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Abstract
The presence of vowel exaggeration in infant-directed speech (IDS) may adapt to
the age-appropriate demands in speech and language acquisition. Previous studies
have provided behavioral evidence of atypical auditory processing towards IDS in
children with autism spectrum disorders (ASD), while the underlying neurophysi-
ological mechanisms remain unknown. This event-related potential (ERP) study
investigated the neural coding of formant-exaggerated speech and nonspeech in
24 4- to 11-year-old children with ASD and 24 typically-developing (TD) peers.
The EEG data were recorded using an alternating block design, in which each
stimulus type (exaggerated/non-exaggerated sound) was presented with equal
probability. ERP waveform analysis revealed an enhanced P1 for vowel formant
exaggeration in the TD group but not in the ASD group. This speech-specific
atypical processing in ASD was not found for the nonspeech stimuli which
showed similar P1 enhancement in both ASD and TD groups. Moreover, the
time-frequency analysis indicated that children with ASD showed differences in
neural synchronization in the delta-theta bands for processing acoustic formant
changes embedded in nonspeech. Collectively, the results add substantiating neu-
rophysiological evidence (i.e., a lack of neural enhancement effect of vowel exag-
geration) for atypical auditory processing of IDS in children with ASD, which
may exert a negative effect on phonetic encoding and language learning.

Lay summary: Atypical responses to motherese might act as a potential early
marker of risk for children with ASD. This study investigated the neural responses
to such socially relevant stimuli in the ASD brain, and the results suggested a lack
of neural enhancement responding to the motherese even in individuals without
intellectual disability.
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INTRODUCTION

It is well established that the quantity and quality of lan-
guage exposure play a crucial role in early speech devel-
opment (Höhle, 2009; Kuhl, 1997; Swanson et al., 2019).
When addressing infants, people across cultures tend to
use simplified utterances referred to as infant-directed
speech (IDS). In terms of the acoustic or phonetic signa-
tures, IDS is often produced with a higher pitch, wider
pitch variability, an expanded vowel space area, a slower
cadence, exaggerated intonation contours, and enhanced

rhythmic features in comparison with adult-directed
speech (ADS) (Cristia, 2013; Ferguson, 1964; Fernald &
Mazzie, 1991; Filipe et al., 2018; Kuhl, 1997).

Typicallydeveloping (TD) infants tend to pay
increased attention to IDS (Cooper & Aslin, 1990;
Schachner & Hannon, 2011), which plays an important
functional role in their socioemotional and language
development (Cristia, 2013; Fernald & Mazzie, 1991;
Golinkoff et al., 2015). However, young children with
autism spectrum disorders (ASD) show substantial diffi-
culties in the realm of social communication (American
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Psychiatric Association, 2013; Baron-Cohen et al., 1985).
There is a reason to hypothesize that the typical prefer-
ence for the socially relevant linguistic stimuli of IDS
might be altered in this clinical population (Filipe
et al., 2018). Although there is some behavioral evidence
for reduced attention to IDS in individuals with ASD or
high-risk siblings (Danielle et al., 2013; Filipe
et al., 2018), the underlying neurophysiological bases
remain unclear for the between-group differences in
processing different aspects of IDS-specific acoustic and
phonetic features.

The prominent acoustic features of IDS were most
often assessed with their prosodic changes primarily
drawn from pitch-based modifications, such as heightened
pitch and exaggerated pitch contours (Rhea et al., 2007;
Segal & Newman, 2015; Spinelli et al., 2017). Some other
acoustic-phonetic properties that go beyond prosody
might also be involved in the link between IDS processing
and socio-communicative learning (Cristia, 2013;
Cristià, 2010; Inoue et al., 2011). One well-established
method of estimating phonetic exaggeration in speech
directed to infants is by measuring the vowel space area,
which plots the distance between the average first and sec-
ond formants (F1 and F2) of three cardinal point vowels,
[i], [u], [a], with the most extreme formant frequency
values in the F1-F2 space (Smiljani�c & Bradlow, 2005).
Formant refers to the concentration of acoustic energy
around a particular frequency in the speech wave. Regard-
less of the language background, parents addressing their
infants tend to produce an expanded vowel space with
stretched formant frequencies than they did when
addressing adults (Kuhl, 1997). In other words, these
vowels are “hyperarticulated” from the articulatory per-
spective. Such expansion is typically interpreted as an indi-
cation that the expanded vowels in IDS are acoustically
further apart and more discriminable, which might facili-
tate the learning of vowels (Cristia & Seidl, 2014). It needs
to be noted that parents would not simply raise all for-
mant frequencies in linguistic input to infants, but rather
enhance or reduce F1 and F2 selectively to produce pho-
netically more distinct speech categories in an attempt to
increase “speech clarity” (Cristià, 2010). To summarize,
caregivers try to “stretch out” vowels to deliver more dis-
criminable phonetic categories, and TD infants might
show improvement in phonetic learning when receiving
such extreme vowels (Kuhl, 1997). Of particular interest
to theory and practice is that the linguistic modification of
vowel formant exaggeration is not exclusively found in a
speech addressed specifically to infants, but also in speech
directed to children with ASD (Lyakso et al., 2019), as
well as second language (L2) adult learners (foreigner-
directed speech) (Uther et al., 2007). Several studies have
shown that formant exaggeration facilitates first-language
development in children (Liu et al., 2003; Tsao
et al., 2004) as well as second-language learning in adults
(Zhang et al., 2009), indicating the facilitative role of for-
mant exaggeration in speech and language acquisition.

The development of neuroimaging techniques enables
us to better understand the neurobiological signatures
associated with the processing of IDS. For the TD
infants, some brain research has explored the mecha-
nisms that promote learning by exploiting the physical
properties of IDS, which function as a neural spotlight
that consistently increases brain activity in response to
IDS over ADS (Kalashnikova et al., 2018; Naoi
et al., 2012; Peter et al., 2016; Saito et al., 2007; Santesso
et al., 2007; Zangl & Mills, 2007). It needs to be men-
tioned, however, that the natural or synthesized IDS
stimuli in these neuroimaging studies incorporated both
pitch and formant modifications. Thus, the increased
brain activity towards IDS would presumably reflect a
composite effect of both prosodic and linguistic exaggera-
tions. By carefully controlling the prosody and some
other acoustic parameters, Zhang et al. (2011) tested how
vowel formant exaggeration alone affects cortical
processing of speech in the TD infants at 6–12 months of
age. The EEG data showed a significant neural enhance-
ment for processing formant-exaggerated vowels in the
infant brain. It seemed that during the critical period of
native language neural commitment (Kuhl, 2004), 6 to
12-month-old infants could be very sensitive to the for-
mant expansion embedded in the synthesized IDS
(Zhang et al., 2011).

