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ABSTRACT
Autistic children exhibit difficulties in audiovisual speech integration, which are associated with their social communication 
challenges. The neural mechanism underlying audiovisual speech integration difficulties in autism remains unclear. We recruited 
19 neurotypical (NT) children and 29 autistic children. We recorded their behavioral responses and Electroencephalography 
(EEG) signals to audiovisual congruent syllables, and incongruent syllables that could evoke audiovisual speech integration (i.e., 
McGurk effect). For the EEG analysis, we further classified autistic children into the autistic McGurk group and the autistic non-
McGurk group based on their strength of audiovisual speech integration. Behaviorally, we found reduced audiovisual speech 
integration in autistic children. At the neural level, we found that: (1) NT children showed an early stage audiovisual processing 
(indexed by the N1 amplitude), which was altered in two autistic groups; (2) all three groups exhibited a successful audiovisual 
incongruence detection (i.e., phonological Mismatch Negativity, pMMN); (3) NT and autistic McGurk groups could successfully 
resolve the audiovisual incongruence (indexed by the restoration of pMMN), but the autistic non-McGurk group could not (in-
dexed by the sustained negative amplitude). Furthermore, we found a distinct temporal decoding pattern between non-McGurk 
and congruent trials across groups: both NT and autistic McGurk groups exhibited early EEG decoding, whereas the autistic 
non-McGurk group demonstrated successful decoding during late processing stages. Audiovisual speech integration entails a 
three-stage process in NT children: early audiovisual processing, audiovisual incongruence detection, and audiovisual incon-
gruence resolution. The altered early-stage processing was possibly the neural mechanism underlying the reduced audiovisual 
speech integration in autistic children.
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1   |   Introduction

Autism is a neurodevelopmental condition characterized by 
altered social interaction and communication, as well as re-
stricted and repetitive behaviors (DSM-5; American Psychiatric 
Association  2013). Autistic children showed reduced audiovi-
sual speech integration compared to neurotypical (NT) children 
as reported in previous studies (e.g., Bebko et  al.  2014; Feng 
et al. 2021, 2023; Stevenson et al. 2014). Audiovisual speech in-
tegration refers to the process that combines a speaker's audi-
tory speech signals and facial articulatory movements, forming 
unified perceptual representations (Altieri et al. 2011). Reduced 
audiovisual speech integration is associated with decreased 
language and communication abilities in autistic individuals 
(Feldman et al. 2018). Unveiling the neural mechanism underly-
ing reduced audiovisual speech integration in autistic children 
provides insights for the mechanisms of their delayed language 
development and social communication challenges.

In NT individuals, the neural mechanisms underlying audiovi-
sual speech integration have been explored using McGurk tasks 
(Proverbio et al. 2018; Roa Romero et al. 2015). The McGurk ef-
fect occurs when an auditory phoneme is dubbed onto the artic-
ulatory movement of another phoneme, resulting in the fused 
perception of a third phoneme (McGurk and MacDonald 1976). 
In NT infants and children, to the best of our knowledge, only 
Kushnerenko et al. (2008) explored NT infants' neural response 
to McGurk stimuli. They found that 5-month-old infants demon-
strated similar event-related brain potentials (ERPs) when pro-
cessing audiovisual congruent stimuli and McGurk stimuli. 
This pattern was different from those when processing audio-
visual incongruent stimuli that cannot be integrated. However, 
this study did not identify any specific components for McGurk 
stimuli processing in NT infants.

In NT adults, several studies investigated the neural mecha-
nisms underlying audiovisual speech integration (e.g., Proverbio 
et  al.  2018; Roa Romero et  al.  2015). Using EEG technique, 
Proverbio et  al.  (2018) identified that audiovisual incongruent 
syllables (McGurk stimuli) evoked a phonological Mismatch 
Negativity (pMMN) in NT adults about 500 ms after the voice 
onset compared to audiovisual congruent syllables. They de-
fined this component as electrophysiological evidence of auto-
matic detection of incongruence between auditory phonemes 
and visual articulatory movements in McGurk stimuli. In 

another study, Roa Romero et  al.  (2015) found a reduced N1 
component (78–170 ms), an early (50–250 ms) and a late (500–
620 ms) suppression of beta-band power in McGurk trials com-
pared to audiovisual congruent trials in NT adults. On the basis 
of these findings, they proposed a possible three-stage process 
in audiovisual speech integration, including (a) early enhanced 
integrative processing (i.e., N1 reduction: 78–170 ms), (b) audio-
visual incongruence detection and allocation of processing de-
mands (i.e., early beta power suppression: 50–250 ms), and (c) 
audiovisual incongruence resolution and formation of a coher-
ent perception (i.e., late beta power suppression: 500–620 ms; 
Roa Romero et al. 2015).

