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ABSTRACT

Child-directed speech (CDS), which amplifies acoustic and social features of speech during interactions with young children,
promotes typical phonetic and language development. In autism, both behavioral and brain data indicate reduced sensitivity
to human speech, which predicts absent, decreased, or atypical benefits of exaggerated speech signals such as CDS. This study
investigates the impact of exaggerated fundamental frequency (F0) and voice-onset time on the neural processing of speech
sounds in 22 Chinese-speaking autistic children aged 2-7years old with a history of speech delays, compared with 25 typi-
cally developing (TD) peers. Electroencephalography (EEG) data were collected during passive listening to exaggerated and
non-exaggerated syllables. A time-resolved multivariate pattern analysis (MVPA) was used to evaluate the potential effects of
acoustic exaggeration on syllable discrimination in terms of neural decoding accuracy. For non-exaggerated syllables, neither the
autism nor the TD group achieved above-chance decoding accuracy. In contrast, for exaggerated syllables, both groups achieved
above-chance decoding, indicating significant syllable discrimination, with no difference in accuracy between the autism and
TD groups. However, the temporal generalization patterns in the MVPA results revealed distinct neural mechanisms supporting
syllable discrimination between the groups. Although the TD group demonstrated a left-hemisphere advantage for decoding and
generalization, the autism group displayed similar decoding patterns between hemispheres. These findings highlight the poten-
tial of selective acoustic exaggeration to support speech learning in autistic children, underscoring the importance of tailored,
sensory-based interventions.

1 | Introduction

Autism spectrum disorder (ASD, henceforth referred to as au-
tism or autistic) is a group of neurodevelopmental conditions
characterized by challenges in social communication and inter-
action, sensory/perceptual differences, and restricted patterns

of behavior, interests, and activities (American Psychiatric
Association 2013). Atypical speech and language development
is a common feature among autistic individuals. Delayed speech
onset in infancy is one of the earliest and most frequent signs
of subsequent autism development (Pierce et al. 2019; Tager-
Flusberg, Paul, and Lord 2005). It is estimated that as many as
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25% of autistic children are either nonverbal or have very limited
verbal abilities when they start school (Norrelgen et al. 2015).

These challenges underscore the importance of investigating
whether the factors influencing typical language acquisition are
modified in autistic children. In typical development, the quan-
tity and quality of auditory input play a pivotal role in shaping
children's language acquisition. Child-directed speech (CDS) is
a communicative style characterized by the use of exaggerated
acoustic features and social affect when interacting with young
children. It has been shown to be beneficial for typical chil-
dren’s phonetic learning and subsequent language development
(Kuhl 2010). In autism, auditory perceptual atypicalities for so-
cial and non-social auditory material (O'Connor 2012; Samson
et al. 2011) and delayed speech onset have been largely repli-
cated in studies conducted in both Western (Pierce et al. 2019;
Tager-Flusberg, Paul, and Lord 2005; Zwaigenbaum et al. 2005)
and Eastern worlds (Li et al. 2018). Despite these findings, the
impact of CDS on the neural processing of speech sounds in
autism has been minimally investigated, yielding inconsistent
evidence. The current study aims to use neural decoding meth-
odology to investigate the effects of CDS-inspired acoustic exag-
geration on speech processing in autistic children.

1.1 | CDS and Acoustic Exaggeration

In comparison to adult-directed speech (ADS), prototypical CDS
exhibits distinctive spectral characteristics, including expanded
vowel formant space (Cox et al. 2023; Cristia 2010; Kuhl et al. 1997)
and a greater range and variation in pitch (F0) (Cox et al. 2023;
Fernald and Simon 1984; Narayan and McDermott 2016), which
have been observed across cultures and languages. For example,
the CDS of mothers from the USA, Russia, and Sweden displays
formant frequencies for cardinal vowels (/a/, /i/, /u/) that are more
acoustically distant compared with those observed in ADS (Kuhl
et al. 1997). CDS from mothers speaking a tonal language (i.e.,
Mandarin Chinese) not only accentuates vowel formant space but
also amplifies FO onset-offset range of lexical tones in comparison
to ADS. Furthermore, CDS modifies acoustic speech cues in the
temporal domain. Voice-onset-time (VOT) refers to the time inter-
val between the release of an oral constriction (e.g., a lip constric-
tion) and the onset of voicing, which is a defining feature of stop
consonants. The CDS of English-speaking mothers exhibits longer
VOTs for voiceless stop consonants (/p/, /t/, /k/) compared with
ADS (Burnham et al. 2013; Englund 2005).

The exaggeration of vowel features is closely associated with in-
fants' ability to discriminate speech sounds and their receptive
language development (Hartman, Ratner, and Newman 2017;
Kalashnikova and Burnham 2018; Liu, Kuhl, and Tsao 2003).
Infants up to 9months of age demonstrated a pronounced auditory
preference for CDS in comparison to ADS (Cooper and Aslin 1990;
Dunst, Simkus, and Hamby 2012). CDS has been shown to elicit
infants' gaze following toward adults more effectively than ADS
(Senju and Csibra 2008). This heightened attentional engagement
is thought to facilitate the formation of associations between words
spoken by adults and their referents (Zangl and Mills 2007), thereby
promoting word learning (Fisher and Tokura 1995; Gangopadhyay
and Kaushanskaya 2020). A meta-analysis by Spinelli, Fasolo, and
Mesman (2017) indicates that the prosodic features of CDS, such

as higher pitch and greater pitch variability, are associated with
better pre-linguistic skills (Gratier and Devouche 2011) and im-
proved language outcomes (D'Odorico and Jacob 2006; Lyakso,
Frolova, and Grigorev 2014).