Considering that the linguistic manipulation of for-
mant exaggeration happens in various speech registers
and among different language learning contexts (Uther
et al., 2007), it is meaningful to explore whether vowel
formant expansion consistently enhances neural activities
as a TD child grows and develops. Moreover, the delayed
speech development and atypical phonological processes
have been consistently reported in children with ASD,
albeit with varying degrees of severity (Boucher, 1976;
Rapin et al., 2009; Shriberg et al., 2001; Wolk &
Brennan, 2013; Wu et al., 2020). Given the facilitative
role of vowel formant exaggeration in speech and lan-
guage acquisition (Liu et al., 2003; Tsao et al., 2004), we
also aimed at investigating whether age-matched young
children with ASD show a different neural activation pat-
tern in processing vowel formant exaggeration in IDS,
and its possible correlation with verbal capacity. Further-
more, some studies suggest that individuals with ASD
might demonstrate enhanced pitch processing in non-
linguistic domains (e.g., music and nonspeech domains),
but atypical/impaired perception of linguistic pitch such
as lexical tones (Chen et al., 2016; Wang et al., 2017; Yu
et al., 2015). This implies domain specificity of auditory
processing problems in ASD. The co-existence of audi-
tory enhancements and deficits in ASD could be
explained by the atypical right hemisphere dominance
(Boddaert et al., 2003), which points to acoustic/spectral
processing superiority (right hemisphere) and linguistic
processing deficit (left hemisphere). To this end, non-
speech analogs were also generated in this study by using
the center frequencies of the vowel formants to
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additionally test whether the effects of formant expansion
are domain-specific in ASD.

To delineate online cortical dynamics of auditory
processing, traditional auditory event-related potential
(AERP or AEP) studies show that central auditory
responses of P1 and N1 can reflect neural coding of low-
level sensory detection and acoustic features of various
consonants and vowels (Digeser et al., 2009; Tavabi
et al., 2007; Zhang et al., 2005). Whereas in the later time
window, auditory N250 (or N2) is considered to reflect
linguistic development and phonetic perception
(Almeqbel & McMahon, 2015; Čeponien _e et al., 2002;
Fellman et al., 2004), and the late negative responses
(LNR or N4) have been found to index processing of
word meaning as well as phonological structures
(Friedrich & Friederici, 2005; Mills et al., 1997). It is
important to note that the AEP morphology shows age-
dependent maturational changes. For instance, auditory
stimuli elicit the obligatory and reliable P1-N1-P2 com-
plex in adults, whereas the P1-N2 responses are the most
prominent AEP components in infants and young chil-
dren (Čeponien _e et al., 1998; Ponton et al., 2000; Sharma
et al., 1997). The adult-like N1 is gradually emerging
with age and may be present with a slower presentation
rate of auditory stimulus in children (Čeponien _e
et al., 1998, 2002). In the current study, we targeted chil-
dren with ASD without major cognitive delays, partly in
an effort to control potential confounds regarding matu-
rational AEP changes especially in consideration of the
huge biological heterogeneity in the ASD population
(Happé & Frith, 2020).

Beyond AEPs, another valuable tool to index the neu-
ral correlates of speech sound processing involves time-
frequency (TF) analysis (Cohen, 2014), which has opened
a new venue for studying the event-related oscillations
(EROs) reflecting time-varying neuronal excitability and
discharge synchronization (Csibra & Johnson, 2013). The
intertrial phase coherence (ITPC), namely trial-by-trial
phase alignment of EEG oscillations, is by far the most
widely studied aspect of EROs about atypical auditory
processing (Bastiaansen et al., 2012). The ITPC could
provide quantitative measurement about the level of neu-
ral synchrony when processing speech or nonspeech
sounds in TD individuals (Edwards et al., 2009; Klimesch
et al., 2007; Ríos-López et al., 2020; Zhang et al., 2011)
and individuals with ASD (Edgar et al., 2015; Simon &
Wallace, 2016; Wang et al., 2017; Yu et al., 2018). There
exists a relationship between EROs and a wide range of
cognitive processes at certain frequency bands. For
instance, it has been found that delta (�1 to 4 Hz) and
theta (�4 to 8 Hz) oscillations are linked with syllable-
level speech comprehension (Doelling et al., 2014;
Meyer, 2018; Peelle et al., 2013), and are likely to be
modulated by linguistic experience (Morillon et al., 2010;
Radicevic et al., 2008; Santesso et al., 2007) and phonetic
modification (Zhang et al., 2011). Moreover, phoneme-
level processing is represented by higher-frequency
gamma band (> 30 Hz) oscillations, presumably

reflecting the possible extraction of transient acoustic
cues at a faster rate (Meyer, 2018; Morillon et al., 2010).
Thus, the ITPC values in delta, theta, and gamma bands
were calculated to measure intertrial neural activation
patterns of formant expansion in this study.

In a nutshell, the current study employed several neu-
ral measures, including earlier (P1 and N1) and later
AEPs (N250 and LNR), as well as their associated corti-
cal oscillatory activities, in an effort to investigate neural
phonetic coding of formant-exaggerated speech and non-
speech sounds in children with ASD and TD peers. Three
general research questions are advanced. First, would
children with and without ASD show neural enhance-
ment (i.e., a higher AEP amplitude) towards the formant-
exaggerated vowel stimuli? Second, could the AEP ampli-
tude for vowel formant exaggeration be indexed by ver-
bal IQ after controlling for chronological age, nonverbal
IQ, and working memory? Third, would the two groups
differ when processing the acoustic changes of formant
expansion embedded in nonspeech analogs? Answers to
these questions would help determine whether and how
the linguistic manipulation of formant exaggeration
enhances neural activities for phonetic encoding regard-
less of age changes and neurological conditions.

METHODS

Participants

We recruited 27 Mandarin-speaking TD children
(26 boys) and 31 children with ASD (30 boys) without
major cognitive delays (full-scale/verbal/nonverbal intelli-
gence quotient [IQ] ⩾71). The IQ score of 70 (2 SD below
the mean of 100 in the population) was used as a cut-off
score for individuals with major cognitive delays (such as
intellectual disability). It is noteworthy that children with
ASD in this study belonged to the high-functioning sub-
group without intellectual disability, who were specially
recruited from general education classrooms, with
20 (65%) in the inclusive classroom (taught together with
TD children) and 11 (35%) in the special education cen-
ter. They were screened for hearing loss using pure tone
audiometry and met the criteria for normal hearing. The
clinical diagnosis of ASD was established according to
the DSM-5 criteria for ASD (American Psychiatric
Association, 2013), and further confirmed using the
Autism Diagnostic Observation Schedule-2 (ADOS-2;
Lord et al., 2012) by pediatricians and child psychiatrists
in local hospitals. The clinical diagnosis was not
established at the time of data collection, and the average
time between the study procedures and the diagnosis was
15.04 months (SD = 9.09 months). For those cases where
an ADOS report was missing, we confirmed diagnoses
using the Chinese version of the Gilliam Autism Rating
Scale–Second Edition (GARS-2; Gilliam, 2006) under
the supervision of a licensed clinical psychologist. The
TD controls were recruited from a local elementary
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school and a local kindergarten. Although the TD chil-
dren were not specially screened for autism symptoms via
standardized instruments, they met none of the diagnostic
DSM-5 criteria for ASD from an interview with their
parents or teachers.

