
cessing the temporal periodicity of a sound (Ross et al., 2005) and earlier
development of the right auditory cortex in comparison to the left
(Edgar et al., 2016; Poulsen et al., 2009). Overall, the hemispheric
asymmetry of auditory response can be related to morphological and
functional differences between left and right auditory cortices (Boemio
et al., 2005; Devlin et al., 2003; Hine and Debener, 2007). Regardless of
the explanation, our findings showed that children with ASD had a
typical hemispheric specialization of 40 Hz ASSR.

Second, the age-related changes in 40 Hz ASSR, which were observed
in TD children, were not presented in children with ASD. In our TD
group, as well as in the previous studies focusing on the developmental
changes of ASSR, the age-related increase in the strength of 40 Hz ASSR
has been demonstrated (Arutiunian et al., 2022a; Cho et al., 2015; Edgar
et al., 2016; Seymour et al., 2020; Stroganova et al., 2020). Moreover,
some authors mentioned that it is very difficult to detect this response in
very young children and highlighted that 40 Hz ASSR became more
stable with age (Maurizi et al., 1990; Stapells et al., 1988). It was hy-
pothesized that the increase of 40 Hz ITPC with age could be related to
the maturation of GABAergic inhibitory neurotransmission and devel-
opmental changes of E / I balance (Cho et al., 2015). In general, this
development starts early in the neonate brain by switching from a
depolarizing to hyperpolarizing action of GABA receptors (Ben-Ari,

Table 5
The associations between 40 Hz Auditory Steady-State Response and the amplitude of the sustained part of Event-Related Fields in the left and right auditory ROIs in
children with ASD.
40 Hz Inter-Trial Phase Consistency
ASD TD
Predictors Estimate Standard error t P Estimate Standard error t P
(Intercept) 294.46 82.49 3.57 0.001** 837.24 87.56 9.56 <0.001***
Hemisphere_Left —217.61 76.77 —2.83 0.008** —576.78 81.93 —7.04 <0.001***
Hemisphere_Left:Amplitude 54.11 13.06 4.14 <0.001 *** 8.09 8.64 0.94 0.34
Hemisphere_Right:Amplitude 0.38 8.65 0.04 0.96 —53.41 11.24 —4.75 <0.001***
Random Effects
o> 56,161.99 32,387.06
T00 ID 14,459.32 32,946.70
ICC 0.20 0.50
N 20 20
Observations 40 40
Marginal R” / Conditional R* 0.299 / 0.442 0.569 / 0.787
ASD group TD group
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Fig. 5. The hemispheric differences in 40 Hz Auditory Steady-State Response in children with and without ASD.
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2002, 2014; Cherubini et al., 1991). In the group of children with ASD,
we did not find this age-associated pattern, which addressed the atypical
developmental state of 40 Hz ASSR in these children.

The relationships between the amplitude of sustained ERF and age
were similar in both groups of children, indicating that this type of
neural response did not change with age. Note, however, that in TD
group, there was a marginally significant effect after correction for
multiple comparisons and also there was a significant age-related
decrease of the amplitude of sustained ERF in a larger group of TD
children (see Arutiunian et al., 2022a). Some previous MEG / EEG
studies have also demonstrated an age-related decrease in strength of
the transient auditory components (P1, N1, and N2) in children (e.g.,
Ceponiene et al., 2002; Ponton et al., 2000; Poulsen et al., 2009; Take-
shita et al., 2002). One of the potential explanations of this develop-
mental pattern in both transient and sustained evoked potentials can be
the drop of synaptic density after 10 years of age and an advance of
intra-cortical myelination (see Ponton et al., 2000; Poulsen et al., 2009).

Finally, in TD children, there was a negative relationship between 40
Hz TTPC and the amplitude of sustained ERF, so that the higher ITPC
was associated with the lower source amplitude in the right auditory
cortex. We did not observe this effect in children with ASD. Moreover,
we found an atypical significant relationship between 40 Hz ITPC and
the amplitude of sustained ERF in the left auditory cortex, indicating
that the higher 40 Hz ITPC was related to the higher source amplitude.

To sum up, all these differences between children with and without
ASD regarding the age-related changes and relationships between both
types of auditory responses (40 Hz ASSR and sustained ERF) reflect,
broadly, atypical developmental state of the auditory cortex in children
with ASD which is consisted with the previous studies (e.g., Roberts
et al., 2010, 2019, 2021).

4.4. The relationships between auditory responses and behavioral
measures in children with ASD

In order to reveal whether the auditory responses (40 Hz ASSR and
sustained ERF) are related to behavioral measures (non-verbal IQ, the
severity of autistic symptoms, and language abilities) in children with
ASD, we run Pearson’s correlations. The results demonstrated no sig-
nificant associations between the amplitude of sustained ERF in any
hemisphere and non-verbal IQ, the severity of autism, or the language
abilities of children with ASD.

