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Abstract 

The early detection of autistic tendencies in children is essential for providing proper 

care and education, but detailed observation and interviews by specialists are essential 

and time-consuming for diagnosis. Therefore, it is desirable to obtain a simple and 

objective index. Significant differences in auditory steady-state responses have already 

been reported in schizophrenia and adult autism spectrum disorder, and in the present 

study, we investigated the possibility of applying the auditory steady-state response to 

children aged 5 to 7 years. Methods: 23 children with autistic spectrum disorder and 32 

children with typical developmental disorder aged 5 to 7 years were subjects. Auditory 

steady-state responses at 20 Hz and 40 Hz were compared between groups using a 

MEG designed for children. The relationship between the two groups and intelligence 

measured by the K-ABC was also evaluated. Results: There were no significant 

differences between the two groups, and auditory steady-state responses were 

observed at both 20 Hz and 40 Hz. Consistent with previous reports, both groups 

showed a significant auditory steady-state response at 40 Hz on the right side. In the 

typically developing children, the 40 Hz auditory steady-state response was correlated 

with age. In both groups, a correlation was found between the simultaneous scale of K-

ABC and the left-sided auditory steady-state response. Conclusion: Both children with 
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typical development and autism spectrum disorder showed auditory steady-state 

responses in early childhood, but there were no significant differences between the two 

groups. However, the right-sided auditory steady-state response was correlated with 

age in the typically developing children. The left-sided auditory steady-state response 

at 40 Hz was correlated with intelligence in both groups.  
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Introduction. 

 Auditory steady-state responses are 

elicited in the primary auditory cortex 

by periodic stimulation, with the 

strongest auditory steady-state 

responses observed with 40-Hz 

stimulation, although the factors 

underlying these responses are not fully 

understood 16). They have been used as 

a measure of the ability of local cortical 

networks to produce γ-bands in the 

presence of psychiatric disorders, such 

as schizophrenia 4), bipolar disorder 6), 

and autism spectrum disorder 15)20). 

The auditory steady-state response is 

relatively small in childhood, but 

increases with age 12)13). In particular, 

the 40-Hz evoked power and phase 

locking factor increase monotonically 

from 8 to 16 years of age, and then 

decrease from 20 to 22 years of age 

12)13). On the other hand, the evoked 

power and phase locking factor at 20 Hz 

either flattened out or showed a 

decreasing trend between the ages of 8 

and 16 years 2). Edgar, J. C. et al. 

reported weak 40-Hz gamma power in 

typically developing children aged 7-14 

years and children with autism 

spectrum disorder, but found no 

significant differences between the 

groups 3). On the other hand, Uddin, L. 

Q. et al. reported age-dependent 

decreases or increases in functional 

magnetic resonance imaging (fMRI)-

measurable brain functional 

connectivity, and considered an 

abnormal developmental tendency for 

increased endogenous connectivity to 

shift to low connectivity during 

adolescence in children with autism 

spectrum disorder 18). This suggests 

that age is an important factor in 

childhood. The purpose of this study 

was to measure auditory steady-state 

responses at 20 and 40 Hz in typically 

developing children and children with 

autism spectrum disorder between the 

ages of 5 and 7 years, which has not 

been reported to date. 
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 I. Methods and Results  

1. Twenty-three children (18 boys, 5 

girls) with autistic spectrum disorder 

and 32 (20 boys, 12 girls) with typical 

development were included. The study 

was approved by the Ethics Committee 

of Kanazawa University Hospital, and 

written informed consent for 

participation was obtained from the 

parents of the children. The diagnosis of 

autism spectrum disorder was made 

based on DSM-5 (Diagnostic and 

Statistical Manual of Mental Disorders) 

diagnostic criteria for autism spectrum 

disorder, using the Diagnostic Interview 

for Social and Communication 

Disorders 21) and the Autism 

Diagnostic Observational Schedule 8). 

