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Sensitivity to interaural level
and time differences in individuals
with autism spectrum disorder

Haruna Fujihiral:2*, Chihiro Itoi', Shigeto Furukawa?, Nobumasa Kato® & Makio Kashino*

Individuals with autism spectrum disorders (ASD) are reported to exhibit degraded performance in
sound localization. This study investigated whether the sensitivity to the interaural level differences
(ILDs) and interaural time differences (ITDs), major cues for horizontal sound localization, are affected
in ASD. Thresholds for discriminating the ILD and ITD were measured for adults with ASD and age-
and IQ-matched controls in a lateralization experiment. Results show that the ASD group exhibited
higher ILD and ITD thresholds than the control group. Moreover, there was a significant diversity of
ITD sensitivity in the ASD group, and it contained a larger proportion of participants with poor ITD
sensitivity than the control group. The current study suggests that deficits in relatively low-level
processes in the auditory pathway are implicated in degraded performance of sound localization in
individuals with ASD. The results are consistent with the structural abnormalities and great variability
in the morphology in the brainstem reported by neuroanatomical studies of ASD.

Autism spectrum disorder (ASD) is diagnosed on the basis of impairments in social interaction and com-
munication and restricted, repetitive behavioural patterns'. In addition to these symptoms, the majority of
individuals with ASD have some degree of auditory dysfunction, such as auditory hypersensitivity?*, auditory
hyposensitivity*®, and difficulty in speech understanding in noise®’. These atypical responses to auditory stimuli
are thought to be related to core diagnostic impairments in language and communication®'!.

Among the auditory dysfunctions in individuals with ASD, atypical sound localization is the focus of the cur-
rent study. Sound localization—the ability to identify the direction of a sound source—is critical to the survival
of a wide range of species'?. Spatial hearing can help a person orient to a talker of interest in a crowded listening
environment and thus contribute to human communication?. Difficulty in sound localization is considered to
have implications for communication, the development of social behavior, and quality of life". There is evidence
that adults with ASD show degraded performance in vertical sound localization'. A study on event-related
potentials has provided evidence of attenuated neural processing in the primary auditory cortex during a spatial
discrimination task in adults with ASD'>. Taken together, it is evident that individuals with ASD show degraded
performance in sound localization. However, detailed characteristics of the localization problems have not been
fully explored, and little information is available to elucidate its underlying mechanisms.

The subcortical auditory system plays a key role in sound localization'*!?. In particular, neurons in the two
principal nuclei of the superior olivary complex (SOC), the lateral and medial superior olives (LSO and MSO,
respectively), are considered to process mainly interaural level differences (ILDs) and interaural time differences
(ITDs), respectively, which are cues for horizontal sound localization'?. Some studies have provided evidence
of abnormalities in the human brainstem in individuals with ASD. Specifically, anatomical studies have shown
a decreased number of neurons and neural dysmorphology in the human SOC in ASD*™*®, and marked hypo-
plasia of the SOC and marked shortening of the pons in a woman with ASD®. In addition, magnetic resonance
imaging (MRI) studies have shown a reduction in the pons in individuals with ASD compared with control
individuals®'~>. There is also a large number of studies on the auditory brainstem response (ABR) in individuals
with ASD. The ABR to click sounds consists of seven positive peaks within 10 ms after the stimulus onset and
whose waves with numbers from III up to and including wave V are considered to be generated in the audi-
tory brainstem?**. It has been reported that individuals with ASD showed prolonged wave III and V latencies
compared to controls®**-*’. Recently, the amplitudes of the binaural interaction component (BIC) of the ABR, a
component obtained by summing ABRs elicited by monaural clicks to each ear and subtracting this sum from
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ASD Control t-test
Gender (female:male) 4:25 11:26 -
Age 29.6+6.4 28.5+£5.0 0.44
Full Scale IQ 104.7+£12.9 |108.3+14.5 |0.31
AQ Score 35.0+6.7 18.8+5.1 <0.001

Table 1. Demographic information of the ASD and control groups (shown as mean + standard deviation).

