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Autism spectrum disorder (ASD) is very heterogeneous, particularly in language. Studies
have suggested that language impairment is linked to auditory-brainstem dysfunction
in ASD. However, not all ASD children have these deficits, which suggests potential
subtypes of ASD. We classified ASD children into two subtypes according to their
speech-evoked auditory brainstem response (speech-ABR) and explored the neural
substrates for possible subtypes. Twenty-nine children with ASD and 25 typically
developing (TD) peers were enrolled to undergo speech-ABR testing and structural
magnetic resonance imaging (sMRI). There were significant differences between the
ASD group and TD group in surface area, cortical volume and cortical thickness.
According to speech-ABR results, ASD participants were divided into the ASD-typical
(ASD-T) group and ASD-atypical (ASD-A) group. Compared with the ASD-T group, the
ASD-A group had a lower score in language of the Gesell Developmental Diagnosis
Scale (GDDS), increased left rostral middle frontal gyrus (lRMFG) area and decreased
local gyrification index of the right superior temporal gyrus. GDDS-language and surface
area of lRMFG were correlated to the wave-A amplitude in ASD. Surface area of lRMFG
had an indirect effect on language performance via alteration of the wave-V amplitude.
Thus, cortical deficits may impair language ability in children with ASD by causing
subcortical dysfunction at preschool age. These evidences support dysfunction of the
auditory brainstem as a potential subtype of ASD. Besides, this subtype-based method
may be useful for various clinical applications.

Keywords: autism spectrum disorder, subtype, speech-ABR, neuroimaging, mediation, neurophysiology

Abbreviations: ASD, autism spectrum disorder; ABR, auditory brainstem response; speech-ABR, speech-evoked auditory
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INTRODUCTION

Autism spectrum disorder (ASD) is a neurodevelopmental
disorder involving deficits in social communication and
restricted and repetitive behaviors, with an onset prior to
3 years of age (American Psychiatric Association, 2013). The
heterogeneity of individuals with ASD in clinical presentations
poses a significant challenge for the interpretability and
replicability of research studies (Grzadzinski et al., 2013).
Identifying potential subtypes may provide insight into the
pathogenesis and/or neurologic mechanism of ASD.

Over the past several decades, researchers have made great
efforts to find ways to categorize ASD heterogeneity (Grzadzinski
et al., 2013). Classifying individuals with ASD into different
groups based on clinical symptoms is one of most widely used
methods (Heaton et al., 2008; Deboth and Reynolds, 2017).
Besides, numerous studies have used clustering analyses to
distinguish different subtypes based on cognitive-behavior and
neuropsychology characteristics (Bitsika et al., 2008; Sacco et al.,
2012). However, attempts to assign subtypes to individuals with
ASD have been largely unsuccessful because distinct, empirically
defined subgroups have yet to be identified reliably.

There is an absence of neurobiological evidence for why
individuals with ASD present symptoms of varying severity.
However, paying attention to the phenotypic behavioral
heterogeneity of language in early development is important
(Anderson et al., 2007; Pickles et al., 2014). One important reason
is that, even though the language trajectories of ASD cases in
the first years of life are highly unstable, these trajectories in
early childhood are relatively stable and predictive of long-term
outcome (Lombardo et al., 2015). Numerous neuroimaging
studies have found that abnormalities in the cortex and/or
subcortex may be neural mechanisms causing language deficits
in ASD (Russo et al., 2008; De Fossé et al., 2010). Nevertheless,
the degree of language impairment of individuals with ASD is
vastly heterogeneous (Kjelgaard and Tager-Flusberg, 2001). Thus,
better understanding of the language-related subtype of ASD in
early childhood may help to reveal the neural mechanism that
underlies language impairment in such children.

The auditory brainstem response (ABR) is a far-field
electric potential measured from the scalp reflecting the
electrophysiological activity of the subcortical auditory pathway
from the distal portion of the auditory nerve to higher
midbrain structures (Skoe et al., 2015). The speech-evoked
auditory brainstem response (speech-ABR) is a response to
complex sound, and can provide cues as to how temporal
and spectral features are preserved in the brainstem (Anderson
et al., 2010). Compared with use of questionnaires, the speech-
ABR (as an electrophysiological indicator) is more objective,
quantitative, non-invasive, precise, and appropriate for varying
levels of function. Studies have shown that an abnormal pattern
of ABR waveforms in ASD children indicates dysfunction
at the subcortical level (Russo et al., 2010a; Miron et al.,
2018). More importantly, auditory brainstem function has been
linked to language impairment (Banai et al., 2005; Wible
et al., 2005; Johnson et al., 2007). However, those results have
been contradictory, involving prolongation, shortening, and no

abnormalities in the latency and/or amplitude of waveforms
(Klin, 1993; Miron et al., 2017). Besides, not all ASD children
have subcortical auditory deficits (Russo et al., 2010a), and
the exact percentage needs to be obtained by large-sample
studies. These findings suggest there are potential auditory
subcortical processing-related subtypes of ASD children linked
to language impairment.

