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Lesser suppression of response to bright
visual stimuli and visual abnormality in
children with autism spectrum disorder: a
magnetoencephalographic study
Sho Aoki1, Kuriko Kagitani-Shimono1,2,3*, Junko Matsuzaki2, Ryuzo Hanaie2, Mariko Nakanishi2,3, Koji Tominaga1,3,
Yukie Nagai4, Ikuko Mohri1,2,3 and Masako Taniike1,2,3

Abstract

Background: Visual abnormality is a common sensory impairment in autism spectrum disorder (ASD), which may
cause behavioral problems. However, only a few studies exist on the neural features corresponding to the visual
symptoms in ASD. The purpose of this study was to investigate the relationship between cortical responses to visual
stimuli and visual abnormality to examine the neurophysiological mechanisms of the visual abnormality in ASD.

Methods: Twenty-two high-functioning children with ASD (10.95 ± 2.01 years old) and 23 age-matched typically
developing (TD) children (10.13 ± 2.80 years old) participated in this study. We measured the cortical responses (i.e.,
activated intensity and attenuation ratio) elicited by the Original visual image and other two types of bright images
(the Dot noise or Blind image, which includes overlapped particles onto the Original image or the enhanced-
brightness version of the Original image, respectively) using magnetoencephalography.

Results: The severity of visual abnormalities was significantly associated with behavioral problems in children with ASD.
In addition, we found the increased cortical activation in response to the Original image in the left supramarginal gyrus
(SMG) and middle temporal gyrus in children with ASD. However, there were no inter-group differences in the primary
visual and medial orbitofrontal cortices. Furthermore, when we compared cortical responses according to the type of
images, children with ASD showed lesser attenuation of the activated intensities than children with TD in response to
the bright images compared with the Original image in the right SMG. These attenuation ratios (Dot noise/Original
and Blind/Original) were also associated with the severity of visual abnormalities.

Conclusions: Our results show that dysfunction of stimulus-driven neural suppression plays a crucial role in the neural
mechanism of visual abnormality in children with ASD. To the best of our knowledge, this is the first
magnetoencephalography study to demonstrate the association between the severity of visual abnormality and lower
attenuation ratios in children with ASD. Our results contribute to the knowledge of the mechanisms underlying visual
abnormality in children with ASD, and may therefore lead to more effective diagnosis and earlier intervention.

Keywords: Autism spectrum disorders (ASD), Visual abnormality, Neural suppression, Bright visual stimuli,
Supramarginal gyrus (SMG), Magnetoencephalography (MEG)
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Background
Autism spectrum disorder (ASD) is a neurodevelopmen-
tal disorder that affects social interaction and behavioral
flexibility [1]. Sensory abnormalities are also core fea-
tures of ASD, and have been reported to show a high
prevalence in previous studies [2–4]. In addition, sensory
abnormalities interrupt behavioral adaptation and cause
behavioral problems in individual with ASD [3, 5]. Since
the neural bases underlying these abnormalities have re-
cently been receiving considerable interest from the as-
pect of leading to more effective diagnosis and
intervention, it is important to examine the neural fea-
tures corresponding to each symptom [6, 7].
The number of visual sensory studies in ASD, as well

as that of other sensory modalities, has been increasing
in recent years [8]. Adults with ASD were reported to
experience several specific patterns of visual sensory ab-
normality in a preliminary study [9]. However, the
underlying mechanism has not been elucidated yet.
Visual sensory abnormality in ASD can be considered

in the following framework. First, sensory symptoms in
ASD may be caused by abnormality in the basic visual
processing, i.e., patients with ASD exhibiting sensory
symptoms experience sensory stimuli more intensely in
the primary visual cortex. This is derived from the idea
that enhanced low-level visual perception, which has
been replicated [10, 11], could itself lead to visual sen-
sory abnormality in ASD [12]. Further, in recent years, a
few studies have revealed the relationship between the
atypical response amplitude to low-level stimuli and sen-
sory symptoms in children with ASD [13, 14]. Although
these findings suggest that the visual sensory abnormal-
ity can be associated with the early stage of visual pro-
cessing at the occipital sites, no study has yet revealed
whether higher order processing is affected in children
with ASD.
The second possibility is associated with the emotional

pathways, i.e., patients with ASD exhibiting sensory ab-
normality fundamentally experience/process sensory
stimuli in a manner identical to that of healthy individ-
uals, but have a different emotional or behavioral reac-
tion. This is the idea of late stage abnormality. Recently,
the response amplitude to auditory stimuli in the late
stage has been shown to be related to emotional prob-
lems in adolescents with ASD [15]. Abnormal responses
to emotional stimuli have also been demonstrated in the
orbitofrontal cortex of youth with ASD [16, 17].
In addition, an external sensory event such as a sud-

den noise or a flash of light draws our attention. This is
called stimulus-driven attention [18]. Atypical patterns
of stimulus-driven attention has been observed in the
late stage [19, 20], and which have been shown to exhibit
abnormal activation in the inferior parietal region among
patients with ASD [21, 22]. Therefore, although visual

sensory abnormality is suggested to be associated with
the brain areas responsible for emotional regulation and
reorienting attention, no study has yet reported a direct
relationship between the activation of these areas in re-
sponse to visual stimuli and the visual sensory symptoms
of ASD.
Finally, the third possibility refers to abnormality in

habituation or repetition suppression, which decreases
the neural responses following stimulus repetition [23].
Sensory habituation in response to repeated sounds has
been shown to be impaired in infants at high risk for
ASD and patients with ASD [24–26]; moreover, this
phenomenon might be involved in the neural basis of
visual sensory abnormality in ASD.
Magnetoencephalography (MEG) is an electrophysio-

logical modality involving direct and noninvasive access,
with temporal resolution in the range of milliseconds
and high spatial resolution [27]. The previous studies
which have examined the neural mechanism of sensory
abnormality using MEG have mainly focused on audi-
tory symptoms [26, 28, 29], and there are no previous
studies examining visual sensory abnormality in ASD.
The aim of this study was using MEG to examine the

neural mechanisms underlying visual sensory abnormal-
ity in children with ASD. The current study also pre-
pared different textual stimuli overlapped onto object
pictures, and investigated the direct relationship between
visual evoked responses and sensory symptoms. This ap-
proach may allow reproduction of the abnormal visual
input which children with ASD exhibiting sensory ab-
normality experience in their real environment, and it
helps us understand the underlying physiological mecha-
nisms based on the symptoms. We hypothesized that
not only the primary sensory cortex but also
stimulus-driven attention and emotional regulation
could contribute to the visual sensory abnormality in
ASD. Furthermore, these abnormal responses could be
associated with the severity of visual sensitivity in ASD.