ASD Control Student’s t-test

Mean |[SD |Mean |[SD |t af |p
?2(:)2{512’ Cin=17) 100.5 |28.4 88.1 14.9 1.535 |27 |0.137
Cemi s Cineng) | 1975|211 | 1414|235 |-0528 |35 | 0601
%2??1 Siz Cinz1y) |2579 | 664 |3045 | 778 |-1685 |27 |0.104

Table 2. Summary of statistics of ERBs (in hertz) for ASD and control groups at each center frequency.

the ABR elicited by binaural clicks and reported to arise primarily from neurons from the LSO***, have been
reported to be significantly reduced in an ASD group compared to the control group*.

The neuroanatomical and neurophysiological evidence in individuals with ASD seems to implicate deficits
in relatively low-level processes in the auditory pathway. It is possible that individuals with ASD have abnormal
processing of ILD and ITD cues, leading to degraded performance in sound localization. Lodhia and colleagues
reported that adults with ASD showed atypical event-related potentials (e.g., object-related negativity and P400)
to stimulus that were manipulated in ILD and ITD*"*2. However, to our current knowledge, no study has provided
direct evidence that individuals with ASD have abnormal processing of ILD and ITD cues.

The present study aimed to examine whether lower level processes of auditory cues, specifically ILD and
ITD, are implicated in degraded performance of sound localization in individuals with ASD. We measured
the psychophysical sensitivity to ILD and ITD cues using a sound lateralization task. Our hypothesis was that
individuals with ASD would show lower sensitivity to the ILD and/or ITD cues than controls. The present study
also compared the diversity of the lateralization performance between ILD and ITD. Some studies on auditory
perception (e.g. frequency discrimination) have suggested the existence of a subgroup of abnormal discriminators
in ASD groups®*>*%. Furthermore, anatomical studies have reported a great variability in the morphology of the
MSO neurons in ASD!'¢-18 Tt is possible that the heterogeneity of the ASD population could also be observed in
the performance for a particular sound-localization cue (e.g., ITD). The results overall should provide insights
into not only the mechanisms behind sound-localization deficits, but also the prevalence of heterogeneity across
auditory processes in ASD individuals.

Results

Participants with ASD and controls were statistically matched for age and IQ score (shown in Table 1). All
participants had normal hearing thresholds (<25 dB HL from 125 to 8000 Hz). The frequency selectivity for
each ear also was assessed by measuring the bandwidth of auditory filters [in equivalent rectangular bandwidth
(ERB)] centered at 500, 1000, and 2000 Hz*>*. Cochlear hearing loss is often accompanied by broadened auditory
filters**3. The ERBs obtained from the ASD and control groups are summarized in Table 2. No significant differ-
ence between the two groups was found at any of the center frequencies. That is, there was neither an indication
that the participants in the present study had cochlear hearing loss nor that the auditory sensitivities attributed
to individual ears were significantly different between the ASD and control groups.

Histograms of the ILD and ITD thresholds for the ASD and control groups are shown in Fig. 1. Some outly-
ing scores were observed in the ASD and control groups (ILD: n=1 for ASD; n=1 for control. ITD: n=1 for
control). These outlying scores were above 3 standard deviations (SDs) relative to the means. Levene’s test for
equality of variance indicated a significant difference in variances of the ITD thresholds between the ASD and
control groups for outlier-excluded data (p=0.008), but did not reach the statistical significance for outlier-
included data (p=0.072). There were no significant differences in variances of the ILD thresholds between the two
groups (p=0.362 with outliers included; p =0.114 with outliers excluded). Kolmogorov-Smirnov test for outliers
excluded data showed normal distributions for the ITD thresholds (ASD: p=0.020, control: p=0.020), but not
for the ILD thresholds in the control group (ASD: p=0.170, control: p=0.001). Therefore, the non-parametric
test (Mann-Whitney U test) and parametric test (Welch’s t-test) were used for comparing the central tendency
between groups (ASD vs. control) for the ILD and ITD thresholds, respectively. Table 3 shows the medians, the
quartile deviations (QDs), and p-values related to the Mann-Whitney U test results for the ILD thresholds. The
Mann-Whitney U test showed that the ASD adults had significantly higher ILD thresholds than the control
adults (z=-2.823, p=0.005). Table 4 shows the means, the SDs, and p-values related to the Welch’s t-test results
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Figure 1. Histograms of ILD and ITD thresholds in ASD and control groups. The arrows indicate outliers.