Functional neuroimaging studies in the past decade have
provided evidence that the cortico–subcortical network
contributes to auditory, speech and language functions
(Dick et al., 2014). According to the theory of corticofugal
systems (Winer, 2005), the cortex may provide an inevitable
contribution to the subcortex during auditory processing
(Yan and Ehret, 2002; Chandrasekaran and Kraus, 2010).
Furthermore, numerous studies have found abnormalities in the
cortex and subcortex levels of ASD cases, and these abnormalities
have been related to language impairment (Brambilla et al.,
2003; Bauman and Kemper, 2005). Taken together, those
findings suggest the possibility of interactions among the cortex,
subcortex, and language in ASD children, but little empirical
evidence is available.

In the present study, we subcategorized participants with ASD
by the speech-ABR. Then, we used structural magnetic resonance
imaging (sMRI) to find the neural substrates for a possible
subtype of the subcortical auditory function in ASD. Finally, we
explored the interactive relationship among the cortex, subcortex,
and language. We hypothesized that: (i) two distinct subtypes
in a population of ASD cases aged 3–6 years would have
significant differences in language scores; (ii) there would be
significant differences in brain structure among ASD subtypes
and typically developing (TD) children; and (iii) structural
differences of ASD subgroups would interact with the function of
the subcortex and language in ASD children (hypothesized model
see Supplementary Figure 1).

MATERIALS AND METHODS

Ethical Approval of the Study Protocol
The study protocol was approved by the Research Ethics Board
of Affiliated Shenzhen Maternity & Child Healthcare Hospital
(ASMCHH; Shenzhen, China). For ASD children who met the
inclusion criteria, relevant researchers informed the parents of
the research content, and invited them to participate in the
present study. Written informed consent was obtained from the
parents of children enrolled in our study.

Participants
Twenty-five TD and thirty ASD children between 3 and 6 years
of age were recruited from department of Child Psychiatry
and Rehabilitation, Affiliated Shenzhen Maternity & Child
Healthcare Hospital (Guangdong, China). All ASD participants
were diagnosed by child psychiatrists with extensive experience
at ASMCHH, and met the criteria for ASD using the Autism
Diagnostic Observational Schedule (ADOS) and Diagnostic and
Statistical Manual, Fifth Edition (DSM-5) of the American
Psychiatric Association (2013). Child psychiatrists recommended
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these children undergo magnetic resonance imaging (MRI) to
exclude organic brain disorders.

All participants passed hearing screenings at birth and had
good hearing sensitivity bilaterally (<25 dB HL from 500 to
4,000 Hz). Besides, all participants were screened to ensure that
they met the inclusion criteria: (i) met criteria of autistic disorder
using both the ADOS and DSM-5 criteria; (ii) age of 3–6 years;
(iii) no diseases of the acoustic meatus or hearing disorders; (iv)
no history of epilepsy or head injury; and (v) no combined other
neurodevelopmental disorders. Age-matched TD participants
were screened with questionnaires. Individuals with a family
history of any neuropsychiatric disorder (e.g., autism, learning
disability, affective disorders, schizophrenia, and epilepsy) were
excluded. All parents of participants were informed of the need
to add a three-dimensional (3D) scan sequence, speech-ABR, and
relevant clinical evaluation.

Clinical Evaluation
ADOS
The ADOS is a semi-structured, standardized interaction-and-
observation tool that measures autism symptoms for individuals
with possible autism or other pervasive developmental disorders
(Lord, 1989). Each module contains standard activities and
materials that allow examiners to assess the developmental and
language levels of participants (Stacy et al., 2012).

Childhood Autism Rating Scale
The Childhood Autism Rating Scale (CARS) is a behavior-
observation instrument which differentiates people with ASD
from those with other developmental disorders (Schopler et al.,
1980; Chlebowski et al., 2010). The instrument consists of
15 domains (14 domains assessing behaviors associated with
autism and one domain assessing the general impressions of
autism) rated on a seven-point scale from “normal” to “severely
abnormal.” The total score of all domains is evaluated, which is
useful as a continuous measure of autism severity.