The EEG data from one ASD subject was discarded
due to a potential co-occurring condition of epilepsy as well
as excessive noise in his EEG data, and another nine sub-
jects (six ASD subjects and three TD subjects) were
excluded due to excessive noise in their recorded EEG data.
The remaining 24 children with ASD (Mage = 7.60 years,
range = 4–11) and 24 age-matched TD children
(Mage = 7.46 years, range = 4–11) were included in this
report (Table 1). Before EEG data collection, all the child
subjects were assessed with their cognitive functioning (non-
verbal and verbal IQ) and working memory by the
Wechsler Intelligence Scale for Children (WISC-IV)
(Wechsler, 2003) or Wechsler Preschool and Primary Scale
of Intelligence (WPPSI-IV) (Wechsler, 2012). As shown in
Table 1, the ASD group did not differ from the
corresponding TD group in terms of chronological age
(t[46] = 0.23, p = 0.822), nonverbal IQ (t[46] = −1.30,
p = 0.202), as well as working memory (t[46] = 0.63,
p = 0.535), while slightly lagged behind TD children in ver-
bal IQ (t[46] = −2.30, p < 0.05). No participants were on
medication at the time of EEG testing.

Stimuli

The stimuli were synthesized using the HLsyn program
(Sensimetrics Corporation) built on the Klatt-type for-
mant synthesizer (Hanson & Stevens, 2002), which
enables one to create quantitatively controlled stimuli.
First, the speech stimuli chose the point vowel /i/ centered
at the high and front corner of the “vowel space.” More-
over, in Mandarin Chinese, the monophthong /i/ can be
used as a morpheme/word independently, with the lexical
meaning of “clothes” when carried with Tone 1. To inves-
tigate age-related changes in the neural coding of vowel
formant expansion, the acoustic parameters of non-
exaggerated and exaggerated male /i/ sounds follow those
in an infant study by Zhang et al. (2011). Specifically, the
center frequencies of F1, F2, and F3 were 342, 2322,
3000 Hz, respectively for the non-exaggerated vowel /i/,
and were 310, 2480, 3000 Hz for the exaggerated /i/

(Figure 1a) in accordance with previous acoustic studies
(Hillenbrand et al., 1995; Kuhl, 1997). Compared with
non-exaggerated /i/, the exaggerated /i/ only had lower
F1 and higher F2 in order to simulate vowel space expan-
sion, while holding fundamental frequency (F0, both at
138 Hz) and other formant frequencies constant. To gen-
erate corresponding nonspeech analogs, the formant cen-
ter frequencies in the speech were replaced with
sinusoidal components at the exact same frequencies
(Figure 1b). All the speech and nonspeech sounds had a
duration of 200 ms, and were normalized with equal
average RMS (root-mean-square) intensity.

Stimulus presentation

The stimuli were presented using the E-Prime 2.0 pro-
gram (Psychology Software Tools Inc.), and were deliv-
ered to each child in the free field via bilateral
loudspeakers (JBL CM220) located at 45 degrees to the
left and right of the participant at a distance of �1 m.
The sound level was presented at 70 dB SPL to the center
position of the subject’s head. Two sessions (speech and
nonspeech) were presented to each child with a
counterbalanced sequence. In each session, alternating
blocks of exaggerated and non-exaggerated sounds were
presented for a total of 400 trials among 20 blocks, with
each block containing 20 identical sounds. Block order
within each session was counterbalanced among the sub-
jects. There were totally 800 experimental trials across
two experimental sessions. In order to reduce habituation
of the important AEP components and to activate the
emergence of N1 in young children, the sound stimuli
were presented at a slow presentation rate in short blocks
with long inter-block silence (Čeponien _e et al., 2002;
Woods & Elmasian, 1986). Especially, the offset-to-onset
interstimulus interval (ISI) was jittered in the range of
1.1–1.2 s, and the inter-block resting period was set to
be 5 s.

EEG recording

The EEG data were recorded in NetStation (V5.1.2)
using an EGI (Electrical Geodesics, Inc.) GES 410 system
with 64-channel HydroCel Geodesic Sensor Nets. To

TABLE 1 Descriptive characteristics of the ASD and TD participants

ASD (n = 24) TD (n = 24)

t pM (SD) Range M (SD) Range

Age (in year) 7.60 (2.32) 4–11 7.46 (1.91) 4–11 0.23 0.822

Verbal IQ 91.54 (14.65) 71–116 100.13 (10.99) 81–122 −2.30 0.026*

Nonverbal IQ 99.33 (13.40) 73–124 103.83 (10.50) 87–128 −1.30 0.202

Working Memory 12.04 (2.96) 7–20 11.54 (3.05) 6–18 0.63 0.535

Abbreviations: M, mean; SD, standard deviation.
*p < 0.05.
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obtain a better signal quality, electrode impedances were
kept at or below 20 kΩ during data collection, consider-
ably below the 50 kΩ threshold recommended by the
manufacturer (Electrical Geodesics, 2006). Vertical and
horizontal eye movements were monitored by electrodes
placed on the supra- and infra-orbital ridges of each eye
and electrodes near the external canthi of each eye,
respectively. The continuous online recordings were
referenced to the vertex electrode (Cz), digitized at a sam-
pling rate of 1 kHz, and amplified with an analogue
band-pass filter of 0.1–75 Hz. The child participants were
instructed to minimize their physical movements, and
pay attention to self-chosen muted cartoons during the
whole experiment. The entire EEG session, including
preparation and resting, lasted �45 min.

Data analysis

EEG data analysis was implemented with functions in
the EEGLAB toolbox (Delorme & Makeig, 2004). In the
offline analysis, the data were down-sampled to 500 Hz
to improve processing speed, and band-passed at 0.5–
40 Hz. Ocular and muscle artifacts were removed by
using independent component analysis (ICA) of continu-
ous EEG. As this study focused on neural coding of the
standard stimuli, the very first trial within each block was
eliminated to avoid possible elicitation of mismatch

responses from the effect of alternating blocks. Besides,
any trials with instantaneous values exceeding ±75 μV
were rejected. If more than 30% of the experimental trials
for a particular participant were rejected, the entire EEG
data for that participant was excluded from further anal-
ysis (i.e., at least 126 accepted trials for each stimulus
condition). Under this criterion, the EEG recordings
obtained from 10 participants (7 ASD; 3 TD) were
excluded from further AEP and TF analyses due to
excessive artifacts. After artifact detection, the data reten-
tion rates in the speech condition were 87.92% (AD) and
86.80% (ID) for children with ASD; 88.26% (AD) and
89.17% (ID) for TD children. In the nonspeech condition,
the data retention rates were 84.97% (AD) and 86.44%
(ID) for children with ASD; 89.95% (AD) and 89.82%
(ID) for TD children. There were no differences in the
data retention rate between different groups or stimulus
conditions (all ps > 0.05).