Methods
Participants
We recruited 31 high-functioning children with ASD
and 28 age-matched typically developing (TD) children
in this study. The children with ASD were diagnosed at
the Department of Pediatrics in the Osaka University
Hospital or another hospital in Osaka Prefecture. The
diagnosis was confirmed by experienced developmental
pediatricians based on the Diagnostic and Statistical
Manual of Mental Disorders, Fifth Edition criteria
(DSM-5) [1] using the information from the Autism
Diagnostic Observation Schedule, Generic [30] or Sec-
ond Edition [31, 32], obtained by licensed psychologists,
and the parent-reported Japanese version of the Social
Communication Questionnaire (SCQ) [33, 34]. One
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patient with epileptic discharges was excluded from this
study. At the time of testing, eight participants with
ASD were receiving medication: methylphenidate in five
cases, atomoxetine in one, selective serotonin reuptake
inhibitors in one, and atypical antipsychotic medication
in two.
The TD children were recruited through a public

newsletter distributed in Osaka prefecture. Children who
had a history of neurological or neurodevelopmental dis-
orders or had received special education were excluded
from the TD group. In addition, to exclude autistic
traits, SCQ was completed by all the TD participants.
Only the participants with lower scores in the SCQ than
the cut-off value were included in this study.
Cognitive functioning was assessed using the Wechsler

Intelligence Scale for Children, Fourth Edition in all chil-
dren. The high-functioning participants whose full-scale
intelligence quotient (FSIQ) scores were more than 75
were included in this study. The characteristics of their
visual abnormalities were assessed using the new Japa-
nese version of the Sensory Profile (SP) [35, 36], in
which a higher score corresponds to greater severity of
sensory symptoms. Furthermore, the characteristics of
behavioral problems were measured using the Japanese
version of the Child Behavior Checklist (CBCL) [37, 38].
Both questionnaires were completed by the children’s
guardians.
To add to the above inclusion/exclusion criteria, all

children were confirmed to be right-handed using the
Edinburgh Handedness Inventory [39], and had no his-
tory of genetic syndromes or apparent sensory impair-
ment, based on their parents’ report.
The final data used for the current analyses were ob-

tained from 22 children in the ASD group and 23 chil-
dren in the TD group because of exclusion for excessive
movement or noncompliance (n = 8); failure to meet the
DSM-5 criteria of ASD or the high-functioning criteria,
as characterized by FSIQ scores less than 75 (n = 4); epi-
leptic discharges (n = 1); or equipment failure (n = 1).
Written informed consent for participation, in accord-

ance with the principles of the Declaration of Helsinki,
was obtained from all participants and their guardians.
The study was approved by the Institutional Review
Board of Osaka University Hospital. Participants re-
ceived a gift card as compensation for participation.

Visual stimuli
The visual stimuli used consisted of three types of im-
ages (Fig. 1): (a) the Original image, composed of color
pictures of an object, such as a toy tree, excluding pic-
tures of humans and human-like objects; (b) the Dot
noise image, which consisted of superimposed bright
dots on the Original image; and (c) the Blind image,
which was obtained by enhancing the brightness of the

Original image. These bright images, including the Dot
noise and Blind images, were selected based on our pilot
investigation. This investigation was administered
through a questionnaire based on some printed images,
which included various types of visual stimuli superim-
posed on the Original image [9]. Sixty-one children with
ASD, as diagnosed by experienced developmental pedia-
tricians based on DSM-5 [1], and 58 age-matched chil-
dren from the community participated in this
investigation. The children with ASD had higher visual
item scores for SP than that of community children.
They were asked to provide their answers regarding the
images based on the correspondence of the images to
unusual visual experiences from their life. The result
showed that children with ASD more frequently re-
ported the Dot noise image as corresponding to their
unusual visual experiences (χ2 = 4.96; p < 0.05). Further-
more, although the group difference was not significant
(χ2 = 0.24; p = 0.628), more than 25% of children with
ASD reported the Blind image.
The average luminance, measured using QUALIX Lite

(Iwasaki Electric Co., Ltd., Tokyo, Japan), was 48.14 ±
11.56, 55.83 ± 11.70, and 84.93 ± 20.39 cd/m2 for Ori-
ginal, Dot noise, and Blind images, respectively. Re-
peated measure analyses of variance showed a main
effect of stimulus (F(1.250, 23.757) = 87.50, p < 0.001,
ηp

2 = 0.82). Post-hoc comparisons revealed significant
differences among all images (p < 0.001). Additionally, to
confirm that the participants were alert, they were
instructed to press a button when the cue picture (a red
circle, displayed 15 times; Fig. 1d) was shown in a
pseudorandom order. A fixation point was presented at
the center of the screen at the beginning of the task with
the instruction that each participant looked the place
where the fixation point was given (Fig. 1). All images
were projected onto a screen 325 mm from the partici-
pants’ eyes using a presentation software (Neurobehav-
ioral Systems, Berkeley, CA, USA) and a liquid-crystal
projector (LVP-HC6800, Mitsubishi Electric, Tokyo,
Japan). Each image was subsequently presented 100
times in a pseudorandom order for 3000 ms. An
inter-trial interval was not adopted in order to present
the required number of each type of image within a
period of time children can maintain their attention and
yet to avoid artifacts such as eye blinks and body move-
ment by switching images too fast.

MEG and magnetic resonance imaging recordings
Before MEG recordings, the three-dimensional facial
surface (FastSCAN Cobra™, Polhemus, Applied Research
Associates NZ Scanning Ltd., Christchurch, New Zea-
land) of each participant was scanned using six reference
landmarks (the external meatus of each ear, three points
on the forehead, and the nasion) to superimpose each
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MEG datum on individual magnetic resonance imaging
(MRI) datum.
Cortical responses to visual stimuli were measured

with the participant lying in a comfortable supine pos-
ition on a bed in a magnetically shielded room, using a
whole-head 160-channel MEG system equipped with
superconducting quantum interference device gradiome-
ters (PQ1160C, Yokogawa Electric Corporation, Kana-
zawa, Japan). Before and after data acquisition, the
positions of five head marker coils (two at the external
meatus of each ear and three points on the forehead)
were obtained to estimate each participant’s head pos-
ition against the MEG sensors. The MEG data were re-
corded at a sampling rate of 1000 Hz, with an online
low-pass filter at 200 Hz. Prior to the MEG recording,
each participant was instructed to relax and look at the
monitor without moving the head or body during the
measurement, and to press the button placed under the
right hand when the picture of a red circle was dis-
played. Throughout the measurement, the state of each
participant was observed using a video camera.
Individual anatomical MRI datum was acquired using

a 3.0-T whole-body magnetic resonance scanner
equipped with a 24-channel-head coil (3-T Discovery
MR 750w system, GE Healthcare, Milwaukee, WI, USA).
A three-dimensional silent T1-weighted sagittal protocol
was used, with the following imaging parameters: repeti-
tion time/echo time = 880/0.016 ms, field of view =
240 mm, matrix = 240 × 240, slice thickness = 1.0 mm,
0.5-mm gap, number of slices = 480, and acquisition
time = 5 min 10 s.

Data analysis
The epochs extended from 100 ms before stimulus onset
to 1000 ms after stimulus onset. The data obtained
100 ms before the stimulus onset was used as the
baseline.

Visual evoked fields
Visual evoked fields were determined using MEG La-
boratory software (Yokogawa Electric Corporation). We
determined the visual M100 peak, reflecting
object-sensitive activity [40]. The epochs contaminated
by artifacts such as head movements, eye blinks, and
muscular activity were removed manually following vis-
ual inspection of the MEG signals. The remaining
epochs were averaged for each image and participant
using a high-pass filter with a cut-off frequency of 3 Hz,
and low-pass filtered with a cut-off frequency of 40 Hz
[26, 28]. Root mean square values were calculated using
13–15 sensors in the primary visual cortex, and the
M100 peak latency was specified by the time window
from 85 to 135 ms. Furthermore, for each peak, we con-
firmed that the estimated equivalent current dipole
showed a goodness of fit of over 80% (Fig. 2).