Gesell Developmental Diagnosis Scale
The Gesell Developmental Diagnosis Scale (GDDS) can be
used to evaluate the developmental status of infants and young
children from the age of 0 to 72 months (Westman, 1976; Raheli
et al., 2009). GDDS assesses different aspects of developmental
(including adaptive, gross motor, fine motor, language, and
personal–social) abilities (Meinzen et al., 2010). Each participant
was assigned a developmental quotient (DQ). This is the ratio
between the developmental age and chronological age in each
of the five specific domains. DQ ≥ 76 was considered “normal”;
55–75 denoted “mild retardation”; 40–54 indicated “moderate
retardation”; ≤39 reflected “severe retardation.”

Speech-ABR
The stimulus comprised the five first formants of the syllable
/da/, including consonant /d/ and vowel /a/. The /da/ was
40 ms in duration, and synthesized by a Klatt (1980) synthesizer
at a rate of 10 kHz. Laterality can affect the speech-ABR, so
the stimulus was presented monaurally (right ear) (Hornickel
and Skoe, 2009). The stimulus intensity was 80 dB sound

pressure level with a presentation rate of 10.9 stimuli/s through
headphones. The default stimulus was provided using Biological
Marker of Auditory Processing (BioMARK) software (Boise, ID,
United States). Recording of the speech-ABR took place in an
electrophysiology room at ASMCHH. The Navigator PRO system
(Bio-logic Systems, Mundelein, IL, United States) and BioMARK
software were used to record the speech-ABR. Three sweeps
of 3000 stimuli were recorded and grand-averaged for each
participant to improve the signal-to-noise ratio. The parameters
used to obtain the speech-ABR have been used in our previous
study (Chen et al., 2019).

Criteria for subtypes
Biological Marker of Auditory Processing is a testing
protocol developed by Auditory Neuroscience Laboratory
of Northwestern University (Evanston, IL, USA). The parameters
evaluated for the speech-ABR were the: latency of wave-V;
latency of wave-A; V/A slope; first formant frequencies; higher
frequencies (Billiet and Bellis, 2011; Sanfins et al., 2015). The
BioMARK score was obtained as a composite score derived from
all five parameters that it assessed. There were different scoring
criteria in different age groups. At the age of 3–4 years, a score
of ≤3 was considered to be “normal” and a score from 4 to 22
was considered “abnormal.” At the age of 5–12 years, a score
of ≤7 was considered “normal” and a score from 8 to 22 was
considered “abnormal.” According to whether the speech-ABR
was normal or abnormal, ASD participants were divided into
the ASD-atypical (ASD-A) group or ASD-typical (ASD-T)
group. According to BioMARK scores, ASD participants were
divided into the ASD-A group (n = 15) and ASD-T group
(n = 15). The BioMARK score was normal for all TD children.
The ASD-T, ASD-A, and TD groups were matched on age.
Relevant demographic information is shown in Table 1. The
grand-average waveforms of the speech-ABR between the two
subgroups were illustrated in Figure 1.

Acquisition of MRI Data
For ASD participants who could cooperate to undergo MRI, 10%
chloral hydrate (0.75 mL/kg, p.o.) was used for sedation. All
ASD children were sedated for MRI according to the sedation
protocol set by the Department of Radiology of ASMCHH. The
imaging data of TD children were collected during natural sleep
at night without use of sedation. High-resolution T1-weighted
MRI sequences were obtained on a 1.5-T Magnetom Symphony
Maestro Class Syngo MR 2002B scanner (Siemens, Munich,
Germany) with echo time = 3.30 ms, repetition time = 10 ms, flip
angle = 15◦, 180 slices, and in-plane voxel size = 1 mm × 1 mm.

TABLE 1 | Demographic information of ASD and TD participants.

ASD ASD-T ASD-A TD F p

Number 29 15 14 25

Male:female 27:2 13:2 14:0 17:8

Age (years) 4.51 ± 1.20 4.17 ± 1.00 4.71 ± 1.22 4.63 ± 0.56 1.332 0.270

Data are the mean ± SD.
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FIGURE 1 | Comparison of the brainstem response to speech in the ASD-T group (solid line) and ASD-A group (dotted line).

Following visual assessment of MRI data and output from the
FreeSurfer image analysis suite1, the raw data from one ASD
participant which were of insufficient quality were excluded.
Hence, the final analysis comprised data from 29 ASD cases and
25 TD participants.