For the waveform analysis, the AEP epoch consisted
of 100 ms of pre-stimulus interval and 600 ms of post-
stimulus interval, with the pre-stimulus interval used for
baseline correction. The AEP data were analyzed with a
common average reference. The time windows of four
AEP components, P1 (50–90 ms), N1 (100–140 ms),
N250 (180–300 ms), and LNR (300–460 ms) were identi-
fied based on the global field power (GFP) data
(Figure 2) and the grand mean AEP waveform data
(Figure 3a,b). Based on topographical distributions, the

F I GURE 1 The spectrograms of (a) non-exaggerated and exaggerated vowels and (b) their nonspeech counterparts. From the bottom up, the red
dotted lines represent the first three formants (F1, F2, and F3) respectively
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nine midline electrodes (F2, FCz, Fz, FC1, F1, C1, C2,
FC2, Cz) centered around fronto-central region
(Figure 3c) were selected for statistical analysis. We per-
formed a t test by comparing the amplitude of each ARP
component with zero, and significant differences were
found in all the conditions (all ps < 0.05). The mean
amplitude of each AEP component was determined by
calculating the adaptive mean amplitude (Scerif
et al., 2006) over electrodes within the specified time
window.

For the TF analysis, trial-by-trial phase locking
values associated with the P1-N1-N250-LNR time win-
dows were calculated in delta (1–4 Hz), theta (4–8 Hz),
and gamma (> 30 Hz) frequency bands respectively using
the ITPC in EEGLAB (Delorme & Makeig, 2004) at the
electrode Fz with the largest AEP responses. ITPC esti-
mates EEG trial-by-trial mean normalized phase as a
function of time point and frequency using the
“newtimef” function, and its value of a given frequency at

a given time point can range from 0 (indicating absence
of synchronization) to 1 (indicating perfect trial-by-trial
synchronization). Each spectral calculation adopted a
modified short-term Fourier Transform (STFT) with
Hanning window tapering as implemented in EEGLAB
software. The frequency range for calculating ITPC was
from 0.5 to 40 Hz, and the step interval was set to be
0.5 Hz. Zero-padding was applied to short epochs with
insufficient number of sample points with a padratio of
16 for Fourier transform. The maximum delta/theta/
gamma phase locking value within the designated time
windows of different AEP components was identified
individually under each experimental condition for statis-
tical analysis. Similar TF analysis approaches were
adopted in previous studies (Koerner et al., 2016;
Koerner & Zhang, 2015, 2018; Yu et al., 2018).

All statistical analyses of AEP amplitude and ITPC
were performed using linear mixed-effect models
(LMMs) in R (Core Team, 2014). The package of lme4

F I GURE 2 GFP waveforms for the non-exaggerated sounds (black solid line) and exaggerated sounds (red dashed line) plotted against each
other in the (a) speech condition and (b) nonspeech condition across ASD and TD groups. The shaded areas from left to right represent the P1, N1,
N250, and LNR windows of interest respectively. For each pair of scalp maps showing the topographical distribution, the one on the left represents
the non-exaggerated type and the one on the right is the exaggerated type
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(Bates et al., 2014) was used to create the LMMs. Data
points with standardized residuals over 2.5 SD were
removed that did not follow a normal distribution. In
each LMM analysis, the model was built with group
(ASD vs. TD), stimulus type (exaggerated and non-exag-
gerated), stimulus condition (speech vs. nonspeech), and
all possible interactions acting as fixed effects. When
fitting all the LMMs, the factors of chronological age,
verbal IQ, nonverbal IQ, and working memory were reg-
arded as covariates, which were centered to reduce
multicollinearity; participant was included as a random
effect. By-participant random intercepts and slopes for
all possible fixed factors were included in the initial
model (Barr et al., 2013), which was compared with a
simplified model that excluded a specific fixed factor
using the ANOVA function in lmerTest package
(Kuznetsova et al., 2017). Post hoc pairwise comparisons
were performed using the lsmeans package (Lenth, 2016)
with Tukey adjustment. In addition, the observed (post
hoc) power to detect each fixed effect of the best LMM
fitted with lme4 was computed by simulation
(Brysbaert & Stevens, 2018) based on the effect size
(Estimate column) of the dataset using the mixedpower
package (Kumle et al., 2020) in R (mixedpower function
with 1000 simulations), in the interest of power analyses
for future replication and follow-up studies of this
research. The estimated database power (observed
power) was reported for each fixed effect in the Results
section.

Furthermore, linear regression models were con-
structed in R to examine the potential variables

contributing to the ASD and TD participants’ neural
activity (AEP amplitude) in response to IDS, ADS, as
well as the AEP enhancement (ΔAEP magnitude: IDS-
ADS). Only the component where AEP enhancement in
response to exaggerated versus non-exaggerated vowel
comparison occurs would be analyzed in our regression
models (P1 component in this study). The approach of
mixed effects models is considered superior to traditional
methods of correlation analyses such as Pearson/Spe-
arman’s correlation (Koerner & Zhang, 2017), since the
linear regression models consider the mutual influence of
multiple predictors and inter-subject differences. Hypoth-
esized predictors included chronological age, verbal IQ,
nonverbal IQ, and working memory. Separate models
were created for each estimate of P1 amplitude, with all
the four predictors added as fixed effects. Parameter esti-
mates, standard errors, t values, and p values for the fixed
effects were assessed and reported.

RESULTS

AEP amplitude

P1-N1-N250-LNR

Table 2 showed the M and SD of P1, N1, N250, and
LNR amplitude (μV) elicited from both ASD and TD
groups in response to exaggerated versus non-
exaggerated speech and nonspeech stimuli. First, the
LMM model on P1 amplitude showed a significant three-

F I GURE 3 AEP waveforms for the non-exaggerated sounds (black solid line) and exaggerated sounds (red dashed line) in the (a) speech
condition and (b) nonspeech condition. (c) a schematic view of electrode array (64-channel HydroCel GSN), with nine midline electrodes (in red)
chosen for average. The electrode map is used with permission from Electrical Geodesics, Inc. (EGI)
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way interaction of group × stimulus type × stimulus condi-
tion (χ2 (1) = 4.03, p < 0.05, power = 61.5%), which was
further analyzed under the speech and nonspeech condi-
tions, respectively. In the speech condition (Figure 4a),
there was a significant interaction of group × stimulus
type (χ2 (1) = 15.49, p < 0.001, power = 97.3%) on P1
amplitude. Post hoc pairwise comparisons showed that
no group differences were detected for the P1 amplitude
when responding to both types of vowel stimuli (all
ps > 0.05). Importantly, the neural processing of
formant-exaggerated vowel /i/ (M = 0. 75 μV) yielded
greater P1 amplitude than that of non-exaggerated vowel
/i/ (M = 0. 50 μV) for TD children (Table 2) (β = −0.25,

SE = 0.10, t = −2.77, p < 0.01, power = 99.8%), while
there was no such effect of stimulus type on P1 amplitude
for children with ASD (β = 0.01, SE = 0.10, t = 0.14,
p = 0.888, power = 7.1%). Furthermore, in the nonspeech
condition (Figure 4b), only the main effect of stimulus
type (χ2 (1) = 5.66, p < 0.05, power = 85.1%) on P1
amplitude was found, indicating that the formant-
exaggerated nonspeech sounds rendered larger P1 ampli-
tude compared with non-exaggerated ones for both
groups of children.