In autistic children, a series of studies revealed that autistic chil-
dren showed reduced audiovisual speech integration compared 
to NT children, manifesting by their lower ability of McGurk 
perception (e.g., Bebko et al. 2014; Feng et al. 2021, 2023). This 
reduced audiovisual speech integration in autistic children sug-
gests that they process McGurk stimuli differently from NT chil-
dren at the neural level. However, the underlying mechanism 
has not been fully explored. Thus, the present study aimed to 
unveil the neural mechanism underlying audiovisual speech 
integration difficulties in autistic children through EEG tech-
niques. Building upon the three-stage proposition and subse-
quent empirical evidence (e.g., N1, pMMN; Proverbio et al. 2018; 
Roa Romero et  al.  2015), we proposed a modified three-stage 
process in audiovisual speech integration, specifically address-
ing the dynamic interplay among the three stages. The first 
stage would be an early response to audiovisual incongruency 
indexed by the N1 amplitude. The second stage would be the 
audiovisual incongruency detection indexed by the pMMN. The 
third stage would be the audiovisual incongruence resolution 
indexed by restoration of pMMN's negative deflection.

To test our proposition, we employed the McGurk effect par-
adigm to explore the neural activities in autistic and NT chil-
dren in the present study. We divided the autistic children into 
autistic McGurk group and autistic non-McGurk group based 
on their McGurk performance. Then, we compared the neu-
ral activities between the processing of McGurk/non-McGurk 
trials and audiovisual congruent trials in each group. We also 
analyzed whether EEG signals could decode different kinds of 
trials in each group employing Multivariate Pattern Analysis 
(MVPA). At the behavioral level, we hypothesized that autistic 
children showed reduced McGurk perception than NT children. 
For the neural activities, we hypothesized that (a) the NT group 
would demonstrate a modified three-stage process in the neural 
processing of McGurk/non-McGurk trials, but the two autistic 
groups might demonstrate at least one alteration in the three-
stage process; (b) the three groups might show some differences 
in neural decoding performance.

2   |   Methods

2.1   |   Participants

Nineteen NT boys (age: 6.22–14.90 years, M = 9.84 years, SD = 2.10) 
and 29 autistic boys (age: 6.14–15.59 years, M = 9.16 years, SD = 2.41) 
participated in the present study. All participants were Mandarin-
speaking Chinese and were recruited from urban areas of Beijing, 

Summary

By employing EEG technique, we explored the neural 
mechanism underlying audiovisual speech integration 
difficulties in autism. We found that autistic groups 
showed an altered early-stage audiovisual processing 
(indexed by an altered N1 amplitude) compared to NT 
children. NT group demonstrated a three-stage process in 
audiovisual speech integration: early response to audio-
visual incongruency, audiovisual incongruence detection, 
and audiovisual incongruence resolution. The altered 
early-stage audiovisual processing might be seen as a 
neural signature of autism in audiovisual speech process-
ing, potentially contributing to the diagnosis of autism.
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China. All autistic boys had received a diagnosis of autism based 
on the criteria of the Diagnostic and Statistical Manual of Mental 
Disorders (DSM-V; American Psychiatric Association  2013). 
Autism diagnosis was further confirmed by the Chinese version 
of the Autism Spectrum Quotient: Children's Version (AQ-Child; 
Auyeung et al. 2008). The two groups were matched in both age and 
IQ, measured by the Chinese version of the Wechsler Intelligence 
Scale for Children-Fourth Edition (WISC-IV CN; Wechsler 2014; 
see Table 1 for detailed information). This study was approved by 
the research ethics committee of Peking University. We obtained 
oral consent from all children and written consent from their par-
ents before the experiment.

All participants' data were included in the behavioral data anal-
ysis. In the EEG data analysis, we conducted a cluster analysis 
to classify autistic children into two subgroups based on their 
percentages of the McGurk effect using k-means clustering 
(k = 2). This analysis identified two distinct clusters: the high 
McGurk effect cluster (McGurk effect ≥ 45%; N = 15 in autistic 
McGurk group) and the low McGurk effect cluster (McGurk 
effect ≤ 10%; N = 14 in autistic non-McGurk group). The two 
clusters corresponded to the autistic McGurk group and autis-
tic non-McGurk group in the present study. In the NT group, 
most children showed a McGurk effect of higher than 45% and 
only three children showed very low McGurk effect (about 10%). 
Due to the small sample size, these three children could not 
form a group and were therefore excluded from the EEG data 
analysis. Thus, in the NT group, all the remaining 16 children 
who showed more than 45% of McGurk effect were taken into 
the EEG data analysis. We conducted a power analysis using 
G*Power (Faul et al. 2009). The analysis indicated that a total 
sample size of N = 42 was required for a design involving three 
groups (each with two conditions: congruent vs. incongruent) 
assuming α = 0.05, power = 0.80, and a medium effect size 
(Cohen's f = 0.25). Thus, the current sample size (N = 45) was 
considered adequate. In addition, the sample sizes in each group 
are comparable to those reported in the previous EEG study by 
Roa Romero et al. (2016). The autistic McGurk group, the autistic 
non-McGurk group, and the NT group were matched in both age 
and IQ (see Table 1, “EEG analysis” for detailed information).