1.2 | Behavioral and Cortical Phonetic
Discrimination of Typical and Autistic Children

Speech perception is fundamental in scaffolding the typical de-
velopment of vocabulary and grammatical abilities (Kuhl 2010;
Werker and Hensch 2015). Challenges at this level are plausibly
involved in speech onset delays in autism. In a study conducted
by Chen and Peng (2021), a diminished categorical perception
of stop consonant contrast (ba vs. pa) differing in VOT was ob-
served among school-aged autistic children in comparison to
their TD peers. The perception of consonants depends on the
ability to distinguish subtle and transient acoustic differences,
which requires a high degree of auditory temporal precision
(Steinschneider et al. 2005; Tallal, Miller, and Fitch 1993). In
the study of Kuhl et al. (2005), only TD children but not autistic
children as a group displayed significant mismatch negativity
(MMN) responses to consonant contrast (ba vs. wa) differing in
initial formant transition duration. Furthermore, autistic chil-
dren displayed slower auditory evoked response latencies and
reduced neural oscillatory synchrony (Edgar et al. 2015; Gandal
et al. 2010; Miron et al. 2021; Yu et al. 2018) compared with TD
children. In addition, they presented challenges in discerning
auditory temporal attributes, including a prolonged temporal
binding window (Foss-Feig et al. 2010; Kwakye et al. 2011), and
reduced MMN/magnetic mismatch fields responses to duration
changes (Huang et al. 2018; Kasai et al. 2005; Lepisto et al. 2008).
These basic auditory processing differences may impose con-
straints on the perception of consonants in these children.

Phonetic processing is typically lateralized, with the right hemi-
sphere being mainly responsible for processing slowly changing,
supra-segmental speech patterns such as tonal features, while the
left hemisphere primarily manages rapidly changing, segmental
features, such as stop consonants (Abrams et al. 2008; Hickok
and Poeppel 2007). Atypical lateralization has been observed in
multiple domains in autistic individuals, including auditory, pho-
netic, somatosensory, and linguistic functions (Deemyad 2022;
Finch et al. 2017; Lai et al. 2024; Morrel et al. 2023).

In addition to differences in consonant perception, altered percep-
tion of lexical tones has been frequently reported in studies with
Chinese-speaking autistic children. Diminished MMN—a neural
signature of automatic perceptual discrimination—was observed
in school-age autistic children for lexical tones (Wang et al. 2017;
Yu et al. 2015; Zhang et al. 2019), despite enhanced pitch percep-
tion for nonspeech and musical materials (for a review, see Chen
et al. 2022). In contrast to their TD counterparts, autistic children
showed no differentiation between native (lexical tone) and non-
native (linearly rising) pitch contours in their auditory neural re-
sponses, suggesting an atypical neural specialization for linguistic
pitch information (Yu et al. 2021). Collectively, the aforementioned
speech perception differences may result in inadequate processing
of linguistically relevant speech signals, thereby affecting autis-
tic children's acquisition of higher-order linguistic structures and
functions (Yu and Wang 2021).
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1.3 | Behavioral and Cortical Response to CDS in
Autism Versus Typical Development

Exaggerated speech has been shown to enhance the neural re-
sponsivity measured by event-related potentials (ERP), even in
the absence of non-acoustic, multimodal, and emotional aspects
of motherese. For example, infants aged 6 and 13months exhib-
ited enhanced N600-800 responses to audio-presented CDS rel-
ative to ADS, indicative of improved neural processing (Zangl
and Mills 2007). Similarly, the neural responses of infants aged
between 6 and months to the vowel /i/ showed a more prominent
N250 component when the vowel formant space was exaggerated
(Zhang et al. 2011). A recent study using functional near-infrared
spectroscopy observed that CDS facilitated word learning and in-
creased left frontoparietal activity in toddlers (Zhou et al. 2024).

Unlike TD children, who exhibit sensitivity and a preference for
naturallyrecorded CDS, autisticinfants and toddlers tend to show
a lower preference for CDS compared with other sound forms,
including speech-like sounds created by spectrally converting
speech (Paul et al. 2007) and nonspeech sounds (environmental
sounds and music; Pierce et al. 2023). This makes an atypical
preference for CDS a candidate early marker of autism (Pierce
et al. 2023; but see Droucker, Curtin, and Vouloumanos 2012).
The exaggeration of vowel formant space, similar to the stimuli
used in Zhang et al. (2011), did not result in an enhancement
of the auditory P1 amplitude for autistic children to the same
extent as it did for TD children (Chen et al. 2021). Autistic chil-
dren at the group level preferred nonspeech sounds over CDS,
and demonstrated a weaker MMN for consonant discrimination
compared with TD children (Kuhl et al. 2005). The subgroup
that exhibited a preference for CDS showed an MMN pattern
that was comparable to that observed in the TD group. In con-
trast, the subgroup that preferred nonspeech sounds displayed
an absence of MMN. These findings suggest that, despite indi-
vidual differences, an auditory preference for CDS is associated
with better phonetic abilities in some autistic children.