Second, the LMM model on N1 amplitude only rev-
ealed a significant two-way interaction of group × stimu-
lus condition (χ2 (1) = 5.49, p < 0.05, power = 78.3%).

TABLE 2 Mean amplitude (μV) of the P1, N1, N250, and LNR components elicited by ASD and TD groups in speech and nonspeech conditions

Stimulus
condition Group

P1 N1 N250 LNR

AD ID AD ID AD ID AD ID

Speech ASD 0.59 (0.54) 0.57 (0.58) −0.19 (1.34) −0.10 (1.35) −1.35 (1.17) −1.43 (1.15) −1.36 (1.11) −1.37 (1.12)

TD 0.50a (0.74) 0.75a (0.79) −0.48 (1.18) −0.36 (1.14) −2.07 (1.49) −1.95 (1.41) −1.87 (1.06) −1.82 (1.03)

Nonspeech ASD 0.25b (0.66) 0.40b (0.81) −0.57 (1.10) −0.44 (1.27) −1.42 (1.07) −1.25 (0.95) −1.41a (1.26) −0.96a (0.94)

TD 0.43b (0.60) 0.66b (0.79) −0.35 (1.03) −0.19 (1.20) −1.73 (0.94) −1.73 (1.10) −1.54a (1.00) −1.31a (1.00)

Note: SD in parentheses; AD, Adult-directed (non-exaggerated); ID, Infant-directed (Exaggerated).
aBold numbers: Statistical significance with an alpha value of p < 0.01.
bBold numbers: Statistical significance with an alpha value of p < 0.05 after Tukey adjustment for the comparison of AD versus ID stimuli.

F I GURE 4 Bar graphs of AEP amplitude in (a) speech condition and (b) nonspeech condition, with light gray bar indicating the non-
exaggerated sounds and dark red bar indicating the exaggerated sounds. Error bars: ± 1 SE
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Post hoc pairwise comparisons indicated that the ASD
and TD groups had comparable N1 amplitude under
both speech and nonspeech conditions (all ps > 0.05).
Furthermore, TD children showed no N1 difference in
response to speech versus nonspeech stimuli (β = 0.14,
SE = 0.15, t = 0.94, p = 0.353, power = 21.9%), whereas
children with ASD (Figure 4) showed greater N1 ampli-
tude in the nonspeech condition compared with that in
the speech condition (β = −0.37, SE = 0.15, t = −2.40,
p < 0.05, power = 67.5%).

Third, the LMM on N250 amplitude exhibited a sig-
nificant three-way interaction of group × stimulus type ×
stimulus condition (χ2 (1) = 6.32, p < 0.05, power = 74.4%),
which was submitted to analyses in terms of different
stimulus conditions. In the speech condition, a significant
main effect of group on N250 amplitude emerged (χ2

(1) = 4.64, p < 0.05, power = 70.9%), with an enhanced
N250 amplitude in TD children (M = −2.01 μV) com-
pared to children with ASD (M = −1.39 μV) (Figure 4a).
In the nonspeech condition, however, neither main effect
nor interaction effect on N250 amplitude was found
(group, χ2 (1) = 3.67, p = 0.055, power = 36.4%; stimulus
type, χ2 (1) = 1.21, p = 0.272, power = 33.1%; group ×
stimulus type, χ2 (1) = 1.15, p = 0.283, power = 20.3%).

Fourth, LMM was performed on LNR amplitude,
and the statistical results showed a significant three-way
interaction of group × stimulus type × stimulus condition
(χ2 (1) = 5.35, p < 0.05, power = 74.9%), which was fur-
ther analyzed in terms of speech and nonspeech condi-
tions respectively. The post hoc analyses failed to reveal
any main effect or interaction effect on LNR amplitude
(all ps > 0.05) in the speech condition (Figure 4a). Then,
in the nonspeech condition, only the main effect of stimu-
lus type emerged (χ2 (1) = 8.82, p < 0.01, power = 81.9%),

which indicated that the LNR amplitude in responses to
non-exaggerated versus exaggerated nonspeech was sig-
nificantly different for both ASD and TD groups
(Figure 4b).

Linear regression results

In consideration of the above AEP analyses (Table 2;
Figure 4), the group difference (ASD vs. TD) in response
to ID-versus-AD comparisons was only detected in the
P1 time window in the speech condition. In particular,
TD children showed significantly enhanced P1 in
processing formant-exaggerated vowels (IDS) relative to
non-exaggerated vowels (ADS), while children with ASD
did not. Thus, the possible contributors to the P1 ampli-
tude for IDS, ADS, and P1 enhancement (IDS-ADS)
were further explored using linear regression models.
Table 3 shows the regression coefficients indicating the
relationships between predictors (chronological age, ver-
bal IQ, nonverbal IQ, working memory) and P1 ampli-
tude (ADS/IDS/IDS-ADS) in ASD and TD children. For
children with ASD, higher verbal IQ was significantly
associated with the stronger P1 enhancement (IDS-ADS)
(β = 0.016, SE = 0.005, t = 3.08, p < 0.01). Moreover, as
shown in Table 3, chronological age was a significant
predictor for the P1 amplitude to IDS in children with
ASD (β = −0.101, SE = 0.045, t = −2.27, p < 0.05); chro-
nological age tended to be a significant predictor for the
P1 amplitude in response to ADS (β = −0.178,
SE = 0.066, t = −2.68, p < 0.05) as well as IDS
(β = −0.180, SE = 0.068, t = −2.66, p < 0.05) in TD chil-
dren. The negative regression coefficients (β) indicated
that the P1 component decreased with age.

TABLE 3 The regression coefficients indicating the relationships between chronological age/verbal IQ/nonverbal IQ/working memory and P1
amplitude (ADS/IDS/IDS-ADS) in ASD and TD groups

P1 amplitude Predictors

ASD (n = 24) TD (n = 24)

β SE t p value β SE t p value

ADS Chronological age −0.048 0.038 −1.263 0.222 −0.178 0.066 −2.682 0.014*

Verbal IQ −0.007 0.007 −1.058 0.303 0.006 0.013 0.456 0.653

Nonverbal IQ 0.002 0.009 0.263 0.796 −0.005 0.019 −0.285 0.779

Working memory −0.007 0.036 −0.203 0.842 0.009 0.066 0.143 0.888

IDS Chronological age −0.101 0.045 −2.267 0.035* −0.180 0.068 −2.662 0.015*

Verbal IQ 0.009 0.007 1.150 0.264 −0.010 0.013 −0.726 0.477

Nonverbal IQ 0.004 0.010 0.437 0.667 0.002 0.020 0.126 0.901

Working memory 0.022 0.042 0.533 0.600 −0.029 0.068 −0.424 0.676

IDS-ADS Chronological age −0.052 0.029 −1.765 0.094 −0.003 0.065 −0.042 0.967

Verbal IQ 0.016 0.005 3.082 0.006** −0.016 0.013 −1.218 0.238

Nonverbal IQ −0.007 0.007 −0.992 0.334 0.008 0.019 0.420 0.679

Working memory 0.029 0.028 1.058 0.303 −0.038 0.065 −0.586 0.565

Note: The significant values are marked in bold. Abbreviations: ADS, adult-directed speech; IDS, infant-directed speech.
*p < 0.05,
**p < 0.01.
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Inter-trial phase coherence