2.2   |   Stimuli

We adopted the McGurk effect to measure participants' audio-
visual speech integration (McGurk and MacDonald  1976). We 

employed two types of stimuli: audiovisual congruent stimuli 
and audiovisual incongruent stimuli. In these two types of stim-
uli, a female speaker was videotaped while articulating sylla-
bles. The audiovisual congruent stimuli were the original videos 
of the speaker articulating “ba” and “da”. The audiovisual incon-
gruent stimuli were obtained by dubbing the visual “ga” onto the 
auditory “ba” (auditory “ba” + visual “ga”) from the original vid-
eos using Adobe Premiere Software Pro CS 6.0. The audiovisual 
incongruent stimuli could evoke the McGurk illusory percept of 
“da”, which indicates the occurrence of the audiovisual speech 
integration.

All the stimuli were videos with a resolution of 1280 × 720 pixels 
and a frame rate of 25 frames/s. Each stimulus lasted approx-
imately 1.85 s. All videos began and ended with the speaker's 
still face. For the audiovisual congruent stimuli “ba” and “da”, 
the sounds began after the speaker opened her mouth 160 and 
200 ms respectively. For the audiovisual incongruent stimuli, 
the sounds began after the speaker opened her mouth 240 ms. 
We obtained written consent from the female speaker to use 
these videos in the experiment and publications.

2.3   |   Procedures

The experiment was conducted in an electrically shielded room 
with dimmed lights. Participants were seated before the 21.5-
inch display screen with a resolution of 1920 × 1080 pixels. 
In the center of the screen, the stimuli were presented with 
Psychtoolbox (Brainard 1997; Kleiner et al. 2007; Pelli 1997) in 
MATLAB 2016b (The MathWorks, Natick, MA). Sounds were 
presented through two speakers located on the two sides of the 
screen.

We implemented a practice session and the formal experi-
ment. The practice session was implemented to familiarize 
participants with the McGurk task. The formal experiment 
included 10 blocks. Each block included two conditions: the 
audiovisual congruent condition and the audiovisual incon-
gruent condition. In the audiovisual congruent condition, six 
audiovisual congruent “ba” and six audiovisual congruent 
“ga” were presented. In the audiovisual incongruent con-
dition, 12 audiovisual incongruent “AbVg” were presented. 
Totally, each block included 24 trials, which were presented 
in random order. For a typical trial, the procedure was shown 
in Figure 1. First, a fixation was presented on the screen for 

TABLE 1    |    Participants' characteristics in the behavior analysis and the EEG analysis.

Group N Male/female Mean age in years (SD) IQ (WISC-IV)

Behavior analysis Autism 29 29/0 9.16 (2.41) 109.03 (18.61)

NT 19 19/0 9.84 (2.10) 118.42 (13.70)

t (p) N/A N/A −1.04 (0.31) −1.89 (0.07)

EEG analysis Autistic McGurk 15 15/0 9.49 (3.10) 105.13 (22.32)

Autistic non-McGurk 14 14/0 8.80 (1.40) 113.21 (13.15)

NT_Mc 16 16/0 10.03 (2.12) 119.81 (13.12)

F (p) N/A N/A 1.04 (0.36) 2.97 (0.06)
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1000 ms. Then, the first static image of a video was presented 
briefly with a random duration of 400 ms, 600 ms, or 800 ms to 
minimize participants' expectancy effects and to control the 
influence of visual ERPs due to picture onset (Roa Romero 
et al. 2015). After that, the video was displayed. Finally, a re-
sponse screen with two choices (“ba” and “da”) was presented 
to prompt the participants to issue the response (“1” or “3” 
for “ba” or “da”). The mappings between the numbers on the 
keyboard and the choices on the screen were counterbalanced 
among participants. Participants took breaks for 2–3 min after 
completing a block. The experiment lasted about 50 min.

2.4   |   EEG Recording and Preprocessing

2.4.1   |   EEG Recording

In the formal experiment, continuous EEG was recorded by 
EGI (Electrical Geodesic Inc., Eugene, OR) with a 128-channel 
HydroCel Geodesic Sensor Net, which was referenced online 
to the vertex electrode (Cz). Eye blinks and vertical eye move-
ments were examined with electrodes located below and above 
the eyes (E8, E126, E25, E127). Horizontal eye movements were 
measured using E125 and E128, located at positions to the left 
and right of the eyes. Data were recorded at 1000 Hz with an on-
line 0.01–50 Hz band-pass filter. Electrode impedance was kept 
below 50 kΩ during data collection.