1.4 | The Current Study

The current study investigates the effectiveness and mech-
anisms of acoustic exaggeration on the neural processing of
speech sounds in young Chinese-speaking autistic children, in
comparison to their TD peers, with a focus on linguistic pitch
(lexical tones) and stop consonants. The tonal nature of Chinese

TABLE1 | Participant characteristics.

allows for the independent and simultaneous manipulation of
tone (a right hemisphere property) and consonant VOT (a left
hemisphere property), thus enabling experimental compari-
sons within the same linguistic context, which is not feasible in
non-tonal languages. We recorded the electroencephalography
(EEG) in response to syllables with and without selective exag-
gerations of fundamental frequency (F0) of the lexical tone or
VOT of the stop consonant. To determine whether and to what
extent the acoustic exaggeration of the phonemic cues can help
the autistic brain in differentiating between syllables, we used
a multivariate pattern analysis (MVPA) approach. This method
allows for the characterization of condition differences using
neural patterns elicited by those conditions, in our case, sylla-
ble classes, such that permits the discovery of effects that may
be overlooked by univariate methods (King and Dehaene 2014;
Marsicano, Bertini, and Ronconi 2024). Moreover, MVPA is
particularly advantageous in speech perception studies when
behavioral measures in young autistic children are extremely
difficult to obtain. Our general hypothesis is as follows: If the
acoustic exaggeration of phonemic cues has positive effects, it
would result in improved neural discrimination (decoding) of
the exaggerated syllables in comparison to those of the non-
exaggerated syllables, as reflected by increased MVPA classi-
fication accuracy or decoding clusters. In addition, we seek to
examine how different acoustic properties—sustained/spectral
(FO) versus transient/temporal (VOT)—influence neural pro-
cessing in autistic and TD children by analyzing hemispheric
differences. A left-dominant neural decoding pattern would
imply that temporal cues (VOT) bear more importance in syl-
lable discrimination, whereas a right-dominant pattern would
suggest a greater reliance on spectral cues (F0).

2 | Methods
2.1 | Participants

Twenty-four autistic children, aged between 2 and 7years were
recruited from the pediatric department of a local hospital, and
26 TD children were recruited through flyers and personal con-
tacts. Two children were excluded due to poor data quality (less
than 60% usable for analysis), and one was excluded due to a
subsequent diagnosis of chromosomal abnormalities. This re-
sulted in 47 participants (22 autistic children, 25 TD children),
matched on chronological age and sex (Table 1). The diagno-
ses in accordance with the Diagnostic and Statistical Manual of

Autism (N=22) TD (N=25) t P
Sex 14 boys, 8 girls 16 boys, 9 girls 0.00 0.979
Age in month 47.8 (16.5, 27-80) 48.2 (12.6, 29-82) -0.97 0.848
Mental age in month 29.4 (17.8, 8-59) 56.4 (17.0, 21-80) -5.31 <0.001
SRS 87.32 (25.09, 41-135) 49.00 (13.91, 24-72) 6.36 <0.001
ABC 63.36 (29.32, 20-140) — — —
CARS 34.45 (3.76, 30-42) — — —

Note: SDs and ranges in parentheses.

Abbreviations: ABC, Autism Behavior Checklist; CARS, Childhood Autism Rating Scale; SRS, Social Responsive Scale.
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Mental Disorders (DSM-5) criteria were provided by pediatri-
cians with a minimum of 10years of experience in diagnosing
ASDs. All children in the autism group had presented speech
onset delay. By the time of study participation, two of these chil-
dren were non-verbal and occasionally spoke in single syllables,
and the others spoke in words, phrases, or simple sentences. All
children had normal hearing, as confirmed through auditory
brainstem response measurements and parental reports. No
genetic conditions, additional psychiatric disorders, neurode-
velopmental disorders, or family history of language disorders
were identified in any of the children. None were receiving
medication at the time of the study. The Edinburgh Handedness
Inventory was administered to 43 children. Three children with
autism and two typically developing children were left-handed,
while one typically developing child exhibited no clear hand
dominance.

Before the EEG experiments, the receptive language abilities
of the participants were evaluated using the Peabody Picture
Vocabulary Test-Revised (PPVT-R) or the short form of the
Chinese Communicative Development Inventory (CDI). The
assessment scores were converted to mental age using CDI
and PPVT-R normative data for Chinese children (Gong and
Guo 1984; Sang and Liao 1990; Tardif and Fletcher 2008). The
Social Responsiveness Scale (Cen et al. 2017; Constantino and
Gruber 2009) was completed by caregivers for autism screening
in the TD group. Five TD children scored above the cutoff (> 60,
66-72), but autism was excluded after further evaluations by
qualified pediatricians. The symptom load of autistic children
was assessed using the Autism Behavior Checklist (ABC) and
the Childhood Autism Rating Scale (CARS), with higher scores
indicating greater symptoms. The ABC was completed by care-
givers, and the CARS by pediatricians. Informed consent was
obtained from the caregiver of each child, following a protocol
approved by the local Research Ethics Committee.