Delta band

The M and SD of delta ITPC values associated with P1,
N1, N250, and LNR components are displayed in
Table 4. First, in the P1 window, the LMM on delta
ITPC showed a significant three-way interaction of group
× stimulus type × stimulus condition (χ2 (1) = 4.52,
p < 0.05, power = 70.3%). In the speech condition, nei-
ther main effects nor interaction effect reached signifi-
cance (all ps > 0.05). In the nonspeech condition, there
were significant main effect of stimulus type (χ2

(1) = 8.19, p < 0.01, power = 96.8%) and significant
interaction effect of group × stimulus type (χ2 (1) = 6.00,
p < 0.05, power = 72.5%). As shown in Figure 5 and
Table 4, the post hoc comparisons indicated that the dif-
ference of P1-associated delta ITPC in response to exag-
gerated versus non-exaggerated nonspeech was
significant for children with ASD (β = 0.06, SE = 0.02,
t = 3.82, p < 0.001, power = 97.6%), while no such effect
of stimulus type in the TD group was revealed (β = 0.005,
SE = 0.02, t = 0.32, p = 0.752, power = 8.3%). Second,
the analysis of N1-associated delta ITPC exhibited a
main effect of stimulus condition (χ2 (1) = 6.13, p < 0.05,
power = 84.6%), with significantly enhanced
N1-associated delta activity for the processing of non-
speech sounds compared to the vowel processing for both
groups. Third, the analysis of N250-associated delta
ITPC showed a main effect of stimulus condition (χ2

(1) = 26.01, p < 0.001, power = 100%), and a significant
two-way interaction of group × stimulus condition (χ2

(1) = 7.51, p < 0.01, power = 79.5%). The post hoc com-
parisons indicated that nonspeech sounds elicited a
higher N250-associated delta ITPC than the speech vowel

in children with ASD (β = 0.06, SE = 0.01, t = 5.61,
p < 0.001, power = 100%), while there was no such effect
of stimulus condition in TD children (β = 0.02, SE = 0.01,
t = 1.77, p = 0.079, power = 51.1%). Fourth, the LMM
on LNR-associated ITPC in delta band only showed a
significant main effect of stimulus condition (χ2 (1) = 5.37,
p < 0.05, power = 73.8%), with speech vowels eliciting a
higher delta ITPC in LNR window compared with non-
speech sounds for both groups (Figure 5).

Theta band

The M and SD of theta ITPC values are displayed in
Table 4. First, the LMM on P1-associated theta ITPC
showed a significant three-way interaction of group ×
stimulus type × stimulus condition (χ2 (1) = 3.82, p < 0.05,
power = 67.8%). In the speech condition, neither main
effects nor interaction effect reached significance (all
ps > 0.05). In the nonspeech condition, a significant main
effect of stimulus type (χ2 (1) = 8.37, p < 0.01,
power = 97.2%) and a significant interaction effect of
group × stimulus type (χ2 (1) = 5.60, p < 0.05,
power = 70.7%) were found. The post hoc comparisons
(Figure 5 and Table 4) indicated that the P1-associated
theta ITPC to exaggerated versus non-exaggerated non-
speech was significantly different in the ASD group
(β = 0.05, SE = 0.01, t = 3.78, p < 0.001, power = 95.4%),
while no such effect of stimulus type in TD children was
found (β = 0.005, SE = 0.01, t = 0.41, p = 0.686,
power = 9.2%). Second, LMM showed a significant main
effect of stimulus condition (χ2 (1) = 7.72, p < 0.01,
power = 87.8%), with significantly enhanced
N1-associated theta activity for the processing of non-
speech sounds compared to the speech vowel processing

TABLE 4 Delta, theta, and gamma ITPC measures in the windows of P1, N1, N250, and LNR elicited by ASD and TD groups in speech and
nonspeech conditions at electrode Fz

Band
Stimulus
condition Group

P1 N1 N250 LNR

AD ID AD ID AD ID AD ID

Delta Speech ASD 0.18 (0.11) 0.18 (0.11) 0.20 (0.08) 0.21 (0.09) 0.19 (0.05) 0.18 (0.06) 0.17 (0.05) 0.15 (0.06)

TD 0.20 (0.10) 0.21 (0.10) 0.22 (0.09) 0.20 (0.08) 0.20 (0.08) 0.18 (0.08) 0.19 (0.05) 0.16 (0.05)

Nonspeech ASD 0.25a (0.09) 0.19a (0.06) 0.26 (0.13) 0.23 (0.10) 0.26 (0.11) 0.24 (0.10) 0.16 (0.05) 0.14 (0.04)

TD 0.22 (0.09) 0.21 (0.08) 0.22 (0.09) 0.23 (0.09) 0.21 (0.07) 0.22 (0.08) 0.17 (0.05) 0.14 (0.04)

Theta Speech ASD 0.16 (0.10) 0.17 (0.10) 0.19 (0.08) 0.19 (0.09) 0.18 (0.04) 0.16 (0.06) 0.14 (0.05) 0.13 (0.05)

TD 0.19 (0.10) 0.20 (0.10) 0.21 (0.08) 0.19 (0.09) 0.19 (0.08) 0.17 (0.07) 0.16 (0.05) 0.14 (0.05)

Nonspeech ASD 0.23a (0.07) 0.18a (0.05) 0.25 (0.11) 0.22 (0.09) 0.23 (0.10) 0.21 (0.09) 0.13 (0.04) 0.13 (0.04)

TD 0.19 (0.09) 0.19 (0.07) 0.21 (0.09) 0.22 (0.09) 0.20 (0.06) 0.19 (0.06) 0.15 (0.05) 0.12 (0.04)

Gamma Speech ASD 0.06 (0.02) 0.06 (0.03) 0.06 (0.02) 0.05 (0.01) 0.06 (0.02) 0.06 (0.01) 0.06 (0.02) 0.06 (0.01)

TD 0.07 (0.02) 0.06 (0.02) 0.07 (0.02) 0.05 (0.02) 0.05 (0.02) 0.06 (0.02) 0.06 (0.01) 0.07 (0.02)

Nonspeech ASD 0.06 (0.02) 0.05 (0.02) 0.06 (0.02) 0.05 (0.02) 0.06 (0.01) 0.07 (0.02) 0.06 (0.01) 0.06 (0.01)

TD 0.06 (0.02) 0.05 (0.02) 0.05 (0.02) 0.05 (0.02) 0.07 (0.01) 0.06 (0.02) 0.06 (0.01) 0.07 (0.02)

Note: SD in parentheses; AD, Adult-directed (Non-exaggerated); ID, Infant-directed (Exaggerated). Bold numbers.
aStatistical significance with an alpha value of p < 0.001 after Tukey adjustment for the comparison of AD versus ID stimuli.
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for both groups. Third, in N250 window, the LMM on
ITPC in theta band revealed a significant two-way inter-
action of group × stimulus condition (χ2 (1) = 7.17,
p < 0.01, power = 79.3%). Further analyses showed
greater N250-associated theta ITPC to nonspeech than to
speech in children with ASD (β = 0.05, SE = 0.01,
t = 5.24, p < 0.001, power = 98.7%), while no difference
in the TD group as shown in Figure 5 (β = 0.015,
SE = 0.01, t = 1.49, p = 0.138, power = 39.2%). Finally,
for the sustaining negativity, the LMM on LNR-
associated ITPC in theta band exhibited a main effect of
stimulus condition (χ2 (1) = 4.20, p < 0.05, power = 67.7%),
indicating a higher theta ITPC in LNR window in
response to the speech stimuli than to the nonspeech for
both child groups.