Cortical activation
Cortical activation in response to the images was exam-
ined using Brainstorm software, which is freely available
for download online under the GNU general public li-
cense (http://neuroimage.usc.edu/brainstorm) [41]. Each
individual cortical surface was created from the MRI
data using FreeSurfer 5.3.0 image analysis software

Fig. 1 Visual stimuli and trial timeline. Visual stimuli consisted of three types of pictures. The picture a is the Original image. The picture b is the
Dot noise image, which involved superimposed bright dots on the Original image. The picture c is the Blind image, which is obtained after
enhancing the luminance of the Original image. To determine whether the participants are alert, they are instructed to press the button for the
cue picture d
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(http://surfer.nmr.mgh.harvard.edu/) [42]. A band-pass
filter from 1 to 40 Hz was applied to the MEG signals.
The epochs exceeding 1500 fT/cm were rejected. The ar-
tifacts derived from heartbeats and eye movements were
also eliminated using signal space projections [41]. All
epochs, except for the removed ones, were averaged and
transformed into a z-score for each type of image for
each participant.
The overlapping sphere model was used to compute

the head model individually [41, 43]. Source estimation
was performed using weighted minimum-norm estima-
tion, adapted from depth-weighted minimum linear L2
norm estimators [41, 44]. These functional images ob-
tained from the MEG signals were projected onto the
Colin 27 brain template, and used to create the
grand-average images for all the groups.
Regions of interest (ROIs) were determined with the

Desikan-Killiany atlas covering event-related extensive
activities [45], and the increasing cortical activation for
both groups was confirmed by visual inspection. The
time course of cortical activation in each ROI was based
on visual inspection of the prominent peak activity in
each individual’s averaged data, and identified between
100 and 200 ms in the pericalcarine cortex (PCAL), 180
and 380 ms in the supramarginal gyrus (SMG), 200 and
400 ms in the middle temporal gyrus (MTG), and 350
and 500 ms in the medial orbitofrontal cortex (mOFC)
(Fig. 3). Activated intensities were determined by aver-
aging the maximum intensities in each ROI across the
time course.

Ratio of neural responses
We calculated the ratio of neural responses, such as
latency and activated intensity, to be able to clearly

identify the differences in the responses to bright im-
ages based on the individual response to the Original
image. This is because changes in individual neural
response to the types of images may be canceled out
by individual differences in the analysis using the dif-
ference score [46].

Statistical analysis
A chi-squared test was used to compare the sex ratio be-
tween groups. Analysis of variance was used to compare
the demographic variables such as age, FSIQ, SP visual
score, and CBCL total score. We performed analysis of
covariance with group (ASD/TD) as a between-subject
factor, and participants’ age and FSIQ as covariates, to
determine the M100 latencies in responses to the Ori-
ginal image and the M100 latency ratios.
Activated intensities of the responses to the Original

image and the activated intensity ratios were assessed
using repeated measure analysis of covariance, with the
hemisphere (left/right) as a within-subject factor, group
(ASD/TD) as a between-subject factor, and participants’
age and FSIQ as covariates. If the results of Mauchly’s
sphericity test were significant, the Greenhouse-Geisser
correction was applied to the data. Because eight loca-
tions were investigated (four ROIs in each hemisphere),
Bonferroni’s correction was applied to the multiple com-
parison analyses (p < 0.006). Pearson’s correlation ana-
lyses were performed for the following pairs: SP visual
item scores and CBCL total scores, SP visual item scores
and the activated intensities, and SP visual item scores
and the activated intensity ratios. All statistical analyses
were performed using SPSS version 24.0 (IBM Corp.,
Tokyo, Japan).

Fig. 2 Representative figures of visual evoked fields (VEFs). The VEFs for the Original image in a child with TD have been shown. a VEF waveforms
from the 13–15 sensors in the primary visual cortex. Root mean square values have been presented by a red waveform. The arrow represents the
M100 peak. The X-axis indicates the latency in ms. The Y-axis indicates the amplitude in fT. b Isomagnetic field maps at the M100 peak. c Dipole
sources overlaid on the individual magnetic resonance images of the participants. Typically developing (TD)

Aoki et al. Journal of Neurodevelopmental Disorders            (2019) 11:9 Page 5 of 13

http://surfer.nmr.mgh.harvard.edu/


Results
Demographics
There was no significant inter-group difference in the
sex ratio (ASD, 21:1; TD, 21:2; χ2 = 0.31; p = 0.577),
age (ASD, 10.95 ± 2.01 years; TD, 10.13 ± 2.80 years; F
(1, 43) = 1.28; p = 0.265), and FSIQ (ASD, 102.05 ±
15.83; TD, 107.70 ± 10.85; F (1, 43) = 1.97; p = 0.168)
(Table 1). However, the visual item scores of SP were
significantly higher in the ASD group, which indicated
more abnormal sensitivity (ASD, 16.50 ± 7.57; TD,
10.48 ± 1.97; F (1, 43) = 13.60; p < 0.01; ηp

2 = 0.24).
Moreover, the total CBCL scores were higher for the
ASD group, which indicated more problematic behav-
ior (ASD, 63.82 ± 8.82; TD, 50.17 ± 7.83; F (1, 43) =
30.16; p < 0.001; ηp

2 = 0.41). Furthermore, the SP vis-
ual item scores were significantly correlated with the
CBCL total scores in the ASD group (r = 0.565, p <
0.01; Fig. 4). In addition, this statistical significance
and strength of the correlation remained even after
controlling for the participants’ age and FSIQ (r =
0.506, p < 0.05).

M100 latencies
Comparison of M100 latencies in response to the Original,
Dot noise, and Blind images between the two groups
We examined the mean M100 latencies in response to the
Original image at the primary visual cortex. The mean
M100 latencies in response to the Original image in the
ASD and TD groups were identified at 108.95 ± 10.50 and
108.78 ± 11.71 ms, respectively. There was no significant
inter-group difference (F (1, 41) = 0.06, p = 0.797).
Furthermore, we examined the ratios of the M100 la-

tencies in response to the Dot noise and Blind images to
that in response to the Original image. Both M100 laten-
cies ratios did not show significant inter-group differ-
ences (Dot noise/Original: ASD, 1.02 ± 0.09; TD, 1.05 ±
0.14; F (1, 41) = 0.13; p = 0.725; Blind/Original: ASD,
1.00 ± 0.11; TD, 1.01 ± 0.13; F (1, 41) = 0.03; p = 0.872).

Comparison of grand-averaged activated intensities
between the two groups
The mean grand-averaged cortical activation from 200
to 400 ms was visually assessed, as shown in Fig. 5.

Fig. 3 Regions of interest. Regions of interest, including the a bilateral pericalcarine cortex (PCAL), b supramarginal gyrus (SMG), c middle
temporal gyrus (MTG), and d medial orbitofrontal cortex (mOFC), were determined with the Desikan-Killiany atlas

Table 1 Characteristics of the study participants

Group TD children Children with ASD χ2

N (male:female) 23 (21:2) 22 (21:1) 0.31

Mean ± SD Mean ± SD F

Age (years) 10.13 ± 2.80 10.95 ± 2.01 1.28

FSIQ 107.70 ± 10.85 102.05 ± 15.83 1.97

SP visual item scores 10.48 ± 1.97 16.50 ± 7.57 13.60**

CBCL total scores 50.17 ± 7.83 63.82 ± 8.82 30.16***

Typically developing (TD); autism spectrum disorder (ASD); standard deviation (SD); full-scale intelligence quotient of Wechsler Intelligence Scale for Children,
Fourth Edition (FSIQ); Sensory Profile (SP); Child Behavior Checklist (CBCL). **p < 0.01; ***p < 0.001
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Activations were observed at the occipital, temporal, and
parietal cortices in the TD group. These activations were
decreased in the case of the Dot noise and Blind images
compared with the Original image. The cortical activa-
tion in response to the Original image in the ASD group
increased compared with that in the TD group. In
addition, the attenuation due to the Dot noise and Blind
images was weaker in the ASD group than that in the
TD group.

