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A B S T R A C T

Objective: Some studies have hypothesized that atypical neural synchronization at the delta frequency band in the
auditory cortex is associated with phonological and language skills in children with Autism Spectrum Disorder
(ASD), but it is still poorly understood. This study investigated this neural activity and addressed the relation-
ships between auditory response and behavioral measures of children with ASD.
Methods: We used magnetoencephalography and individual brain models to investigate 2 Hz Auditory Steady-
State Response (ASSR) in 20 primary-school-aged children with ASD and 20 age-matched typically developing
(TD) controls.
Results: First, we found a between-group difference in the localization of the auditory response, so as the topology
of 2 Hz ASSR was more superior and posterior in TD children when comparing to children with ASD. Second, the
power of 2 Hz ASSR was reduced in the ASD group. Finally, we observed a significant association between the
amplitude of neural response and language skills in children with ASD.
Conclusions: The study provided the evidence of reduced neural response in children with ASD and its relation to
language skills.
Significance: These findings may inform future interventions targeting auditory and language impairments in ASD
population.

1. Introduction

Autism Spectrum Disorder (ASD) is a broad term used to describe a
group of neurodevelopmental conditions that are characterized by dif-
ficulties in social interaction and communication, as well as stereotyped
or repetitive behaviors (APA, 2013). These core symptoms are typically
accompanied by co-occurring language impairments (Dunlop et al.,
2016; Nadig and Shaw, 2012; Paul et al., 2005; Schelinski et al., 2022),

but the neurophysiological mechanisms of these impairments remain
understudied (Berman et al., 2016). Previous studies have shown that
one of the neurophysiological mechanisms of language impairments in
children with ASD is atypical processing of the basic features of auditory
stimuli in the central auditory pathway and in the primary auditory
cortex (Arutiunian et al., 2023; Demopoulos et al., 2017; Edgar et al.,
2015; Gage et al., 2003; Matsuzaki et al., 2019; Roberts et al., 2014,
2010; Wolff et al., 2012). The temporal and spectral characteristics of a
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sound are specifically significant for auditory processing in these regions
(Giraud et al., 2007; Luo and Poeppel, 2012). It is known that oscillatory
activity in the brain and the time-frequency characteristics of auditory
stimuli have to be synchronized in order to ensure effective spatiotem-
poral perception, and the ordering and processing of auditory input
(Giraud and Poeppel, 2012; Nash-Kille and Sharma, 2014; Peelle and
Davis, 2012). It is also important to note that a number of studies have
underlined the distinctive role of cerebellum, which play a major role in
rhythmic auditory motor synchronization (Hertrich et al., 2016;
Schwartze and Kotz, 2016; Thaut et al., 2009) and, therefore, disrup-
tions in specific cerebro-cerebellar loops in ASD might impede the
functional and structural specialization of cortical regions involved in
motor control, language, and social interaction (D’Mello and Stoodley,
2015; Mosconi et al., 2015).

One of the reliable paradigms to assess these low-level auditory
processing and to register a neural response to auditory stimuli at a
specific frequency is auditory steady-state response (ASSR) in electro-
and/or magnetoencephalography (EEG and/or MEG) (Galambos et al.,
1981; Kuwada et al., 1986; Picton et al., 1987; Rees et al., 1986; Stapells
et al., 1988), where participants are presented with amplitude- or
frequency-modulated tones or sequences of clicks. In response to that
stimulation, afferent neurons in the primary auditory cortex synchronize
their excitation patterns to the specific phase of these stimuli and
generate phase-synchronized responses (Farahani et al., 2021; Picton
et al., 2003; Poeppel and Teng, 2020; Thut et al., 2011). This method is
based on a passive listening methodology that does not require any
feedback from participants and it has high test-retest reliability (Legget
et al., 2017; McFadden et al., 2014).

