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Objective: To investigate possible differences in the auditory peripheral and brainstem functions between
adults with autism spectrum disorder (ASD) and neurotypical (NT) adults.
Methods: Click-evoked auditory brainstem responses (ABRs) were obtained from 17 high-functioning
ASD adults (aged 21–38 years) and 20 NT adults (aged 22–36 years). A relatively large number of stim-
ulus presentations (6000) were adopted, and ABRs by horizontal and vertical electrode montages were
evaluated, in order to allow precise evaluations of early ABR components.
Results: Waves I, II, III, and V were identified in the vertical electrode montage, and wave I and the sum-
mating potential (SP) in electrocochleograms were identified in the horizontal electrode montage. There
were no significant group differences in the wave I, II, III, and V latencies or the interpeak latencies (IPLs)
in the vertical electrode montage. In the horizontal montage, the ASD adults exhibited significantly short-
ened SP latencies compared with the NT adults, whereas there was no significant group difference in the
wave I latency.
Conclusion: The ASD adults may have the abnormalities of processing more in the peripheral auditory
system than in the brainstem.
Significance: The current study suggests that the peripheral abnormality is associated with ASD.
� 2021 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental
disorder characterized by impairments in social interaction and
communication and by restricted, repetitive behavioural patterns
(American Psychiatric Association, 2013). In addition to these
symptoms, many individuals with ASD have sensory dysfunction,
particularly in the auditory domain, such as auditory hypersensi-
tivity (Danesh et al., 2015; Khalfa et al., 2004; Rosenhall et al.,
1999), difficulty in speech understanding in noise (Alcantara
et al., 2004; O’Connor, 2012), and impaired sound localization
(Visser et al., 2013). The sensory dysfunction can make ASD symp-
toms worse. For example, the ability to understand speech in noise
is necessary in daily conversation, and the deficits in this ability
negatively affect social interaction and communication. Therefore,
understanding the characteristics and mechanisms of sensory
dysfunction and providing an adequate environment or treatment
could improve the quality of life of individuals with ASD (Hitoglou,
2010).

Recent studies have suggested that the brainstem is involved in
ASD (Dadalko and Travers, 2018; Inui et al., 2017). The subcortical
auditory system plays a key role in processing temporal and spatial
information about sounds, such as periodicity, temporal fine struc-
tures, amplitude/spectral envelopes, amplitude/frequency modula-
tion, and interaural time/level differences, as bases for pitch,
timbre, sound localization, and so on (Burser and Imbert, 1992;
Pickles, 1988). Therefore, brainstem abnormalities have been con-
sidered to cause auditory dysfunction in ASD (Pillion et al., 2018),
and there is some evidence to support this. Anatomical studies
have shown a decreased number of neurons and neural dysmor-
phology in the brainstem nuclei of individuals with ASD relative
to control individuals, especially in the superior olivary complex
(SOC) (Kulesza and Mangunay, 2008; Kulesza et al., 2011; Lukose
et al., 2015). In an adult with ASD, the structures at the junction
of the pons and the medulla were closer to the structures of the
lower medulla (Rodier et al., 1996; Rodier, 2000). Magnetic reso-
nance imaging (MRI) studies have shown a reduction in the pons
in individuals with ASD compared with control individuals
(Ciesielski et al., 1997; Hashimoto et al., 1992, 1995).
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A number of studies have used auditory brainstem responses
(ABRs) to assess functional abnormalities of the auditory nerve
and brainstem in ASD. The ABR to click sounds consists of seven pos-
itive peaks within 10 ms after the stimulus onset, denoted as waves
I–VII.Waves I and II are generatedby theauditorynerve.Waveswith
numbers from III up to and including wave V are generated in the
auditory brainstem. Wave III is believed to originate from the
cochlear nucleus;wave IV from the SOC; andwaveV from the lateral
lemniscus and the inferior colliculus (Eggermont., 2019; Møller and
Jannetta, 1983; Møller et al., 1988; Parkkonen et al., 2009).