ASD Control Mann-Whitney U test
Medi QD Medi QD P

ILD threshold (dB)
(A:n=29,C:n=37)

—

.25 0.67 | 0.66 0.41 |0.005

Table 3. Medians, quartile deviations, and p-values related to Mann-Whitney U test for the ILD thresholds.

ASD Control Welch’s t-test
Mean |SD |Mean (SD |p
Log ITD threshold (Units) (A: n=29, C: n=36) 1.21 0.33 | 1.05 0.20 | 0.028

Table 4. Means, SDs, and p-values related to Welch’s t-test for the log-transformed ITD thresholds (outliers
excluded).

for the ITD thresholds (outliers excluded). The ASD adults showed significantly higher ITD thresholds than the
control adults (t=2.274, p=0.028). These results indicate that participants with ASD exhibited poorer ILD and
ITD sensitivity than the controls.

There was a significant diversity in participants with ASD for the ITD thresholds as shown in the results of
the Levene’s test. These observations are in line with the notion that an ASD group can consist of subgroups with
normal and abnormal performance, as reported by Jones et al.*}, who showed the existence of an ASD subgroup
with “exceptional” auditory skills. Following Jones et al.**, we defined subgroups of poor and good performers
as those exhibiting thresholds that were above and below 2 SDs, respectively, relative to the mean of the control
group (outliers excluded). Seven adults in the ASD group (24.1% of the ASD group) demonstrated high ITD
thresholds (i.e., poor performers), while only one adult in the control group (2.7% of the control group) fell in
that subgroup. This difference is statistically significant (Fisher’s exact test, p=0.018), indicating that the ASD
group was significantly associated with high ITD thresholds. There were no good performers (i.e., low threshold)
in the ASD group, while one adult in the control group (2.7% of the control group) fell in that subgroup. There
was no significant difference in low ITD thresholds between the ASD and control groups (p=1.000, Fisher’s exact
test). Taken together, there was a significant diversity of ITD sensitivity in the ASD group, and it contained a
larger proportion of participants with poor ITD sensitivity than the control group.

As in the analyses for ITD, we defined poor and good performers in terms of ILD thresholds, based on the
mean and SD for the control group. There were no significant differences between the ASD and control groups
in high ILD thresholds (20.7% of the ASD group, 8.1% of the control group; p=0.166) or low thresholds (no
applicable participant).

We also examined the relationship between the ILD and ITD thresholds using Spearman’s correlation coef-
ficients (r,) across data from the ASD and control groups. There were significant correlations between ILD and
ITD thresholds in the ASD group (r,=0.555, p=0.002) and the control group (r,=0.471, p=0.003). Figure 2
shows the relationship between the ILD and ITD thresholds. The correlations were significant even though the
outliers were excluded (ASD: r,=0.506, p=0.006; control: r,=0.406, p=0.015).

Discussion

The current study provides the first evidence of abnormal sensitivity to the ILD and ITD in participants with ASD.
Participants with ASD tended to exhibit poorer ILD and ITD sensitivity than the controls. Moreover, there was
a significant diversity of ITD sensitivity in the ASD group, i.e., it contained a larger proportion of participants
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Figure 2. Scatter plots of ILD thresholds versus ITD thresholds in ASD group (left) and control group (right).

with poor ITD sensitivity than the control group. Such diversity was not observed in ILD sensitivity. The findings
suggest that deficits in the processing of ILD and ITD cues underlies the degraded performance in horizontal
sound localization in individuals with ASD.

The overall results indicate that participants with ASD have poor sensitivity to the ILD and ITD relative to
controls. This could be because participants with ASD have deficits in processing at the low level (e.g., the brain-
stem). Studies on albino cats, which exhibit abnormalities of MSO neurons, have shown poor ITD sensitivity at
the level of the auditory midbrain*® and behavioral deficits in sound localization®®. Anatomical studies indicate a
decreased number of neurons and neural dysmorphology in the human SOC in ASD (e.g. LSO'”*® and MSO'*""),
suggesting brainstem immaturity or arrested development'**!. Physiological studies showed prolonged wave
I1I and V latencies and reduced amplitudes of BIC of ABRs in individuals with ASD?**¥, indicating abnormal
neural synchrony in the brainstem. Our finding of poor sensitivity to the ILD and ITD in the ASD group may
be caused by these anatomical and neurophysiological abnormalities.