Activated intensities in the ROIs
Comparison of activated intensities in response to the
Original image between the two groups
We examined the activated intensities in response to the
Original image for each ROI. The mean activated inten-
sities in response to the Original image in the PCAL
showed no significant interaction between group and
hemisphere (ASD: L 13.79 ± 5.80, R 12.77 ± 5.40; TD: L
11.29 ± 8.66, R 12.03 ± 7.76; F (1, 41) = 0.30; p = 0.586) or
main effect of group (F (1, 41) = 1.18, p = 0.283). The
mean activated intensities in the SMG showed a margin-
ally significant main effect of group (ASD: L 13.71 ±
7.18, R 13.51 ± 5.60; TD: L 9.95 ± 2.31, R 11.60 ± 4.36; F
(1, 41) = 3.36; p = 0.074; ηp

2 = 0.08; Fig. 6a), which
showed that the response of the ASD group was en-
hanced to a significantly greater extent in the left hemi-
sphere than that of the TD group (p < 0.05; ηp

2 = 0.10),
without any inter-group differences in the right hemi-
sphere (p > 0.346). However, the difference did not re-
main after correcting for multiple comparisons.
Furthermore, the mean activated intensities in the MTG
showed a significant main effect of group (ASD: L
14.09 ± 4.94, R 14.74 ± 4.81; TD: L 9.98 ± 2.33, R 11.77 ±
3.90; F (1, 41) = 11.34; p < 0.01; ηp

2 = 0.22; Fig. 6b). This
showed that although the response of the ASD group
was enhanced to a significantly greater extent in the

bilateral MTG than that of the TD group (p < 0.05; ηp
2 >

0.10), only the difference in the left hemisphere
remained after correcting for multiple comparisons.
There was also a trend of an interaction in the mOFC
(ASD: L 10.43 ± 5.81, R 9.76 ± 2.93; TD: L 9.07 ± 5.39, R
10.37 ± 5.98; F (1, 41) = 3.22; p = 0.080; ηp

2 = 0.07),
whereas there was no significant inter-group difference
in any hemisphere (p > 0.414).
In addition, we performed correlation analysis to re-

veal the relationship between the mean activated inten-
sities showing inter-group difference and the visual
abnormalities. No significant correlation between the
mean activated intensities in the left SMG and the SP
visual item scores was observed in the ASD group (r = −
0.171, p > 0.447); similarly, no significant correlation was
observed in the bilateral MTG (L: r = − 0.003, p > 0.989,
R: r = − 0.259, p > 0.245).

Comparison of attenuation ratios of the activated
intensities in response to the bright images between the
two groups
Furthermore, we explored the ratios of the activated in-
tensities in response to the Dot noise and Blind images
to that in response to the Original image, for each ROI.
Concerning the PCAL, both the activated intensity ra-

tios showed no interaction (Dot noise/Original ASD: L
0.85 ± 0.35, R 0.98 ± 0.43; TD: L 1.08 ± 0.51, R 1.09 ±
0.73; F (1, 41) = 0.46; p = 0.503; Blind/Original ASD: L
0.83 ± 0.41, R 0.93 ± 0.35; TD: L 0.81 ± 0.36, R 0.91 ±
0.42; F (1, 41) = 0.02; p = 0.884) or main effect of group
(Dot noise/Original: F (1, 41) = 1.67, p = 0.203; Blind/
Original: F (1, 41) = 0.01, p = 0.931).
The mean Dot noise/Original ratio in the SMG

showed significant interaction (ASD: L 0.86 ± 0.30, R
1.01 ± 0.43; TD: L 0.89 ± 0.25, R 0.82 ± 0.23; F (1, 41) =
5.41; p < 0.05; ηp

2 = 0.12; Fig. 7a), which indicated that

Fig. 4 Correlation between the SP visual score and CBCL total score for the ASD group. The severity of visual abnormalities was associated with
the seriousness of behavioral problems (p < 0.01). Sensory profile (SP); Child Behavior Checklist (CBCL); autism spectrum disorder (ASD)
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Fig. 5 Grand-average cortical activation in response to each image for each group. The mean cortical activation from 200 to 400 ms after
stimulus onset are indicated on the normalized brain surface for each group. The activation patterns at the occipital, temporal, and parietal
cortices in the TD group have been shown. These activations were decreased in the case of bright (Dot noise and Blind) images compared with
the Original image. The cortical activation in response to the Original image increased in the ASD group compared with that in the TD group.
The attenuation of the response to bright image in the ASD group weakened compared with that in the TD group. Typically developing (TD);
autism spectrum disorder (ASD)

Fig. 6 Activated intensities in response to the Original image for each group. a Activated intensities in response to the Original image in the left
SMG between 180 and 380 ms were increased in the ASD group compared with the TD group (p < 0.05). b Activated intensities in response to
the Original image in the left MTG between 200 and 400 ms were significantly increased in the ASD group compared with the TD group (Left:
p < 0.006, Right: p < 0.05). Supramarginal gyrus (SMG); autism spectrum disorder (ASD); typically developing (TD); middle temporal gyrus (MTG)
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the response of the ASD group increased significantly in
the right hemisphere compared with that of the TD
group (p < 0.05; ηp

2 = 0.09); however, no differences were
observed in the left hemisphere (p > 0.510). This differ-
ence did not remain after correcting for multiple com-
parisons. Similar results were obtained for the Blind/
Original ratio (ASD: L 0.99 ± 0.49, R 1.05 ± 0.42; TD: L
1.07 ± 0.42, R 0.89 ± 0.30; F (1, 41) = 6.01; p < 0.05; ηp

2 =
0.13; Additional file 1a), which revealed that the ASD
group showed a trend of lesser attenuation of the re-
sponse to the Blind image in the right hemisphere than
the TD group (p = 0.079; ηp

2 = 0.07).
The mean Dot noise/Original ratio in the MTG showed a

trend of an interaction (ASD: L 0.86 ± 0.28, R 1.07 ± 0.50;
TD: L 1.03 ± 0.33, R 0.93 ± 0.35; F (1, 41) = 4.05; p = 0.051;
ηp

2 = 0.09), which showed that the response of the ASD
group was significantly reduced in the left hemisphere com-
pared with that of the TD group (p < 0.05; ηp

2 = 0.11). The
difference remained after correcting for multiple compari-
sons. In addition, the mean Blind/Original ratio in the
MTG showed no interaction (ASD: L 0.86 ± 0.42, R 0.97 ±
0.46; TD: L 1.08 ± 0.43, R 0.97 ± 0.29; F (1, 41) = 1.28; p =
0.265) or main effect of group (F (1, 41) = 2.50, p = 0.122).
Concerning the mOFC, the mean Dot noise/Original

ratio showed no interaction (ASD: L 1.00 ± 0.52, R
0.88 ± 0.37; TD: L 1.04 ± 0.51, R 1.04 ± 0.66; F (1, 41) =
1.13; p = 0.295) or main effect of group (F (1, 41) = 1.05,
p = 0.311). The mean Blind/Original ratio showed

significant interaction (ASD: L 1.02 ± 0.49, R 1.02 ± 0.51;
TD: L 1.17 ± 0.77, R 0.96 ± 0.52; F (1, 41) = 5.02; p < 0.05;
ηp

2 = 0.11), whereas there was no significant inter-group
difference in any hemisphere (p > 0.316).
In addition, we performed correlation analysis to

examine the relationship between the activation ratios
showing the inter-group difference and the visual
abnormalities.
Regarding the right SMG, each mean activated inten-

sity ratio was significantly correlated with SP visual item
scores in the ASD group (Dot noise/Original: r = 0.451,
p < 0.05, Fig. 7b; Blind/Original: r = 0.485, p < 0.05; Add-
itional file 1b). The correlation remained significant even
after controlling for the participants’ age and FSIQ (Dot
noise/Original: r = 0.464, p < 0.05; Blind/Original: r =
0.522, p < 0.05).
Regarding the left MTG, no significant correlation be-

tween the mean Dot noise/Original ratio and SP visual
item scores was observed in the ASD group (r = − 0.050,
p > 0.825).