A large number of studies have focused on the latencies of
waves I, III, and V in infants and children with ASD, and have
reported prolonged absolute wave III and V latencies and interpeak
latencies (IPLs) I–V, I–III, and III–V (Azouz et al., 2014; Cohen et al.,
2013; Kwon et al., 2007; Magliaro et al., 2010; Maziade et al., 2000;
Miron et al., 2016; Rosenblum et al., 1980; Rosenhall et al., 2003;
Roth et al., 2012; Skoff et al., 1980; Taylor et al., 1982; Ververi
et al., 2015). Meanwhile, the relatively few studies that have inves-
tigated the ABRs in adults with ASD have shown that absolute
wave III and V latencies were normal (Courchesne et al., 1985;
Grillon et al., 1989). According to a recent meta-analysis, prolonged
wave V latencies in infants and young children with ASD change
into normal or short latencies with aging (Miron et al., 2018;
Talge et al., 2018). Taken together, the findings suggest an unusu-
ally fast developmental trajectory of the brainstem function in ASD
(Miron et al., 2018).

In contrast to the consistent findings of waves III and V in indi-
viduals with ASD, the evidence of abnormalities in wave I latency
remains equivocal (Pillion et al., 2018). Some studies reported nor-
mal absolute wave I latencies (Courchesne et al., 1985;
Demopoulos and Lewine, 2016; Garreau et al., 1984; Grillon
et al., 1989; Known et al., 2006; Magliaro et al., 2010; Miron
et al., 2016; Rosenblum et al., 1980; Santos et al., 2017; Sersen
et al., 1990; Skoff et al., 1980; Tharpe et al., 2006), and others
reported abnormal latencies that were prolonged (Azouz et al.,
2014; Rosenhall et al., 2003; Roth et al., 2012; Tanguay et al.,
1982) or shortened (Dabbous, 2012). The reason for these diverse
results may be that ASD participants with a wide age range were
tested (e.g., range 3–24 years; 4–21 years). Taking into account
that wave V latency in ASD changes with aging, it is likely that
wave I latency also does. Accordingly, wave I latencies should be
investigated in individuals with ASD in each age group from infant
to adulthood; however, the data are scarce, especially for adults
with ASD. Meanwhile, wave I is often smaller compared with wave
V, and a poor signal-to-noise ratio (SNR) of electroencephalogra-
phy (EEG) activity makes identification of wave I difficult. There-
fore, this difficulty of identification may contribute to the
inconsistent wave-I results.

In the present study, we examined adults with ASD and focused
on their ABRs, especially the responses of the peripheral auditory
system. In addition, we took two approaches to clearly identify
each wave when measuring the ABRs. First, we used many stimu-
lus presentations (6000) in the ABR measurement to enhance the
SNR. The averaging method for obtaining the ABR is based on the
assumption that the noisy EEG signal is uncorrelated with the
ABR waveform, and in theory it enhances the signal on the order
of

p
N relative to noise, where N is the number of averaged epochs.

The large number of stimulus presentations in present study
enable us to obtain ABRs whose SNRs are about 1.7 times higher
compared with those obtainable with the generally used number
of stimulus presentations (about 2000). Second, we utilized a hor-
izontal (earlobe to earlobe) electrode montage in addition to the
vertical (vertex to earlobe) electrode montage commonly used
ABR studies. The vertical montage reflects more rostral brainstem
activity, while the horizontal montage reflects the activity of more
caudal brainstem structures (Chandrasekaran and Kraus, 2010). In
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addition, electrocochleograms (ECochGs) were measured by plac-
ing an electrode on or near the tympanic membrane as opposed
to in the ear canal or on the ear lobe. This placement increases
the amplitude of the action potential (AP) whose first and largest
wave is identical to wave I of the ABR (Ferraro and Durrant,
2006; Liberman et al., 2016; Minaya and Atcherson, 2015). Accord-
ingly, the horizontal electrode montage could better reflect activi-
ties of the peripheral auditory system compared with the vertical
electrode montage. Taking these approaches, we obtained the ABRs
from adults with ASD and neurotypical (NT) adults and compared
them between the two groups.
2. Methods