Previous EEG and MEG studies using ASSR in the ASD population
have been focused mostly on the synchronization at the high frequency
range, i.e., high beta and gamma, and the results are inconsistent with
the evidence of reduced ASSR in ASD and no difference between chil-
dren with and without ASD in this response (e.g., Ahlfors et al., 2023;
Arutiunian et al., 2023; De Stefano et al., 2019; Edgar et al., 2016; Ono
et al., 2020; Roberts et al., 2021; Seymour et al., 2020; Stroganova et al.,
2020). Additionally, some of these studies have revealed an association
between the synchronization at the high frequency range and language
impairments in children with ASD (e.g., Arutiunian et al., 2023; Roberts
et al., 2021). Although most studies in autism have been focused on
high-frequency oscillations in relation to language skills, a number of
studies have demonstrated a significance of the efficient low-frequency
(delta) synchronization in the auditory cortex for the acquisition,
perception, and production of language, as well as reading skills (Cogan
and Poeppel, 2011; Di Liberto et al., 2018; Gross et al., 2013; Park et al.,
2015; Peelle and Davis, 2012). Previous studies have shown that atyp-
ical low-frequency synchronization can lead to difficulties in word
perception due to the altered processing of the prosodic features of
speech, intonation features, and incorrect distribution of accents (Gir-
aud and Poeppel, 2012; Molinaro et al., 2016; Nallet and Gervain, 2022;
Peelle et al., 2012).

The association between low-frequency cortical activity and
impaired language skills has also been confirmed in children with ASD
(Jochaut et al., 2015; Wang et al., 2023). For example, in a recent EEG
study by Wang et al. (2023), French-speaking children with ASD and
age-matched typically developing (TD) controls were presented with
four 2.5-minute cartoons in their native language, and children with
ASD had reduced delta frequency power and delta-range speech tracking
synchronization. The authors suggested that reduced delta activity
during speech processing in ASD could be related to altered syntactic
phrase fragmentation, which is supported by other studies indicating
more difficulties with intonation processing in individuals with ASD
(Haesen et al., 2011; Murphy and Benítez-Burraco, 2017).

On the other hand, the MEG study by Clumeck et al. (2014) reported
no group difference between neural synchronization in the primary
auditory cortex and speech stimuli at the delta frequency range between
French-speaking children with and without ASD. The authors proposed

that the neural activity at the delta frequency band during speech pro-
cessing reflected a prelexical process of speech perception, and, there-
fore, it was related to low-level processes that may not be impaired in
individuals with ASD. However, a recent meta-analysis has shown that
there are only few studies addressing the synchronization at the delta
frequency band in the auditory cortex of children with ASD, and the
results are inconsistent (Palana et al., 2022). This makes such studies a
priority, given the significant role of delta-band neural activity in the
auditory cortex for language processing and the very limited number of
studies with ASD individuals.

The aims of the present study were (1) to investigate the synchro-
nization at the delta frequency band in the primary auditory cortex of
children with ASD in comparison to age-matched TD controls at the
source level in MEG, and (2) to examine the relationship between this
brain response and behavioral measures of children with ASD (language
skills, nonverbal IQ, and the severity of autistic traits). In this study, we
utilized a passive pure tone listening paradigm at the delta frequency
band in a population of elementary school-aged children with and
without ASD. The advantage of this paradigm is that it allows us to
examine auditory processing even in children with ASD who are mini-
mally and/or completely nonverbal and those with severe intellectual
disability (children with profound ASD).

2. Methods

2.1. Participants

MEG data were collected from 20 children with ASD (5 girls, age
range 8.02–14.01 years, Mage = 10.03, SD = 1.7) and 20 TD children (9
girls, age range 7.02–12.03 years, Mage = 9.11, SD = 1.3) ( Table 1).
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.

HSE University Committee on Interuniversity Surveys and Ethical
Assessment of Empirical Research (for the TD group) and the local ethics
committee of the Moscow State University of Psychology and Education
(for the ASD group) approved the study protocol following the Code of
Ethics of the World Medical Association (Declaration of Helsinki) for

Table 1
The demographic information for ASD and TD groups of children.