Discussion
This study demonstrated that children with ASD
showed increased cortical activation in response to the
Original image in the left SMG and MTG but not in
the primary visual cortex and lesser attenuation to the
bright images compared with TD children. In addition,

Fig. 7 Attenuation of the response to the Dot noise image and abnormal visual sensitivity. a In the right SMG, the activation ratio of Dot noise/
Original images between 180 and 380 ms was increased in the ASD group compared with the TD group (p < 0.05). This indicates that the
attenuation of the response to the Dot noise image in the ASD group was weaker. b Correlation between the SP visual item score and activation
ratio for the ASD group. The patients with ASD exhibiting more severe visual abnormalities showed greater activated intensities in response to
the Dot noise image (p < 0.05). Supramarginal gyrus (SMG); autism spectrum disorder (ASD); typically developing (TD); Sensory Profile (SP)
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these attenuation ratios were associated with the sever-
ity of visual abnormalities in the right SMG.
A previous study demonstrated a similar association

between auditory abnormalities and behavioral problems
[28]. The individuals with ASD often complain of abnor-
mal symptoms of the multisensory systems. Therefore,
these abnormal symptoms, independent of the specific
sensory system, may have common features in the sen-
sory network. Further, such symptoms may lead to diffi-
culty of the patients to adapt in their daily lives and
cause their behavioral problems.
This study showed increased cortical activation in re-

sponse to the Original image in the left SMG and bilateral
MTG in the ASD group compared with the TD group. Pre-
vious studies have indicated that the left inferior parietal
cortex, including the SMG, is involved in object-based at-
tention and object usage [47, 48]. In addition, the temporal
cortex, including the MTG, plays an important role in ob-
ject perception and recognition [49].
Concerning the temporal cortex in particular, Hutsler

and Zhang [50] have reported greater dendritic spine
densities in layer II and V of the temporal cortex in pa-
tients with ASD. In addition, a previous auditory study
has demonstrated both reduced relative γ-aminobutyric
acid-ergic concentration and gamma-band response defi-
cits in response to auditory stimuli in the temporal cor-
tex in the ASD group [51]. Therefore, the enhanced
responses to visual stimulus in ASD might possibly be
caused by alterations in excitability in these areas.
Regarding latencies in the occipital cortex in the

early stage of visual pathway, the ASD does not show
any differences compared with the TD group in the
P100 latencies to the pattern-reversal stimuli [52, 53].
In the present study, the M100 latencies in response
to the Original image and the M100 ratios for the
different types of images also did not show any differ-
ences in the occipital cortex between the two groups.
However, according to previous auditory studies, pro-
longed latencies in the primary auditory cortex
showed significant association with the severity of ab-
normal auditory sensitivity, which was concluded to
involve the delayed or atypical myelination in children
with ASD [28, 54, 55]. The pattern of these differ-
ences might be reflected in the sequence of myelin-
ation [56], that is, myelination of the optic radiation
is supposed to occur earlier than that of the acoustic
radiation. Therefore, we speculate that myelination of
the visual cortical region might be less likely to con-
tribute to the visual abnormalities in ASD.
Concerning the dependence of the differences in acti-

vated intensities on the properties of images, previous
studies have reported that the enhanced luminance stim-
uli induce a higher response amplitude in the occipital
cortex [57, 58]. However, in the present study, activated

intensities did not differ according to the types of images
in the TD group (Additional file 2). These inconsistent
results might depend on the degree of luminance. Al-
though assessments in the previous studies were per-
formed under relatively extreme conditions, such as 180
cd/m2 and 11 cd/m2, or 55 cd/m2 and 0.76 cd/m2, re-
spectively [57, 58], luminance of the images used in the
present study showed small differences, with the max-
imum difference being between 85 cd/m2 and 48 cd/m2.
As patients with ASD report not perceiving “brightness”
in response to high-luminance images, but “sparkling
sensation” in response to the normal-luminance images,
we believe that the images selected in the present study
could simulate their experiences. Therefore, the differ-
ences in the contrast of the images could result in in-
consistent findings associated with the adaptation
systems, such as contraction of pupil and gating system
of the thalamus or neural habituation system. On the
other hand, a previous study has revealed that the effect
of luminance was stronger in the parieto-occipital region
[59]. Indeed, inter-group differences in the response to
bright images were prominent in the parietal region in
our study. Future studies are needed to examine the
mechanism underlying these differences.
The change in the response to the bright images in the

right SMG, which is associated with visual abnormalities,
were less attenuated in the ASD group in the late stage.
These attenuation ratios are considered to reflect the de-
gree of neural suppression of the response to bright im-
ages. Previous studies have revealed that the
temporoparietal junction (TPJ), including the SMG, was
composed of the ventral attentional network, which in-
dicated attention specialized for the detection of behav-
iorally relevant stimuli, and was largely lateralized to the
right hemisphere [18]. In addition, children with ASD
show hyper-connectivity of the ventral attentional net-
work and thalamocortical circuit in the right TPJ com-
pared with TD children [60, 61]. Therefore, the
hyper-connectivity between these regions, in addition to
the hyperexcitability of the local area of the right TPJ,
may contribute to the neural mechanism underlying vis-
ual abnormalities in ASD. Furthermore, since the right
TPJ has been shown to preferentially respond to behav-
iorally relevant stimuli across sensory modalities, such as
visual, auditory, or tactile modalities [62, 63], the general
neural basis of the sensory impairment in ASD may in-
volve atypical stimulus-driven attention in the late stage.
On the other hand, the right TPJ plays a key role in so-
cial cognition [64], which is crucially influenced in the
aforementioned attentional mechanism [65]. Especially,
social impairment is a core characteristic feature of
ASD, and studies have reported abnormalities in the
right TPJ during theory of mind tasks [66, 67]. In
addition, structural imaging studies have revealed that
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the right TPJ shows earlier gray matter maturation in
ASD [68, 69]. These structural and functional alterations
in the right TPJ may better explain the symptomatology
of ASD.
In addition, the present study showed no difference in

the activated intensity ratios in the mOFC in the late
stage between the two groups. The OFC is involved in
emotional regulation, and patients with OFC lesions fail
to habituate to mildly aversive stimulus [70, 71]. Chil-
dren with ASD often show difficulty in emotional and
behavioral regulation in response to visual stimuli in
their daily lives. Therefore, the visual stimuli used in this
study might be less emotionally relevant than those used
in previous studies.
Reconsidering our results in the light of enhanced