2.2 | Stimuli

see Supporting Information for detailed procedures). The target
syllables were synthesized using a commercial text-to-speech
software. Adjustments were made to create their exaggerated
versions based on the determined acoustic parameters (Table 2
and Figure 1). To maintain the total length of the exaggerated
syllable unchanged, the vowel length was adjusted accordingly
when elongating the VOT. All sounds were standardized to a
sampling rate of 44,100 Hz, a duration of 350 ms, and an inten-
sity of 70dB SPL.

2.3 | Procedure

Sequences of exaggerated and non-exaggerated syllables were
presented via insert earphones. Each syllable was presented
in four short blocks, comprising two exaggerated and two
non-exaggerated blocks, in a random order. Each short block
contained 50 trials, resulting in 400 trials. The inter-stimulus
interval jittered between 1000 and 1200 ms. During the EEG re-
cording, participants were seated in a comfortable position and
instructed to watch a muted cartoon of their choosing, while
ignoring any sounds. The EEG recording lasted approximately
12min, with the entire EEG experiment, including preparation,
taking approximately 20 min.

2.4 | EEG Recording and Analysis

The EEG was recorded using a 64-channel EGI HydroCel
Geodesic System (HGSN) system and a NetAmps 300 amplifier
(Electrical Geodesic Inc., Eugene, OR), at a sampling rate of
1000Hz. The electrode impedance was kept below 50kQ. The
Cz reference was used.

TABLE 2 | Acoustic parameters of interest of the exaggerated and
non-exaggerated syllables.

/i2/ /phi1/
The vowel-only syllable /i2/ (/i/ with a rising Tone 2) and the
CV syllable /phil/ (with a high-level Tone 1) were used as target Foaverage Forange
syllables. To create acoustically exaggerated versions of these (Hz) (Hz) VOT (ms)
syllables, the fundamental frequency (F,) range of /i2/ was in- Non- 240 82 82
creased, and the VOT of /phil/ was lengthened (Figure 1). These exaggerated
acoustic adjustments were based on lab-recorded CDS and liter-
ature on Cliinese mothers' CDS (Fish et al. 2017; Tang et al. 2017; Exaggerated 240 131 976
/i2/ /phil/
500
non-exaggerated VOT : 82 ms
non-exaggerated fO range: 82 Hz NW MWMW\ MWWMNW
WWL[ Hosan—
— exaggerated f0 range: 131 Hz
3 ‘
75 exaggerated VOT 97.6 ms
0 Time(ms) 350 0 Time(ms) 350

FIGURE1 | Acoustic features of the exaggerated and non-exaggerated syllables. (Left) FO (tonal) exaggeration; (right) VOT exaggeration.
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2.41 | EEG Preprocessing

The EEG data preprocessing was conducted with EEGLAB tool-
box (Delorme and Makeig 2004). The raw data underwent band-
pass filtering at 0.5-40Hz using a Hamming windowed sinc
finite impulse response filter. Motion artifacts were removed
using independent component analysis. The signals were then
re-referenced to linked mastoids. Epochs of 1000ms, includ-
ing a 200-ms pre-stimulus baseline, were extracted for subse-
quent analysis. Trials with instantaneous amplitude exceeding
+100uV were rejected. Those participants retaining fewer than
60% of the trials were excluded from further analysis. The av-
erage trial retention rates for the four stimulus conditions in
the autism group ranged from 83.6% to 85.2% (61-98 trials). In
the TD group, the trial retention rates were 84.8%-87.5% (61-98
trials).

2.4.2 | Univariate Analysis: ERP Waveform Analysis

Before MVPA, a conventional waveform analysis was per-
formed using the global field power (GFP). GFP, calculated as
the SD of the ERP amplitude across all electrodes, is a measure
of neural activity independent of scalp location (Lehmann and
Skrandies 1984). Non-parametric cluster-based permutation
tests (CBPT; Maris and Oostenveld 2007) were used to exam-
ine the effects of acoustic exaggeration on response amplitude
across the entire post-stimulus epoch of the GFP waveforms.

2.4.3 | MVPA: Classification (Diagonal Decoding)

The use of MVPA on EEG/ERP data represents a powerful
methodology for investigating auditory and speech processing,
as it provides high temporal resolution for tracking neural dy-
namics, while requiring minimal a priori assumptions about
time windows and scalp locations (King and Dehaene 2014;
Marsicano, Bertini, and Ronconi 2024). Here, we used MVPA
to examine the neural correlates of syllable discrimination (here
identified as “decoding accuracy”) with and without acoustic
exaggeration. The goal was twofold: (1) to determine the extent
to which EEG responses could discriminate between the target
syllables, and (2) to determine whether acoustically exaggerated
syllables could be decoded with greater accuracy than non-
exaggerated ones.