Characteristics ASD (N =

20)
TD (N =

20)
t p

Age 10.03 ± 1.7 9.11 ± 1.3 0.7 0.48
Mean language score1 0.75 ± 0.23 0.95 ±

0.02
− 4.04 <0.001***

AQ total 83.6 ± 18.8 50.2 ±

14.2
6.23 <0.001***

AQ social skills 15.9 ± 6.0 7.6 ± 3.0 5.5 <0.001***
AQ attention switching 16.2 ± 4.0 12.3 ± 3.0 3.39 0.001**
AQ attention to details 14.9 ± 4.9 12.8 ± 4.9 1.37 0.17
AQ communication 21.1 ± 4.2 8.6 ± 4.7 8.94 <0.001***
AQ imagination 15.4 ± 6.4 8.9 ± 3.1 4.07 <0.001***
Non-verbal IQ: K-ABC or
WISC III

85.4 ± 17.9 – – –

Non-verbal IQ: Raven’s
matrices

– 31.8 ± 2.7 – –

ADOS raw
Module 1 (N = 1) 12 NA – –
Module 2 (N = 5) 16.2 ± 4.96 NA – –
Module 3 (N = 12) 10.5 ± 1.98 NA – –

Note: 1Mean 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.,
2022). 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
and highlighted in bold.
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experiments involving humans. All parents or legally authorized repre-
sentatives of the children signed a written informed consent before the
study.

2.2. Clinical and behavioral assessment

According to ICD-10, all participants in the ASD group were diag-
nosed with autism spectrum disorder, and 18 out of 20 children also
were assessed by a licensed psychiatrist using Autism Diagnostic
Observation Schedule - Second Edition (ADOS-2) (Lord et al., 2012). In
addition, parents of children from both groups completed the Russian
version of the Autism Spectrum Quotient: Children’s Version, AQ
(Auyeung et al., 2008). The non-verbal intelligence of TD children was
assessed with Raven’s Colored Progressive Matrices (Raven, 2000), and
the non-verbal intelligence of children with ASD was measured with the
Kaufman Assessment Battery for Children, K-ABC II (Kaufman and
Kaufman, 2004), Wechsler Intelligence Scale for Children—Third Edi-
tion, WISC-III (1991), performance IQ score. Language skills of all par-
ticipants were screened with the Russian Child Language Assessment
Battery (RuCLAB), a standardized test for the assessment of phonology,
vocabulary, morphosyntax, and discourse in both production and
comprehension; mean language score (MLS) was calculated for each
child (Arutiunian et al., 2022).

2.3. Stimuli and procedure

Auditory stimuli were pure tones with a duration of 1 s with
amplitude modulation set up at 2 Hz (modulation depth of 100 %). A
total of 90 auditory stimuli with 2000 ms inter-stimulus intervals were
presented binaurally at the 83.7 dB sensation level and were transmitted
through plastic tubes with foam tips inserted into the ears. During the
recording the children were instructed to minimize physical activity and
look at the static image of a fixation cross on the screen in front of them.

2.4. Structural magnetic resonance imaging (MRI) data acquisition

The T1 weighted MRI images were acquired with a 1.5 T Siemens
Avanto scanner with the following parameters: repetition time = 1900
ms, echo time = 3.37 ms, flip angle = 15◦, matrix size = 256 × 256 ×

176, voxel size = 1.0 × 1.0 × 1.0 mm3. For MRI segmentation and
reconstruction of cortical surface we used FreeSurfer (Dale et al., 1999).
The co-registration of structural (MRI) and functional (MEG) data was
performed in the Brainstorm toolbox (Tadel et al., 2011) using six
reference points: left and right pre-auricular points, nasion anterior and
posterior commissure, and interhemispheric point and about 150 digi-
tized head points.

Not all subjects with ASD were able to tolerate the MRI procedure.
Thus, for 5 out of 20 children with ASD we used the template anatomy
(“MRI: ICBM152”) applying the special warping procedure implemented
in Brainstorm. This algorithm allowed us to build a pseudo-individual
brain based on the head points digitized before the MEG data collec-
tion and represent the real head shape of each child.

2.5. MEG data collection and pre-processing

MEG was collected using 306-channel MEG (Vectorview, Elekta
Neuromag) with a sampling rate of 1000 Hz. The position of children’s
heads 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 elec-
trocardiograph (ECG) was monitored with ECG electrodes to compen-
sate for cardiac artifacts. MEG was recorded at 1000 Hz sampling rate
and filtered off-line with a band-pass (0.1–330 Hz) and notch (50 Hz)
filters which were applied to continuous MEG files. The artifacts
(heartbeats and eye movements) were cleaned with the EEGLAB’s
(Delorme and Makeig, 2004) Independent Component Analysis (ICA)
implemented in Brainstorm. The filtered MEG recording was segmented
into epochs with a duration of 6000 ms ranging from − 2000 ms to 4000
ms, and DC offset correction from − 100 ms to − 2 ms was applied.