We observed a significant diversity in participants with ASD for the ITD thresholds but not for the ILD
thresholds. This discrepancy in the threshold distribution between ILD and ITD indicates that the effect of ASD
is different for neural mechanisms responsible respectively for the two cues, e.g., LSO and MSO. Our result for
the ITD thresholds is in line with anatomical studies demonstrating a great variability in the morphology of the
MSO neurons in ASD'®. It can be regarded as psychophysical evidence supporting structural abnormalities in
the brainstem reported in neuroanatomical studies of ASD.

Our results indicate that lower level (or cue-processing-level) mechanisms in the auditory pathway are
implicated in the degraded performance of sound localization in individuals with ASD. Contributions of the
higher level processes, however, remain possible. We observed significant correlations between the ILD and ITD
thresholds in both the ASD and control groups, suggesting that ILD- and ITD-based lateralization performance
depends on a common mechanism, at least partly. Similar correlation between the ILD and ITD thresholds was
also found in the control group of the current study, and has also been reported in a past study with normal-
hearing participants®. A candidate for the “common mechanism” is a higher level sensory process where infor-
mation about ILD and ITD has been integrated, or a non-sensory cognitive process (it should be recalled that
the current lateralization tasks employed a common a two-interval two-alternative forced-choice [2I-2AFC]
procedure, which requires working memory). It should be reminded that participants were given common
instruction (to indicate the laterality of the stimulus in the second interval relative to that in the first interval) in
the ILD and ITD measurement. It is, however, difficult to account for the differences between the distributions
of ITD and ILD thresholds, by such a common mechanism.

The ASD group contained a larger proportion of participants with poor ITD sensitivity than the control
group, indicating the existence of subgroups. Several studies have classified individuals with ASD into subgroups
based on cognitive-behavior characteristics®, neurophysiological characteristics™, and auditory skills>****, The
current finding on the diversity in ITD sensitivity adds a new insight into the pathogenesis and/or neurologic
mechanism of ASD.

Methods

Participants. Thirty-one high-functioning adults with ASD and 40 control adults participated in the study.
Two ASD adults and three control adults were excluded because of hearing loss>30-dB HL at one or more
frequencies (n=2 for ASD; n=2 for control) or a full IQ score (assessed by WAIS-IIT) < 70 (control: n=1). Final
participants included 29 high-functioning adults with ASD (aged 20-45 years) and 37 control adults (aged
20-37 years). They were statistically matched in age and the full IQ score (shown in Table 1).

The ASD participants were recruited from outpatient units of Karasuyama Hospital, Tokyo, Japan. The diag-
nosis 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-IV-TR and DSM-V). The control
adults had no history of psychiatric illness or neurological disorders. Autism Spectrum Quotient (AQ) scores
were obtained from all participants®. The AQ scores in the ASD group were higher than those in the control
group (shown in Table 1).

The experiment was approved by the Ethical Committees of the NTT Communication Science Laboratories
and was conducted in accordance with the Declaration of Helsinki. All participants signed written informed
consent and were paid for their time.

Scientific Reports |

(2022) 12:19142 | https://doi.org/10.1038/s41598-022-23346-y nature portfolio



www.nature.com/scientificreports/

Apparatus and procedure. The stimuli for all tasks were generated digitally by a personal computer, trans-
formed by an audio interface (Syntax, FirefaceUCX), and presented through headphones (Sennheiser, HDA200).
All participants were tested in the same order on the following tasks: ILD threshold measurement, ITD threshold
measurement, and auditory filter measurement. A 2I-2AFC task with feedback was used for all measurements.
In the ILD and ITD threshold measurements, participants were required to indicate the laterality of the stimulus
in the second interval relative to that in the first interval. In the auditory filter measurement, participants indi-
cated the interval containing the pure-tone signal. Participants used a computer mouse and reported the answer
by selecting from choices displayed on a computer monitor. All participants were given a couple of practice runs
prior to data collection and were checked whether they could understand the tasks.