visual perception in ASD revealed that the affected
children might be able to better detect objects in
bright environments. This implies that visual sensory
abnormality is inextricably linked to enhanced visual
perception in ASD based on the demand of the
situation [12, 72].
There are several limitations to this study. Firstly, the

size of the study population was relatively small. Future
studies with larger study population and narrower age
range are needed to better characterize the inter-group
differences, which may provide more robust evidence for
the neural bases. Secondly, some of the inter-group dif-
ferences reported in this study did not remain after cor-
recting for multiple comparisons. This may probably be
due to the small size of the study population, or possibly
a type 1 error. Therefore, these results should be inter-
preted with caution. Thirdly, the present study popula-
tion exhibited a lack of sex-related differences. Although
it is difficult to recruit girls with ASD considering the
skewed sex ratio of high-functioning ASD [73], we did
not examine any sex-related differences. As women with
high-functioning autism spectrum conditions also show
more lifetime sensory symptoms than men with this
condition [74], future sensory studies are also needed to
focus on the sex-related differences in ASD. Lastly, the
present study lacks a longitudinal design. Future studies
with a longitudinal design would allow examination of
the changes in visual symptoms and neural activation
throughout the children’s development, and may provide
clearer evidence of the sensory abnormalities in ASD.
This may facilitate adequate intervention depending on
the developmental stage of the patient.

Conclusions
The present MEG study revealed that children with
ASD in the late stage show lesser attenuation than TD
children of the response to the bright images compared
with the Original image, and their attenuation ratios are
associated with the severity of visual abnormalities in

the right SMG. We believe that attenuated stimulus-
driven neural suppression contributes to the visual
abnormality in ASD. Our findings provide better under-
standing of the visual abnormality in ASD, and may lead
to more effective diagnosis and earlier intervention.

Additional files

Additional file 1: Attenuation of the response to the Blind image and
abnormal visual sensitivity. (a) In the right SMG, the activation ratio of
Blind/Original images between 180 and 380 ms was increased in the ASD
group compared with the TD group (p < 0.10). This indicates that the
attenuation of the response to the Blind image in the ASD group was
weaker. (b) Correlation between the SP visual item score and activation
ratio for the ASD group. The patients with ASD exhibiting more severe
visual abnormalities showed greater activated intensities in response to
the Blind image (p < 0.05). supramarginal gyrus (SMG); autism spectrum
disorder (ASD); typically developing (TD); Sensory Profile (SP) (TIF 255 kb)

Additional file 2: Activated intensities in the PCAL in the TD group in
response to different types of images. We tested the difference in
activated intensities in the PCAL in the TD group in response to the
different types of images. The mean activated intensities showed no
significant interaction (Original image: L 11.29 ± 8.66, R 12.03 ± 7.76; Dot
noise image: L 9.92 ± 3.62, R 11.15 ± 7.17; Blind image: L 7.41 ± 2.85, R
9.12 ± 3.32; F (1.393, 27.854) = 0.62; p = 0.490) or main effect of stimulus (F
(1.482, 29.631) = 0.62, p = 0.496). pericalcarine cortex (PCAL); typically
developing (TD) (DOCX 15 kb)

Abbreviations
ASD: Autism spectrum disorder; CBCL: Child Behavior Checklist; DSM-
5: Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition;
FSIQ: Full-scale intelligence quotient; MEG: Magnetoencephalography;
mOFC: medial orbitofrontal cortex; MRI: Magnetic resonance imaging;
MTG: Middle temporal gyrus; PCAL: Pericalcarine cortex; ROI: Region of
interest; SCQ: Social Communication Questionnaire; SMG: Supramarginal
gyrus; SP: Sensory profile; TD: Typically developing; TPJ: Temporoparietal
junction

Acknowledgements
The authors gratefully acknowledge the cooperation of all participants and
their families. We thank Ayaka Matsuzaki and Kotaro Watanabe at Osaka
University for assistance regarding the cognitive assessments performed in
this study.

Funding
This study was supported by JSPS KAKENHI (grant numbers: JP15H01581 and
26870333).

Availability of data and materials
Not applicable.

Authors’ contributions
SA, KKS, and JM designed the study. SA, KKS, JM, MN, KT, IM, and MT drafted
the manuscript and prepared the figures. SA, KKS, and JM designed the
experiments. YN provided consultation for preparing the stimuli. SA, KKS, JM,
and RH performed the experiments. SA, JM, and RH analyzed the data. SA,
JM, and RH conducted the autism and cognitive assessments. MN, IM, and
MT determined the diagnostic criteria for autism. All authors read and
approved the final manuscript.

Ethics approval and consent to participate
The study was approved by the Institutional Review Board of Osaka
University Hospital. Written informed consent for participation, in accordance
with the principles of the Declaration of Helsinki, was obtained from all
participants and their guardians.

Consent for publication
Not applicable.

Aoki et al. Journal of Neurodevelopmental Disorders            (2019) 11:9 Page 11 of 13

https://doi.org/10.1186/s11689-019-9266-0
https://doi.org/10.1186/s11689-019-9266-0


Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Division of Developmental Neuroscience, United Graduate School of Child
Development, Osaka University, 2-2, Yamadaoka, Suita, Osaka 565-0871,
Japan. 2Molecular Research Center for Children’s Mental Development,
United Graduate School of Child Development, Osaka University, 2-2,
Yamadaoka, Suita, Osaka 565-0871, Japan. 3Department of Pediatrics, Osaka
University Graduate School of Medicine, Osaka, Japan. 4National Institute of
Information and Communications Technology, Osaka, Japan.

Received: 31 July 2018 Accepted: 21 April 2019

References
1. American Psychiatric Association. Diagnostic and Statistical Manual of

Mental Disorders. 5th ed. Washington, DC: American Psychiatric Publishing,
Inc; 2013.

2. Baranek GT, David FJ, Poe MD, Stone WL, Watson LR. Sensory experiences
questionnaire: discriminating sensory features in young children with
autism, developmental delays, and typical development. J Child Psychol
Psychiatry. 2006;47:591–601.

3. Nieto C, López B, Gandía H. Relationships between atypical sensory
processing patterns, maladaptive behaviour and maternal stress in Spanish
children with autism spectrum disorder. J Intellect Disabil Res. 2017;61:
1140–50.

4. Tomchek SD, Dunn W. Sensory processing in children with and without
autism: a comparative study using the short sensory profile. Am J Occup
Ther. 2007;61:190–200.

5. Lane AE, Young RL, Baker AEZ, Angley MT. Sensory processing subtypes in
autism: association with adaptive behavior. J Autism Dev Disord. 2010;40:
112–22.

6. Kikuchi M, Yoshimura Y, Mutou K, Minabe Y. Magnetoencephalography in
the study of children with autism spectrum disorder. Psychiatry Clin
Neurosci. 2016;70:74–88.

7. Schauder KB, Bennetto L. Toward an interdisciplinary understanding of
sensory dysfunction in autism spectrum disorder: an integration of the
neural and symptom literatures. Front Neurosci. 2016;10:268.

8. Simmons DR, Robertson AE, McKay LS, Toal E, McAleer P, Pollick FE. Vision
in autism spectrum disorders. Vis Res. 2009;49:2705–39.