Gamma band

The M and SD of gamma ITPC values associated with
P1, N1, N250, and LNR components are shown in
Table 4. The LMMs on gamma ITPC (> 30 Hz) associ-
ated with all the time windows failed to reveal any main
effect or interaction effect (all ps > 0.05) in both speech
and nonspeech conditions (Figure 5).

DISCUSSION

It remains poorly understood how neural responses to
the distinct properties in IDS may vary as a function of
age and neurodevelopmental condition. The overall goal

of this investigation was to examine the neural processing
mechanisms of vowel formant exaggeration in children
with and without ASD. To refine our understanding,
control stimuli of nonspeech analogues were also intro-
duced to compare the acoustic versus phonetic processing
of formant exaggeration. First, this study investigated
whether there would be differences in neural enhance-
ment towards the formant-exaggerated vowel stimuli in
TD children and children with ASD. We were interested
in finding out at what time window, or in what AEP
components, the effects would occur. Second, we aimed
at investigating whether the verbal IQ could index neural
enhancement for the exaggerated vowel after controlling
for chronological age and other cognitive capacities.
Third, we further aimed to explore whether the enhanced
pitch processing in nonspeech reported in prior studies
would extend to the acoustic processing of other fre-
quency/spectral information more broadly such as for-
mant processing.

Neural coding of formant-exaggerated vowel in
older TD children and children with ASD

The facilitative role of vowel hyperarticulation in lan-
guage development has been supported with specific
brain signatures in a sample of 6- to 12-month-old
English-speaking infants (Zhang et al., 2011). The EEG
data showed that, in response to formant-exaggerated
vowels, there were prominent enhancement of AEP
amplitudes and increased neural synchronization in the
time windows of N250 and LNR in the infant brain. To

F I GURE 5 Time-frequency representations showing trial-by-trial phase-locking measured by ITPC in the (a) speech condition and (b) nonspeech
condition
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investigate developmental changes in the neural coding
of vowel formant expansion in TD children, the current
study adopted the same vowel stimulus /i/ and the experi-
mental design from Zhang et al. (2011). In stark contrast
to the neural activation pattern in 6- to 12-month-old
infants, in the same processing windows of N250 and
LNR, the non-exaggerated and exaggerated vowel stim-
uli elicited similar AEP amplitude (Table 2) and compa-
rable delta/theta/gamma ITPC value (Table 4) in 4- to
11-year-old TD children. In other words, the auditory
system in these TD children allocate the same amount of
neural resources at the phonetic and lexical processing
stage. Only in the very early time window of P1, the TD
children displayed increased P1 amplitude in response to
the exaggerated vowel /i/ compared to the non-
exaggerated vowel in the speech condition (Table 2 and
Figure 4a). The enlarged P1 amplitude may indicate the
enhanced feedforward thalamocortical connectivity
ascending to the primary auditory cortex (Rao
et al., 2010; Yu et al., 2018). Moreover, unlike N250 and
LNR, the P1 component is thought to reflect pre-
attentive arousal and sound onset detection at the acous-
tic processing level (Pratt et al., 2008; Rao et al., 2010).
This was corroborated by a domain-general effect with a
similar pattern of enhanced P1 amplitude in response to
formant-exaggerated nonspeech sounds as shown in the
current study (Table 2 and Figure 4b). Another EEG
study in our lab (Zhang et al., 2010) showed that in adult
subjects, the neural enhancement towards exaggerated
vowel was only observed in the N100 component, which
also reflects early sensory detection and the amount of
acoustic energy transmitted by the auditory system
(Čeponien _e et al., 2005). Taken together, the formant
expansion in IDS may enhance neural activities regard-
less of the age factor, but this enhancement effect may
show an apparent age-related shift from linguistic-level
processing in young infants to acoustic-level processing
in TD children and adults as the formant differences in
the speech stimuli reflect within-category variations.

There has been an increasing awareness and scientific
consensus about processing atypicality of IDS as a poten-
tial early marker of risk for ASD in recent years
(Curtin & Vouloumanos, 2013; Filipe et al., 2018;
Klimesch et al., 2007; Watson et al., 2012). However, the
previous studies have not focused on the basic neural
coding of IDS per se, especially regarding the neural cor-
relates of vowel formant exaggeration in children with
ASD. The current study was the first of its kind, and the
data showed that exaggerated versus non-exaggerated
vowel formants in the speech condition did not lead to
different brain activities in the ASD listeners across dif-
ferent time windows. This is evidenced by similar AEP
amplitudes (Table 2) and comparable delta-theta-gamma
ITPC values (Table 4) in responses to exaggerated versus
non-exaggerated vowel stimuli in the time windows of
P1, N1, N250, or LNR. Even during the early sensory
processing stage of the P1 time window when TD

children did show greater P1 amplitude towards the
hyperarticulated vowels, the aged-matched children with
ASD showed no sensitivity to these acoustically more
salient features in the ascending auditory pathway
(Figure 4a). It is important to note that the atypical neu-
ral activation to formant exaggeration in ASD seemed to
be “speech-specific” since children with ASD showed a
typical-like ERP pattern in response to the comparable
nonspeech analogues (Figure 4b; Table 2). These findings
collectively bolstered the notion that individuals with
autism fail to engage or develop typical networks for
speech sound processing (Kujala et al., 2013;
O’Connor, 2012; Sperdin & Schaer, 2016; Yu
et al., 2015) even in the better-performing autistic sub-
group with no major cognitive delays.

Factors related to the atypical brain activity to
vowel formant exaggeration in ASD

The presence of vowel exaggeration/expansion in IDS
may adapt more to the demands of speech and language
acquisition (Cristia, 2013). In support of this prediction,
the “speech clarity” assessed with degree of vowel expan-
sion directly affects infants’ early speech learning—
infants exposed to an expanded vowel space were likely
to perform better in the task of phonetic discrimination
(Liu et al., 2003). Moreover, vowel hyperarticulation sig-
nificantly improved children’ ability to recognize spoken
words (Song et al., 2010). However, in the current ERP
study, unlike age-matched TD children, there was a lack
of enhanced brain activity to the vowel formant exagger-
ation in ASD as a whole group. In particular, the ASD
group did not show significantly enhanced P1 amplitude
for processing formant-exaggerated vowel in IDS, which
might provide neurophysiological evidence for delayed
speech development in children with ASD
(Boucher, 1976; Rapin et al., 2009; Shriberg et al., 2001;
Wolk & Brennan, 2013; Wu et al., 2020).