Processing of MRI Data
T1-weighted images were processed using FreeSurfer v6.0.0.
Cortical reconstruction for each participant was examined
slice-by-slice to identify inaccuracies in surface placement.
Inaccuracies were corrected or excluded by a single experienced
FreeSurfer user. The details of these procedures are described
elsewhere (Wallace et al., 2013). Surface area, cortical thickness,
and cortical volume were measured automatically at each
FreeSurfer surface vertex. The local gyrification index is a
3D surface-based measure of the degree of cortical folding
(which is the ratio of the cortical surface area within the sulcal
folds relative to the amount of cortex on the outer visible
cortex). The local gyrification index was measured using an
added flag to the FreeSurfer reconstruction-processing stream
(Schaer et al., 2008).

Statistical Analyses
Group differences in the latency and amplitude of speech-ABR
were assessed using one-way analysis of variance (ANOVA) with
the diagnostic group as a three-level (ASD-A, ASD-T and TD)
factor adjusted for multiple comparisons. If the main effect
of the group was significant, post hoc pairwise comparisons
were conducted using the Bonferroni correction. The complete
characterization and compare of speech-ABR among three group
were reported in Table 2. A between-group analysis using a
two-sample t-test was undertaken to detect differences in scores
for the ADOS, CARS, GDDS, and speech-ABR between the
ASD-A group and ASD-T group. A two-step general linear
model was used to estimate the difference in surface area,
cortical thickness, cortical volume and the local gyrification

1http://surfer.nmr.mgh.harvard.edu/

index between two groups, including ASD and TD, ASD-A and
TD, ASD-T and TD, and ASD-A and ASD-T. Surface area,
cortical thickness, and cortical volume were smoothed using a 10-
mm full-width at half maximum (FWHM) 2D Gaussian kernel.
The local gyrification index measure is intrinsically smooth, so
data were smoothed at 5-mm FWHM. To provide stringent
criteria to minimize false-positive results, all analyses were set
at p < 0.01 (corrected for multiple comparisons using Monte
Carlo stimulations) (Hagler et al., 2006). Clusters identified in the
Monte Carlo stimulations were used as regions of interest which
the value of the brain structure was extracted from. A Fisher
transformation was applied to improve the normality of the
correlation coefficient (Lowe et al., 1998). Based on all ASD
participants having different degrees of language impairment,
Pearson correlations were undertaken in all ASD participants to
investigate the relationship among brain structure, speech-ABR
waveforms, and clinical assessments.

Mediation Effect
According to the result of correlation analyses, we further
explored whether the auditory brainstem function moderated the
relationship between the brain structure and language ability of
all ASD participants controlled for age and sex. The PROCESS
macro program within SPSS (IBM, Armonk, NY, United States)
designed by Hayes (2013) was used to measure the mediating or
moderating effect. Within PROCESS, “model 4” was selected and
the confidence interval was set to 95%. In the moderation model,
the surface area of the left rostral middle frontal gyrus (lRMFG)
was entered as the predictor (X), language score of the GDDS as
the outcome (Y), and the amplitude of wave-V as the moderator
(M). Statistical tests were evaluated at p < 0.05 (two-tailed).

RESULTS

Clinical Evaluation of ASD Subgroups
As shown in Table 3, ASD subgroups did not differ in scores
for the ADOS or CARS (Table 3). Two subgroups of ASD

Frontiers in Neuroscience | www.frontiersin.org 4 March 2021 | Volume 15 | Article 637079

http://surfer.nmr.mgh.harvard.edu/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-637079 March 13, 2021 Time: 13:1 # 5

Chen et al. Auditory Brainstem Dysfunction as ASD Subtype

TABLE 2 | Latency and amplitude of speech-ABR waveforms recorded in ASD subgroups and the TD group.

Wave ASD-T ASD-A TD ANOVA Post hoc

F p ASD-T vs. ASD-A ASD-T vs. TD ASD-A vs. TD

V Latency (ms) 6.57 ± 0.24 7.23 ± 0.46 6.70 ± 2.45 16.07 0.000* 0.000** 0.434 0.000**

Amplitude (µν) 0.11 ± 0.07 0.04 ± 0.06 0.11 ± 0.06 6.74 0.003* 0.009** 1.000 0.005**

A Latency (ms) 7.52 ± 0.34 8.42 ± 0.57 7.67 ± 0.27 20.18 0.000* 0.000** 0.739 0.000**

Amplitude (µν) −0.21 ± 0.05 −0.22 ± 0.08 −0.22 ± 0.08 0.03 0.966 1.000 1.000 1.000

C Latency (ms) 18.27 ± 0.31 18.64 ± 1.05 18.45 ± 0.50 1.11 0.338 0.433 1.000 1.000

Amplitude (µν) −0.09 ± 0.05 −0.03 ± 0.05 −0.13 ± 0.21 1.97 0.151 1.000 1.000 0.163