2. Assessment items 

The Japanese version of the Kaufman 

Assessment Battery for Children (K-

ABC) 7) was used to assess children's 

cognitive function. The battery was 

divided into two scales: the Mental 

Processing Composite and Achievement 

Scale, with the former specifically 

classified as a continuous or concurrent 

scale and considered to be equivalent to 

IQ. 

3. Measurement and analysis 

Testing was conducted in the morning. 

A whole-head 151-channel 

magnetoencephalograph (MEG, 

PQ1151R model, Ricoh Company Ltd., 

Kanazawa, Japan) was used. Children 

were relaxed, lying down, and auditory 

stimuli were presented as soundless 

animations projected on a screen 

without sound. After the MEG 

examination, 130 T1-weighted images 

were taken by MRI (GE Yokogawa 

Medical Systems Ltd., Milwaukee, IL, 

USA) to create a head model for signal 

analysis. 

4. Auditory stimulation 

Earphones (ER-30; Etymotic Research 

Inc., Chicago, IL, USA) with a pair of 

long silicone tubes were placed in both 

ears. Stimuli were click tones of 1-kHz 

single sine waves with frequencies of 20 

and 40 Hz produced using Presentation 

(Version 18.3, Neurobehavioral 

Systems, CA, USA), with a 1-sec 

duration, 70-dB loudness, 1-sec 

stimulus interval, and jitter randomized 

(-100 to 100 ms). 

5. MEG pretreatment 

Data were analyzed using Brainstorm 

17) and MATLAB (The Math Works, 

Inc., USA). Data were sampled at 2,000 

Hz and filtered with a 200-Hz low-pass 

filter. 

6. Spectral analysis 

The signal source was estimated using 

weighted minimum norm estimates and 

the overlapping-spheres algorithm 5) 

based on the head MRI of each child. 

The region of interest was produced 

from the Desikan-Killiany gyrus atlas. 

Time-frequency analysis was performed 

using Morlet wavelets, focusing only on 
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a certain temporal space, and the 

amplitude intensity was calculated as 

ERSP (event-related spectral 

perturbation), and the degree of 

variability from the phase was 

calculated as ITPC (inter-trial phase 

coherence). ERSP indicates the event-

related percent changes in signal 

magnitude relative to a pre-stimulus 

interval of 200 ms. On the other hand, 

ITPC represents the change in phase for 

each trial, with ITPC = 1 indicating no 

phase variability and ITPC = 0 

indicating maximal phase variability 

across trials. 

7. Results 

There were no differences in age or sex 

between the two groups except for a 

significant difference in K-ABC scores 

(Table). The grand averages of the time-

frequency maps of the 40-Hz stimuli 

ERSP showed that ERSP at 

approximately 40 Hz was clearly 

observed in the right transverse 

temporal gyrus with the 40-Hz stimulus 

(Figure 1). However, a t-test at P < 0.05 

showed no significant differences 

between groups except in the case of 

typically developing children. The γ 

band around 170 ms (around 30 Hz) was 

significantly lower in the typically 

developing children than in the children 

with autism spectrum disorder (Figure 

2). 

ITPC showed a clear peak at 40 Hz in 

the right temporal gyrus (Figure 3). 

ITPC of children with typical 

development showed a positive 

correlation between ITPC and age at 40 

Hz on the right side (Figure 4). On the 

other hand, in both groups, 

simultaneous treatment with K-ABC 

correlated with ITPC at 40 Hz on the 

left side (Figure 5). 

 

II. Discussion - Significance of the study, 

difficulties encountered, and advances 

made. 

Auditory steady-state responses at 20 

and 40 Hz were observed in children 

aged 5-7 years, but no significant 

differences were found between children 

with typical development and those 

with autism spectrum disorder. This is 

consistent with similar findings in 7- to 

14-year-olds 2). Although there was no 

significant difference in the auditory 

steady-state response between the two 

groups, the autistic spectrum disorder 

children showed significantly higher 

power values in the right temporal 

gyrus at around 170 ms on 40-Hz ERSP 

and in the γ band at 30 Hz compared 

with typically developing children. 