2.6. MEG source analysis

For our analysis, we utilized only gradiometers because of the cur-
rent debates over mixing both magnetometers and gradiometers, which
have different levels of noise (see Seymour et al., 2020). The head model
for each participant was built using the “Overlapping spheres” method
(Huang et al., 1999), which fits one sphere for each sensor. The inverse
problem was solved using the depth-weighted linear L2-minimum norm
estimate (MNE) method, (Lin et al., 2006), with the dipole orientation
constrained to be normal to the cortical surface. To prevent numerical
instability (Hämäläinen and Ilmoniemi, 1994), we used a regularization
parameter (λ = 0.33) when computing the inverse operator. To obtain
single epoch cortical reconstructions, a common imaging kernel was
computed and then applied. We calculated a noise covariance matrix for
source estimation from a 2-min empty room recording taken after each
participant’s recording session. To enable comparisons between partic-
ipants, we projected the individual MNEs onto the “MRI: ICBM152”
template brain provided by Brainstorm.

According to previous studies (Farahani et al., 2021), cortical gen-
erators of ASSR are spread over the auditory regions in both hemi-
spheres. To assess the sources of the 2 Hz ASSR, we identified the
following regions of interest (ROI): transverse temporal gyrus (Heschl’s
gyrus) and superior temporal gyrus. Both frequency and Event-Related
Field (ERF) analysis was performed at the source level. Power spectral
density (PSD) was calculated using the Welch method (time window:
0–1000 ms, window length: 1000 ms, window overlap ratio: 50 %, unit:
physical: U2/Hz). Then the averaged power in the delta frequency (2 Hz)
was calculated in the interval from 0 to 1000 ms. Considering partici-
pants’ individual variability, we selected 15 voxels in the left and right
hemisphere (total n = 30) within the selected ROIs with the highest
mean values. We chose such an approach in order to take into account
the individual variability of responses within the ‘core auditory area’
(defined ROIs), which provides a more precise source estimation (Aru-
tiunian et al., 2023; Stroganova et al., 2020). For the analysis, we
extracted PSD averaged over these 15 vertices in the 0 and 1000 ms time
interval in each auditory ROI for each child.

To conduct an ERF analysis, we first averaged the signal over epochs
and calculated an individual time course for each of the 15,000 vertices.
We normalized the cortical map using a z-score, with a pre-stimulus time
of − 100 to − 2 ms. For each child, z-score normalized absolute values
were averaged in the time interval between 0 ms and 1000 ms and were
extracted for the same functional regions as for frequency analysis in the
left and right auditory ROIs.

3. Results

3.1. Phenotypic characteristics of participants

Between-group comparisons in the total AQ scores revealed a
significantly higher presence of autistic traits in the ASD group: t= 6.23,
p < 0.001. Significant differences were also found in language skills
(measured with MLS): t = − 4.04, p < 0.001. The ASD group was highly
heterogeneous, and there was variability (from impaired to normal) in
non-verbal IQ and language abilities (see Table 1).

I. Samoylov et al.
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3.2. Source estimation of 2 Hz ASSR

In order to reveal the sources of 2 Hz ASSR in the left and right
auditory cortices, we calculated PSD for the stimulation frequency (2
Hz) in the 0–1000 ms time window (stimulus presentation time) and
estimated MNI coordinates for 15 vertices in each ROI with the highest
2 Hz PSD values. The grand average MNI coordinates are presented in
Table 2 for both groups of children.

The results of source estimation (grand average MNI coordinates)
showed that the location of 2 Hz ASSR in the left and right hemispheres
was the transverse temporal sulcus and the planum temporale of the
superior temporal gyrus. To estimate whether the localization of 2 Hz
ASSR is different between the ASD and TD groups, we provided a
between-group comparison of MNI coordinates in each hemisphere. The
results revealed significant differences in Y and Z coordinates in the right
hemisphere, indicating that the topology of 2 Hz ASSR was more su-
perior (t = − 2.03, p = 0.02) and posterior (t = 1.77, p = 0.03) in TD
children compared with children with ASD (Fig. 1). Other effects were
non-significant: X coordinate in the right hemisphere (t= 0.08, p= 0.46)
and X coordinate (t= 0.47, p= 0.31), Y coordinate (t= − 0.47, p= 0.31)
and Z coordinate (t = 0.006, p = 0.49) in the left hemisphere.