ILD threshold measurement. Sensitivity to the ILD was measured in a lateralization discrimination
experiment. The stimulus was a 400-ms bandpass-filtered noise (passband: 250-4000 Hz), including 50-ms
raised-cosine onset and offset ramps. The 2I-2AFC procedure was used, in which the stimulus was presented
bilaterally at a sound pressure level (SPL) of 65 dB (mean of the two ears) in each of the two intervals, separated
by 200 ms. In the first interval, an ILD was presented favoring one side (i.e., higher in level), and in the second
interval an ILD of the same level favored the other side, with the order randomized across trials. A two-down
one-up stepping rule was used to track 70.7% correct performance®. The initial ILD was set to 3 dB. The step
size was changed by 0.5 dB until the first reversal, by 0.25 dB until the third reversal, and by 0.125 dB thereafter.
A run was terminated after 12 reversals, and the threshold was estimated as the mean of the threshold at the last
eight reversals. Two threshold estimates were obtained, and a third estimate was obtained when the difference
of the two thresholds exceeded 1 dB. The ILD threshold was taken as the mean of these two (or three) values.

ITD threshold measurement. As in the ILD threshold measurement, a 400-ms bandpass-filtered noise
with 65-dB SPL was used for the ITD threshold measurement, except that the onset and offset ramps had a dura-
tion of 100 ms. In the first interval, an ITD was presented favoring one side (i.e., advanced in time), and in the
second interval an ITD of the same magnitude favored the other side, with the order randomized across trials.
The two-down one-up stepping rule was also used for the ITD threshold measurement. The initial ITD was set
to 40 ps. The step size was changed by a factor of 10°? until three reversals, and by a factor of 10°*° thereafter. A
run was terminated after 12 reversals, and the threshold was estimated as the geometric mean of the threshold
at the last eight reversals. Two threshold estimates were obtained, and a third estimate was obtained when the
difference of the two thresholds exceeded 5 ps. The ITD threshold was taken as the mean of these two (or three)
values.

Auditory filter measurement. Auditory-filter shapes were estimated by using a notched-noise masking
method®. The signals were 200-ms pure tones with frequencies of 500, 1000, and 2000 Hz. The 400-ms notched
noise was presented at 65-dB SPL. The signal and noise were ramped on and off with 20-ms raised-cosine ramps
and were presented to the right ear. The detection threshold for the signal tone was measured at six relative
notch widths g=Af/fc: 0.01, 0.05, 0.1, 0.2, 0.3, and 0.4, where Af is the notch width and fc is the signal frequency.
Following the method reported by Santurette and Dau (2007), the lower and upper cut-off frequencies of the
noise were set to fc (0.6—g) and fc (1.4+g), respectively. The 2I-2AFC procedure was used for the threshold
measurement. In each trial, the two intervals contained the notched noise, and one randomly chosen interval
also contained the tone signal. The two-down one-up stepping rule was also used, in which the initial presenta-
tion level of the signal was 75-dB SPL. The step size was changed by 8 dB until the first reversal, by 4 dB until the
third reversal, by 2 dB until the fifth reversal, and by 1 dB thereafter. A run was terminated after 12 reversals, and
the threshold was estimated as the mean of the threshold at the last eight reversals. Two threshold estimates were
obtained, and a third estimate was obtained when the range of the two thresholds exceeded 10 dB. The mean of
these two (or three) threshold value was calculated as a function of the relative notch width g for each subject.
A rounded-exponential filter*® was fitted to the experimental data using a least-squares fit. The ERB was then
derived from the parameters of the fitted filter.

Some participants (n=12 for ASD: 41.4% of ASD; n=17 for controls: 45.9% of controls) were assigned to
the measurements for the auditory filter at the center frequencies of 500 and 2000 Hz, whereas others (n=17 for
ASD: 58.6% of ASD; n=20 for controls: 54.1% of controls) were assigned to the measurements for the auditory
filter at only one center frequency of 1000 Hz due to time constraints.

Data analysis. All statistical analyses were conducted with SPSS software version 23 (SPSS Inc., Chicago, IL,
USA). When computing the means and SDs (Table 4) or plotting a histogram (Fig. 1), a log transformation (to
base 10) was applied to the ITD threshold data to make the data close to normal distribution.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.