2.5   |   Data Analysis

2.5.1   |   Behavioral Data Analysis

We scored children's responses in the audiovisual congruent 
condition and the audiovisual incongruent condition separately. 
In the audiovisual congruent condition, for the stimuli “ba”, we 
took the response “ba” as correct response and the response “da” 
as incorrect response; for the stimuli “da”, we took the response 
“da” as correct response and the response “ba” as incorrect re-
sponse. In the audiovisual incongruent condition, we took the 

response “da” as McGurk percept and the response “ba” as non-
McGurk percept. We analyzed the data using nonparametric 
statistical analysis (i.e., Mann–Whitney U test and permutation 
ANOVA) as the normal distribution assumption required by 
parametric tests was violated.

2.5.2   |   EEG Data Analysis

2.5.2.1   |   EEG Pre-Processing.  Offline EEG data were 
preprocessed using the Maryland Analysis of Developmen-
tal EEG (MADE) Pipeline (Debnath et al. 2020), a standard-
ized EEG pipeline based on the EEGLab Toolbox for Matlab 
(Delorme and Makeig  2004). Following the standard proce-
dure of preprocessing with the MADE, continuous data were 
down-sampled to 250 Hz, and the data from 24 outermost rings 
of electrodes (E17, E38, E43, E44, E48, E49, E113, E114, E119, 
E120, E121, E125, E126, E127, E128, E56, E63, E68, E73, E81, 
E88, E94, E99, and E107) were removed. Then, the data were 
high-pass filtered at 0.3 Hz and low-pass filtered at 40 Hz. The 
FASTER plugin for EEGLab (Nolan et al. 2010) was used to 
identify bad channels (Number of Bad Channels: Mean = 5.11, 
SD = 3.07, Range = 0–13). To identify artifacts in the data, we 
performed independent components analysis (ICA) on a copy 
of the dataset. The copied dataset was filtered with a 1 Hz 
high-pass filter and segmented into arbitrary 1000 ms epochs. 
Prior to ICA decomposition, epochs were removed if the volt-
age amplitude exceeded ±1000 μV or if power in the 20–40 Hz 
band (after Fourier analysis) was greater than 30 dB to 
remove the EMG-like activity. If more than 20% of epochs 
in a channel were rejected, this channel was removed from 
both the ICA-copied dataset and the original dataset. Next, 
ICA was performed on the copied dataset and the ICA weights 
were copied back to the original continuous dataset. The 
“adjusted-ADJUST” Matlab scripts (Leach et  al.  2020) were 
used to automatically identify artifactual independent com-
ponents in the original dataset, which were then removed 
from the data. Then, epochs from −100 to 800 ms relative to 
the onset of the auditory stimuli were extracted for the EEG 
analysis. All epochs were baseline-corrected with a 100 ms 

FIGURE 1    |    The procedure of a sample trial. Please refer to the text for detailed information.
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window (−100 to 0 ms before the onset of the auditory stim-
uli). A rejection threshold of ±125 μV based on frontal elec-
trodes (E1, E8, E14, E21, E25, E32) was used to further reject 
epochs with any ocular artifacts. For the remaining epochs, 
channels with voltage that exceeded the ±125 μV threshold 
were interpolated at the channel level. However, when more 
than 10% of the channels exceeded this threshold, the epoch 
was removed. Finally, all rejected channels were interpolated 
with the spherical spline interpolation procedure, and data 
were re-referenced to the average of all electrodes. The online 
reference Cz was added back into the dataset.

To ensure there were enough trials in the EEG data analysis, 
we focused on the comparison of ERPs between congruent 
trials with correct responses and McGurk trials (i.e., trials 
evoked McGurk effect) in NT and autistic McGurk groups, and 
between congruent trials with correct responses and non-
McGurk trials (i.e., trials did not evoke McGurk effect) in the 
autistic non-McGurk group. The number of trials was equalized 
according to the lower trials number of both types of trials in 
each group. There were 95 trials (SD = 18.2) in the NT group, 
88 trials (SD = 26.6) in the autistic McGurk group, and 97 tri-
als (SD = 26.9) in the autistic non-McGurk group on average for 
each condition in the EEG data analysis. There was no signifi-
cant difference on the number of trials among the three groups, 
F(2, 44) = 0.497, p = 0.612.