Rojas, D. C. et al., using 1-kHz sine 

waves as stimuli, reported similar 

results 14). 

The significance of this study is that a 

relatively large number of children with 

autism spectrum disorder (23 children) 

were compared with typically 

developing children. There are only a 
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few MEGs for infants in the world, and 

the fact that we have a testing system 

specialized for infants is a marked 

advantage. This advantage also makes 

it easier to attract excellent personnel 

from various fields, creating a 

synergistic effect. 

The auditory steady-state response 

has been attracting attention for some 

time because it provides a clear and 

consistent response. 

The superposition theory has been the 

mainstay of the mechanism of the 

auditory steady-state response. That is, 

it is formed by overlapping 40-Hz 

responses in mid-latency, and the 

involvement of cortical responses in 

particular has been suggested 1). It may 

take time for significant differences to 

occur between typically developing 

children and children with autism 

spectrum disorder because development 

of the auditory cortex is slow, spanning 

from early to late childhood, is 

anatomically complex, and language 

acquisition takes several years 10). 

In conclusion, it was found that the 

auditory steady-state response cannot 

be used to differentiate disorders in 

young children who are still developing, 

but this raises the question: at what age 

do the differences begin to emerge? 

Wilson, T. W. et al. reported significant 

differences between the two groups 

early, at age 12 years 20). 

The K-ABC simultaneous scale was 

weakly correlated with the auditory 

steady-state response at 40 Hz on the 

left side in both typically developing 

children and children with autism 

spectrum disorder. Behavioral 

experiments suggest that visual stimuli 

have a significant effect on auditory 

perception. 

The children who were the subjects of 

this study listened to the stimulus 

sounds while watching their favorite 

animation. They tried to ignore the 

sound of the steady auditory response in 

order to concentrate on the animation. 

When visual and sound stimuli are 

presented simultaneously, it is 

considered that left-sided dominance 

tends to occur 9). Against this 

background, it is possible that a 

correlation exists between the 

simultaneous scale and left-sided 

auditory steady-state response. 

It has been 10 years since Kanazawa 

University launched the Bambi plan 

program, a system for conducting 

psychological testing, MRI, and MEG 

over several days has already been 

established, and the present study could 

be conducted within this framework. 

The method of how to get young 

children to cooperate in the examination 

was developed through trial and error, 

with the ingenuity and ideas of not only 

physicians and researchers, but also the 

staff. 

Although a small number of children 



 

6 
*This is a commentary on the article published in Psychiatry and Clinical Neurosciences.  

Copyright: ©The Japanese Society of Psychiatry and Neurology and Author 

already showed auditory steady-state 

responses in early childhood, no 

significant difference was noted 

between typically developing children 

and those with autistic spectrum 

disorder, and the possibility that the 

difference would not be significant was 

predicted before the present study. In 

particular, it has been reported that 20-

Hz responses increase in schizophrenia 

to compensate for the decrease in 40-Hz 

auditory steady-state responses 19). 

Therefore, we added 20-Hz stimuli in 

addition to 40 Hz, but no significant 

differences were noted because the 

developmental process was still in 

progress. 

 

Conclusion 

It remains to be clarified when there is 

a significant difference in the auditory 

steady-state response, and what the 

auditory steady-state response 

originally is. Since there is a significant 

difference in the early appearance of γ 

power, it would be worthwhile to 

examine the origin of this difference and 

the difference with age in the future. 

Understanding of the auditory steady-

state response is not limited to autism 

spectrum disorder, but also leads to 

elucidation of the pathophysiology of 

schizophrenia and bipolar disorder. 

This paper is a rewrite of a recent 

research paper 11) published in PCN in 

Japanese by one of the authors at the 

request of the Editorial Board, with 

additions on the significance and 

prospects of the paper. 