Received: 28 March 2022; Accepted: 30 October 2022
Published online: 09 November 2022

References
1. American Psychiatric Association. Diagnostic and statistical manual of mental disorders (5th ed.). (Washington, DC, 2013).

Scientific Reports |

(2022) 12:19142 | https://doi.org/10.1038/s41598-022-23346-y nature portfolio



www.nature.com/scientificreports/

W

w

18.
19.
20.
21.
22.
23.
24.
25.
. Rosenblum, S. M. et al. Auditory brainstem evoked responses in autistic children. J. Autism Dev. Disord. 10(2), 215-225 (1980).
27.
28.
29.

30.
31.

32.
33.
34.
35.
36.

37.
38.

39.
40.
41.
42.
43.
44,

45.
46.

47.

48.

. Rosenhall, U, Nordin, V., Sandstrom, M., Ahlsen, G. & Gillberg, C. Autism and hearing loss. J. Autism Dev. Disord. 29, 349-357

(1999).

. Khalfa, S. et al. Increased perception of loudness in autism. Hear. Res. 198, 87-92 (2004).
. Danesh, A. A. et al. Tinnitus and hyperacusis in autism spectrum disorders with emphasis on high functioning individuals diag-

nosed with Asperger’s syndrome. Int. J. Pediatr. Otorhinolaryngol. 79, 1683-1688 (2015).

. Tan, Y.-H. et al. Auditory abnormalities in children with autism. Open J. Psychiatry 2, 33-37 (2012).
. Alcantara, J. I, Weisblatt, E. J. L., Moore, B. C. J. & Bolton, P. F. Speech-in-noise perception in high-functioning individuals with

autism or Asperger’s syndrome. J. Child Psychol. Psychiatry 45, 1107-1114 (2004).

. O’Connor, K. Auditory processing in autism spectrum disorder: A review. Neurosci. Biobehav. Rev. 36, 836-854 (2012).
. Bonnel, A. et al. Enhanced pitch sensitivity in individuals with Autism: A signal detection analysis. J. Cogn. Neurosci. 15(2), 226-235

(2003).

. Heaton, P, Williams, K., Cummins, O. & Happé, F. Autism and pitch processing splinter skills: A group and subgroup analysis.

Autism 12,203-219 (2008).

. Stevenson, R. A. et al. Brief report: Arrested development of audiovisual speech perception in autism spectrum disorders. J. Autism

Dev. Dis. 44(6), 1470-1477 (2014).

. Skewes, J. C. & Gebauer, L. Brief report: Suboptimal auditory localization in autism spectrum disorder: Support for the Bayesian

account of sensory symptoms. J. Autism Dev. Disord. 46, 2539-2547 (2016).

. Grothe, B., Pecka, M. & McAlpine, D. Mechanisms of sound localization in mammals. Physiol. Rev. 80, 983-1012 (2010).
. Middlebrooks, J. C. Sound localization. Handb. Clin. Neurol. 129, 99-116 (2015).
. Visser, E. et al. Atypical vertical sound localization and sound-onset sensitivity in people with autism spectrum disorders. J. Psy-

chiatry Neurosci. 38(6), 398-406 (2013).

. Teder-Silejarvi, W. A, Pierce, K. L., Courchesne, E. & Hillyard, S. A. Auditory spatial localization and attention deficits in autistic

adults. Brain Res. Cogn. Brain Res. 23, 221-234 (2005).

. Kulesza, R. J. & Mangunay, K. Morphological features of the medial superior olive in autism. Brain Res. 1200, 132-137 (2008).
. Kulesza, R. J. Jr., Lukose, R. & Stevens, L. V. Malformation of the human superior olive in autistic spectrum disorders. Brain res.

1367, 360-371 (2011).

Lukose, R., Beebe, K. & Kulesza, R. J. Jr. Organization of the human superior olivary complex in 15q duplication syndromes and
autism spectrum disorders. Neuroscience 286, 216-230 (2015).

Mansour, Y. & Kulesza, R. Three dimensional reconstructions of the superior olivary complex from children with autism spectrum
disorder. Hear. Res. 393, 107974 (2020).

Rodier, P. M., Ingram, J. L., Tisdale, B., Nelson, S. & Romano, J. Embryological origin for autism: Developmental anomalies of the
cranial nerve motor nuclei. J. Comp Neurol. 370, 247-261 (1996).