The MVPA analysis was implemented using the Amsterdam
Decoding and Modeling toolbox (Fahrenfort et al. 2018). A back-
ward decoding model (BDM) was used for first-level (single sub-
ject) analysis. BDMs enable the prediction of an experimental
variable (in this case, the target syllable /i2/ or /phil/) based on
an observed pattern of brain activity. The BDM uses linear dis-
criminant analysis to perform decoding (Grootswagers, Wardle,
and Carlson 2017). A 5-fold cross-validation procedure was used
to train-and-test the classifier. Specifically, the trials were split
into five equal-sized folds, with 4 folds as the training set and
the remaining fold as the testing set. This process was iterated
five times, with each fold being tested once. The classification
performance was quantified by area under the curve (AUC). The
AUCs from each iteration or fold were averaged to produce a sin-
gle performance metric for each time point. In this first step, the

Training data Test data

i -em- ol

?
Trial 1 Trial 2 Syllable A or B? Trial 1 Trial 2

- '»ﬁ

at each time point i
FIGURE 2 | Workflow of the MVPA analyses. The algorithm trains
a classifier using EEG response data to predict an experimental vari-
able (here, the target syllable /i2/ or /phil/). The classifier is then test-
ed on a separate EEG dataset from the same participant to estimate its

Temporal generalization
across time points

classification accuracy, measured by the area under the curve (AUC).
Initially, both training and testing are done at the same time point with-
in the EEG trial. Subsequently, the classifier is tested at different times
to evaluate its ability to generalize across time, producing a visual rep-
resentation- the temporal generalization matrix. The extent of color in
the temporal generalization matrix indicates the stability of neural pro-
cessing over time.

classifier was trained and tested at the same time points, which
is called diagonal decoding (see Figure 2). Following the subject-
level analysis, group-level statistics for MVPA were derived
through t-tests, which compared the AUC against the chance
level of 0.5 accuracy. A p-value was produced for each time point
as a result of the group-level analysis. Then, a CBPT with 1000
iterations was applied to address multiple comparisons and to
identify significant decoding clusters (clusters of time points
that significantly distinguish the target syllables).

2.4.4 | MVPA: Temporal Generalization

To characterize the temporal dynamics of neural processing,
we computed a temporal generalization matrix for each group
and condition. The diagonal values in the matrix represent the
AUC when training and testing of the classifiers were performed
on the same time points, without cross-time validation. These
values are equivalent to the diagonal decoding described in the
previous section. The off-diagonal values were computed in the
same way as the diagonal values, but with the classifiers tested
on different time points, indicative of the generalizability of clas-
sifiers across time (Figure 2). High off-diagonal values indicate
that the neural patterns identified during training are also appli-
cable at other time points. We first analyzed the signals recorded
from all channels (excluding the eye channels), and then the left-
and right-hemisphere channels separately to gain insights into
possible hemispheric lateralization of speech processing.

3 | Results

3.1 | Univariate ERP Analysis Fails to Differentiate
Syllables With and Without Acoustic Exaggeration

This section reports the results of conventional waveform anal-
ysis. Non-parametric CBPT indicated that in both the non-
exaggerated and exaggerated speech conditions, and in both
the autistic and TD groups, the GFPs elicited by the /i2/ syllable
were not significantly different from those elicited by the /phil/
syllable (Figure 3). This lack of syllable difference suggests that
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TD: /i2/ vs /p"il/

4 Non-exaggerated 4 Exaggerated
3 3
2 2
T2 T2
w w
O] o
1 1
0 0
-200 0 200 400 600 800 -200 0 200 400 600 800
Time(ms) Time(ms)
Autism: /i2/ vs /p"i1/
4 Non-exaggerated 4 Exaggerated
3 3
2 2
T2 T2
w w
O] O]
1 1
0 0
-200 0 200 400 600 800 -200 0 200 400 600 800
Time(ms) Time(ms)

FIGURE 3 | Global-field-power (GFP) waveforms comparing re-
sponses to the /i2/ versus /pil/ syllables in each group. No response dif-
ference between syllables was identified, regardless of group or acous-
tic exaggeration, as evidenced by the cluster-based permutation tests
(CBPT).

a univariate ERP measure may not provide neural correlates for
syllable discrimination, even in the presence of acoustic exag-
geration. Group comparisons revealed no significant difference,
regardless of syllable or acoustic exaggeration (Figure S1).

We then examined the effects of acoustic exaggeration on GFP
for each syllable using CBPT. In the autism group, but not in the
TD group, tonal exaggeration significantly increased the GFP
amplitude by around 250 ms (p =0.019; Figure 4). No significant
GFP differences related to VOT exaggeration were observed in
either group.

In the following sections, we directly address whether acoustic
exaggeration aided syllable discrimination using the multivari-
ate approach.

3.2 | MVPA Diagonal Decoding Reveals Enhanced
Neural Discrimination of Exaggerated Syllables in
Autism Compared With Non-Exaggerated Syllables

This section reports on diagonal decoding, which assesses syl-
lable discrimination with and without acoustic exaggeration.
The goals were (1) to determine how well target syllables were
decoded from EEG responses and (2) to compare the decoding
accuracy of acoustically exaggerated syllables with that of non-
exaggerated syllables.

3.21 | All Channels
In the non-exaggerated speech condition, neither group

showed significant neural decoding of the syllables. For the
TD group, CBPT did not identify significant decoding clusters
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FIGURE 4 | Global-field-power (GFP) waveforms comparing re-
sponses with and without acoustic exaggeration for each syllable in each
group. The shaded area represents a significant effect of exaggeration
on GFP amplitude identified by cluster-based permutation test (CBPT).
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FIGURES5 | Comparisons of MVPA decoding accuracies for the non-
exaggerated and exaggerated speech. Thick lines represent time clusters
that are significantly different from chance identified by CBPT.

that distinguished the two syllables (Figure 5). One-sample
t-tests were performed on the group-average AUC values, cal-
culated at each time point over the entire trial. This confirmed
that their overall decoding accuracies were not significantly
different from a chance AUC of 0.5 [t(54)=1.11, p=0.273,
Cohen's d=0.15]. Similarly, the autism group showed no
significant decoding clusters, and one-sample t-test further
showed that their group-average decoding accuracies did not
differ from chance [t(54) = —1.93, p=0.059, Cohen's d = —0.26].
Although neither group produced significant decoding clus-
ters, an independent samples t-test for group differences
showed that the TD group had a higher overall AUC than the
autism group [£(108)=2.06, p=0.042, Cohen's d =0.39] in the
non-exaggerated conditions.