2.5.2.2   |   ERP Analysis.  The ERP analyses mainly 
focused on the auditory ERP components in the central area 
(Knowland et al. 2014). To increase the signal-to-noise ratio, 
we averaged six electrodes around and including the apex, Cz 
(Cz, E7, E106, E31, E80, E55), which showed the clearest audi-
tory components in the present study. Building on previous 
studies reporting neural differences between McGurk trials 
and AV congruent trials, we examined the ERP differences 
between McGurk trials and audiovisual congruent trials in 
NT and autistic McGurk groups (e.g., Proverbio et  al.  2018; 
Roa Romero et  al.  2015; Saint-Amour et  al.  2007; Stekelen-
burg and Vroomen 2012). This comparison aimed to explore 
the neural mechanisms of audiovisual speech integration in 
both NT and autistic children. We further examined the ERP 
differences between non-McGurk trials and audiovisual con-
gruent trials in the autistic non-McGurk group. This compari-
son aimed to explore, when integration failed for incongruent 
stimuli, whether their neural responses were similar to those 
elicited by audiovisual congruent stimuli. To explore the group 
differences, we also examined the ERP difference wave in 
those trials between the two groups that showed the McGurk 
effect (NT group and the autistic McGurk group) and between 
the two autistic groups (autistic McGurk group and autis-
tic non-McGurk group). We employed the cluster-based per-
mutation test in the comparisons with 1000 times repetition 
of the permutation procedure (Maris and Oostenveld 2007).

2.6   |   Multivariate Pattern Analysis (MVPA)

In order to compare and contrast the patterns of neural activ-
ity in the two conditions in each group, we tested whether it is 
possible to decode the audiovisual congruent trials with correct 

responses and audiovisual incongruent trials through MVPA of 
the EEG signals. The Amsterdam Decoding and Modeling tool-
box (ADAM, version 1.13-beta; Fahrenfort et al. 2018) in Matlab 
was used to perform the MVPA. To avoid overfitting, only 21 
channels from the standard EEG montage 10–20 system were 
included in the decoding analysis. The EEG amplitudes at in-
dividual electrode channels were used as decoding features. 
This resulted in 21 features in the predicted classes. Prior to the 
MVPA, the EEG data was down-sampled to 125 Hz to facilitate 
the decoding process. The main analysis involved a backward 
decoding classification with a linear discriminant classifier. The 
classifier was trained and tested on each time point with an 8-
fold cross-validation: trials were first randomly divided into 8 
equal-sized folds, and then the classifier was trained on 7 folds 
(87.5% data) and tested on the remaining fold (12.5% data). This 
procedure was repeated 8 times until each fold was tested. The 
decoding performance was averaged over folds. Two categories 
were involved in the analysis: congruent trials with correct re-
sponses and McGurk trials for NT and autistic McGurk groups, 
and congruent trials with correct responses and non-McGurk tri-
als for autistic non-McGurk group. The Area under the Receiver 
Operating Characteristic (ROC) Curve (AUC) was used to assess 
the decoding accuracy. An AUC value of 0.5 means chance level 
decoding performance, and larger AUC means more accurate 
decoding performance. MVPA results were tested at the group 
level for AUC deviations from chance (i.e., 0.5). Cluster-based 
permutation was used as correction for multiple comparisons in 
the MVPA (by default 1000 iterations).

3   |   Results

3.1   |   Reduced McGurk Effect in Autistic Group 
Compared to NT Group

We first compared the McGurk effect difference between the 
autistic group and the NT group in the audiovisual incongru-
ent condition using a Mann–Whitney U test by taking all chil-
dren into consideration. The results showed that the autistic 
group showed reduced McGurk effect compared with the NT 
group, U = 439.50, Z = −3.47, p = 0.001, r = −0.50 (Figure  2a). 
Then, we compared the McGurk effect difference among the 
autistic McGurk group, the autistic non-McGurk group, and 
the NT group in the EEG analysis by conducting a permutation 
ANOVA with group as the between-subject factor using the R 
package “lmPerm” and “multcomp” default method (Hothorn 
et  al.  2008; Wheeler and Torchiano  2016). Results showed a 
significant main effect of group, F(2, 43) = 148.99, permutation 
p < 0.001, ηp

2 = 0.88. Further, we conducted multiple compari-
sons using Mann–Whitney U tests to examine the differences 
between each pair among the three groups. We found that the 
autistic McGurk group showed reduced McGurk effect than the 
NT group did, U = 64.50, Z = −2.22, p = 0.03, r = −0.40, the autis-
tic non-McGurk group also showed reduced McGurk effect than 
the NT group did, U = 0.00, Z = −4.71, p < 0.001, r = −0.86, and 
the autistic non-McGurk effect group showed reduced McGurk 
effect than the autistic McGurk group did, U = 0.00, Z = −4.62, 
p < 0.001, r = −0.86 (Figure 2b). We also analyzed children's ac-
curacies in the audiovisual congruent condition, which were all 
close to 100% in the three groups.
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3.2   |   Larger N1 Amplitudes Difference Between 
McGurk and Congruent Trials in NT Group

We compared the average central ERP between McGurk trials/
non-McGurk trials and audiovisual congruent trials in the three 
groups by conducting a cluster-based permutation test. In the NT 
group, we found two significant clusters, 92–172 ms, p = 0.002, 
and 420–484 ms, p = 0.012 (Figure  3a). These two clusters re-
spectively indicated a larger N1 amplitude and a pMMN in the 
McGurk trials than that in the audiovisual congruent trials. In 
the autistic McGurk group, we found a marginally significant 
cluster, 500–564 ms, p = 0.068 (Figure 3b), which would proba-
bly be a pMMN in the McGurk trials. In the autistic non-McGurk 
group, we found two significant clusters, 384–672 ms, p < 0.001, 
and 704–796 ms, p = 0.034 (Figure  3c). The two clusters indi-
cated a pMMN and a late negative component (after 700 ms) in 
the non-McGurk trials than that in the audiovisual congruent 
trials. To sum up, pMMN appeared in all three groups, and the 
N1 amplitudes were different across different kinds of trials 
in the NT group and showed no difference in the two autistic 
groups.