Ciesielski, K. T., Harris, R. J., Hart, B. L. & Pabst, H. E. Cerebellar hypoplasia and frontal lobe cognitive deficits in disorders of early
childhood. Neuropsychologia 35(5), 643-655 (1997).

Hashimoto, T. et al. Reduced brainstem size in children with autism. Brain Dev. 14, 94-97 (1992).

Hashimoto, T. et al. Development of the brainstem and cerebellum in autistic patients. J. Autism Dev. Disord. 25, 1-18 (1995).
Parkkonen, L., Fujiki, N. & Mikeld, J. P. Sources of auditory brainstem responses revisited: Contribution by magnetoencephalog-
raphy. Hum. Brain Map. 30, 1772-1782 (2009).

Eggermont, J. J. Auditory brainstem response. Handb. Clin. Neurol. 160, 451-464 (2019).

Skoff, B. E,, Mirsky, A. F. & Turner, D. Prolonged brainstem transmission time in autism. Psychiatry Res. 2, 157-166 (1980).
Taylor, M. J., Rosenblatt, B. & Linschoten, L. Auditory brainstem response abnormalities in autistic children. J. Can. Sci. Neurol.
9, 429-434 (1982).

Maziade, M. et al. Prolongation of brainstem auditory-evoked responses in autistic probands and their unaffected relatives. Arch.
Gen. Psychiatry 57, 1077-1083 (2000).

Rosenhall, U, Nordin, V., Brantberg, K. & Gillberg, C. Autism and auditory brain stem responses. Ear Hear. 24(3), 206-214 (2003).
Kwon, S., Kim, J., Choe, B. H., Ko, C. & Park, S. Electrophysiologic assessment of central auditory processing by auditory brainstem
responses in children with autism spectrum disorders. J. Korean Med. Sci. 22, 656-659 (2007).

Magliaro, E C. L., Scheuer, C. L, Junior, E B. A. & Matas, C. G. Study of auditory evoked potentials in autism. Pro Fono 22(1),
31-37 (2010).

Roth, D. A., Muchnik, C., Shabtai, E., Hildesheimer, M. & Henkin, Y. Evidence for atypical auditory brainstem responses in young
children with suspected autism spectrum disorders. Dev. Med. Child Neurol. 54, 23-29 (2012).

Cohen, I. L. et al. Neonatal brainstem function and four-month arousal modulated attention are jointly associated with autism.
Autism Res. 6, 11-22 (2013).

Azouz, H. G., Kozou, H., Khalil, M., Abdou, R. M. & Sakr, M. The correlation between central auditory processing in autistic
children and their language processing abilities. Int. J. Pediatr. Otorhinolaryngol. 78(12), 2297-2300 (2014).

Ververi, A., Vargiami, E., Papadopoulou, V., Tryfonas, D. & Zafeiriou, D. I. Brainstem auditory evoked potentials in boys with
autism: Still searching for the hidden truth. Iran. J. Child Neurol. 9(2), 21-28 (2015).

Miron, O. et al. Prolonged auditory brainstem responses in infants with autism. Autism Res. 9, 689-695 (2016).

Benichoux, V., Ferber, A., Hunt, S., Hughes, E. & Tollin, D. Across species “natural ablation” reveals the brainstem source of a
noninvasive biomarker of binaural hearing. J. Neurosci. 38, 8563-8573 (2018).

Tolnai, S. & Klump, G. M. Evidence for the origin of the binaural interaction component of the auditory brainstem response. Eur.
J. Neurosci. 51, 598-610 (2020).

ElMoazen, D., Sobhy, O., Abdou, R. & Ismail, H. Binaural interaction component of the auditory brainstem response in children
with autism spectrum disorder. Int. J. Pediatr. Otorhinolaryngol. 131, 109850 (2020).

Lodhia, V., Brock, J., Johnson, B. W. & Hautus, M. J. Reduced object related negativity response indicates impaired auditory scene
analysis in adults with autistic spectrum disorder. Peer J. 2, €261 (2014).

Lodhia, V., Hautus, M. J., Johnson, B. W. & Brock, J. Atypical brain responses to auditory spatial cues in adults with autism spectrum
disorder. Eur. J. Neurosci. 47(6), 682-689 (2018).