There are no conflicts of interest to 

disclose in relation to this paper. 

 

 

 

 

References 

1) Bohórquez, J., Ozdamar, O.: 

Generation of the 40-Hz auditory 

steady-state response (ASSR) explained 

using convolution. Clin Neurophysiol, 

119 (11); 2598-2607, 2008 

2) Cho, R. Y., Walker, C. P., Polizzotto, N. 

R., et al.: Development of sensory 

gamma oscillations and cross-frequency 

coupling from childhood to early 

adulthood. Cereb Cortex, 25 (6); 1509-

1518, 2015 

3) Edgar, J. C., Fisk, C. L. 4th, Liu, S., 

et al.: Translating adult 

electrophysiology findings to younger 

patient populations: difficulty 

measuring 40-Hz auditory steady-state 

responses in typically developing 

children and children with autism 

spectrum disorder. Dev Neurosci, 38 (1); 

1-14, 2016 

4) Hirano, Y., Oribe, N., Kanba, S., et al.: 

Spontaneous gamma activity in 

schizophrenia. JAMA Psychiatry, 72 (8); 

813-821, 2015 

5) Huang, M. X., Mosher, J. C., Leahy, R. 

M.: A sensor-weighted overlapping-



 

7 
*This is a commentary on the article published in Psychiatry and Clinical Neurosciences.  

Copyright: ©The Japanese Society of Psychiatry and Neurology and Author 

sphere head model and exhaustive head 

model comparison for MEG. Phys Med 

Biol, 44 (2); 423-440, 1999 

6) Isomura, S., Onitsuka, T., Tsuchimoto, 

R., et al.: Differentiation between major 

depressive disorder and bipolar disorder 

by auditory steady-state responses. J 

Affect Disord, 190; 800-806, 2016 

7) Kaufman, A. S., Kaufman, N. L.: 

Kaufman Assessment Battery for 

Children. Wiley Online Library, 1983 

8) Lord, C., Risi, S., Lambrecht, L., et 

al.: The Autism Diagnostic Observation 

Schedule-generic: a standard measure 

of social and communication deficits 

associated with the spectrum of autism. 

J Autism Dev Disord, 30 (3); 205-223, 

2000 

9) Molholm, S., Martinez, A., Shpaner, 

M., et al.: Object-based attention is 

multisensory: co-activation of an 

object's representations in ignored 

sensory modalities. Eur J Neurosci, 26 

(2); 499-509, 2007 

10) Moore, J. K., Linthicum, F. H. Jr.: 

The human auditory system: a timeline 

of development. Int J Audiol, 46 (9); 460-

478, 2007 

11) Ono, Y., Kudoh, K., Ikeda, T., et al.: 

Auditory steady-state response at 20 Hz 

and 40 Hz in young typically developing 

children and children with autism 

spectrum disorder. Psychiatry Clin 

Neurosci, 74 (6); 354-361, 2020 

12) Poulsen, C., Picton, T. W., Paus, T.: 

Age-related changes in transient and 

oscillatory brain responses to auditory 

stimulation in healthy adults 19-45 

years old. Cereb Cortex, 17 (6); 1454-

1467, 2007 

13) Rojas, D. C., Maharajh, K., Teale, P. 

D., et al.: Development of the 40 Hz 

steady state auditory evoked magnetic 

field from ages 5 to 52. Clin 

Neurophysiol, 117 (1); 110-117, 2006 

14) Rojas, D. C., Maharajh, K., Teale, P., 

et al.: Reduced neural synchronization 

of gamma-band MEG oscillations in 

first-degree relatives of children with 

autism. BMC Psychiatry, 8; 66, 2008 

15) Rojas, D. C., Teale, P. D., Maharajh, 

K., et al.: Transient and steady-state 

auditory gamma-band responses in 

first-degree relatives of people with 

autism spectrum disorder. Mol Autism, 

2; 2-11, 2011 

16) Stapells, D. R., Linden, D., Suffield, 

J. B., et al.: Human auditory steady 

state potentials. Ear Hear, 5 (2); 105-

113, 1984 

17) Tadel, F., Baillet, S., Mosher, J. C., 

et al.: Brainstorm: a user-friendly 

application for MEG/EEG analysis. 