We further tested whether the three groups showed different 
ERP amplitude changes across different kinds of trials. We 
first calculated the difference waves separately for each group 
by subtracting the neural responses in the audiovisual con-
gruent trials from those in the McGurk/non-McGurk trials. 
Then, we compared the difference waves across groups by 
conducting a cluster-based permutation test. Results showed 

significant clusters between the NT and autistic McGurk 
groups, 128–148 ms, p < 0.001 (Figure  3d) and between the 
autistic non-McGurk and autistic McGurk groups, 8–28 ms, 
p < 0.001, and 708–748 ms, p < 0.001 (Figure 3e). It indicated 
that the autistic McGurk group showed a smaller magnitude 
of N1 difference wave compared to the NT group and smaller 
magnitudes of difference wave in early processing but larger 
magnitudes of difference wave in late processing compared to 
the autistic non-McGurk group.

3.3   |   Magnitudes of the N1 Difference Wave Were 
Correlated With the Strength of McGurk Effect in 
NT and Autistic McGurk Groups

As both magnitudes of N1 difference wave and strength of 
McGurk effect differed between the NT and the autistic McGurk 
groups, we analyzed the correlation between mean magnitudes 
of N1 difference wave and the strength of the McGurk effect in 
the NT and the autistic McGurk groups. Results showed that 
mean magnitudes of N1 difference wave (time range: 128–
148 ms) were negatively correlated with the McGurk effect at the 
behavioral level, Spearman's ρ = −0.508, p = 0.004 (Figure 4) in 
the NT and autistic McGurk groups. It suggests that the changes 
in the N1 amplitude can predict the McGurk effect in behavior 
in the NT and autistic McGurk groups. That is, the larger the N1 
amplitude that differed across McGurk trials and audiovisual 
congruent trials, the greater the McGurk effect became in the 
two groups.

FIGURE 2    |    McGurk effect in the autistic group and the NT group in the behavioral data analysis (a); and McGurk effect in the autistic McGurk 
group, the autistic non-McGurk group and the NT group in the EEG data analysis (b).
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3.4   |   Superior Neural Decoding Performance in 
NT Group

We further explored whether the transient neural signals 
could decode McGurk/non-McGurk trials and audiovisual 
congruent trials in the three groups by conducting a MVPA. 
The results of the diagonal decoding are shown in Figure 5. 
In the NT group, above-chance decoding performances (i.e., 
AUC) were appeared in the entire process, which ranged 
from 0 to 800 ms relative to auditory stimulus onset, p < 0.001 
(Figure 5a). In the autistic McGurk group, the above-chance 
decoding performances occurred roughly in the earlier stage 
of the process, from 16 to 420 ms, p < 0.001 (Figure 5b). In the 
autistic non-McGurk group, the above-chance decoding per-
formances occurred roughly in the late stage of the process, 
which ranged from 336 to 416 ms, p = 0.007, and from 436 to 
800 ms, p = 0.004 (Figure 5c).

In addition, we compared the decoding differences among the 
two McGurk groups and the two autistic groups. Compared to 
the autistic McGurk group, the NT group showed a higher de-
coding performance from 576 to 732 ms, p < 0.001 (Figure 5d), 
and the autistic non-McGurk group showed a higher decoding 
performance from 748 to 800 ms, p = 0.008 (Figure 5e). That is, 
compared to the autistic McGurk group, both the NT group and 
the autistic non-McGurk group classified the two kinds of stim-
uli better in the later stage of processing.

4   |   Discussion

In the present study, we investigated the neural mechanisms un-
derlying the audiovisual speech integration in autistic children, 
including the autistic McGurk group and the autistic non-McGurk 
group, when compared with NT children employing EEG. 
Behaviorally, we found that autistic children showed reduced 
audiovisual speech integration relative to the NT group. As for 
the neural activities, only the NT group demonstrated a modified 
three-stage process as proposed by us in the above: early response 
to audiovisual incongruency (i.e., an enhanced N1 amplitude), 
audiovisual incongruence detection (i.e., occurrence of pMMN), 
and audiovisual incongruence resolution (i.e., restoration of 
pMMN). Specifically, the three groups demonstrated the follow-
ing neural activities in the three stages. In the first stage, an in-
creased audiovisual processing (i.e., an enhanced N1 amplitude) 
was found in NT but not in autistic children; in the second stage, 
the audiovisual incongruence could be detected in both NT and 
autistic children (i.e., occurrence of pMMN); in the third stage, 
a sustained negative amplitude was found in the autistic non-
McGurk group but not in either the NT or the autistic McGurk 
group. Furthermore, we found that EEG signals could decode 
the audiovisual congruent and McGurk/non-McGurk trials in all 
three groups but with different decoding time courses.