Jones, C. R. et al. Auditory discrimination and auditory sensory behaviours in autism spectrum disorders. Neuropsychologia 47,
2850-2858 (2009).

Kargas, N., Lopez, B., Reddy, V. & Morris, P. The relationship between auditory processing and restricted, repetitive behaviors in
adults with autism spectrum disorders. J. Autism Dev. Disord. 45, 658-668 (2015).

Patterson, R. D. Auditory filter shapes derived with noise stimuli. J. Acoust. Soc. Am. 59, 640-654 (1976).

Patterson, R. D., Nimmo-Smith, I., Weber, D. L. & Milroy, R. The deterioration of hearing with age: Frequency selectivity, the
critical ratio, the audiogram, and speech threshold. J. Acoust. Soc. Am. 72, 1788-1803 (1982).

Glasberg, B. R. & Moore, B. C. J. Auditory filter shapes in subjects with unilateral and bilateral cochlear impairments. J. Acoust.
Soc. Am. 79, 1020-1033 (1986).

Dubno, J. R. & Dirks, D. D. Auditory filter characteristics and consonant recognition for hearing-impaired listeners. J. Acoust. Soc.
Am. 85,1666-1675 (1989).

Scientific Reports |

(2022) 12:19142 | https://doi.org/10.1038/s41598-022-23346-y nature portfolio



www.nature.com/scientificreports/

49. Yin, T. C,, Carney, L. H. & Joris, P. X. Interaural time sensitivity in the inferior colliculus of the albino cat. J. Comp. Neurol. 295,
438-448 (1990).

50. Heffner, R. S. & Heflner, H. E. Auditory function in albino cats. Assoc. Res. Otolaryngol. 10, 217 (1987).

51. Mansour, Y., Burchell, A. & Kulesza, R. J. Central auditory and vestibular dysfunction are key features of autism spectrum disorder.
Front. Integr. Neurosci. 15, 743561 (2021).

52. Ochi, A., Yamasoba, T. & Furukawa, S. Contributions of coding efficiency of temporal-structure and level information to lateraliza-
tion performance in young and early-elderly listeners. Exp. Med. Biol. 894, 19-28 (2016).

53. Bitsika, V., Sharpley, C. E & Orapeleng, S. An exploratory analysis of the use of cognitive, adaptive and behavioural indices for
cluster analysis of ASD subgroups. J. Intellect. Disabil. Res. 52(11), 973-985 (2008).

54. Chen, J. et al. Dysfunction of the auditory brainstem as a neurophysiology subtype of autism spectrum disorder. Front. Neurosci.
15, 637079 (2021).

55. Wakabayashi, A., Baron-Cohen, S., Wheelwright, S. & Tojo, Y. The autism-spectrum quotient (AQ) in Japan: A cross-cultural
comparison. J. Autism Dev. Disord. 36, 263-270 (2006).

56. Levitt, H. Transformed up-down methods in psychoacoustics. J. Acoust. Soc. Am. 49, 467-477 (1971).

57. Santurette, S. & Dau, T. Binaural pitch perception in normal-hearing and hearing-impaired listeners. Hear. Res. 223, 29-47 (2006).

Acknowledgements
We would like to express our gratitude to all the participants for their cooperation. This study was supported by
a Restart Postdoctoral Fellowship from the Japan Society for the Promotion of Science (JSPS) for H.E.

Author contributions

H.F, S.E. and M.K. conceived the study and designed the experiments; H.E, C.I. and N.K. performed the experi-
ments; H.F. analyzed the data; H.F,, S.F. and M.K. wrote the paper. All authors read and approved the final
manuscript.

Funding
The funding was provided by Japan Society for the Promotion of Science (Grant No. 20J40247).

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to H.E

Reprints and permissions information is available at www.nature.com/reprints.

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

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

o License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:19142 | https://doi.org/10.1038/s41598-022-23346-y nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Sensitivity to interaural level and time differences in individuals with autism spectrum disorder
	Results
	Discussion
	Methods
	Participants. 
	Apparatus and procedure. 
	ILD threshold measurement. 
	ITD threshold measurement. 
	Auditory filter measurement. 
	Data analysis. 

	References
	Acknowledgements