9. Qin S, Nagai Y, Kumagaya S, Ayaya S, Asada M. Autism simulator employing
augmented reality: a prototype. in Proceedings of the 4th IEEE international
conference on Development and Learning and on Epigenetic Robotics.
2014: 123-4

10. Mottron L, Dawson M, Soulières I, Hubert B, Burack J. Enhanced Perceptual
Functioning in Autism: An Update, and Eight Principles of Autistic
Perception. J Autism and Dev Disord. 2006;36(1):27–43.

11. Samson F, Mottron L, Soulières I, Zeffiro TA. Enhanced visual functioning in
autism: An ALE meta-analysis. Hum Brain Mapp. 2012;33(7):1553–81.

12. Baron-Cohen S, Ashwin E, Ashwin C, Tavassoli T, Chakrabarti B. Talent in
autism: hyper-systemizing, hyper-attention to detail and sensory
hypersensitivity. Philos Trans R Soc Lond Ser B Biol Sci. 2009;364:1377–83.

13. Shuffrey L, Levinson L, Becerra A, Pak G, Moya Sepulveda D, Montgomery A,
Green H, Froud K. Visually evoked response differences to contrast and
motion in children with autism spectrum disorder. Brain Sci. 2018;8:160.

14. Takarae Y, Sablich SR, White SP, Sweeney JA. Neurophysiological
hyperresponsivity to sensory input in autism spectrum disorders. J
Neurodev Disord. 2016;8:29.

15. Carter Leno V, Chandler S, White P, Yorke I, Charman T, Pickles A, Simonoff E.
Alterations in electrophysiological indices of perceptual processing and
discrimination are associated with co-occurring emotional and behavioural
problems in adolescents with autism spectrum disorder. Mol Autism. 2018;9:50.

16. Green SA, Rudie JD, Colich NL, Wood JJ, Shirinyan D, Hernandez L,
Tottenham N, Dapretto M, Bookheimer S. Overreactive brain responses to
sensory stimuli in youth with autism spectrum disorders. J Am Acad Child
Adolesc Psychiatry. 2013;52:1158–72.

17. Green SA, Hernandez L, Tottenham N, Krasileva K, Bookheimer SY, Dapretto
M. Neurobiology of sensory Overresponsivity in youth with autism
Spectrum disorders. JAMA Psychiat. 2015;72:778–86.

18. Corbetta M, Shulman GL. Control of goal-directed and stimulus-driven
attention in the brain. Nat Rev Neurosci. 2002;3:201–15.

19. Cléry H, Roux S, Houy-Durand E, Bonnet-Brilhault F, Bruneau N, Gomot M.
Electrophysiological evidence of atypical visual change detection in adults
with autism. Front Hum Neurosci. 2013;7:62.

20. Kornmeier J, Wörner R, Riedel A, Bach M, Tebartz van Elst L. A different view
on the checkerboard? Alterations in early and late visually evoked EEG
potentials in Asperger observers. PLoS One. 2014;9:e90993.

21. Keehn B, Nair A, Lincoln AJ, Townsend J, Müller R-A. Under-reactive but
easily distracted: an fMRI investigation of attentional capture in autism
spectrum disorder. Dev Cogn Neurosci. 2016;17:46–56.

22. Murphy ER, Norr M, Strang JF, Kenworthy L, Gaillard WD, Vaidya CJ. Neural
basis of visual attentional orienting in childhood autism spectrum disorders.
J Autism Dev Disord. 2017;47:58–67.

23. Grill-Spector K, Henson R, Martin A. Repetition and the brain: neural models
of stimulus-specific effects. Trends Cogn Sci. 2006;10:14–23.

24. Guiraud JA, Kushnerenko E, Tomalski P, Davies K, Ribeiro H, Johnson MH.
BASIS Team Differential habituation to repeated sounds in infants at high
risk for autism. Neuroreport. 2011;22:845–9.

25. Hudac CM, DesChamps TD, Arnett AB, Cairney BE, Ma R, Webb SJ, Bernier
RA. Early enhanced processing and delayed habituation to deviance sounds
in autism spectrum disorder. Brain Cogn. 2018;123:110–9.

26. Matsuzaki J, Kagitani-Shimono K, Sugata H, Hirata M, Hanaie R, Nagatani F,
Tachibana M, Tominaga K, Mohri I, Taniike M. Progressively increased M50
responses to repeated sounds in autism spectrum disorder with auditory
hypersensitivity: a magnetoencephalographic study. PLoS One. 2014;9:
e102599.

27. Baillet S. Magnetoencephalography for brain electrophysiology and
imaging. Nat Neurosci. 2017;20:327–39.

28. Matsuzaki J, Kagitani-Shimono K, Goto T, Sanefuji W, Yamamoto T, Sakai S,
Uchida H, Hirata M, Mohri I, Yorifuji S, Taniike M. Differential responses of
primary auditory cortex in autistic spectrum disorder with auditory
hypersensitivity. Neuroreport. 2012;23:113–8.

29. Matsuzaki J, Kagitani-Shimono K, Sugata H, Hanaie R, Nagatani F, Yamamoto T,
Tachibana M, Tominaga K, Hirata M, Mohri I, Taniike M. Delayed mismatch field
latencies in autism spectrum disorder with abnormal auditory sensitivity: a
magnetoencephalographic study. Front Hum Neurosci. 2017;11:446.

30. Lord C, Risi S, Lambrecht L, Cook EH, Leventhal BL, DiLavore PC, Pickles A,
Rutter M. The autism diagnostic observation schedule-generic: a standard
measure of social and communication deficits associated with the spectrum
of autism. J Autism Dev Disord. 2000;30:205–23.

31. Lord C, Rutter M, DiLavore PC, Risi S, Gotham K, Bishop SL. Autism
diagnostic observation schedule. 2nd ed. Torrance: CA: WPS; 2012.

32. Kuroda M, Inada N. The Japanese version of autism diagnostic observation
schedule. 2nd ed. Tokyo: Kaneko Shobo; 2015.

33. Rutter M, Bailey A, Lord C. Social Communication Questionnaire. Torrance:
CA: WPS; 2003.

34. Kuroda M, Inada N, Uchiyama T. The Japanese version of social
communication questionnaire. Tokyo: Kaneko Shobo; 2013.

35. Dunn W. Sensory profile. London: Pearson Publishing; 1999.
36. Hagiwara T, Iwanaga R, Itou H, Tani I. The Japanese version of sensory

profile. Tokyo: Nihon Bunka Kagakusha; 2015.
37. Achenbach TM. Manual for the child behavior checklist/4–18 and 1991

profile. Burlington: Department of Psychiatry, University of Vermont; 1991.
38. Itani T, Kanbayashi Y, Nakata Y, Kita M, Fujii H, Kuramoto H, Negishi T,

Tezuka M, Okada A, Natori H. Standardization of the Japanese version of the
child behavior checklist/4-18. Psychiatr Neurol Pediatr Jpn. 2001;41:243–52.

39. Oldfield RC. The assessment and analysis of handedness: the Edinburgh
inventory. Neuropsychologia. 1971;9:97–113.

40. Schendan HE, Lucia LC. Object-sensitive activity reflects earlier perceptual
and later cognitive processing of visual objects between 95 and 500ms.
Brain Res. 2010;1329:124–41.

41. Tadel F, Baillet S, Mosher JC, Pantazis D, Leahy RM. Brainstorm: a user-
friendly application for MEG/EEG analysis. Comput Intell Neurosci. 2011;
2011:879716.

42. Fischl B. FreeSurfer. Neuroimage. 2012;62:774–81.
43. Mosher JC, Leahy RM, Lewis PS. EEG and MEG: forward solutions for inverse

methods. IEEE Trans Biomed Eng. 1999;46:245–59.