Fig. 2 shows the cortical distribution of auditory response averaged
in 0–1000 ms time windows as well as time courses for the identified left
and right auditory regions of interest.

3.3. The comparison of auditory responses between children with and
without ASD

In order to assess between-group differences in the power of 2 Hz
ASSR, we fitted a linear mixed-effects model including the main effects
of Hemisphere (right vs. left), Group (ASD vs. TD), and Group ×

Hemisphere interaction as fixed effects, and participants as a random
intercept, according to the formula: lmer(Power ~ Hemisphere*Group
+ (1 | ID), data = data). The results showed a significant main effect of
the Group, indicating that the ASD group had lower power; other effects
were not significant (Table 3, Fig. 3A).

To compare amplitude of the ERF of 2 Hz ASSR between children
with ASD and TD children, we used a linear mixed-effects model of
similar structure as for power: lmer(ERF ~ Hemisphere*Group + (1 |
ID), data = data). The results revealed a significant main effect of the
Hemisphere, so that the amplitude of response was higher in the right
hemisphere; other effects were non-significant (Table 4, Fig. 3B).

3.4. The relationships between neural responses and behavioral measures
in children with ASD

In order to assess the relationships between neural responses and
behavioral measures (language comprehension skills, nonverbal IQ, and
the severity of autistic traits) in children with ASD, we fitted two linear
mixed-effects models with neural activity as the dependent variable,
main effects of three behavioral measures, and their interaction with
hemisphere as fixed effects, and participants as a random intercept. The
results revealed no relationships between power of 2 Hz ASSR and

behavioral measures, but for the amplitude of ERF there was a signifi-
cant main effect of mean language score: lower amplitude was associ-
ated with lower language skills (Tables 5, 6, Fig. 4).

4. Discussion

In this study, we used MEG to examine 2 Hz ASSR (the power and the
amplitude of ERF) at the source-level in children with ASD. We also
evaluated how these responses were associated with behavioral mea-
sures such as language abilities, non-verbal IQ, and the severity of
autistic symptoms in the ASD group. We found that children with ASD
have a different topology of the auditory response and reduced power of
2 Hz ASSR in comparison to TD children, as well as a significant asso-
ciation between the amplitude of ERF and language skills.

The analysis of source localization for 2 Hz ASSR showed that the
neural generators of the response were located in the primary auditory
cortex (A1) and adjacent regions in the left and right hemispheres in
both groups of children, which is consistent with previous ASSR studies
(Arutiunian et al., 2023; Edgar et al., 2016; Seymour et al., 2020;
Stroganova et al., 2020). The direct between-group comparison of MNI
coordinates revealed significant differences in Y and Z coordinates in the
right hemisphere. This means that in the group of TD children the
location of 2 Hz ASSR was more superior and posterior in comparison to
the ASD group. These findings are in line with previous studies that
showed structural abnormalities in the auditory cortex in individuals
with ASD compared to TD controls (Boddaert et al., 2004; De Fossé et al.,
2004; Gage et al., 2009; Herbert et al., 2002; Hyde et al., 2010). For
instance, Stroganova et al. (2020) using periodic stimuli at 40 Hz have
found significant differences in the MNI coordinates of the response in
the left but not right auditory ROI between children with and without
ASD, indicating that the topology of ASSR was more medial in children
with ASD.

In both groups, we observed a right hemispheric dominance in the
amplitude of ERF in response to the pure tones presented at a frequency
of 2 Hz. This finding is in line with studies indicating that the right
hemisphere is dominant in pure tone processing, a phenomenon
observed in both TD individuals (Ross et al., 2005; Schoonhoven et al.,
2003) and those with ASD (Edgar et al., 2016; Ono et al., 2020; Poulsen
et al., 2009; Stroganova et al., 2020). Some authors hypothesized that
this asymmetry can be explained by the fact that the right auditory
cortex is specialized for processing the temporal periodicity of sound
(Ross et al., 2005). Overall, the hemispheric asymmetry of auditory
responses can be associated with both morphological and functional
differences between left and right auditory cortices (Boemio et al., 2005;
Devlin et al., 2003; Hine and Debener, 2007).