The analysis of the relationship between 40 Hz ITPC and non-verbal
IQ in children with autism did not reveal a significant correlation. Our
results are consistent with the previous findings, indicating that the
strength of 40 Hz ASSR is not associated with non-verbal cognition of
children and adolescents with ASD (Seymour et al., 2020; Stroganova
et al., 2020; Wilson et al., 2007). We also did not find a relationship
between the severity of autistic symptoms (measured with the AQ
questionnaire) and 40 Hz ASSR. These results corresponded to those
reported by Seymour et al. (2020) and opposite to those presented in
Stroganova et al. (2020). This discrepancy may be related not only to the
heterogeneity in ASD population but also to the assessment tool, i.e., AQ
is not a direct measure of child behavior but parental report.

Importantly, we demonstrated a significant association between 40
Hz steady-state gamma response in the language-dominant left auditory
cortex and the language abilities of children with ASD. Particularly, our
findings indicated that the lower 40 Hz ITPC in the left hemisphere was
related to more impaired language comprehension in children with ASD.
This means that sensory gamma oscillations and the ability of low-level
neural synchronization at the gamma frequency in the primary auditory
cortex are essential for language comprehension in children with ASD.
Although we did not find a between-group difference in 40 Hz ITPC in
the left hemisphere, our findings highlighted the crucial role of the low-
level sensory perception in language processing in children with ASD.
This is in line with Roberts et al. (2021) study with amplitude-
modulated sweeps indicated that ITPC at a gamma-band is associated
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with language skills in children with ASD. The authors concluded that
the electrophysiological signature associated with E / I imbalance has,
therefore, a clinical / behavioral consequence. Several previous studies
have shown that the gamma-band oscillations in the left auditory cortex
are specifically needed for coding temporal fine units of speech (Giraud
et al., 2007; Giraud and Poeppel, 2012; Moon et al., 2022; Poeppel and
Assaneo, 2020), analyzing the properties of a sound in a short temporal
integration windows (Hamaldinen et al., 2012; Poeppel, 2003). There-
fore, all these processes in the left primary auditory cortex can be inti-
mately related to language functioning in autism. Remarkably,
according to different studies, the resting-state or baseline gamma os-
cillations are also associated with the language abilities of both children
with idiopathic ASD and children with single-gene disorders related to
ASD (i.e., Fragile X syndrome), and can even be an early biomarker of
further language functioning in ASD (Romeo et al., 2021; Wilkinson
et al., 2019; Wilkinson and Nelson, 2021).

Summarizing, our findings showed that 40 Hz ASSR in children with
ASD was related only to language abilities but not to other cognitive
domains (non-verbal IQ and social functioning measured with AQ). The
relation was observed only for 40 Hz ASSR in the language-dominant left
hemisphere.

5. Limitations and future directions

We acknowledge some limitations of our study. First, the sample of
children is small which can result in low statistical power. In order to
generalize the observed effects (especially within-group relationships
between brain and behavior), it is necessary to include a larger sample
size. Second, we used amplitude-modulated tones only with the duration
at 1000 ms. At the same time, inconsistencies across different studies
may be partly related to different duration of auditory stimulation (e.g.,
500 ms in Stroganova et al. (2020) and 1500 ms in Seymour et al.
(2020)). Thus, it would be beneficial to use stimuli varying in their
duration in the same groups of children with and without ASD. This will
help to clarify whether the duration of stimuli influences gamma syn-
chronization in the auditory cortex in children with ASD. Third, the
study did not provide any behavioral measures of sensory sensitivity to
assess auditory hyper/hypo-reactivity and to analyze the relationships
between these measures and auditory cortical responses. Fourth, we did
not account for individual differences in hearing thresholds and loud-
ness perception which can play a role in the strengths of both types of
auditory responses. Finally, our study examined the age-related changes
of 40 Hz ASSR and the sustained ERF cross-sectionally. Future studies
would benefit from using a longitudinal design to analyze the functional
maturational changes in the primary auditory cortex in children with
and without ASD.

6. Conclusions

In the present study, we found that primary-school-aged children
with ASD had a reduced 40 Hz steady-state auditory gamma response
and the age-related abnormalities in both types of responses (ASSR and
ERF). These atypicalities may reflect a dysregulated neural inhibition,
leading to the imbalance between E and I in the primary auditory cortex.
Moreover, our study provided the first evidence of the relationship be-
tween 40 Hz ASSR in the language-dominant left auditory cortex and
language comprehension in children with ASD. Although the study
included a small sample size with a large age-range of participants, the
results highlighted the significant low-level neural mechanisms in the
auditory cortex that are related to the language abilities of children with
ASD. Perhaps, if future research with the same paradigm but larger
sample size will confirm our results, 40 Hz ASSR could be used as one of
the potential biomarkers of language development in children with ASD.
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