In contrast, the exaggerated speech condition elicited significant
neural decoding for the syllables in both groups, but with nota-
ble differences between them. The TD group showed significant
decoding clusters between 172 and 263 ms, peaking at 226 ms
(p=0.006; Figure 5), according to CBPT analysis. However,
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TABLE 3 | Summary of significant comparisons of MVPA diagonal
decoding by group.

Group
Comparison Autism TD
Decoding clusters
Non-ex syllables None None

Ex syllables 190-317 ms*** 172-263 ms**

Group-average decoding accuracy versus chance
Non-ex syllables NS NS
Ex syllables *E NS (p=0.054)

Within-group comparisons: decoding accuracy

Non-ex versus ex Ex> Non-ex* NS

syllables
Between-group comparisons: decoding accuracy
Non-ex syllables TD > Autism*

Ex syllables NS

Abbreviations: Ex, exaggerated; Non-ex, non-exaggerated; NS, not significant.
*p<0.05.

*p <0.01.

#%p < 0.001.

their group-average decoding accuracy was only approaching
a significant difference from chance [t(54)=1.97, p=0.054,
Cohen's d=0.27]. The autism group showed significant decod-
ing clusters from 190 to 317ms, peaking at 244ms (p <0.001;
Figure 5), and their decoding accuracy across the trial window
was significantly above chance [t(54)=3.14, p=0.003, Cohen's
d=0.42]. When comparing the groups, there was no significant
difference in overall decoding accuracy in the exaggerated con-
dition [t(108) =—1.07, p=0.288, Cohen's d = —0.20].

Furthermore, we used paired sample t-tests to examine the ef-
fects of acoustic exaggeration within each group. In the autism
group, group-average decoding accuracies for exaggerated syl-
lables were significantly higher than those for non-exaggerated
syllables [£(54) = —5.51, p <0.001, Cohen's d = —0.70]. In contrast,
the TD group did not show a significant difference between the
exaggerated and non-exaggerated conditions [t(54)=-0.74,
p=0.460, Cohen's d=—0.11].

In sum (Table 3), the decoding cluster results indicate that acous-
tic exaggeration enhanced the neural discrimination of syllables
in the autism and TD groups, an effect that was not detected
in the univariate analysis. In addition, t-tests showed that the
autism group achieved overall decoding accuracies significantly
above the chance for exaggerated syllables, with performance
comparable to the TD group.

3.2.2 | Left Versus Right Hemisphere Channels
3.2.2.1 | TD Group. For the non-exaggerated syllables, sig-

nificant decoding clusters were found only in the right hemi-
sphere electrodes (190-317 ms, p =0.006; 354-499 ms, p < 0.001),

with higher overall decoding accuracies than in the left hemi-
sphere [t(54)=—4.60, p<0.001, Cohen's d =—0.53].

For the exaggerated syllables, significant decoding clusters were
found in both hemispheres (left, 117-354ms peaked at 226ms,
p<0.001; right, 172-299 ms peaked at 226 ms, p=0.001), with the
left performing better [£(54) =6.16, p<0.001, Cohen's d=0.53].

3.2.2.2 | Autism Group. For the non-exaggerated syllables,
the left hemisphere electrodes showed higher overall decod-
ing accuracies than the right [¢(54)=6.77, p<0.001, Cohen's
d=0.67], but no significant clusters were identified.

For the exaggerated syllables, the two hemispheres had com-
parable decoding accuracies [t(54)=0.94, p=0.349, Cohen's
d=0.07], with significant clusters in both hemispheres (left,
190-280ms peaked at 244ms, p<0.001; right, 135-281ms
peaked at 226 ms, p <0.001).

3.3 | MVPA Temporal Generalization Reveals
Distinct Neural Coding Mechanisms in Autism
and TD

This section reports the MVPA results in the time domain. The
aim was to determine whether the neural pattern supporting
above-chance syllable discrimination is temporally stable. The
temporal generalization analysis was performed only for the
exaggerated syllable conditions, as the non-exaggerated sylla-
bles were undecodable—did not produce neural indicators of
discrimination.

3.3.1 | All Channels

The temporal generalization matrices (Figure 6) showed that
the autism group had a predominantly diagonal decoding pat-
tern, indicating limited generalization across time. In contrast,
the TD group displayed a square, off-diagonal pattern in the
early decoding window.

To quantify this, we tested the classifier trained at the AUC peak
across all time points. In the TD group, the classifier at peak
AUC (226 ms) generalized to 117-281ms (p=0.008). In the au-
tism group, the classifier at peak AUC (244 ms) generalized to a
later time window, 208-281 ms (p =0.006). These results suggest
that decoding is earlier and more temporally reliable in the TD
group compared with the autism group.