The present study identified a significant reduction in the power of 2
Hz ASSR in children with ASD when compared to TD children, indi-
cating that children with ASD have a deficit in synchronizing brain os-
cillations with incoming non-speech auditory rhythmic stimulation in
the delta band. To the best of our knowledge, our study is the only
research providing evidence on the auditory synchronization in
response to non-linguistic stimuli of 2 Hz in children with ASD. Revealed
group differences in the power of 2 Hz are consistent with the findings in
other neurodevelopmental disorders. For example, some studies have
shown an atypical auditory synchronization in the delta frequency range
in response to linguistic and non-linguistic stimuli in children with
developmental dyslexia, and found that this was associated with poorer
phonological and reading skills (Di Liberto et al., 2018; Keshavarzi et al.,
2022; Mandke et al., 2022; Molinaro et al., 2016; Power et al., 2016,
2013). Authors proposed that atypical auditory synchronization in
children with developmental dyslexia may be due to their brains uti-
lizing a different preferred phase of neural synchronizations (Keshavarzi
et al., 2022; Power et al., 2013), but in children with ASD it can be also
associated with atypical processing in cerebellum due to disruptions in
specific cerebro-cerebellar loops in ASD (D’Mello and Stoodley, 2015;
Mosconi et al., 2015).

Table 2
Grand average MNI coordinates for 2 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 − 50.66 5.89 X 53.53 3.84
Y − 21.29 7.77 Y − 11.06 4.46
Z 6.27 4.22 Z 3.37 3.02

TD X − 49.11 5.36 X 52.02 5.71
Y − 25.39 6.21 Y − 17.98 6.29
Z 10.44 3.62 Z 7.55 3.79
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We observed that the lower amplitude of ERF in response to 2 Hz
pure tones was correlated with lower language skills in children with
ASD. A possible explanation was provided in previous studies showing
that auditory synchronization in delta frequency band is associated with
the phonological system, and especially with prosodic features, i.e.,
pauses, stress, and intonation (Bourguignon et al., 2012; Ding and
Simon, 2014; Giraud and Poeppel, 2012; Keitel et al., 2017). In addition,

recent studies have shown that atypical auditory processing in the pri-
mary auditory cortex within the delta frequency range may impact both
speech processing and the acquisition of an efficient phonological sys-
tem (Attaheri et al., 2022; Goswami, 2019; Keshavarzi et al., 2022).
Based on Temporal Sampling theory, for efficient auditory processing,
rhythmic neuronal activity must coincide with the perceived rhythmic
structure of the stimulus (Goswami, 2011). According to this theory,
difficulties with slower temporal modulations can be related to the
difficulties with syllable parsing and perceiving both syllable stress and
the phonetic constituents of the syllable in children with developmental
dyslexia. Furthermore, it has been shown that the oscillatory neural
activity at different frequency bands corresponds to a different level of
language processing, and the accuracy of the synchronization of these
oscillations with the perceived input is positively correlated with lan-
guage ability (Ding and Simon, 2014). The results of our study demon-
strated a positive correlation between the amplitude of ERF at delta
frequency range and language abilities, which may hypothetically
reflect the level of development of the phonological system of children

Fig. 1. MNI coordinates of 2 Hz ASSR power in the left and right hemispheres: green dots represent the individual MNI coordinates of each child with ASD, red dots
represent the individual MNI coordinates of each TD child. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 2. Source localization of auditory response in children with and without ASD: (A) distribution of z-score absolute values in the left and right hemispheres
averaged in 0–1000 ms time intervals; (B) timecourses of the ERF response in the left and right auditory ROI.

Table 3
The comparison of power of 2 Hz Auditory Steady-State Response between the
ASD and TD groups. The significance is labeled with *p < 0.05, **p < 0.01, ***p
< 0.001 and highlighted in bold.