Behaviorally, we found that autistic children showed reduced 
audiovisual speech integration when compared to the NT group. 

FIGURE 3    |    The ERP results. Grand averaged ERPs displayed between −100 and 800 ms around the onset of auditory stimulus and recorded at 
the central scalp recording sites in the McGurk/non-McGurk trials and audiovisual congruent trials for the NT, autistic McGurk and autistic non-
McGurk groups (a–c). The difference waves between NT and autistic McGurk groups (d) and between autistic McGurk and autistic non-McGurk 
groups (e). The difference waves were calculated separately for each group by subtracting the neural responses in the audiovisual congruent trials 
from those in the McGurk/non-McGurk trials. Significant time windows (a, c, d, and e) and marginal significant time window (b) were indicated by 
gray areas (p ≤ 0.05, after cluster-based permutation).
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It was coherent with previous findings, which also employed the 
McGurk effect to investigate audiovisual speech integration and 
found a reduced audiovisual speech integration (less percent-
ages of McGurk effect) in autistic children compared to NT chil-
dren (e.g., Bebko et al. 2014; Feng et al. 2021, 2023; Stevenson 
et al. 2014). Previous studies revealed that reduced audiovisual 
integration was correlated with decreased language/commu-
nication abilities in autistic individuals (Feldman et  al.  2018; 

Mongillo et  al.  2008). Consequently, the altered audiovisual 
speech integration may hinder the development of language 
abilities and communication skills in autistic children. Future 
studies could explore whether language abilities and communi-
cation skills could be improved by interventions targeting audio-
visual speech integration.

Based on our modified three-stage process, in the first stage, the 
NT group showed an increased N1 amplitude in McGurk trials 
than in audiovisual congruent trials. However, the two autistic 
groups showed similar N1 amplitudes between McGurk/non-
McGurk trials and audiovisual congruent trials. That is, au-
tistic children showed an absence of increased N1 amplitudes 
compared with NT children. Our finding in the NT group was 
consistent with the previous finding in Lange et al. (2013). The 
increase in N1 amplitude may reflect the lack of facilitation by 
lip movements during the processing of audiovisual incongruent 
stimuli, in contrast to the facilitative effect observed in audiovi-
sual congruent stimuli (Lange et al. 2013). Thus, the increased 
N1 amplitude might be seen as an early response to audiovisual 
incongruency. The absence of increased N1 response to audio-
visual incongruency could be seen as the neural signatures of 
autism in early multisensory processing, specifically in audio-
visual speech processing. Moreover, this alteration in N1 re-
sponse to audiovisual incongruency might hinder higher-order 
speech perception and even language development in autism, 
which helps explain language and communication difficulties 
in autism.

However, unlike our finding, Roa Romero et al.  (2015) found a 
decreased N1 amplitude for McGurk trials compared to audio-
visual congruent trials in NT adults. They interpreted that this 

FIGURE 5    |    MVPA results. Decoding accuracy showing the decoding performance across time between McGurk trials and audiovisual congru-
ent trials for the NT group (a) and the autistic McGurk group (b), as well as between non-McGurk trials and audiovisual congruent trials in the autistic 
non-McGurk group (c). Decoding accuracy differences between NT and autistic McGurk groups (d) and between autistic McGurk and autistic non-
McGurk groups (e). Significant time windows (p < 0.05, after cluster-based permutation) were indicated by gray areas.

FIGURE 4    |    Results of correlation analysis. Correlation between the 
McGurk effect and the difference of N1 amplitude (mean value in the 
128–148 ms time window) across individual participants in the NT and 
autistic McGurk groups (Spearman's ρ = −0.508, p = 0.004).

 19393806, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aur.70273 by C

entral South U
niversity, W

iley O
nline L

ibrary on [27/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



9 of 11Autism Research, 2026

decreased N1 amplitude possibly reflects early integrative pro-
cessing. The discrepancy between our finding and that in Roa 
Romero et al. (2015) might be attributed to the age difference in 
participants. This suggests that the neural mechanisms underly-
ing audiovisual speech integration differ between children and 
adults and are likely to develop with age. In adults, the decreased 
N1 likely reflects a stronger facilitation of lip movements for audi-
tory processing, indicating that audiovisual integration begins at 
an early processing stage (Roa Romero et al. 2015). In children, 
however, the increased N1 likely represents a response to audio-
visual incongruency. This suggests that children can detect the 
audiovisual incongruency but may not yet initiate audiovisual in-
tegration in such an early stage. Thus, the decreased N1 appears 
to be specific to adults with mature neural systems. This possi-
bility warrants further investigations. Future studies could also 
track the developmental trajectory of the neural mechanisms un-
derlying audiovisual speech integration across the lifespan.