2.1. Participants

Of the 18 high-functioning adults with ASD and 23 NT adults
originally recruited for this study, one ASD adult and three NT
adults were excluded: because of hearing loss � 30 dB HL at one
or more frequencies (n = 1 for ASD; n = 2 for NT) or a full IQ
score � 70 (NT: n = 1). Final participants included 17 high-
functioning adults with ASD (aged 21–38 years, two females) and
20 NT adults (aged 22–36 years, three females). Eight of the 17 par-
ticipants with ASD were using one or more of the following medi-
cations: anti-depressants (two participants), hypnotic drugs (three
participants), anti-anxiety drugs (one participant), anti-psychotic
drugs (two participants), mood stabilizers (two participants), and
central nervous system stimulant drugs (two participants). The
ASD participants were recruited from outpatient units of Kara-
suyama Hospital, Tokyo, Japan. The diagnosis of ASD was based
on a consensus reached by two or three experienced psychiatrists
according to the criteria of the Diagnosis and Statistical Manual of
Mental Disorders (DSM-5).

All participants had normal hearing, defined as pure-tone hear-
ing thresholds equal to or less than 25 dB HL from 125 to 8000 Hz.
The two groups were matched on age, the average of pure tone
thresholds (PTA) at 500, 1000, 2000 and 4000 Hz at left and right
ears, full IQ, performance IQ, and verbal IQ. We also assessed Aut-
ism Spectrum Quotient (AQ) scores (Wakabayashi et al., 2006). The
AQ scores in the ASD group were higher than those in the NT group
(see Table 1).

The experiment was approved by the Ethical Committees at
NTT Communication Science Laboratories and was conducted in
accordance with the Declaration of Helsinki. All participants signed
written informed consent.
2.2. Click-evoked ABR measurement

All recordings were performed using a Biosemi Active-Two sys-
tem (BioSemi, Amsterdam, Netherlands). The active ABR electrodes
were placed on the high forehead (Fz), the ipsilateral (right) ear-
lobe (A2), the contralateral (left) earlobe (A1), and the forehead
as ground. The sampling frequency was 16,384 Hz. The offsets of
the active electrodes were kept below 20 mV at the start of the
measurement. We created a 100-ls click sound using Matlab
R2017b (The MathWorks, Inc., Mass., USA). Click sounds with alter-
nating polarity were presented to their right ear using Audacity
software (http://audacity.sourceforge.net/) through Fireface UCX
(RME, Haimhausen, Germany) and a magnetically-shielded
inserted earphone (E-A-RTONE Insert Earphone 3A ABR, 3M Com-
pany, Indianapolis, IN, USA), at 100 dB peSPL (67.9 dB nHL), with
a presentation rate of 10.2/s. Two separate recordings included
6,000 individual sweeps. During the recording, participants were
instructed to lie in a supine position on a comfortable flat chair
in an acoustically- and electrically shielded booth and refrain from
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Table 1
Participant demographics and questionnaire scores.

ASD (n = 17) NT (n = 20) Independent t-test

Mean (SD) Mean (SD) t df p

Age (years) 30.5 (4.7) 29.3 (3.9) �0.84 35 0.41
PTA right (dB HL) 5.4 (3.5) 4.3 (4.1) �0.89 35 0.38
PTA left (dB HL) 4.6 (2.6) 4.1 (4.1) �0.48 35 0.63
Full IQ 101.8 (11.6) 100.3 (11.6) �0.40 35 0.69
Performance IQ 89.9 (13.7) 95.6 (13.3) 1.29 35 0.21
Verbal IQ 109.8 (13.5) 104.3 (12.7) �1.27 35 0.21
AQ score 32.5 (6.4) 19.0 (5.0) �7.09 35 <0.001
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moving their body as much as possible. We allowed them to sleep
during ABR measurements. The ABR collection lasted approxi-
mately 10 min. The continuous recordings were converted to EDF
files using Convert 86 software (BioSemi, Amsterdam, Nether-
lands), and the data were converted to microvolts. Responses of
the vertical (Cz to A2) and horizontal (A1 to A2) electrode mon-
tages were filtered between 70 and 2000 Hz with Matlab. Trials
with activity greater than ±35 lV were considered artifacts and
were excluded from the following averaging. The responses were
averaged with a time window from �5 to 15 ms relative to the
stimulus onset at 0 ms, with baseline correction from �5 to 0 ms.
2.3. Statistical analyses