Aoki et al. Journal of Neurodevelopmental Disorders            (2019) 11:9 Page 12 of 13



44. Hämäläinen M. MNE software user’s guide. Version 2.7. 2009. https://ja.
scribd.com/document/247132401/MNE-manual-2-7. Accessed 15 June 2018.

45. Desikan RS, Ségonne F, Fischl B, Quinn BT, Dickerson BC, Blacker D, Buckner
RL, Dale AM, Maguire RP, Hyman BT, Albert MS, Killiany RJ. An automated
labeling system for subdividing the human cerebral cortex on MRI scans
into gyral based regions of interest. Neuroimage. 2006;31:968–80.

46. Chen Y, Xiang J, Kirtman EG, Wang Y, Kotecha R, Liu Y. Neuromagnetic
biomarkers of visuocortical development in healthy children. Clin
Neurophysiol. 2010;121:1555–62.

47. Fink GR, Dolan RJ, Halligan PW, Marshall JC, Frith CD. Space-based and
object-based visual attention: shared and specific neural domains. Brain.
1997;120:2013–28.

48. Mahon BZ, Schwarzbach J, Caramazza A. The representation of tools in
left parietal cortex is independent of visual experience. Psychol Sci.
2010;21:764–71.

49. Schintu S, Hadj-Bouziane F, Dal Monte O, Knutson KM, Pardini M,
Wassermann EM, Grafman J, Krueger F. Object and space perception – is it
a matter of hemisphere? Cortex. 2014;57:244–53.

50. Hutsler JJ, Zhang H. Increased dendritic spine densities on cortical projection
neurons in autism spectrum disorders. Brain Res. 2010;1309:83–94.

51. Port RG, Gaetz W, Bloy L, Wang D-J, Blaskey L, Kuschner ES, Levy SE,
Brodkin ES, Roberts TPL. Exploring the relationship between cortical GABA
concentrations, auditory gamma-band responses and development in
ASD: evidence for an altered maturational trajectory in ASD. Autism Res.
2017;10:593–607.

52. Kovarski K, Thillay A, Houy-Durand E, Roux S, Bidet-Caulet A, Bonnet-Brilhault
F, Batty M. Brief report: early VEPs to pattern-reversal in adolescents and
adults with autism. J Autism Dev Disord. 2016;46:3377–86.

53. Siper PM, Zemon V, Gordon J, George-Jones J, Lurie S, Zweifach J, Tavassoli
T, Ting Wang A, Jamison J, Buxbaum J, Kolevzon A. Rapid and objective
assessment of neural function in autism spectrum disorder using transient
visual evoked potentials. PLoS One. 2016;11:e0164422.

54. Gage NM, Siegel B, Roberts TPL. Cortical auditory system maturational
abnormalities in children with autism disorder: an MEG investigation. Brain
Res Dev Brain Res. 2003;144:201–9.

55. Roberts TPL, Khan SY, Rey M, Monroe JF, Cannon K, Blaskey L, Woldoff S,
Qasmieh S, Gandal M, Schmidt GL, Zarnow DM, Levy SE, Edgar JC. MEG
detection of delayed auditory evoked responses in autism spectrum disorders:
towards an imaging biomarker for autism. Autism Res. 2010;3:8–18.

56. Yakovlev PL, Lecours AR. The myelogenetic cycles of regional maturation of
the brain. In: Minkowski A, editor. Regional development of the brain in
early life. Oxford: Blackwell Scientific; 1967. p. 3–70.

57. Tobimatsu S, Kurita-Tashima S, Nakayama-Hiromatsu M, Akazawa K, Kato M.
Age-related changes in pattern visual evoked potentials: differential effects
of luminance, contrast and check size. Electroencephalogr Clin
Neurophysiol. 1993;88:12–9.

58. Brannan JR, Solan HA, Ficarra AP, Ong E. Effect of luminance on visual
evoked potential amplitudes in normal and disabled readers. Optom Vis Sci.
1998;75:279–83.

59. Portin K, Salenius S, Salmelin R, Hari R. Activation of the human occipital
and parietal cortex by pattern and luminance stimuli: neuromagnetic
measurements. Cereb Cortex. 1998;8:253–60.

60. Farrant K, Uddin LQ. Atypical developmental of dorsal and ventral attention
networks in autism. Dev Sci. 2016;19:550–63.

61. Woodward ND, Giraldo-Chica M, Rogers B, Cascio CJ. Thalamocortical
dysconnectivity in autism spectrum disorder: an analysis of the autism
brain imaging data exchange. Biol Psychiatry Cogn Neurosci
Neuroimaging. 2017;2:76–84.

62. Downar J, Crawley AP, Mikulis DJ, Davis KD. A multimodal cortical network
for the detection of changes in the sensory environment. Nat Neurosci.
2000;3:277–83.

63. Downar J, Crawley AP, Mikulis DJ, Davis KD. A cortical network sensitive to
stimulus salience in a neutral behavioral context across multiple sensory
modalities. J Neurophysiol. 2002;87:615–20.

64. Schurz M, Radua J, Aichhorn M, Richlan F, Perner J. Fractionating theory of
mind: a meta-analysis of functional brain imaging studies. Neurosci
Biobehav Rev. 2014;42:9–34.

65. Decety J, Lamm C. The role of the right temporoparietal junction in social
interaction: how low-level computational processes contribute to meta-
cognition. Neuroscientist. 2007;13:580–93.

66. Lombardo MV, Chakrabarti B, Bullmore ET. MRC AIMS consortium, Baron-
Cohen S. specialization of right temporo-parietal junction for mentalizing and
its relation to social impairments in autism. Neuroimage. 2011;56:1832–8.

67. Murdaugh DL, Nadendla KD, Kana RK. Differential role of temporoparietal
junction and medial prefrontal cortex in causal inference in autism: an
independent component analysis. Neurosci Lett. 2014;568:50–5.

68. Cheng Y, Chou K-H, Fan Y-T, Lin C-P. ANS: aberrant neurodevelopment of
the social cognition network in adolescents with autism spectrum disorders.
PLoS One. 2011;6:e18905.

69. Greimel E, Nehrkorn B, Schulte-Rüther M, Fink GR, Nickl-Jockschat T, Herpertz-
Dahlmann B, Konrad K, Eickhoff SB. Changes in grey matter development in
autism spectrum disorder. Brain Struct Funct. 2013;218:929–42.

70. Rule RR, Shimamura AP, Knight RT. Orbitofrontal cortex and dynamic
filtering of emotional stimuli. Cogn Affect Behav Neurosci. 2002;2:264–70.

71. Shimamura AP. The role of the prefrontal cortex in dynamic filtering.
Psychobiology. 2000;28:207–18.

72. Robertson CE, Baron-Cohen S. Sensory perception in autism. Nat Rev
Neurosci. 2017;18:671–84.

73. Kreiser NL, White SW. ASD in females: are we overstating the gender
difference in diagnosis? Clin Child Fam Psychol Rev. 2014;17:67–84.

74. Lai M-C, Lombardo MV, Pasco G, Ruigrok ANV, Wheelwright SJ, Sadek SA,
Chakrabarti B, Consortium MRCAIMS, Baron-Cohen S. A behavioral
comparison of male and female adults with high functioning autism
spectrum conditions. PLoS One. 2011;6:e20835.

Aoki et al. Journal of Neurodevelopmental Disorders            (2019) 11:9 Page 13 of 13