In the first stage, we also found that magnitudes of the N1 
difference waves between McGurk and audiovisual congru-
ent trials were correlated with the strength of audiovisual 
speech integration by combining the NT group and the au-
tistic McGurk group. It indicates that the early response to 
audiovisual incongruency (i.e., the increased N1 response to 
McGurk stimuli)  might consequently affect the later audio-
visual speech integration. However, in the autistic McGurk 
group, although we observed enhanced N1 amplitudes in 
McGurk trials compared with audiovisual congruent trials, 
the difference did not reach significance. It's possible that the 
lower responses to audiovisual incongruency in the autistic 
McGurk group weaken their audiovisual speech integration, 
which was consistent with the behavioral results.

In the second stage, we found that all three groups detected the 
audiovisual incongruence manifested by the pMMN when pro-
cessing McGurk stimuli. The pMMN, first identified by Proverbio 
et al. (2018), indicates the detection of audiovisual incongruence 
in the McGurk stimuli. In our study, all three groups exhibited 
pMMN, which indicated that all three groups could detect the 
incongruence between the auditory information and the visual 
information in the McGurk stimuli. This indicates that autistic 
children in the present study have developed the ability to de-
tect the audiovisual incongruency. Future studies could explore 
whether this ability generalizes to all autistic children.

In the third stage, the NT group and the autistic McGurk group 
showed similar amplitudes between McGurk trials and audiovi-
sual congruent trials, indicating successful resolution of audio-
visual incongruence. However, the autistic non-McGurk group 
showed a sustained negative amplitude in non-McGurk trials 
relative to audiovisual congruent trials, reflecting unsuccessful 
resolution of audiovisual incongruence. The sustained negative 
amplitude could be taken as a marker of unsuccessful audio-
visual speech integration, especially for those autistic children 
who could not utter syllables.

Moreover, as for the EEG signals decoding, we found that the 
EEG signals decoded the McGurk and audiovisual congruent tri-
als in the entire time course in the NT group but only in the ear-
lier time course in the autistic McGurk group. At the same time, 
EEG signals decoded the non-McGurk and audiovisual congruent 

trials only in the later time course in the autistic non-McGurk 
group. That is, in the two McGurk groups (the NT group and the 
autistic McGurk group) but not the autistic non-McGurk group, 
EEG signals could decode the two kinds of trials in the earlier 
time course. This indicated that children's stimuli processing in 
the earlier stages might affect their later audiovisual speech inte-
gration. We further speculated that the detection of audiovisual 
incongruency in the earlier processing stages might be a neces-
sity of successful audiovisual speech integration. The failure in 
detecting audiovisual incongruency in the early processing stages 
might be one of the neural mechanisms underlying audiovisual 
speech integration difficulties in some autistic children.

The present study has several limitations. First, the participants 
were exclusively boys, limiting the generalizability of our findings 
to all populations. Future research should include female partic-
ipants to determine whether these results are also applicable for 
autistic girls. Second, the IQ difference among the three groups 
reached marginal significance, causing potential influence on 
the results. Notably, the autistic McGurk group had slightly lower 
IQs than the autistic non-McGurk group, suggesting that higher 
IQ does not necessarily enhance audiovisual speech integration. 
To further clarify this relationship, future studies should system-
atically control for IQ effects in audiovisual speech processing. 
Thirdly, in the present study, the age range of participants was 
wide and we did not consider how age affected the neural mech-
anism underlying audiovisual integration. Since both audiovisual 
speech integration and auditory evoked ERP components develop 
with age (Ponton et al. 2000; Wallace and Stevenson 2014; Wallace 
et al. 2020), the neural mechanism underlying audiovisual speech 
integration likely changes across the lifespan. Future studies 
should recruit children within a narrower age range to better ex-
plore the neural mechanism and track its developmental trajectory.

In summary, we investigated the neural mechanisms underlying 
audiovisual speech integration in autistic children employing EEG 
in the present study. We found an increased early-stage audiovi-
sual processing in NT children but not in autistic children. This 
altered early-stage audiovisual processing probably contributes to 
the reduced audiovisual speech integration in autistic children. In 
addition, it might be seen as a neural signature of autism in audio-
visual speech processing. The present study also provided neural 
signatures corresponding to each stage of the modified three-stage 
process proposition in audiovisual speech integration proposed by 
us, thereby advancing the theoretical understanding of the audio-
visual speech integration in both NT and autistic children.
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