3.3.2 | Left Versus Right Hemisphere Channels

In the TD group, the left hemisphere showed earlier and more
extensive generalization than the right (Figure 7). Further anal-
yses at peak AUCs for each hemisphere (left peak: 226 ms; right
peak: 226 ms) verified this pattern, showing earlier generaliza-
tion on the left than on the right (left, 81-263ms, p=0.012; right,
172-281ms, p=0.010).

In the autism group, the two hemispheres showed similar di-
agonal patterns of decoding (Figure 7). Further analyses with
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FIGURE 7 | Temporal generalization matrices of the left and right
hemisphere channels.

training classifiers at peak AUCs (left peak: 244 ms; right peak:
226 ms) identified bilateral generalization beyond 200ms (left,
208-299ms, p=0.006; right, 208-281 ms, p=0.022).

Pearson analyses between MVPA measures and age, MA, SRS
scores, CARS scores, and ABC scores did not reveal meaningful
correlations.

4 | Discussion

The present study investigates the impact of acoustic exagger-
ation on speech processing of autistic children with speech

delay. This represents the first attempt to apply a multivariate
approach with EEG in the domain of speech and language per-
ception in autism. The results demonstrated that acoustic ex-
aggeration improved the neural processing of speech sounds
in the autism group, as evidenced by the elevated MVPA clas-
sification/decoding performance for acoustically exaggerated
syllables compared with those for non-exaggerated syllables. A
time-resolved analysis further revealed that the effects of acous-
tic exaggeration in autism exhibited distinct temporal dynamics
with regard to hemispheric lateralization, suggesting differen-
tial speech processing mechanisms.

4.1 | Acoustic Exaggeration Improves Autistic
Speech Discrimination

A main finding of the current study is that acoustic exaggera-
tion at the phonemic level significantly influenced the neural
correlates of syllable discrimination in autistic children. It pro-
vides additional, or at least comparable, benefit for the autistic
children in comparison with their TD peers, a phenomenon that
would not be predicted based on past literature demonstrating
limited attentional orientation or cortical responsivity to CDS
in autism (Chen et al. 2021; Kuhl et al. 2005; Paul et al. 2007;
Pierce et al. 2023).

Research using naturalistic and continuous CDS (motherese)
has reported a reduced level of attention to CDS during the
first years of life, which has been identified as a putative
pre-symptomatic marker for autism (Pierce et al. 2023) and
an impedance for social and language development (Watson
et al. 2012). Along this line, Chen et al. (2021) found that
4-11-year-old autistic children displayed a diminished corti-
cal response enhancement in the early P1 window to formant-
exaggerated vowels relative to their TD peers. The lack of
enhancement was considered to hinder the phonological ac-
quisition of autistic children. The results of their study appear
to be contrasting with ours, which showed enhanced GFP
associated with tonal exaggeration in autism, but not in TD.
This discrepancy could be attributed to differences in the
sample age, the specific phonemic features investigated (for-
mant space vs. lexical tone), or analytical techniques used in
the ERP analysis. More importantly, this previous study did
not sufficiently address the impact of acoustic exaggeration on
speech discrimination outcomes.

The current study presents the first evidence that selective
acoustic exaggeration of phonemic features enhances the accu-
racy of syllable discrimination in young autistic listeners, as in-
dicated by neural decoding correlates. The auditory stimuli used
in the current study differ considerably from naturalistically re-
corded CDS. The only acoustic exaggerations implemented here
were either VOT or FO range, which are, respectively, the deter-
ministic features of the target stop consonant and lexical tone.
In consequence, the various canonical features of CDS includ-
ing pitch height, intensity, and formant-frequency dispersion
(Hilton et al. 2022) remained unchanged. This rigorous control
of the acoustic variables eliminated the potential influence of
social affect and other phonemically irrelevant factors, thus al-
lowing the attribution of the effects on decoding accuracy to the
acoustic exaggeration alone.
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The acoustic quality of the exaggerated speech used in this study
may find a correspondence in the non-social language material,
which is known as frequently sourcing autistics' initial language
productions (TVs, radios, etc.; Kissine 2021; Mottron, Ostrolenk,
and Gagnon 2021). Unlike the acoustic variations inherent to
naturalistic, socially rich CDS or motherese, the acoustically
exaggerated speech used here has minimalistic acoustic differ-
ences from non-exaggerated speech, with the exception of the
key phonemic variables, namely, the VOT of the stop consonant
and the FO range of the lexical tone. Such abstracted acoustic
exaggeration serves to accentuate phonemic contrasts while ex-
cluding irrelevant acoustic variations. Previous study with au-
tistic individuals has shown that an increased neural response
for a vowel contrast is indeed disturbed by irrelevant pitch vari-
ations, potentially reflecting a diminished capacity to extract
invariant phonemic categories from the highly variable speech
input required for language acquisition (Kujala, Lepistd, and
Nidtinen 2013; Lepisto et al. 2008). In the context of lower oscil-
latory synchrony or “neural jitter” in EEG signals during speech
processing in autistic children (Yu et al. 2018), targeted acoustic
exaggerations may prove to be a more effective approach in sup-
porting cortical speech processing in autism.