D Latency (ms) 22.27 ± 0.41 23.17 ± 0.52 22.49 ± 0.63 8.41 0.001* 0.001** 0.467 0.010**

Amplitude (µν) −0.18 ± 0.07 −0.21 ± 0.06 −0.18 ± 0.08 1.80 0.176 1.000 0.855 0.214

E Latency (ms) 31.10 ± 0.55 31.36 ± 0.80 31.16 ± 0.77 0.51 0.602 1.000 1.000 1.000

Amplitude (µν) −0.20 ± 0.09 −0.14 ± 0.05 −0.22 ± 0.11 2.39 0.102 0.370 1.000 0.109

F Latency (ms) 39.57 ± 0.59 40.56 ± 0.88 39.54 ± 0.59 11.00 0.000* 0.001** 1.000 0.000**

Amplitude (µν) −0.27 ± 0.09 −0.15 ± 0.05 −0.22 ± 0.14 4.50 0.016 0.013 0.522 0.149

O Latency (ms) 47.67 ± 0.86 48.86 ± 1.27 48.06 ± 0.39 7.52 0.001* 0.001** 0.452 0.019**

Amplitude (µν) −0.14 ± 0.06 −0.13 ± 0.04 −0.18 ± 0.17 1.11 0.338 1.000 0.787 0.598

Data are the mean ± SD.
SD, standard deviation.
*Significant using the threshold 0.05/14 = 0.004, adjusted for multiple comparisons.
**Significant using the threshold 0.05, adjusted for the Bonferroni correction.

participants were mildly retarded and did not differ in gross-
motor, fine-motor, or adaptive functions. In GDDS-language, the
score of the ASD-A group was lower than that of the ASD-N
group (t = 2.425, p = 0.025).

Differences in Brain Structure Among the
Groups
There were significant (cluster-corrected p < 0.01) differences
between the TD group and ASD group for cortical thickness,
cortical volume and surface area (Supplementary Table 1
and Figure 2). Compared with the TD group, the ASD-T
group and ASD-A group showed a significant difference
in surface area, cortical volume, cortical thickness, and
the local gyrification index (Table 4). Surface area of

TABLE 3 | Clinical characteristics of ASD subgroups.

ASD-T ASD-A t p

CARS-score 31.58 ± 1.52 31.50 ± 1.30 0.114 0.910

ADOS-communication 5.50 ± 0.97 5.11 ± 2.26 0.497 0.626

ADOS-social interaction 7.80 ± 1.69 6.78 ± 1.48 1.396 0.181

ADOS-score 13.30 ± 2.45 11.89 ± 3.41 1.044 0.311

GDDS-adaptive 65.07 ± 17.59 59.55 ± 14.64 0.847 0.406

GDDS-gross motor 72.07 ± 9.55 69.22 ± 10.26 0.679 0.505

GDDS-fine motor 64.07 ± 13.18 61.22 ± 5.97 0.606 0.551

GDDS-language 59.43 ± 17.67 45.71 ± 10.37 2.425 0.025*

GDDS-social 61.50 ± 13.18 56.22 ± 9.62 1.034 0.313

Data are the mean ± SD.
CARS, Child Autism Rating Scale; ADOS, Autism Diagnostic Observation Scale;
GDDS, Gesell Developmental Diagnosis Scale; SD, standard deviation.
*p < 0.05.

lRMFG in ASD-A group was larger than that in the ASD-
T group and TD group (Figure 2 and Table 4). The local
gyrification index of the right superior temporal gyrus
(rSTG) in the ASD-A group was decreased significantly
compared with that in the ASD-T group (Figure 3
and Table 4).

Correlations Among Brain Structure,
Speech-ABR and Clinical Scores in ASD
Group
We also analyzed the potential link among the speech-ABR,
brain-structural and clinical-assessment data. Surface area of
lRMFG was related to the latency of waves V and A, and
amplitude of wave-V (Table 5). Local gyrification index of
rSTG was related to the latency of waves V and A. GDDS-
language scores were related to the amplitude of wave-V and
latency of wave-A.