All statistical analyses were conducted with SPSS software ver-
sion 23 (SPSS Inc., Chicago, IL, USA). To compare the two groups,
we used the Mann-Whitney U test for each ABR component.
Unidentifiable data were excluded from the corresponding analy-
ses. A parallel gatekeeping strategy was adopted to control the
Type I error and sensitivity to the primary interests of the present
study (i.e., more periphery related components) for multiple tests
of the ABR components (Dmitrienko et al., 2003; Food and Drug
Administration, 2017). Because the evidence of abnormalities in
wave I latency remains equivocal as mentioned in introduction,
we focused on the auditory peripheral function associated with
wave I. In the parallel gatekeeping strategy, the items associated
with the auditory peripheral function were grouped into a primary
family, and the items associated with the brainstem functions and
the IPLs were grouped into a secondary family. p-values were
adjusted by Bonferroni correction in each stage.
3. Results

Grand average ABR waveforms of the ASD and NT groups in the
vertical and horizontal electrode montages are shown in Fig. 1.
Clear peaks of waves I, II, and III and the IV–V complex were
observed at latencies around 1.8 ms, 2.9 ms, 3.9 ms, and 5.8 ms,
respectively, in the ABR waveforms of the vertical electrode mon-
tage. In the horizontal electrode montages, clear peaks of wave I
were observed at a latency of around 1.8 ms. Wave I amplitudes
for the horizontal electrode montage were larger than those for
the vertical electrode montage.

In addition to these peaks, we observed a ledge preceding wave
I in the ABR of the horizontal electrode montage in all the partici-
pants except for two ASD adults and four NT adults (as shown in
Fig. 2). We consider that this ledge corresponds to summating
potential (SP) in the ECochGs, sustained potential during stimulus
presentation (Harvey and Steel, 1992). Since the stimulus in this
study was a short-duration (100 ls) click, the SPs were observed
as a ledge with a short duration. Then, we obtained the SP latencies
in addition to the ABR latencies and compared them between the
ASD and NT groups.
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For the purpose of subsequent statistical analyses, we visually
identified waves I, II, III, IV, and V for vertical electrode montage.
Three ASD adults showed unidentifiable wave II. Eight ASD adults
and 11 NT adults had unidentifiable waves IV (n = 7 for ASD, n = 11
for NT) or V (ASD: n = 1) due to the IV–V complex. Thus, wave IV
was not included in the statistical analyses. Then, we derived the
IPLs (I-III, III-V, and I-V). Similarly to the vertical montage, SP and
wave I latencies were obtained for the horizontal montage.

The absolute peak latencies and the IPLs were compared
between the ASD and NT adults using the Mann-Whitney U test
(see Table 2). The parallel gatekeeping strategy was used to control
the Type I error for multiple tests. The primary and secondary fam-
ilies consisted of the four items associated with the auditory
peripheral function (wave I and II latencies in the vertical electrode
montage and wave I and SP latencies in the horizontal electrode
montage) and the five items associated with the brainstem func-
tions and the IPLs (wave III and V latencies and the IPLs of I-III,
III-V, and I-V), respectively. A significant group difference was
found in the SP latency (adjusted p = 0.044). There were, however,
no significant group differences in wave I, II, III, and V latencies and
the IPLs in the vertical electrode montage and the wave I latency in
the horizontal electrode montage.

The quartile deviations (QDs) of wave I in the horizontal elec-
trode montage were half the values of those in the vertical elec-
trode montage. This indicates that the identification of wave I in
the horizontal electrode montage was more stable than in the ver-
tical electrode montage.
4. Discussion

The main aim of the current study was to investigate possible
differences in the ABRs between adults with ASD and NT adults.
In the vertical montage, there were no significant group differences
in the wave I, II, III, and V latencies or the IPLs. There was also no
significant group difference in the wave I latency in the horizontal
montage. However, the adults with ASD showed shorter SP laten-
cies in ECochGs compared with the NT adults. The SP is believed
to be generated from the hair cells, mainly the inner hair cells, of
the organ of Corti (Russell and Sellick, 1978; Zheng et al., 1997).
Accordingly, these results suggest that adults with ASD have
abnormalities of processing more in the peripheral auditory sys-
tem than in the brainstem.