Comput Intell Neurosci, 2011; 879716, 

2011 

18) Uddin, L. Q., Supekar, K., Menon, 

V.: Reconceptualizing functional brain 

connectivity in autism from a 

developmental perspective. Front Hum 

Neurosci, 7; 458, 2013 

19) Vierling-Claassen, D., Siekmeier, P., 

Stufflebeam, S., et al.: Modeling GABA 



 

8 
*This is a commentary on the article published in Psychiatry and Clinical Neurosciences.  

Copyright: ©The Japanese Society of Psychiatry and Neurology and Author 

alterations in schizophrenia: a link 

between impaired inhibition and 

altered gamma and beta range auditory 

entrainment. J Neurophysiol, 99 (5); 

2656-2671, 2008 

20) Wilson, T. W., Rojas, D. C., Reite, M. 

L., et al.: Children and adolescents with 

autism exhibit reduced MEG steady-

state gamma responses. Biol Psychiatry, 

62 (3); 192-197, 2007 

21) Wing, L., Leekam, S. R., Libby, S. J., 

et al.: The Diagnostic Interview for 

Social and Communication Disorders: 

background, inter-rater reliability and 

clinical use. J Child Psychol Psychiatry, 

43 (3); 307-325, 2002 

 

 

 

 

 

 

 

 

Table Characteristics of Participants 

Figures in parentheses are standard deviations 

(Adapted from Ref. 11) 
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Figure 1 Total average of time-frequency analysis of event-related spectral 

perturbation (ERSP) in the temporal gyrus for 40-Hz auditory steady-state 

responses in typically developing children and those with autism spectrum disorder. 

The color scale indicates ERSP at each time-frequency point. Both groups show a 

clear increase in ERSP in the right temporal gyrus at 40 Hz (Adapted from Ref. 11). 
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Figure 2 T -map of differences in ERSP (event-related spectral perturbation) in the 

temporal gyrus between typically developing children and those with autism 

spectrum disorder 

There was a significant decrease in the γ band (30 Hz) around 170 ms in the right 

temporal gyrus with 40-Hz stimulation, and no significant difference between the 

two groups with 20-Hz stimulation after correction for multiple comparisons (false 

discovery rate) at P < 0.05 (Adapted from Ref. 11). 
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Figure 3 Inter-trial phase coherence (ITPC) averaged by time-frequency analysis of 

auditory steady-state responses at 40 Hz in children with normal development and 

those with autism spectrum disorder. 

The colors indicate ITPC at each time frequency, with a clear peak in the γ band of 

the right temporal gyrus (40 Hz) in both groups for the 40-Hz stimulus (Adapted 

from Ref. 11). 
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Figure 4 Scatter plot of inter-trial phase coherence (ITPC) values and age on the 

right side in typically developing children. 

There was a significant correlation between age and ITPC for 40-Hz stimuli, but not 

for 20 Hz (Adapted from Ref. 11). 
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Figure 5 Scatter plots of ITPC (inter-trial phase coherence) values for the group of 

typically developing children (black circles) and the group of children with autistic 

spectrum disorder (blue circles) and the simultaneous processing scores of the 

Kaufman Assessment Battery for Children (a), and left ITPC values and age (b). 

The left 40-Hz auditory steady-state response on the left correlates with the 

simultaneous processing scores. The left 40-Hz auditory steady-state response does 

not correlate with age in either typically developing children or children with autism 

spectrum disorder (Adapted from Ref. 11). 

 