Mediation Effect Among Regional
Surface Area, Language Scores and
Amplitude of Wave
Table 6 presents the results of the mediation model. Figure 4
shows the regression coefficient for each pathway from surface
area of lRMFG to language-GDDS in the mediation model. There
was a significant negative association between surface area of
lRMFG and the wave-V amplitude (β = −0.514, p = 0.006).
There was a significant positive association between the wave-
V amplitude and GDDS-language (β = 0.566, p = 0.008). The
bootstrap procedure revealed significant indirect effects between
surface area of lRMFG and GDDS-language controlled for age
and sex [β = −0.013, SE = 0.007, BC 95%CI (−0.028, −0.002)].
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FIGURE 2 | Inflated and pial surface maps (dark gray, sulci; light gray, gyri) of the left hemispheres showing increasing surface area in (A) fusiform, frontal pole and
pars opercularis in the ASD group compared with that in the TD group, (B,C) rostral middle frontal gyrus in the ASD-A group compared with that in the TD group and
ASD-T group. Significance threshold was set at p < 0.01 (cluster-corrected).

DISCUSSION

This is the first study to classify ASD children into two subtypes
based on function of auditory brainstem and to discover neural
substrates for the possible subtypes.

Our study elicited four main findings. First, the language
score of the ASD-A group was lower than that of the ASD-T
group. Second, compared with the TD group, the ASD subgroups
showed significant differences in brain structure. Surface area
of lRMFG in the ASD-A group was larger, and the local
gyrification index of rSTG in the ASD-A group was decreased
significantly, compared with those in the ASD-T group. Third,
GDDS-language and surface area of lRMFG were correlated to
the wave-A amplitude in ASD. Finally, analysis revealed surface
area of lRMFG to have an indirect effect on language via the
wave-V amplitude in ASD children.

Autism spectrum disorder subgroups defined in the present
study showed a significant difference in the speech-ABR at
preschool age. The ASD-T group exhibited age-appropriate
subcortical auditory processing function. In contrast, the ASD-
A group showed the latency of speech-ABR waves to be longer
and/or the amplitude to be smaller compared with those in the
TD group and ASD-T group. Besides, ASD subtypes showed
a significant difference in language but not in other aspects
or symptom severity. Consistent with our previous research
showing that the speech-ABR is related to language ability (Chen
et al., 2019), children with an efficient speech-ABR had better
language ability. Our study indicated that the speech-ABR could

be a clinical-assessment tool to predict the language ability of
ASD children at preschool age. Combined with findings that
early language ability is an important predictive factor for later
outcomes of ASD (Szatmari et al., 2010; Tager-Flusberg and
Kasari, 2013), ASD children with a normal speech-ABR may have
a better outcome compared with abnormal ones. Taken together,
these data suggest that auditory brainstem function not only has
a crucial role in language, but also in the long-term outcome
of ASD children.

We found differences in brain structure not only between
TD children and ASD children, but also among ASD subtypes.
Consistent with other studies, we found an aberrant cortical
structure in ASD children, including cortical thickness, surface
area, and cortical volume (Blackmon et al., 2016; Patriquin et al.,
2016). Besides, differences in the local gyrification index were
observed only between ASD subtypes and TD, and not ASD and
TD. Combined with contradictory results in the neuroimaging
of ASD (Pua et al., 2017), ASD may be composed of different
subtypes which exist differences in brain anatomy. Hence,
comparison of ASD and TD before correct differentiation of
subtypes will lead to unstable and unrepeatable research results.

Moreover, we found a significant difference in brain structure
between ASD subtypes, which may provide neuroimaging
evidence for subtype classification. We found a larger regional
surface area (lRMFG) in the ASD-A group compared with that
in the ASD-T group and TD group. This result indicated that an
increase in surface area of lRMFG was a characteristic structural
change in the ASD-A subtype. The RMFG, as part of the
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TABLE 4 | Clusters of significant differences in cortical morphometry.