Predictor Estimate Standard error t p

Intercept 0.75 0.2 3.71 <0.001***
Hemisphere − 0.21 0.18 − 1.13 0.26
Group 0.59 0.28 2.06 0.04*
Group × Hemisphere − 0.21 0.26 − 0.8 0.42

I. Samoylov et al.
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with ASD.
Summarizing, the present study revealed a significant reduction in

the power of 2 Hz ASSR in children with ASD and the relationship be-
tween the neural response and language skills in autistic individuals.
Overall, our findings contribute to the study of auditory processing in
children with ASD, emphasizing the significance of the synchronization
in the delta frequency band and its correlation with language abilities.
These findings contribute to the broader understanding of sensory pro-
cessing mechanisms in ASD and may inform future interventions tar-
geting auditory and language impairments in this population.

4.1. Limitations and future directions

The study has some limitations. First of all, our sample sizes are
relatively small, and, in addition, there is a high variability in the ASD
group. To generalize and to confirm the main findings (both between-
group comparisons and brain–behavior relationships), it is necessary
to include larger samples in the future studies. Second, we did not reg-
ister individual differences of hearing thresholds, which can affect the
strengths of both types of auditory responses and future studies would
require to register individual sensitive variability in ASD participants to
account the hypersensitiveness. Third, our sample includes primary-
school-aged children, but it is known that the strength of ASSR re-
sponses typically increase with development, with the magnitude of
phase locking increasing up to the age of 14–16 years (Cho et al., 2015).
Hence, future studies of an older group of participants are needed to
understand whether the findings in younger children with ASD are age-
specific or can be generalized to the broader population (Ahlfors et al.,
2023). Fourth, our samples are sex-imbalanced and future studies would
benefit from including an equal number of males and females in each
group as the previous studies have identified differences in general and
domain-specific brain functioning between male and female autistic
individuals (e.g., Baron-Cohen, 2002; Mo et al., 2021; Neuhaus et al.,
2021). Finally, due to the critical role of cerebellum in ASD symptom-
atology as well as in rhythmic movements, future studies would benefit
from combining both functional and structural imaging to investigate
the contribution of primary auditory areas and cerebellum in the neural
processing and its relation to language functioning in children with ASD.

Fig. 3. Group and Hemispheric differences in (A) the power of 2 Hz ASSR and (B) the amplitude of the ERF of 2 Hz ASSR in children with and without ASD.

Table 4
The comparison of the amplitude of the ERF of 2 Hz ASSR between the ASD and
TD groups. The significance is labeled with *p < 0.05, **p < 0.01, ***p< 0.001
and highlighted in bold.

Predictor Estimate Standard error t p

Intercept 5.73 0.45 12.73 <0.001***
Hemisphere − 0.76 0.37 − 2.03 0.04*
Group 0.78 0.63 1.23 0.22
Group × Hemisphere 0.16 0.53 0.31 0.75

Table 5
The relationship between the power of 2 Hz ASSR and behavioral characteristics
of children with ASD.

Predictor Estimate Standard Error t p

(Intercept) 0.28 0.85 0.33 0.74
Hemisphere − 0.1 0.82 − 0.12 0.9
Mean language score 0.85 0.72 1.22 0.23
IQ − 0.002 0.009 − 0.21 0.83
AQ 0.00001 0.007 0.002 0.99
Hemisphere × MLS − 0.78 0.69 − 1.13 0.27
Hemisphere × IQ 0.0005 0.009 0.06 0.95
Hemisphere × AQ 0.005 0.007 0.69 0.49

Table 6
The relationship between the amplitude of the ERF of 2 Hz ASSR and behavioral
characteristics of children with ASD. The significance is labeled with *p < 0.05,
**p < 0.01, ***p < 0.001 and highlighted in bold.

Predictor Estimate Standard error t p

(Intercept) 6.61 2.66 2.48 0.02*
Hemisphere − 3.05 2.55 − 1.19 0.24
Mean language score 4.77 2.24 2.12 0.04*
IQ − 0.04 0.03 − 1.65 0.11
AQ − 0.001 0.02 − 0.74 0.94
Hemisphere × MLS − 1.002 2.15 − 0.46 0.64
Hemisphere × IQ 0.005 0.02 0.18 0.85
Hemisphere × AQ 0.03 0.02 1.36 0.19
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