4.2 | Distinct Lateralization of Temporal
Dynamics Underlying Speech Processing Between
Autism and TD

In the TD group, neural decoding was predominantly lateral-
ized to the left hemisphere, with the exception of diagonal de-
coding in the non-exaggerated condition. The finding that the
right, but not the left hemisphere, significantly decoded the
non-exaggerated syllables in the TD group is in alignment with
existing literature that suggests the role of the right hemisphere
in speech perception involving frequency modulations (e.g.,
lexical tone contrast; Luo et al. 2006) or, in some cases, VOT
differences (Molfese 1998). However, when the phonemic fea-
tures were acoustically exaggerated, decoding in the TD group
became left-lateralized for both diagonal decoding and temporal
generalization. This shift of lateralization may be due to the en-
hanced prominence of speech features that potentially triggered
the specialized network in the left hemisphere of TD. In com-
parison, the autism group exhibited a bilateral decoding pattern,
irrespective of acoustic exaggeration.

The presence and nature of temporal generalization are in-
dicative of the stability of neural coding over time (King and
Dehaene 2014). The TD group showed a left lateralization and an
early pattern of temporal generalization starting within 100 ms.
In contrast, the autism group displayed a bilateral, relatively
late, and narrow temporal generalization (diagonal pattern in
the generalization matrices). The TD results may reflect a more
rapid and reliable speech encoding system for syllable material,
driven by left-hemisphere functions. This is consistent with the
established differences in the computational properties of the
two hemispheres (Poeppel, Idsardi, and van Wassenhove 2008;
Zatorre 2022). The left hemisphere is known to preferentially
represent fast-changing and temporal properties in the au-
ditory signal (e.g., VOT), and the right hemisphere is more
attuned to slow-changing and spectral properties (e.g., FO con-
tour; Boemio et al. 2005; Luo et al. 2006; Zaehle et al. 2004; but

see Molfese 1998; Simos, Molfese, and Brenden 1997 for VOT
processing in the right hemisphere). The leftward and rapid
temporal generalization in the TD group, despite the smaller ex-
aggeration for the VOT than that for the FO range (1.19 vs. 1.95),
suggests a more efficient syllable detection using the initial con-
sonant cue, which may involve a specialized brain network.

In contrast, the lack of leftward asymmetry in the autistic group
may indicate an absence or delayed development of functional
specialization toward the left hemisphere (Haesen, Boets, and
Wagemans 2011; Li et al. 2023; Lindell and Hudry 2013; Yu and
Wang 2021). It is possible that autistic children may rely less on
transient and rapid acoustic cues, such as VOT, which are pro-
cessed predominantly by the left hemisphere. Notably, we ob-
served a tonal exaggeration effect on the GFP amplitude only in
the autism group (Figure 4). This autism-specific effect, in con-
junction with the MVPA results, leads us to speculate a pitch-
based strategy in their speech encoding system (e.g., Wang and
Xu 2024). This interpretation is consistent with the enhanced
pitch discrimination evident in older autistic people (Bonnel
et al. 2003).

Taken together, selective acoustic exaggerations of stop conso-
nant and lexical tone features result in an immediate improve-
ment in neural decoding of syllables in both autistic and TD
children. Nevertheless, the relative weight of VOT and tonal
cues may differ between the two groups. It may be the case that
autistic children require a greater extent of VOT exaggeration for
syllable detection in comparison to their TD counterparts.

4.3 | Limitations

The study has several limitations. The first is the relatively broad
age range of the participants, which may have introduced vari-
ability in developmental stages affecting auditory functions and
responsiveness to CDS. Although this age distribution is nar-
rower than that in previous studies (e.g., Chen et al. 2021), it
emphasizes the necessity for future research to minimize devel-
opmental variability and to better isolate the effects of CDS and
acoustic exaggeration. The second limitation is the specificity of
the participant group. The data were collected exclusively from
autistic children with speech delays. These children may repre-
sent a specific subgroup within the autism spectrum with dis-
tinct auditory processing and language acquisition mechanisms
(Chiodo, Mottron, and Majerus 2019; Mottron, Ostrolenk, and
Gagnon 2021). As aresult, our findings may not be generalizable
to all autistic children with different language development pro-
files (e.g., Bonnel et al. 2010). Third, while autistic children had
significantly lower mental age, as measured by receptive lan-
guage ability, it was not possible to isolate the potential effect of
this difference from the results. However, the use of a passive lis-
tening paradigm minimized its impact by removing the need for
active cognitive or linguistic engagement. Moreover, language
differences may be intrinsic to the autistic phenotype, which
makes it difficult to disentangle these effects from more specific
information processing differences (e.g., Schaeffer et al. 2023).
Finally, the current study used a single stimulus type—sylla-
bles—to assess the impact of exaggerated acoustic features on
speech processing. While syllables are fundamental units of
speech, the results might not be generalizable to higher-order
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linguistic structures, which limits the study's scope and ecolog-
ical validity.

4.4 | Implications and Future Directions

The present study investigates the differential effects of speech
acoustics on autistic and typical children's speech discrimina-
tion. Exaggerated speech provides amplified acoustic features
to enhance the clarity of auditory signal, thereby increasing the
contrast and discriminability of different speech sounds. The
findings have implications for sensory-based strategies aimed
at supporting speech communication and learning in young
autistic children. For example, at the beginning of speech and
language training for autistic children, it might be useful to
consider non-social-based materials with targeted acoustic ex-
aggerations to leverage autistic children's proneness for benefit-
ting from such signals. How this finding can be transferred into
measurable progress in speech encoding and use remains to be
studied.
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