In this study, we focused on the responses of the peripheral
auditory system. To allow precise evaluations of early ABR compo-
nents, we measured the ABR using a method that is somewhat dif-
ferent from that is used in common clinical practice namely a
relatively large number of stimulus presentations (6000) were
adopted, and ABRs obtained with horizontal and vertical electrode
montages were evaluated. This approach indeed appeared to con-
tribute to improving the sensitivity of the electrophysiological
technique to peripheral activities. Particularly, with the horizontal
electrode montage, the amplitude of wave I was greater (Fig. 1) and



Fig. 1. Grand average ABR waveforms in the vertical (left) and horizontal (right) electrode montages. Red lines and blue lines represent the ASD group and NT group,
respectively. The shaded areas indicate the standard error of each response. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Fig. 2. ABR waveform with the peak of the SP in the horizontal electrode montage,
from a representative participant.
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the QDs were smaller (Table 2) than those observed with the stan-
dard vertical montage. In addition, a significant group difference in
the SP latency was detected with the horizontal montage. The
Table 2
Comparison of the median latencies in the vertical and horizontal electrode montages acro
adjusted using the parallel gatekeeping strategy. Asterisks indicate significant group diffe

Wave ASD NT

n Median QD n

Vertical electrode montage
I 17 1.77 0.12 20
II 14 2.81 0.08 20
III 17 3.91 0.12 20
V 16 5.80 0.20 20
I-III 17 2.14 0.06 20
III-V 16 1.86 0.14 20
I-V 16 3.94 0.15 20
Horizontal electrode montage
I 17 1.77 0.06 20
SP 15 0.86 0.09 16
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improved sensitivity of our method could lead to future modifica-
tions of the ‘standard’ ABR examination for evaluating auditory
peripheral functions in ASD and other individuals.

The lack of evidence for the abnormality of wave I latency in the
ASD group is consistent with some earlier studies (Courchesne
et al., 1985; Demopoulos and Lewine, 2016; Garreau et al., 1984;
Grillon et al., 1989; Known et al., 2006; Magliaro et al., 2010;
Miron et al., 2016; Rosenblum et al., 1980; Santos et al., 2017;
Sersen et al., 1990; Skoff et al., 1980; Tharpe et al., 2006). The neg-
ative results were also found in the horizontal montages (see
above) and thus cannot be explained simply by the sensitivity of
the recording technique. There are, on the other hand, studies that
showed abnormal latencies in individuals with ASD (Azouz et al.,
2014; Dabbous, 2012; Rosenhall et al., 2003; Roth et al., 2012;
Tanguay et al., 1982). The positive evidence in those studies may
reflect the fact that their ASD participants were much more
severely affected than those in this study.

Our data demonstrated significantly shorter SP latencies in
adults with ASD. The shortened SP latencies could be interpreted
to indicate early changes in potentials at the hair cells, which
would shorten the firing of the auditory nerves. However, the
group differences in the latencies in wave I and II did not reach
the criterion of statistical significance. It is possible that the slight
group difference observed at the level of the hair cells was smeared
at the level of auditory nerves due to neuronal jitter.
ss the ASD and NT adults. To control the Type I error for multiple tests, p-values were
rence (p < 0.05).