Group Measure Size (mm2) X Y Z Number of vertices Peak region

ASD-A vs. ASD-T Area 1067.46 −38.4 36.1 28.7 1747 L rostral middle frontal

Local gyrification index 859.3 47.5 5 −27.2 1271 R superior temporal

ASD-T vs. TD Thickness 5114.47 −26.3 23.8 −6 9550 L lateral orbitofrontal

769.09 −19.9 −88 −7.4 789 L lateral occipital

1122.41 44 −12.8 20.7 3031 R postcentral

1098.71 27.7 57.8 −9.5 1551 R rostral middle frontal

1056.15 8.3 37 −3.9 1711 R rostral anterior cingulate

1015.37 31 −41.1 −9 1822 R parahippocampal

602.63 37 −84 15.9 830 R inferior parietal

550.12 44 −67.7 7 1079 R inferior parietal

548.19 45.1 −37.2 17.7 1110 R supramarginal

Area 728.78 −55.3 −12.4 31.3 1665 L postcentral

Volume 458.44 −39.8 −68.1 0 783 L lateral occipital

407.34 −55.3 −12.4 31.3 888 L postcentral

1231 1231 −67.7 7 1901 R inferior parietal

540.54 29.7 −45.7 −15.4 943 R fusiform

Local gyrification index 1593.53 −12 −67.1 34.7 2723 L precuneus

ASD-A vs. TD Thickness 1595.18 −26.3 23.8 −6 4144 L lateral orbitofrontal

1022.82 −12.8 −11.1 67.7 2159 L superior frontal

693.74 −7.3 37.5 13.5 1199 L rostral anterior cingulate

528.3 −38.1 50 −3.4 732 L rostral middle frontal

509.2 −4.1 −33.4 30.5 1282 L isthmus cingulate

456.39 −28.8 −47.9 −5.4 925 L lingual

1378.09 14.2 −65.9 −3 2041 R lingual

1151.45 37.1 −13 1.8 3134 R insula

834.91 3.3 −32.8 65.1 1974 R paracentral

733.2 12.8 −52.3 41.4 1846 R precuneus

564.84 8.3 37 −3.9 1067 R rostral anterior cingulate

558.42 32.5 35.1 −6.7 844 R lateral orbitofrontal

Area 760.35 −37.3 23.6 24.8 1337 L rostral middle frontal

Volume 1289.21 −37.3 23.6 24.8 2007 L rostral middle frontal

940.3 −13.4 −91.2 3.8 1497 L pericalcarine

675.25 −58.1 −20.9 −14.8 1398 L middle temporal

847.58 44 −67.7 7 1395 R inferior parietal

Local gyrification index 1091.79 45 −60.1 21.3 1869 R inferior parietal

1030.32 55.1 −38.4 27.5 2179 R supramarginal

dorsolateral prefrontal cortex (DLPFC), is related to the function
of language, as discovered in various lesion studies (Chapman
et al., 1992, 1998). Patients with left-DLPFC lesions have been
found to use fewer complex sentences and to perseverate on
the first proposition (Carl et al., 2012). These symptoms can
also occur in some ASD children who use simple sentences and
“chatter” on a topic. Besides, a lower local gyrification index of
the right STG was found in the ASD-A group. The traditional
view is that the STG is involved primarily in auditory processing,
including language (Gernsbacher and Kaschak, 2003; Martin,
2003). However, recent studies have reported that the STG is not
only involved in auditory processing, but is also implicated in
social cognition (Bigler et al., 2007; Ethofer et al., 2013). Taken
together, the differences in brain structure between ASD subtypes
are involved in the cortex related to auditory and language, but
also in the high-order cortex related to society. The differences in

altered subtypes in the brain may be one of the important reasons
for ASD heterogeneity.

Further analyses revealed that surface area of lRMFG had an
indirect effect on language by altering the wave-V amplitude in
ASD children. Combined with the previous findings showing
that the neural generators of waves V and A may be the inferior
colliculus (Song et al., 2008), one parsimonious explanation is
that the lRMFG targeting the inferior colliculus mediates the
language of ASD children through corticofugal neurons. As a
crucial mechanism of neuromodulation, physiological studies
have demonstrated that these descending pathways can affect
several aspects of subcortical function (Villa et al., 1991; Diamond
et al., 1992; Ma and Suga, 2001). Studies have demonstrated
language impairment to be related to cortical and/or subcortical
dysfunctions in ASD children (Groen et al., 2008; Russo et al.,
2010a). Our findings suggest that cortical deficits may impair
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FIGURE 3 | Inflated and pial surface maps (dark gray, sulci; light gray, gyri) of the right hemispheres showing a decreasing local gyrification index in (A) inferior
parietal and supramarginal areas in the TD group compared with that in the ASD-A group, (B) superior temporal gyrus (STG) in the ASD-A group compared with that
in the ASD-T group. Significance threshold was set at p < 0.01 (cluster-corrected).

language ability in children with ASD by causing subcortical
dysfunction at preschool age.

Using subtypes may be the most useful method for specific
intervention in ASD. Experience-dependent mechanisms drive
the plasticity of the auditory brainstem, which can be improved
by auditory training (Hayes et al., 2003; Russo et al., 2005)
and language experience (Krishnan et al., 2004, 2005). Skoe
et al. (2015) proposed the corticofugal system nears maturation
stabilization around the age of 8–11 years. Therefore, we
postulate that ASD children with an abnormal speech-ABR
should undergo related auditory and language training as soon
as possible, especially at preschool age. The Fast ForWord
language-training program has been found to improve auditory-
brainstem and cortical responses in ASD children (Russo et al.,
2010b). Few intervention studies on ASD have been done.