In the current study, we further investigated whether
and how chronological age, verbal IQ, nonverbal IQ, and
working memory were related to the P1 amplitude to
non-exaggerated vowel (ADS), exaggerated vowel (IDS),
and ΔP1 magnitude (IDS-ADS). As shown in Table 3,
the chronological age was a significant predictor for the
P1 amplitude in response to IDS in both ASD and TD
groups, and for the P1 amplitude in response to ADS in
TD children. The amplitude of auditory P1 component
decreased with age, which may be related to synaptic
pruning throughout childhood (Hileman et al., 2011;
Itier & Taylor, 2004). Importantly, although ASD as a
whole group did not show enhanced brain activity to the
vowel formant exaggeration, those individuals with ASD
who had a higher verbal IQ tended to show stronger and
typical-like P1 enhancement (IDS-ADS). These data echo
with the concept that behavioral responses to IDS
predicted concurrent and later language development in
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children with ASD (Danielle et al., 2013; Rhea
et al., 2007; Watson et al., 2010). For instance, Watson
et al. (2010) found decreased looking during child-
directed speech in 3-year-olds with ASD to be a predictor
of concurrent and future deficits in receptive/expressive
language and social-communicative adaptive skills.
Future studies could examine whether the auditory neu-
ral responses to IDS could also serve as a reliable predic-
tor of verbal capacity in young children with ASD.

Enhanced neural coding of formant changes in
nonspeech in children with ASD

A plethora of behavioral and neuroimaging studies using
various nonspeech carriers have demonstrated pitch
processing superiority in individuals with ASD (Bonnel
et al., 2010; Ferri et al., 2003; Foxton et al., 2003; Gomot
et al., 2002; Heaton, 2005; O’Riordan & Passetti, 2006).
In the speech domain, however, individuals with ASD
were found to have difficulty with processing pitch infor-
mation in lexical tones and linguistic prosody (Chen
et al., 2016; Jiang et al., 2015; Wang et al., 2017;
Yu, 2018; Yu et al., 2015). As previous autism studies
using vowel stimuli tended to focus on pitch discrimina-
tion or stimulus duration (Heaton et al., 2008; Lepistö
et al., 2005, 2006, 2008), it remains unknown whether this
speech-specific pitch processing problem in ASD would
generalize to spectral processing more broadly, including
the perception of formant structure in speech sounds. By
carefully controlling the prosodic influence of pitch and
duration, the current study provided the direct compari-
son between phonetic and acoustic processing of formant
exaggeration in IDS and its nonspeech analogs.

In the speech condition, children with ASD showed
no differences in their brain activity towards the exagger-
ated versus non-exaggerated vowel formants. In stark
contrast, in the nonspeech condition, the ITPC data indi-
cated that children with ASD showed differences in neu-
ral synchronization for processing acoustic formant
changes embedded in nonspeech. Specifically, in both
low-frequency delta and theta bands, the significant
P1-associated ITPC difference of neural synchronization
was observed only in the ASD group when responding to
non-exaggerated versus exaggerated formants in the non-
speech condition (Table 4; Figure 5b). The lack of ITPC
differences in higher-frequency gamma oscillations for
both child groups is consistent with our previous autism
studies (Wang et al., 2017; Yu et al., 2018). This is likely
due to the fact that our speech and nonspeech stimuli
were 200 ms long and did not involve fast spectral transi-
tion within the syllable. In other words, our stimulus
design happened to have identical timing unit for
processing at the phonemic and syllabic levels. Further-
more, as shown in Figure 5, the nonspeech stimuli elicited
a higher ITPC in the N250 time window when compared
with speech stimuli in the delta-theta bands in the ASD

group, but the ITPCs in TD children were similar for the
speech and nonspeech stimuli. In the nonspeech context,
the elicited N250 component might reflect auditory “sen-
sitization” in building up neural representations of sound
features (Karhu et al., 1997). Taken together, these find-
ings confirmed the superior nonspeech processing skill of
frequency/spectral information beyond pitch in the clini-
cal population of ASD (Haesen et al., 2011).

Limitations and future direction

While our study contributed novel domain-specific find-
ings on basic auditory processing and IDS perception in
children with ASD, there are noteworthy limitations due
to the relatively small sample size and wide age range.
Although one previous study reported clear age group
differences for long-latency auditory ERPs but relative
stability of ERPs with each age group (5- 12 years, 13–
16 years, and adulthood), a number of other studies have
reported maturational AEP differences between children
with ASD (or other neurodevelopmental disorders) and
TD children who had similar ages and IQ scores (Bishop
et al., 2007, 2011; Gage et al., 2003; McArthur &
Bishop, 2004; Port et al., 2016). In this regard, replication
with a larger sample size with a narrower age range (such
as focusing on preschoolers) would be desirable. In our
experimental design, we made an effort to control the
prosody and duration of the stimuli, which could lead to
reduced naturalness of the synthesized vowel sounds. As
only the /i/ vowel was tested in this study, future studies
could extend to more point vowels, such as /a/ and /u/,
for examining generalizability of the results. We also
made an effort to focus on ASD without major cognition
delays to control potential confounds including matura-
tional AEP changes. Thus, our results may not extend to
autistic spectrum with intellectual disabilities. Recently,
there has been a concerted effort to parse the huge het-
erogeneity of the autistic spectrum into meaningful sub-
groups (Happé & Frith, 2020; Zheng et al., 2019), and
future studies should incorporate this insightful perspec-
tive for increasing our understanding of the diverse ASD
population as well as the clinical relevance of the find-
ings. Given the linguistic functions of vowel space expan-
sion and the role of IDS in social interaction, further
longitudinal studies are also needed to examine the neu-
ral correlates in response to different spectral and tempo-
ral aspects of IDS for a better understanding of their
potential relationships with language development as well
as communication outcomes in younger children
with ASD.

Conclusions

By employing neural measures of basic AEPs and the
neural dynamics of inter-trial coherence, the current
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study aimed to uncover the neurophysiological mecha-
nisms for processing vowel formant exaggeration in chil-
dren with and without ASD. A neural enhancement
effect of vowel hyperarticulation was observed in the
early time window of P1 for TD children, while the ASD
children as a whole group showed no such sensitivity to
these phonetically more salient features in the speech con-
dition. At the individual level, however, regression analy-
sis indicated that ASD individuals with a higher verbal
IQ tended to show stronger and typical-like P1 enhance-
ment for the formant exaggeration in vowels. Meanwhile,
the P1-associated ITPC differences were detected only in
the ASD group responding to non-exaggerated versus
exaggerated nonspeech stimuli, indicating enhanced neu-
ral sensitivity to formant changes in the nonspeech car-
riers, apart from pitch. These findings contribute to our
understanding of the neurophysiological underpinnings
of auditory and speech processing atypicalities in individ-
uals with ASD.
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