Mann-Whitney U test

Median QD z-score Adj. p

1.84 0.06 �1.631 0.440
2.90 0.06 �2.184 0.120
3.91 0.08 �0.354 1
5.80 0.17 �1.009 1
2.08 0.09 �0.887 1
1.86 0.13 �0.655 1
3.97 0.16 �0.941 1

1.90 0.03 �2.092 0.156
1.01 0.06 �2.542 0.044 *
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What is the mechanism underlying the shortened SP latencies?
We consider two plausible explanations. One is that the abnormali-
ties of the inner ear affect the shortened latencies. It has been
reported that individuals with ASD exhibited reductions in the
transient-evoked otoacoustic emission (TEOAE) responses and dis-
tortion product otoacoustic emission (DPOAE) responses, both of
which are believed to have a cochlear origin (Bennetto et al., 2017;
Boger et al., 2018; Danesh et al., 2012). Moreover, animals lacking
the Hoxa1 function, which is one of the genes associated with ASD,
exhibited malformations of the inner ears (Carpenter et al., 1993;
Lufkin et al., 1991). These findings imply that individuals with ASD
may have functional and/or structural abnormalities of the inner
ear, although the ears in the autopsy case were not examined. Since
all participants in this study showednormal hearing, theywouldnot
have severe abnormalities of the inner ears. However, it is possible
that minor inner ear abnormalities (e.g., higher stiffness of the basi-
larmembrane) shorten the SP latencies.Moreover, the inner ear sup-
ports the exquisite sensitivity, fine frequency tuning, and large
operating dynamic range of the ear (Burser and Imbert, 1992;
Pickles, 1988), and plays an important role in speech understanding
in noise, and the perception of loudness, and so on. Specially, the
auditory filter characteristic, which is related to speech understand-
ing in noise, could change in spite of normal hearing (Badri et al.,
2011). Taken together, it is possible that the inner ear abnormalities
contribute to not only the shortened latencies but also to the audi-
tory dysfunction in ASD, such as auditory hypersensitivity and diffi-
culty in speech understanding in noise.

The other explanation is that the shortened latencies are due to
abnormalities in the olivocochlear efferent feedback. As men-
tioned, anatomical and MRI studies have found structural abnor-
malities of the SOC of the brainstem in ASD (Ciesielski et al.,
1997; Hashimoto et al., 1992, 1995; Kulesza and Mangunay,
2008; Kulesza et al., 2011; Lukose et al., 2015; Rodier et al.,
1996; Rodier, 2000). The inner ear receives two types of efferent
feedback from the SOC: one pathway provides gain control on
the outer hair cells’ contribution to cochlear amplification, and
the other modulates the excitability of the cochlear nerve. Each
efferent feedback works to protect the inner ear from acoustic
trauma at moderate and high sound levels (Darrow et al., 2007;
Zheng et al., 1999). The sound level of stimuli used in this study
was high enough (100 dB peSPL) to activate the olivocochlear effer-
ent feedback. Taking into account the structural abnormalities of
the SOC in ASD, it is likely that the olivocochlear efferent feedback
in ASD does not work well and could not reduce the sound-induced
cochlear motion and/or the excitability of the cochlear nerve. There
are few studies of the effects of stimulus intensity on the SP
because identification of the SP is less reliable at low or intermedi-
ate stimulus levels (Burkard et al., 2007). However, it is likely that
suppression deficiency of sound-induced cochlear motion at high
sound levels leads to the shortened SP latencies.

There were no significant group differences in the absolute
wave III and V latencies or the IPLs (I-III, III-V, and I-V). It is possible
that the slight group difference observed in the SP latency was
smeared due to neuronal jitter as auditory processing progressed.
Meanwhile, a meta-analysis study reported that the prolonged
wave V latencies in young children change into shortened wave
V latencies in adults (Miron et al., 2018; Talge et al., 2018). Our
data support those findings and suggest that adults with ASD have,
at least partially, normal auditory processing in the brainstem.

The current study suggests that peripheral abnormality is asso-
ciated with ASD. This implies that researchers should shed light on
potential dysfunctions of the peripheral auditory system to under-
stand the mechanisms underlying ASDs and resulting difficulties in
daily life. Further studies are needed to identify exact sources of
the present observations and to clarify their implications in clinical
settings. Such studies might include detailed comparisons of SPs
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measured with various electrode montages (horizontal, vertical,
or others) or placements (e.g., on or near the tympanic membrane)
in a sufficiently larger population of participants than in the pre-
sent study adopting a relatively small number of participants (17
adults with ASD and 20 NT adults).
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