TABLE 5 | Association between speech-ABR waveforms and brain structure and
GDDS-language characteristics in ASD participants.

Surface Local gyrification GDDS

area-lRMFG index-rSTG -language

r p r p r p

Wave-V latency 0.452 0.014* −0.428 0.023* −0.351 0.067

Wave-V amplitude −0.533 0.003* 0.019 0.922 0.551 0.002*

Wave-A latency 0.402 0.031* −0.533 0.003* −0.479 0.010*

Wave-A amplitude −0.067 0.729 0.003 0.989 0.066 0.738

GDDS-language −0.262 0.178 −0.102 0.612 – –

lRMFG, left rostral middle frontal gyrus; rSTG, right superior temporal gyrus; GDDS,
Gesell Developmental Diagnosis Scale.
*p < 0.05.

However, based on behavioral and genetic similarities (Herbert
and Kenet, 2007; Smith, 2007) in language impairment between
ASD and language-based learning disorders (Rapin and Dunn,
2003; Cardy et al., 2005), intervention programs of language-
based learning disorders to improve auditory-brainstem function
could be conducted in ASD children with an abnormal speech-
ABR. In addition, the subtype-based method may be useful
as a prognostic biomarker in ASD children. A stable ABR is
associated with heightened language abilities (Hornickel and
Kraus, 2013). Previously, we found the auditory brainstem to
be impaired and immature in preschool children with ASD
(Chen et al., 2019). We speculated the ASD children with an
abnormal speech-ABR indicates impairment of the related brain
region and poor language ability, which may lead to a poor
prognosis. In the future, we will examine if an abnormal speech-
ABR is associated with a worse long-term outcome compared

TABLE 6 | Direct and indirect effects between surface area of lRMFG and
GDDS-language mediated by the amplitude of wave-V.

Product of coefficients BC 95% bootstrap CI

β SE Boot LL CI Boot UL CI

Direct effect −0.004 0.009 −0.0184 0.0180

Indirect effect −0.013 0.007 −0.0280 −0.0016

Mediation model controlled for age and sex.
“BC 95% CI” refers to the bias-corrected confidence intervals. The mediate effect
is significant at the 0.05 level of significance.
β, standardized regression coefficient; SE, standard error; CI, confidence interval;
lRMFG, left rostral middle frontal gyrus; GDDS-language, language scores for the
Gesell Developmental Diagnosis Scale.
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FIGURE 4 | Mediation model among surface area-lRMFG (predictor), Wave-V amplitude (mediation), and GDDS-language (outcome). β, standardized regression
coefficient. Surface area-lRMFG, surface area of left rostral middle frontal gyrus; GDDS-language, language scores of the Gesell Developmental Diagnosis Scale.

with normal ones. Overall, ASD children should undergo a
speech-ABR after 3 years of age for use as a subtype and
prognostic biomarker, and a subtype-specific intervention should
be employed for a better outcome.

In interpreting our results, some limitations should be
considered. First, our study had a relatively small sample size.
There were only two female participants in this study, and both
were in the ASD-A. This study does not exclude the potential
of gender factors for subtypes. Our future studies will recruit
more children with ASD who meet the criteria for an appropriate
gender ratio. Second, MRI was done on a 1.5-T system, but
several recent studies have used 3-T MRI scanners. MRI scanners
working at 3 T have a higher field strength and increased
signal-to-noise ratio compared with those using a 1.5-T MRI
scanner. In future work, we will use a 3.0-T MRI scanner to
acquire higher spatial resolution data. Finally, intelligence and
language ability are highly correlated. Although there were no
significant differences in overall developmental levels between the
two subtypes. It is possible that there were significant differences
in intelligence levels. Our future studies will investigate whether
intellectual factors affect subcortical auditory processing in ASD.

CONCLUSION

This is first study to distinguish ASD children by auditory
brainstem function and to explore neural evidence for
identification of potential subtypes. There were significant
differences between the ASD group and TD group in surface
area, cortical volume, and cortical thickness. Compared with
the ASD-T group, the ASD-A group showed a lower score in
GDDS-language, increased surface area of lRMFG, and decreased
local gyrification index of rSTG. GDDS-language and surface
area of lRMFG were correlated with the wave-A amplitude.
Surface area of lRMFG had an indirect effect on the performance
of language by altering the wave-V amplitude. Thus, cortical
deficits may impair language ability in children with ASD

by causing subcortical dysfunction at preschool age. These
evidences support dysfunction of the auditory brainstem as a
potential subtype of ASD. Besides, this subtype-based method
may be useful for various clinical applications (e.g., prognosis
and subtype-specific intervention).
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